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Vorwort zum Gesamtwerk. 
Es ist eine in Ausbreitung begriffene Besonderheit der modemen naturwissen­

schaftlichen Literatur, große und wichtige Sondergebiete in einmaligem Quer­
schnitt in Handbüchern niederzulegen. Die Berechtigung dieses Verfahrens ein­
mal vorausgesetzt, ist es wohl für die Katalyse augenblicklich besonders ange­
bracht. Der Plan ist eigentlich sehr alt, und als der Verleger vor einigen Jahren 
erneut damit an den Herausgeber herantrat, schien diesem nach einigem Zögern 
die Zeit dazu gekommen. Eine Disziplin, die der Technik so gut wie alle ihre 
beherrschenden Großverfahren, der Biologie viele ihrer wichtigsten Leitgedanken 
geschenkt hat, mußte einmal aus der Verstreutheit der Originalliteratur und der 
Teilmonographien herausgehoben werden. 

Die Fruchtbarkeit eines solchen Verfahrens hat sich an den anderen großen 
Handbüchern der letzten Jahrzehnte mehrfach bewährt, und der Herausgeber 

. glaubt gerade auch für die Katalyse entsprechende Beobachtungen schon nach 
Erscheinen seiner kleinen Monographie gemacht zu haben: Manche Gebiete, die 
er damals mühsam aus teilweise widersprechenden Originalarbeiten zusammen· 
stellen mußte, haben dann und eben vielleicht teilweise daraufhin vermehrte und 
abschließende Bearbeitung erfahren. 

Die Aufgabe eines solchen Handbuchs der Katalyse wäre also demnach, 
Material und Anreiz zur weiteren Erforschung der Katalyse zu bieten. Dadurch 
ergibt sich die Beschränkung auf die Bedürfnisse der tätigen Forschung: Der 
Verzicht auf enzyklopädische Beschreibung aller Erscheinungsformen der Kata­
lyse, etwa in der Technik, weiter der Verzicht auf irgendwelche billige populäre 
Anschaulichkeit; das Handbuch muß an der Front der vordringenden Forschung 
stehen. So haben z. B. Gebiete, die für den Fortschritt der nächsten Zeit be­
sonders wichtig zu werden versprechen, besondere Beachtung zu finden. 

Wer die Katalyse in ihrem heutigen Umfang halbwegs überblickt, wird sofort 
sehen, daß ein derartiges Werk nicht mehr als Arbcit eines einzelnen denkbar 
ist, daß es vielmehr nicht zuletzt eine Organisationsfrage ist. Da Katalyse eine 
fortschreitende Wissenschaft ist, mußte ein möglichst gleichzeitigcr Querschnitt 
geschaffen, also das ganze umfangreiche Werk in möglichst kurzer Frist fertig­
gestellt werden. Dazu war die gleichzeitige Mobilisierung einer großen Zahl von 
Autoren nötig, von denen jeder sein eigenes Arbeitsgebiet darstellen mußte. Bei 
Erstreckung auf alle in Betracht kommenden Nationen und Verwendung der 
drei großen Weltsprachen hofft der Herausgeber, daß es ihm gelungen ist, für 
jedes dieser Gebiete wirklich einen ersten Fachmann zu gewinnen. Allen, die 
sich als Verfasser in den Dienst der gemeinnützigen Aufgabe gestellt haben, ge­
bührt der Dank der wissenschaftlichen Welt. 

Es ist dem Kenner klar, daß auf diesem organisatorischen Gebiet auch die 
größten Schwierigkeiten, Arbeiten und Kämpfe lagen, zumal in der heutigen 
Zeit. Wenn das Werk einmal fertig vorliegen wird, wird sicherlich nichts mehr 
davon zu bemerken sein. 



Vorwort zum Gesamtwerk. 

Man könnte einwenden, daß durch die starke Stoffaufteilung eine gewisse 
Uneinheitlichkeit und Zerrissenheit in das Buch hineinkommt. Das ist in ge­
wissem Maße sicher auch der Fall. Aber zunächst hat natürlich der Herausgeber 
eine seiner Hauptaufgaben darin gesehen, diese Unvermeidlichkeiten zu mildern 
und die einzelnen Arbeiten gegeneinander abzugleichen; und was den Rest be­
trifft, wäre es gar nicht richtig gewesen, ihn auch noch auszumerzen und so eine 
Einheitlichkeit der Stellungen vorzutäuschen, die noch nicht erreicht ist, und 
die, wenn sie erreicht wäre, dieses Handbuch überflüssig machen würde. Bei 
einem so in Entwicklung begriffenen Gebiet ist es vielmehr notwendig und 
wünschenswert, wenn die Dokumentation den aufgelockerten Charakter einer 
Monographiensammlung wenigstens in etwas bewahrt. 

Bei der Einteilung des Werkes wurde von geistreichen und künstlichen Kon­
struktionen abgesehen, damit jeder leicht finden kann, was er sucht, und die 
altbewährte Einteilung in homogene Kat~lyse in Gas und Lösung, mikrohetero­
gene oder Biokatalyse und heterogene Katalyse gewählt. Die Katalyse in der 
organischen Chemie als in Erscheinungsform und Interessentenkreis besonders 
geartetes Gebiet wurde noch eigens .herausgespalten und unter der sachverstän­
digen Führung von Prof. CRlEGEE einem besonderen Band vorbehalten. 

Wie schon erwähnt, ist das Niveau der Darstellung das des tätigen Forschers, 
die vorausgesetzten Vorkenntnisse sind also diejenigen, die dieser mitbringen 
muß. Das wäre nun eindeutig, wenn die Katalyse nicht einen so weiten Bogen 
vom Explosionsmotor und der Virusforschung bis zum Atommodell umspannen 
\Vürde. So aber wird vermutlich jeder auf den ihm entfernteren Gebieten die 
Sprache des Handbuchautors nicht mehr restlos verstehen, da der Biologe, der 
Physiker und - natürlich ein wenig die erste Geige spielend - der Physiko­
chemiker jeder die Grundlagen seines Faches voraussetzen mußten. 'Venn man 
sieh aber den Zweck der Benutzung dieses Handbuchs vor Augen hält, dürfte 
dies wenig schaden. 

Auf jeden Fall hofft der Herausgeber, daß durch diese eingehende Darstellung 
der Katalyse als eigener Wissenschaft ihre wissenschaftliche Durchdringung und 
Erforschung einen wirksamen Anstoß erfahren möge. Ein großer Teil des Ver­
dienstes hieran gebührt neben den Verfassern der Aufsätze vor allem dem Verlag 
Julius Springer, der die schwierigen Arbeiten der Planung, Vorbereitung und 
Durchsetzung der Aufgabe ebenso wie ihre praktische Ausführung jederzeit 
wirksam und großzügig unterstützt hat. 

Athen, im Juni 1940. 
G.-M. Schwab. 



Vorwort. 
Dieser Band, der zeitlich als erster erscheint, enthält die Katalyse in Lösungen. 

Ihm sollen in kürzester Zeit Band I (Allgemeines und Gaskatalyse) und Band III 
(Biokatalyse) folgen, so daß dann all~s, was etwa den reinen Chemiker, den 
Biologen und viele Praktiker interessieren dürfte, fertig vorliegt. 

Es waren hauptsächlich drei Fragenkreise, die bei der Zusammenstellung 
dieses Bandes zu beachten waren: die katalytische Rolle des Mediums selbst 
zunächst. Hier erfordert die Erforschung der nichtwäßrigen Lösungen, wie man 
sehen wird, noch viel Entwicklungsar.beit, während die Salzeffekte in wäßriger 
Lösung im wesentlichen aufgeklärt sind. Dies ist wichtige Voraussetzung für 
den zweiten großeQ Fragenkreis, die Säure-Basen-Katalyse, die jetzt endlich auf 
dieser Grundlage eine ganz geschlossene kritische Darstellung finden konnte, 
wie sie den Kenner der bisherigen Sachlage befriedigen wird. Es erschien wichtig, 
hier nicht nur den Kinetiker, sondern auch den Organiker zu Wort kommen zu 
lassen, nachdem besonders die englische Schule auf Grund einer weitgehenden 
Sichtung des Tatsachenmaterials zu allgemeineren und mit der Kinetik überein­
stimmenden Gesichtspunkten gelangt ist. Der dritte große Fragenkomplex sind 
die Vorgänge der Oxydation und besonders Autoxydation und ihrer Hemmung. 
Hier bringt das Handbuch an Stelle eines heute notwendig noch unvollständigen 
kinetischen einen mehr chemisch orientierten Artikel, der alle einschlägigen Ge­
sichtspunkte berücksichtigt. 

Die Liste der Verfasser zeigt wohl ohne weiteres an, daß die Fertigstellung 
der eingegangenen Beiträge zeitgebundene Schwierigkeiten zu überwinden hatte. 
So konnten insbesondere die Korrekturen der ausländischen Beiträge nicht von 
den Verfassern selbst erledigt werden, und der Herausgeber muß deshalb, falls 
sich Fehler durchgeschlichen haben, um Nachsicht bitten. Ebenso konnten nur 
ganz wenige Nachträge neuester Literatur angebracht werden. 

Athen, im Juni 1940. 
G.-M. Schwab. 
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Zwischenreaktionen. 
Von 

H. SCHMID, Wien. 

Inhaltsverzeichnis. Seite 

Einleitlmg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 
Geschwindigkeitsgleichlillg lilld Reaktionsmechanismus ...................... 3 
Chemismus einer Einstoff-Katalyse ........................................ 14 
Reaktionszyklen ........................................................ 16 
Zeitgesetzwechsel. Mehrstoffkatalyse ....................................... 21 
Reaktionslenklillg, selektive Katalyse ..................................... 26 
Vorausberechenbare Katalysen. Induzierte Reaktionen ............... ...... 28 
Katalytische Auslöslillg von Radikalketten .......................... :..... 34 
Thermodynamik der Zwischenreaktionen ................................... 41 

Einleitung. 
Jeder, der die Reaktion zwischen ~'errisalz und Natriumthiosulfat zu Ferrosalz 

und Natriumtetrathionat ausführt, ist verblüfft von der augenblicklich auf­
tretenden violetten Farbe, die in ganz kurzer Zeit wieder verschwindet.! Dieses 
Experiment beweist augenfällig, daß die Reaktion über eine kurzlebige Zwischen­
substanz verläuft.. Die Gleichung 

2 Fe'" + 2 S203" = 2 Fe" + S406" 

besagt also nur, daß aus den Ausgangsstoffen Ferriion und Thiosulfation sich 
schließlich die Endstoffe Ferroion und Tetrathionation bilden. Diese sogenannte 
Bruttoreaktion setzt sich nach dem experimentellen Befund aus Teilreaktionen, 
Zwischenreaktionen oder Stufenreaktionen, wie OSTWALD 2 sie nennt, zusammen. 
Diesem Einblick in das chemische Geschehen begegnen wir schon in den Briefen 
SCHÖNBEINS an LIEBIG.3 Er schreibt unter anderem, daß jeder chemische Vorgang 
synthetischer und analytischer Art ein aus verschiedenen Akten zusammen­
gesetztes Drama, ein wirklicher Processus ist, d. h. einen Anfang, eine Mitte und 
ein Ende hat. Die quantitativen Messungen der Kinetik, der Lehre von der 
Reaktionsgeschwindigkeit, bestätigen die Anschauungen SCHÖNBEINS, daß der 

1 H. SCHMID: Z. physik. Chem., Abt. A 148 (1930),321. 
2 Die OSTW ALDsche Stufenregel besagt, daß in einem chemischen System nicht 

sogleich die beständigsten Gebilde entstehen, sondern zlillächst die labilsten lilld 
dann der Reihe nach die stabileren. Siehe z. B. A. MITTASCR: Kurze Geschichte der 
Katalyse in Praxis lilld Theorie, S. 101. Berlin: Julius Springer, 1939. 

3 A. MITTAscn, E. TREIS: Von Davy lilld Döbereiner bis Deacon. S. 144. Berlin: 
Verlag Chemie, 1932. 

Rdb. d. Katalyse. IJ 



2 H. SCIUUD: 

Großteil der chemischen Reaktionen komplizierter Natur ist, sich also aus vielen 
Einzelprozessen zusammensetzt; denn der funktionale Zusammenhang der 
Reaktionsgeschwindigkeit mit den Konzentrationen der Reaktionspartner steht 
in den meisten Fällen in keinem unmittelbaren Zusammenhang mit der Brutto­
reaktion. So lautet die Gesehwindigkeitsgleichung der Reaktion:1 

3 HNOz = H· + N03' + 2 NO + H20, 

Kach der Bruttogleichung reagieren 3 Molekein salpetrige Säure zu Salpeter­
säure und Stickoxyd, in der Geschwindigkeitsgleichung, deren rechte Seite in zwei 
Terme zerfällt, geht die Konzentration der salpetrigen Säure im Minuend in 
4. Potenz, im Subtrahend in 1. Potenz ein, die Ordnung der salpetrigen Säure 
ist somit im 1. Term vier, im 2. Term eins. Die Ordnung des Stickoxyds ist 
hingegen im 1. Term minus zwei, im 2. Term null, während in der Bruttogleichung 
2 Molekein Stickoxyd als Reaktionsprodukt sich auf der rechten Seite der Gleichung 
yorfindcn. 

Auch der Zerfall des Ammoniumnitrits in Stickstoff und Wasser: 

NH4NOz = Nz + 2 H 20, 

oder unter Berücksichtigung der Tatsache, daß Ammoniumnitrit in verdünnter 
Lösung praktisch ,"ollkommen ionisiert ist: 

NH, + NOz' = Nz + 2 HzO, 

ist in seiner Geschwindigkeitsgleichung3 komplizierter: 

!!Jd~2)- = k[NH4] [N02'] [HN02]. 

Setzen wir dem Ammoniumnitrit keine salpetrige Säure zu, legen wir - wie 
der Kinetiker sagt - keine salpetrige Säure vor, so geht die Konzentration der 
durch Hydrolyse des Nitrits entstandenen salpetrigen Säure in die Geschwindig­
keitsgleichung ein. Salpetrige Säure, die in der Bruttogleichung gar nicht vor­
kommt, tritt also in der Geschwindigkeitsgleichung auf. Salpetrige Säure ist 
für den Ammonnitritzerfall Katalysator, wobei wir nach der Definition yon 
A. MITTAscn4 unter Katalysator einen Stoff verstehen, "der, obgleich an einer 
ehemischen Reaktion anscheinend nicht unmittelbar beteiligt, diesen hervorruft 
oder beschleunigt oder in bestimmte Bahnen lenkt". Für die zunächst rätselhafte 
Erscheinung gibt uns die Zwischenreaktionstheorie eine einfache Erklärung. 
Tm Sinne dieser Theorie kommt die Katalyse dadurch zustande, daß der Kata­
lysator mit Reaktionspartnern intermediäre labile Produkte bildet, die bei 
weiterer Reaktion die Endprodukte unter Rückbildung des Katalysators geben. 

I Siehe S.3. 
2 Hundgeklammerte Symbole bedeuten analytische Konzentrationen, eckig­

gpklammerte Symbolc wirkliche Konzentrationen in Molen pro Liter. 
a E. AllEL, H. SCHMID, J. SCIIAFRANIK: Z. physik. ehern., BODENSTElx·Festband 

(1931), 510. 
Siehe auch E. AllEL, H. SCIDUD, \V. SIDOX: Z. Elektrochem. angew. physik. 

ehern. 39 (1933) 87!. 
4 A. MITTASCII: Kataly'~e und Determinü;mus, S. 10. Berlin: Julius Springer, 1938. 

Sie}\(~ auch A. lVIrTTA":C'II: Uber katalytiRehc Yerllrsaehung im biologisehen Geschehen, 
S. !. Bprlin: Jlllius Springpr. 193;;. 



Zwischenreaktionen. 3 

Durch den Katalysator werden also neue Reaktionsbahnen geschaffen, wodurch 
der Umsatz erst ermöglicht wird, bzw. das Reaktionsende rascher erreicht wird, 
als bei unkatalysiertem Vorgang. 

Diese allgemeinen Richtlinien der Zwischenreaktionstheorie führen zu der 
wichtigen Aufgabe der Kinetik, chemische Prozesse in die einfachsten, nicht mehr 
teilbaren Zwischenreaktionen zu zergliedern, die nach A. SKRABAL1 aIR Ur­
reaktionen bezeichnet werden. Die Auflösung des Bruttovorganges in seine 
Urreaktionen kommt etwa der Zerlegung einer chemischen Verbindung in illre 
Elemente gleich. Wie diese "Atomisierung chemischer Reaktionen" erfolgt und 
was aus dem System der Urreaktionen, dem Reaktionsmechanismus oder Chemis­
mus2 herauszulesen ist, soll nun an einigen Typen von Lösungsreaktionen er­
läutert werden. 

Geschwindigkeitsgleichung und Reaktionsmechanismus. 
Die Auflösung eines chemischen Umsatzes in seine Urreaktionen sei an 

einer besonders eingehend erforschten Reaktion erklärt, an der von E. ABEL, 
H. ScmnD (unter teilweiser Mitwirkung von S. BABAD)3 untersuchten Salpetrig­
säure- Salpetersäure-Stickoxydreaktion. Salpetrige Säure zersetzt sich in wässeriger 
Lösung nach der Bruttogleichung : 

3 HN02 = H' + N03' + 2 NO + H 20. 

Wenn zwischen Stickoxyd im Gasraum und in der Lösung Gleichgewicht herrscht, 
gilt nach E. ABEL, H. ScmIlD für hochverdünnte Lösungen die Geschwindig­
kei tsgleich ung : 

__ d (HNO~ = k t!!N02]4 _ k [H'][NO '][HNO ] 
dt 1 p2No 2 3 2 • 

Die Reaktion konnte in folgende Teilreaktionen aufgelöst werden: 

2 HN"02 = N20 a -1- H 20, (1) 

N 20 a ~ N02 + NO, (2) 

2 N02 = N 20 4 , (3) 

X 20 4 + H 20 = HN02 + H' + NOa'. (4) 

Die Summe der Reaktionen: 2'(1) + 2'(2) + (3) + (4) ergibt die Brutto­
gleichung: 

3 HN02 = H' + N03' + 2 NO + H 20. 

Da, Stickstoffdioxyd, -trioxyd und -tetroxyd bei der Salpetrigsäurezersetzung 
in wässeriger Lösung kurzlebige Zwischenprodukte sind, können sie nicht in 
derartigen Konzentrationen auftreten, daß sie in der Bruttogleichung aufscheinen; 
sie können sich nur bis zu entsprechend niedrigem Gehalte des "stationären 
Zustands" anreichern, bei dem die Bildungsgeschwindigkeit dieser Zwischen­
substanzen ihrer Verbrauchsgeschwindigkeit gleich wird. Dieses von M. BODEN-

1 A. SKRAllAL: S.-R Akad. Wis~. Wien, Abt. IIb 137 (1928), 1045; bzw. Mh. 
CIH'm. 1)1 (1929), 93. 

2 A. MITTAsen: Kataly~e und Determinismus; I. c., S. 19. 
3 E. AllEL, H. SCIDIID: Z. physik. Chem. 132 (1928), 55; 134 (1928), 279. -

E. AllEL, H. SCH~IlD, S. BABAI>: EbC'nda,136 (1928),135,419. - E. AllEL, H.SCHlIID: 
Ebenda 136 (1928), 430. - H. SCInrID: Ebenda, Abt. A 141 (1929),41. 

1* 



4 R. SCHMID: 

STEINl zur Berechnung der Geschwindigkeit der Gesamtreaktion eingeführte 
Stationaritätsprinzip sei an Hand des einfachen Reaktionsschemas für den Brutto­
vorgang A = B: 

1 
A +-~ Z 

l' 

2 
Z~? B 

2' 

(1) 

(2) 

des näheren erläutert.2 Die Anfangskonzentration von A sei a, die von B sei b; 
bis zur Zeit t hätten sich Xl Mole A pro Liter umgesetzt und X 2 Mole B gebildet. 
Daher ist die Geschwindigkeit zur Zeit t: 

d(A) d (a-x 1) 
= + ~Xl --dt --(j;i- dt 

bzw. d(B) d (b + x 2 ) dX2 

dt- dt dt 

Wenn der Zwischenstoff sich innerhalb der Zeit d t nicht anhäuft, muß die stöchio­
metrische Beziehung geIten: 

d(A) ~ 
-d(i'i) 1, 

bzw. 

wobei: 

daher: 

dX1 - l. 
dX2 ' 

dX1 _ dX2 

-fit fit ' 

~~l_ = kl (a - Xl) - kl ' (Xl - X 2), 

dit = k2 (Xl - x 2) - k2' (b + x 2), 

kl (a - Xl) + k2' (b + x 2 ) ~ kl ' (Xl - X 2 ) + k2 (Xl -. X 2 ), 

kl [A] + k2' [B] -' (k2 + kI ') [Z]. 

Die Bildungsgeschwindigkeit der Zwischensubstanz ist annähernd gleich der 
Verbrauchsgeschwindigkeit der Zwischensubstanz. Die Konzentration [Z] ergibt 
sich als Funktion der Konzentrationen der Ausgangs- und Endstoffe zu: 

[Z] ~ k 1 [Al +k2' [~ 
k 2 + k; 

In Zeitintervallen, in denen die Konzentrationen [A] und [B] sich praktisch nicht 
ändern, ist nach der letzten Gleichung auch die Konzentration von Z als praktisch 
konstant anzusehen: der Zustand ist in derartigen Zeitintervallen quasi stationär. 

1 M. BODENSTEIN: Z. physik. Chern 85 (1913), 329. Letzte Veröffentlichung: 
IX. Congreso Internacional De Quimica Pma y Aplicada, Vol. II (1934), S.256. -
A. SKRABAL: Letzte Veröffentlichtmgen zur Diskussion über die Bedingungen für 
die Anwendbarkeit des BODENSTEINsehen Verfahrens: S.-B. Akad. \Viss. \Vien, 
Abt. IIb 143 (1934), 203,619; 144 (1935),261; bzw. Mh. Chem. 64 (1934),289; 65 (1935), 
275; 66 (1935), 129; - Z. Elektroehern. angcw. physik. Chern. 42 (1936), 228. -
J. A. CHRISTIANSEN: Z. physik. Chem., Abt. B 28 (1935), 303. - H. J. SClIU:lIAClIER: 
Chemische Gasreaktionen, S. 8. Dresden u. Leipzig: Th. Steinkopff, 1938. 

2 Die Ziffern an den Pfeilen geben die Indizes der zugehörigen Geschwindigkeits­
konstanten an. 



Zwischew·eaktionen. 5 

Die Stationaritätsgleichung für Stickstofftetroxyd bei der Salpetrigsäure­
zersetzung lautet demnach:1 

~3 [Noa]a + 'X,' [HNOa] [H'] [N03'] = 'Xs' [N.O,] + 'X, [NaO,], 

[N ° ] = "s[N0J 2 + ",' [HNOJ [H'] [N0a'] 
a , "a' + ". 

Wenn die Bildungsgeschwindigkeit des Stickstofftetroxyds aus Stickstoff­
dioxyd sehr groß ist gegenüber der Geschwindigkeit der Stickstofftetroxydbildung 
durch die inverse Stickstofftetroxydhydrolyse 

'X3 [N02]2 > > ~,' [HNOa] [H'] [NOs'] 

und der Stickstofftetroxydzerfall in Stickstoffdioxyd viel rascher erfolgt als die 
Stickstofftetroxydhydrolyse , » 

'X3 'X" 
herrscht Gleichgewicht zwischen Stickstofftetroxyd und -dioxyd, denn die Ge­
schwindigkeit der Links-Rechts-Reaktion des Umsatzes (3) ist ebenso groß wie 
die Geschwindigkeit der Rechts·Links-Reaktion dieses Umsatzes. 

• [NO]' - . , [N ° ]. [N.O,] - "a - K ~3 a - ~3 .l. 2 ~ , [NO.P - --;"[ - 3' 

Das Stickstoffdioxyd-tetroxydgleichge\\icht ist der zeitbestimmenden Reak­
tion, der Stickstofftetroxydhydrolyse, "vorgelagert" ("vorgelagertes Gleich­
gewicht"). Wenn wir voraussetzen, daß Stickstofftetroxyd praktisch im Gleich­
gewicht mit Stickstoffdioxyd steht, können wir aus den Stationaritätsgleichungen 
für Stickstoffdioxyd und -trioxyd : 2 

'X2 [N20 3 ] + 2 ~3' [N20,] = ~.' [NO] [N02] + 2 ~3 [N02]2 

und 

folgern, daß auch Stickstofftrioxyd einerseits mit Stickoxyd und Stickstoffdioxyd 

[NON) [NO-O.t "., = K 2' 
[ • 3] ". 

anderseits mit salpetriger Säure 

[NIOs] 
-[HNO.P 

im Gleichgewicht steht. Es sind somit die Gleichgewichte der Reaktionen 1 bis 3 
der zeitbestimmenden Stickstofftetroxydhydrolyse vorgelagert. Daraus errechnet 
sich die Stickstofftetroxydkonzentration 3 zu: 

[N20,] = K 12K22K3 [W&.;~ = r [H~~~r .4 

1 Die " sind Gcschwindigkeitskonstanten, deren Indizes sich auf das Schcma 
auf S. 3 beziehen; gestrichene Größen Rückreaktion. 

2 Die Geschwindigkeitskoeffizienten gelten je stöchiometrische Gleichung der 
Urreaktionen. Da in die stöchiometrische Gleichung (3) zwei Stickstoffdioxyd. 
molekcln eingehen, sind in dcr Stationaritätsgleichung für Stickstoffdioxyd die Ge· 
schwindigkeitskoeffizienten "s' und "3 mit 2 zu multiplizieren. 

3 Zwischcnsubstanzen, die mit den Ausgangsstoffen im Gleichgewicht stehen, 
nennt A. SKRABAL ARRlIENIUssche Zwischensubstanzen. Stickstofftetroxyd ist somit 
ARRHENlUsscher Zwischenstoff. - A. SKRABAL: S.-B. Akad. Wiss. Wien, Abt. II b 
137 (1928), 1045 bzw. Mh. ehern. öl (1929), 93. 

4 Nach dem HExRYschen Gefletz gilt [NO] = const. PNO' 
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Die Bildungsgeschwindigkeit der Salpetersäure, die nach der Stöchiometrie 

d (HN03) 1 d (HNOa) 
--d-t-- -3----~-

ist, errechnet sich aus Gleichung 4 des Reaktionsschemas : 

~(HN03) = _ ~ _~_(~~O~ = r. [N ° 1- r. '[HNO ] [H-] [NO '] 
d t 3 d t ", 2 4 "' 2 a 

= x, r [Hp~()a]4_ -- x: [HN02] [H-] [NOa'], 
NO 

_ d(HdNO~ = 3x,r [~Oa]4 -3x4'[HN02][H.][NOa'] 
t P NO 

= k [HNOar - k [HNO 1 [H·] [NO '] 
1 P2NO 2 2 a . 

Der Reaktionsmechanismus oder Chemismus führt also tatsächlich zu der Ge­
schwindigkeitsgleichung, die von E. AllEL, H. SCHMID gefunden wurde. 

Die Reaktion: 
4 HN02 ~~ 1 N20 4 + 2 NO + 2 H 20 

mit der Gleichgewichtskonstante : 
r = [NaO,]~2~o_ 

[HN02]' 

läßt sich durch die Kinetik der Salpetrigsäurezersetzung nicht mehr weiter auf­
lösen. Daß diese Reaktion sich aus den Urreaktionen 1-3 des Reaktionsschemas 
zusammensetzt, kaml auf nachstehende Weise gefolgert werden: 

Die Existenz des Gleichgewichts 

2 HN02 - ~ N20 a + H 20 

ist durch die blaue Farbe des Stickstofftrioxyds in konzentrierter Salpetrigsäure­
lösung unmittelbar erwiesen. Mittelbar läßt die Kinetik von Salpetrigsäure­
reaktionen auf ein derartiges Gleichgewicht schließen. So ist nach E. ABEL, 
H. SCHllUD und J. Wlnss 2 die Geschwindigkeitsgleichung der Reaktion 

2 HN02 + HaAsOa = HaAsO, + 2 NO + H 20: 

_ d (H~~S08) = k [HaAsOa] [HN02]2. 

Da Lösungsreaktionen höherer Ordnung als zwei in der Regel keine lJr­
reaktionen, sondern zusammengesetzte Prozesse sind, ist der Mechanismus 
dieser Oxydation offenbar: 

2 HN02 "---,.- N20 a + H 20 Yorgelagertes Gleichgewicht. Gleichge-
wichtskonstante K I . 

N20 a -I- HaAsOa -> 2 NO + HaAsO, Zeitbestimmende Reaktion. Geschwin­
digkeitskoeffizient x. 

= _ d (H~~08) = x [N20 a] [HaAsOa] = 

= x K 1 [HN02]2 [HaAsOa] = k [HN02]2 [HaAsOaJ. 

1 Zeichen für "laufende" Gleichgewichte (Glcichgewichtc von Zwischenreaktiollcn). 
Vgl. A. SKRABAL: Z. Elektrochern. angew. physik. ehern. 40 (1934), 235. 

2 E. AllEL, H. SemnD, J. WElilS: Z. physik. Ch<>rn., Abt. A 147 (1930), 69. 
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Daß auch Stickstoffdioxyd mit salpetriger Säure in wässeriger Lösung im 
Gleichgewicht steht, kann ebenfalls auf kinetischem Wege bewiesen werden. 
Nach E. SCIIRÖER1 und E. ABEL, H. SCHMID und F. POLLAK2 ist ein Term der 
Geschwindigkeitsgleichung der Reaktion 

Fe" + HN02 + H' = Fe'" + NO + H 20 

durch kc [Fe"] QIN02]~ gegeben.3 Die einfachste Erklärung für den Chemismus 
PNO 

dieses Weges ist 

2 HN02 ---r N02 + NO + H 20 vorgelagertes Gleichgewicht; Gleichge-
. h k r [NOS]PNO 

WlC ts onstante: C = -[HNÖ;]ii-' 

zeitbestimmende Reaktion; Gesch windig­
keitskoeffizient %C' 

nachgelagertes Gleichgewicht. 

Fe"+HN02 +H'=Fe"'+NO+HzO, 
d (Fe' .. ) [fu"l"O ] 2 [HNO ] 2 
--- d - = %c [Fe"] [NOz] = %crc [Fe"] -- - ..1. - = kc [Fe"] -- --~ . 

t P~o PNO 

Die Zersetzung der salpetrigen Säure ist ein in hohem Grade negativ auto­
katalytischer Prozeß, da nach der Geschwindigkeitsgleichung 

- :t (~~5!2) = k1 lHp~O:4 - k2 [H'] [N03'] [HN02] 

das Reaktionsprodukt Stickoxyd die Geschwindigkeit sehr stark hemmt, und 
zwar auch dann, wenn die Reaktion weit vom Salpetrigsäure-Salpetersäure­
Stickoxydgleichgewicht entfernt ist. Dies kann auf einfache Weise dadurch er­
reicht werden, daß die Salpetrigsäurezersetzung in Gegenwart überschüssigen Ni­
trits vorgenommen wird. Das überschüssige Nitrit fängt die entstandenen 
Wasserstoffionen unter Bildung von salpetriger Säure ab, so daß das Gleich­
gewicht der Salpetrigsäure-Salpetersäure-Stickoxydreaktion ganz nach rechts 
verschoben wird. Die Bruttogleichung ist dann gegeben durch 

3HN0 2 = H' + N03' + 2 NO + H 20, 

H' + NOz' ~= HNOz, 

2 HNOz + NOz' = N03' + 2 NO + HzO. 

Die Geschwindigkeitsgleichung dieser Reaktion ist 

d [HN0 2) _ 2 k [HN0 2 )4 
- -dt-- - 3 1 p2NO -. 

Die Reaktionsverzögerung kommt nach dem Reaktionsmechanismus dadurch 
zustande, daß Stickoxyd die Konzentration des kurzlebigen Zwischenstoffes 
Stickstofftetroxyd, dessen Gehalt geschwindigkeits bestimmend ist, herabsetzt. 
Wird kein Stickoxyd vorgelegt, so geht die Zersetzung der salpetrigen Säure 
anfangs äußerst rasch, wird aber durch das gebildete Stickoxyd sehr schnell 

1 E. SClIRÖER: Z. physik. Chem., Abt. A 176 (1936), 20. 
2 E. ABEL, H. SClDIID, F. POLLAK: S.·B. Akat!. Wiss. Wien, Abt. IIb UÖ (1936), 

731 bzw. Mb. Chem. 69 (1936), 125. 
3 Siehe S. li. 
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gehemmt., insbesondere in ruhender Lösung, da Stickoxyd zu starker Übersättigung 
neigt. Entfernung des Stickoxyds durch Schütteln, Rühren oder durch Ober­
flächenvergrößerung der Lösung hat Beschleunigung der Salpetrigsäure­
zersetzung zur Folge. 

Für die inverse Reaktion, die Bildung von salpet.riger Säure aus Stickoxyd 
und Salpetersäure 

H' + N03' + 2 NO + HzO = 3 HNOz 
gilt der Mechanismus im entgegengesetzten Sinne. Die zeitbestimmende Reaktion 
ist nun die Bildung von Stickstofftetroxyd aus salpetriger Säure und Salpeter-
säure: ,-+ H' + N03 + HNOz ~ - NZ0 4 + HzO, 

der nun das Gleichgewicht 
NZ0 4 + 2 NO + 2 HzO J- r 4 HN02 

nachgelagert ist.! Zweifellos besteht die zeitbestimmende Reaktion der Stick­
stofftetroxydbildung ähnlich wie der zeitbestimmende Vorgang bei der Arsenig­
säure-Salpetrigsäurereaktion noch aus zwei einfacheren Reaktionen: 

Aus dem yorgelagerten Gleichgewicht 

H' + N03' "~ HN03 

und der zeit bestimmenden Urreaktion 

HN03 + HNOz <--~ NZ0 4 + H20. 

Die Geschwindigkeit der Salpetrigsäurebildung ist die der Salpetrigsäure­
zersetzung mit entgegengesetztem Vorzeichen, also: 

+ _d (~02) = k2 [H'] [NO:/J [HN02] _ k1 [~~02J4. 
NO 

Ist die Salpetrigsäurekonzentration entsprechend gering, so ist bei Yorhtge von 
Stick oxyd der erste Term für die Geschwindigkeit der Salpetrigsäurebildung 
<tusschlaggebend. In diesem Falle wirkt die Salpetrigsäure beschleunigend, sie 
ist positiver Katalysator. Da salpetrige Säure Reaktionsprodukt ist, ist der 
chemische Umsatz ein positivautokatalytischer Prozeß. Bei hoher Salpetrig­
säurekonzentration hingegen ist der zweite Term der Geschwindigkeitsgleichung 
für die Geschwindigkeit bestimmend, dann verringert salpetrige Säure infolge 
der Vergrößerung der gegenläufigen Reaktion die Reaktionsgeschwindigkeit. Die 
salpetrige Säure spielt also die Rolle eines einerseits positiven, anderseits nega­
tiven Autokatalysators. Die letztere Wirksamkeit ist infolge der hohen Potenz, 
mit welcher salpetrige Säure als Autokatalysator wirkt, eine besonders charak­
teristische. 

Die Geschwindigkeit kann nur unter der Einschränkung, daß es sich um eine 
unendlich verdünnte Lösung oder um nicht sehr konzentrierte Lösungen gleicher 
ionaler Konzentration handelt, als ausschließliche Funktion der Konzentrationen 
der Reaktionspartner dargestellt werden, wobei wir unter ionaler Konzentration 
nach BJERRUM die Summe aus den Produkten: Grammion pro Liter mal Quadrat 
der Wertigkeit verstehen: j = LCiZ iz_ 

Variiert die ion ale Konzentration, so ist die Reaktionsgeschwindigkeit nicht nur 
eine Funktion der Konzentrationen, sondern auch der Aktivitätskoeffizienten 

1 Zwischensubstanzen, die mit den Reaktionsprodukten im Gleichgewicht stehen, 
nennt A. SKRABAL v MI 'THoFFsche Zwisehenstoffe. Stickstofftetroxyd ist also für 
die Salpetrigsäurebildung VAN 'THoFFsches Zwischenprodukt. - A. SKRABAL: S.-B. 
Akad. Wiss. Wipl1, Abt. IIb 13i (1928), 1045 bzw. Mh. ehern. 51 (1929) 93. 
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der Reaktionspartner, also der Größen, mit denen die Konzentrationen im 
Massenwirkungsgesetz zu multiplizieren sind, um die "wirksamen Konzentra­
tionen" oder Aktivitäten zu erhalten (vgl. Artikel "Salt Effects" in diesem 
Band). 

Die genaue Geschwindigkeitsgleichung für die Salpetrigsäurezersetzung 
bzw. für die inverse Reaktion ergibt sich nach der BRÖNsTEDschen Theorie auf 
folgendem Wege: 

d (N.O,) _ [N.O,] IN•o, 1 _, [H·] IR.· [NOs'] INo.' [HN02] 'wo, --~ =", f", -;oe:, -- --- --f~-- ------

wenn f die Aktivitätskoeffizienten sind, f", den Aktivitätskoeffizienten des kriti­
schen Komplexes bedeutet und der Querstrich die Beziehung der Konstanten 
auf Aktivitäten statt Konzentrationen andeutet. In diesem Falle ist der kritische 
Komplex ungeladen, da die Summe der Ladungen der Reaktionspartner Null 
ergibt. Da das Gleichgewicht 

4 HN02 J~ N20, + 2 NO + 2 H20 

vorgelagert ist, ist 

wobei dic Aktivität des Stickoxyds gleich seinem Drucke und die Aktivität des 
Wassers eins gesetzt ist. (Anm. 1.) 

Einführung der Gleichgewichtskonstante in die Geschwindigkeitsgleichung 
ergibt: 

= Y..
4 
r [HN~2~/41!!!l' _ r.4' [H·] IR' [N03']jKo. [HN02]JRNO, 

p2-S0· f ",- ---f~ -

_ ~ (HNO_2) _ ...L 3 ~JHNOa) _ 
dt - I dt-

= 3 x,r~H~_02!/4~l'\.o. _ 3 %,' [H'] IR ,_ [N03'] fNfxo• [HN02] fRNO• 

p\;o' Ix 

Da x ungeladen ist, ist f", - fH1!iO.' 

d (HNOI ) - - a 3RKO, -- , - --de- = 3", r [HN02l -pi~o - 3 "4 [HN02l ((H' ((so" 

- -(, a 3HNO• , ) 
= [HNOzl kl -- 2 - kz aR' aNO, ' 

_ p NO 

kl ' = 3 Y.., r, 
kz' = 3 H,,', 

Bei hochverdünnten Lösungen (ionale Konzentration = 0) werden die Ak-

1 Die Aktivität des Wassers in der Lösung ist nach der Definition dieses Begriffs 
der Quotient des Dampfdrucks des Wassers in der Lösung durch den Dampfdruck 

des Wassers im Normalzustand a = ~,wenn pO den Dampfdruck des Wassers im 
p 

Normalzustand bedeutet, Als solcher wird das reine Lösungsmittel Wasser gewählt, 
Bei verdünnten Lösungen ist daher die Aktivität des Lösungsmittels nahezu eins. 
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tivitäten gleich den Konzentrationen, und die Geschwindigkeitsgleichung geht 
in die Beziehung: 

- d(~~I) = kt' J~~;]' ka' [H-] [N03'] [HNOa] 

über. Während der Geschwindigkeitskoeffizient kl ' durch Extrapolation der bei 
verschiedenen ionalen Konzentrationen erhaltenen Koeffizienten k l auf die 
ionale Konzentration 0 leicht zu ermitteln ist,l läßt sich ka' nicht mit Sicherheit 
durch Extrapolation gewinnen; er wird durch Vergleich der Konzentrations­
formel mit der Aktivitätsformel der Geschwindigkeitsgleichung zu:a 

k'- km S 

a - IH./No; 

errechnet. Auf diese Weise ergibt sich bei 25° C 

k1' = 46 

K2' = 1,6 

(Konzentrationen in Molen pro Liter, Druck in Atmosphären, Zeit in Minuten). 

Ist ::l::(~.J~02) = 0, so herrscht Gleichgewicht.; dann wird 

k 1' aH' a NO.' p2NO i/ = __ a_SHNO_._- = K, 

K - 46 - 29 2r:oC -1,6-- ... D • 

Von den auf thermodynamischem Wege gefundenen Werten4 wird von LEWIS 
und RANDALL5 als wahrscheinlichster K = 31 angenommen. Es besteht somit 
gute Übereinstimmung zwischen dem auf statischem und dem auf kompliziertem 
kinetischem Wege gefundenen Wert. Die Salpetrigsäurezersetzung gehört zu 
den wenigen Reaktionen, bei denen die thermodynamische Gleichgewichts­
konstante auf kinetischem Wege bestimmt werden konnte.6 

Eine besondere Eigentümlichkeit dieser Reaktion zeigt sich hinsichtlich der 
Einstellung des Gleichgewichts. Das Gleichgewicht 3 HNOa <-~ H' + NOa' + 
+ 2 NO + HaO kann sich wohl von der Linksseite einstellen, nicht aber von 
der Rechtsseite, da Salpetersäure und Stickoxyd miteinander nicht zu reagieren 
vermögen. Erst wenn salpetrige Säure zu Salpetersäure und Stickoxyd hinzu­
gefügt wird, kann sich auch das Gleichgewicht von der rechten Seite her ein­
stellen. Dies sei besonders im Hinblick auf die wiederholt diskutierte .Fmge 
nach dem Bestehen einseitiger chemischer Gleichgewichte (E. BAL'R und seine 
Schule)? betont. Wie auch immer sich in anderen Systemen die Sache verhalten 
mag, hier liegt der Fall so, daß, obwohl eine "Seite" schnell, die andere überhaupt 

I E. ABEL, H. SCHMID: Z. physik. ehern. 134 (1928),296. 
2 E. ABEL, H. ScrnUD:. Ebenda 136 (1928), 435. 
3 Einführung der aus Gleiehgewichtsmessungen bekannten Aktivitätskoeffizienten 

der Salpetersäure. 
• G. N. LEWIS, A. EDGAR: J. Amer. ehern. Soe. 33 (1911), 292. - A. W. SSA­

POSCIINIKOFF: J. russ. physik.-ehem. Ges. 32 (1900), 375 ... 
5 G. N. LEWIS, M. RANDALL: Thermodynamik, S. 524. Ubersetzt von O. REDLICH. 

Herlin: Julius Springer, 1927. 
6 V gl. E. A. MOELWYN -HUGHES: The kineties of reaetions in solution, S. 120. 

Oxford: Clarendon Press, 1933. 
7 Siehe z. B. E. BAUR: Helv. chim. Acta 17 (1934), 504. - E. BAUR, G. SCIlINDLER: 

Biochem. Z. 273 (1934), 381; 281 (1935),238. - A. SKRABAL: Z. Elektroehern. angew_ 
physik. ehern. 13 (1937), 317. 
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nicht reagiert, das Gleichgewicht ein ganz normal kinetisch eingestelltes ist. 
Es ist noch bemerkenswert, daß die Kinetik der Stickoxyd-Salpetersäurereaktion 
erst dann reproduzierbar ist, wenn salpetrige Säure in solcher Menge vorgelegt 
wird, daß dieselbe groß gegenüber der zufällig in der Salpetersäure vorhandenen 
salpetrigen Säure ist. 

Es wurde bereits darauf hingewiesen, daß der Geschwindigkeitskoeffizient kl ' 

ein zusammengesetzter ist, daß er das Produkt einer Gleichgewichtskonstante und 
eines Geschwindigkeitskoeffizienten ist. Dieser Geschwindigkeitskoeffizient kann 
in seine Faktoren zerlegt werden. 

Aus dem Gleichgewicht von E. ABEL, H. SCHi\IID und M. STEDr 1 

2 paKO. = 4,4.10-10 ••• 25° C, 
a HNO;PNO 

dem oben auf kinetischem Weg ermittelten Gleichgewicht 

aH• a~iO.' p 2NO_ = 29 "5 ° C 
a I HNO, ... ,-

und dem Gleichgewicht 2 

P_!,o, ='0,14572 ... 25°C 
PN,O, • 

errechnet sich nämlich das Gleichgewicht 

Ferner gilt 

Daher ist 

für 

F'IJ = !N.~~P~~o = 3,54,10-4. 
aHNO, 

[N2Ü,] IN,O. = K' PN,O,' 3 

r = [N20']/N,O"P~NO = K' r 
[HN02]4 f'HNO, 1" 

kl ' = 3~'1 r= 3r.,K' r p = 3'Y.p r p 

'Y.,,= y.,K'. 

'Y. p =. - 4~ __ '-- 4. 10' 9:;° C 3,3,5' 10-4 - ... _u • 

Bei Ausschluß der Gegenreaktion ist 

d(N.O&) _;;- [N20,]fN,O. 
- - -Ü-- -- 'Y., - -/,,--- -

Bei verdünnten Lösungen ist I z = 1. 
Daher ist 

_!!~20,t = 'Y. 'p,. 0 = 4'1O'p" o. dt 'IJ -'.. -'I , 

Das heißt: Bei eincm Stickstofftctroxyddruck von einer Atmosphäre setzt sich 
pro Liter Lösung ein Mol Stickstofftetroxyd in der Zeit 

-~- Min - 15.10-3 • Sek 4'104 • - , •• 
um. 

Unter der Voraussetzung, daß die Löslichkeit von Stickstofftetroxyd in 

1 E. ABEL, H. SCHMID, M. STEIN: Z. Elektroehern. angew. physik. Chern. 36 
(1930). 692. 

2 M. BODENlSTEIX : Z. physik. Chern. 100 (1922), 68. 
3 Für verdi:umtc Löslmgcn gpht die Gleichung infolge der Beziehung fx,o, = I 

in das HEXRYSchp Gesetz ÜhPf. 
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derselben Größenordnung ist wie die des Stickoxyds und der übrigen Gase, 
ergibt sich 

"4 = ;r, - 107 bis 108• 

Die Geschwindigkeit der Stickstofftetroxydhydrolyse ist also ungeheuer groß, 
daher kann sie auf direktem kinetischem Wege nicht gemessen werden. 

Da sich nach dem Chemismus der Geschwindigkeitskoeffizient kl f als Produkt 
eines "wirklichen" Geschwindigkeitskoeffizienten (Geschwindigkeitskonstante 
einer Urreaktion) "4 und der Gleichgewichtskonstante r eines endothermen 
Umsatzesl ergibt, läßt sich folgern, daß der Temperaturkoeffizient dieser 
komplexen Geschwindigkeitskonstante2 gegenüber dem Temperaturkoeffizienten 
einer wirklichen Geschwindigkeitskonstante, der pro 100 C etwa 2,5 beträgt, 
abnormal groß ist. Dies ist auch nach den Untersuchungen von E. ABEL, H. SCHMID 
und E. RöMER3 tatsächlich der Fall. Der Temperaturkoeffizient beträgt bei 
Zimmertemperatur pro 100 C rund 6. Er ist einer der höchsten, die bekannt 
sind. In der Form der ARRHENIUsschen Gleichung 

A 
logk = -p+ B 

ist die Abhängigkeit des Geschwindigkeitskoeffizienten kl f von der Temperatur 
gegeben durch: f 6250 

log k l = - -----rt' + 22,65. 

Zusammenfassung der Temperaturabhängigkeit und der Abhängigkeit von der 
ionalen Konzentration führt zur Beziehung: 

6250 . 
log kl = - . iji- + 22,65 + 0,078 J. 

Die genaue Kenntnis der Temperaturabhängigkeit von kl f ermöglicht es 
uns, für die Urreaktion 

die Aktivierungswärme annähernd zu bestimmen. 
Nach ARRHENIUS4 errechnet sich die Aktivierungswärme aus der Temperatur­

abhängigkeit des Geschwindigkeitskoeffizienten einer Urreaktion zu: 

aInk 
8'r 

Die Aktivierungswärme der Stickstofftetroxydhydrolyse gewinnen wir auf 
folgendem Wege: 

Naeh der Reehnung von ABEr" SCHMID und RÖMER ergibt sieh unter der 

1 Die Änderung des Wärmeinhalt!:l LI H der Reaktion 4HNOz = NzO, + 2NO + 2HzO 
alni' LlH 

ist positiv. Siehe Seite 13. VAN 'THoFFsche Isobare: & T = RfJ12' 
zaIn k l f a In;e, a ln r 

----ap- = . -fjij'- . + . a T 

3 E. ABEL, H. SCHlIID, E. RÖMER: Z. physik. Chem., Abt. A 148 (1930), 337. 
, S. ARRHENIUS: Z. physik. Chem. 4 (1889), 234. - Eingehende theoretische 

lkgründung dieser Beziehung durch M. TRAUTZ: z. B. Z. anorg. allg. Chem.102 (1918), 
81; 106 (1919),149; Lehrb.Chem., TeilIIr. Berlin und Leipzig: W.de Gruyter, 1924.­
Zusammenfassende Darstellung: Chemische Kinetik. Handwörterbueh der Natur­
wissenschaften, Ir., S. 512. Jena: G. Fischer, 1933. 
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Annahme, daß die Lösungswärme von Stickstofftetroxyd etwa gleich derjenigen 
ähnlicher Gase sei, für die Änderung des Wärmeinhalts der vorgelagerten Reaktion 

4 HN02 "-r N20, + 2 NO + 2 H 20 

ein Betrag von LI H = 21200 caU 

Aus: 

folgt: 

Nun ist: 

olnü. 
---aT-

und: 

olnT 
oT 

also: 

o ln k,' 
8T 
oder: 

LlH 

RT2 

(ARRHENIUssche Gleichung für die Aktivierungswärme.) 

V AN 'THoFFsche Isobare für die Abhängigkeit der Gleichge­
wichtskonstante von der Temperatur. 

o log k/ q,A + 21200 6250 
~f)T - -2T-~98T2 = +-"P-2 . 
Die Aktivierungswärme der Stickstofftetroxydhydrolyse errechnet sich so zu dem 
verhältnismäßig niedrigen Betrag von 

q,A = 7300 cal. 

Der Temperaturkoeffizient der Geschwindigkeit der Stickstofftetroxydhydrolyse 
ist dementsprechend auch niedrig: 

. 25". ~ 1 ~ _ - ,D. 
15"'4 

Die Aktivierungswärme dieser Reaktion zwischen neutralen Molekein wird durch 
Elektrolytzusatz nicht beeinflußt (Variation der ionalen Konzentration zwischen 
j = 0,6 und 4,0).3 

Die wirkliche Aktivierungswärme der gegenläufigen Reaktion läßt sich nicht 
angeben, da die Reaktion 

HN02 + H' + N03' = N20 4'+ H 20 

offen bar noch keine Urreaktion ist, sondern aus den beiden Teilvorgängen : 

besteht. H' + N03' "--r HN03 , HN0 2 + HN03 ,-~~ N 2ü 4 + H 20 

Der Temperaturkoeffizient ist 2S~ = 2 5' die scheinbare Aktivierungs-
16k 2 " 

wärme errechnet sich daraus zu 15600 cal. 

1 E. AllEL, H. SemUD, E. RÖMER: Z. physik. ehern., Abt. A 148 (1930), 345. 
2 qA + LI H, scheinbare Aktivierllllgswärme der Reaktion 3 HN02 = H' + N0 3' + 

+ 2 NO + H 20; sie ist die Summe der wirklichen Ak~ivicrungswärme qA der Ur­
reaktion NzO. + H 20 = H' + NO,' + HN0 2 und der Andel'lmg des Wärme inhalts 
des dieser Urreaktion vorgelagerten Umsatzes 4 HN02 = N 20. + 2 NO + 2 H 20. 

3 P bl" . k . 0 ln k 1' d' I K t' S' h E A lU una langJg elt von 0 T von Cl' IOna 0n onzen ,ratIOn. Je e '. .1uOEL-

WYN -HUGIIES: I. c., S. 202. 
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Aus der Geschwindigkeitsgleichung der Salpetrigsäurezersetzung und aus 
Geschwindigkeitsgleichungen von Salpetrigsäurereaktionen läßt sich also nach 
dem Gesagten die Bruttoreaktion 

in die Urreaktionen 

3 HN02 = H' +- N03 ' +- 2 NO +- H 20 

2 HN02 ~-~ N 20 3 +- H 20 

N 20 3 -'--r N02 +- NO 

2 N02 ~~ N20 4 

N 20 4 +- H 20 <-= HN02 +- HN03 

HN03 ~--r H' +- N03 ' 

(1) 

(2) 

(3) 

(4) 
(5) 

auflösen. Weiter konnte von der zeit bestimmenden Urreaktion (4) durch Kombi­
nierung kinetischer und thermodynamischer Daten der Geschwindigkeits­
koeffizient der Links-Rechtsreaktion und aus dessen Temperaturabhängigkeit 
die Aktivierungswärme dieser Reaktion ermittelt werden. 

Chemismus einer Einstoff-Katalyse. 
Wie bereits cinga,ngs dargelegt wurde, ist die Geschwindigkeitsgleichung 

der Reaktion 

durch die Beziehung gegeben 

t:l_~~2L = k [NHd [N02'] [HN02]. 

Salpetrige Säure ist also Katalysator. Der Reaktionsmechanismus, der zu dieser 
Geschwindigkeitsgleichung führt, wird durch die vom Verfasser geschaffene 
"Kinetische Methode der Substitution"l klargestellt. Das Verfahren macht sich 
die Tatsache zunutze, daß kurzlebige Zwischen stoffe durch Einführung bestimmter 
Atomgruppen weitgehend stabilisiert werden.2 Diese stabilisierten Stoffe können 
nun in solchem ~1aß angereichert werden, daß sie mit Hilfe der üblichen Meß­
methoden untersucht werden können. Substitution in Zwischensubstanzen 
erfolgt in der Weise, daß die Reaktion mit substituierten Ausgangs­
stoffen durchgeführt "ird. Bei entsprechender Substitution und Einhaltung 
gewisser Bedingungen (daß z. B. die Stoffe bei tiefer Temperatur in Reaktion 
gebracht werden) ist es sogar möglich, diese Ausgangsstoffe praktisch nur bis 
zum stabilisierten Zwischenprodukt reagieren zu lassen. Die "Zwischen"subshtnz 
ist auf diese Weise zum "End"produkt geworden. Wir haben es in diesem Falle 
mit einer ganz anderen Bruttoreaktion wie bei den unsubstituierten Substanzen 
zn tun. Beiden Reaktionen gemeinsam ist aber dasselbe Geschwindigkeitsgesetz 
der Bildung des kurzlebigen bzw. stabilisierten Zwischenprodukts. Bei der 
gleichen Form der Geschwindigkeitsgleichung kann nun aus der Zusammen­
setzung des substituierten Zwischenprodukts auf die Zusammensetzung des 
Z,,,ischenstoffs bei dem chemischen Yorgang mit unsubstituierten Ausgangs­
substanzen geschlossen werden. Entsprechend der kinetischen Methode der 
Sn bstitution "ird in unserem speziellen Fall außer der kinetischen Analyse des 

I H. ScmlID: Atti X Congr. int. Chim., Roma Il (l!l38), 484. - Vgl. auch 
H. ~CID!ID: Z. angew. ehem. 50 (1937), 615. 

2 :\Iethyl ist beispiel:,;wei~e ein sehr kurzlebiges Radikal, während Triphenylmethyl 
eine verhiiltnismäßig stabile Verbindung darstellt. F. l'ANETII, \V. HOFEIlITZ, W. 
LAUTSCH: Bel'. dtseh. ehem. Ces. 62 (1!l2!l), 1335; 6-1 (1931), 2708. 



Zwisehenreaktionen. 

Ammoniumnitritzerfalls die Kinetik der Reaktion zwischen salpetriger Säure 
und Aniliniumion (Substitution eines Wasserstoffatoms des Ammoniumions 
dureh Phenyl) studiert. Die Bruttoreaktion der Diazotierung ist: 

C6H5NHa' + HNOz = CsHsN2' + 2 HzO. 

Die Geschwindigkeitsgleichung dieser Diazotierung ist nach den Untersuchungen 
des Verfassers mit G. MURR l in einem Bereiche größeren Schwefelsäureüber­
schussesz (0,1-0,2 Mol/Liter) tatsächlich analog dem Zeitgesetz des Ammon­
nitritzerfalles : 

d (C6H5~(t _ k [C H NH .] [N02'] [HN02] dt - 1 6 5 3 . 

Aus diesem Zeitgesetz läßt sich der Reaktionsmechanismus ableiten: 

Vorgelagertes Gleichgewicht: 

CsH5NHa' + N02' - . r CsH5NHaN02 

Zeit bestimmende Reaktion: 

CsH5NHaN02 + HN02 -~ C6H5N2' + N02' + 2 H 20. 

Wird die Phenylgruppe durch das Wasserstoffatom ersetzt, so geht die Ge­
schwindigkeitsgleichung der Diazotierung in die des Ammoniumnitritzerfalls 
und der Reaktionsmechanismus der Diazotierung folgerichtig in den der Am­
moniumnitritzersetzung über: 

Yorgelagertes Gleichgewicht: 

NH4' + N02' - r NH4N02 

Zeitbestimmende Reaktion: 

NH4N02 + HN02 --+ N2H' + N02' + 2 H 20. 

Da die Summe der Teilreaktionen den von der Diazotierung des Aniliniumions 
ganz verschiedenen Bruttovorgang ergeben muß, folgen den aus der Diazotiernng 
abgeleiteten Zwischenreaktionen noch die Umsetzungen: 

N 2H' = N 2 + H·, 

H· + N02' = HN02• 

Die salpetrige Säure, die als Reaktionspartner in die zeitbestimmende Reaktion 
eintritt, wird nach der letzten Gleichung zurückgebildet. Da der Ammonium­
nitritzerfall - wie sich aus den obigen Darlegungen ergibt - nichts anderes als 
ein Diazotierungsprozeß ist, kann er nur bei Gegenwart von salpetriger Säure 
erfolgen. Salpetrige Säure ist somit Katalysator, der die Reaktion hervorruft 
("gI. S.2). Die zeitbestimmende Reaktion beim Ammonnitritzerfall ist die 
Bildung eines kurzlebigen Zwischenions N 2H· aus undissozüertem Ammonium­
nitrit und salpetriger Säure. Dieses Zwischenion können wir als das Kation des 
Imidnitroxyls HN = NOH auffassen. Es ist sehr unbeständig und zerfällt sehr 
rasch in Stickstoff und Wasserstoffion. Durch Substitution des Wasserstoffs 
des Zwischenions durch die Phenylgruppe entsteht das mehr oder weniger stabile, 
wohlbekannte Diazoniumion, ebenso, wie durch Substitution eines Wasser­
stoffatoms im Ammoniumion durch die Phenylgruppe das Aniliniumion gebildet 

1 H. SemUD, G. MUlIR: Ber. dtseh. ehern. Cl'';. 70 (1937),421. 
2 Ygl. H. Scmrm: Atti X Congr. int. Chirn., Rorna n (1938), 486. 
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wird. Nach den Untersuchungen von H. SCHMID, G. MUHR und V. SCHUBERT I 

ist für die Diazotierung außer Nitrition auch Chlorion und Bromion Katalysator. 
Die Geschwindigkeitsgleichung der Halogenionkatalyse ist: 

d (C6H6~iL = k [C H NH .] [HNO ] [Hlg'] 2 dt 2 a S 3 2 ,. 

Der Mechanismus ist analog der Nitritionkatalyse: 

Vorgelagertes Gleichgewicht: 

CaHsNH3• + Hlg' ~ -, CaHsNH3Hlg. 

Zcitbestimmende Reaktion: 

In entsprechendem Bereiche der Salzsäurekonzentration geht die Nitrition. und 
Chlorionkatalyse gleichzeitig vor sich. Die Geschwindigkeitsgleichung hat in 
diesem Wasserstoffionengebiet die Form: 

_~(!?6:1t6~·)- = kI [CaH sNH3·] [HN02] I N02'] + k2 [CaH sNH3·] [HN02] [Cl'], 

= kI ' [CaH sNH3·] [~~2J2 + k2 [CaH sNH3·] [HN021 [CI']. 

Das Wasserstoffion der Salzsäure wirkt somit verzögernd, das Chlorion der 
Salzsäure hingegen beschleunigend. H. SCHMID nennt Stoffe, die in positive 
und negative Katalysatoren zerfallen, katalytisch-polare Stoffe.3 Salzsäure ist 
also für die Diazotierung eine katalytisch-polare Substanz. Aus der Halogenion­
katalyse der Diazotierung ist nach der kinetischen Methode der Substitution zu 
schließen, daß Chlorion und Bromion auch die Reaktion zwischen Ammoniumion 
und salpetriger Säure nach demselben Zeitgesetz katalysieren, und zwar wie bei 
der Nitritionkatalyse unter zwischenzeitlicher Bildung des kurzlebigen N2H ··Ions. 

~~~2) = k' [NHd [Hlg'] [HX021, 

NH4• + Hlg' ~-, NH4HIg, 

NH4Hlg + HN02 ~ N2H· + Hlg' + 2 H 20, 

N2H· = N2 + H·. 

Die Untersuchungen von H. SCHMID und R. PFEIFER4 haben diese Vorhersage 
tatsächlich bestätigt. Damit ist auch der Nachweis erbracht, daß der Umsatz 
zwischen Ammoniumion und salpetriger Säure ein anorganischer Diazotierungs­
prozeß ist. 

Reaktionszyklen. 
Die Geschwindigkeit der Reaktion: 

Fc·· + HN02 + H· = :Fe··· -1- NO + H 20 

1 H. SCH:\UD: Z. Elektrochem. angew. physik. Chem. 43 (1937), 626. - H. SCHlIfID, 
G. MUHR: I. c. 

2 Hlg' = Cl' bzw. Br'. 
3 H. SCH:\UD: Z. Elektrochem. allgew. physik. Chem. 43 (1937), 626. 
4 H. ScmIID: Atti X Congr. illt. Chim., Roma II (1938), 489. 
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setzt sich nach E. ABEL, H. SCH~IJD und :1<'. POLLAK 1 aus drei Termen zusammen: 

d(Fe"') ~ _ ,[HNO ]2 = ka [Fe"][HN021 + kdFe' '][HN02I[H'] + kc IFe"] __________ 2 - • 
dt - Pso 

ka = 0,47, kb = 13;6, "'c = 2,4'102• 

kc * (bei Ersatz von Pxo durch [NO]) = 0,46. 

(25 0 C, Konzentrationen in Molen pro- Liter; Druck in Atmosphären; Zeit in 
Minuten). 

Die Reaktion verläuft über drei verschiedene Wege zu denselben Endpro­
dukten. SKRABAT,2 nennt einen derartigen Umsatz Reaktionszyklus. Alle Pro­
zesse, bei denen neben dem unkatalysierten Umsatz durch Katalysatoren hervor­
gerufene Reaktionsbahnen in Erscheinung treten, gehören zu den lteaktions­
zyklen. 

Nachstehende stöchiometrische Gleichungen geben das Reaktionsbild, das 
dem ersten Term entspricht: 

Zeitbestimmende Reaktion: 

Fe" + HN02 -~ Fe' .. + NO + OH'. 

Nachgelagertes Gleichgewicht: 

OH' + H' J ,H20. 
Summe: 

Fe" + HN02 + H' c-, Fe'" ---i- NO + H 20. 

Der zweite Geschwindigkeitsterm ist dritter Ordnung. Die Abhängigkeit 
von den Konzentrationen der Reaktionspartner entspricht der Bruttogleichung. 
Zweifellos führt aber der Mechanismus nicht über eine Reaktion dritter Ordnung, 
sondern über Teilvorgänge niederer Ordnung, wie die des nachstehenden Reak­
tionsschemas : 

Vorgelagertes Gleichgewicht: 

HN02 -+ H' J ,NO' + H 20. 

Zeitbestimmende Reaktion: 

Fe" + NO' ~ :Fe'" + NO. 
Summe: 

Fe" + HN02 + H' = Fe'" + NO + H 20. 

Dieser Chemismus setzt voraus, daß salpetrige Säure Ampholyt ist, daß sie 
nicht nur nach der Gleichung: 

HN02 -<--> H' + N02', 

sondern auch nach der Gleichung: 

HN02 .. ---+ NO' + OH' 

ionisiert, wie dies auch W. A. NOYEs 3 aus Überlegungen über die Elektronen­
konfiguration der Salpetrigsäuremolekel schließt. 

1 E. ABEL, H. SCHMID, F. POLLAK: S.-B. Akad. Wiss. Wien, Abt.. IIb 145 (1936), 
731 bzw. Mh. ehern. 69 (1936), 125. - Siehe auch E. SClIRÖER: Z. physik. ehern, 
Abt. A 176 (1936). 20. Vgl. S. 7. 

2 A. SKRABAL: S.-B.Akad. Wiss. Wien, Abt. IIb 143 (1935), 619 bzw. Mh.ehem. 65 
(1935), 275. -

3 W. A. NOYES: Mitteilung an den Verfasser. Siehe auch G. KORTÜM: Z. physik. 
ehern. Abt. B 43 (1939), 418. 

Hdb. d. Katalyse. 11. 2 
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Die Gleichung: 

ist demnach eine zusammengesetzte Reaktion, die in die bei den Urreaktionen: 

HN02 = NO· + OH', 

OH' + H· = H 20, aufzulösen ist. 
Wie bei der Diskussion der Salpetrigsäurekinetik bereits erläutert wurde, 

kommt der dritte Geschwindigkeitsterm nach dem Chemismml zustande: 

Vorgelagertes Gleichgewicht: 

2 HN02 -- r N02 + NO + H 20.l 

Zeit bestimmende Reaktion: 

:Fe·· + N02 -+ :Fe··· + N02'. 

Nachgelagertes Gleichgewicht: 

N02' + H· ~r HN02 • 

Summe: :Fe·· + HN02 + H· = :Fe··· + NO + H 20. 

Die '!:eitbestimmende Reaktion 

:Fe·· + N02 -- :Fe- .. + N02' 

führt zur Geschwindigkeitsgleichung : 

d (Fe···) [HNO ]2 [HNO ]2 
dt = "c [:Fe· ·][N02] = "c r c [J1'e· .] P 2 = kc [:Fe· .] ..2 .. 

NO PNO 
wenn 

[N02] = r c [HN02]2 • 
PNO 

Die kinetische Zergliederung vermag demnach die Reaktion zwischen :Ferroion 
und salpetriger Säure in ihre Urreaktionen aufzulöRen. Der erste Geschwindig­
keitsterm führt überdies zum Geschwindigkeitskoeffizienten einer Urreaktion. 
Aus dem dritten Term kann der Geschwindigkeitskoeffizient der Urreaktion 

:Fe·· + N02 = :Fe··· + N02' 

ermittelt werden, wenn wir den komplexen Geschwindigkeitskoeffizienten 
ke = "erc auf thermodynamischem Weg in seine beiden :Faktoren zerlegen. Die 
Gleichgewichtskonstante r e errechnet sich auf folgende Weise: 

l~~·~~~ = 7,2.10- 3 ••• 25c C. 2 

Nach dem HENRyschen Gesetz ist 3 

[N02] = const. PNO" 

wo const :::-'. 10-3 

1 Im Sinne der AusführlUlgen S.3 resultiert dieser Umsatz aus den heiden 
U rreaktionen: 

2 HN02 = NzO a + HzO; Nl)a = N0 2 + NO. 

P p2 p2 
2 ".. h r N,O, NO - 3 -4 10-4 d NO, 0 4 . h S 11 .I'"rrec net aus ,,= 4 - ,;). nn = ,1 57;s!e e . . 

a ENO. PN,O, 
a Voraussetzung, daß die Löslichkeit von Stickstoffdioxyd in derselben Größen­

onlnlUlg ist wie die des Stickoxyds und der übrigen Gase. 
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und daher: r = [NOs] PN~ ~ 7.10-6 
c [HNOa]S 

und ko = "Xc Fe = 2,4.10 2 ••• 25° C. 

Daraus ergibt sich der Geschwindigkeitskoeffizient des Elektronenüberganges 
vom Ferroion zum Stickstoffdioxyd zu: 

"Xc --:.3.107• 

Durch;Kinetik und Mechanismus der Salpetrigsäurebildung aus Salpetersäure 
und Stickoxyd und der Reaktion der salpetrigen Säure mit Ferroion wird auch 
die Kinetik und der Mechanismus der Oxydation des Ferroions durch Salpeter­
säure, deren Bruttovorgang durch die stöchiometrische Gleichung: 

NOa' + 4 H' + 3 Fe" = 3 Fe'" + NO + 2 HzO 

dargestellt wird, bloßgelegt. Nach E. ABEL, H. SCHMID 1 verlaufen Oxydations­
vorgänge mittels Salpetersäure unter Stickoxydentbindung auf folgende Weise: 
Das entstehende Stickoxyd gibt mit Salpetersäure entsprechend der Brutto­
reaktion: 2 NO + H' + NOa' + HzO = 3 HNOz (~) 

nach dem Mechanismus von E. ABEL, H. SCHMID und S. BABADz salpetrige 
Säure und diese ist es, die das Substrat nach dem Bruttoumsatz 

(ß) 

oxydiert. Dieser Theorie liegt die Erfahrungstatsache zugrunde, daß salpetrig­
säurefreie Salpetersäure viele Substanzen nicht zu oxydieren vermag. Ebenso­
wenig Stickoxyd nach den Untersuchungen von ABEL und SCHMID von salpetrig­
säurefreier Salpetersäure oxydiert wird, ebensowenig wird auch Ferrosalz von 
reiner Salpetersäure angegriffen.a 

Summierung der beiden stöchiometrischen Gleichungen: 2 (~) + 3 (ß) ergibt 
den Gesamtumsatz zwischen Salpetersäure und Substrat: 

2 H· + 2 NOa' + 3 R = 3 RO + 2 NO + HzO. 

Die Geschwindigkeit der Oxydation des Substrats durch Salpetersäure - wenn 
diese an dem entwickelten Stickoxyd verfolgt wird' - ist im Anschluß an die 
von E. ABEL, H. SCHl\HD geklärte Kinetik der Reaktion ~ 

d (NO) 2. [HNOa]' 2 . , -- it- = 3- k1 -pT . - -3 kz [H ] [NOa ] [HNOz] + rp ([HN02], [R], ... ).5 
NO 

1 E. ABEL, H. SCHMID: Z. physik. Chern 132 (1928), 62. 
2 Siehe S.8. 
3 B. C. BANERJI, N. R. DHAB: Z. anorg. allg. Chern. 122 (1922), 73. - L. H. 

Mn,LIGAN, G. R. GILLETTE: J. physic. Chern. 28 (1924), 744. - N. R. DHAB: Ebenda 
29 (1925),142. - A. KLEMENC: Z. Elektrochern. angew. physik. Chern. 32 (1926),150. 
- E. SCHRÖER: Z. anorg. aUg. Chern. 202 (1931), 382; Z. physik. Chern., Abt. A 
176 (1936), 20. 

, Bei dcr Ferroionoxydation ist die Anlagerllllgsreaktion von Stickoxyd an 
Ferroion zu bcrücksichtigen. Siehe E. ABEL, H. SCHMID, F. POLLAK: 1. c. 

5 Im Falle der Ferroionoxydation: 

rp ([HN02], R •.. ) = [Fe· .] [HN02 ] {ka + kdH·] + kc [HN02] \. 

PNO J 
Ausführliche Diskussion der Salpetersäure-Ferro-reaktion: E. ABEL: Mh. Chern. 68 
(1936), 387. 

2· 
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Für den stationären Zustand (.) der salpetrigen Säure ist: 

d", (HNOs). dfl (HN02). 

und daher dt = - ----dt-

k2 [HN02]. [R] [NOa'] - k1 [m:02 ]4. = q; ([HN02]., [R], ... ). 
P NO 

Setzen wir - unter Berücksichtigung dieser Beziehung - die stationäre Kon­
zentration der salpetrigen Säure in die obige Geschwindigkeitsgleichung der 
Stickoxydbildung ein, so erhalten wir: 

d(NO) 1 
-(lt- = -:f q;([HN02]., [R], ... ). 

Aus der Stationaritätsgleichung für salpetrige Säure ist die Abhängigkeit der 
stationären Salpetrigsäurekonzentration vom Stickoxyddruck bzw. der Stick­
oxydkonzentration in Lösung ersichtlich. Demzufolge ist die Geschwindigkeit 
der Salpetersäurereaktionen eine Funktion der Stickoxydkonzentration. Bei der 
Reaktion zwischen Ferroion und salpetriger Säure ist auch q; ([HN02], [R] ... ) 
von der Stickoxydkonzentration abhängig, und zwar nimmt die Reaktions­
geschwindigkeit mit der Vergrößerung der Stickoxydkonzentration ab. Erhöhung 
der Stickoxydkonzentration hat unter solchen Umständen zur Folge, daß die 
Geschwindigkeit des Salpetrigsäureverbrauchs nach Reaktion ß verringert, 
die der Salpetrigsäurebildung nach IX vergrößert wird, so daß die stationäre 
Konzentration der salpetrigen Säure mit Vermehrung der Stickoxydkonzentration 
ansteigt. Wie aus der Geschwinrligkeitsgleichung der Ferroion-Salpetersäure­
reaktion ersichtlich ist, 

d(NO) 1 ' 
-dt = 3-q; ([HN02]., [R], ... ) = 

= .!.IFe··] [HNO] {k ---L k [H'] -t k [HN021·1 
3 - - 2 • alb C PNO 1" 

kann die Geschwindigkeit mit Vergröf3erung des Stickoxyddruckes fallen oder 
steigen, je nachdem die Größe PNO oder [HN021, ausschlaggebend ist. Stickoxyd 
vermag also je nach den Konzentrationsverhältnissen als negativer oder positiver 
Katalysator wirksam zu sein. Im Mechanismus tritt dieser gegensätzliche Einfluf3 
des Stickoxyds auf die Reaktionsgeschwindigkeit besonders klar zutage. Stick· 
oxyd reagiert mit Stickstoffdioxyd zu salpetriger Säure, wodurch einerseits die 
Stickstoffdioxydkonzentration, die in die zeitbestimmende Reaktion 

Fe" + N02 = Fe'" + N02' 

eingeht, herabgedrückt und damit die Geschwindigkeit der Ferrisalzbildung 
heruntergesetzt wird, anderseits die Konzentration der salpetrigen Säure, die 
mit Salpetersäure zu Stickstoffdioxyd und mit Ferrosalz auf anderen Reaktions­
bahnen zu Ferrisalz reagiert, gesteigert wird. Wird nicht für ständige Entfernung 
des Stickoxyds aus der Lösung gesorgt - wie dies bei den Versuchen von 
E. SCHRÖER der Fall ist -, so ist zu erwarten, daß diese gegensätzliche Wirkung 
des Stickoxyds in ein und demselben Versuch in Erscheinung tritt, in dem nach 
einer Zeit stetigen Absinkens der Reaktionsgeschwindigkeit eine Zeit starker 
Geschwindigkeitssteigerung einsetzt. E. SCHRÖER hat diesen Effekt! tatsächlich 

1 Diese Geschwindigkeitsumkehr wurde auch bei anderen chemischen Reaktionen 
festgestellt. Siehe E. H. RIESENFELD : Z. anorg. allg. ehern. 218 (1934l..~60. - E. H. 
RIESENI"ELD, T. L. CUANG: Z. anorg. allg. Chern. 230 (1937), 239. - "C"ber die Ent· 
deckung von W. C. BRAY und A. L. CAULKINS siehe S.21. 
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beobachtet.1 Wie aus dem Reaktionsmechanismus zu ersehen ist, ist es also 
möglich, daß ein negativer Katalysator zu einem positiven wird. Ebenso kann 
nach den Darlegungen von E. ABEL, H. SCHMID2 ein Katalysator, der die ß-Reak­
tion beschleunigt, die Gesamtreaktion entweder beschleunigen oder verzögern, 
da die stationäre Salpetrigsäurekonzentration mit der Beschleunigung der 
ß-Reaktion abnimmt. Der Katalysator bremst sich automatisch. Diese zunächst 
paradox erscheinende Umkehrung der Katalysatorwirkung ist eine unmittelbare 
Folgerung aus der dargelegten Kinetik der Salpetersäure. Sie ist selbstverständ­
lich nicht nur an die Salpetersäurereaktionen geknüpft, sondern an alle Reaktionen, 
denen ein ähnlicher Mechanismus zugrunde liegt. 

Während bei der Reaktion zwischen Ferroion und Salpetersäure entsprechender 
Konzentrationen nach stetiger Geschwindigkeitsabnahme nur ein einmaliger 
Geschwindigkeitsanstieg beobachtet wurde, hat nach den Untersuchungen von 
W. C. BRAY und A. L. CAULKINS3 die Geschwindigkeit der Sauerstoffentwicklung 
des Reaktion ssystems , das durch die beiden Bruttogleichungen 

5 H 20 2 + J 2 = 2 HJOa + 4 H 20 
und 5 H 20 2 + 2 HJ03 = 5 O2 + J 2 + 6 H 20 

gekennzeichnet ist, bei entsprechenden Konzentrationen der Reaktionspartner 
den Charakter einer periodischen Welle; die Geschwindigkeit der Sauerstoff­
entwicklung steigt und fällt abwechselnd mit der Zeit. Auch die Jodkonzentration 
nimmt mit der Zeit abwechselnd zu und ab. W. C. BRAY und H. E. MILT.ER 3 

haben die periodische Reaktion unter Bedingungen verfolgt, bei welchen der 
Sauerstoff so langsam aus der Lösung diffundiert, daß es zu keiner Bildung von 
Gasbläschen kommen konnte. Sie schließen aus ihren Versuchen, daß diese 
periodische Reaktion homogener Natur ist. Wie theoretische Arbeiten über 
Zwischenreaktionsschemen von A. J. LOTKA,4 J. HlRNIAK5 und A. SKRABAL6 

erweisen, sind auch periodische Schwingungen der Geschwindigkeit homogener 
Reaktionen durchaus möglich. 

Zeitgesetzwechsel. 
Mehrstoffkatalyse. 

Bei den Reaktionszyklen, wie beim Umsatz des Ferroions mit salpetriger 
Säure, tritt unter entsprechenden Versuchsbedingungen der eine oder andere 
Reaktionsweg so gut wie ausschließlich in Erscheinung. Das allgemeine Ge­
schwindigkeitsgesetz des Reaktionszyklus wird durch Summierung der unter 
extremen Bedingungen sich ergebenden Geschwindigkeitsterme der einzelnen 
Reaktionswege gewonnen. 

1 Analysen in der Nähe des "Umkehrpunkts" ergaben im Sirme obiger Über­
legungen viel salpetrige Säure neben wenig Stickoxyd. Während die Geschwindigkeits­
umkehr bei der Ferro-Salpetersäurereaktion also in erster Linie auf die homogene 
Reaktion: "Umsatz des Stickoxyds mit Stickstoffdioxyd in Lösung zu salpetriger 
Säure" zurückzuführen ist, ist für die Geschwindigkeitsumkehr, die unter entsprechen­
den Bedingungen auch bei der Reaktion zwischen Ferroion und salpetriger Säure in 
Erscheinung tritt, ein heterogener Vorgang verantwortlich zu machen, nämlich: 
Entf!;rnung des negativen Katalysators Stickoxyd aus der Lösung durch Aufhebung 
der Ubcrsättigung. E. SCHRÖER: I. c. 

2 E. AllEL, H. SCHMID: Z. physik. Chern. 132 (1928), 63. 
3 W. C. BRAY: J. Amer. ehern. Soc. 43 (1921), 1262. 
4 A. J. LOTKA: Z. physik. Chern. 72 (1910), 508; 80 (1912), 159; J. Arner. ehern. 

Soc. 42 (1920), 1595. 
5 J. HIRNIAK: Z. physik. Chern. 75 (1911), 675. 
6 A. SKRABAL: Z. physik. Chern., Abt. B 6 (1929), 382. 
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Einem anderen Zeitgesetztypus begegnen wir bei der Halogensäurebildung 
aus unterhalogeniger Säure, der Halogenbleichlaugenreaktion. Bei entsprechend 
hoher Acidität der Lösung ist ausschließlich Bruttoreaktion : 

3HXO ...... 3H· + 2 X' + XOa'.1 

Nach A. SKRABAL2 gilt die Geschwindigkeitsgleichung: 
d(HXO) "1 [H·)[X')[HXO]3 

---iu = "a[H·]B[X.']+"s[HXOr 

Die Geschwindigkeit ist ein Quotient, dessen Nenner aus einer Summe zweier 
Terme besteht. Wenn [HXO] so klein und [H·] und [X'] so groß sind, daß das 
zweite Glied im Nenner zu vernachlässigen ist, geht a·us dem "allgemeinen Zeit­
gesetz" das Grenzgestz hervor: 

_ d(HXO) =~l [HXOJ~ = Je' [~~]s 
dt "2 [H'] [H'] 

Dieses Grenzgesetz wurde unter den gegebenen Voraussetzungen seinerzeit von 
F. FOERSTER und F. JORREa für die Chlorsäurebildung aus unterchloriger Säure 
gefunden. Ist hingegen [HXO] so hoch und [H·] und [X'] so niedrig, daß der 
Term "a[H·]2[X'] gegenüber "a[HXO] zu vernachlässigen ist, dann geht die 
Geschwindigkeitsgleichung in das Grenzgesetz : 

_ d(~O)_ = ~1. [H'] [X'] [HXO]2 = Je" [H'] [X'] [HXO]2 
dt "3 

über. Also gerade bei niedriger [H·] und [X'] ist die Geschwindigkeit proportional 
der Wasserstoffion- und Halogenionkonzentration.4 Dieses Grenzgesetz konnte 
von A. SKRABAL und R. SKRABALo bei der Bromreaktion, von E. L. C. FORSTER6 
bei der Jodreaktion verifiziert werden. Die beiden Grenzgesetze gehen also 
unter "Zeitgesetzwechsel" ineinander über. Das allgemeine Zeitgesetz ergibt 
sich nicht - wie bei der Salpetrigsäure-Ferrosalzreaktion - als Summe der 
einzelnen Grenzzeitgesetze. 

A. SKRABAL? stellt folgendes Reaktionsschema auf: 

HXO + H· + X' ,-~ H20 + X2 I. 

1. X = Halogell. 

HXO + X2 ,~HXaO 

1 
HXaO + H 20 ~-+. 2 H· + 2 X' + HX02 

2 

HX02 + X2" r H· + Xa0 2' 

H. 

ur. 

IV. 

2 A. SKRABAL: S.·B. Akad. Wiss. Wien, Abt. Ilb 147 (1938), 276; Mh. Chem. 72 
(1938), 200; 72 (1939), 223; Z. Elektroehern. angew. physik. Chem. 40 (1934), 232. 
A. SKRABAL faßt in dieser kritischen Abhandlung alle seine Beobachtungen und 
die der übrigen Forscher, die die Halogenatbildung und Halogenatzersetzung unter­
sucht haben - wie F. FOERSTER, E. L. C. FORSTER, S. DUSHMAN, W. C. BRAY, 
S. A. LIEBIIAFSKY, E. ABEL -, zu einem einheitlichen Reaktionsschema zusammen. 

3 F.FoERSTElt, F.JORRE: J. prakt. Chern. 59 (1899), 53.-F.FoERSTER: Ebenda 
63 (1901), 141; Z. Elektroehern. angew. physili. Chem. 23 (1917), 137. 

4 Wäre der Geschwindigkeitsterm hingegen das Grenzgesetz eines Reaktions· 
zyklus. dessen Geschwindigkeit sich additiv aus Grenzgeschwindigkeiten zusammen· 
setzt (siehe die Ferro·Salpetrigsäurereaktion), so müßte derselbe bei hoher Wasser­
stoffion· und Halogenionkonzentration in Erscheinung treten. 

5 A. SKRABAL, R. SKRABAL: S.·B. Akad. Wiss. Wien, Abt. IIb 146 (1938), 697 
.bzw. Mh. Chern. 'il (1938), 251. 

6 E. L. C. FORSTER: J. physic. Chem. 7 (1903), 640. 
7 A. SKRABAL: S.·B.Akad. Wiss. Wien, Abt. IIb 147 (1938),279 bzw. Mh.Chern. 72 

(1938), 203; Z. Elektroehern. angew. physik. Chern. 40 (1934), 246. 
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3 
X S0 2' ~ X20 2 + X' 

4 

X20 2 + H20 ~ H2X20 S 

HzXzOs -~ 2 H' + X' + XOs' 

23 

v, 

VI. 

VII. 

Stationarität von HXOz und von XsOz' kommt durch die beiden Gleichungen 
zum Ausdruck: 

k1 [HXaO] + kIV' [H'](XsOz'] = k2 [H'J2[X']2[HX02] + kIV [HX02](XZ] 

kIV [HX02](X2] + k4 [X20 Z](X'] = k~ [XsOz'] + kIV' [H'][XS0 2'J. 

Die Geschwindigkeit ist: 

. ~J~1.Q~ = ka [XS0 2'] - k4 [X20 Z] [X']. 

Aus diesen Gleichungen errechnet sich: 1 

d (HXOs) {k1 ka P Q [HXO]S - k2 k, R [H,]a [X'J2 [XOs']} [H'] [X'] 
----iu- = --- -- ... -k2 [H-:-]2[X'] + ksQ[HXO] -_ .. -

Ist Reaktion V eine einseitig verlaufende Reaktion, so vereinfacht sich die 
Geschwindigkeitsgleichung : 

d(HXOs) k1 ka P Q [H'] [X'] [HXO]S 
-dt--- = k 2 [H']2 [X'] + ks Q [HXO]' 

Der Reaktionsmechanismus führt somit zur allgemeinen Geschwindigkeits­
gleichung von A, SKRABAL, Ist nur die Reaktion V zeitbestimmend, ist also 
auch die Reaktion III im vorgelagerten Gleichgewicht, so ergibt sich das Grenz­
gesetz: 

_ ~lHXO) = k' ppwy 
dt [H'] 

Ist hingegen nur die Reaktion III von links nach rechts zeitbestimmend , so gilt 
das zweite Grenzgesetz : 

_ d(~Ol = k" [H'][X'][HXO]2, 

Halogenion ist nach dem allgemeinen Zeitgesetz positiver Katalysator; die 
Ordnung, mit der Halogenion in die Geschwindigkeitsgleichung eingeht, liegt, 
wie aus den Grenzgesetzen ersichtlich ist, zwischen null und eins, Wasserstoffion 
ist in dem einen Grenzgesetz negativer, in dem anderen positiver Katalysator, 
Die Ordnung, mit der Wasserstoffion in die allgemeine Geschwindigkeitsgleichung 
eingeht, liegt zwischen minus eins und plus eins, Da nach der Bruttoreaktion 
Chlorion und Wasserstoffion entstehen, ist der chemische Umsatz ein auto­
katalytischer Prozeß, 

Zu einer Geschwindigkeitsgleichung mit Zeitgesetzwechsel führt auch nach 

1 P, Q, R sind Konstanten der laufenden Gleichgewichte, P = J{I J{ll' Q = J{I J{IV' 

1 
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G.-M. SCHWAB 1 und A. SKRABAL2 das folgende Reaktionsschema einer Zweistoff-
katalyse. I 

A + K.;:::-:>:: Zl> 
2 

3 
Zl + M .,:.= Z2 + K, 

4 

5 
Z2'--:':: B+ M. 

6 

K, M ist das Katalysatorpaar, Zl' Z2 sind Zwischenprodukte. Die Summe der 
Urreaktionen gibt die Bruttogleichung 

A=B. 
Auf Grund der Stationaritätsgleichungen für Zl und Z2 errechnet sich die Bil­
dungsgeschwindigkeit von B zu: 

d (B) rK] [M] (k1 k3 k. [A] - k 2 k 4 k 6 [B]) 
dt - kak.1M] + k 2 kdK] +k;k~--

Aus dem Reaktionsschema ist ersichtlich, daß beide Katalysatoren notwendig 
sind, um die Reaktion zu ermöglichen, ein Katalysator allein ist wirkungslos. 
Die Geschwindigkeit der Reaktion kann zufolge der Geschwindigkeitsgleichung -
je nachdem, was für Terme im Nenner des Geschwindigkeitsquotienten vor­
herrschen - proportional der Konzentration eines der beiden Katalysatoren 
oder dem Produkt der Konzentrationen beider Katalysatoren sein. Es herrscht 
also keine Additivität der Katalysatorwirkung ; es ist eine typische "Zweistoff­
katalyse" zum Unterschied von "zwei Einstoffkatalysen" ,3 bei denen die Wirkung 
der Katalysatoren eine additive ist. Nachstehendes Reaktionsschema charakteri­
siert beispielsweise die Wirkungsweise "zweier Einstoffkatalysen ". 

1 
A + K +-= Zl' 

2 

3 
Zl ~-' B + K, 

4 

l' 
A + M -;..-:~ Z2' 

2' 

3' 
Z2 ._' B + M. 

4' 

Dazu kommt noch die unkatalysierte Reaktion, sofern dieselbe mit meßbarer 
Geschwindigkeit verläuft: 5 

A +-:' B. 
6 

Die Summe der Urreaktionen jeder der Einstoffkatalysen ergibt die Brutto-
reaktion : A = B. 

1 G.-M. SCHWAB: Katalyse vom Standpunkt der chemischen Kinetik. Berlin: 
.r ulius Springer, 1931. 

2 A.SKRABAL: S.-B.Akac\.Wiss.Wien,Abt.IIb143(1935),647 bzw. Mh.Chem.65 
(1935), 303. 

a A. SKRABAL: S.-B.Akad. Wiss. ''''ien, Abt. IIb 143(1935), 647 bzw. :\Ih.Chem.65 
(1935), 303. 
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Unter Zuhilfenahme der Stationaritätsgleichungen für Zl und Z2 und des Prinzips 
der mikroskopischen Reversibilität,l daß im Gleichgewicht jede Teilreaktion des 
Systems für sich im Gleichgewicht ist, daß also 2 

k1[A]Gl[K]Gl = k2 [ZdGl, 

k3 [Zd Gi = k4 [B] Gi [K] Gi> 

kl ' [A]Gl[M] Gi = k2'[Z2] GI, 

ka' [Z2] GI = k4' [B] GI [M] Gi> 

kdA ] GI = k 6 [B]Gl, 
errechnet sich die Geschwindigkeit zu: 

d(B) 
-dT- = (/) (1 + "1 [K] + "2 [M]), 

wobei (/) die Geschwindigkeit der unkatalysierten Reakt.ion ist und 

" ____ ~l ka _ . 
1 - ks (kl + k3 ) 

k' k' " _._ .. .1 ._ .. 3 . 
2 - ks (k l ' + ka') . 

sowie 

Aus dieser Geschwindigkeitsgleichung ist die Additivität der Katalysatorwirkung 
unmittelbar ersichtlich. 

Wird das besprochene Reakt.ionsschema der "Zweistoffkatalyse" mit dem 
Reaktionsschema einer "Einstoffkatalyse" verknüpft, so ergibt sich folgender 
Reaktionsmechanismus : 

Zl +.-; B + K, 

Zl + M :.--= Z2 + K, 

Z2~~B +M. 

Nach diesem Chemismus wird die Reaktion A = B durch den Katalysator K 
in Gang gesetzt; M ist hingegen nicht imstande, die Reaktion zu ermöglichen, 
dieser Stoff ist ohne K unwirksam. Ist die Abreaktion von Zl geschwindigkeits­
bestimmend, so wird durch Zugabe von M zum Katalysator K die Geschwindig­
keit der Reaktion infolge einer neuen Reaktionsbahn von Zl 

Zl +M:'-~Z2 +K 
erhöht. J.lf hat in diesem Falle verstärkende Wirkung und wird deshalb Ver­
stärker oder P:romotor genannt.a 

Anschließend an die Beobachtungen von TRAUBE4 und PRICE5 über die super­
additive Wirkung von Mehrstoffkatalysatoren in homogener Lösung untersuchte 
BRODE6 systematisch die gleichzeitige Wirkung zweier Katalysatoren auf die 

1 "Prinzip der mikroskopischen Reversibilität" oder "Prinzip des vollständigen 
Gleichgewichts". "PrineipIe of detailcd balancing." Literatur bei A. SKltABAL: 
Z. physik. ehern., Abt. B 6 (1929), 394. - L. ONSAGER: Physic. Rev. (2), 37 (1931), 
405; (2), 38 (1931), 2265. - E. BAUR: Helv. chim. Acta 17 (1934), 504. 

2 Eckige Klammer mit Index "GI" bedeutet Gleichgewichtskonzentration. 
3 A. SKRABAL: S.-H. Akad. Wiss. Wien, Abt. IIb 143 (1935), 648 bzw. Mh. ehern. 

65 (1935), 304. - Weitere Reaktionsschemen von Katalysen werden von E. SPI­
TALSKY [Z. physik. ehern. 122 (1926), 257J, E. SPITALSKY, N. KOBOSEFF [Ebenda 127 
(1927), 129J, G.-l\L SCHWAB (Katalyse vom Standpunkt der chemischen Kinetik, 
Berlin: Julius Springer, 1931) diskutiert. 

4 M. TRAUBE: Ber. dtsch. ehern. Ges. 17 (1884), 1062. 
5 TH. S. PRICE: Z. physik. ehern. 27 (1898), 474. 
6 J. BRODE: Z. physik. ehern. 37 (1901), 275. 
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Wasserstoffsuperoxyd-Jodwasserstoffsäurereaktion. Während Ferroion und 
Molybdänsäure additive katalytische Wirkung besitzen, verstärkt Cupriion, das 
allein so gut wie keinen katalytischen Einfluß entfaltet, die katalytische Wirkung 
des Ferroions außergewöhnlich. Der gleiche Effekt zeigt sich bei der katalytischen 
Zersetzung von Wasserstoffsuperoxyd durch Ferrosalz, dem eine Spur Kupfer­
sulfat zugesetzt wird.1 BRODE2 gibt bereits eine Erklärung dieser Erscheinung, 
die den dargelegten Reaktionsschemen entspricht, indem er sie auf Zwischen­
reaktionen zurückführt, die "bei beiden Katalysatoren das einemal bei additivem 
Verhalten als nebeneinander geordnet, dagegen bei verstärkender Wirkung als 
hintereinander geordnet zu betrachten sind."3 

Zu den Mehrstoffkatalysen in homogener Lösung zählen auch die zahlreichen 
Säure-Basenkatalysen, wie die Mutarotation der Zuckerarten, Enolisierungs­
Ketisierungsreaktionen, Hydratisierung der Carbonsäureanhydride, Hydrolyse 
der Säureamide, Verseifung vieler Ester, die durch das Zusammenwirken von 
Protongeber4 und Protonnehmer5 bzw. durch Zusammenwirken von Deuton­
geber6 und Deutonnehmer zustande kommen. 

Eine Fülle von Arbciten7 liegt über diese Katalysen vor. Sie sind Gegenstand 
der in diesem Bande des Handbuchs enthaltenen speziellen Abhandlungen 
von BELL, KILPATRICK und BAKER. Besonders instruktiv sind die Katalysen mit 
Deutongebern und -nehmern, da das Wasserstoffatom, das durch den chemisch 
gleichartigen schweren Wasserstoff ersetzt ist, besonders markiert ist und der 
Platzwechsel dieses "markierten" Atoms genau verfolgt werden kanrt. Sie werden 
in dem Kapitel "Isotopenkatalysen" im gleichen Bande des Handbuchs von 
O. REITZ gesondert beschrieben. 

Reaktionslenkung, selektive Katalyse. 
Wie am Anfang dieser Abhandlung bereits ausgesprochen wurde,8 wird die 

Reaktionslenkung oder sc;>lektive Katalyse von MITTASCH als für die Katalyse­
erscheinung wesentlich in die Definition des Katalysatorbegriffs einbezogen. 
Was für eine hervorragende Rolle die Reaktionslenkung spielt, läßt sich schon 
aus der Unzahl enzymatischer Prozesse, die alle selektiven Charakter haben, 
ermessen.9 Nach MITTASCH10 handelt es sich bei organischen Katalysen so gut 
wie immer um in bestimmte Richtungen gelenkte Reaktionsläufe. Kein Wunder, 
daß sich auch die technische Chemie dieser "Reaktionsauslese" in besonderem 

1 Neuerliche Untersuchungen von v. L. BOHNSON und A. O. ROBERTSON: J. Amer. 
ehern. Soc. 45 (1923), 2512. 

2 {. BRODE: Z. physik. Ohem. 37 (1901), 304. 
3 Uber Mischkatalysen der homogenen und heterogenen Katalyse siehe insbesondere 

A. MITTASCH: Ber. dtsch. ehern. Ges. 59 (1926), 16. Kurze Geschichte der Katalyse 
in Praxis und Theorie. Berlin: Julius Springer, 1939. - Weiter G.-M. SCHWAB: 
Katalyse vom Standpunkt der chemischen Kinetik. Berlin: Julius Springer, 1931. 

4 Begriff der Säure nach J. N. BRÖNSTED: Recueil Trav. ehim. Pays-Bas 42 (1923), 
718; zusammenfassende Darstellung: Z. physik. Ohem., Abt. A 169 (1934), 52. 

5 Begriff der Base nach J. N. BRÖNSTED. Siehe Anmerkung 4. 
6 Deuton das Ion des schweren Wasserstoffs. 
7 Sie sind insbesondere an die Namen geknüpft: S. ARRIIENIUS, H. GOLDSCHMIDT, 

T. M. LOWRY, H. V. EULER, J. N. BRÖNSTED, A. SKRABAL, H. M. DAwsoN, H. S. TAY­
LOR, S. F. ACREE, S. HARNED, G. AKERLÖF, V. K. LAMER, A. HANTZSCII, G. BREDIG, 
H. S. SNETIILAGE, R. KUIIN, A. ÖLANDER, K. J. PEDERSEN, W. F. K. WYNNE-JONES, 
J. W. BAKER, M. KILPATRICK, K. F. BONHOEF}'ER, E. A. MOELWYN.HU"GHES, R. P. 
BELL, O. REITZ. 

8 Siehe S.2. 
9 V gl. W. LANGENBECK: Die organischen Katalysatoren lmd ihre Beziehungen zu 

den Fermenten. Berlin: Julius Springer, 1935. 
10 A. :NIITTASCH: Ber. dtsch. ehern. Ges. 59 (1926), 29. 
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Maße bedient.1 ,2 Die Zwischenreaktionstheorie gibt auch für diese Erscheinung 
eine befriedigende Erklärung, nämlich, "daß der Katalysator, indem er aus der 
Fülle thermodynamisch möglicher Teilreaktionen einzelne fördert, andere nicht, 
ohne weiteres zu einer Reaktionslenkung oder Reaktionsauslese und damit zu 
ganz bestimmten Produkten oder Produktgemischen zu führen vermag" 
(A. MITTASCH).a Zur näheren Erläuterung diene - entsprechend dem hier zu 
erörternden Teilgebiete - als Beispiel eine homogene Lösungsreaktion, und zwar 
die durch Molybdänsäure katalysierte Wasserstoffsuperoxyd-Thiosulfatreaktion, 
die ·von E. bEL und G. BAU1\I' untersucht wurde. Während die Wasserstoff­
superoxyd-Thiosulfatreaktion unkatalysiert in (essig-)saurer Lösung ausschließ­
lich Tetrathionat liefert: 

H 20 2 + 2 S20a" + 2 H· = S,06" + 2 H 20, 

gibt sie schon in Gegenwart von Spuren Molybdänsäure (10-7 Mole pro Liter) 
neben Tetrathionat Sulfat als .Endprodukt. 

4 H 20 2 + S20a" = 2 SO," + 2 H· + 3 H20. 

Je mehr Molybdänsäure zugegen ist, um so mehr wird die Reaktion in Richtung 
der Sulfatbildung abgelenkt. Das Geschwindigkeitsgesetz der Sulfatbildung 
ist durch die Gleichung gekennzeichnet: 

-~(~i~ = (1,5.103 +.3,5·lO7 [H-]) (MOO,")[S20 a"]s ... 25°C. 

Aus der Unabhängigkeit der Geschwindigkeit von der Wasserstoffsuperoxyd­
konzentration läßt sich im Einklang mit der präparativen Chemie6 und mit den 
Beobachtungen BRODES7 'folgern, daß Molybdation durch Wasserstoffsuperoxyd 
unmeßbar rasch und nahezu quantitativ in Permolybdation übergeführt wird. 
Die zeitbestimmende Reaktion ist der Umsatz zwischen dem Permolybdation 
und dem Thiosulfation. Die Wasserstoffionenkatalyse läßt sich auf die Weise 
interpretieren, daß außer Permolybdation (MoOs") auch Hydropermolybdation 
(HMoOö') mit Thiosulfation zeitbestimmend reagiert, wobei das Gleichgewicht 
(H' + Mo05" +--> HMoOs') - nachdem die Geschwindigkeit proportional der 
analytischen Konzentration des Molybdats ist - weitgehend auf Seite des 

1 Siehe Anm. 10, S.46. 
2 Vgl. E. K. RIDEAL, H. S. TAYLOR: Catalysis in theory and practice. London: 

Macmillan, 1926. - P. SABATlER: Die Katalyse in der organischen Chemie. Deutsch 
von B. FINKELSTEIN, H. HÄUBER. Leipzig: Akad. Verlagsges., 1927.-H. BRÜCKNER: 
Katalytische Reaktionen in der organisch·chcmischen Industrie. I. Teil. Dresden und 
Leipzig: Th. Steinkopff, 1930. - T. P. HILDITCH, C. C. HALL: Catalytic processes in 
applied chemistry. London: Chapman, 1937. 

3 A. MITTASCH: Ber. dtsch. ehern. Ges. 59 (1926), 31. 
• E. AßEL: Z. Elektroehern. angew. physik. Chem. 18 (1912), 705. - E. ABEL, 

G. BAUM: Mh. Chem. 34 (1913), 425. - E. ABEL: Ebenda 34 (1913), 821. 
5 Konzentrationen: (Moü."),[S2Ü3"], [H'] in Grammionen pro Liter, (Haüa) in 

A" . I Haüa L' Z" M' qUlva enten -- 2-- pro lter, elt m muten. 

6 E. PECHARD konnte bereits Verbindungen von Molybdäns~ure mit Wasserstoff­
superoxyd auf präparativem Wege herstellen. E. PECHARD: C. R. hebd. Seances 
Acad. Sei. 112 (1892), 720, 1060; Ann. Chim. physique (6), 28 (1892), 573. - Vgl. 
W. MACHU: Das Wasserstoffperoxyd und die Perverbindungen. Wien: J ulius 
Springer, 1937. 

7 J. BRODE erbrachte den Nachweis, daß Permolybdate auch in großer Verdünnung 
kaum in Molybdänsäure und Wasserstoffsuperoxyd zerfallen. J. BRODE: Z. physik. 
Chem. 37 (1901), 299. 
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Permolybdations gelegen ist. Neben der katalysierten Sulfat bildung läuft die 
unkatalysierte Tetrathionatbildung nach der Geschwindigkeitsgleichung : 

- d(~~02) = 1,53 [H20 2] [S20 3"] ... 25°C1 

ab. Die aus den beiden Geschwindigkeitsgleichungen - der Sulfatbildung und 
Tetrathionatbildung - für verschiedene Ausgangskonzentrationen errechneten 
Ausbeuten an Sulfat stehen in befriedigender Übereinstimmung mit den Ver­
Ruchsergebnissen. 

Vorausberechenbare Katalysen. 
Induzierte Reaktionen. 

Da nach der Zwischenreaktionstheorie der Mechanismus der Katalyse aus 
einem System von Einzelreaktionen besteht, von denen die einen Stoffe ver­
brauchen, die von anderen Teilreaktionen gebildet werden, können wir chemische 
Reaktionen derart kombinieren, daß reine Katalyse zustande kommt. Der 
Geschwindigkeitskoeffizient der Katalyse läßt sich aus den Geschwindigkeits­
koeffizienten der "kompensierenden" Reaktionen bestimmen. Eine derart 
vorausberechenbare Katalyse ist z. B. die durch Brom-Bromwasserstoffsäure 
katalysierte Wasserstoffsuperoxydzersetzung.2 Nach \V. C. BRAY und R. S. 
LrvINGSTON3 läßt sich diese Katalyse durch Kombinierung der bei den Reak-
tionen: , H 20 2 + 2 Br + 2 H· -- Br2 + 2 H 20, (1) 

H 20 2 + Br2 -- O2 + 2 Br' + 2 H· (2) 

realisieren. Sobald beide Reaktionen im gleichen Tempo verlaufen, erfolgt der 
rein katalytische Zerfall von Wasserstoffsuperoxyd in Sauerstoff und Wasser. 
Die Reaktion 1 geht bei höherem Gehalt an Bromion, Wasserstoffion und bei 
möglichst niederer Bromkonzentration so gut wie ausschließlich vor sich; daher 
wird das Geschwindigkeitsgesetz unter den genannten Bedingungen durch 
Bestimmung der Anfangsgeschwindigkeit der Wasserstoffsuperoxyd-Bromwasser­
stoffsäurereaktion, also zu einer Zeit, bei der die Bromkonzentration noch 

1 E. ABEL: Z. Eloktrochern. angow. physik. Chern. 13 (1907), 555; 8.-B. Akad. 
Wiss. Wien, Abt. IIb 116 (1907), 1145. Die Goschwindigkeitsgleichung der unkataly­
sierten Wassorstoffsuperoxyd.Thiosulfatreaktion legt folgonden Mechanismus nahe: 

Zeitbest. Reaktion: H 20 2 + 8 20 3 /1 ----+ 8 20 3 + 20H' 

. . { 820 3 /1 + 8 2°3 ~~ 840 6 /1 

Nachgelagerte GleIChgewIChte: 
2 OH' + 2 H· ,-~ 2 H 20 

H 20 2 + 2 8 20 3" + 2 H· = 8400" + 2 H 20 

8ie ist das Analogon der von ABEL in diesem 8inne aufgeklärten Jodjodion­
katalyse des Wasserstoffsuperoxydzerfalls_ E. ABEL: Z. Elcktrochern. angew. physik. 
Chern. 14 (1908), 598; Z. physik. Chern. 136 (1928), 161. Die erste vorausberechenbare 
Katalyse haben R. LUTHER und W. FEDERLIN in der Reaktion zwischen Kaliumpor­
,mlfat, Jodwasserstoffsäure und phosphoriger 8äure gefunden. - W. FEDERLIN: Z. 
physik_ Chern. 41 (1902), 565. - Weitere vorausberechonbare Katalysen: Jodionon­
katalyse der Hydroperoxyd-Thiosulfat-Reaktion und der Perjodat-Arsenigsäurereak­
tion. E. ABEL: Z. Elektrochern. angew. physik. Chern. 13 (1907), 555. - E. ABEL, 
A. FÜRTH: Z. physik. Chern. 107 (1923), 313. 

3 W. C. BRAY, R. 8. LIVINGSTON: J. Amer. ehern. 80c. 4" (1923),1251; 50 (1928), 
1654. - R. 8. LIVINGSTON, W_ C. BRAY: Ebonda 45 (1923), 2048. - R. 8_ LI­
VINGSTON: Ebcnda 48 (1926), 53. - BALDIT:Thesis. Uni,·orRität Budapest, 1910. 
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unerheblich ist, in Abhängigkeit von den Reaktionspartnern ermittelt. Reaktion 2 
verläuft bei hoher Bromkonzentration und niederem Gehalt an Bromion und 
Wasserstoffion sehr rasch zu Ende. BRAY und LIVINGSTON konnten die Ge­
schwindigkeit dieser Reaktion mit Hilfe der Strömungsmethode nach HARTRIDGE 
und ROUGHTON1 messen. 

Sie fanden folgende Geschwindigkeitsgesetze für beide Reaktionen: 

Reaktion 1: d(~:!L = k1 [Ha0 2][Br'][H-],2 

Reaktion 2: - _d ~?) = ka t~~~ij] [~~f] . 

Bei entsprechenden mittleren Konzentrationen an Bromion, Wasl:!erstoffion 
und Brom ist es nun möglich, daß beide Reaktionen in ein und demselben System 
ablaufen. Die Konzentrationen, bei denen gerade reine Katalyse der Ha0 2-

Zersetzung herrscht, können dureh Gleichsetzung der beiden Geschwindigkeiten 
leicht errechnet werden. Es muß in diesem "Grenzzustand", wie ihn SKRABAL3 

nennt (nach W. C. BRAY: steady state), die Beziehung herrschen 

k1 [ Br2] 

k2- = tBr']-ilTH'P' 
die BRAY und LIVINGSTON bei reinem katalytischen Zerfall von Wasserstoff­
superoxyd auch tatsächlich gefunden haben. Das Geschwindigkeitsgesetz für 
die Reaktion 2 HaOs = 2 HaO + Oa 

ergab die gleiche Abhängigkeit der Geschwindigkeit von der Konzentration des 
Wasserstoffsuperoxyds, des Bromions und des Wasserstoffions wie das der 
Reaktion 1: d (H 0 ) 

- --d~ ~ = k[HaOa][Br'][H·]. 

Nachdem im Grenzzustand, dem die reine Katalyse zugeordnet ist, ebensoviel 
Wasserstoffsuperoxyd nach Reaktion 1 als nach Reaktion 2 verschwindet, also 
insgesamt doppelt soviel Wasserstoffsuperoxyd als nach Reaktion 1 umgesetzt 
wird, ist offenbar der Katalysekoeffizient k doppelt so groß wie der Geschwindig­
keitskoeffizient der l~eaktion 1. Diese Schlußfolgerung wird durch die Messungen 
des Katalysekoeffizienten und der Geschwindigkeitskoeffizienten der beiden 
kompensierenden Reaktionen von BRAY und LIVINGSTON bestätigt. Nach den 
Untersuchungen von R. 0. GRIFFITH und A. McKEowN4 ist die Bromkonzentra­
tion in dem von BRAY und LIVINGSTON bezeichneten steady state (Grenzzustand) 
nicht konstant, sondern steigt langsam an; diese Pseudostationarität, wie sie 
GRU'FITH und A. McKEoWN nennen, ist zweifellos auf Nebenreaktionen zurück­
zuführen, die das Gesamtbild des BRAy-LIVINGsToN-Mechanismus nicht be-

1 Siehe S. 42. 
2 Nach A. MOlIAMMAD, R. A. LIEBlIAI"SKY: J. Amer. ehern. Soc. 56 (1934), 1680, 

ist die Geschwindigkeitsgleichung der Reaktion 1: 

_!URI 0 2) =k [R 0 ][ßr'][R']+k O[H 0 ][Br,]k1 =1,4.10-2 25°C 
dt 1 2 2 1 2 2 k1o=2,3'10-5 • 

Bei höherer Wasserstoffionkonzentration, wie sie BRAY und LIVINGSTON angewendet 
haben, kann der zweite Term gegenüber dem ersten vernachlässigt werden. 

3 A. SKRABAL: S.-B. Akad. Wiss. Wien, Abt. IIb 144 (1935), 276 bzw. Mh. Chem. 
66 (1935), 144. 

4 R. O. GRIJo"FITII, A. McKEOWN: J. Amer. ehern. Soc. 58 (1936), 2555. - Vgl. 
auch A. E. CALLOW, R. O. GRU'FITH, A. McKEOWN: TranR. Farl\day Soc. Si) (1939) 
412. 
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einträchtigen dürften. Wir können also die durch Brom-Bromwasserstoffsäure 
katalysierte Wasserstoffsuperoxydzersetzung zu den vorausberechenbaren Kata­
lysen zählen. Aus den Geschwindigkeitsgleichungen läßt sich ein Mechanismus 
ableiten, der über unterbromige Säure verläuft: 

Reaktion 1: 

Summe: 

Reaktion 2: 

Summe: 

HzOz + H' + Br' -+ HzO + HBrO 

HBrO + H' + Br' ~ Brz + HzO 

HzOz + 2 H' + 2 Br' = Brz + 2 HzO. 

Brz + HzO -~ HBrO + H' + Br' 

HBrO + HzOz -, Oz + H' + Br' + HzO 

Brz + HzOz = Oz + 2 H' + 2 Br'. 

Der Mechanismus der Katalyse ist sonach 

HzOz + H' + Br' -- HzO + HBrO 

H 20 Z + HBrO -- HzO + Oz + H' + Br' 

Dabei stehen unterbromige Säure mit Bromwasserstoffsäure und Brom ständig 
im Gleichge"icht: 

HBrO + H' + Br' --~ Brz + HzO. 

Wenn - wie dies hier der Fall ist - ein System aus zwei oder mehreren Brutto­
reaktionen besteht, die Reaktanten oder Zwischensubstanzen gemeinsam haben, 
so spricht man von chemischer Induktion.l Es kann dabei eine Bruttoreaktion, 
die mangels freier Energie nicht stattfinden kann, durch den gleichzeitigen Ver­
lauf des anderen Bruttovorganges ermöglicht werden.z Das vorliegende System 
läßt sich in drei verschiedene "Einzelsysteme" mit den Bruttoreaktionen auflösen: 

HzOz + 2 H' + 2 Br' -- Brz + 2 H 20, (1) 

Brz + H 2Ü2 -, 2 H' + 2 Br' + 02' (2) 

(3) 
Die an sich langsam verlaufende Wasserstoffsuperoxydzersetzung wird - je 
nachdem, was für eine der beiden ersten Bruttoreaktionen überwiegt - durch 
die erste oder durch die zweite Reaktion induziert. Vor Erreichung des Grenz­
zustandes verlaufen die induzierende und die induzierte Reaktion nebeneinander, 
im Grenzzustand hingegen tritt die induzierte Reaktion als katalysierter Umsatz 
allein in Erscheinung. Die chemische Induktion mündet hier in reinc Katalyse.4 

Ein anderer Typus induzierter Reaktionen ist dadurch gekennzeichnet, daß 
der Umsatz der induzierten Reaktion in einem konstanten, von der Zeit un-

1 Siehe A. SKRABAL: S.·B. Akad. Wiss. Wien, Abt. IIb 144 (1935), 261 bzw. Mh. 
Chern. 66 (1935), 129. 

2 'Beispiel: Ozonbildung aus Sauerstoff bei der gleichzeitigen Oxydation des 
Phosphors an der Luft (SCHÖNBEIN). 

3 Von diesen Bruttoreaktionen sind nur zwei Imabhängig, die dritte ergibt flich 
als algebraische Summe der beiden anderen. 

4 Diese und andere Induktionsreaktionen werdf'n von A. SKRABAL in seiner Ab· 
handlung "Die ehemiflche Induktion" einer l'ingehendml Diskussion unterzogen (siehe 
Anm. I). 
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abhängigen Verhältnis zum Umsatz der induzierenden Reaktion steht. Ein 
Beispiel für diesen Reaktionstypus ist die von H. SKRAUpl untersuchte Um­
wandlung des Cinchonins in lX-Isocinchonin. Nach dem Befunde von SKRAUP 
wird Cinchonin durch Halogenwasserstoffsäuren bei niedriger Temperatur im 
wesentlichen in ein Isomeres des Cinchonins (lX-Isocinchonin) umgelagert, wobei 
sich daneben auch das Additionsprodukt des Cinchonins mit dem Halogen­
wasserstoff bildet. Die Menge des entstandenen lX-Isocinchonins steht zur Menge 
des gebildeten Additionsprodukts in einem von der Zeit, der Konzentration der 
Säure und der Temperatur unabhängigen, von der Natur der Halogenwasserstoff­
säure abhängigen Verhältnis. SKRAUP nennt diese Beziehung Umwandlungs-

verhältnis. C19H 220N2.2 HCI + HCI- C19H 23CION2·2 HCI 

Ci·2 HCI- Ci' 2 HCI 

C19H220N2 = Cinchonin (Ci); CIOH23CION2 = Hydrochlorcinchonin; Ci' = lX-Iso­
cinchonin. 

R. WEGSCHEIDER2 interpretiert in seiner klassischen Arbeit "Über die Um­
lagerung des Cinchonins" die SKRAuPschen Ergebnisse in der Weise, daß Salz­
säure, die nach der ersten Reaktion angelagert wird, die Umlagerung des Cin­
chonins katalysiert. Die Geschwindigkeit der Bildung des Additionsprodukts A 
ist durch die Gleichung gegeben: 

~~1)- = k1 [Ci] [HCI], 3 

die Geschwindigkeit der Umlagerung des Cinchonins (Ci) in x-Isocinchonin (Ci') 
durch die Gleichung: d (Ci') . 

. ilt- = k2 [Cl][HCI]. 

Das Vmwandlungsverhältnis ist sonach: 
d{A) 

-d(Ci') = k1 _ k 
k - . 

2 

Ein Umlagerungsvorgang, der ebenfalls von einer Anlagerungsreaktion begleitet 
ist, ist die Umwandlung von Maleinsäure in die stereoisomere Fumarsäure durch 
Salzsäure, wobei sich außer Fumarsäure das Additionsprodukt Chlorbernstein­
säure bildet. H-C-COOH 

11 

H-C-COOH 
Cis-Form, Mah'insiiurc, 

-> 
HOOC-C-H 

!I 
H-C-COOH 

Trans-Form, Fumarsäure. 

Cl 
1 

H-C-COOH H-C-COOH 
iI + HCI - I 

H-C-COOH H 2C-COOH 
Chlorbernsteinsäure . 

. WEGSCHEIDER bringt auf Grund molekulartheoretischer und thermodynami­
scher Yorstellungen diese stereochemische Umlagerung in ursächlichem Zusammen­
hang mit der Anlagerungsreaktion. Wenn die Voraussetzung auch zutrifft, daß 
die Umlagerung der Cis-Form (Maleinsäure) in die Trans-Form (Fumarsäure) 

1 H. SKRAUP: Mh. Chern. 20 (1899), 585. 
2 R. WEGSCHEIDER : Z. physik. Chern. 34 (1900), 290. 
3 [CHCI] ist die KonzE'nt.ration der undissoziicrten Halogenwasserstoffmolekel. 
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mit Abnahme der freien Energie verknüpft ist, daß also eine Tendenz der Atom­
gruppen besteht, sich in die stabilere Konfiguration durch Drehung um die 
Verbindungslinie der doppelt gebundenen Kohlenstoffatome umzulagern, so 
tritt dieser U mlagerung wegen der nicht freien Dreh barkeit der doppelt gebundenen 
Kohlenstoffatome ein derartiges Hindernis entgegen, daß die Reaktion von selbst 
nicht einsetzen kann. Machen wir uns die Vorstellung zu eigen, die Umlagerung 
erfolge in den Teilprozessen : Lösung einer der beiden Bindungen zwischen den 
Kohlenstoffatomen, Drehung um die Verbindungslinie der Kohlenstoffatome 
und neuerliche Schließung der Doppelbindung, so erkennen wir, daß der erste 
Akt des Prozesses infolge Bildung beträchtlicher Mengen der höchst unbeständigen 
freien Radikale bei gewöhnlicher Temperatur l mit Vermehrung der freien Energie 
verknüpft ist und daher nicht von selbst eintreten kann. Da ein Gesamtvorgang 
nur von selbst ablaufen kann, wenn jeder Teilvorgang unter Abnahme freier 
Energie vor sich gehen kann, tritt die Umlagerung, trotzdem sie insgesamt mit 
Abnahme der freien Energie verbunden ist, nicht ein. Die Umlagerung kann aher 
durch eine Anlagerungsreaktion ermöglicht werden. Die Anlagerung besteht 
aus folgenden Elementarprozessen: Aufrichtung der Doppelbindung (Um­
wandlung in eine einfache Bindung), Dissoziation der sich anlagernden Molekel, 
Absättigung der freien Valenzen. Die beiden ersten Einzelvorgänge sind unter 
den gegebenen Umständen mit Zunahme der freien Energie, der dritte Einzel­
vorgang mit Abnahme der freien Energie verknüpft. Da die Anlagerungsreak­
tionen von selbst verlaufen, muß vom Anfang bis zum Ende der Reaktion die 
freie Energie ständig absinken. Es müssen daher die obigen Einzelvorgänge sich 
gleichzeitig abspielen. Durch die allmähliche Lösung der Doppelbindung sinkt der 
Widerstand gegen die Drehung der Kohlenstoffatome kontinuierlich ab, bis 
dieselbe unter Abnahme der freien Energie erfolgen kann. Nach den jeweiligen 
Bewegungszuständen der Atome wird in einem Teil der reagierenden MolekeIn 
leichter Umlagerung, im anderen Teil leichter Anlagerung erfolgen. Es werden 
daher beide Reaktionen nebeneinander ablaufen. Aus der Schlußfolgerung, 
daß die Wahrscheinlichkeit der einzelnen Atombewegungen von der Konzentra­
tion und von der Zeit unabhängig ist, ergibt sich das konstante Umwandlllngs­
verhältnis dieser Reaktionen. Solange die Temperaturerhöhung nicht so groU 
ist, daß infolge Lösung der Kohlenstoffbindung direkte Umlagerung ermöglicht 
wird, wird die Wahrscheinlichkeit, ob Um lagerung oder Anlagerung erfolgt, 
nicht geändert. Das Umwandlungsverhältnis ist daher auch innerh,Llb eines 
großen Temperaturintervalls konstant. Von diesen speziell für Umlagerllng. 
und Anlagerung entwickelten Vorstellungen kommt WEG SCHEIDER zu einer 
allgemeinen Formulierung der homogenen Katalyse. 

"Katalytische Beschleunigungen in homogener Lösung lassen sich durch die 
Annahme erklären, daß bei jeder chemischen Reaktion eine kontinuierliche 
Folge von Zwischenzuständen durchlaufen wird, und daß der Katalysator, indem 
er mit den reagierenden Körpern in Wechselwirkung tritt, die Art der Zwischen­
zustände derart verändert, daß die Reaktion ermöglicht oder beschleunigt "ird." 
A. MITTASCH schreibt in "Kurze Geschichte der Katalyse in Praxis und Thcorie":2 
"Hier ist nicht nur eine kurze Zusammenfassung des im 19. Jahrhundert bezüg­
lich der Theorie der Katalyse Vollbrachten gegeben, sondern es ist zugleich -
mit der Betonung der kontinuierlichen Folge von Zwischen zu ständen in Wechsel­
wirkung zwischen Katalysator und Substrat - gewissermaßen auch das ArbeitiS-

1 Bei hoher Temperatur hingegen kann die Substanz weitgehend in freie Radikale 
dissoziieren. 

2 A. MITTASCII: Kurze Geschichte der Katalyse in Praxis und Theorie, S.108. 
Berlin: Jnlius Springer, 1939. 
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programm für die künftige Katalyseforschung aufgestellt." In den Rahmen 
dieses Arbeitsprogramms fällt in neuester Zeit auch die reaktionskinetische 
Theorie, die die Quantenmechanik, im besonderen die HEITLER-LoNDoNsche 
Valenztheorie zur Grundlage hat,l da wir mit ihrer Hilfe einen tieferen Einblick 
in die Zwischenzustände, die bei den einfachsten Zwischenreaktionen, den Ur­
reaktionen - wie der Reaktion eines Atoms mit einer zweiatomigen Molekel -
auftreten, auch in quantitativer Hinsicht gewinnen. 

Induzierte Reaktionen im engeren Sinne sind zwei sich in ihrem Verlaufe 
beeinflussende Reaktionen, die einen Reaktionspartner, den Aktor, gemeinsam 
haben, der sich einerseits mit dem Induktor der induzierenden Reaktion, ander­
seits mit dem Akzeptor der induzierten Reaktion umsetzt (Nomenklatur von 
C. L. KESSLER, R. LUTHER und N. SCHILOW).2 

Unter dem Induktionsfaktor versteht man den Quotienten: 

Q = __ umgesetzter Akz~pto~~ Äquiv'PE~Li~~r_ 
umgesetzter Induktor in Äquiv. pro Liter' 

Beispielsweise wird die Ausbleichung eines Farbstoffs, Indigokarmin (Akzeptor), 
mittels Chlorsäure (Aktor) durch schweflige Säure (Induktor) induziert. Bei 
diesem Vorgang nähert sich der Induktionsfaktor mit wachsendem Konzentra­
tionsverhältnis : Akzeptor zu Induktor einem Grenzwert. Dieser Befund läßt 
sich aus dem von A. SKRARALa entworfenen Modell für den Chemismus dieser 
Reaktion leicht ableiten: 

H2SOa + CIOa' -> CI02' + 2 H' -I- S04" " 

2 H2SOa + CI02' -> Cl' + 4 H' -I- 2 S04" 

A -I- CIOa' ->- AO + CI02' 5 

2 A + CI02' -> 2 AO + Cl' 

(1) 

(2) 
(3) 
(4) 

Vom Vorgang (3) als sehr langsamer Reaktion kann abgesehen werden. Wenn nun 
das Verhältnis Akzeptor zu Induktor sehr groß wird, tritt Reaktion (2) gegen­
über (4) vollständig zurück. Es kommen dann nur die Teilreaktionen in Betracht: 

H 2S03 -+ CIOa' ->- 2 H' -I- S04" + CI02' (1) 

2 A + CI02' ->- 2 AO -I- Cl' (4) 

Nach der Stationaritätsbedingung für CI02' ergibt sich: 

kl [H2SOa] [CIOa'J = k4 [A]2 [CI02'J, 

[CIO '] = ~!JHsSOa][CIOa']_ = ____ 1 __ (_ dfHßOa») 
2 k,[A]2 k,[A]Z dt' 

_~(A) _? k [:\]2 [CIO 'J - _ 2 d(HzSOa) 
dt - - 4 • 2- dt' 

Q =_-=d(A) . _...:. 2 
- d (HzSOa) - . 

1 Siehe beispielsweise die einführende Abhandlung von M. POLANYI: Naturwiss. 
20 (1932), 289, die Übersicht über theoretische und praktische Probleme auf dem 
Gebiete der Reaktionskinetik von A. EUCKEN: Abh. Ges. Wiss. Göttingen, math.­
physik. KI. (3), Heft 18 (1937), 26 sowie Bd. I dieses Handbuchs. 

2 C. L. KESSLER: Poggend. Ann. 119 (1863), 218. - R. LUTHER, N. SCHILOW: 
Z. physik. Chem. 46 (1903), 777. 

a A. SKRAßAL: 1. c. 
4 A. C. NIXON, K. B. KRAUSKOPF: J. Amer. chem. Soc. 54 (1932), 4606. 
" A = l!'arbstoff Indigokarmin. 
lldb. d. Katalyse. 11. 3 
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Bei der maximalen Induktion tritt eine einzige Bruttoreaktion in Erscheinung, 
es ist die sich aus der Summierung der Teilreaktionen 1 und 4 ergebende stöchio­
metrische Gleichung: 

2 A + CIOa' + H 2SOa = 2 AO + 2 H· + SO," + Cl'. 

Diese Bruttoreaktion ergibt sich durch stöchiometrische Kopplung des indu­
zierenden Vorganges: 

3 H 2SOa + CIOa' -+ 6 H· + 3.S0," + Cl' (I) 

mit der induzierten Reaktion: 
3 A + CIOa' -+ 3 AO + Cl'. 

1 
3- (2·11 + I). 

(II) 

Es gibt auch induzierte Reaktionen, deren Induktionsfaktor bei steigendem 
Konzentrationsverhältnis Akzeptor zu Induktor unbegrenzt wächst. W. C. 
BRAyl nennt einen solchen· Vorgang "induzierte Katalyse". Eine derartige 
Reaktion ist beispielsweise die durch Wasserstoffsuperoxyd oder Kaliumper­
sulfat induzierte Autoxydation2 von Natriumsulfit, deren Chemismus im nach­
folgenden Kapitel erläutert wird. 

Katalytische Auslösung von Radikalketten. 
Nach dem aufschlußreichen Befunde TITOFFSa wird die Autoxydation des 

Natriumsulfits : 2 Na2SOa + O2 = 2 Na2SO, 

durch Schwermetallsalze katalysiert. Als besonders wirksamer Katalysator 
erwies sich das Cupriion. TITOFF folgerte aus seinen Versuchsergebnissen, daß 
Sulfitlösungen, die vollkommen frei von positiven Katalysatoren - wie Cupri­
ion - sind, mit Sauerstoff überhaupt nicht reagieren, daß also die Autoxydation 
des Natriumsulfits durch Katalysatoren erst ausgelöst wird. Einen besonders 
tiefen Einblick in das Wesen dieser Katalyse haben wir durch die Untersuchungen 
BXCKSTRÖMS4 gewonnen. BXCKSTRÖlII fand, daß die Reaktion auch durch ultra­
violettes Licht der Wellenlänge von weniger als 2600 A ausgelöst wird, und zwar 
werden auf ein einziges absorbiertes Lichtquant Zehntausende von SulfitmolekeIn 
oxydiert. Seit NERNST5 den Mechanismus der photochemischen Chlorknall­
gasreaktion aufgestellt hat, ist uns die Deutung einer derartigen Erscheinung 
geläufig. Bekanntlich nimmt NERNST folgenden Chemismus für die Chlorknall­
gasreaktion an: 

Die Chlormolekel wird durch ein Lichtquant in zwei Chloratome gespalten: 
Cl2 -+ 2 Cl 

Chloratom reagiert mit der Wasserstoffmolekel zu Chlorwasserstoff und Wasser-
stoffatom : Cl + H 2 -+ HCI + H, . 

das sich seinerseits mit einer Chlormolekel zu Chlorwasserstoff unter Rück­
bildung des Chloratoms umsetzt: 

H + Cl2 -> HCI + CI. 

1 w. C. BRAY, J. B. RAMSEY: J. Amer. ehern. Soe.06 (1933), 2279. 
2 Unter Autoxydation versteht man die Einwirkung elementaren Sauerstoffs 

auf oxydable Stoffe. 
S A. TITOFF: Z. physik. Chem.45 (1903), 641. 
, H. L. J. BÄCKSTRÖM: J. Amer. ehern. Soe.49 (1927), 1460. 
5 W. NERNST: Z. Elektroehern. angew. physik. Chem.24 (1918), 335. 



Zwischenreaktionen. 35 

Reaktionen, die dadurch gekennzeichnet sind, daß mit dem Verschwinden 
einer besonders reaktionsfähigen Zwischensubstanz das Auftreten eines anderen 
hochaktiven Zwischenprodukts zwangsläufig verknüpft ist, werden als Ketten­
reaktionenl bezeichnet. Die durch ein Lichtquant ausgelöste Bildung von Chlor­
wasserstoffmolekeln kommt erst dann zum Stillstand, wenn die freien Atome 
an der Gefäßwand rekombinieren. Der "Abbruch der Kette" kann auch durch 
zugefügte Inhibitoren erfolgen, das sind Stoffe, die mit den hochaktiven Zwischen­
substanzen zu für die Kettenfortpflanzung ungeeigneten Gebilden zusammen­
treten und dadurch die Reaktion verzögern.2 

Die hohe Quantenausbeute3 beim photochemischen Umsatz des Natrium­
sulfits mit Sauerstoff ist nach dem Vorhergesagten das Kriterium dafür, daß 
auch diese Reaktion eine Kettenreaktion ist. Des weiteren ergeben die Unter­
suchungen BXCKSTRÖMS4 über den Einfluß von Inhibitoren,5 daß die Inhibitor­
wirkung sich nicht nur auf die als Kettenreaktion erkannte photochemische 
Autoxydation des Natriumsulfits erstreckt, sondern auch auf den thermischen 
Umsatz, der durch Spuren von Cuprüonen ausgelöst wird. BÄcKsTRÖM schließt 
aus diesem Befunde, daß auch die Cuprüonkatalyse der Autoxydation von 
Natriumsulfit eine Kettenreaktion ist. BÄcKsTRÖM nahm ursprünglich an, daß 
die Reaktion eine Energiekette sei, daß die Reaktionsenergie in Form von 
Elektronenanregung in den hochaktiven Reaktionsprodukten so lange aufge­
stapelt bleibe, bis diese mit den entsprechenden Reaktionspartnern zusammen­
treffen und reagieren. Es wird dabei vorausgesetzt, daß diese angeregten Molekein 
bei den zahlreichen Zusammenstößen mit den Lösungsmittelmolekein nicht 
vor dem Zusammentreffen mit den entsprechenden Reaktionspartnern lire 
Energie verlieren. Die Frage, warum in Ermangelung eines geeigneten Reaktions­
partners diese Energie nicht in Form von Strahlungsenergie abgegeben wird, 
ist schwer zu beantworten. Ohne derartige Voraussetzungen kommt die 
Radikalkettentheorie aus, nach der die Kette - analog der Chlorknallgasreak-

1 Der Mechanismus einer Kettenreaktion findet sich erstmalig in nachstchender 
Veröffentlichung BODENSTEINS: M. BODENSTEIN : Z. physik. Chcm. 8ö (1913), 329. -
Erstes Schema einer Atomkette: W. NERNST: Z. Elektroehern. angew. physik. Chem. 
24 (1918), 335. -Theorie der Kettenreaktionen: J. A. CIlRISTIANSEN, H. A. KRA!\[ERS: 
Z. physik. Chcm.l04 (1923), 451. - N. SEMENOW: Chemical kinetics and ehain 
reactiolls. Oxford, V.P. 1935.- Zusammenfassende Darstellungen: Z.B.K.CLUSIUS: 
Kettenreaktionen. Fortsehr. Chem., Physik physik. Chem., herausgegeben von A. 
EUCKEN, Sero B. 21, Nr. 5 (1932), 1. - Vgl. insbesondere Bd. I dieses Handbuches, 
Artikel E. SCIIRÖER, J. A. CIIRISTIANSEN. - Siehe auch folgende Werke über 
Reaktionskinetik: C. N. HINSIlEI"WOOD (deutsch von E. PIETSCIl, G. WILCKE): 
Reaktiollskinetik gasförmiger Systeme. Leipzig: Akad. Verlagsges., 1928. - G.-M. 
SCIIWAB: Katalyse vom Standpunkt der chemischen Kinetik. Berlin: Julius Springer, 
1931; New York: van Nostrand, 1937. - L. S. KASSEL: The kinetics of homogenous 
gafl reactions. New York: Chemical Catalog Co., 1932. - H. J. SCIlUMACIlER: 
Chemische Gasreaktionen. Dresden U. Leipzig: Th. Steinkopff, 1938. - W. JOST: 
Explosions- und Verbrennungsvorgänge in Gasen. Berlin: Julius Springer, 1939. 

2 J. A. CIlRISTIANSEN: J. physie. Chem.28 (1924), 145. - Zusammenfassende 
Darstellungen siehe Anrnerklmg 1, außerdem K. WEBER: Inhibitorwirkungen. 
Stuttgart: F. Enke, 1938. 

3 Siehe beispielsweise K. F. BONIIOEFFER, P. HARTECK: Grundlagen der Photo­
chemie. Dresden U. Leipzig: Th. Steinkopff, 1933. - J. PLOTNIKOW: Allgemeine 
Photochemie. Berlin U. Leipzig: W. de Gruyter, 1936. 

• H. L. J. BÄCKSTRÖM: 1. C.; Medd. K. Vetcnskapsakad. Nobelinst.6, Nr.16 
(1927), 1. - H. L. J. BÄCKSTRÖ~[, H. N. ALYEA: Trans. Faraday Soc.24 (1928), 
601. - H. N. ALYEA, H. L. J. BÄCKSTRÖM: J. Amer. ehern. Soc.61 (1929), 90. 

S Die ersten eingehenden Veröffentlichungen über die Hemmung der Autoxyda­
tionen CIl. MouREu, CH. DUFRAISSE: C. R. hebd. Seanees Acad. Sci.174 (1922), 
258; 176 (1923), 624, 797. - Siehe den Artikel DUFRAISSE im vorliegenden Band 
dieses Handbuches. 

3· 
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tion - durch ungesättigte Partikeln, freie Radikale, aufrechterhalten wird. 
Tritt eine solche ungesättigte Partikel auch mit dem Lösungsmittel in Wechsel­
wirkung, so verschwindet sie wohl, aber unter Bildung einer neuen ungesättigten 
Partikel, die sich ihrerseits mit Reaktionskomponenten zu Radikalen umzu­
setzen vermag. 

BAUBIGNyl war bereits der Ansicht, daß der Umsatz von Cupriion mit Sulfit­
ion zu Cuproion und Dithionation in den Teilvorgängen : 

CU" + S03" -+ Cu' + S03' 

2 S03' -+ S206" 

2 CU" + 2 S03" ->- 2 Cu' + S206" 

verläuft, daß also primär Cupriion mit Sulfition das freie Radikal Mono­
thionation S03' gibt und daß das Endprodukt Dithionat durch Dimerisierung 
des Monothionations entsteht. HABER und FRANCK2 greifen die Auffassung 
BAUBIGNYS wieder auf, indem sie bei der Cupriionenkatalyse der Autoxydation 
des Natriumsulfits als Primärprozeß die Bildung des Radikals Monothionation 
durch Ladungsaustausch zwischen Cupriion und Sulfition annehmen.3 

Was den photochemischen Prozeß betrifft, so führen FRANCK und HABER 
das Kontinuum der Lichtabsorption von Sulfitlösungen unter 2600 A auf den 
photochemischen Primär akt : 

S03"H20 + h v = S03' + OH' + H 

zurück. Nach dieser Interpretation springt ein Elektron des hydratisierten 
Sulfitions auf die Hydroxylgruppe der mit dem Ion gekoppelten Wassermolekel 
über, wobei das freie Radikal Monothionation entsteht. Im Einklange mit der 
Deutung des Absorptionsspektrums steht die Beobachtung, daß durch intensive 
Queeksilberbestrahlung einer sauerstofffreien Sulfitlösung neben elementarem 
Wasserstoff Dithionat entsteht.' Naeh BÄcKsTRÖMs Befunds vermögen auch 
einige Oxydationsmittel, die der sauerstoffhaItigen Sulfitlösung zugefügt werden 
- wie Wasserstoffsuperoxyd und Kaliumpersulfat -, die Reaktionskette in 
Gang zu setzen.6 Bei dem Umsatz dieser Oxydationsmittel mit Sulfit zu Sulfat 
unter Ausschlu/3 von Sauerstoff konnte demgemäß Dithionat als Nebenprodukt 
nachgewiesen werden.? A. FRIESSNER8 zeigte, daß bei der Elektrolyse einer 
Sulfitlösung an der Anode Dithionsäure in reichlicher Menge erhalten wird. 

1 H. BAUBIGNY: C. R. hebel. Seancps Acad. Sci. 15! (1912), 701; Ann. chim. 
phys. (9), 1 (1914), 20l. 

2 F. HABER: NaturwisK. 19 (1931), 450 .. - J". FRANCK, F. HABER: S.-R preuß. 
Akad. Wiss., physik.-math. KI. 1931, 250. 

3 Nach Ansicht HABERS entstcht dabei die Valenzlücke am Schwefel. BAUM­
GARTEN U. ERBE schließcn hingegen aus den Reaktionsprodukten, die sich bei der 
Cupriionenkatalyse der Sulfitautoxydation in Gegenwart von Pyridin ergeben, auf 
primäre Bildung eines "Isomonothionats" mit der Valenzlüeke am Sauerstoff. -
F. HABElt, O. H. WANSBROUGH-JONES: Z. physik. Chem., Abt. B 18 (1932), 112. -
P. BAUMGARTEN, H. ERBE: Ber. dtseh. chem. Ges. 70 (1937), 224l. 

• F. HAß ER, O. H. WANSBROUGH-JONES: 1. c. 
5 H. L. J. BÄCKSTRÖM: Medd. K. Vetenskapsakad. Nobelinst. 6, Nr. 15 (1927), 1. 
8 In analoger Weise werden durch chemische Vorbehandlung mit unterschüssigem 

Permanganat und anderen Oxydationsmitteln oxalsaure Lösungen viel reaktions­
fähiger gemacht. Diese "aktive'Oxalsäure" dürfte auf das einfach geladene Oxalato­
ion (COO)2' zurückzuführen sein, das zum Oxalation (COO)a" in der gleichen Be­
ziehung steht wie das Monothionation 803' zum Sulfition S03". E. ABEL, H. SCIIMID: 
Naturwiss.23 (1935), 501. - LiterattU" über die aktive Oxalsäure K. WEBER: In­
hibitorwirkungen, S.163. Stuttgart: F. Enke, 1938. 

7 H. W. ALBu, H. D. v. SCHWEINITZ: Ber. dtsch. ehern. Ges.65 (1932), 729. 
8 A. FRIESSNER: Z. Elektrochem. angew. physik. Chem. 10 (1904), 265. 



Zwischenreaktionen. 37 

Es war daher zu erwarten, daß Sauerstoffgas, durch den Anodenraum eines 
derartigen Systems geleitet, erheblich rascher als bei Stromlosigkeit verbraucht 
wird. Dies konnte von HABER und Mitarbeiternl in der Tat bestätigt werden. 
Alle diese Untersuchungen, denen - wie besonders betont sei - in erster Linie 
der Charakter reiner Experimentalchemie zukommt, brachten den überzeugenden 
Beweis, daß der Primärprozeß der Autoxydation von NatriumsuHit in dem Über­
gang des SuHitions in Monothionsäureion unter Verlust eines Elektrons besteht, 
der durch Cuprüon, Wasserstoffsuperoxyd, KaliumpersuHat oder durch ultra­
violettes Licht hervorgerufen wird. 

Die dem Primärprozeß folgenden Teilreaktionen können hingegen nur mit 
Vorbehalt angegeben werden, da die bis jetzt vorliegenden Untersuchungen -
wie BXcKsTRÖM ausdrücklich hervorhob - nur den Charakter von Stichproben 
haben, die noch kein zusammenhängendes Bild der Verhältnisse geben. HABER 
hat folgendes Gesamtbild der Reaktion entworfen: 

CU" + S03" ~ CU" + S03', 

S03' + H' ~-r S03H, 

S03H + O2 + S03" + H 20 -. 2 SO." + OH + 2 H', 

OH + S03" -~ S03' -+- OH', 

H' + 0H'-~H20. 

(1) 
(2) 
(3) 

(4) 

(5) 

Nach diesem Mechanismus reagiert die schwache Monothionsäure als freies 
Radikal2 mit Sauerstoff und Sulfit unter Bildung von Sulfation und ungeladenem 
Hydroxyl,3 das sich seinerseits mit SuHition zu dem Radikalion der Monothion­
säure umsetzt. Das Bruttoergebnis der Reaktionen 2 bis 5, deren einmalige 
Folge als Kettenglied bezeichnet wird, ist 

2 S03" + O2 = 2 SO.". 
Die Einführung undissoziierter lVIonothionsäure in das Schema der Reaktions­
kette trägt der Erfahrung Rechnung, daß der Umsatz zwischen Natriumsulfit 
und Sauerstoff im stark alkalischen Gebiete (über PR = 13) ausbleibt.4 Die 
Annahme, daß Sulfit als Ion an dem Reaktionsablauf beteiligt ist, gründet sieh 
hingegen auf das Versagen der Autoxydation im erheblich sauren Gebiete (unter 
PH = 3).5 

Daß die Teilreaktion 3 zusammengesetzter Natur ist, ist augenscheinlich. 
In Analogie zu der von ENGLER, WILD, BACH, lVIANCHOT vertretenen Primär­
oxydtheorie, nach der der Primärakt der Autoxydation in der Vereinigung der 
Sauerstoffmolekel mit der oxydablen Substanz besteht,6 zerlegen FRANCK und 
HABER die Reaktion 3 in die Zwisehenvorgänge: 

HS03 + O2 = HS0 5 , 

HS0 5 + sot + H 20 = 2 SO." -\- 2 H' + OH. 

1 F. HABER: Natnrwiss. 19 (1931), 452. - P. GOLDFINGER, H. D. v. SCHWEINITZ, 
siehe H. W. ALBU, H. D. v. SCHWEINITZ: Ber. dtseh. ehern. Ges.65 (1932), 729. 

2 Sie hat um ein Wasserstoffatom weniger als schweflige Säure. 
3 Hydroxyl als Kettenträger der Knallgasreaktion: K. F. BONHOEFFER, F. HABER: 

Z. physik. Chem. 13i (1928), 263. - Weitere Literatur siehe die auf S. 35, Anmer­
kung 1 angeführten Werke über Gasreaktionen. 

• TITOFF, REINDERS, YLES führen den Reaktionsstillstand auf die Ausfällung 
der Cupriionen infolge Uberschreitung des Löslichkeitsproduktes zurück. Diese 
Erklärtmg erweist sich aber als unzureichcnd, da auch die Lichtketten im stark 
alkalischen Gebiete nicht abzulaufen vermögen. A. TITOFF: 1. c. - \"1. REINDERS, 
S. I. VLES: Recueil Trav. chim. Pays·Bas 44 (1925), 251. 

5 Im Einklange mit REINDERS u. VLEB, 1. c. 
6 V gl. Artikel DUFRAISSE im vorliegenden Band dieses Handbuches. 
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Ihre Mitarbeiter P. GOLDFINGER und H. D. v. SCHWEINITZI teilen hingegen 
Reaktion 3 in' die Zwischenstufen: 

HS03 + O2 + H20 = SO." + ü 2H + 2 H·, 

02H + S03" = OH + SO." 

in Anlehnung an den von HABER und WILLSTÄTTER aufgestellten Mechanismus 
der Rückoxydation des Cuproions, der über den Anionenkomplex [CUS031' 
führen soll: Cu· + sot ~ CuS03', 

CuS03' + O2 + H 20 ~ CuS03 + 02H + OH'.2 

Unter der Voraussetzung, daß der Kettenabbruch proportional der Konzen­
tration eines Kettenträgers ist, führt obiger Mechanismus - einschließlich der 
Rückoxydation des Cuproions - im Einklange mit den bisherigen Ergebnissen 
zu linearer Abhängigkeit der Reaktionsgeschwindigkeit von den Konzentrationen 
des Sulfitions,3 Sauerstoffs4 und Kupfersalzes.5 

Vorliegender Mechanismus unterscheidet sich wesentlich von dem einer 
einfachen Katalyse; bei der einfachen Beschleunigung tritt bei einmaliger Re­
duktion und Rückoxydation des Katalysators eine einzige Sauerstoffmolekel 
in Reaktion, bei der katalytischen Auslösung von Ketten werden hingegen unter 
dem gleichen Umstande zahlreiche SauerstoffmolekeIn umgesetzt. Freilich ist, 
wie wir sahen und wie besonders DUFRAlSSE6 betont, die experimentelle Unter­
scheidung beider Typen so schwierig und auf den Einzelfall beschränkt, daß 
diese Fälle einfach als Katalysen einzuordnen sind. 

Während im Mechanismus von FRANCK und HABER die Reaktionsstoppung 
in stark alkalischer Lösung ihre Erklärung dadurch findet, daß undissoziierte 
Monothionsäure (H· + S03' ~:! HS03) notwendiger Kettenträger ist, läßt sie 
sich in dem nachstehenden Reaktionsbild von B.4.CKSTRÖl\17 auf dic Beteiligung 
des Bisulfitions HS03' am Kettenmechanismus zurückführen. 

BÄCKST~ÖM schuf folgendes Reaktionsschema für die Kette: 

S03' + O2 ~ SOs', 

SOs' + HS03' ~ HS0 5' + S03', 

HSO,;' + S03" -> HSO.' + SO.". 

Die Reaktion des Sauerstoffs mit Monothionation entspricht dem Umsatze mit 
Monothionsäure nach FRANCK und HABER. Da die Empfindlichkeit der Reaktion 
gegenüber Inhibitoren bei hoher Bisulfitkonzentration verschwindet, tritt offen­
bar das Bisulfit mit den Inhibitoren in Konkurrenz. ALYEA und BÄCKSTRÖM8 

haben festgestellt, daß die hemmende Wirkung der Alkohole mit ihrer Oxydation 
zu den entsprechenden Aldehyden oder Ketonen ursächlich zusammenhängt. 
Nachdem der betreffende Alkohol bei diesem Vorgange zwei Wasserstoffatome 

1 P. GOLDFINGER, H. D. v. 8CHWEINITZ: Z. physik. Chem., Abt. B 22 (1933), 24l. 
2 Das Radikal 02H wird auoh bei vielen Wasserstoffsuperoxydreaktionen als 

Zwischensubstanz angenommen. F. HABER, R. WILLSTÄTTER: Ber. dtsoh. ohem. 
Ges. 64 (1931), 2844. - F. HABER, J. WEISS: Naturwiss. 20 (1932),948. - Ebenso 
als Glied der Knallgaskette und der sauerstoffgehemmten Chlorknallgaskette. Hierüber 
vgl. Artikel 8CIIRÖER in Bd. I dieses Handbuches. 

3 A. TITO],'F: I. c. 
• F. HABER, 0. H. WANSBROUGH-JONES: 1. o. 
5 A. TITOFF, W. REINDERS, 8.1. VLES: I. c. 
8 Artikel im vorliegenden Band dieses Handbuches. 
7 H. L. J. BÄCKSTRÖM: Z. physik. Chern., Abt. B 26 (1934), 122. 
8 H. N. ALYEA, H. L. J. BÄCKSTRÖM: J. Amer. chern. 80c.61 (1929), 90. 
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verliert, also im Sinne der WIELANDSchen Theoriel dehydriert wird, nimmt 
BÄCKSTRÖM auch Dehydrierung des Bisulfitions an. 

Zum Unterschied von der durch Cuprüon ausgelösten Autoxydation des 
Natriumsulfits, die infolge der Rückoxydation des Cuproions zu Cuprnon als 
katalytischer Vorgang zu bezeichnen ist, ist die Autoxydation von Natrium­
sulfit unter Einwirkung von Wasserstoffsuperoxyd oder Kaliumpersulfat, die 
bei diesem Prozesse verbraucht werden, eine induzierte Reaktion, und zwar 
eine induzierte Reaktion im engeren Sinne, das sind zwei sich in ihrem Verlaufe 
beeinflussende Vorgänge, die einen Reaktionspartner gemeinsam haben.2 In 
diesem Falle ist die induzierende Reaktion der Umsatz zwischen dem Oxydations­
mittel und dem Natriumsulfit und die induzierte Reaktion die Oxydation des 
Natriumsulfits durch Sauerstoff. Wasserstoffsuperoxyd bzw. Kaliumpersulfat 
ist Induktor, Natriumsulfit Aktor, Sauerstoff Akzeptor. Der Induktionsfaktor 
dieser Reaktion 

umgesetzter Akzeptor (Äquiv. pro Liter) 
Q = um:gesetzter induktor(Äquiv.-pro TIter) 

wächst bei Vergrößerung des Konzentrationsverhältnisses Akzeptor zu Induktor 
unbegrenzt. In diesem Falle spricht man nach der Nomenklatur von W. C. 
BRAy3 von "induzierter Katalyse", nachdem sich durch Vergrößerung des Kon­
zentrationsverhältnisses Akzeptor zu Induktor die Induktion mehr und mehr 
der reinen Katalyse nähert. Der Kettenmechanismus der Autoxydation von 
Natriumsulfit macht es ohne weiteres verständlich, daß der Induktionsfaktor 
bei ständiger Vermehrung des Konzentrationsverhältnisses Akzeptor zu Induk­
tor unbegrenzt ansteigt. Außer vom Konzentrationsverhältnis des Akzeptors 
zum Induktor hängt der Induktionsfaktor auch v:on den Größen der Geschwindig­
keitskoeffizienten der Urreaktionen ab. Je langsamer die durch die induzierende 
Reaktion entstandenen freien Radikale dimerisieren, um so mehr Gelegenheit 
habcn sie, mit dem Akzeptor die Reaktionskette einzuleiten, um so größer wird 
der Induktionsfaktor . 

Der katalytischen Sulfitautoxydation analog verläuft die durch Schwer­
metallsalze ausgelöste' Autoxydation von Aldehyden. HABElt und WILLSTÄTTElt5 

nehmen an, daß die Reaktionskette durch den Prozeß 

/H / 
RC"" + [Fe···] -)0 RC"" + [Fe··] + H· 8 

o 0 
in Gang gesetzt wird. Wie Ri.CKSTRöM7 aus dem photochemischen Ablauf der 

1 Bekanntlich hat WIELAND nachgcwiesen, daß zahlreiche Oxydationsreaktionen 
reine Dehydrierung~n sind. Siehe beispielswcise den zusammenfassenden Bericht 
von H. WIELAND : "Uber den Verlauf der Oxydationsvorgänge. Stuttgart: F. Enke, 
1933. 

2 A. SKRABAL: S.·H. Akad. Wiss. Wien, Abt. IIb 144 (1935), 286; bzw. 1\1h. 
Chem.66 (1935), 154. - Über dic ältere Literatur siehe A. SKRABAL: Die induzierten 
Reaktionen, ihre Geschichte und Theoric. Sammlung chemischer Vorträge 13, 321. 
Stuttgart, 1908. 

3 W. C. BRAY, J. B. RAMSEY: J. Amer. chem. Soc. öö (1933), 2279. 
4 R. KUHN, K. MEYER: Naturwiss. 16 (1928), 1028. - Siehe auch E. RAYMOKD.: 

J. Chim. physique 28 (1931), 316, 421. - H. WIELAND u. D. RICHTER fanden, daß 
extrem 'gereinigtcr Benzaldehyd wohl in unverdünntem Zustand durch Sauerstoff 
oxydiert wird, daß er aber ohnc Schwermetallsalze in benzolischer und wässeriger 
Lösung mit Sauerstoff nicht zu reagieren vermag. H. WIELAND, D. RICHTER: Liebigs 
Ann. Chem.486 (1931), 226. 

6 F. HABER, R. WILLSTÄTTER: 1. c. 
8 [Fe"·] und [Fe··] bedeuten hier Ferri- bzw. Ferroverbindungen. 
7 H. L. J. BXCKSTRÖ~I: Z. physik. Chem., Abt. B 2ö (1934), 99. 
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Aldehydoxydation ableitete,. entspricht das Kettenglied 
angegebenen Mechanismus der Sulfitautoxydation:1 

völlig dem von ihm 

0-0- 2 

RC~ / 
RC~ + O2 ->-

o o 

/OOH / 
RC~ + RC,~ 

o 0 

Von ihrer Vorstellung über den Verlauf der Natriumsulfitautoxydation aus­
gehend, schufen nun HABER und WILLSTXTTER3 ihre Theorie über den Mechanis­
mus enzymatischer Prozesse. Sie übertragen das Bild von dem Radikalketten­
mechanismus dieses chemischen Vorganges auf Enzymreaktionen: monovalerite 
Reduktion des Enzyms (Ferri-Ferro),4 monovalente Oxydation des Substrats 
durch Dehydrierung zu einem freien Radikal 

(bei dem Beispiel der Aldehydoxydation RC,~: -> RC~~O)' 
Ehe zwei freie Radikale, deren Konzentration äußerst klein ist, zusammen­
treffen und sich zu einer paarigen, dimeren Verbindung vereinigen, haben sie 
unvergleichlich häufiger Gelegenheit, mit anderen (paarigen) Stoffen der Lösung 
7.llsammen7.utreffen und einen Umsatz zu einem anderen paarigen Stoff und 
einem anderen Radikal herbeizuführen. Dieses Schema dürfte wohl der Schlüssel 
zum Verständnis der komplizierten Induktions- und Verzögerungserscheinungen 
sein, wie sie WIELAND und FRANKE in zahlreichen Fällen an organischen Reak­
tionen beobachtet haben.5 Inwieweit diese Theorie der Radikalketten für die 
Enzymologie noch ab7.uwandeln ist, wird sich erst in späterer Zeit erweisen. 
Jedenfalls hat die Verknüpfung der Vorstellung von der Autoxydation des 
~atriumsulfits mit den Erscheinungen enzymatischer Pro7.esse neue Anregung 
7.U Arbeiten auf dem Grenzgebiete der physikalischen Chemie und Biologie 
gegeben.6 

1 Zufolge den Au~führungen ßÄCKSTRÖM~ entl'<pricht der von HAnER u. WILL­
STÄTTER aufgestellte Kettenmechanismus der Aldehydautoxydation nicht den Tat­
l'<achcn, da in diesem Reaktionsbilde Per~äure als primäres Rpaktion~produkt nicht 
aufscheint. H. L. J. BÄCKSTRÖM: Z. physik. Chern., Abt. B 2;') (1934), 118. - Auch 
G. WITTIG u. Mitarbeiter lehnl'n auf Grlmd ihrpr Erfahrtmgen über dic Inhibitor­
wirklillg ungesättigtC'r Kohlenwasserstoffe auf die Autoxydation des Benzaldehyds 
den Haber-Will~tättl'r':Mechanismll~ ab. G. WITTIG, W. LANGE: Liebigs Ann. ehcm. 
;')36 (1938), 274. - G. WITTIG, K. HENKEL: Ebl'nda ;')42 (1939), 130. 

2 Nach M. BODENSTEIN gelten diese Gleichungen allch für die Kette der langsamen 
Verbrennung des Acetaldehyds. M. BODEN;;TEIN: Ber. 5. Solvay·Kongr., S. 78. 
Paris, 1934. 

3 F. HAllER, R. \VILLSTÄTTElt: I. c. 
4 Beispielsweise die Ferriforrn der Satlerstoff übertragenden Fermente der Atmlmg, 

die Gegenstand der Untersuchlmgen von O. WARBURG waren. Siehe O. WARßURG: 
Angew. Chem. 4;') (1932), 1; "Katalytische \Virkung der lebendigen Substanz." Berlin: 
.Julius Springer, 1928; Naturwiss. 22 (1934), 441. 

5 Vgl. K. NERZ, C. WAGNER: Ber. dtsch. chem. Ges. 70 (1937), 446. 
6 Siehe z. B. G.·M. SCHWAn, B. ROSENFELD, L. RUDOLPH: Ber. dtseh. chern. 

GeH. 66 (1933), 661. - H. S. TAYLOR, A. J. GOULD: J. Amer. ehern. Soe.ol) (1933), 
859. - H. FREDENIIAGEN, K. F. BONHOEFFER: Z. physik. Chem., Abt. A 181 (1938), 
386. - K. F. BONIIOEFFER, W. D. WALTERS: Ebenda, Abt. A 181 (1938), 441. 
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Thermodynamik der Zwischenreaktionen. 
Wie der Verfasser gelegentlich eines Vortrages: "Thermodynamik der Zwischen­

reaktionen" im Verein Deutscher Chemiker an der Grazer Universität am 
18. Februar 19351 und bei der Tagung der Deutschen Bunsengesellschaft in 
Düsseldorf2 darlegte, führt uns die systematische Verknüpfung der Kinetik 
mit der klassischen Thermodynamik zu neuen Aufgaben, für die der Verfasser 
den Namen "Thermodynamik der Zwischenreaktionen" prägte. Dadurch be­
kommt die bereits "abgeklärte" klassische Thermodynamik neue Impulse. Das 
wichtigste Problem dieses neuen Forschungsgebietes ist, die Änderung der freien 
Energie bzw. des thermodynamischen Potentials eines chemischen Vorganges 
in die Beträge der Urreaktionen aufzuspalten. Die erforderlichen "Normalwerte 
der freien Bildungsenergie" chemischer Zwischenstoffe sind durch Messungen 
chemischer Gleichgewichte, an denen die Zwischensubstanzen beteiligt sind, 
zu ermitteln. 

Wir verfügen insbesondere über zwei Methoden, die zur Bestimmung dieser 
Größen geeignet sind, über ein rein thermodynamisches und über ein thermo­
dynamisch-kinetisches Verfahren. Die rein statische Methode besteht darin, 
die chemischen Gleichgewichte der Zwischenstoffe mit den Ausgangs- und End­
stoffen zu messen. Dabei muß man die Anfangs- und Endprodukte bei so großen 
Konzentrationen und bei einer derartigen Temperatur sich ins chemische Gleich­
gewicht setzen lassen, daß die Zwischenverbindung im Gleichgewichte in 
analytisch faßbarer Konzentration vorhanden ist. Da bei der Untersuchung 
das Gleichgewicht nicht gestört werden darf, müssen die Untersuchungsmethoden 
physikalischer Natur sein, z. B. optische oder elektrochemische Methoden. 
Wen'n beispielsweise zu salpetriger Säure Salpetersäure entsprechender Konzen­
tration in Stickoxydatmosphäre zugefügt wird, ist es möglich, die Zwischen­
verbindung Stickstofftetroxyd bzw. Stickstoffdioxyd im Gleichgewichte in der­
artigem Ausmaße zu erhalten, daß das Gleichgewicht zwischen gasförmigem 
Stickstoffdioxyd bzw. -tctroxyd und wässeriger Salpetersäurc- und Salpetrig­
säurelösung auf spektroskopischem Wege bestimmbar ist.3 Dieser statischen 
Methode bedienten sich auch BONHOEFFElt und REICHAltD'l.·4 bei der spektro­
skopischen Untersuchung des Hydroxyls im Knallgas-Wasserdampf-Gemisch. 
Die Anwendung dieses Verfahrens ist natürlich auf solche Reaktionen beschränkt, 
bei denen es möglich ist, analytisch faßbare Mengen der Zwischenstoffe im 
chemischen Gleichgewichte zu erreichen und wo eine Herausschälung der Eigen­
schaften der Zwischenverbindungen neben den Eigenschaften aller Reaktions­
komponenten und Endprodukte möglich ist. 

Zu dieser rein statischen Methode gesellt sich die Bestimmung der aus der 
Kinetik bekannten vorgelagerten Gleichgewichte der Zwischenstoffe mit den 
Ausgangsstoffen. Sobald der Gehalt der Zwischensubstanz im Gleichgewichte 
der Gesamtreaktion unmeßbar klein, im vorgelagerten Gleichgewichte aber 
analytisch faßbar ist, ist die Messung vorgelagerter Gleichgewichte zur Ermittlung 
der freien Bildungsenergie des Zwischenstoffes unerläßlich. Der große Vorteil 
des statischen Verfahrens, daß die Zeit der Messung, die ja am Ende der Reaktion 
(thermodynamisches Gleichgewicht) erfolgt, beliebig groß sein kann, scheint 
zunächst der dynamischen Methode zu fehlen, bei der ja die Messung während 

1 H. SCHMID: Angew. Chern. 48 (1935), 604. 
2 H. SCHMID: Z. Elektrochern. angew. physik. Chern. 42 (1936), 579. - Vgl. 

auch H. SCHlIID: Ebenda 40 (1934), 274. 
3 E. ABEL, H. SCHMID, M. STEIN: Z. Elektl'oehern. angew. physik. Ohern. 36 

(1930), 692. 
4 K. F. BOXHOEFFER, H. REICHARDT: Z. physik. Chern. 13D (1928), 75. 
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der chemischen Reaktion vorgenommen wird. Doch läßt sich dieser Vorteil 
auch mit der dynamischen Methode verbinden, wenn die Messungen an strömenden 
Reaktion8systemen vorgenommen werden. Diesc Strömungsmethode wurde 
seinerzeit von H. HARTRIDGE und F. J. W. ROUGTHONI für Geschwindigkeits­
messungen an chemischen Reaktionen in den Dienst gestellt und vom Ver­
fasser2 zur Identifizierung der Zwischensubstanzen, zur Messung ihrer physikali­
schen Eigenschaften und zur Ermittlung ihrer freien Bildungsenergie in An­
wendung gebracht. 

Das Wesen der Methode, deren sich der Verfasser dabei bedient, besteht 
im folgenden: Die Zwischenverbindung wird durch kontinuierliches Zusammen­
fließen zweier Flüssigkeits- (Gas-) Ströme konstanter Geschwindigkeit ständig 
erzeugt und der resultierende, durch das Meßrohr fließende Strom der Zwischen­
substanz an der Meßstelle mit unveränderter Geschwindigkeit vorbeigeführt, 
so daß am Ürte der Messung immer der gleiche Zustand des Zwischenstoffes 
herrscht. Auf diese Weise wird der Vorteil: "Unabhängigkeit der Meßresultate 
von der Meßdauer" erzielt. Die Reaktionszeit ist bei bekannter Strömungs­
geschwindigkeit durch die Entfernung der Meßstelle von der Mischstelle der 
beiden Reaktionskomponenten gegeben. Da die Messung prinzipiell an jeder 
Stelle des Meßrohres erfolgen kann, ist der Zustand der Zwischen ver bindung 
in jedem Moment bekannt. Mit dieser Strömungsmethode kann eine Reihe 
physikalischer Meßverfahren verknüpft werden. 

Die erste Arbeit des Verfassers im Rahmen dieser Untersuchungen war die 
Kombinierung der Strömungsmethode mit der Potentialmessung. Auf diesem 
Wege gelang es, Konstitution und Dissoziation jener Zwischenverbindung auf­
zuklären, die beim Umsatz von Ferrisalz mit Thiosulfat: 

2 Fe'" + 2 S2Üa" = 2 Fe" + S4Üs" 

intermediär entsteht und die sich - wie zu Beginn der Abhandlung erwähnt 

1 H. HARTRIDGE, F. J. W. ROUGTHON: Proe. Roy. Soe. (London), Sero A 104 
(1923),376,395: Sero A 107 (1925), 654; Proe. Cambridge philos. Soe. 22 (1924), 426; 
23 (1926), 450. - Anwendung der Strömungsmethode, bevor sie von H. HARTRIDGE 
u. F. J. W. ROUGTHON für Gesehwindigkeitsmcssungen an Lösungsreaktionen syste­
matisch ausgearbeitet wurde, bei Gasen: F. RASCHIG: Z. angew. Chem. 18 (1905), 
1284, 1297. - E. BRINER, E. FRIDÖRI: J. Chim. physique 16 (1918), 279. - T. D. 
STEWART, K. R. EDLUND: J. Amer. ehern. Soe. 45 (1923),1014. - Bei Flüssigkeiten: 
W. A. NOYES, TH. A. WILSON: Ebenda 44 (1922), 1630. - Weitere Arbeiten: N. 
SASAKI: Z. anorg. allg. Chem.137 (1924), 292. - N. SASAKI, K. NAKAMURA: 'fhe 
Sexagint Kyoto 1927, S. 241. - R. N. J. SAAL: Rceueil 'frav. ehim. Pays-Bas 47 
(1928), 73, 264, 385. - W. C. BRAY, R. S. LIVINGSTON: J. Amer. ehern. Soe.50 
(1928), 1655. - H. SCHMID: Z. physik. Chem., Abt. A 141 (1929), 41 und die in der 
Anmerkung 2 angeführten Arbeiten. - F. J. W. ROUGTHON: Proe. Roy. Soc. 
(London), Sero A 126 (1930), 439, 470. - V. K. LA MER, CH. L. READ: J. Amer. 
ehem. Soe. 52 (1930), 3098. - E. G. BALL, W. M. CLAUK: Proe. nato Aead. Sei. USA. 
17 (1931), 347. - K G. BALL, T. T. CHEN, W. M. CLARK: J. bio!. Chemistry 102 
(1933),691. - G. A. MILLIKAN: J. Physiology 79 (1933), 152, 158. - R. BRINKMAN, 
R. MARGARIA, F. J. W. ROUGTHON: Philos. Trans. Roy. Soe. London, Sero A 232 
(1933), 65. - A. THIEL, A. LOGEMANN : S.-B. Ges. Beförd. ges. Naturwiss. Marburg 
69 (1934), 50. - H. v. HALBAN, H. EISNER: Helv. ehim. Acta 18 (1935), 724; 19 
(1936), 915. - F. J. W. ROUGTHON, G. A. MILLIKAN: Proe. Roy. Soe. (London), 
Sero A 155 (1936), 258. -- F. J. W. ROUGTHON: Ebenda, Sero A 155 (1936), 269. -
G. A. MILLIKAN: Ebenda, Sero A 155 (1936), 277. - E. A. SILOV, S. M. SOLODUSEN­
KOV: C. R. (Doklady) Aead. Sei. URSS. 1936, IH, 15. - K. G. STERN, DELAFIELD 
DU BOIS: J. bio!. Chemistry 116 (1936), 575. 

2 H. SCHMID: Z. physik. Chem., Abt. A 148 (1930), 321; Z. Elektroehem. angew. 
physik. Chem. 36 (1930),769. - H. SCH:lIID, E. GASTINGER: Ebenda 39 (1933), 573.­
H. SClfMID: Ebenda 42 (1936), 579. - H. SCHMID, R. MARCIIGRABER, F. DUNKL: 
Ebenda 43 (1937), 337. 
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wurde - durch eine wenige Sekunden dauernde Violettfäi'bung verrät. Die 
Ermittlung der Zusammensetzung dieses labilen Komplexes geschah auf ähn­
lichem Wege, wie ihn seinerzeit G. BODLÄNDER1 zur Analyse stabiler Komplexe 
beschritten hatte. Ist der in Ionen A und B dissoziierende Komplex AmBn , 

so ist bei konstanter ionaler Konzentration: 
J~!-[A] 

K = _[AmlJ .. t_ = m 
. [A]m[B]n [A]mtE»' ' 

wobei wieder die rundgeklammerten Symbole analytische Konzentrationen, 
die eckiggeklammerten Symbole wirkliche Konzentrationen bedeuten. Durch 
Variation der Gehalte von A und B können nun die stöchiometrischen Koeffi­
zienten mund n berechnet werden, wenn die wirklichen Konzentrationen von A 
und B bekannt sind, wenn also z. B. A 2 elektromotorisch wirksam ist, [A] sich 
also durch Potentialmessungen ermitteln läßt und [BP bei hinreichendem Über­
schuß über den Gehalt an Komplex mit (B) identifiziert werden kann. Die 
Strömungsgeschwindigkeit und die Konzentrationen beider Reaktionskomponen­
ten (salzsaure Ferri-Ferrochlorid4-Lösung einerseits, Natriumthiosulfatlösung 
anderseits) sind so bemessen, daß die Intensität der Violettfärbung (bzw. der 
Wert der gemessenen Potentiale) von der Mischstelle an das ganze Meßrohr 
hindurch nahezu gleich bleibt. Die Bedingungen sind demnach so gewählt, 
daß rasche Bildung und langsamer Zerfall des Komplexes erfolgt. Es wird also 
auf diese Weise das Gleichgewicht: 

m Fe'" + n S20a" ~~ Fem (S20 a)n(3m- 2n)E!) 

gemessen, das der zeit bestimmenden zu Ferroion und Tetrathionation führenden 
Reaktion vorgelagert ist, die ihrerseits im untersuchten Konzentrationsbereiche 
so schnell abläuft, daß sie mit den gewöhnlichen Mitteln der Kinetik nicht erfaßt 
werden kann. Die Auswertung der Meßresultate nach dem geschilderten Ver­
fahren ergibt für m. und n je eins. Die Zwischensubstanz hat somit die Zusammen­
setzung 

Ihre Bildung erfolgt durch die Primärreaktion 

Fe'" + S20a" = FeS20 a', 

deren Gleichgewichtskonstante sich zu 

K = _[F_eS~.98":']_ = 15 (18°C l' = 2'1) 5 
[Fe' "][S803"] , ergab. 

Auch die Kombinierung der Strömungsmethode mit der Leitfähigkeitsmessung 
erweist sich als brauchbares Hilfsmittel für die Thermodynamik der Zwischen­
reaktionen.6 Daß sieh die beschriebene Methode nicht nur für die Bestimmung 

1 G. BODLÄNDER: Die Untersuchungen von komplexen Verbindungen. }<'estschrift 
zur Feier des 70. Geburtstages von R. DEDEKIND, S.153. Braunschweig: Vieweg 
u. Sohn, 1901. 

2 In dein speziellen Falle Ferrüon. 
3 In vorliegendem Falle Thiosulfation. 
4 Ferroion diente zur Schaffung definierter Ferri-Ferro-Potentiale, die in diesem 

Falle Gegenstand der Messung waren. Nähere Erläuterung siehe Originalveröffent­
lichung. 

& i = ionale Konzentration. 
S H. SCß}rlD: Z. Elektrochem. angew. physik. ehern. 42 (1936), 581. - Übor die 

apparativen und meßtechnischen Einzelheiten der Leitfähigkeitsmessung zur exakten 
Bestimmung von Zwischenstoffgleichgewichten siehe H. SCHMID, R. MARClIGRABER, 
F. DUNKL: Ebenda 43 (1937), 337. 
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der Konstitution und der freien Energie der Zwischensubstanzen, sondern auch 
zur Messung physikalischer Eigenschaften kurzlebiger Zwischenstoffe eignet, 
erhellt aus der Arbeit von H. SCHMID und E. GASTINGER.1 Durch Ermittlung 
der Extinktionskurve des unbeständigen HS2ü a'·Ions im Ultraviolett wurde 
der Beweis erbracht, daß auf diesem Wege die Spektralphotometrie kurzlebiger 
Zwischenprodukte ermöglicht wird. 

Diese Untersuchungen sind als "Keime" einer Forschungsrichtung gedacht, 
die sich im allgemeinen durch die Bezeichnung "Physikalische Chemie der 
Zwischenstoffe"2 und im besonderen durch den Begriff "Thermodynamik der 
Zwischenreaktionen" charakterisieren läßt. Nach Ansicht des Verfassers wird 
sie sich in absehbarer Zeit immer mehr und mehr zur chemischen Kinetik ge· 
seIlen, denn mit Hilfe physikalischer Untersuchungen der Zwischenprodukte 
wird es möglich sein, Zusammenhänge zwischen physikalischen Eigenschaften 
labiler Zwischensubstanzen und deren Reaktionsfähigkeit aufzudecken.2 In 
Übereinstimmung damit stehen spätere Ausführungen W. FRANKENBURGERS3 

über das Programm, das von H. SCHMID aufgestellt und mit der Bezeichnung 
"Thermodynamik der Zwischenreaktionen"4 umrissen wurde. FRANKENBt:RGER 
schreibt darüber: 

"Es wäre ein kaum zu überschätzender Fortschritt auf dem noch so stark 
von der reinen Empirie beherrschten Gebiet der chemischen Dynamik, wenn es 
künftigen Forschungen gelänge, eine Thermodynamik und eine damit quantitativ 
verknüpfte Ableitung der kinetischen Daten für die Einzelstufen chemischer 
Umsetzungen, insbesondere auch der katalytischen Prozesse systematisch 
auszubauen. " 

"Besonders wertvoll sind in diesem Zusammenhange alle Ansätze dazu, 
die Konzentrationen sowie die thermodynamischen und sonstigen Eigenschaften 
der Zwischenstoffe auf experimentellem Wege messend zu erfassen (Anmerkung 
über die Arbeiten von H. SCHMID)." 

Aus den vorliegenden Ausführungen geht zweifellos hervor, was für eine 
hervorragende Bedeutung der Zwischenreaktionstheorie für die Erklärung 
katalytischer Erscheinungen zukommt und daß es daher von großer Wichtigkeit 
ist, die chemischen Reaktionen in alle Teilvorgänge aufzulösen, die den chemischen 
Umsätzen zugeordneten Eigenschaftswerte in die der Urreaktionen zu zerlegen 
und die physikalisch. chemischen Eigenschaften der Zwischensubstanzen zu 
ergründen. 

1 H. SCH)JJD, K GA";TI~GER: Z. Elektrochern. angew. physik. ehern. 39 (1933), 573. 
2 H. SCIHIID: Z. Elcktrochcrn. angcw. physik. ehern. 40 (1934), 274. 
3 w. FRA~KENBURGER: Katalytische Umsetzungen in homogenen und enzymati­

schen Systemen, S.205. Leipzig: Akad. Verlagsges., 1937. 
4 H. ScmllD:. Angew. ehern. 48 (1935), 604; Z. Elektroehern. angcw. physik. 

ehern. 42 (1936), 579. 
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Introduction. 
The accelerating effect of acids and bases on various reactions in organic 

chemistry, such as those which involve hydrolysis, condensation, isomerisation 
etc. represents the oldest and most widely studied type of homogeneous catalysis 
in solution.1 

1 Cf. for example the eatalytie action of coneentrated acids in the dehydration of 
alcohol to ether and ethylcne (DEIMAN, 1795), of dilute acids and alkali in the hydro­
lysis of stareh (PAR)!ENTIER, 1781) and in esterification and hydrolysis (SCHEELE, 
1792). 
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The development of the ARRHENIUS-OSTW ALD theory of electrolytic dissocia­
tion led to the early recognition of a direct proportionality between the catalytic 
activity of acids and bases and the eoncentration of the hydrogen and hydroxyl 
ions, respeetively, the velo city of the reaetion being denoted by the sum of 
the velocities separately promoted by each ion; v = VB + VOH-

The more recent extension of this simple theory to include catalysis by a 
large variety of molecules and ions has occurred in several well-defined stages_ 
Extension to include catalysis by the undissociated molecules of acids resulted 
from the investigations of ACREE and JOHNSON1 on the rearrangement of acyl­
halogenoaminobenzene derivatives, SENTER,2 on the hydrolysis of halogenoacetic 
acids, LAPWORTH3 and GOLDSCHMIDT4 on esterification, BREDIG, MILLER and 
BRAUNEs and SNETHLAGE6 on the decomposition of et»yl diazoacetate and of 
DAWSON, POWIs,and RElMAN7 on the iodination of acetone, and gave rise to 
the "dual" theory of catalysis (v = VH + VOH + VJ.i). The next and most important 
step in its supersession by a still more general theory awaited the revolutionary 
conception of acids and bases advanced independently by BRÖNSTED8 and 
LOWRy.9 This now weIl known, and generally accepted, view regardsan acid 
simply as a donator of protons and a base as an acceptor of protons, the two 
entities being inter-related thus: Acid -r": Base + H +. This constitutive relationship 
is of much more fundamental importance than is any subsidiary difference which 
may arise from the state of electrification of the entity. Thus an acid may be 

+ + 
either a positive ion (e.g. NHc, H 30), a neutral molecule (e.g. H·C02H), or an 

-
anion (e.g. C02H·CO·O), and similar charge differences may be supcrimposed 
upon the general character of proton-acceptor which constitutes basic character. 
Incidentally, it may be noted that the same fundamental distinction occurs 
in INGOLD'S classification10 of reagents into "electrophilic" and "nucleophilic". 
An electrophilic reagent is one which acquires electrons, or a share in electrons, 
previously belonging to a foreign molecule or ion, whereas a nucleophilic reagent 
is one which donates its electrons to, or shares them with, a foreign atomic 
nucleus, again irrespective of the particular state of electrification of the reagent 
concerned. 

BRÖNSTED'S enlarged conception of acids and bases led hirn to the recognition 
of the catalytic activity of the anions of weak acids in the base catalysed de­
composition of nitramidell and a similar demonstration by DAWSON12 0f their 
activity in the iodination of acetone and in the hydrolysis of .x-halogeno fatty 
acids (v = VR + VOR + V m + va)' 

It is evident that, on BRÖNSTED'S definition, water can function as both 
+ -

an acid and a base since it can either ionise to donate a proton, H· OH -> H + OH, 
or it can function as a base and accept a proton to form the hydroxonium ion, 

I Amer. ehern. J. 37 (1907), 410; 38 (1907), 258. 
2 J. ehern. Soe. (London) 91 (1907), 460. 
3 Ibid. 97 (1910), 19. 
c Z. physik. Chern. 70 (1910), 627; 81 (1912), 30; Z. ElektroelU'rn. angew. physik. 

ehern. 17 (1911), 684. 
5 Z. Elektroehern. angew. physik. Chern. 18 (1912), 535. 
6 Ibid. 18 (1912), 539; cf. TAYLOR: Ibid. 20 (1914),201. 
7 J. ehern. Soe. (London) 103 (1913), 2135; 107 (1915), 1426. 
8 Reeueil Trav. chirn. Pays-Bas 42 (1923), 718. 
9 Chern. Industries 42 (1923), 43. 
10 J. ehern. Soe. (London) 1933, 1120. 
11 BRÖNSTED, PEDERSEN, Duus: Z. physik. Chcrn. 108 (1924),185; 117 (1925), 299. 
12 DAwsON, CARTER: .J. ehern. Soe. (London) 1926, 2282 and flubsequent papers. 
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+ + 
H + H20 -- OHa. Since free protons cannot exist in appreciable concentration 
such dual function is more correctly represented as the protolytic reaction1 

Thus, as LOWRy2 has emphasised, the amphoteric character of the water mole eule 
makes it a complete and self-sufficient catalyst and cases in which it exerts 
a small but definite catalytic effect are now well established and inelude the 
mutarotation of glucose,a the iodination of acetone,4 and the decomposition of 
nitroamide5 (v = VR + VOR + V m + Va + VR.O). 

The relative importance of the various catalytic entities will, of course, 
vary from reaction to reaction and may be subjected to a considerable degree 
of control by suitable adjustment of the experimental conditions, more especially 
by such buffering of the reaction medium that the effective concentration of 
certain entities becomes negligible. By such methods of experimental mani­
pulation, combined with kinetic analysis, it is possible to determine the magnitude 
of the catalytic efficiencies of the various individual species and DA WS ON ,6 

in particular, has shown that the reaction velo city ealculated by summation 
of the separate velocities, determined from a knowledge of the catalytic coefficients 
and coneentrations of the various catalytic entities concerned, agrees very elosely 
with the value determined experimentally. 

The greatly extended eirele of substances which, on the basis of BRÖNSTED'S 
concept, are now included in the category of acids and bases covers an enormous 
range of varying aeid and basic strength and the eorrelation of catalytic efficiency 
with the strength of the catalyst acid or base is of obvious importance. 

In their paper referred to above, BRÖNSTED and GUGGENHEIM7 determined 
the catalytic coefficients of a large number of acids and their conjugate bases8 

in the mutarotation of glucose. The following table gives a typical selection 
of the results obtained: K A is the acid dissoeiation constant of the acid and kA 

and kB are the catalytic coefficients of the acid and of its conjugate base, re-
spectively. . 

The various acid catalysts, wh ich inelude positively charged ions, neutral 
moleeules and anions, are arranged in order of decreasing acid strength, the 
order of the conjugate bases consequently being that of increasing basic character. 
Although the values of K A cover a range of 1018 and those of kB a range of 108 

it is at once obvious that, in complete parallelism, the catalytic activity coefficient. 
of the acid (kA ) continuously decrcases, whil»t, that of the base (kB ) shows a 

successive increase. When log kA for all the acid catalysts, including OHa, is 
plotted against log K A an approximate straight line of one slope is obtained, 
and another straight line of a different slope is obtained in the similar plot of 
log kB for all bases, ineluding OH', against log K B (Fig. 1). A similar bilinear 

1 In thiH the artiele eatalyst hydrion is often denoted as It: this symbol is used me­
rely for simplicity and is not intcnded to imply action by an unsolvated proton. 

2 J. ehern. 80e. (London) 127 (1925), 1371. 
3 HUDSON: J. Arner. ehern. 80e. 29 (1907), 1571. - BRÖNSTED, GUGGENHEBI: 

Ibid. 49 (1927), 2554. 
4 DAWSON, KEY: J. ehern. 80e. (London) 1928, 543. 
5 Cf. PEDERSEN: J. physie. Chern. 38 (1934), 581 for Hllrnmary. 
6 E. g. J. ehern. 80e. (London) 1933, 49, 291. 
7 J. Arner. ehern. 80e. 49 (1927), 2554. 
8 In the BRÖNSTED relationship A .-" B + H+, B is the eonjugate base of the 

acid A. . 
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Relation between Strength and Catalytie Elleet 01 Aeids and Bases_ 

Acid Conjugate Base K A kA kB 

+ 
OH3 OH2 X 10 1,4 X 10-1 9,5 X 10-5 

H80.' 80." 1,2 X 10-2 4 X 10-3 

Ph-CH(OH)·C0 2H Ph·CH(OH)·C02 ' 

1

5 •• 

: 4,3 X 10-' 6 X 10-3 1,1 X 10-' 

CH3 ·C0 2H CH 3 ·CO.' 1,8 X 10-5 2 X 10-3 2,7 X 10-2 

C5H5~H C.HsN 3,6 X 10-6 8,3 X 10-2 

[Co(NH 3ls°H2]+++ [Co(NH 3 ls·OH]++ 1,6 X 10-6 7,8 X 10-1 

Nit 

OH 2 

plot is obtained with the 
results of DA WSON for the 
catalysed iodination of ace­
tone,I for the hydrolysis 
of ethyl acetate2 and for 
the deeomposition of ni­
tramide.3 

Results such as these 
are indicative of the 
existenee of two different 
mechanisms for acid and 
basic catalysis and consti­
tute the experimental basis 
for BRÖNSTED'S general 
theory of acid-base cata­
lysis,4 which visualises the 
mechanism of such catalysis 
as being essentially a trans­
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, 
i 3 2 X 10-10 
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log 1(",. 
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X 10-.1 6 X 103 
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Relation betwecn acid tlissociatioll constants and catn.lytic 
activity cocfficients. 

fer of a proton from the 
catalyst to the substrate Fig. 1. 

(acid catalysis) or from the 
substrate to the catalyst 
(basic cataly'sis). On this view the velocity of the catalysed change will be de­
tcrmined by a protolytic reaction between the substrate and the catalyst whereby 
the substrate molecule, by receiving or giving off a proton, gets into an unstable 
state which immediately (or very rapidly compared with the veloeity of the 
protolytic reaction) leads to the reaction examined.5 Thus acid catalysis of a 
basic substrate woul<! be represented by the general seheme, 

whereas 
R + A -. RH + B 

RH -;- B -. R' + BH 

1 M. KILPATRICK, M. L. KILPATRICK: ehern. Reviews 10 (1932), 213. 
2 DAWSON, LOWSON: J. chprn. 80c. (London) 1927, 2444; 1929, 393. 
3 BRÖNSTED, PEDERSEN: Z. phy,ük. ehern. 108 (1924), 185. 
4 BRÖNSTED, PEDERSEN: Z_ physik_ ehern. 108 (1924), 185. - BRÖNSTED, GUGGE:'i­

HEIM: I. c. - BRÖNSTED : ehern. Reviews;} (1928),231 ; Trans. Faraday 80c_ 24 (1928), 630. 
5 PEDERSEN: J. physic. Chem. 38 (1934),58\; Trans. Faraday 80c. 34 (1938),237_ 
Hdb. d. Katalyse. II. 
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would represent the basic catalysis of an acidic substrate. Detailed consideration 
of BRÖNSTED'S theory from its more physical aspects is given elsewhere in this 
volume (p. 206). It may be noted here that the essential character of the proton 
exchange reactions which are involved are in no way invalidated by the possibility 
that the acidic or basic properties of the substrate may be exceedingly feeble. 
In the opinion of the present writers, BRÖNSTED'S theory forms a fertile basis 
for the discussion of the mechanism of acid and base catalysis, especially in 
prototropic reactions, but its scope is rather too limited to include the whole 
range of acid-base catalysed organic reactions. A more comprehensive definition 
is attempted at the end of this section. 

From the aspect of the more intimate mechanism of acid-base catalysed 
reactions the nature of the "unstable state" which results from the initial inter­
action of substrate and catalyst is of great importance. The existence of "un­
catalysed" reactions is denied by many workers1 and there is general agreement 
that the intervention of some catalytic entity is always necessary, but divergent 
views have been expressed concerning the nature of the intermediate complex.2 

It is significant that the reacting substrate must have basic properties if its 
reaction is catalysed by acids, or acidic properties if basic catalysts are effective. 
Thus, for example, the hydrolysis of ethers, which posscss only basic properties, 
is catalysed only by acids,3 whereas esters, which exhibit both acidic and basic 
properties forming compounds with either bases (e. g. Ph·C02Et, NaOMe)4 
or acids (e.g. Mc·C02Et, HBr),S arc readily hydrolysed by either of these reagents. 
SKRABAL6 therefore concludes that the intermediate complex must partake 
of the nature of a salt or anion. He points out that, from a kinetic stand point, 
the intcrmediate may be one of two types. The first type, which he designates 
as the ARRHENIUS type7 is involved when the reversible reaction which forms 
the intermediate is rapid compared with the further transformation into the 
products, so that the intermediate is always present in its equilibrium concen­
tration. ElJLER'S "reactive ion intermediate" is of this type.8 

The second kind, designated as the VAN'T HOFF type,9 is concerned when the 
velo city of decomposition of the intermediate is large relative to its velocity of 
formation, so that the intermediate is never prescnt in appreciable conccntration 
and the velocity of the reaction is determined by the speed of formation of the 
complex. Of this type are the "critica lcomplexes" of MARCEI.IN,lO BRÖNSTED,ll 
and MFLLER.12 

This kinetic distinction with regard to the interrnediate has been clearly 
surnmarised by PEDEHSEN,l3 

1 Cf. MITTASCH: Ber. dtseh. ehern. Ges. 59 (1926), 13. 
2 VON EUI.ER, ÖLANDER: Z. physik. Chern. 134 (1928), 381; 13i (1928), 393; 

131 (1927), 107. -- MEERWEIN: Liebigs Ann. Chern. 455 (1927), 227. - MEERWEIN, 
"AN EMSTER: Ber. dtseh. ehern. Ges. 53 (1920),1815; 55 (1922), 2500. - MEERWEIN, 
MONTI'ORT: Liebigs Ann. Chern. 435 (1923), 207. -- MEERWEIN, BURNELEIT: Ber. 
dtseh. ehern. Ges. 61 (1928),1840. - BÖESEKEN: Trans. Faraday 80e. 24 (1928), 611. 

3 8KRABAL, RINGER: Mh. Chern. 42 (1921), 9. - 8KRABAL, SCHIFFER: Z. physik. 
Chern. 99 (1921), 290. - 8KRABAL, AIRILDI: Mh. Chern. 4;"; (1924). 13. 

4 VON PECHMANN: Ibid. 31 (1898), 501. 
:; MAAS, McINTOSII: J. Amer. ehern. 80e. 34 (1922), 1273. 
6 Trans. Faraday 80e. 24 (1928), 687. 
7 Z. physik. Chern. 4 (1889), 226. 
8 Trans. Faraday 80e. 24 (1928), 651. 
• Cf. VAN'TRoFF,COHEN: CherniseheDynarnik,p.l04.Arnsterdarn andLeipzig, 1896. 
10 Ann. Physique (IX), 3 (1915), 120. 
11 Z. physik. Chern. 102 (1922), 169; 116 (1925), 337. 
12 Ibid. 134 (1928), 190. 
13 Trans. Faraday 80e. 34 (1938), 239. 
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In areaction R ~ X the first step is the proton transfer R + A ~ RH + + B; 
this is followed by the reaction RH + + B ~ X + A which is assumed to be 
kinetically determined by a unimolecular reaction of RH +. R is presumed to be 

+ 
so weak a base that [R] > > [RH] even ü equilibrium is -attained. Since the con-
centrations [A] and [B] are constant the reaction may be formally considered as 
unimolecular and be written 

, k1 [A] + k. 
R === RH --+ X 

ka [B] 

where, according to the relationship [R] > > [RH ,-], k3 [B] > > k1[A]. Two special 
cases may be analysed. 

I. If k2 ) > k3 [B], all the molecules of RH + are transformed into X as soon 
as they are formed. The unimolecular velocity constant of the reaction R ~ X is 
k = k1[A]. Its velo city is the same as the velocity of proton transfer from A to R, 
i.e. the reaction is susceptible to general acid catalysis. 

II. If, on the other hand, k2< < k3 [B] the equilibrium R ~o~ RH+ will be 
attained all the time. The velocity of the reaction R ~ X will then be determined 
by k2 multiplied by the equilibrium concentration of RH+, which in a basic 
solvent is proportional to the hydrogen ion concentration. In this case specific 
hydrogen ion catalysis is involved. Analogous conditions may be found for the 
occurrence of general basic catalysis. 

Areaction will thus show general acid or basic catalysis ü the substratc mole­
eule by receiving or giving off a proton gets into an unstable state which immedia­
tely (compared with the velocity of proton transfer) leads to the reactionexamined. 
Thus general acid catalysis has bcen established in, for example, the mutarotation 
of glucose, the neutralisation of nitroethane and in the decomposition of nitramide, 
all of which involve such proton transfer. On the other hand general acid-base 
catalysis has never been dcfinitely established in the case of the inversion of 
sucrose, or in the hydrolysis of ethyl acctate, palmityl chloride,l ctc. The experi­
mental differentiation between specific and general acid catalysis is a problem 
of great difficulty and, as WYNNE-JoNES2 has pointed out, no single test can be 
regardcd as crucial because there is probably no sharp dividing line. 

In any general consideration of acid-base catalysis in the reactions of organie 
chemistry, such as is undertaken in this article, the too restricted character of 
BRÖNSTED'S conception of catalytic functions has already been mentioned. For 
examplc, it is generally agreed that, in the alkaline hydrolysis of an ester, the 
initial stage is thc addition of a hydroxyl ion to the carbon of the carbonyl group 

OH 
/--

to give the complex R-C{ 0 . This step can in no sense be regarded as the 
"-OR 

removal of a proton and whilst it may, formally, be considered as the removal 
of the positive charge produced by the polarisation of the carbonyl group 

" I Y +-
-C· ~-O ~ -G-O, it is simpler and more direct to regard it as the introduction 
of an anio.n. BRÖNSTED'S general theory could, it seems, be broadencd to cover 
acid-base catalysis in general if it is assumed that the essential /unction 0/ the 
catalyst is, if an acid, to introduce a proton or a- positive charge at a suitable centre 

1 Cf. WYNNE-JONES: Chern. R"views 17 (1935), 115. 
2 Trans. Faraday Soc. 34 (1938), 245, whcrc a discussion of thc various methods 

is to be found. 



52 J.W.BAKER and E.RoTHSTEIN: 

in the substrate or, if a base, to remove a proton from or to introduee an anion into 
the substrate: the eharged complex so formed is in an unstable state and either reacts 
with other moleeules or breaks down to give the reaction produets with the re-formation 
of the catalytic entity. 

In the more detailed discussion of particular examples of acid-base catalysed 
reactions undertaken in this article an attempt will be made to formulate electronic 
mechanisms based on this broad conception of catalytic function and tO'correlate 
the effects of substituents in both the substrate and catalyst molecules on the 
basis of their electronic characteristics and polar character. 

The symbolism used will be that of INGOLD1 and his coworkers. The electrical 
dissymmetry arising from unequal electron attractions of two linked atoms 
propagated along a molecule by a mechanism analogous to electrostatic induction 
is designated the induetive effect, and is represented by attaching to the bond 
sign an arrowhead indicating the direction towards which the electrons are 
concentrated. It is denoted by the symbol land is regarded as positive (+ I) 
when the resulting displacement causes an inerease in electron density in the 
attached system, and negative (- I) when it causes a deerease in electron availa­
bility in the attached system. Thus the symbol Cl +- CR2 +- CR2 +- CRa denotes 
an inductive electron attraction (- I effect) of the chlorine atom on the system 
-CR2 • CRz· CRa, and an inductive electron repulsion (+ I effect) of the methyl 
group on the system . CR2 • CRz· Cl. The displaced electrons remain bound in 
their original octets and the mechanism represents a permanent molecular con­
dition, Le. astate of polarisation. 

The second method of electron displacement is characterised by the sub­
stitution of one duplet of electrons for another in the same atomic octet. The 
entrance into an octet of an unshared duplet possessed by a neighbouring atom 
causes the ejection of another duplet which would then either become unshared 
or initiate a similar exchange further along the molecule. If this process exemplifies 
not a permanent molecular condition, but a polarisability effect callcd into play 
by the demands of areagent, it is termed the eleetromerie effect and is symbolised 
by a curved arrow pointing from the duplet to thc situation towards wh ich dis­
placement is assumed to occur. It is denoted by the symbol E, and is positive 
(+ E) when it results in an increase, and negative (- E) when it causes a deerease 
in the electron availability of the attached system. Thus the arrows contained in 

f\ Q f'" 
the symbol R~ j C !-C--C-O connote duplet displacements which could lead 

+ -
to the formation of the dipole RzN =C-C=C-O and symbolise a + E effect 
of the R~ group and a - E effect of the C=O group. In such systems whcre 
the molecule may be represented by two structures differing only in the electron 
distribution and not in the position of the atomic nuclei, the phenomcnon of 
resonance necessitates an electron distribution intermcdiate bctween that sym­
bolised in the above two structures. There is thus, in the ordinary condition of 
the molecule, a permanent displacement of electron duplets in the direction of 
the curved arrows. The displaced duplets which appear unshared ip. the first 
formula are partly shared in the stable state, and the displaced duplets which 
are represented as being shared in both structures are regarded as -being per­
mancntly under the control, not of two atomic nuclei, but of three. This perma­
nent polarisation effect istermed .the mesomerie effect and is denoted by the 
symbol M (positive or negative signs being determined by the same conditions 

1 Cf. Chem. Reviews 1ö (1934), 225. 
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as those laid down for the eleetromerie effeet). The distributed duplets are 
represented by a eurved bond sign thus: 

n Q r; 
R)i.J.... C-J--C·_-Q-!.. O. 

V/hen there is no neeessity to distinguish between the timevariable eleetronie 
displacements (polarisability) and the permanent mesomerie displacements 
(polarisation), the two effeets jointly are designated as the tautomerie effeet, 
denoted by the symbol T. 

In eonelusion it should be noted (1) that the ordinary literal symbols for the 
elements denote atomie kernals, that is, atoms without the eleetrons of their 
valeney shells: (2) "that the eonventional bond signs represent a shared eleetron 
duplet or eovaleney: (3) unshared eleetrons (such as those on tervalent nitrogen 
in the above struetures) are not explieitly symbolised and (4) that ionie centres 
are labelIed + and -, and free neutral radieal centres are labelIed n. The 
notation {) + and (j - is used to represent the aequisition of polarity through 
eleetron displacement. 

Isomerisation dependent on Prototropic Change. 
1. Funetion of Catalysts. 

Before attempting to deal with the funetion of eatalysts in promoting tauto­
merie change it is neeessary to state briefly the ideas whieh underlie the modern 
ionie theory of such isomerisations. 

It is a striking tribute to the insight of GOLDSCHMIDT, CLAISEN, KNORR, 
WISLICENUS and other pioneer investigators in thc field of tautomerism that 
they early reeognised the importanee of the ionisation of hydrogen in such 
reversible isomerie ehanges.! WISLICENUS2 in partieular expressed the ionie 
theory of tautomerie change in terms whieh are applieable, with but slight modi­
fieation, to the present position of the theory. He elearly stated that, in the 
intereonversion of tautomerie forms the mobile hydrogen first separatcd as a 
eation leaving an anion in whieh, by the movemcnt of the bonds, the position 
of free valeney is displaeed, the hydrogen then rceombining in the new position. 
Examples of tautomerie ehanges known to those early workcrs were restrieted 
almost exclusively to those whieh involved the migration of a hydrogen atom, 
and the modern ionie meehanism of tautomerie change simply extends such 
views to all types of tautomerie systems no matter whcther the mobile group 
is a positive hydrogen ion or some other eation (e.g. a metai), or whether it is 
an anion. On this view tautomerie change involves the separation of either a 
cation or an anion leaving an ion (anion or eation, respeetivcly) in whieh elcetro­
merie displacements bring about a distribution of the charge (negative or posi­
tive, rcspeetively) so that the eliminated ion has two possible points of rceombi­
nation. Thc general term "ionotropy" was introduced by LOWRy3 to cover all 
such ehanges, the reversible intcreonversion öf isomerides differing from one 
another only in thc position of a hydrogen atom being designated as "prototropy".4 
On thc basis of this nomenelature INGOLD5 applied the term "cationotropy" to 

1 For a summary of the carly devE'lopmE'nt of such theoretical conceptions sec 
BAKE!!-: Tautomeri,.;m, p. 30. London, 1934. 

2 "Cber Tautomorie, AHREN:'" Sammlung, vol. 2, p. 187. Rtuttgart, 1898. 
3 Report of the Socond Solvay Conf(>rE'nce 1112;;, 182. 
• LOWRY: J. ehern. Soe. (London) 123 (1923), 822. 
I> Ann. Rep. ehom. SOl'. (London) 24 (1927), 106. 
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all eases· of tautomerism whieh involve the separation of a eation (ineluding the 
special ease of prototropy when the eation is a hydrogen ion), whereas the 
eorresponding term "anionotropy" was suggested for tautomerie ehanges in 
whieh the migrating group separates as an anion. The ehanges involved are simply 
represented by the following sehemes, aU of whieh refer to triad systems. 

Cationotropy x = y-z-M ;;:.:.~ :M: + f~.y rz 1 (Prototropy, 

f\ f\ J' M = H). 
M-x-y=z + -.. i .. 

~ M+x--y·····z 

Anionotropy - 1.1+ I a=b-e-A~A+a b---e 

- + ri 
A-a-b=e .• :..-~A+a-b e 

It is now generally reeognised that resonanee oeeurs between the struetures whieh 
represent the ions derived from eaeh tautomeride. An intermediate ion of a lower 
energy state is formed and this (termed a "mesomerie" ionl ) is eonsequently more 
stable than either of the individual struetures. For the generalised eationotropie 
and anionotropic systems given above such mesomeric ions would, on INGOLD'S 

. f\ f\ r-' 
symbolism,2 be denoted as x I. y '. z and a- b . e respectively, where the 
curved bond sign denotes the distributed electron duplet. 

Owing to the presence of the mobile hydrogen, prototropic isomerides are 
acids, although often extremely weak ones, and it follows from the theory of 
resonance that both isomerie acids eorrespond to one and the same base (the 
mesomerie ion) with an electronic configuration intermediate between those of 
the two acids. The velocity of prototropic changes is thus controUed by slow 
ionisation of the hydrogen atom as a proton, and the significance of acid and 
particularly of basic catalysts is evident, since these catalysts, which are known 
empirically most actively to facilitate prototropy, are those whieh would be 
expected to be most effective in assisting hydrogen ionisation. There is clear 
experimental evidence that the velo city of tautomeric interconversion is reduced 
to quite a small order of magnitude by the careful exclusion of aU possible 
catalytic impurities. Thus by non-ebullioscopic distillation, RIeE and SULLIVAN3 

obtained a sampie of ethyl acetoacetate (containing approx. 40% enol) with 
a half-life period of approx. 500 hrs. Addition of piperidine in a concentration 
of only 4 X 10-5 increased the velo city of iso'merisation of this sam pie 11400 times. 
The most striking evidence, however, is that due to LOWRY who was able to 
effect the "arrest" of the mutarotation of nitrocamphor4 in chloroform for 
16 days, al1d of tetramethyl- and tetra-acetyl-glucose5 in ethyl acetate and even 
in dry pyridine6 for prolonged periods. In such cases addition of a drop of acid 
brought about immediate and rapid mutarotation. Such results constitute strong 
evidcl1ce for the view that a catalyst is l1ecessary to effect isomerisation, but it 
must not bc overlooked that, from its very nature as a weak acid, a tautomerie 

1 IN GOLD : J. ehern. 80e. (London) 1933, 1120. 
2 ehern. Reviews 15 (1934), 253. 
3 J. Amer. ehern. 80e. 50 (1928), 3048. 
, J. ehern. 80e. (London) 75 (1899), 211. - LOWRY, MAGSON: Ibid. 93 (1908),119. 
6 LoWRY, RICIIARDS: Ibid. 127 (1925),1385. - LOWRY, ÜWE:lI: rroe. Roy. 80e. 

(London) 119 (1928), 505. 
G LOWRY, FAULKXER: J. ehern. 80e. (London) 127 (1925), 2883. 
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compound might, at least theoretically, catalyse its own isomerisation. Thus 
glucose is adefinite although very weak acid (ka20 = 6,6 X 10-13) and should 
obviously be capable of catalysing its own mutarotation either by means of the 
molecule (as an acid) or its anion (as a base). The catalytic activity of the glucosate 
ion in the mutarotation of glucose in alkaline solution has been definitely esta­
blished.1 It is perhaps significant that BAKER2 observed that specimens of tetra­
methyl- and tetraacetyl-glucose which exhibited arrests in purified solve~ts at 
the ordinary temperature or even at 44 0 , mutarotated rapidly when fused in 
the same apparatus in which the arrest was originally obtained. As LOWRY and 
Sl\UTH3 have pointed out, however, the activity of any minute, unsuspected 
traces of catalysts would be enormously increased at the much higher tempera-
ture.4 . 

LINSTEAD5 discusses another mechanism which, from time to time, has had 
many advocates, viz. that which assumes initial addition of the catalyst molecule 
at an unsaturated linking followed by fission in another direction to give the 
isomeride. The classical example of this type is, of course, the interconversion 
of the isomerie di-isobutylenes observed by BUTLEROVS and explained on the 
assumption of an equilibrium between the two hydrocarbons, water and the 
corresponding alcohols. Although such mechanisms have been generally rejected, 
LINSTEAD suggests that they may have limited application to the three-carbon 
prototropic system.7 It is found that the Li"'-ßß-dialkylacrylic acids are converted 
with exceptional ease by sulphuric acid at room temperature into the lactones, 
which must be produced via the intermediate isomerisation to the LiD-acids. The 
corresponding unsubstituted Li"'-aeids are, however, unehanged under these con­
ditions although under conditions of alkaline catalysis they are much more mobile 
than are the ßß-dialkylated derivatives. The known increased additive power of an 
ethylenic linking to which a gem-dialkyl group is attached8 is invoked to explain 
these results, the formation of the lactone being represented by the following 
scheme: 

R', 
,'Co CH2 • C02H 

R'CH' 

R' ", 
,C·CH2 ·COaH 

/ ' , 

R·CHa HS04 

R' . CH· CHz" 

~ I ;CO, 
R'CH-O' 

=_Ha~O~ 
~+ HaSO, 

thc irreversibility of thc last rcaction determining the general direction of the 

1 EULER, ÖLANDER: Z. anol'g. allg. Chem.102 (1926),113. - S~!ITH: J. ehern. Soe. 
(London) 1986, 1824; 1987, 1413. 

a Ibid. 1928, 1583, 1979. 
3 "Mutarotation" Union Internationale de Chemie, p. 35. Paris, 1931. 
4 The eonelusions of LINSTEAD and NOBLE: J. ehem. Soe. (London) 198.,1" 610, 

614, are open to the same objeetion. - CL also LINSTEAD: Ihid. 1980, 1603. 
6 LINSTEAD, NOBLE: 1. e. 
8 Liebigs Ann. Chem. 189 (1877), 76. 
7 Such meehanisms are espeeially pertinent in the consideration of the isomerisa­

tion and eyelisation of hydroearbons effeeted by aeid reagents, often under fairly 
drastie eonditions. Although such ehanges involve hydrogen migration with eon­
eomitant valeney redistribution they have not been ineluded in this seetion on proto­
tropie change but are dealt with separatelyon p. 94. The more drastie eonditions ne­
eessitated by the absence of any aetivating groups in the rnoleeule opell up possi­
bilities of different rneehanisrns and justüie this otherwise arbitrary dist.inetion. 

8 C. K. INGOLD, E. H. INGOLD: J. ehern. Soe. (London) 1981, 2354. 
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change from left to right. KON and NARGUND1 found similarly that esters of the 
ßß-dialkylacrylic acids are very mobile in the presence of alcohol solutions of 
mineral acids although they are comparatively inert towards basic catalysis. 
The acid catalysed conversion of the JIl_ into the J"'-ester is dependent upon 
the concentration of the catalyst and is independent of the concentration of the 
tautomeride, and isomerisation is again assumed to occur (with a hydrogen 
halide catalyst) through the intermediary of the unstable tertiary halide. Inciden­
tally the inertness towards basic catalysis is in harmony with the characteristic 
electronrepelling effects of alkyl groups which will make the sepa~ation of the 
mobile proton more difficult (cf. p. 52,62). In further studies of acid catalysis of 
the prototropy of various ketones and esters KON 2 found that the order of 
catalytic efficiency (for ketones) is HCI > H 2SO. > H 3PO •. The acid-catalysed 
equilibrations were carried out at 100° and hence the data are not comparable 
with those obtained in the base-catalysed changes, which were effected at 25°.3 

It is possible that the more specific mechanisms which have just been consi­
dered may apply in certain cases but, if so, such reactions cannot strictly be 
classed as prototropic changes. The action of catalysts in effecting the removal 
of hydrogen in true prototropic changes must now be considcred. 

It has been noted that, according to modern theory,' prototropic change is 
controlled by the slow ionisation of hydrogen, the removal of the proton to 
produce the organic anion and the recombination of the latter with a proton to 
eonvert it into the isomerie mole eule being regarded as consecutive molecular 
processes. It is catalysed by both acids and bases. The funetion of abasie catalyst 
is direet attaek at the proton in the substrate, whereas that of an acid is to 
donate a proton to the substrate, but in either ease the ultimate effeet is to assist 
the removal of the mobile hydrogen from the tautomerie substanee. It 8eems 
probable, therefore, that the meehanism of eatalytie action would be different 
in the two types of eatalysis. BAKER5 has emphasised that eatalysts might there· 
fore be expeeted to be of t\'iO kinds: 

1. Those ",hieh, beeause of their high proton affinity, attaek the ionising 
proton direetly, such as anions of weak acids, water, and aU other ba ses : 

v" (-, 
X I Y'i' Z I H OH . 

2. Those which faeilitatc the liberation of the proton indirectly by eleetro­
strietion or addition to the substrate in such a way as to augment the positive 
field, and hence the internal attraction on ifS shared electrons, anmnd the atom 
from ",hieh the hydrogen separates as a positive ion. Such catalysts are the 
eations of weak bases, water and aU other acids. 

+ y" r-=--: 
H X .. Y···!·Z-'-H. 

The direet rnechanism would be expected to be the more effective and it is 
weIl known that the most powerful catalysts for a prototropic system of intrinsi­
cally low mobility are anions of high co-ordinating power, that is, of strong 
proton affinity, such as hydroxide or alkoxide ions. Catalytic e!ficiency should 

1 .J. ehern. Soe. (London) H13t, Ü23. 
2 .J. ehern. Soe. (London) 1931, 248. 
3 CL KON, LINSTEAD, MACLENNAN: J. ehern. Soe. (London) 1932, 2454. - KON, 

LIXSTEAD: Ibid. 19211, 12ü9. - KON: Ann. Rep. ehern. 80e. (London) 29 (1932), 138. 
1 INGOLD, SIIOPPEE, THORPE: J. ehern. Soe. (London) 1926, 1477. 
5 .J. ehern. Soe. (London) 1\128,1583; 1979. - CL LOWRY: Ibid.12i (1925), 1371. 

-- LAPWORTH, HAXX: Ibid. 81 (1902),1508. 
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thus diminish with increasing stability of the catalytic anion_ From our knowledge 
of the electron-repelling character of alkyl groups it is to be expected that the 
accumulation of such groups in the alkoxide ion will decrease the toleration of 
tbe atiached oxygen for a negative charge_ Tbe series 

Me....". Me ~ -Me _ C _ 0, CH _ 0, Me _ CHs _ 0, Me _ ° 
Me- Me-

will thus represent the order of increasing anionic stability and hence of de­
creasing catalytic efficiency for prototropy _ This concIusion has been experi­
mentally verified.l Thus the individual isomerides in systems of the type 

OMe· CsH.· CH: CY . CH2Ph ,-0::': OMe· CsH.· CH2 • CY: CHPh 

(Y = H, C02H, or C02R) 

are unaffected by hydroxyl ions, but are slowly interconverted by methoxide 
ions, and more rapidly by ethoxide ions, whilst the velocity of interconversion of 
cyclohexenyl- and cyclohexylidene-acetone, catalysed by equivalent concentra­
tions of various alkoxide ions, decreases in the anticipated order2 OPrl > 
OPr'" > OEt > OMe. Further examples are given later (p. 77) in the more 
detailed discussion of the catalysed mutarotation of the sugars. 

According to the above mechanisms catalysts, either acid or basic, function 
by a bimolecular mechanism. 

A different mechanism for the function of catalysts in promoting prototropic 
change was advanced by LOWRY,3 based, more particularly, on his experimental 
investigations in the field of mutarotation. LOWRY'S observations that mutaro­
tation could be arrested for long periods when catalysts are carefully excluded 
have already been cited (p. 54), and LOWRY and FAULKNER' found that although 
the mutarotation of tetramethylglucose could be arrested in pyridine, which is 
both an ionising solvent and a base, and is extremely slow in the acid cresol, 
a mixt lire of one part of pyridine with two parts of cresol is twenty times more 
active than water as a catalyst for the mutarotation of the sugar. This obser­
vation was regarded by the authors as strong evidence in support of the thcory 
that two catalytic entities, one a proton acceptor and the other a proton donator, 
are essential in bringing about prototropic change, but such an argument ncglects 
the presence of the very highly catalytic cresoxide ion resulting from the formation 
of pyridinium cresoxide which is almost certainly present undcr such conditions. 
LOWRY'S theory postulates a termolecular mechanism in which the two catalytic 
cntitics attack the substrate simultaneously, one, the proton acceptor (the base), 
removing a proton from one point in thc moleeule, whilst the other, the proton­
donator , simultaneously adds a proton at another point, the resulting electrical 
charges being neutralised by a How of valcncy electrons through the moleeule, 
prototropic change thus being figured as a sort of electrolysis of the moleeule. 
On this view thc only complete catalysts for prototropic change are amphoteric 
solvents, such as water, which are capable of acting both as a proton-donator 
and a proton-acceptor. Represcnting the two prototropic isomerides a.s HS and 
HH, respectively, the combined action of the acid HA and the base B may be 
represcnted by the scheme 

+ 
B + H-S + H-A :,:...~ BH + SH -+- A 

1 I:SGOLD, SHOPPEE: J. ehern. Soe. (London) 1\,2D, 447; 1\'30, 968. 
2 KON, LI:SSTEAD: Ibid. (1929), 1269. 
3 lbid. 127 (1925), 1371. 
4 Ibid. 12; (1925), 2883. 
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and the change in pure water by the scheme 
+ -

HOH + HS + HOH "'"~ H 30 + SH + OH. 

An attempt was 'made to decide between the bimolecular and termolecular 
mechanisms by an experimental investigation of the effect of structural influences 
on the velocity of mutarotation of various sugar derivatives.l Applied to this 
isomerisation LOWRY'S mechanism for the simultaneous attack of an acid and 
'Vater may be represented as folIo ws : 

HO 
I 

O-CH " / (C), 

HCI 
H 20-+ 

° 11 

---> H-O" /CH 
(0), 

and, presumably, a similar mechanism would apply to the mutarotating nitrogen 
sugars in which the group . OH in the cyclol form is replaced by . NHR. In these 
compounds the group R can be varied and, on LOWRY'S theory, the facility of 
the change should depend on the extent to which it collaborates with the proton 
acceptor, that is, the extent to which it facilitates the ionisation of the attached 
hydrogen atom. This, in turn, may be deduced from the strengths as acids of 
the compounds R·C02H or R·OH and, for the groups R which were investi­
gated, should be as folIo ws : 

'CsH,Br(CI)-p> ·C6H 5 > ·CsH,Me.p > ·CsH,(OMe).p. 

On the other view the attack of an acid catalyst would be indireet and would 
operate at the most basic portion of the moleeule. 

6+ + + 
H--NR H H NR] NR 

,", '-.> -> 11 --+ 11 y 

0" CH ° " /CH 
HO, CH 

/ " / (C), (C), . (C), 

The stronger the basic properties of the unshared nitrogen electrons the closer 
will the polar catalyst approach; the greater the positive field thus induced 
the smaller will be the reaction of the valency electrons on the nucleus of the 
mobile hydrogen and the greater its ease of separation as a proton. Thus, on 
this view, the strengths of the compounds RNH2 as bases should determine 
the relative veJocities of mutarotation, a sequence which is the reverse of that 
given above. 

·CsH,·OMe-p> 'CsH,Me-p > 'CSH 5 > 'CsH,Cl-p > ·CsH,·Br-p. 

The following table summariscs the results obtained for the velocities of mutaro­
tation of aseries of tetra-acetyl- and tetramethyl-glucosidylanilides. 

The velo city sequence is obviously that requircd bythe bimolecular mechanism. 
Although the strengths of the five primary bases vary over a range of 1: 15 
and the coefficients for the velocities of mutarotation of thc corresponding 
sugar anilides under constant catalytic conditions vary as 1: 30, yet the ratios 
of the two constants are closely grouped around a common value. PEDERSEN2 

1 BAKER: 1. c. and J. chern. 80c. (London) 1929, 1205. 
2 J. physic. Chern. 38 (1934), 581. 
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has used DAWSON'S 

experiments on the pro­
totropy of acetone as 
the basis of a simple 
and eonvineing proof 
that the bimolecular 
mechanism applies in 
this case also. It is 
pointed out that the 
experimental results on­
ly agree with LOWRY'S 

termolecular mechanism 
if water, in constant 

Velocity coellicientB 01 a serie8 01 tetra-acetyl- (I) and tetra­
methyl-(II) glucosidylamines 01 the type 

0-- ·--CH·NH·CsH,·X-p 

:_{ CH(OR)h-.J 
under standard eonditions of aeid (HCI) eatalysis. 

x 

Br ....... . 
Cl ........ . 
H ....... .. 

Dlssoclation const. Vel. coelT~~lent 
of p-X.CeH •• NH. k (hrs. ) 

Ratio 
klKB >. 10'· 

as base KB 10'0 (U-r (II) - - . (I) 1- (II) 

1,0 
1,5 

I 

2,00 i 0,39 
2,74 I 0,46 
7,76 : 1,30 

concentration, is always Me ....... . 
one of the two catalytic OMe ..... . 

4,6 
11,0 
15,0 

29,60 I 4,12 
45,90 112,10 

2,00 I 
1,83

1

1 

1,69 
1,97 I 
3,06 I 

0,39 
0,31 
0,28 
0,38 
0,77 

entities. Thus in 0,1 M 
acetic acid-O,I M sodium acetate solutions the catalysis by the water 
moleeule, the acetate ion, and the acetic acid moleeule, must be represented 
as folIows. 

1. "Vater moieeuIc .......... . 
.2. Acetate ion ............. . 
3. Acotic acid moleoule ..... . 

I Proton 
Donat<>r 

Proton I ltel. 
Acceptor velocity 

H 20 + RH + H 20 
H 20 + RH + AoO' 

AcOH + RH + H 20 

1 
61 
18 

The relative velocities of 1 and 2 show that when the substrate receives a proton 
from water the acetate ion effects its removal much more rapidly than does 
water. The velocities of the reactions 1 and 3 show that when water, and hence 
probably the acetate ion also, acts as the proton acceptor, the substrate receives 
a proton from acetic acid more rapidly than from water. It follows therefore 
that the catalysed reaotion HAc + RH + AcO' should have a greater velocity 
than any of the above: Actually it is not possible to detect this reaction. 

It thus appeared that the evidence was strongly in favour of the bimolecular 
theory, which became generally accepted, but recent evidence has been forth­
coming to indieate that LOWRY'S termolecular mechanism has a certain range 
of validity. Appreciation of this evidence requires an understanding of the inter­
relationships between prototropic ohange and other processes which also depend 
on hydrogen ionisation, such as racemisation, the bromination of carbonyl 
compounds and deuterium exchange reactions. Collectively these relationships 
have been excellently summarised by WILSON,l but the present purpose is to 
review the subject more especially from the stand point of the function of acid 
and basic catalysts and to indicate the correlation of catalytic activity in these 
superficially diverse reaetions on the basis of the fundamental mechanism of 
hydrogen ionisation. 

2. Racemisation. 
The relationships between the velo city of tautomerie interconversion and of 

racemisation with respect to asymmetry centred at the seat of ionisation will 
be considered first. The earlier evidence was of a qualitative character. That 
the presence of an ionising hydrogen attaehed to the asymmetrie centre is a 

1 Trans. Faraday 80e. 34 (1938), 175. 
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necessary condition for racemisation is shown by the observation that, unlike the 
halogeno-sulphonic acid derivatives of acetic acid CH(Hal)(S03H)· C02H, acids 
of the type CMe(Hal)(S03H)·C02H are not racemised.1 INGOLD and WILSON2 

found that in the prototropic system 

the optically active modification of A always gives the racemic modification 
of B (the asymmetrie centres being denoted with an asterisk) and that the velocity 
of racemisation is exactly that calculated on the hypothesis of racemisation 
by tautomerism.3 On the basis of the ionic mechanism of tautomerie change 
this seems to mean that racemisation accords with the scheme 

A ions B 
activc. active. inactivc. 

and not with the scheme 
A ~- ions ~- B 

active. inactive. inactivc. 

Thus the intermediate ion, if it is euer kinqtically frl'.e, must retain asymmetry. 
This point will be considered further later. WILSON4 has summarised the available 
evidence which shows that the speed of racemisation and prototropic inter­
conversion are subject to the same constitutional and catalytic influences. It 
has been noted that basic catalysts which function by the direct removal of the 
mobile proton, are more effective than are acid catalysts in promoting proto­
tropic changes, and that efficiency increases with their increasing proton affinity. 
The same holds good concerning racemisation. It is weIl known that amino­
acids formed by alkali ne hydrolysis of natural proteins are much more extensively 
racemised than are those which result when acid hydrolysing agents are employed. 
FITZGEltALD and PACKER5 studied the velo city of racemisation of l-trans-IX-, y­
dimethylglutaconic acid under conditions of both acid (HC1, H 2S04 ) and basic 
catalysis (KOH, H 20) and found that the catalytic catenary was represented 

-I-
by the equation k = 1,5 X 10-2 + 4 X 109[OH'] + 4 X 1O-2(H30]. The first 
term includes catalysis by water and glutaconic acid molecules (any catalysis 
by the glutaconate ion being neglected), and the equation shows clcarly the 

-'-

relationship OH' > > H}» H 20 for catalytic efficiency, the ratio of the catalytic 
cocfficients of hydroxyl and hydrogen ions being approx. 1011 : 1. McKENZIE 
and WREN6 found that the racemisation of l-mandelic acid or of its ethyl ester 
is much more rapid in the presence of alcoholic sodium hydroxide (OEt' as cat­
alyst) than in aqueous alkalis (OH') of thc same concentration and similar rcsults 
were obtained in the casc of l-phenylanilinoacetic acid. 7 d-Mandelonitrile racemises 
only slowly in the presence of methyl alcohol but does so instantly under the 

1 BACKElt, MOOK: Reeueil Trav. ehim. Pay;;·Ba;; 47 (1928), 464. 
2 J. ehern. Soc. (London) 1933, 1493. 
3 Idern ibid. 11)34, 93. 
4 Ibid. 1934, 98. 
5 Ibid. 1933, 595. - CL :~V[CCO)IBS, PACKElt, TnORPE: lbid. H13t, i)4i. 
6 Ibid. 115 (1919), 602. 
, McKENZIE, BATE: Ibid. 107 (1915), 1681. 
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influence of a trace of potassium ethoxide.1 AHLBERG2 found that the acid 
catalysed racemisation of d-ex,ex'-sulpho-di-n-butyric acid is at a maximum 
in 0,1 M hydrochloric acid, corresponding to approximately 28% of the unibasic 
ion, and decreases continually as the hydrochloric acid concentration is increased 
to 2,0 M. These results are explicable on the assumption that the catalytic 
activity" of the more basic anion C02H· CHEt· S02' CHEt· CO' 2 is greater than 

+ 
is that of the HaO ion, the concentration of the former being diminished by 
increasing concentration of hydrochloric acid owing to repression of the ionisation. 

It is known that the order in which different groups X, in the compound 
RIR2CHX, should affect prototropic mobility is CO'2 < CO·NH2 < C02H < 
< C02R < COCI < COR < CN.a This series may be compared with the following 
data concerning speeds of racemisation. The position of the group CO'2 is shown 
by the observations of BULL, FITZGERALD, PACKER and THORPE4 that the speed 
of racemisation of l-trans-ex,y-dimethylglutaconic acid in the presence of increasing 
concentrations of potassium hydroxide first increases rapidly to a maximum 
which corresponds with the position of half neutralisation and then falls to a 
minimum when all the acid has been convcrted into the normal salt, "the rate 
of change of the undissociated glutaconic acid being 4·5 X 105 times as great 
as that of the doubly ionised normal salt ions. AHLBERG5 similarly found that 
the velocity of racemisation of d-ex,ex'-sulpho-di-n-butyric acid with sodium 
hydroxide gives a flat maximum corresponding to one eighth neutralisation, 
further increase in the proportion of base causing a continual decrease whieh 
be comes linear after one-quarter of the acid is neutralised, the velocity of racemi­
sation of the dibasic ion being almost zero. Concerning the amido-group, McKENZIE 
and SMIT~ found that in the partial hydrolysis of l-mandelamide by alkalis thc 
residual amide is much more strongly racemised than is the mandelic acid 
recovered from the potassium salt formed. The position of the C02R group in 
the above series is similarly illustrated by thc observation that in the partial 
(alkaline) hydrolysis of ethyll-mandelate the unhydrolysed ester has undergone 
more extensive racemisation than the acid "resulting from the hydrolysis.7 Accor­
ding to GADAMER8 ethyl d-tropate is racemised by alkalis, whereas sodium d­
tropate is optically stable. ASHLEY and SHRINER9 have shown that the period 
of half-change of l-ex-benzenesulphonylbutyric acid in alcohol at 27 0 is 1350 hours, 

1 S~IITH: Bel'. dtseh. ehern. Ges. 6,1, (1931), 42i. 
2 Ber. dtseh. ehern. Ges. 61 (1928), 817. 
3 Cf. INGOLD, SHOPPEE, THoRPE: J. ehern. Soe. (London) 1926, 1477. - ßAKER: 

Tautomerism, p. 44 et sequ. London, 1934. 
4 J. ehern. Soe. (London) 1934, 1653. 
5 1. e. Ineidentally the author assurnes that raeemisation oeeurs through the 

intermediate enol C02H·CHEt·S02H: CEt·C02H, but this its impl'obabl(' on the 

++/ ° basis of the known dipolar strueture -8, of the tsulphonyl group. The reaetion 

'6 
more probably involves the direet removal of the mobile hydrogen to gi\'e the meso-

merie ion C02H'CHEt'S02'Ö~-C 6. 
I 
OR 

6 J. ehern. Soe. (London), 121 (1922), 1348. 
7 McKENZIE, WREN: Ibid. 115 (1919), 602. 
8 Chemiker-Ztg. 3,1, (1910), 1004. 
9 J. Amor. ehern. Soe. ii4 (1932), 4410. 
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whereas the corresponding time for the ester of this acid is 80 hours. Again 
KJpPING and HUNTER1 observed that whilst benzylmethylacetic acid has con­
siderable optical stability, its chloride becomes racemised with great facility. 
The position of the cyano group is illustrated by a comparison of the facile racemi­
sation of d-mandelonitrilez (Ph·CH(OH)·CN) with thewell known optical 
stability of the benzoins (e.g. PhCH(OH)·CO·Ph).3 

The same parallelism occurs in the polar effects of the groups RJ, and RZ 
on the velo city of tautomerie interconversion and of racemisation. If these groups 
are of the electron release type they will give rise to an accumulation of negative 
charge at the asymmetrie carbon. In base catalysed racemisations such electron­
release will diminish the ionising tendency of the hydrogen and also oppose the 
approach of the negatively charged hydroxyl ion; both factors thus retard racemi­
sation, the velocity of which should diminish with increasing electron-repulsion 
of the groups RIRz. Conversely racemisation will be facilitated when the groups 
RIRz are of the electron-attracting type. 

H HO H-OH 
Rl f Rl f\ f\ 

"" 6- ".- . -} 
C-C=O -+ C~C-,O 

/ I R'/ I R" 
OH OH 

AHLBERG4 found that under comparable conditions of basic catalysis thc half­
life periods in the racemisation of aseries of acids of the type SOz(CHR·COzH)z 
are: 

It = )Ie 

Half-life (hours) ......•..•. 1,3 
Et 

2,75 
PrP 
50 

which shows the sequence of facilitation to be Me > Et > Prll . Thc results 
of LEVENE and STEIGLER,5 who found the following values for thc degree of 
raccmisation of monosubstituted diketopiperazines in the presence of alkali,-

C·substituCIlt Ph eH,ph co· NH. p-O' C.H,· CH. 

Hacernio;ation % ...... 100 92 82 10 

are intelligible on the same basis, and FITGER6 has recorded data for the raccmi­
sation of acids of the type HOzC· CHRl. SRz from which it is possible to derive 
the scqucncc Ph> 'CHz'COzH > Me> ·CHz·CO'z > Et representing the 
influence of groups in facilitating racemisation by the basic mechanism. The 
cHect of the introduction of an electron-repelling alkyl group at a point relativcly 
distant from the asymmetrie centre is illustratcd by thc much more rapid racemi­
sation of l-mandelamide than of its N-ethyl derivative, the half-change periods 
being 4 and 25 days, respectively, under identical conditions of alkaline catalysis.7 

The following examples iIlustrate the anticipated effect of electron-attracting 
substituents. Tbe action of an ammonium pole is exemplified by FISCH~JR'S 

1 J. ehern. Soe. (London) 83 (1903), 1009. 
" McKENZIE, SIIIITH: I. c. 
3 Cf. MCKENZIE, ROGER, WILLS: Ibid. 1926, 779. 
4 I. e. 
5 J. bio!. Chemistry 86 (1931), 703. 
6 Raeernisierungserseheimmgen. Lund, 1924. 
7 McKENZIE, SIIIITU: J. ehern. Soe. (London) 121 (1922), ]348. 
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observationl of the very rapid racemisation of the salts of ethyl l-lX-trimethyl 
ammoniumpropionate. Dihydrocarbostyril-p-carboxylic acid,2 ethanesulphonyl­
acetic acid, and lX-cyanopropionic acidS each form only a single salt with an 
appropriate alkaloid and in the case of the last named the free acid cannot be 
liberated from its salt without complete racemisation. The similar, although weaker, 
effect of the halogens is illustrated by the results of McKENZIE and SMITH" 
which establish the order X = Cl > Br > > OH for the effect of these groups 
on the velo city of racemisation of esters of the type PhCHX· C02R. In acid­
catalysed hydrogen-ionisations and racemisation the function of the catalyst 
is presumed to be indireet and to assist the polarisation of the carbonyl group 
by electro-striction at carbonyl oxygen 

H 

!) n + 
R1 -~ C---C~O --H ---+ 

t I 
R2 OH 

RLC=C-OH + H 
I I 

R 2 0H 

Such polarisation of the carbonyl group will be facilitated by the electron-rclease 
character of the substituents Rl, R2 and, under the influence of acid catalysis, 
the facilitating effect of substituent groups upon racemisation should bc greater 
the greater is their capacity for electron release. BACKER and MULDER,5 in an 
investigation of the acid-catalysed racemisation of the compounds As03H 2 ·CHR· 
. C02H, found the anticipated sequence R = Pr'" > Et > Me for the faeilitation 
of racernisation, the reverse of that noted above for base-catalysed reactions. 

The dual polar character (± T) of aryl groups, to which their unique capacity 
to promote both prototropy and anionotropy is due, should also bc traceable 
in a capacity to facilitate racemisation by either the acid- or base-catalysed 
mechanism. McKENZIE6 has often asserted that for fa eile raceniisation thc system 
Aryl' CH . CO must be prcsent, as witness, for example, the much greater optical 
stability of active lactates and tartra1;es than of active mandelates. l-Phenyl­
sulphoacetic acid CHPh(SOsH)· C02H is easily ra.p,emised at the ordinary tem­
perature7 whereas (X-sulphopropionic acid, CHMe(SOsH) ·C02H, is stable.8 Aetive 
phenyl-p-tolyacetie acid is extremely labile9 and the high activating power 
of phenyl is also illustrated by the results of LEVENE and STEIGLBR quoted above. 
These authors also provided evidence of the faeilitating effeet of phenyl in the 
add catalysed racemisation. 

Data such as these clearly substantiate the hypothesis that both racemisation 
and tautomerie change are dependent upon the ionisation of the hydrogen from 
the asymmetrie centre, and we can now return to the question of the kinetic 
status of ionic intermediates in prototropy and its bearing UPOIl the mechanisrn 
of acid and base catalysis. 

In the intereollversion ::: 
A c.--=- Z ,c~ B 

active 

1 Ber. dtseh. ehern. Ges. -10 (1907), 5005. 
2 LEUCHS: Ibid. li4 (1921), 830. 
a FITGER : op. eit. 

inactiY<' 

• Ber. dtseh. ehern. Ge8. 58 (1925), 906: J. ehern. 80e. (London) 123 (1923), 1964. 
• Proe., Kon. Akad. Wetp,nseh. Arnsterdarn 31 (1928), 301. 
6 J. ehern. 80e. (London) 117 (1920), 680; ehern. and Ind. 50 (1931), 928; Ber. 

dtseh. ehern. Ges. 58 (1925), 894. 
7 BRUST: Reeueil Trav. ehim. Pays-Bas 47 (1928), 153. 
S FRANCIIIMONT, BACKER: Ibid. 39 (1920), 751. 
9 McKENZIE, Wumows: J. ehern. 80e. (London) 115 (1919), 602. 
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it is possible to determine, independently of the loss of optieal activity, the 

rate of conversion of A ~ Band B ~ A (inactive). If no optical activity is lost 
at any inter mediate state (Z) in passing from A to B then the rate of racemisation 

should be the rate at which the system can traverse the cycle A ~ B ~ A. If, 
however, optical activity is lost in some intermediate state Z then racemisation 

can occur by the sequence A -~ Z --->- A and since only a fraction of Z passes 
into B, so me undergoing reconversion to A, it follows that the rate of racemisation 
of A must be faster than the rate of interconversion of the two isomerides, unless 
the rate of convcrsion of Z --->- B is exccedingly great compared with the rate 
Z --->- A. The velo city of interconversion of the following pairs of methylenazo­
methines, so chosen to make the incidence of the last condition extremely impro­
bablc in this thermodynamically balanced system, was determined by chemical 
means and, at the same time, the loss of optical activity was followed in the 
usual manner.1 WR2CH·K:CR3R4 ~ RIR2C:N·CHR3R4. 

Rl=R2=Ph, R3=Me, R4=p-CIC6H •. 

Rl=R3=R4=Ph, R2=Me. 

R2=R3=Ph, W=p-Ph·CsH.·, 

(al 

(b) 

(el 

With sodium ethoxide as thc catalyst it was found that, in all cases, the rate 
of raccmisation is the same as that calculated from the rate of tautomerie intcr­
conversion. Hence in none of the eases studied is the meehanism of tautomerie 
interchange such that optieal aetivity is lost in any reversibly formed inter­
mediate state. On the basis of aeeepted views the mesomerie ion, if kinetieally 
free, could not rctain asymmetry, sinee it possesses the symmetrieal eonfiguration 

'" (\ (\ / 
C---.LNJ C 

/ '" 
It folIows, thcrcfore, that at no stage in the tautomerie interconversion is the 
mesomerie ion set free, but that in these eases LOWIW'S tcrmoleeular eatalytie 
mechanism must apply. Restoration of the proton to the new position is eommeneed 
before thc removal of the proton from the original position is eompleted.2 

+ (~ 

(OEt Na. OEt 
~ 

OEt Na OEt 
"- -> "- : I 

H H --->- H H 
",--I ,-> / 
C-Y-NC 

/ '" '" / 
/C N-C 

'" 
In aseries of triad prototropie systems of deereasing acidity there is thus some 
point at whieh the acid or basic eatalyst eeases to function by the bimoleeular 
meehanism and at which LOWRY'S termoleeular meehanism comes into play. In 
the more aeidie portion of such aseries the intermediate ions have kinetie in­
dependenee, but after the mechanistie transition this is no longer the ease. Ex­
perimental evidence gives some indieation of the position of this mcehanistic 
transition in the series of triad prototropie systems. The separate existenee of 
the carboxylate anion is axiomatie and the similar kinetic independence of 

1 Hsü, IN GOLD, WILSON: Ibid. 1930, 1778. 
2 Cf. also LINSTEAD, NOBLE: J. ehern. 80e. (London) 1931, 610. 
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the mesomerie enolate ion is further established by the faet that no pair of 
isomerie metal enolates have ever been diseovered. Intcresting evidenee of the 
kinetic independence of the enol ion has recently bcen obtained by KnIBALL1 

from a study of the relative rates of racemisation and cnolisation of l-menthyl 
d-,x-phenylaceto-acetate MeCO· CHPh . CO2(l-menthyl). This system rcprescnts 
one in which the thermodynamic stability of the enol is eomparable with that 
of the keto-form and henee only a fraction of thc ion formed by the Rio,," ioni­
sation of the 1p-acid will be eonv,Tted into the enoI. If the intermediate ion ha~ 
kinetic independence the veloeity of racemisation ShOllld bc grea ter than 
that of enolisation. KIMBALL found that under eonditions of basic cata­
lysis the asymmctry of thc ,x-carbon is lost thrcc tim es as fast as the enol iH 
produced. 

An intcresting casc ariscs when cnolisation may ocellr by ionisation of hy­
drogen from either of two carbon atoms adjacent to the earbonyl group, only 
one of which is an a,symmetrie centre, i.c. in aetive ketones of the type 
w .. 

CHRIR2·CO·CH2R3. In such cases ionisation of the hydrogen attaehed to C 
must involve raeemisation but halogenation may occur either by ionisu,tion of 
this hydrogen or of the one attaehed to the non-asymmetrie earbon. The velocity 
of halogenation may then cxeeed that of raeemisation. This was established by 
BARTLETT and VINCENT2 in the ease of l-menthone. 

:Me2CH Mo 2CH Me2CH 
I I I 

*C *CH *CH 

/ "'" /.1 "- / " H 2C C'OH --_ .. - ---- -- -'- H 2C;; "co -, H 2C C·OH 
I I Iodination I I ~1.odinati~1l I 11 

H 2C", /CH 2 
and H 2CH 2CH 2 without H 2C", eH 

raeemisation ',1/ raeemisation / 
CH CH CH 
I 1 1 

Me Me 1\1e 

Under conditions of nitrie aeid catalysis in glacial aeetie acid thc valllO of kmc. 

is 0,00872 whereas kiod. has the value 0,01105. It is not eorreet, as these authors 
assume, to regard the ratio 872/1105 as a measure of the proportion of hydrogen 
whieh ionises from C4 since, as has been shown above, raeemisation may oeeur 
at a faster rate than enolisation. Further examples are providcd by BARTLETT 

and STAUFFER3 who obtained the following results for the racemisation and 
..... 

iodination of ketones of the type R·CO·CHMcEt with 1,19 N nitrie acid in 
glaeial aeetic acid. 

R ~[e 

kiod ......... l,4l 
krac ......... 0,248 

Et 

0,852 
0,l03 

. CH ,Ph cyclohcxyl 

0,324 
0,01l8 

0,0260 
0,Ol83 

In these syst~ms, therefore, the bimoleeular meehanism funetions. In the 
methylene-azomethines and, probably also in the three carbon system, it has 

1 J. Amer. ehern. Soe. 58 (l936), 1963. 
2 Ibid. 55 (l933), 4992. 
3 Ibid. 57 (l935), 2580. 
IIdb. d. Kahlly,e. IL 5 
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been proved that the termolecular mechanism is in operation and hence the 
transition must occur at so me intermediate point in the series: 

decreasing acidity ... ~ 

(H]-O'C:O [H]-O'C:C ... [H]-C'C:C, [H]-C'C:N 
~-----

anions have kinetic indepence. anions have no kinetic independence. 

Bimolecular mechanism. Termolecular mechanisffi. 

The conclusion that the mechanistic function of acids and bases in effecting 
racemisation is essentially that involved in the production of hydrogen ionisation 
and prototropy is thus very firmly established. 

3. Bromination of carbonyl compounds. 
Ketones. 

The velocity of halogenation of compounds containing the group . CH2 • C: 0 
was first shown by LAPWORTH1 to be proportional to the concentration of the 
carbonyl compound, but independent of the concentration of the bromine. The 
re action is catalysed by both acids and bases. LAPWORTH'S conclusion that the 
observed velo city is actually that of enolisation (or, more correctly, as is pointed 
out below, ionisation of thc hydrogen) has since been abundantly confirmed by 
the extensive work of DA WSON and his collaborators2 on the iodination of acetone, 
by WEST3 for the bromination of malonic acid, by PEDERSEN4 for the bromination 
of ethyl acctoacetate and ethyl monobromoacetoacetate, and by the extensive 
investigations of WATSON and co-workers on the kinetics of the bromination of 
pyruvic and laevulie acids5 and of substituted acetones and acetophcnones, to 
whieh further reference will be made. The subsequent intcraetion of the inter­
mediate ion with the halogen is very rapid compared with th,1t of the slow ionisa­
tion of the hydrogen from the 1p-acid. An exception is provided by so me work 
of BARTLETT6 who found that although the rates of bromination and iodination 
of acctone in strongly alkaline solution are identical ami are proportional to the 
OH' ion concentration (the measured velo city being that of ionisation), ehlorina­
tion occurs hundreds of times more slowly than does enolisation, and is regarded 
as a bimolecular reaction between the enol and the OCI' ion. The ionic theory 
of prototropy shows 1p-acidic ketones to be in a peculiar position with regard 
to thc rclation between the rates of ionisation ami enolisation. 7 Whilst the true 
acid (the enol) is converted into and regcnerated from its ions practically instan­
taneously, the 1p-acid (the ketone) yields thc ions, and is reformed from them 
only slowly. Hence a pair of ions, on ce formed from the 1p-acid, has a very much 
greater chance of associating to form the true acid than of regencrating the 
1p-acid. It folIows, therefore, that the rate of enolisation is effectively measured 
by thc rate of ionisation. Reagents which, like the halogens, have bcen assumed 
to removc the enol are alwa.ys thosc whose behaviour, in organic chemistry 
generally, supports the assumption that they act by accepting the electrons of 

1 J. elwm. floc. (London) 8" (1904), 30. 
DAWSO~, CARTER: Ibid. 1926, 2282; et sequ. 

3 Ibid. 12;, (1924), 1277. - CL J\IEYER: Ber. dtseh. ehern. Ges. 4i} (1912), 2864. 
J. ehcm. Physies 3i (1933), 75l. 
"TATSO!>, RUGHES: J. ehern. Soe. (London) 1929, 1945. 

6 J. Amp!". elwm. Soe. ,,6 (1934), 967. 
7 CL WIL~OX: Trans. Faraday Soc. H4 (1938),179. 
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the material attaeked, i. e. they are much more likely to attack the anion than 
to require the preliminary production of the enol. 

l'- + 
C~-C-"-O}H 

~+ Br- ----- Br~-

~ ___ J 

----+ 

BI' BI' 

Substitutions, such as halogenation, whieh have been interpreted as measuring 
the rate of enolisation, may thus be more simply regarded as directly giving the 
rate of ionisation with which, owing to the special character of 1p-acids, the rate 
of enolisation happens to be identical. It folIows, therefore, that data relating 
to the speeds of halogenation under different catalytic conditions, really apply 
to the effect of the catalyst upon the velo city of the initial ionisation of the 
hydrogen from the 1p-acidic ketone. 

It was pointed out by LAPWORTH and HANNl in 1902 that catalysis by acids 
and bases must proceed by two distinct mcchanisms and the two series of changes 
they suggested have, in their essentials, been generally accepted. Adapted to 
modern ideas they may be represented as folIo ws : 2 

In basic catalysis the essential function of the catalyst is to assist the removal 
of the proton by direct attack, 

I [ I ]' B + H'7'((0 . ~ BH -;- ·7·7: 0 ._-e- B -1- ·7: 7' OH 
reactive entity 

In acid catalysis the ketone is converted (as a base) into a salt-like complex in 
which the newly introduced positive field creates sufficient additional attraetion 
on the hydrogen bonding electrons to permit the removal of the tautomerie 
proton by a base which was previously too weak to effect such removal. 

I 
H·C·C:O + HB 

I I 
H·C·C: OH}B 3 

(\ 

B' + H.C·C:C>H}ß 
'1 ~_ 

B'H + C-"-C OH l B .-=:: B'H + C 
-

C-OH + B. 

On the basis of these postulated meehanisms it is possible to predict the relative 
efficiency of catalysts and the effects of substitution on the course of catalysis. 

1 J. ehern. 80e. (London) 81 (1902), 1512. - CL also p. 56. 
2 CL INGOLD, WILSON: Ibid 1934, 773. 
3 'rhe capacity of eal'bonyl oxygen to co-ordinate with a proton (to form an 

oxonium ion) is established by the isolation of the compounds of acetone with halogen 
aeids [ARClIIBALD, McINTOSlI: J. ehern. 80e. (London) 85 (1904), 924], REDDELIEN'S 
addition compound of ketones with nitrie acid and pierie acid [Bel'. dtseh. ehern. Ges. 
4;) (1912), 2904; J. prakt. Chem. 91 (1915), 213], and the investigations of I3AKER 
and his collaborators on complex formation of benzaldehyde, aeetophenone and 
ethyl benzoate with sulphurie and phosphorie acids [J. ehern. 80e. (London) 1931, 
307, 314; 1932, 1226,2917]. CL KEXDALL, BOOGE [J. Amer. ehern. 80e. 38 (1916), 
1712]. It is of intcrest to note that FLEXNER, H_UBlETT, DnwwALL [ibid. 57 (1935), 
2103] fOlmd the -pk' value for aeetophenone = 6,03, wh ich means that in 0,1 M 

+ 
aqueous hydroehlorie acid it would be converted into the eation PhCMe : OH to the 
extent of only onc part in ten millions. 

5* 
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As in all prototropic changes the direct attack upon the ionisation proton involved 
in basic catalysis should render this method the more effective in promoting 
enolisation. This is, of course, in harmony with general chemical experience. 
RICE and SULLIVANI found that the rate of isomerisation of a very pure sampie 
of ethyl acetoacetate (containing about 40% of the enol form) was greatly 
accelerated by piperidine (ll 400 times), ammonia (4000) and pyridine (264), but 
less so by oxalic acid (3,2) or phthalic anhydride (6). CONANT and CARLTON2 found 
that acids are less effective than bases in the promotion of the enolisation of 
benzylphenylacetophenone, the values of typical catalytic coefficients at 26° 
being as folIo ws: 

Catalyst H,SO,-MeOH 
ke •.•....... < 1 

H,SO,-AcOH 
27 

HCl-MeOH 
650 

NaOBu'" 
145000 X 10-5 

The efficiency of abasie catalyst should run parallel to its proton affinity 
and that of an acid moleeule should increase with increasing acid strength. 
Thus, in an extensive investigation of the iodination of acetone catalysed by 
acetic acid-sodium acetate and monochloroacetic acid-sodium monochloroacetate 
mixtures DA ,,"SON and CAgTER3 found the following· va lues for the catalytic 
coefficients of the various entities concerned: 

+ Catalyst OH, 
10· x k .... 442 

AcOH 
1,5 

OAe' 
4,5 

CH,Cl' CO,H 
24 

CHCl,' co,' OH' 
0,12 ca. 10000000 

The results of PEDERSEN4 obtained in an investigation of the catalysis of bromina­
tion of ethyl acetoacetate and of ethyl monobromoacetoacetate by the anions 
of weak acids using a buffered solution containing the acid and its sodium salt 
providc another example. In each case the velo city of bromination is independent 
of the bromine concentration and is thus a measure of the catalysed ionisation 
of the ketone. The data are summarised in the following table, in wh ich kb and 
kB are the catalytic coefficients for the reaction with acetoacetic ester and its 
monobromo derivative, respectively, at 25°: 

Catalyst pair (H' X-X') 

CH 3 · CO zH-CH 3 ' CO; ........... . 

CHz·OH·COzH-CHzOH·CO z'···· . 
CHzCl· CO zH-CH zCl· CO z' ....... . 
H 3PO.-H zPO.' ................ . 
NaHSO.-l:;;o:' ................. . 

12,70 

3,48 
0,983 
0,876 
0,096 

(HzO: 5,62 X 10-4 resp. 6,92 X 10-3) 

210 
53,4 

12,0 
1l,2 

1,5 

The diminution in the catalytic coefficient as the proton affinity of thc anion X' 
decreases (i.e. as thc strength of the acid HX increases) is very obvious. 

These data also illustrate the effect of substitution in the substrate. On the 
postulated mechanism of the basic catalysis of these carbonyl derivatives the 
velocity of ionisation should, for a given basic catalyst, depend on two factors: (1) 
the inherent tendency of the mobile hydrogen to separate as a proton, and (2) 
facility of approach of the catalytic anion (X'). Both these factors should be 

1 J. Arner. ehern. Soe. 50 (1928), 3048. 
z Ibid. 54 (1932), 4048. 
3 J. ehern. Soe. (London) 1926, 2282. 
4 J. physie. Chern. 3i (1933), 751. 
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inereased by the introduetion of an eleetron-attraeting substituent at the methy-
lene carbon, H 

(1) I 
.j-

Br +- CH·C:O 
(2) t I 

X' 

and the electron-attracting inductive effect (- I) of the bromine is elearly 
evident in the consistently greater values of the catalytic coefficients (kB ) for 
the further bromination of the ethyl monobromoacetate relative to those (kb) 

for the unsubstituted parent.l 
Similar data are given by MORGAN and WATSON2 who found that the velocity 

of bromination of p-substituted aeetophenones, under standard conditions of 
catalysis by acetate ions in 75% acetic acid, decreased in the order p-N02 > p­
halogen> unsubstituted acetophenone. Again the introduction of electron­
attracting substituents incrcases the velocity. 

Not only the velo city of enolisation but also the position of equilibrium will 
be affected by thc nature of the catalytic medium. In strongly alkaline solution 
the affinity of the incipiently ionised hydrogen for hydroxyl or alkoxyl ions, 
together with the great stability of the un-ionised water (or alcohol) mole eule 
and of the positively charged metal cation will result in a large or complete 
displacement of the equilibrium in favour of the enol form, the solution containing 
the sodium enolate: 

H RÖ};a 
'\ n -c-y-c·o -)- !\ (' + 

-C-C -O}Na + ROH. 
I I I 

PEDEltSEN3 observed that if an excess of bromine and hydrochloric acid is sud­
denly added to lt solution of ethyl aeetoaeetate in strong alkali (i.e. und er eondi­
tions in whieh it is eompletely ionised) and the exeess of bromine is at onee 
removed by allyl alcohol, then titration in the usual manner always indieates 
the addition of cxactly one moleeule of bromine to the ketonic ester. 

It is, however, undcr the conditions of acid catalysis that the bromination 
of carbonyl derivatives has bcen most extensively investigated. Consideration 
of the scheme for acid catalysis givcn on p. 67 shows that either the entity 

H·C·C:O, HB or its ion C·C:O, HB may be the reactive intermediate, and the 
velocity of halogenation may bc controlled either by thc formation of the complex 
or by its ionisation, or both.4 Unlike the conditions in the basc-catalysed mech­
anism, the cffcct of substitution on the velo city of the acid-catalyscd change is 
complex. The degrec of co-ordination of thc acid with thc carbonyl oxygen (i.e. 
of the formation of thc complex) will be partly dependcnt upon the facility of 

n 
the polarisation . C I 0 of the carbonyl group. This, in turn, will be increased 
by the introduction of electron-repelling substituents at the methylene carbon. 
The same type of substituents, however, will, by increasing the electron-density 

1 Cf. also PEDERSEX: Beretn. skand. Naturforskerrnode (18. Kongr.-I3er.), p. 451. 
Copenhagen, 1929. 

2 J. ehern. Soe. (London) 1H35, 1173. 
3 1. e. 
• I:-iGOLIl, \VILSOX: J. ehern. Soe. (London) 1H3!, 773. 
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at the methylene carbon, render the subsequent separation of the mobile hydrogen 
proton (ionisation of the complex) more difficult. 

H 
t 
I I~ + 

R ->- C=~ O· H. 
I 

The question whether such substituents will increase or decrease the velocity of 
bromination will thus depend upon the relative importance of the two consec­
utive reactions involved in the formation of the complex and of its subsequent 
ionisation. A similar, but converse argument will, of course, apply to the effects 
of electron-attracting substituents; in this case it is the ultimate ionisation of 
the mobile hydrogen from the complex which is facilitated and the association 
of the acid catalyst which is rendered more difficult. But we have noted that in 
the basic mechanism both the essential factors are facilitated by electron-attracting 
substituents (p. 68). It may be concluded, therefore, that such substitution will 
favour basic as opposed to acid catalysis Le. it should decrease the kacid/kbase 
ratio. This conclusion is substantiated by the investigations of WATSON and 
YATES1 on the velocities of bromination of halogenoacetones under varying condi­
tions of (hydrochloric) acid catalysis in 50% acetic acid as a solvent. The curves 
obtained by plotting the logarithm of the velo city cocfficient against the negative 
logarithm of the acid (i.e. hydrion) concentration pass through a minimum, the 
isocatalytic point, at the PR value when the velo city of the acid and base cat­
alysed reactions are identical. If the efficiency of acid catalysis is diminished, 
higher hydrion conccntrations will be required to produce thc same effects ami 
hence the fall in the kacld/kbase ratio will be expressed by a displacement of the 
minimum in the direction of high er hydrion concentration. For acetone itself the 
minimum (at PH = 4 in the experiments of DAWSON and DEAN2 ) was not detected. 
The minimum for the autocatalysed bromination of monochloro- or monobromo­
acetone occurs when the concentration of the hydrogen bromide formed is 
0,002 fit, i.e. at greatcr hydrion conccntration than in the case of the unsub­
stitutcd ketone. With asym- and sym-dibromoacetones the minima occur when 
the concentration of the added hydrochloric acid is 0,2 M and 0,45-0,5.111, 
respectively, so that in this case ionisation proceeds by the "basic" mechanism 
even in moderately acid media, whereas the minima for aaa-tribromo- and 
asym-tetrabromo-acetones are on the acid side of a 2 M concentration of hydro­
chloric acid, increasing concentration of hydrochloric acid still decreasing the 
velocity at this point. 

The dcduction that electron-attracting substituents will increase the vclocity 
of enolisation (by increasing the incipient ionisation of the mobile hydrogen) 
'Lnd, at the same time, render the carbonyl compound less sensitive to catalysis 
by acids, is in ac cord with general experience. Thus, in the absence of catalysts, 
the bromination of acetone and laevulic acid is very slow in aqueous solution, 
but these reactions are powerfully accelerated by acids.3 The effect of introducing 
electron-attracting C02Et groups into acetone is shown by the bromination 
velo city orderA 

Et02C· CH2 • CO· CH2 • C02Et > CH3 • CO· CH2 • C02Et ) > > CH3 • CO· CH3 

1 J. ehern. Soe. (Landon) 1932, 1207. 
2 Ibid. 1926, 2873. 
3 HUGIIES, \'VATSON, YATES: J. ehern. Soe. (Landon) 1931, 3318. 
4 WATSON, YATES: Ibid 1933, 220. 
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but the ketonic esters are much less powerfully catalysed by acids_ PEDERSEN1 

also observed that the bromination of ethyl acetoacetate and especially of ethyl 
monobromoaceto acetate is not catalysed by hydrions to any appreciable extent. 
Monobromoacetone, pyruvic acid and its ethyl ester all undergo rapid bromina­
tion in the absence of catalyst, but the velocity is but little affected by addition 
of acid. In the uncatalysed bromination of pyruvic acid or ethyl pyruvate there 
is an initial period of rapid bromination after which the speed quickly drops to 
a more or less constant value. Since the initial period of rapid bromination is 
eliminated by the addition of free acid, it is obviously due to a base-catalysed 
bromination by water molecules. DAwsoN and WHEATLEy2 found that the ratio 
of the relative velocities of bromination of acetone and acetophenone under 
constant conditions of acid catalysis (0,1 M-H2SO,) is 1: 0,37 Q,nd NATHAN and 
WATSON3 found that for para-substituted acetophenones CH3 ·CO·CeH 4 X-p the 
bromination velo city decreased in the series X = Me > H > J > Br > Cl > N02, 
which is the reverse of that observed in the base catalysed reaction and, also, 
of that observed by SHOPPEE in the prototropic interconversion of the methylene­
azomethines X· CeH, . CH2· N : CHPh, catalysed by sodium ethoxide. This series 
confirms the earlier results of DA WSON and ARK' which also include the p-amino­
acetophenonc. In the acid solution this would exist largely in the form of the 

+ 
electron-attracting ammonium pole . NHa and it appears in its expccted place 
in the above series, between the halogens and the nitro-group. 

Results such as these suggest that when the structure of the carbonyl com­
pound affords a certain degree of incipient ionisation of the mobile hydrogen the 
more important process in the determination of the velocity of the acid-catalysed 
rcaction is the establishment of the equilibrium between the carbonyl group and 
the salt-like complex which results from its association with the catalyst acid. 
This is supported by the position of the electron-repelling methyl group above 
hydrogen in the above series and by the early qualitative observation of DAWSON5 

that in the presence of the same acid concentration the velocity of enolisation 
of acetone is greater than that of acetaldehyde. On the other hand alkyl sub­
stitution directly at the seat of the ionisation seems to exert a serious retarding 
effect on the separation of the mobile hydrogen, and so decrcases the velocity 
of the acid-catalysed halogenation. This is ilIustrated by the following data 
which refer to thc velocities of iodination of the ketone in unit concentration 
and catalysed by 0,1 M-sulphuric acid.e 

Ketone: (CH,l,CO 

k X 106 •••• 288 
. (Me -> CH,l,CO 

236 
(Me .... CH, -> CH,l,CO 

202 

The greater retarding effect of the branched chain alkyl groups is ilIustrated 
below: 

Ketone: MeCOPr'" 

k X lOS..... 270 
MeCOPrP 

200 
MeCOBu'" 

318 
MeCOBull 

247 
MeCOBul' 

132 

Attempts have been made by sevcral investigators to analyse the mechanism 
of propotropic change on the basis of the effects ofsubstituents on the E and P 

1 J. physic. ehern. 37 (1933), 751. 
2 J. ehern. 80e. (London) 97 (1910), 2048. 
3 Ibid. 1933, 217. 
4 Ibid. 99 (1911), 1740. 
6 DAWSON, LESLIE: .T. ehern. 80c. (London) 9ö (1909),1860. - DAWSON, BURTON, 

ARK: Ibid. 105 (1914), 1275. 
8 DAWSON, ARK: Ibid. 99 (1911), 1740. 
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terms in the usual ARRHENlUS equation k = PZe-EjRT . The generally inconclu­
sive and complicated nature of the results, more particularly with regard to the 
values of P (for which SMITH found values as high as 104 in the base-catalysed 
mutarotation of glucose) give rise to suspicions regarding the validity of the 
assumptions usually made in such computations, It is feIt, therefore, that any 
discussion of this aspect of the problem would be of no use here and the 
reader who is interested in this problem is referred to the original memoirs cited 
below,l and the article on "heats of activation of acid-base-catalysis" by M. KrL­
PATRICK in this volume. 

The meehanisms of catalytic action given on p. 67 evidently offer an adequate 
explanation of the large amount of data which has been accumulated and no 
results inconsistent with them have been obtained. Recently, however, a some­
what modified view has been advanced by WATSON, NATHAN and LAURIE,2 
which attempts to correlate within a single meehanism all catalysed reations of 
carbonyl compounds (including catalysed condensation reactions), no matter 
whether the catalyst is an acid or a base. The catalyst is visualized as an additive 
reagent which by co-ordination at the carbonyl carbon (for base catalysis) or 

+ 
at the oxygen (for acid catalysis) leads to an energised semipolar form >C-O, 
or to a disposition of electrons closely approaching this structure. 

I n I 
-c 0 --+ -c-o 

-:-
-->- ",+ -

B B c-o 
In ~-,. / 

+ ,,+ 
-C'O H ----> C-O-H 

/ 

The mechanism is thus similar to that of the addition of a nucleophilic reagC'nt, 
c.g. cyanide ion, to a double bond: 

" n c:o 
/A 

1 

CN 

--, " -c-o 
/ 

CN 

The aC'tivated semipolar structure may then be transformed into ,L more stable 
structure either by reconversion into the ketone or by ionisation of hydrogen 
from the adjacent carbon to give the enolide ion which may either add a proton 
(if a proton donator is present) to give the enol or react directly with areagent 
such as halogen 

H 

"I c-c=o 
/ I 

H 

" --, c=c-o 
/ 

AC'cording to this view the velo city of prototropie change will depend on two 
factors: (1) the rate of re action of ketone and catalyst, and (2) the proportion 

1 NATHAN, WATSON: Ibid. 1933, 217. - EVANS, MORGAN, WATSON: Ibid 1935, 
1167. - I~WOLD, "VILSON: Ibid. 1936, 222. - "VATSON: Trans. Faraday Soe. 34 
(1938),165. - SMITII: J. ehern. Soe. (London) 1934,1744. - EVANS: Ibid. 1936, 785. 

2 J. ehern. Physics 3 (1935), 170. - Cf. WATSON: Modern Theories of Organic 
Chcrnistry, pp. 1l0, 129 et seq. Oxford 1937. 
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of the activated form which is transformed into the enol ion. This mechanism 
would thus appear to resemble very closely the "dislocation" or "disruption" 
hypothesis of catalytic action previously advanced by BÖESEKEN.1 It is evident 
that the known facts regarding base-catalysed prototropy and tbe effects of 
substituents upon the position of the isocatalytic point are interpreted equally 
well whether the initial step be the addition of the catalyst as in this mecbanism 
or the removal of the proton as in tbat givcn on p. 67 and thus direct experimen­
tal confirmation is difficult and has not yet been achieved. It appears to 
tbe present writers that it is probable that both mechanisms may function; in 
fact, both are included in the general mechanistic definition of catalysis given 
on p. 11. The electronic character of the substrate, in particular the degree of 
incipient ionisation of the hydrogen atom, may weil be of importance in predis­
posing it towards one or other particular mode of attack by the catalyst entity. 

Carboxylic acids. 
The mechanism of bromination of ketonic derivatives which is essentially 

') 
depcndcnt upon the tendency of the earbonyl group to polarise C 0 must not 
be extcnded to aJiphatic monocarboxylic acids and esters. The absence of char­
aeteristic ketonic properties in the lattcr classes itsclf suggests that it is unsafe to 
force an analogy bctween the two types of compounds. Although LAPWORTH 
origina.\ly made a tentative suggestion that the enoJisation mechanism might be 
applicable to the ex-bromination of aJiphatic acids, the extensive investigations 
of ORTON, WATSON and their collaborators have made it untenable. 

It was early recognised by HELL and URECH2 that, unlike the bromination 
of acetone, bromination of acetic acid and acetyl bromide is dependent on the 
concentration of the bromine. This observation was overlooked until re-estab­
li:;hed by WATSON3 who also showed that the catalytic effect of halogen acids is 
8pecific and is not common to acids in general. Investigations of the kinetics4 

revealed the catalytic order {HEr> HCl} < < < AcBr, tbe really effective catalyst 
being acetyl bromide, an<! in this case tbe velo city is now proportional to thc 
concentrations of both acid bromide and bromine. The specific catalytic effect 
of the halogen acid is readily understood since it is due to the formation of acetyl 
bromide by thc reaction R·COlH + HX ~-.,-- R·CO·X + H 20. Acetyl chloride 
and acetic anhydride also function as catalysts because of tbeir conversion into 
thc acid bromide. The anticatalytic effect of small quantities of water is evidenUy 
dne to the resulting increase in thc reverse reaction, with dccomposition of the 
acyl bromide. The Ilddition of increasing amounts of acetyl bromide to 
acetic acid containing 0,1 % of water givcs rise to a eontinuous increase 
in the bromination velocity whereas similar addition of acetic anhydride canses 
a sudden increasc in the velocity when the amount of acetic anhydride 
added is eXllcUy equivalent to the water present. The acyl bromide is thus the 
effective catalyst, the added acctic anhydride first reacting with all the water 
present before any conversion into acetyl bromide occurs. In the absence of 
addcd catalyst the bromination of acetic acid is autocatalytic, and revcals an 
initial period of increasing velocity as the hydrogen bromide formed rcacts with 
t.he acctic acid to produce the equilibrium coneentration of acetyl bromide. The 

1 Trans. Faraday 80e. 24 (1928), 611. 
2 Bor. dtseh. ehern. Ges. 13 (1880), 531. 
3 J. ehern. Soe. (London) 12i (1925), 2067; ehern. Reviews 7 (1930), 173. 
• WATSO:S: 1. e. anel ibid. 1928, 1137. - WATSON, GREGORY: Ibi(l 1929, 1373. 
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following mechanism, suggested by WATSON, is in harmony with the experimen­
tal data: 

R·CH2 ·CO·X + X 2 ~ R·CHX·CO·X + HX (X = halogen) 

RCHX·CO·X + R·CH2 ·CO·OH ~ R·CHX·C02H + R·CH2·CO·X. 

The second reaction actually occurs in two stages, the mixed anhydride 
R· CHX· CO· O· CO· CH2R being first formed as an intermediate. Chlorination 
has been shown to follow a similar course.1 The function of all known accelerators, 
phosphorus, hydrogen halides, acetic acid, etc. is thus to produce the active 
catalyst, the acyl bromide. W ATSON postulates direct reaction between the 
bromine and the ketonic form of the acyl bromide, but no really clear explanation 
of the more intimate mechanism has yet been given. 

Acid anhydrides. 
The bromination of acetic anhydride is also catalysed by mineral acids 

including sulphuric acid. Kinetic studies have shown that in this case bromination 
can occur by two routes, one through the bromoacetyl bromide as for acetyl 
bromide itself, and the other through the enolide ion in accordance with the 
mechanism established for ketones: 

CH3 ·CO·X + X 2 -; CH2X·CO·X + HX l 
Ac20 -+ CH2X·CO·X ~~ CH2X·CO·OAc + AcX J 

(I) 

CHa·CO·O·CO·CHa ==== CH2 :CÖ·0·CO·CHa + H 1 
' - fast CH2 :CO·0·CO·CHa ..L X 2 ---->- CH2X·CO·0·CO·CHa + HX 

(11) 

(Ac = CO·CH3 ; X = halogen). 

It is presumably mechanism (11) which is catalysed by mineral acids other than 
hydrogen halides, the catalyst facilitating the primary ionisation in the manner 
already discussed (p. 56, 67). The hydrogen halide formed can then effect fission 
of the acetic anhydride, probably by initial salt formation at the singlylinked 
oxygen atom, to give acetyl halide and acetic acid. The latter can then interact 
further with the halogenated anhydride: 

Bases such as quinoline, pyridine, triethylamine, dimethylaniline etc. act as 
negative catalysts and give long "arrest" periods in the bromination of acetone 
and acetic anhydride. Their most probable function is to remove hydrogen 
bromide and so to prevent the formation of acetyl bromide, the effective inter­
mediate in mechanism (I). 

It has now been made clear that the velocities of tautomerie interconversion, 

1 WATSON, ROßERTS: Ibid. 1928, 2779. 
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of racemisation, and of bromination are all determined by the same essential 
reaction between the substrate and the catalyst acid or base which determines 
the ionisation of the mobile hydrogen. The identity of the velocities of bromina­
tion and of racemisation has also been established experimentally. Thus under 
conditions of acid catalysis RAMBERG1 found that the velocities of racemisation 
and of bromination of o.:-ethylsulphonyl- and o.:-phenylsulphonyl-propionic acid 
are equal, and a similar equality was proved for the racemisation and iodination 
of phenyl sec-butyl ketone by BARTLETT and STAUFFER.2 Using 2-o-carboxy­
benzylindan-I-one, C02H·C6H,·CH·CO·C6H,·CH2, INGOLD and WILSON3 found 

1 _____ -' 

that the slow racemisation of the d-ketone in chloroform or acetic acid was 
greatly accelerated by traces of hydrogen bromide and the bromination of the 
dl-ketone is so strongly autocatalytic that exact dynamical measurements were 
impossible. In 90% acetic acid (16 N), i.e. under conditions of acid catalysis, 
the measured rates of bromination and racemisation were found to be equal, 
and the same equality was demonstrated (lcrac = 0,0438; kBr = 0,0471 hrs. -1) 
under conditions of basic catalysis by the acetate ion.' 

4. Deuterium Exchange.5 

It is now generally accepted that the use of deuterium provides a method 
of studying hydrogen-ionisation ami it has been demonstratcd that exchanges 
between various hydroxylic solvents and prototropic systems are controlled by the 
same fundamental process of ionisation as is the prototropic interconversion, and 
hence also the bromination and racemisation of such systems. Such exchange 
will thus be subject to the same catalytic influences as prototropy. Whereas 
the acetate ion exchanges very slowly with water and only at high temperatures,6 
acetone takes up deuterium slowly at ordinary temperatures in neutral aqueous 
solution, more rapidly in acid solution, and still more rapidly in thc presence 
of strongly basic catalysts.7 Quantitative data have been obtained by Hsü, 
INGOLD and WILSON8 who found identical rates of racemisation and of deuterium 
uptake by d-phenyl ß-n-butyl ketone in a mixture of dioxan and pure deuterium 
oxide using 0,13 S-sodium deuteroxide as the catalyst.. Quantitative correlation 
between the vclocities of prototropic interconversion and deuterium exchange 
has been established by DE SALAS and WILSON9 in the case of the azomethine 
system, 

p-MeO' C6H.· CH2 • N: CHPh :;:==0 p-MeO' C6H.· CH: N . CH2PI1. 

With sodium ethoxide in alcohol containing a very high proportion of deuterium 
ethoxide they found that the rate of exchange was slightly greater than that 
of interconversion suggesting that there is some mcchanism of exchange which 

1 RAMBERG, MELLANDER, HEALUND: Ark. Kern., Mineral. Oeol., Sero B 11 (1934), 
Nos. 31, 41; }2 (1936), Sero A, No. 1. 

2 .T. Amer. ehern. Soe. 57 (1935), 2580. 
3 J. ehern. Soe. (London) }984, 773. 
• Hsü, WILSON: Ibid. }986, 623. 
5 See the artiele of REITZ in this volume. 
6 KLAR: Z. physik. Chem., Abt. B 26 (1934), 335. - BONHOEFFER, KLAR: Natur­

wiss. 22 (1934), 45. - Oor.DFINGER, LASEREFF: C. R. hebd. Seances Aead. Sei. 200 
(1935), 1671. - LIOTA, LA MER: J. Amer. ehern. Soe. 59 (1937), 946. 

7 Kr.AR: 1. e. - HALFOltD, ANDERSON, BATES: J. Amer. ehern. Soe. 56 (1934), 491. 
8 J. ehern. Soe. (London) }988, 78. 
9 Ibid }988, 319. 
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does not involve isomerisation. One way in which this might possibly occur 
is indicated below: 

exchange + interconversion. exchange without interconversion. 

5. Epimerisation. 
The epimerisation of thc sugars, involving the reversal of the spatial configura­

tion of the hydrogen and hydroxyl groups about the carbon atom adjacEmt 
to the reducing group, is effected by oxidation to the corresponding acid which 
is then brought into equilibrium with its epimer by heating with pyridine or 
quinoline at 135-150°.1 The interconversion doubtless occurs through the common 
enol form in which the spatial arrangement about the carbon atom is destroyed, 
and the function of the pyridine or quinoline, weIl known catalysts for proto­
tropic change, is evident, since they can remove the ionising proton by direct 
attack as bases. 

OH 
In 
C 0 
I~ 

HO-C-' H.- NR3 

I 
i Oxidation 

H 
I 

C=O 
I 

HO-C-H 
I 

OH 
i ( , 
C-..:o:...O- H ~ .. NR3 

CC-OH 

OH 
I 
C=O 
I 

H-C-OH 
I 
i Reduetion 

y 

H 
I 

C=O 
I 

H-C-OH 
I 

The effect of alkalis such as sodium, barium, calcium, lead and zinc hydroxides 
or even guanidine2 in producing the complicated isomeric changes in sugar 
molecules is also bcst regarded as a consecutive series of enolisations catalysed 
by hydroxyl ion. 

n 
CH-J...Ö 
I~ 

HO-C--H 
I 

HO-C-H 
I 

CCH . OH 
-. [-, 

,-- C-O-H 
I 

HO-C-H 
I 

CH2 ·OH 
. 1\ 

" C~O 

I~ 
HO-C-H 

I 

CH2 ·OH 
I 

C·C--OH :,-="= 

-! r' 
C.:!.OJ-.H 

CH2 ·OH 
I 
CH·OH t lee. 

C=O 
I 

Thus glucose, mannose or fructose are each converted into a mixture of aU three 
sugars by the prolonged action (5 days) of cold conccntrated caustic potash, 

1 Cf. inter alia. FISCHER: Her. dtseh. ehern. Ges. 23 (1890), 801. - FISCHER, 
PILOTY: Ibid. 24 (1891), 4216. - FISCHER, MORELL: Ibid. 27 (1894), 387. - FISCHER, 
13RO)IBERG: Ibid. 29 (1896), 584. 

2 ){ORRELL, BELLARS: J. ehern. 80e. (London) 91 (1907), 1010. 
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or within a few hours when heated with alkali. Galactose similarly affords a 
mixture of sorbose, talose and galactose,l and gulose or idose give sorbose when 
heated with baryta solution.2 

6. Mutarotation. 
The acceleration of mutarotation by acids seems first to have been noticed 

by ERDMANN3 and the catalytic activity of both acids and bases was recognised 
by UREcn' in 1882. The first systematic quantitative investigations of the catalysis 
of mutarotation of glucose in aqueous solution were due to LEVy5 who found 
that the accelerations produced by various acids run parallel to their affinity 
constants as deduced from conductivity measurcmcnts. Although the catalytic 
activity of hydrogen and hydroxyl ions was thus early recognised it was not 
until later6 that the catalytic efficiency of the water moleeule was realized and 
the correct relationship was first given by HUDSON7 in the form 

+ 
k = 0,0096 + 0,258 [H] + 9750 [OH'], 

which, incidentally, brings out very clearly the fact that catalytic activity of 
the hydroxyl ion is nearly 40000 times greater than is that of the hydrogen ion. 
Thc later recognition that the anions of weak acids, the cations of weak bases, 
and unionised acid molecules must be included as catalytic entities has already 
bcen refcrred to (p. 49) and examplcs of the parallelism betwecn acid or basic 
strength and catalytic efficicncy have been given. Further data which substantiatc 
this conclusion are given below, and refer to the mutarotation of glucose by 
acid moleculcs and acid anions at 18°.8 

I 
Dissociation I Acid eatalytle , 

eonst. of acid I eoeffieiellt ' Acid 
KAxlO' i kAxlO' 

I 

Trimethylael'tie . . . . . . . . 0,10 
Z Propionic ............. 0,14 
gp Acctie . . . . . . . . . . . . . . . . 0,18 
f PhcnylaCt,tic........... 0,5 
tl Benzoie . . . . . . . . . . . . . . . 0,6 
't:! o-Toluie .............. 1,3 
'g Glyeolie .............. 1,4 
b.O Formic ............... 2,1 
.~ Mandelie.............. 4,3 
<!) Salieylie .............. 10 
t o-ehlorob!'nzoie ........ 1 13 

.Ei Chloroacptie........... Hi 

1 Cyan:ac~~ic_.:..:.._.:..:.~. ''':'':':':' ____ 35 
Cf. Haü ............. . 
Pyridin!' ............. . 

2,0 
2,1 
2,4 
2,8 

5,6 
4,6 
5,7 

6,8 

145,0 

Basic catalytic 
coefficiellt 
(of anion) 
kBxlO' 

31,4 
28,1 I 26,5 .... Q) 

20,0 'Z~ 
gp~ 

15,2 '" 12,2 .t~ 
\J:. rn 

13,7 b.O,z 
;::: 

16,5 .~ § 
10,8 Q) ..... 

4,6 ta 
6,4 ~Ci 
5,4 
3,8 

,Y 

82,2 

1 LOBRY DE BRUYN, VAN ECKENSTEIX: Rccueil Tmv. chim. Pays-Bas 1-1 (1895), 
203; 10 (1896), 92. 

2 VAN ECKENSTEIN, BLANKSlIA: Ibid. 27 (1908), 1. 
a Cf. Jahresbericht für 1885, p. 671. 
4 Ber. dtseh. ehern. Ces. 15 (1882), 2130. 
5 Z. physik. Chern. 17 (1895), 301. 
6 LOWRY: J. ehern. Soe. (London) 83 (1903), 1314. 
7 J. Amer. ehern .. Soe. 29 (1907), 1572. 
8 BRüNSTEn, GUGGENIIEDl: J. Am!'r. chcrn. Soe. 49 (1927), 2554. 
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There is so me slight evidence that the catalytic efficiency of abasie catalyst 
is also dependent upon the acid strength of the sugar moleeule since LOWRY 

and WILSON1 have found that the values of kOH for glucose, lactose and tetra­
methylglucose are, respectively, 8000, 5000, and 1600; the acid dissociation 
constants of glucose and lactose are 6,6 and 6,0 X 1O-1a, respectively, and, 
although no figures are available for tetramethylglucose, the electron-repelling 
effects of the methyl substituents are certain greatly to diminish the acid strength 
of the sugar. 

Although the actual rate determining stage and the intimate details of the 
mechanism are obscure, the results are fully in harmony with the view that 
the basic catalyst entity directly assists in removing the ionising hydrogen, 
whilst an acid catalyst attacks at the cyclic oxygen and, by electrostriction at 
this point, increases the positive field. It is not essential that the two attacks 
should be regarded as exactly slmultaneous, as in LOWRY'S theory, and it should 
be noted that attack at either point will, because of the charge produced, favour 
electron movements within the substrate which will promote catalyst attack 
at the other point and, if completed, result finally in conversion into the open­
chain aldehydic form. 

B -.H cl---:, BH o 
-
X 

In C'onclusion it may be noted that certain data ,tre now available regarding 
the velo city of mutarotation in deuterium oxide. The catalytic constant for the 

+ 
HaO ion in H 20-D20 mixtures varies linearly with the proportion of deuterium 
oxide2 and the change caused by thc re placement of water by deuterium oxide 
on thc catalytic coefficient of hydrion is much less than is that for the catalytic 
coefficient of the water moleeule, the valucs of kH,olkD,o being 1,33 and 3,8 
respectively. 

7. Lactonisation of unsaturated acids. 
It is weIl known that unsatllrated carboxylic acids with a double bond in 

the ßy- or yb-position are converted into saturated lactones whcn heated with 
sulphuric acid.a Thc general relationships betwecn ßy-acids and y-Iactones were 
established mainly by FITTIG and his school during the period 1880-1894, but 
a re-investigation by LINSTEAD and his collaborators has shown the incorrectness 
of certain of FITTW'S earlier observations. LTNSTEAD4 has shown that all acid­
lactone systems of this type can be fitted into the general scherne: 

I I I I I 
-CH-C=C'CO'OH ,-' -C=C-CH·CO·OH -C-CH-CH 

I I 
o----Co 

aß-acid. ßy-acid. y-Iactone. 

the variations in the different systems being attributed to differences in the ratio 
of the velo city of the tautomerie interconversion to that of the ring-closure. 

I Trans. Faraday 80c. 24 (1928), 681. 
2 H .. \)UL, LA MER: J. ehern. Physies 2 (1934), 891. - CL \VYXNE-JONES: Chern. 

Reviews 17 (1935), 115. 
2 CL FrrTIG: Ber. dtseh. ehern. Ges. 16 (1883), 373. 
4 .J. ehern. 80c. (London) 11132, 115. 
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With cxß-acids the actual velocity of lactonisation may, of course, be determined 
by either of these changes. 

The function of acid catalysts in promoting the tautomerie interconversion 
of cxß-,ßy-unsaturated acids has already been discussed (p.55). The facility of 
the actuallactonisation, involving as it does an internal self-addition, will depend 
on several factors, the most important of which are the polarisation of the double 
bond, the stability of the lactone ring and the ease of approach of the active 
centres. It is almost certainly the first of these which is affected by thc acid 
catalyst. 

Since, in some cases, the lactonisation is effected by simple heating of the 
pure dry acid it seems reasonable to suggest that the function of the acid catalyst 
is simply to facilitate a mechanism which can operate in the unsaturated acid 
moleeule itself. A simple and adequate vicw represents the lactonisation thus: 

-d"-(g-=.C/ l + ~ /1 I ~ / I I "-> -c-c-c ->- -c-c-c 
y P /X I I i" : I ." 

, I 
H--O-CO -' 

6+ 6- _ 0 ---CO O--CO 

although the dipolar intermediate (included only for clarity) probably has no 
real existence. Polarisation of the double Iinking in the direction shown may 
be effeeted by the attraction of thc carbonyl group, by the electron-rcpelling 
character of alkyl groups attached to Cy , or by both these factors. That due to 
y-alkyl substit]lents is likely to bc the more important. Increased electron density 
is thus produced at Cp which initiates the addition of the positive hydrogen ion, 
leaving the carbonyl anion to complete the addition and charge neutralisation 
at Cy • The function of an acid catalyst would thus be to increase the necessary 
polarisation of the double bond. This could be effected in two ways, cither by 
oxonium salt formation at the very weakly basic carboxyl group, thus increasing 
the clectron-attraction of this group, or by the direct approach of a proton at Cp. 
At the same time \Vater, as a weak base, could assist the ionisation of the hydrogen 
from the carboxyl group: 

Jt 
"" r·'" / C I C-C/ 
/.,.. " 

H_i __ O co 

-> 

H 

" I / C-C---C 
. / I 1"'-

H:O 0-- co 
In thc uncatalysed change it is evident that one acid molecule might quite rcadily 
act as a proton donator to a second moleeule. Since the cxß-acids can only be 
converted into the lactones through the ßy-acids as intermediates it is to be 
cxpected that the latter will be more readily lactonised than are the former, 
unless the tautomerie interconversion ;xß -~ ßy-is very rapid. Thus Llß-hexenoic 
acid CHEt: CH· CH2 • C02H is converted into the lactone 

CHEt·CHz·CHz 
I I 
o co 

by 60% sulphuric acid at room temperature ",hereas the corresponding LI/X-acid 
is unchanged und er such conditions. Neither thc LI"'- nor LlP-acid is lactonised 
by heating alone but both readily form the lactone when boiled with 50% 
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sulphuric acid. The much greater facility with which pyroterebic acid Me2C:CH· 
. CH2 ·C02H is lactonised (bolling alone or treatment with cold 50% sulphuric 
acid for fifteen minutes) may be ascribed to the greater degree of polarisation 
of the ethylenic bond resulting for the influence of the gem-dimethyl substituent, 
especially if additional electron-release by BAKER and NATHAN'S mesomerie 
mechanism' be assumed: 

r-l-
H-CHa , n 

"'C;C-
H CH /' I 

l 2 A d-

.- ) 

compared with 

pyroterebic acid. n-hexenoic acid. 

The corrcsponding L1"'-isohexenoic acid CHMe2 ·CH:CH·C02H is lactonised 
rather more readily than the L1"'-n-hexenoic isomeride. The pentenoic2 closely 
resemble the hexenoie acids; the L1P-acid CHMe:CH·CH2 ·C02H is slowly 
lactonised with cold 60% sulphuric acid (activation of double bond by only 

I 
a single methyl substituent CHa --+ CH=G-), areagent which has no action 
on the LI "'-acid. Both are lactonised by boiling 50% sulphuric acid. The inter­
mediate formation of saturated acids of the type 

/ 
C-C 

I" 
·X. H I 
H-O-CO 

which then form the lactone by elimination of HX, is a plausible hypothesis 
espccially in view of the suggested mechanism of interconversion of thc .1"'­
and L1P-isomerides byacid catalysts (p.55). It cannot, however, be maintained. 
It is obvious that it could not apply to the pure dry acids, and HJELTa has shown 
that the formation of the lactones from y-hydroxy-n- and -isohexoie acids 
occurs at approximately thc same rate, in contrast to the extraordinarily facile 
lactonisation of the L1P-iso-hexenoic acid (pyroterebic acid). 

The importance of the polarisation' of the ethylenic bond is further revealed in 
the butenoie acids. The addition of hydrogen bromide to vinylacetic acid to give 
only the ß-bromo-acid shows that polarisation of the double bond occurs exclusively 

H n 
"'" I • in the sense C 'CH·CH2 ·C02H (electron repulsion of C02H·CH2 > H) 
/ 

H 
and tautomerie change occurs entirely in the direction vinylacetic --+ crotonic 
acid CHa· CH: CH . C0:iH, which is the stable isomeride. Moreover the polarisation 
of the double bond in the L1P-acid is in the dircction required for the formation 
of a ß- not a y-Iactone, and so it is not surprising that boiling 50% sulphuric 
acid merely converts vinylacetic into crotonic acid and gives no trace of the 
lactone. Similarly in L1Y-unsaturatcd acids ofthe type R 2C = CH· CH2 • CH2 • C02H, 
when R 2 = H 2 the direction of polarisation of the double bond is dctcrmined 

1 Ibid. 1935, 1844. 
2 BOORMAX, LINSTEAD: Ibid. 11133, 577. 
3 Ber. dtsch. chem. Ges. 2-1 (1891), 1236. 
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by the greater electron repulsion of the ·CH2 ·CH2 ·C02H group, and ay-Iactone 
is formed, the proton being added to Co: 

+ 
H 

H,,(lH 
C-r:. CH ~ CH2 / t 

H I 

I:IsC) .. ·•· .. :J:l:.-0-CO-CH2 

CH3-CH-CH2 

~ I "CH 
+ / 2 

HaO O--CO 

Allylacetic acid, for example, is converted by either cold or hot dilute sul­
phuric acid into y-valerolactone free from the Ö-isomeride. When R 2 = Me2, 

this gem-dimethyl group controls the polarisation of the ethylenic bond and 
a ö-Iactone is formed, LlY-isoheptenoic acid giving an equilibrium mixture with 
its ö-Iactone either when heated alone or with dilute sulphuric acid: 

+ 
H 

40% 

+ 
H 30 

CMe2 • CH2· CH2 

: I 
0-CO--·CH2 

60% 

PLATTNEH and ST. PFAU! have observed that ketones are always formed 
when unsaturated acids or thc eorresponding lactones are heated with strong 
acids, such as toluene- or ß-naphthalcne-sulphonic acid. Undecyclenic acid, 
for cxample, gives a mixture of 2-n-hexyl-Ll2- and -Ll3-cyclopentenone and (prob­
ably) so me 2-n-amyl-Ll2-cyclohexenone. LI "'-Unsaturated acids give ketones 
with similar ease, but saturated acids are unattacked. It would seem, therefore, 
that facile migration of the double link occurs, the interconversion of the unsat­
urated acid and its lactone bcing reversible.2 Internal addition to the activated 
(polarised) ethylcnic linking must also occur with fission of the carbonyl group 

0+ 0-
thus -CO-OH. 

0-

"n 0+ /C CH·CH2 

0- 0+ I 
HO-CO-CH2 

OH H 

" I I C-CH-CH 
/ I 

co··· ---CH2 

" C-CH=CH 
/1 I 

Co-- -CH2 

Since, in ketone formation, the negatively polarised hydroxyl adds to the same 
carbon which receivcs the carboxyl anion in lactone formation, it would be 
expected that a y-Iactone (5 ring) would be accompanied by the formation of 
a cyclopentenone, and a ö-lactone by a cyclohexenone. This, however, awaits 
experimental verification. 

Pinacolic electron displacement. 
In ring-chain tautomerie changes, such as those which are involved in thc 

mutarotation of the sugars, the valency distribution consequent on the ionisation 

1 He1v. ehim. Acta 20 (1937), 1474. 
2 This conclusion is opposed to that given by LINSTEAD: J. chmn. Soc. (London) 

1932, 115. 
Hdb. d. Katalyse. 11. 
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of the mobile hydrogen is effected by ring formation (I, dotted arrows). An 
alternative method of valency distribution is possible if one of the groups R 1 

or R 2 migrates to the adjacent carbon atom (11, fuIl arrows). 

" I I CH-C---C-
/ ~/ 

C +-- --+ 

/~ 
R 1 R 2 

I. 11. 

This second method, which involves the complete transferenee of a duplet of 
electrons from one octet to another, may be represented by the general scheme 

R R 
I I 

X -A-B-C=Y A=B-C-Y-·X 

+ 
X 

!~ 11 
~ I 1 f 
R R 

-~ • (---+ ~ n +-- j i r- + 
A B-C Y A B-C - Y X 

and has beeIl termed pinacolic electron displacement by INGOLD and SHOPPEE.1 

X is an atom, like hydrogen, which readily separates as a cation, and Y is one 
like carbonyl oxygen, (= 0) which, by its tendency to deerease its covalency, 
provides an additional seat for the negative charge. A similar type of rearrang­
ement is possible whcn Y, united by a single instead of a double bond to C, is 
an atom or group (OH, Cl, etc.) whieh forms a stable anion, but in this case 
the reaction involves elimination of the eOlnpound XY: 

R R 
(~k -,r:'';. I +-T 

X -- -A-B-C.--Y ---> A=B-C + X}Y. 

The tcndeney of X to relinquish and of Y to retain its bond electrons during 
ionisation or combination with areagent provides the driving force of the 
mcchanism. The concomit1Lnt migration of the group R, witk its pair 01 bond 
electrons, from B to C is essential in order to maintain the octets around eaeh 
of the atoms A, Band C and so regain electrical stability. 

This type of electron displacement permits the correlation of such super­
ficially diverse eharges as the pinaeol.pinacolin, WAGNEIt-MEEItWEIN, benzil­
benzilie acid, HOFMANN, LOSSEN, and CUItTIUS rearrangements, on the basis 
of a unified meehanism and throws considerable light on the function of catalysts 
in such changes. 

Pinacol-pinacolin change. 
In thc true pinacolinic change both hydroxyl groups in the pinacol are 

tertiary and, on the above scheme, group migration might obviously proceed 
in either of two directions: 

1 J. ehern. 80e. (London) 1928, 365. - 8110PPEE: Proe. Leeds philos. lit. 80e., 
sei. 8eet. 1 (1928), 301. 
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There are three factors upon which the facility of changes involving pinacolic 
electron displacements will depend: 1. the anionic stability of the potential 
anion Y,I 2. the dielectric constant (ionising power) of the medium, and 3. the 
capacity for electron-release of the groups attached to the carbon atom from 
which the anion separates.2 Abundant confirmation of these conclusions is found 
in the very extensive literature relating to the pinacol-pinacoline change.3 The 
main influence of catalysts will obviously be concerned with the first of these 
three factors and the efficacy of acid catalysts in bringing about the pinacolic 
change is readily understood. In dilute acids the effective catalytic entity will 

+ 
be the HaO ion which will assist the ionisation of thc hydroxyl group by direct 
attack to form unionised water. If conversion of the hydroxyl group into its 
ester-salt occurs the anionic stability of the group will be enhanced and so 
further facilitate the ionisation. 

R R' 
,-] I~-.. n 

H-O v C-C -OH + H -HSO, _ 
1---------------------
R R' 

R 
1 

O=C-C-R' 
1 1 

R R' 
t 
I 

R R' 
(--) .\..., n 

H..:..O-- C-C-'---O·SOaH 
1 1 

R R' 

The rcason why dilute sulphuric acid or even ·oxalic acid can effect the dehydration 
is thus apparent. 

In the pinacol-pinacolin change it is theoretically possible that either hydroxyl 
group might separate as an anion, and the direction of the change will be determ­
ined by the relative electron-release capacities of the substituent groups R 
and RI. Anionisation will occur from that carbon which bears substituents of 
the greatest electron-release capacity. Such electron-release will also facilitate 
the formation of the hydrogen sulphate at the same hydroxyl group. When 
dehydration is effected by concentrated sulphuric acid it is possible that increased 
attraction on the bonding electrons of the hydroxyl group results from incipient 
oxonium salt formation; again the oxygen which is attachcd to the carbon 
which carries the most strongly electron-repelling substituents will have the 
more pronounced basic properties to encourage such salt formation. 

R R' 
! L 

H-O-C-C-OH ---+ 
t 

R 
1 

C-C- -R' + HaO, HaSO,. 
1 1 

R R' 

With di-tertiary glycols the mechanism is free from ambiguity and the changes 
are usually effected by means of dilute acids. When one of the groups is a secondary 

1 Ionisation of X, as a eation, will not of itself determine migration since it does 
not disrupt the eleetron oetct. 

2 Cf. INGOLD: Ann. Rep. ehern. Soc. (London) 25 (1928), 134. 
3 For a bibliography see BENNETT, CHAPMAN: Ibid. 27 (1930), 115. - Cf. also 

BAKER: Tautomerism, p. 276 et seq. London, 1934. 
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aleohol, this is not the ease. Such rearrangements have been elassified1 as semi­
kydrobenzoinic, when the tertiary hydroxyl group is lost; 

CRRIRZ·CHO 

CRRl(OH).CHRZ(OH) _ Hz~( 
"-

CHRRl. CO· RZ 

and semipirwcolinic when the seeondary hydroxyl group is eliminated. 
R·CO·CHRIRZ 

CRRl(OH).CHRZ(OH) -HzO< 

R'· CO· CHRRZ 

In such eases the dehydration produet eould be formed either by pinaeolie eleetron 
displacement (a) or by vinyl dehydration (b) followed by ketonisation of the 
resulting enol. Thus the eonversion of diphenyl-/X-naphthyl glyeol into /X-naphthyl 
ketone2 may be formulated as either (a) or (b): 

H Ph /"'" (a) H migrates ~" o IL_. n /" . 
H O~C---C-OH O:C·CHPhz 

I I "",- ,,- I 

The semihydrobenzoinie and semipinaeolinie ehanges are usually brought about 
under the influenee of eoneentrated sulphurie acid, areagent theoretieally eapable 
of effeeting the change by either meehanism. Another eomplieation is introdueed 
in these eases by the observation that the same reagent eatalyses the eonversion 
of aldehydes of the type CRa·CHO into the isomerie ketones CHR2 ·COR 3 and 
henee it is not always possible to exelude a meehanism whieh involves the 
primary formation of the aldehyde followed by its subsequent isomerisation 
into the ketone: 

or 

R H 
(-i Il,> n 

H-O-~C C--O-H-> 0 = CR·CHRR' 
I I 

R R' 

R H 
I I 

HO-C--C O-H 
V [<I [ ~ j 

R R' 

I 
CRRR'·CH:O 

There is evidenee, however, that intervention of an aldehyde is not neeessary 
in such transformations sinee it has been shown4 that the eonversion of d-ß-

1 TIFFENEAU, Mlle LEVY: Bull. Soe. ehim. Franee (4) 33 (1923), 735. 
2 McKENZIE, DENNLER: J. ehern. Soe. (London) 1926, 1596. 
3 DANILOV: Ber. dtseh. ehern. Ges. 60 (B) (1927), 2390. - DANIL9Y, VENUS­

DANILOV: Ibid. 59 (B) (1926), 377, 1032; 60 (B) (1927), 1050: 61 (B) (1928), 1954; 
J. russ. physik.-ehem. Ges. 61 (1929), 53. - GODCIIOT, CAUQUIL: C. R. hebd. Aead. 
Sei. 186 (1928), 767. - Mlle LEVY, WEILL: Ibid. 185 (1927), 135. - OREKOFF, TIFFE­
NEAU: Ibid. 182 (1926), 67. - DANILOV: J. russ. physik.-ehem. Ges. 51 (1919), 97. 

, ROGER, McKENZIE: Ber. dtseh. ehern. Ges. 62 (B) (1929), 272. - Cf. l\ICKENZIE, 
DENNLER: Ibid. 60 (B) (1927), 220. 
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hydroxy-ß-phenyl-",,,,-dibenzylethanol into benzyl "'ß-diphenylethyl ketone by 
boiling dilute sulphuric acid does not involve complete loss of optical activity. 

The retention of asymmetry would be impossible if the aldehyde CPh(CH2Phk 
• CHO were an intermediate produet. On the other hand ß-hydroxy-ß-phenyl-",,,,­
dimethylethanol is converted either by dilute sulphuric acid or 50% oxalic 
acid (a) into ",-phenyl-",-methylpropaldehyde, which is further converted by 
concentrated sulphuric acid into ",-phenylethyl methyl ketone. It is therefore 
not difficult to understand why this ketone is obtained when the re arrangement 
of the glycol is effected with concentrated sulphuric acid (b). 

Ph 
,-, :1 n 
i .I '-"-~ I v (a) 

H o~ CH-CMe2-OH --, O:CH·CMe2Ph 

Me 1 conc. n +- J i ("I (b) .),H2SO, 
HO--CHPh--CMe --O-H ---+ CHMePh·CO·CH3 

DANILOV and VENUS-DANII.Oyl have stressed the point that alteration in the 
nature and properties of the reaction products can be effected by change in 
the catalyst reagent only if aldehydes, which can subsequently be converted 
into isomerie ketones, are formcd, since the latter are not isomerised by cold 
concentrated or boiling dilute sulphuric acid, zinc chloride or hydrobromic acid. 
The further isomerisation of the aldehydes to ketones is usually only quantitative 
when the catalyst is cold concentrated sulphuric acid, for although some conver­
sion is brought about by hot 40-60% sulphuric acid, by phosphorus pentachloride 
at low temperatures or by hot alcoholic mercuric chloride, it is always partial 
in such cases. It is possible to suggest a mechanism slight modifications of which 
give at least a qualitative explanation of the function of acid catalysts in bringing 
about these various changes. As SHOPPEE2 has suggested, thc function of cold, 
concentrated sulphuric acid is probably to convert the carbonyl group into 
an oxonium salta and thus to introduce the electron-attraeting positive charge 
which initiates the pinacolic electron displacements in the eation in some such 
manner as the following: 

R R 

.l_ .. -+ r)o+ 
CR2-CH ~OH ---, 

+ I (-I 
CR2-C~O--H HSO,' --, CHR2 ·CO·R + H 2SO,. 

HSO,' il 
H 

An essentially similar mechanism could apply when more dilute sulphuric acid 
is used since the anionising tendency of the ·0· SOaH group in the 'Ip-salt formed 

1 Ibid. öD (1926), 377. 
2 Thesis, London, 1929. 
3 Cf. BAKER: .J. ehern. Roe. (Lomlon) 1931, 307 ami subflequent papers. 
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(by addition of sulphuric acid to the carbonyl double bond) would produce at 
least a fractional positive charge on the carbon atom to which it is attached: 

R[I l ~ j '-_-+6+ + +-----" I (-: 
H 2SO, -+ CR2-fH-OH -+ ~R2-CR,-:-0~H 

COSOaH OSOaH 

CRa·CH:O + - -+ 

-+ CHR2·COR + H 2SO,. 

The necessity for higher temperatures and the partial character of the isomerisation 
is understandable in view of the much sm aller positive charge introduced into 
the molecule under these conditions. The action of phosphorus pentachloride 
in the cold which effects the partial conversion of triphenylacetaldehyde into 
phenyl benzhydryl ketone·, could be explained by the intermediate formation 
of a similar type of complex i 

Ph H 
1',- -+ ' 6+ 
CPh2-C-0-PCI, 

C~l 

H 
+--), (-j 

--+ CPh2-CPh~0-PCl, --+ CHPh2· CO· Ph + PC15 

CCI 

and the observed production of triphenylchloroethylene at higher temperatures 
would rcsult from the decomposition of the same complex thus: 

H Cl 
( <_~I 

CPh2 Y CPh - 0-PCla 
LJ 

> CPh2 : CPhCI + POCla + HCI. 

A similar scheme can be applicd in the case of mcrcuric chloride, the intermediate 
complex then being of the type CR3 ·CHCl(OHgCl). 

The isomerisation of ethylene oxides to ketones is closely relatecl. to the 
pinacolinic change, is controlled by the same factors and is effected by the same 
typc of acid catalysts. The direction of fission of the oxide linkings will be determ­
ined by the relative electron release capacities of the groups Rand lV 

,--> 
+ ..... 

R-C--C-Rl 

~ 
fission and migration taking place in the direction of the full arrows if the 
capacity for electron release of RI > R, and of the dotted arrows, if the rela­
tive order is R > RI. The function of the acid catalyst is again the introduction 
of a positive charge by oxonium salt formation at the ether oxygen atom. The 
additional attraction of this charge for the electrons forming the link with carbon 
leads to a rupturc of this bond, and thus to the production of a system, 

R 
-'1 I~+ 
O~C-- CR, 

1 1 

1 Cf. ANscHüTz: Liebigs Ann. Chem. 45,1, (1927), 71, for evidencc of the formation 
of complexes of this type. 
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in which pinaeolic electron displacement will give rise to the isomerie ketone. 

i i L_----+ r!t~+ 1 
"" / "" r;: I+--' HSO, 

CR--CRa -+ CR---CRa -->- CR-CRal -+ R·CO·CR3 + H 280,. 

OH280, OH} H80,' O-'-H 
+ 

Pinacolic deamination. 
Closely related to the pinacol-pinacolin change is the process whereby an 

iXß-amino-alcohol is converted into a pinacolin under the influence of nitrous 
acid.1 In this case the positive pole of the diazonium ion created by the action 
of the nitrous acid on the amino-group assurnes the functions of the group Y 
in the general scheme given on p. 82.2 

R R 
I' 

HN02 (-, 1\.. ___ • r-H 
H-O-CR-CR2-NHz ----. H-'-O": CR-CRz ----N2 -. O:CR-CR3 + N 2• 

+ OH' + H 
The action of thc nitrous acid is thus specific; it is an essential reagent and not 
simply a catalyst, but it introduces into the moleeule a positive charge, neutralisa­
sation of which provides the driving force of the reaction. The retention of 
optical activity has also been observed during this change_3 

W AGNER-MEERWEIN change. 
The complcx changes in carbon skeleton which the terpenes undergo in many 

reactions mayaIso be regarded as a special case of the general phenomenon of 
pinaeolic electron displacement. These systems, however, involve theionisation 
of hydrogen from a C-H bond and, because of the attendant difficulty, the 
anionisation of the group m,ty occur unaccompanied by cationisation of hydrogen, 
thus giving rise to isomerie change without elimination. 

R Y 
I iL. ~ I I 

H-C-C-C - Y HC-C-C-R 
1/'-.. I IA 

Thus the action of hydrogen chloride on pinene gives pinene hydrochloride only 
below -10°, whereas at higher temperatures isomerisation to bornyl ehloride 

4 occurs. 'I 

CMe 

HC~ ::CH 

i CMe21 

H aC,,-----,/CH2 
CH 

i y 
CMe-Cl 

/t"-----
HCI H 2C ,/-CH 

, CMeal ._--- ---)0 

HaC,,-----I/CHa 
CH 

CMe 
/1"-----

H 2? I 9HCI 
->- I CMe2~ 

H 2C,,-----i/CH2 
CH 

A similar ehange is involved in the conversion of eamphene hydrate esters into 
isobornyl esters. 

1 McKENZIE, ROGER, WILLS: J. ehern. 80c. (London) 1926, 779, and other papers. 
2 IN GOLD : Ann. Rep. ehern. 80c. (London) 2;; (1928), 124. 
3 McKENZIE, MILLS: Ber. dtsch. ehern. Ges. 62 (B) (1929), 1784. 
, ASCUAN: Öfvcl's Finska Vet.. 80c. ;;i (A) (1914), No. 1. 
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In WAGNER-MEERWEIN changes wruch accompany elimination (of water or 
hydrogen halide) ionisation of hydrogen from carbon must be assumed. The 
reconversion of camphene hydro chloride into bornyl chloride by the action of 
cold alcoholic hydrogen cloride probably involves the intermediate formation of 
bornylene: 

because, in the analogous transformation of 2: 2-dichlorocamphane into ,x-chloro­
camphene by the action of potassium acetate in phenol solution, no hydrogen 
chloride is prescnt and the final product is the unsaturated chlorohydrocarbon,1 

{ KCI 
+ AcOH 

In isomerie changcs of unsaturated acids which are effected by means of dilutc 
sulphuric acid, the catalyst probably first hydrates the double bond (or polarises 
it by addition of a proton) to form the essential pinacolic system. This is exem­
plificd by the isomerisation of ,x-campholytie acid to isolauronolic acid: 2 

,d+ 
CH- CMe 

H 

-
GMe 

A 

C 

'-Me 
/ 

" r )le 
CH2- 1

- C· C02H 
l 

H 

. > CJle 

and in the similar conversion of the high er homologues, c<- into ß-campholenic 
acid. 

Dehydration of tertiary alcohols, effeeted by dilute or eoneentrated sulphuric 
acid, oxalic acid, acetyl chloride, p-toluenesulphonie acid and similar acid 
reagents, must involve the ionisation of hydrogen from a earbon atom as, for 

I JIEERWEIN, WORT~IANN: Licbigs Ann. Chern. 435 (1924), 190. 
2 PERKIN, TIIORPE: J. ehern. Soc. (Lonoon) 85 (1904), 128. 
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example, in the produetion of yy-diphenyl-ß-methyl-L1"-butene from diphenyl 
tert-butyl earbinol:1 

Me 

(-') IL~-+ n ~R20 
R~CR2-':.CMe~CPh2-0R ---. CR2:CMe-CMePhz 

~nd a similar meehanism is doubtless applieable to primary and seeondary 
aleohols, many examples of whieh are available:2 

i~; n [fR ~ 1 
CRz-CH OR ---+ CRz-CHR --. CR2: CHR. 

In such cascs the function of the acid catalyst is probably to eonvert the hydroxyl 
group into an ester (or an oxonium salt) and so greatly to increase its tendency 
to separate as an anion. 

Benzil-benzilic acid change. 
All the isomerisations so far considered in this section are induced by acid 

reagents, but an important series of ehanges involving group migration is effected 
in the presence of alkalis, in particular the hydroxyl ion. The value of the mech­
anism of pinacolic electron displacement as a basis for correlation is that it 
readily explains why an alkaline reagent is necessary in some cases. The conver­
sion of benzil into benzilie acid, effected only by means of alkali, is a rapid 
anti irreversible process. In benzil itself the system necessary for the occurrence 
of pinacolic electron displacement is incomplete and the effect of the group X 
in the general scheme given on p. 82 is provided by the negative pole formed 
by the preliminary addition of a hydroxyl ion: 3 

Ph 1\ Ph 
n: I: n 

y I OH' - ~ '--. y 

O=C-C=O -.0 C-C 0 
I I I 
Ph OHPh 

H 
--.O=C-CPhz·OH. 

I 
OH 

A preciscly similar initial attack by hydroxyl ion is necessary in thc convcrsion 
of cx-ketonic aldehydes into glycollic 1tCids, 

R I\H 
0, I . 1\ 

y OH' -' \.., ,-} H+ o : C~CR=O _., O..! C-CR 0 -, O=C~CHR' OH 
I 
OH 

I 
OH 

c.:-hydroxycyclopentanecarboxylic acids,4 

. eHz ') CHz /OH 

of cyclohexanediones into 

CHz 
H2C~e-O 

: 1\ 
H e/~e ° H e~'----.e 

OH' z i r " H+ 2 I ", 
i ~ - -+ I COzH : I .. 

H2c~~e ° 
CHR 

H2C~~CY ° HzC 'eHR 
HRC I 

OH 

1 )'[mc RA~L-I.RT-LuCAs: Ann. Chirn_ physique (8), 30 (1913), 349. ~ ßATE:\[AN, 
::\<IARVEL: J. Amer. ehern. Soe. 49 (1927), 2914. 

2 E.g. Mll. LEVY: BuH. Soe. ehim. Franee (4), 29 (1921), 878. - C. R. hebd. Aead. 
Sei. 172 (1921), 384. 

3 INGOLD: Ann. Rep. ehern. Soe. (London) 25 (1928), 124. 
4 WALLACH et al: Naehr. Ges. Wiss. Göttingf'n 1915, 244; Liebigs Ann. ehern_ 

41-1 (1918), 2%. 
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and in the transformation of cyclic 1X-chloroketones into cyclic carboxylic acids 
of the next lower ring homologue.1 

CR2 • CR.· CR. 

I ~CRCI 
CR.·CRz·C 

C~ 

OR' 
--+ 

+ 
H 

--+ 

All these changes are brought about under the influence of alkali. 

HOFMANN Reaction and LOSSEN Rearrangement. 
The general reaction whereby an acid amide is converted by the successive 

action of bromine and alkali into a primary amine is known to proceed through 
the intermediate formation of the isocyanate, which involves amigration of the 
alkyl group from carbon to nitrogen.2 Such migration is also adequately repre­
sented as a pinacolic electron displacement. The primary product of the action 
of bromine on the amide is the bromoamide which can be isolated. The function 
of the alkali is rcvealed by the observations that this bromoamide is stable in 
the absence of alkali but its alkali salts undergo spontaneous rearrangement to 
the isocyanate. The change evidently occurs, therefore, in the enolide ion, the 
necessary ionisation of the hydrogen being assisted by the hydroxyl ion in the 
nsual manner: 

H "R n '11' n I r. OR' -.j. I L~ I 
0:CR·NH2 --~ 0 : CR·NBr - - --+ 0- C=N-Br --+ O:C:NR + Br'. 

Hydrolysis of the isocyanate then affords the primary amine. An ingenious proof 
that the wholc change is intramolecular and does not involve evcn the temporary 
existence of thc radical B, has been given by W.o\LLIS and MOYER.3 

A similar mechanism can be applied to the conversion of hydroxamic acids 
into isocyanates and hence into primary amines.4 

R R 
I 'I r r. OR' ~ "'-~ ~ 

0: CR·N·OH - -+ O-C=N...:...OH - .. O:C:NR + OR'. 

RENFREW and HAUSERs have found that in the decomposition of the potassium 
+ -

salts of m- and p-su bstituted dibenzhydroxami? acids K { O-CR: N . 0· OC· R' 
a qualitative inverse relationship exists between the dissociation constants of the 
acids R·C02H and the rates of decomposition when R' is constant, and a quan­
titative direct relationship betwecn the decomposition rate and the ionisation 
constants of the acids R'· C02H when R.is constant. 

1 FAVORSKI, BOSlIOVSKI: J. russ. physik.-chern. Ges. 46 (1914), 1097; 52 (1920), 
582. 

2 ROFlIIANN: Ber. dtseh. ehern. Ges. 15 (1882), 407. - TIEMANN: Ibid. 24 (1891), 
4162. - MAUGUIN: C. R. hebd. Acad. 8ci. 149 (1909, 790. - 8CllROETER: Ber. dtsch. 
ehern. Ges. 42 (1909),2336, 3356. - FORSTER: J. ehern. 80c. (London) 95 (1909), 433. 

3 J. Amer. ehern. 80e. 55 (1933), 2598. 
• LossEN: Liebigs Ann. Chern. 186 (1877),1; 252 (1889), 170; 281 (1894), 169. 
5 J. Amer. ehern. 80e. 59 (1937), 2308. 
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The stronger the acid R' -C02H the greater is the anionic stability of the 
group O' OCR'. There is considerable evidence that the migratory tendencies 
of groups in pinaeolie electron displacement is closely related to their capacity 
for electron-release,1 and this is in harmony with the above results since the 
greater is the electron-release of the group R the weaker will be the acid R· C02H. 
The efficacy of thionyl chloride in promoting the change is readily understandable 
since it will convert the hydroxyl group into the more readily anionising groups 
o . SO . Cl or Cl. 

Curtius rearrangement. 
The similar decomposition of the azides of carboxylic acids into nitrogen and 

an iso cyanate is not, strictly speaking, an example of catalytic action, since the 
ehange occurs simply on heating alone or in an inert solvent such as benzene or 
even spontaneously in the solid state.2 Brief reference to it is made because of 
the essential unity of mechanism involved in the three types of rearrangement. 
The experimental facts all point to the one conclusion that the radical R· CO· N < 
rearranges immediately to the isocyanate by a purely intramolecular mechanism 
and all attempts to detect it before rearrangement havc failed.3 It appears to 
the present writers that the rearrangement probably occurs by a pinacolic 
electron displacement mechanism during the actual decomposition and that the 
radical R· CO· N < has no independent existence: 

R 

(' !'- + ~) !'~ II 
o ' CR- N-N=N ~-+ O-C=N~-N=N --+ O=C=NR + N2 • 

The essential factor in promoting the decomposition is on ce again the neutralisa­
tion of the positive eharge on the nitrogen to form the stable, electrically neutral, 
nitrogen molecule. 

Anionotropic Changes. 
In anionotropie systems the mobile group X separates as a negative ion 

Lf C~ 
I (""' / ("-I 1/ 

-C :"'C- C ,_-=0 -Cl C·Y-C 

" I I " 
ami henee the mobility of such systems will be increased by all factors which 
facilitate the anionisation of this group. The attachment of electron-release 
groups to the carbon from which the mobile group separates should thus increase 
mobility, and BURToN and INGOL])4 have provided experimental data in support 
of this conclusion. 

Before considering the function of catalysts it is necessary to know the 
history of the migrating anion. Two possibilities can be envisaged: 1. that it 
may leave the molecule completely in co valent or molecular combination with 
the catalyst, to be subsequently returned to another moleeule in one of the two 

1 The reason for this is not yet lmderstood. CL BAKER: Tautomerism, p.308. 
London, 1934. 

2 E.g. the diazide of phthalic acid. CL LINDE~!ANN, SCIIULTEIS: Liebigs Ann. Chem. 
464 (1928), 237. 

3 CL LINDEMANN , SCIIULTEIS: 1. c. 
4 J. ehern. Soc. (London) 1928, 904. - CL HAKER: Tautomcrism, pp. 227 et seq_ 

London, 1934. 
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possible positions of re-union; or 2. in certain cases, concomitantly with its 
elimination, an equivalent group may be introduced into the new position by 
an internal cyclic process such as 

rBr H--Br Br-H Br 
"--I 1'--->. 1 

CHRt CHTCH2 ----->- CHR=CH-CHz 

At the present time experimental evidence relating to the mechanism of aniono­
tropic change is in an unsatisfactory state. BURTON1 showed that, in sorne 
systems, the anion actually does leave the mole eule since it was found that if 
the anionotropic interconversion of iX·phenylallyl p-nitrobenzoate into cinnamyl 
p-nitrobenzoate be allowed to proceed in the presence of tetramethylammonium 
acetate the foreign acetate anions compete with the p-nitrobenzoyloxy anion 
returning to the system with the result that a mixture is actually produced. On 
the other hand KENYON, PARTRIDGE and PHILLIPS2 claim that anionotropic 
conversion of l-( - )iX-phenyl-y-methylallyl alcohol and its esters into the cor­
responding d-( + )y-phenyl-iX-methylallyl derivatives occurs with considcrable 
retention of optical activity the configuration around the new asymmetrie centre 
being the opposite of that round the one which is destroyed. Such observations 
are obviously inconsistent with the view that actual separation of the anion 
occurs during thc ch,tngc and suggest that the migrating group must become 
attached to the new carbon atom before the rupture of thc original link is com­
plete. KENYON and his co-workcrs postulate a pseudocyclic structure for the 
ex-phenyl-y-methylallyl compounds but this seems unnecessary if it is assumed 
that the unshared oxygen electrons come under the influence of the field of the 
y-carbon (produccd by polarisation of the ethylenic bond) before those which 
form the link with the a-carbon are withdrawn. When the change is effected in 
boiling acetic acid or methyl alcohol the anionic migration may be forestalled by 
union of the y-carbon with an external anion, OAc' or O.l\'le', and in such cases 
the configuration around the new asymmetrie centre is t,he same as that originally 
prescnt. The abovc slightly modified mechanism of KENYON may be represented 
thus :3 

l-(-) 

H CH H 
~ ~ ImTe'-, 

C \.~ C/ 
~ .~ 

'--,0 1 

Ph Me 

l-(-)Ph'CH: CH (O:\iE') !\fe 

i:JMCOH 
X -u' d-(+)Ph·CH:CH(OX)l\Ie 

Such suggestions, although differing from those of BURTON and INGOLD, do bring 
the mechanism of three-carbon anionotropic changes more into hannony with 
the findings of Hsü, INGOLD and WILSON in relation to prototropic changes in 
similar three-carbon and methyleneazomethine systems (p. 64). 

The probable function of catalysts is to assist the removal of the mobile 
group, and hence thcy must obviously be of such a nature that they have an 
affinity for the migrating anion. Acids might act in this way either directly or 
through the hydronium ion, as also might polarised or readily polarisable organie 
compounds such as acid anhydrides. Actually, when the anionotropic inter-

1 Ibid. 1I)2S, Hi50; 1934, 1268. 
2 lbie!. 11137, 207. 
3 CL HUGlIEs: Trans. Faraday 80c. 34 (1938), 194-. 
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conversion of alcohols (X = OH) is in question, the reagent acid anion will 
co-ordinate with the positively charged carbon to give the ester, the liberated 
hydroxyl ion forming unionised water with the acidic proton, 

HO-H c..0Ac 
,-"\ 1 
I .. / 

-~ -C=-C-- C ~ 
~ I 1'-'--

~OAc 

'--I r-i / 
-C--C=C 

I I '-

and the efficiency of acid reagents in bringing about this isomerisation should 
thus run parallel to the anionic stability of the anion, i.e. to the strength of the 
reagent acid. The order of facilitation OH < OAc < O· OC· OCl3 < halogens, 
established by various data in the literature,l is conclusive evidence in support 
of this deduction. Another familiar example is provided by the phenomenon of 
pseudobasicity in simple dyad systems of the type 

HX 
----)­
+--_. 
KOH 

or in the extended systems such as those present in the dyes of the magenta 
group, 

The stability of anions such as chloride, perchlorate, etc. constrated with the 
great tendeney of hydroxyl to form a co-valent link with positive earbon, pro­
vides an adequate explanation of the effects of acid and basic reagents in effecting 
the interconversion of the carbinol pseudobase and the electrovalent, true 
ammonium salt, and so displacing the equilibrium more or less completely in 
one direction or the other. 

Reliable information regarding the function of catalysts in anionotropic 
change is very meagre, and it must be recognised that the simple views outlined 
above probably only represent the broad principles of catalytic action. Diffic­
ulties arise especially with regard to the correlation of the position of equilib­
rium with the nature of the reagent used. Thus, whereas the action of anhydrous 
hydrogen halides on either cinnamyl or ex-phenylallyl alcohol gives only the 
cinnamyl halide, CHPh: CH· CH2X, treatment of cinnamyl chloride with 70% 
aqueous alcoholic potassium hydroxide affords 20-25% of ex-phenylallyl ethyl 
ether, OEt·CPhH·CH:CH2.2 The tertiary alcohollinalol readily affords a mix­
ture of the acetates of the isomerie primary alcohols, geraniol (cis) and nerol 
(trans) by thc action of acetic anhydride3 and other acidic reagents, but the 

1 l\!OUREU, GALLAGIIER: Bull. 80c_ chim. France 29 (1921), 1059. - BAUDRENG­
HEIM: BuH. 80e. ehirn. Belgique 31 (1922), 160. - Cf. BURTON : J. ehern. 80c. (London) 
(1929), 455. 

2 MEISENHEUIER, LINK: Liebigs Ann. Chern. 479 (1930), 211. - Cf. GIL~IA!<, 
HARRIS: J. Amer. chern. 80c. 1)3 (1931), 3541. 

3 BARBIER: C. R. hebd. Acad. 8eanees 8ei. 114 (1892), 674; 116 (1893), 883, 993, 
1062, 1459,2100; Bull. 80e. ehim. Franee (3), 9 (1893), 802, 810, 914, 1002; 11 (1894), 
361. - BoucHARDAT: Ibid. 116 (1893), 1253. - BERTRA"I, GILmIEIsTER: J. prakt. 
Chern. (2), 49 (1894),192. - 8TEPHAN: Ibid. 58 (1898),109; 62 (1900), 529. - ZEIT­
SCHEL: Ber. dtseh. ehern. Ges. 39 (1906), 1780. 
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partial reconversion of geraniol to linalol is brought about by heating with water 
at 200 0 in an autoclave,l or by steam distillation of the sodium salt of geranyl 
hydrogen phthalate.2 The detailed study of DUPONT and LABAUNE3 is summarised 
as folIows: 

HCI-PhMe at 1000 

Linalol 

Geraniol 

HCI 
t 

Geranyl chloride 

IKOAc in 
t PhMe 

Linalyl acetate 

NaOEt 
--~ Geranyl ethyl ether 

On the assumption that the position of maximum stability for the mobile anion 
is in attachment to the carbon bearing groups of the smallest electron-release 
capacity, geraniol should be the predominating isomeride, and it is significant 
that this alcohol is always formed under the influence of acid reagents, Le. under 
conditions when the anionotropic mobility of the system is greatest. In such 
cases anionotropic equilibrium is attained and isomerisation to the more stable 
isomeride occurs. The reverse change is always effected by water or other basic 
reagents in solvents (such as toluene) of low ionising power and it seems probable 
that in these cases the nucleophilic reagent attacks at the positively charged 
y-carbon to produce linalol, the conditions now being such as to preclude the 
establishment of complete anionotropic equilibrium and its eonsequent isomerisa­
tion to the more stable geraniol. 

Me 
~ (J 

C6H ll-Co.'-CH-! 
~+ 

t 
HO·H 

OH HO-H 

Precisely similar conditions are encountered in the interconversion of nerolidol 
and farnesol, the ses9uiterpene analogues. 

Isomerisation of hydrocarbons. 
The reactions which olefinic hydrocarbons undergo in the presence of acid 

reagents are complicated and little is yet known regarding their mechanism. 
Isomerisation and polymerisation, or other forms of additive reactions, usually 
occur side by side. Drastic conditions of temperature and pressure are frequently 
essential and other reagents such as boron trifluoride or aluminium tri chloride 
are equally effective eatalysts.4 It is difficult to ascertain whether such reactions 
are homogeneous and the function of the acid catalyst is almost certainly of 

1 SCHIMMEL'S Report 1 (1898), 25. 
2 STEPHAN: J. prakt. Chern. (2), 60 (1899), 252. 
3 Sei. Ind. Rap. Rouse-Bertrand Fils (2), 10 (1909), 19; (3), 1 (1911),42; 2 (1912) 1. 

- Cf. FORSTER, CARDWELL: J. ehern. Soc. (London) 103 (1913),1339. 
C A fuIl account and detailed bibliography of such isornerisations is given by EGLOFF: 

"Reactions of Pure Hydrocarbons", Arner. ehern. Soc. Monograph No. 73 (1937), 
New York. . 
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a character different form that which is under consideration in such an artiele 
as this, which deals solely with catalysis in homogeneous solution. For such 
reasons only a few general points are dealt with very briefly. 

Whatever is the mechanism of such isomerisation, polymerisations and 
hydrations, the first step appears to be the formation of an active moleeule, 
fragment or ion.1 It is a plausible hypothesis that such activation is centred at 
the polarisable ethylenic bond and that the essential function of the acid catalyst 
should be concerned with the facilitation of such polarisation. 

BROOKS and HUMPHREy2 found that addition of ice to solutions of alkylenes 
in cold 85% sulphuric acid gives an immediate precipitate of the corresponding 
alcohol, but the alkyl hydrogen sulphate undergoes no appreciable hydrolysis 
under the same conditions. Moreover, pure 100% sulphuric acid does not convert 
hexenes into alcohols. It is evident that the formation of alcohols is independent 
of any intermediate formation of the alkyl hydrogen sulphates and hence it seems 
improbable that the latter function as intermediates in the acid-catalysed iso­
merisation of olefines. For this rcason grave doubt is cast upon the hypothesis 
of alternate addition and fission of the acid catalyst which has so frequently 
been evoked to explain these changes:3 

The function of the acid catalyst may be regarded esscntially as effecting 
in some manner, the polarisation of thc ethylenic bond, possibly by the incipient 
addition of a proton, a process which, by thus introducing a positive centre into 
the moleeule, would initiate electron displacements the nature of which determines 
the outcome of the reation, be it isomerisation, hydration or polymerisation. 
On passage of an olefine into a strong acid the primary equilibria established will 
doubtless bc with the ions of the alkyl salt and the undissociated moleeule : 

H HX H H H XH 
I n I + I/}_ I I :/ I V 

-C_C' 
C" 

..... _.- -G--C-C X ,-- -C-G--C 
I I I I " I I " 

y ß 0< 

(I) (I1) 

Since the alkyl salt (II) has been shown not to function in the same manner as 
aoes the original olefine, it is probable that the subsequent changcs wh ich give 
rise to the alcohol, thc isomerie olefine, or the polymeride, are initiated before 
complete co-ordination of thc proton, to give (I) is effected. The elose approach 
of the acid catalyst will greatly increase thc polarisation of the double bond with 
the production of a /) + change on Cp• Neutralisation of this positive charge 
may be effected 1. by the electrostriction of a hydroxyl ion, to give the alcohol, 
2. by addition to the unsaturated centre in a second moleeule of olefine, to form 

1 BIRCH, DUNSTAN, FlDLER, PUl, TAIT: J. Instn. Petrol. Technologists 24 (1938), 
305. 

2 J. Amer. ehern. Soc. 40 (1918), 822. 
3 Cf. p.21. 
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a polymeride, or 3. by ionisation of the hydrogen on ey to give the isomerie 
olefine: 

H OHH 
1 1 1/ 

-C-C-C 

1 1 " 

H Ii 
OH' I, 6+ ('/ 

-C-Y-C~C +---
(1) 

1 1 " 
'Y ß IX 

I" 6+()/ (2) CH-Cc-,C 
~/ 1 " 

" 1 / 

/CH~?-~H" 
C-C-CH etc. 

/ 1 /" 

H 
1/ 

-C=C-C 
1 1 " 

In the case of sulphuric acid (and of polybasic acids in general) the alkyl hydrogen 
sulphate (II, X = O· SOaH) can itself function as an acid and further catalysc 
the isomerisation. 

Cyclisations. 
The weil known cyclisations of open-chain and monocyclic sesquiterpenes to 

mono- and di-cyclic isomerides under the influence of acid reagents are closely 
allied to the isomerisations of open-chain olefines, the only difference being that 
the electronic rearrangements initiated by the catalyst involve conjugation 
through space with consequent formation of a cyclic form, and are sometimes 
of the pinacolic electron displacemerlt type involving group migration. In these 
sesquiterpcne derivatives there are several ethylenic bonds at which, theoretically, 
the initial polarising attack of the acid catalyst might occur. The weIl established 
activating effect of gcm-dialkyl groups on an ethylenic linking1 suggcsts that the 
initial proton addition would occur at a double bond to which a gem-dimethyl 
group is attached 

in preference to one activated only by a single methyl group or by hydrogen, 

n 
CHa -> C=CH--

1 

Examination of the availablc data shows that the electron displacements which 
would be initiated by proton addition at such points are usuaIly those which 
would lead to the cyclic isomerides actually known to be formed. The cyclisation 
of geraniolene by concentrated sulphuric acid (d = 1,56) at room temperature or 
by warm 60% sulphuric acid may be cited as an example.2 

1 CL INGOLD, INGOLD: J. Chem. Soe. (London) 1931, 2354. 
2 TIE)IANN, SEJIDILER: Ber. dtseh. ehern. Ges. 26 (1893), 2724. - WALLACH, 

FRAKKE: Liebigs Ann. Chem. 324 (1902), 114. - ESCOURROU: BuH. Soe. ehim. 
Franee (4), 39 (1926), 1460; 43 (1928), 1277. 
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Other examples are very briefly summarised below. Dihydromyreene is converted 
by a mixture of aeetie acid and dilute sulphurie acid into cyclodihydromyrcene: 1 

geranyl acetate with sulphuric acid affords mainly ß- and with phosphoric acid, 
mainly IX-cyclogeranyl aeetate.2 1p-Ionone with sulphuric acid gives mainly ß­
ionone, whereas with phosphoric acid or formic acid IX-ionone is the chief product.3 

In the conversion of citral into p-cymene with dilute sulphuric acid and potassium 
hydrogen sulphate4 the initial proton addition would be expected to occur at the 
carbonyl oxygen. Hydrolysis of citrylideneaniline with concentrated sulphuric 
acid is accompanied by cyclisation to give IX-cyclocitral, together with its product 
of isomerisation ß-cyclocitra1.5 ~'arnesene is converted by digestion with formic 
acid into a mixture of IX-, ß-, and y-bisabolene,6 and farnesol, with either formic 
acid or a mixture of acetic and sulphurie acids, affords bisabolol formate or 
acctate.7 Isomerisation of zingiberenc to isozingiberene occurs under the influcnce 
of an acctic-sulphuric acid mixture at 60°. 

The suggcsted mechanism of acid catalysis thus broadly correlates these 
cyclisations in a simple manner, but it does not, of course, give any information 
regarding thc specific effects of different acid catalysts in favouring the production 
of one or other of the isomerides experiment shows to be formed. Solution of 
this aspect of the problem must await further experimental investigation and 
a great increase in our kJ;lowlcdge of the nature of the intramolecular electronic 
rearrangements involved in such changes. 

1 SElIMLER: Ber. dtseh. ehern. Ces. 27 (1894), 2520; 34 (1901), 3126. 
2 HAARMANN, REIMER: D. R. P. 138141. 
3 HIBBERT, CANNON: J. Amor. ehern. 80e. 46 (1924), 127. 
4 SE~DILER: Ber. dtseh. ehern. Ces. 24 (1891), 202. - VERLEY: BuH. 80e. ehim. 

Franee (3), 21 (1899), 408. 
5 HAARMANN, REIMER: D. R. P. 123747. 
6 RUZICKA, CAPATO: Helv. ehim. Acta 8 (1925), 259. 
7 SE~IlIILER, ßECKER: Ber. dtsch. ehern. Cps. 46 (1913), 1918. 

lldb. d. Katalyse. 1I. 
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Interconversion 01 geometrical isomerides. 
The interconversion of cis-trans isomerides under the influence of acids has 

long been recognised. Nitrous acid effects the conversion of oleic into elaidic acid,l 
and of erucic into brassidic acid.2 Fumaric acid is converted into maleic acid by 
hot concentrated hydriodic, hydrobromic3 or hydrochloric acids and by dilute 
nitric acid,4 and this change is the one towards which most attention has been 
directed. 

Although the earlier work is polemical and often contradictory it seems clear 
that the change is catalysed by both hydroxyl and hydrogen ions. When effected 
in aqueous solution the interconversion is often accompanied by the formation 
of malic acid, but it is not established whether this substance is a definitc interme­
diatc or whether it is formed in a side-reaction. WEISS and DOWNS' found 
that at low tcmperatures an equilibrium betwecn malic, fumaric and maleic acid 
is established, the proportion of maleic acid decreasing with increasing re action 
temperature, and at 140 0 the samc equilibrium between malic and fumaric acids 
is established starting from either maleic or fumaric acids. lt is evident that for 
intcrconversion to occur thc double bond mnst be activated in some manner 
whieh permits free rotation, but the fact that interconversion may be bronght 
about by a variety of rcagents, such as bromine or iodine, colloidal sulphllr, 
ultraviolet light, and even by heat alone, suggests that such activation may be 
effected by vftrious mechanisms. Certain evidence rclating to the function of 
acid and basic catalysts is available. 

TERRY and EICHBEIWER6 in a kinctic stndy of the catalysed conversion of 
maleic into fumaric acid found that the rate of reaction is proportional to the 
concentration of the catalyst and to the square of the initial concentration of the 
nmleic acid.The catalysts studicd incillded hydroehloric and hydrobromic acids 
in concentrations varying from 21'\ to 4 S, and potassium thiocyanate in con­
eentrations of 0,06 to 0,22 N, and this salt was by far the most effective catalyst 
used. Thc vaille of the vclocity coefficient of the reaction is independent of the 
catalyst concentration except in thc case of hydrobromic acid, in which case it 
incrcases with increasing concentration of the acid catalyst. TERRY and EICH­
BEIWER sllggest that the establishment of the eqllilibrillm with the double molecule 
of maleic acid and the combination of this with a proton, are fast reactions, the 
measllred velocity being thc 810w polarisation of the double bond of this activated 
complex which, in turn, is rapidly followed by rotation to give fumaric acid and 
dissociation of the eomplex. With slight modification this hypothesis provides 
qllite a plausible explanation of the fllnction of acid and alkali ne catalysts. The 
addition of either hydroxyl ion or of the maleic acid anion cOllld convert one of 
thc carboxyl grollps in the original maleic acid molecule from an electron­
attracting into an electron-rclease group. If the other carboxyl group, as a weak 
base, then reacts with a proton to form a salt·like complex thc electron-attraction 
of this carboxyl group would be grcatly increased, and conditions extremely 
favourable for the polarisation of the double bond and the consequent reduction 
in its torsion al rigidity would be produced. 

1 BOUDET: Ann. Chirn. physique (2), iiO (1832),391. - LAURENT: Ibiel. Sii (1837), 
149. 

2 HAUSSKNECIIT: Liebigs Ann. Chern. 143 (1867), 54. 
3 KEKULE: Liebigs Ann. Chern., Suppl.-Bel. 1 (1861), 133. 
4 KEKULE, STRECKER: Ibid., Suppl.-Bel. 2 (1862), 93; 223 (1884), 186. 
5 J. Arner. ehern. 80e. 44 (1922), 1118. 
6 Ibicl. 47 (1925), 1402. 
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MEERWEIN and WEBERl have also concluded that the ability of catalysts to 
cause stereoisomeric change in ethylene derivatives is dependent upon their 
power to activate the double bond, and hence that all substances which have the 
power of addition to such double linking should be catalysts to a greater or less 
degree. This view received support from their observation that metallic potassium 
readily effects the transformation of methyl maleate into methyl fumarate 
heated in dry ether for a few hours without itself undergoing any apparent change. 
This observation itself suggests that the function of the catalyst may be rather 
to provide the field necessary to effect polarisation of the double bond than to 
form an actual additive complex2 and this point of view is strengthened by the 
investigations of TAYLOR and ROBERTS3 on the catalysed stereoisomerie change 
of IX- into ß-benzil monoxime in ethyl alcohol. They found that the rate of change 
ia of first order with respect to the oxime. Catalysis by hydrogen chloride is 
inappreciable when the acid eoncentration is less than 1 .V, but above this con­
centration the velocity of the change increases very rapidly and out of all pro­
portion to the concentration of the hydrogen chloride. Addition of water to the 
alcohol solution greatly diminishes the velocity, that produced by 1,5 N-hydro­
chloric acid in absolute ethyl alcohol being decreased fourteen-fold by addition 
of 4% of watcr. lt is evident that the catalytic effect is not due to protons nor 
to the co-ordination of acids with the oxime nitrogen since it was found that 
lithium and tetramethylammonium chlorides (but not potassium ethyl sulphate 
or potassium acetate) are more efficient catalysts than hydrogen chloride itself. 
Thc authors came to the conclusion that thc effective agent is the ion-pair, the 
elose approaeh of which to the C = N bond gives rise to interaction whieh brings 
abollt a decrease in the torsional rigidity of the double bond. The concentration 
of the ion-pair would only be appreciable in the more conccntrated solutions of 
electrolytes. In agreement with this theory quaternary ammonium salts show 
the maximum deviation from the thcoretical ÜNSAGElt slope; the ionic association 
of hydrogen chloride is greater in ethyl than in methyl alcohol, and this acid is 
1,65 times more effective as a catalyst in the former than it is in the latter 
alcohol. Hydrogen chloride dissolved in dry benzene exhibits no clectrical con­
ductivity but it cabtlyses the ehange·from the IX- to the ß-oxime in less than two 
minutes. Moreover, at a given concentration, association increases with increasing 
atomic number of the cation and it was found that potassium chloride in 56% 
ethyl alcohol is 1,27 times as efficient a catalyst as is lithium chloride in 96 % 
alcohol. lt should be noted that, in the free oximes, the IX- is the more stable 
form and hencc lithium chloride, although catalysing the conversion of the ß­
into the IX-form, has no effect on the more stable IX-oxime. Hydrogen chloride 
effects the conversion of the IX- into the ß-oxime because the stabilities of the 
hydrochlorides of the oximes are reversed, that of the ß-oxime being the more stable. 

1 ßer. dtsch. cht'm. GeR . .,8 (1925), 1266. 
2 HORREX: Trans. Faraday 80c. 33 (1937), 5iO, has also shown that no addition 

of deuterium to the double bond occurs when the isomerisation of maleic to fumaric 
aeid is effected by hydrochloric acid which contains a large concentration of DCI. 

3 J. cht'm. 80c. (London) 1933, 1439. 
7· 
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Acids are also known to catalyse the interconversion of cis-trans-forms of 
cyclic dicarboxylic acids and esters and ASCHAN and MOHR1 have assumed that 
in such cases the change is eifected through the enol form, and the presence of 
a hydrogen atom on the carbon which bears the carboxyl group is essential. 
SCHEIBLER2 found that cis-hexahydrophthalic ester is converted by potassium 
in ether into the potassium enolate from which sulphuric acid subsequently 
liberates the trans-ester, and HÜCKEL and GOTH3 found that hydrolysis of the 
cis-ester with alcoholic sodium ethoxide affords the trans-acid, and that when 
it is refluxed with only 0,1 molecular proportion of sodium ethoxide the cis­
ester is converted into the trans-isomeride. Such interconversions would thus 
seem to depend, in the normal manner, upon ionisation of the hydrogen attached 
to the carbon bearing the carbethoxyl group, to produce the enolate ion in wh ich 
the spatial arrangement is destroyed and the formation of the more stable iso­
meride thus permitted. 

HOEt. 

The BECKMANN Change. 
The change whereby ketoximes are converted intö isomeric acid amides4 has 

long been the subject of investigation by many workers and the literature relating 
to the change is extensive. It is only comparatively recently that any real insight 
into the mechanism has been obtained, and most of the earlier theories have 
subsequently been proved to be untenable. No attempt will be made to give an 
ac count of the historical development of the subject sinee an excellent summary 
of the position up to 1933 is available elsewhere.5 

The catalysts used to bring about the isomerisation are all either acidic in 
character, or readily hydrolysable salts. Probably the most general reagent is 
phosphorus pentachloride used in dry ether at low temperatures. Other com­
monly employed reagents are phosphorus oxychloride, acetyl chloride, BECK­
MANN'S mixture of acetic acid and acetyl chloride saturated with hydrogen 
chloride, sulphuric acid (which is especially satisfactory in the case of cycHc 
oximes6), hydrogen chloride, oxime hydrochlorides, benzenesulphonyl chloride 
in aqueous alkaline medium or in pyridine,7 and also antimony tri- and penta­
chloride or metallic chlorides, but not sulphates, oxides or hydroxides. In addit­
ion to ketoximes, the lV-alkyl ethers of aldoximes have also been shown to 
undergo the change.8 

1 ASCHAN: Liebigs.Ann. Chem. 387 (1912), 16. - MOHR: J. prakt. Chern. (2), 85 
(1912), 334. 

2 Ber. dtseh. ehern. Ges. 53 (1920), 389. 
3 Ibid. 58 (1925), 447. 
• BECKMANN: Ber. dtseh. ehern. Ges. 19 (1886), 988. 
5 BLATT: Chern. Reviews 12 (1933), 215. - Cf. WATSOX: Modern Theories of 

Organie Chernistry, p. 139 et seq. Oxford, 1937. 
6 WALLACH: Liebigs .Ann. Chern. 309 (1899), 3. 
7 WEGE: Ber. dtseh. ehern. Ges. 24 (1891), 3537. - \VERNER, PIGUET: Ibid. 

37 (1904), 4295. - WERNER, DETSCIIEFF: Ibid. 38 (1905), 69. 
B ßECK)IANX: Ber. dtseh. ehern. Ges. 26 (1893), 2272; 37 (1904), 4136. - BRADY, 

Du};};: J. ehern. 80e. (London) 1211 (1926), 2411. 
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The earliest information relating to the funetion of the acid catalyst occurs 
in the work of SLUITER1 who found that when acetophenone oxime undergoes 
the BECKMANN change in concentrated sulphuric acid (as bot.h solvent and 
catalyst) the reaction is of the first order: the velocity is proportional only to 
t,he amount of oxime present, and is increased by increase in the strength of 
the sulphuric acid used. LACHMANN,2 like HENRlCH,a and LEHMANN," called 
attention to the equilibrium which exists in acid solutions of oximes between 
the salt, the free oxime and its products of hydrolysis, and showed that rearrang­
ement of benzophenone oxime occurs in aqueous solution when the hydrion 
concentration is sufficient to ensure the presence of the oxime salt. Rearrangement 
was assumed to take place in the cation of the oxime salt. 

The extensive researches of KUHARA5 revealed the fact that the acyl deriva­
tives of the oximes undergo rearrangement and that the velo city of the change 
is greater the greater is the anionic stability of the acyloxy group. This was 
verified for benzophenones and acetophenone7 oximes, the velocity in the presence 
of various acyl chlorides increasing in the order CHa' CO· Cl < CH2CI· CO· Cl < 
< PhS02Cl. If the acyl group is not sufficiently electron-attracting ("negative") 
salt formation is necessary to effect the rearrangement. The acetate of benzo­
phenoneoxime undergoes a first order rearrangement only in the presence of 
hydrochloric acid and is accelerated by increase in the hydrion concentration. 
The benzenesulphonate, isolated as a crystalline ester, rearranges instantly 
when melted, and slowly even in the solid state, to give an oll PhC(: NPh)' OS02Ph, 
hydrolysed by water to benzanilide and benzenesulphonic acid.8 An alkaline 
solution of benzophenoneoxime rearranges in the presence of benzenesulphonyl 
chloride. The hydrochlorides of the oximes also rearrange when heated. The 
mechanism suggested by KUHARA was open to many of the objcctions common 
to other theories, in particular that it offered no explanation of the trans-inter­
changeof groups, thc generality of which had been established largely by MEISEN­
HEE\IER.9 The whole position has been clarified by the recent investigations 
of CHAl'MAN and his co-workers.10 They have confirmed the spontaneous trans­
formation of derivatives of the oximes with strong acids, the picryl ethers 
R2C: NO, CsH2(N02)a rearranging when heated alone without the intervention 
of catalysts and by a uniJi.lOlecular mechanism. Solvents of high dipole moment 
increase the speed, the velo city of rearrangement of the picryl ether of benzo­
phenoneoxime in various solvents increasing in the order CC14 < CHCla < C2H 4C12, 
and the addition of various solvents to carbon tetrachloride increases the velocity 
in the order 

egelo-C,H .. 

for whieh f! = 0 
< PhCI 

1,55 
< C.H,CI. 

1,8 
< COMcz < MeNO! 

2,8 3 
<lI,CN 

3,2 

Compounds which conta.in equal and opposite dipoles, sllch as trans-dichloro­
ethylene, p-dichlorobenzene or I: 4-dibromocyclo hexane, are also effective as 
catalysts, thus indicating that their efficacy must be due to the action of the 

I Recueil Trav. ehim. Pays-Bas 24 (1905), 372. 
2 J. Amer. ehern. Soe. 46 (1924),1477; 47 (1925), 260. 
3 Ber. dtseh. ehern. Ges. 44 (1911), 1533. 
4 Z. angew. Chem. 36 (1923), 360. 
5 Published colleetively in a monograph "On the BECKlIANN Rearrangemcnt", 

Jrnp. Univ. of Kyoto, Tokio, 1926. 
6 KUlIARA, TODo: Mem. Coll. Engng., Kyoto Imp. Univ. 2 (1910), 387. 
7 KUlIARA, WATANABE: Mem. Coll. Sei., Kyoto Irnp. Univ., Sero Al (1914), 349. 
8 KUHARA, MAT8UMIYA, MATSUNAlIl: Ibid. p. 105. 
9 Ber. dtseh. ehern. Ges. 04 (1921), 3206 and subseguent papers. 
10 CIIAPlIAN: J. ehern. 80e. (London) 1933, 806; 11134, 1550; 1113;), 1223. 
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field of the dipole on the oxime ether. Increase in the initial concentration of 
the oxime ether causes more than a proportionate increase in velocity, but the 
unimolecular coefficient remains constant throughout any one experiment. 
It must therefore be concluded that both the ether and the rearrangement 
product act catalytically, an effect which CHAPMAN ascribes to a resulting change 
in the medium. The effect of substitution has been studied by CHAPMAN and 
FIDLER1 who have shown that the introduction of electron-attracting groups 
such as chlorine or nitro into either phenyl nucleus retards the rearrangement 
(of the picryl ether of benzophenoneoxime in carbon tetrachloride), whereas 
electron-repelling substituents, e.g. methyl, accelerate the change. The effect 
in either casc is much greater when the substituent is present in the migrating 
group. p-Nitrobenzophenone cx-oxime (substituent in the non-migrating group) 
isomerises less readily than does the chloro-compound but the ß-oxime (N02 

in migrating group) is unchanged under the same conditions. On the other hand 
di-p-anisylketoxime picryl ether rearranges so readily that aU attempts to 
prepare it give only p-anisoyl-p-anisidide. Introduction of clcctron-repelling 
groups into the picryl residue retards the change since they decrease its anionic 
stability, and the 2,4-dinitro phenyl ether does not rearrange at 100° whereas 
the picryl ether readily changes at 40°. 

All these observations point to the conclusion that rearrangement is made 
possible by the tendency of the group OX in R 2C: N . OX to dissociate as an 
anion, but thc effect of hydrogen chloride was difficult to reconcilc with this 
since STIEGLITZ and PETEgSON2 had shown that the ester CR2 :NCI does not 
rearrange. This discrepancy has been explained by CHAP:VIAN'S study of the 
rearrangement of benzophenone oxime catalysed by hydrogen chloride in ethylene 
dichloride as a solvent.3 He found that an initial period of low velo city is followed 
by a rapid change at almost constant speed, autocatalysis thus being indicated. 
The initial slow period is reduced. by the presence of the reaction product, benz­
anilide, and is completcly rcmoved by introduction of the iminochloride of the 
anilide PhCCI: NPh, although the presence of hydrogen chloride is still essential. 
CHAPMAN has suggested and verified the following mechanism: a small amount 
of benzanilide is first formed by the slow rearrangement of the oxime salt: the 
benzanilide so formed then reacts with hydrogen chloride to give the imino­
chloride:-

Ph·CO·NHPh + HCI -> PhCCI:NPh + H 20: 

which then condenses with the oxime thus: 

Ph2C: NOH + PhCCI: NPh -> Ph2C: N ·0· CPh: NPh + Hel. 

Conversion of this oxime ether into the cation of its salt 

H+ + 
PhzC: N . O· CPh : NPh -+ PhzC: N . O· CPh: NHPh 

+ 
renders the ether group . OCPh: NHPh strongly electron attracting like the 
anion of a strong acid. The suggested intermediate ether was isolated and found 
to be converted quantitativcly into benzanilide by aqueous hydrochloric acid. 
This case is thus brought into line with the change in the oxime ethers and 
their salts. The function of the catalyst is thus either to convert the oxime into 

1 J. ehern. 80e. (London) 1936, 448. 
2 Ber. dtsch. ehem. Ges. 43 (1910), 782. - PETERSOK: Amer. ehern. J. -16 (1911), 

325. 
3 J. ehern. 80e. (London) 1935, 1223. 
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its ester or its salt or both. In all cases the resulting increased electron-attraction 
initiates the electron displacements which lead ultimately to rearrangement. 
A synthesis of the earlier views of RC-CHERER, BILTZ, MEISENHEIMER, RAMART­
LUCAS, and CHAPMAN into a detailed electronic mechanism has been made by 
WATSON1 and is expressed as follows:-

The electron attraction (a) of the group OX, assisted in some cases by the electron­
attraction of a co-ordinated proton, initiates the electron displacements rc­
presented by (b) (facilitated by electron release in the groups RR'). Before the 
displacements (b) are completed,2 rearrangement of the thus aetivatcd molecule 
occurs as the result of several further processes which are probably simultaneous. 
R comes under the influence of the unshared electrons of the nitrogen atom (c) 
and so begins to relinquish the electron pair which link it to carbon (d),.a process 
facilitated by the presence of clectron-release groups in thc migrating group R. 
Meanwhile thc OX 01,' OH group comes under the influcnce of the carbon atom (e) 
and continues the process of brcaking away from the nitrogen and migrates 
with its bonding electrons. Completion of these processes gives risc to 

+ 
XO·CR:NR 01,' HO·CR:NHR, respcctively, which by hydrolysis in the former 
case and loss of a proton in the latter yield the acid amide. Such a mechanism 
accounts for all the expcrimental facts, and readily explains on a common basis 
thc functions of the various catalytic agents which may be employed in bringing 
about the BECKMANN change. 

Migrations from Side-Chain to Aromatic Nucleus. 
There are a number of weIl known isomerisations in which a group in the 

side-chain of an aromatic compound migrates into the benzene nucleus 
CsHs ' NXR -> (0- or p-)X· CSH 4 • NHR (X = CI, OH, NH2, N02, S03H, alkyl, 
NHAr, N2Ar, etc.). Although superficially similar, closer exam:ination of the 
course of sueh reactions reveals a differentiation into two fundamentally distinct 
types aecording as to whether the change is an intermolecular or true intra­
molecular rearrangement. In the former interaction with the catalyst may 
involve actual fission of the side-chain to produce a simpler aromatic derivative 
and a molecule which subsequently attacks this newly formed aromatic compound 
in accordance with the laws which govern clectrophilic aromatic substitution. 
In true intramoleculal,' changes the migrating group never leaves the sphere 
of influence of the field of the rearranging molecule, changes in structure being 
interna!. In such cases the mechanism must involve the simultaneous production 
of a positive (electrophilic) centre in the side-chain and activating op-orienting 

1 "Modern Theories of Organie Chemistry", p. 145. Oxfol'll, 1937. 
2 If the ehanges (b) were cornpleted before migration of R began, free rotation 

about the single bond so ereated would give rise to an identieal produet from stcreo­
isomerie oximcs; this is not the ease. Cf. MONTAGNE: Ber. dtseh. ehern. Ges. 43 (1910, 
2014. 
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electron displacements in the nucleus which provide the necessary centres of 
attraction for the migrating groUp.l Since, on the basis of modern electronic 
theory, m-orientation involves a deactivation (decreased electron-availability) 
at all positions in the benzene nucleus (the op-positions being more deactivated 
than the m-positions)2 it follows that true intramolecular migration to the meta­
position is impossible. This distinction between inter- and intra-molecular 
migrations is weIl illustrated by the somewhat complex changes which phenyl­
bromocyanonitromethane undergoes in the presence of moderately concentrated 
nitric acid. A detailed study3 of these changes shows that, in addition to the 
formation of m-nitrophenyl bromocyanonitromethane by direct nitration, a 
number of side-reactions result in the formation of relatively large amounts 
of m-bromophenyl bromocyanonitromethane and of 0- and p-nitrophenylbromo­
cyanomethane which undergoes further oxidative change to the nitro benzoyl 
cyanide. BAKER and IN GOLD showed that the m-bromo-derivatives result from 
the primary formation of an inorganic brominating agent (most probably free 
bromine) which then effects meta-bromination of the phenylbromocyanonitro­
methane in accordance with the ordinary laws of aromatic substitution (the 
group _ -CBr(CN)·N02 being strongly meta-directing). 

The production of p-nitrobenzoyl cyanide, however, depends on an internal 
change involving group migration which may be formulated thus 

C " N02 -- __ >0 f") n [0] /."--" 
~_~)CBr(N02)·CN -> Hl}-=~f 'C(CN)--Br -H:ßI~ N02«_)CO oCN. 

Such differentiation in mechanism is sometimes dependent upon the experimen-
tal conditions under which isomerisation is effected ami in the following discussion 
of such changes it will be seen that the same isomerisation may, under different 
conditions, be either intcr- or intramolecular. 

Hydrazobenzene-benzidine change. 
The rearrangement of a hydrazobenzcne to a derivative of 4:4'-diamino­

diphenyl may, in rare cases, be cffected by heating alone, but more usually an 
a-eid catalyst is necessary. A dilute aqueous solution of a mineral acid, hydrogen 
halidc acids in an inert solvent, or even acetic acid alone may be cmployed. 
As is weIl known, the isomerisation to the 4:4'-diaminodiphenyl compound 
may be accompanied or replaced by scmidine and ortho-semidine changes and 
thc proportion of the various products formed has been found to depend on (1) 
thc conditions under which rearrangement takes place and (2) the nature and 
positions of substituents in the phenyl rings. An exccllent summary of the data 
has been compiled by JACOBSEN.4 

Various views concerning the mechanism of the change have been proposed. 
The suggestion that the isomerisation involves two consecutive migrations 
first to give the semidine and then isomerisation of the semidine to benzidine, 
has been shown to be erroneous since the semidine is unaffected by acids under 
conditions whieh are effective in bringing about the conversion of the hydrazo­
benzene itsclf into benzidinc.5 The mechanism which postulates peliminary 

1 BAKER, INGOLD: J. ehern. 80c. (London) 1929, 423. 
2 Cf. INGOLD, 8MITII: Ibid. 1988, 905. 
3 BAKER, IN GOLD : 1. c. 
4 Liebigs Ann. Chem. 428 (1922), 76. 
5 R. ROBINSON, G. M. ROBINSO~: .1. chpm. 80c. (London) 118 (1918), 645. 
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hydrolysis of the hydrazobenzene to phenylhydroxylamine and aniline, followed 
by rearrangement of the first-named product to p-aminophenol which might 
then condense with the aniline cannot be upheld, since these two compounds 
do not condense to give benzidine. The hypothesis of prior dissociation into 
free radicals of the' type ArNH·, which may then combine in various ways, 
is excluded by the observation that tetraphenylhydrazine, which undergoes a 
benzidine change to give 4:4'-diphenylaminodiphenyl, is not so isomerised under 
conditions in which it is known to be dissociated into free NPh2 radicals.1 Actually 
the hydrazobenzene-benzidine conversion is the one side-chain migration for 
which the evidence for an intramolecular mechanism is conclusive. If two hydrazo­
benzene derivatives of the types (A' CSHt ' NH· )2 and (B' CsH,· NH· )2' so chosen 
that they both undergo the benzidine change at closely comparable speeds 
a,nd without appreciable simultaneous semidine change, are allowed to rearrange 
t.ogether in the same homogeneous medium, then, if two molecules of either 
>\re concerned in the production of a molecule of the corresponding benzidine, 
(NH2·C6H 3A-)2 and (NH2·C6H 3B-)2 respectively, similar interaction between 
two differently substituted hydrazobenzene molecules should give rise to a 
third benzidine of the type NH2·C6HtA-B·C6Ht·NH2' INGOLD and KIDD2 
have shown that such rearrangement of 2:2'-dimethoxy- and 2:2'-diethoxy­
hydrazobenzene in the presence of each other, using hydrogen chloride in dry 
alcohol as a catalyst and with exclusion of oxygen, affords only the corresponding 
symmetrical benzidines and no trace of a mixed ethoxy-methoxy benzidine 
is formed. lt must be concluded that before the nitrogen link is severed (al 
the 4- and 4' -positions come within each othcr's sphere of influence in a moleeule 
activated during the formation or decomposition of the corresponding hydrazinium 
kation. 

INOOLD has suggested a mechanism for such intramolecular migrations which 
makes clear thc reason why the sidc-chain always contains a weakly basic group 
and the catalyst is always an acid. The first stage in the catalyst attack is regarded 
as the co-ordination of a proton to givc the cation of thc salt, the positive charge 
so introduced exerting an attraction on the electrons of the aromatic nucleus. 

~ .. _.~ , + 
_> /./.J '~ Y NHR-X. 
~=/ 
electron attraction 
-_. _._._ .. , 

The sccond stagc is the removal of the proton (salt hydi'olysis) and the electronic 
system, released from the attraction of the positive charge in the sidc chain, 
undergoes a recoil which simultaneously produces a positive charge on the 
migrating group X in the side-chain and gives rise to activating negative charges 
at the ortho and para positions in the ring: 

/,ff "'-' ... ~2.NHR-X 
/ 

x (t5+). 

electron recoil 

1 WIEL.um, GAlIIBARJAN: Ber. dtsch. cl1t'ffi. GeH. 39 (1906), 1503. 
2 J. ehern. 80c. (London) 1933, 984. 
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The positively charged group X then comes under the influence of these negative 
charges in the nucleus, migration occuring with the production of the quinonoid 
form of the product: 

X _ 

C/t) DrR -X -+ "'/-"=NR. 
"'-~ tJ HA~/ 

The final stage is the prototropic change which converts the quinonoid into 
the more stable benzenoid structure. 

Such a mechanism is in harmony with the observation that the velocity of 
conversion into the benzidine increases with increasing concentration of hydrogen 
ion but not in direct proportion,l since the acid concentration will determine 
essentially the original equilibrium between the weak base and its salto It also 
provides a plausible explanation why some p-substituents such as . CI, . SOaH, 
. C02H, ·OAc (Y) are ejected during conversion into the benzidine whereas 
others such as OMc or NH2 are not so displaced. In thc activated moleculc thc 
suggested mechanism may be regarded as an internal attack by a nucleophilic 
reagent at a positive centre and is thus analogous to the external attack of a 
nucleophilic reagent (X) such as a hydroxyl or amide ion, with extrusion of 
halogen at the 0- or p-position to an electron attracting nitro-group in the 
halogenonitrobenzenes: 

A +-_ {/ -~e\,6_+ il- _> 

",--=/o!-
-
X 

In external attaek A = N02 ete., Y = Cl ete., X = OH', NH2', SH' etc. 

r/ ""0 In internal attack A=6-+( \-. ,~NH-NH-, Y=Cl, SOaH ete., ,,----/ t I 
_J 

The cjcctcd group must thus be an electron-attracting group Le. onc which 
is stable as a negative ion, and hcncc electron-repelling group~ such as OMe 
or NH2 cannot fulfil this role. 

Rearrangement 01 phenylhydroxylamine. 
The decomposition of phenylhydroxylamine in acid solution is a somewhat 

complex change and gives rise to a varicty of products according to the conditions 
chosen. In dilute sulphuric acid p-aminophenol is practically the sole product 
and there are indications that this rcarrangement also belongs to the intra­
molecular category since INGOLD, SMITH, and V ASS2 despite many attempts, 

1 BIIUIAYX, BLOM: J. chern. Soe. (London) 12., (1924), 1719. 
2 J. ehern. Soe. (London) 1927, 1245. 
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failed to realise the transference of the hydroxyl group from an arylhydroxyl­
amine to the aromatic nueleus of a foreign amine or phenol. The general mechanism 
suggested on p. 106 (X = OH) is readily applicable in this case, but it is in­
adequate to explain the formation of products which are known to be formed 
when other catalysts are employed.1 Thus with hydrogen chloride in ethyl alcohol 
0- and p-chloroaniline, 0- and p-phenetidine and azoxybenzene are formed 
together with p-aminophenol. With ethyl alcoholic sulphuric acid ethyl ethers 
of aminophenols are obtained and these are not formed by the action of the 
alcoholic sulphuric acid on the phenols themselves. In the presence of added 
aniline, p-aminodiphenylamine is produced. These decompositions exhibit a 
elose parallelism with those of phenylazide and it has been suggestedZ that 
phenylhydroxylamine is an intermediate in the decomposition of this su bstance: 
PhNa + HzO -... PhNH·OH + Hz. This is unlikely since azoxy-compounds 
are always formed in the decomposition of phenylhydroxylamine but never 
in the decomposition of the azide. BAMBERGER suggested that the primary de­
composition in both cases involves the transitory formation of the free radical 
PhN< which then reacts with the acid catalyst or solvent to give the actual 
products formed: e.g. 

HCI + ,1-~-N < " -~/ 
EtOH + ~-N< 

Azoxybenzene would tlms arise from the interaction of this free radical with 
the nitrosobenzene which results from the dismutation of phenylhydroxylamine 
in the absence of oxygen: 

2 PhNH·OH ..... PhNO + PhXH2, 

PhNO + PhX < -> PhNO:NPh. 

The function of the acid catalyst in facilitating the formation of the free radical 
is, however, not clear. In the elosely allied decompositions of hydrazoie acid 
which occur under thc influenee of eoncentrated sulphuric acid in the presence 
of organie eompounds the primary formation of the radical NH< is again 
assumed:3 

N 3H -> NH< + N2 

PhH + NH< -> PhNHz 

HzO + NH< -...NHz·OH 

R 2CO + NH< -> R·CO·NHR etc. 

In these cases the function of the concentrated acid catalyst may be to neutralise 
the negative charge on the nitrogen in the azide structure' by incipient salt 

1 Cf. BAMBERGER, LAGUTT: Ber. dtseh. ehern. Ges. 31 (1898), 1503; summarising 
papers, Liebigs Ann. Chem. 424 (1921), 233, 297; 441 (1925), 207. 

2 FlUEDLÄNDER, ZEITLIN: Ber. dtseh. ehern. Ges. 27 (1894), 197. 
3 SCHMIDT: Ber. dtseh. ehern. Ges. 57 (1924), 704. - Cf. HEY, WATERS: Chem. 

Reviews 21 (1937), 197. . 
4 For evidenee of the strueture ef. SIDGWICK: Trans. Faraday Soe. 30 (1934), 801. 

The aetual state of thc moleeule is best representcd as a resonanec hybrid of the t.wo 

structurcs H-N-~ - N and H-N=N=N. 
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formation and so allow the attraction of the positive pole on the adjacent nitrogen 
to appropriate the bonding electrons to form the stable nitrogen moleeule : 

+ 
- + H r+ 

H-N-N='N --> H-N-N=N 
I 

H 

+ 
--> HN + N2 

I 
H 
I 

.J. 
+ 

HN< +H 

It is significant that similar decomposition of the phenylazide can be brought 
about by heat alone. A plausible explanation of this fact is found in the electron 
absorbing capacity of the benzene nucleus which, by thus providing a mechanism 
for the distribution of the negative charge renders the suggested function of 
an acid catalyst unnecessary: 

F C"'- f'\ r+ 
/) /-N-N=N -+ PhN< + N z• 
~_c. 

Rearrangement 01 phenyl nitroamine. 
The isomerisation of phenylnitroamine to p-nitroaniline has bcen the subject 

of a long series of investigations,l but the mechanism is still uncertain. BRAD­

FJELD and ORTON 2 found that in water or aqueous acetic acid the change is 
catalysed by all acids, the velocity in 98% acctic acid with a 2 N-acid catalyst 
decreasing in the order Hel (k = 0,011) > PhSOaH (0,00788) > H 2SO, (0,00501). 
At least one by-product, capable of coupling with phenol to give an azo-compound, 
is formed. The ratio, nitroanilinejby-products, varies with the nature of the 
nitroamine, the dilution of the acetic acid medium, and with thc concentration, 
but not the nature, of the catalysing acid. Nitric acid is anomalous in that it 
is as effcctive a catalyst as hydrochloric acid in 50% acetic acid, but in 98% 
acetic acid the velocity of the change is very slow and by-product formation is almost 
absent. Although the transference of a nitro-group from a nitroamine to a foreign 
nucleus has been realised no nitrating agent is invariably and normally present, 
and INGOLD and KIDD3 point out that, in the prcsence of acids, the nitroamine 
itself may effect nitration and thus, under favourable circumstances, undergo 
rearrangement by an intermolecular method, although without the formation 
of any simple substituting agent by prior decomposition of the side-chain. The 
general conclusion reached is that an intramolccular process plays an important 
role, and the rcarrangemcnt can, therefore, be brought within the scope of the 
general mechanism set out on p. 105. 

Rearrangement 01 N-halogenoacylanilides. 
The conversion of an N -halogenoacylanilide into the corresponding p-halogeno­

acetanilide is the most completely investigated example of side-chain migrations 
and constitutes an illustration of arearrangement, the mechanism of which 
varies with the experimental conditions. The change may be accelerated by 

1 BA!lIBERGER: Ber. dtseh. ehern. Ges. 26 (1893), 471; 27 (1894), 359; 30 (1897), 
1248. - ORTON: J. ehern. 80c. (London) 81 (1902), 807. - ORTON, 8~IITII: Ibid. 
87 (1905), 389; 91 (1907), 146. - ORTON, PEARSON: Ibid. U3 (1908),725. - ORTON, 
REED: Brit. Assoe. Adveneement Sei., Rep. annu. Meet. 101 (1907), 101; lIlOU, 147. 

2 J. ehern. 80e. (London) 1929, 915. 
3 J. ehern. 80e. (London) 1933, 984. 
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direct sunlight1 but since the reaction, once started, continues in the absence 
of light this is probably due to the hydrolytic production of hydrochloric acid 
which then functions as the catalyst_ 

BLANKSMA'S investigations2 showed that in aqueous alcohol or acetic acid 
the change is of first order with respect to the chloroamine and is catalysed 
only by hydrochloric acid and not by sulphuric or acetic acids_ The reaction 
velocity is found to be approximately proportional to the square of the acid 
concentration, but DA WSON and MlLLETTa found that the ratio k/CHCl2 passes 
through a definite minimum value at 0,5 M concentration of hydrochloric acid. 
Extensive investigations, mainly by ORTON and his collaborators,4 have shown 
conclusively that in aqueous or 40% acetic acid solution the change is of the 
intermolecular type. Interaction between the hydrochloric acid catalyst and 
the chloroamine affords acetanilide and free chlorine which then attacks the 
acetanilide to give 0- or p-chloroacetanilide, the general direction of the change 
from left to right being·determined by the irreversibility of this final substitution. 

(-I 
<=>-NAe-CI + HCl ~ <:)-~Ae-Cl ~-." <::)-NHAe + Cl2 

.j. r 
HH1HCl 

Cl<~=>NHAe + HCI. 

SOPER5 considers that the original decomposition to chlorine and acetanilide 
is a bimolecular reaction involving attack by the unionised hydrogen chloride 
moleeule and carious attempts to explain the minimum value observed for the 
ratio kjCHCl6 by the introduction of activities in place of concentrations have 
been made. 6 These have been shown to be unsatisfactory by BELTON7 who, 
by a study of the rearrangement in 0,05 N-hydrochloric acid in the presence 
of varying amounts of sodium chloride found that the results are not adequately 
explained by the assumption that the velocity is exactly proportional to the 

+ 
product [H] [Cl']. DAwsoN and MrLLET8 using 0,2 N HCI - x NaNOa, 0,2 N 
HCI- x NaCl, and pure HCI as catalysts found that in all these cases where 

+ 
the total concentration of electrolyte varies continuously the value of kj[H][Cl'] 
always passes through a minimum and they conclude that the variation is due 
to the influence of the ionic environment on the degree of ionisation of the 
hydrochloric acid. The transformation of N-chloroacetanilate into p-chloroaniline 
in such aqueous solutions thus seems to be due to the catalytic action of the 
undissociated moleeule of hydrogen chloride the concentration of which, for a 

+ 
given value of the product [H] [Cl'], depends on the ionic environment. The retar-
ding effect produced by addition of water to non-aqueous media9 may bc due 

1 MATTHEws, WILLIAMSON: J. Arner. ehern. Soe. 45 (1923), 2574. 
2 Reeueil Trav. ehirn. Pays-Bas 21 (1902), 366; 22 (1903), 290. 
3 J. ehern. Soe. (London) 1932, 1920. 
4 WEGSCHEIDER: Mh. ehem. 18 (1897), 329. - OItTON, JONES: J. ehern. Soe. 

(London) 9i) (1909),1456. - ORTON, KING: Ibid. 99 (1911),1369. - ORTON, SOPER, 
WILLIA)[S: Ibid. 1928, 998. - OltTON: Brit. Assoe. Adveneement· Sei., Rep. annu. 
M:eet. 1904, 85. 

5 J. physie. Chern. 31 (1927), 1192. 
6 HARNED, SELTZ: J. Amer. ehern. Soe. 44 (1922), 1475. - SOPER, PltYDE: 

J. ehern. Soe. (London) 1927, 276l. 
7 Ibid. 1930, 116. 
8 1. e. 
9 FONTEIN : Rceueil Trav. ehim. PaYR-Bas 47 (1928), 635. 
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to the decrease in the concentration of hydrogen chloride moleeules consequent 
upon the increased ionisation produced. 

Examination of the mechanism formulated above suggests that the velocity 
of the change should be increased (1) by increase in the basic character of the 
nitrogen, which will facilitate the co-ordination of the proton from the acid 
catalyst, and (2) by the stability of the halogen as a po8itive ion, since it must 
separate without its bonding electrons. Evidence in support of these deductions 
is provided by the investigations of FONTEIN.1 Because of the greatly reduced 
basic character of the nitrogen due to conjugation with the attached carbonyl 

(\ (\ 

group -N~C.J..ü variation in the nature of the acyl group should have little 
I 

effect on the velocity, a conclusion substantiated by the foIIowing data: 

Chloroamine PhXCIX, X ~ 

lÜ"k25° in H 2ü ..... . 
'HCO 

27 
. co· ~[e 

37 
CO'Et 

25 
co· Pr'" 

28 
CO'Ph 

134 

The rather high er value for benzanilide is understandable since the phenyl 
grollp provides an alternate path by which the polarisation of the carbonyl 
group ean be satisfied 

thus leaving the unshared nitrogen electrons more available for salt formation. 
~uclear substitution which would increase the basic character of the nitrogen 
will also decrease the ease of separation of the halogen and vice ver8a. It is not 
surprising, therefore, to find that substituents of opposite polar types increase 
the velo city of rearrangement, a minimum velo city being observed with the 
unsubstitutcd N -chloroacetanilide: 

Electron repulsion Elcctron attraction 
Chloroamine R' <-',H,' XAcCl. R ~ ",-)le II m·CI m-Br 

104k25 ° in H 2ü .......... 61 37 183 105 

The important factor determining the velo city is thc nature of the halogen 
atom, the greatcr stability of bromine as a positive ion providing a ready explana­
tion of the observation that N-bromacetanilide undergoes re arrangement 
with hydrogen bromide as a catalyst 10000 times more rapidly than does 
N -chloroacetanilide catalysed by hydrogen chloride. 

The course of the rearrangement in non-aqueous media has bcen studied 
by BELL.2 Although N-bromoacetanilide is stablc in solution in benzene, toluene, 
chlorobenzcne, bromobenzene, carbon tetra chloride and tetrachloroethane, 
addition of organic acids or phenols causes rearrangement to occur, the change 
being unimolecular. Under such conditions the reaction undergoes general acid 
catalysis by the acid moleeule. In ehlorobenzene with trichloroacetic acid as 
a catalyst the catalytic constant is found to be independent of the acid concentra­
tion, but the original N-bromoacetanilide and the product, p-bromoacetanilide, 
have approximately equal retarding effects, due, probably, to the formation 
of a compound of the type Ar· NR· CMe: Ü H· Ü 2C· CCl3 (R = H or Br) with 
the catalyst acid.3 Rearrangement of N-iodoformanilide in anisoIe, catalysed 

1 I. c. 
Proc. Roy. Soc. (London), Sero A 143 (1934), 377. 

3 BELL, Sir R. V. H. LEVINGE: Ibid. 151 (1935), 21l. 
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by either chloroacetic or benzoic acids, follows a similar course and, although 
some free iodine is forrned, it is conclusively shown that any direct iodination 
of acetanilide is quite inadequate to account for the observed velocity of the 
rearrangement.1 As BELL himself points out it is difficult to see how free halogens 
can be formed in non-aqueous solvents with organic acids or phenol as catalyst 
and the change is almost certainly intramolecular under such conditions. He 
summarises the position in the following scheme: 

(a) 
PhN·COR + HX ~ PhNH·COR + X 2 

~ (A). ---- (e}1 f(b)- -- (B). 

.. .. 
X·C6H1 ·NH·COR + HX 

In aqueous or dilute acetic acid solution the slow reaction (a) is followed by 
the rapid reaction (b), rearrangement thus occurring through the intermediate 
liberation of free halogcn. In more concentrated acetic acid and under conditions 
of catalysis with the hydrogen halidc acid in non-aqueous media equilibration 
between (A) and (B) is established rapidly relative to the rate of formation 
of the p-halogenoacylanilide and thc mechanism is doubtful, but in non-aqueous 
media with catalysis by organic acids the change proceeds by the path (c) and 
is intramolecular. Recent investigations,2 in which rearrangement of N-chloro­
acetanilide has bcen studied in the presence of radioactive hydrogen chloride 
in aqueous 20% alcohol (containing sulphuric acid to give a hydrion concentra­
tion 1,43 X) have shown that the change in concentration of the radioactive 
chlorine is completely accounted for by assuming that all thc chloroaeetanilides 
are produced by the intermcdiate formation of chlorine. The intermolecular 
mechanism is thus confirmed in dilute aqueous solutions of mineral acids. 

Diazoamino-aminoazobenzene conversion. 
The change whereby diazoaminobenzene is converted into aminoazobenzene 

is effected in aniline or some other aromatie basc as a solvent in the presence 
of the base hydrochloride. The presenee of the base hydrochloride or hydro­
bromide or of some readily hydrolysable salt such as zinc chloride is essential 
since ROSENHAUER3 has shown that the claim of YOKOJThlA4 that conversion 
can be effeeted in pure aniline alone cannot be upheld. Although the change 
has sometimes been regarded as intramolecular the experimental evidence is 
overwhelmingly in favour of the view that rearrangement occurs through interme­
diate decomposition into benzenediazonium chloride and free aniline. When 
aniline and its hydrochloride are replaced by dimethylaniline and its hydro­
chloride as the catalyst medium, diazoaminobenzene affords p-benzeneazo­
dimethyl aniline PhN:N·C6H 4 ·NMe2,5 an observation impossible to explain 
on the basis of any intramolecular mechanism. 

The change has been investigated by KIDD6 who discusses and shows the 
il1adequacy of other mechanisms which have been suggested. When a solution 

1 BELL, BROWN: J. ehern. 80e. (LondoIl) 1936, 1520. 
2 OLSON, HALFORD, HORNEL: J. Amer. ehern. 80e. 59 (1937), 1613. This paper 

eorreets the earlier eonclusions of OLSOX, PORTER, LOXG, HAU'ORD: Ibid. 58 (1936), 
2467. 

3 Ber. dtseh. ehern. Ces. 63 (1930), 1056. 
J. 80e. ehern. Ind. 1927, 8upp!. 31-34. 
ROSENHAUER, UNGER: Ber. dtseh. ehern. Ces. 61 (1928), 392. 

• J. org. Chemistry 2 (1937), 198. 
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of diazoammobenzene in concentrated hydrochloric acid is kept at 0°, then 
91 mol.-% of the benzenediazonium chloride formed can be recovered in the 
form of 2-naphthol-l-azobenzene, and more thll.n 96 mol.-% of the aniline (the 
other product of the initial decomposition) is isolated from the same solution. 
It was shown that benzenediazonium chloride combines directly with aniline 
under homogenous conditions in acid solution to give the hydrochloride of 
aminoazobenzene free from any diazoaminobenzene or intermediate product. 
The results establish the correctness of the fission theory due originally to 
FRISWELL and GREEN.l 

+<, 0 
PhN:N·NHPh + HCI ~ PhNH:N· NHPh}CI' 

PR< 7 1 r PR> 7 
fast j I very fast 

PhN: N· NH· C6H 4 • N: NPh 

I-PhN:N'CI + NH2Ph 

PR < 7 i PR < 7! PR > 7 
<. - - ----I slow ; less slow 

~ 

-PhN:N·C6H 4 ·NH2 + HCl 

Thc ultima te formation of the aminoazobenzene is determined by the irreversibil­
ity of the formation of the aminoazo compound assisted by the mass action 
effeet of the excess of aniline present as a solvent. The function of the acid 
catalyst is thus to facilitate the electromeric changes which result in fission 
by the introduction of the positive charge arising {rom incipient salt formation 

n Ar·N=N -NHAr' --+ ArN:N·CI + NH2Ar'. 

11' CI--H 

The benzenediazoaminoazobenzene, regarded by EARL2 as an intermediate in 
the rearrangement, arises by interaction of the benzenediazonium chloride with 
aminoazobenzene when a deficiency of aniline is present and is also found to 
be present in the crude diazoaminobenzene prepared from aniline sulphate and 
nitrous acid. 

In the case of the rearrangement of an unsymmetrical triazene ArN: N· NHAr' 
its decomposition is complicated by the tautomerie mobility of the system, 
promoted by the acid catalyst by the indirect mechanism (see p. 56). 

+< ("\ 
Cl' ArN" N: NHAr' 

I I' 
R ~. 

Al'N 2C1 + Al"NH2 

Thus with benzenediazoaminotoluene 

~,r-----, _~+ 
~-y NH2:.N.[ NPh 
/ I 
(I). H 

r, ,>T 
ArNH ':-N-=NAr' Cl' 

I ~ I 
~i H 

ArNH2 + Ar'N2CI 

)-f=N-NHPh 

(Il). H 

1 J. ehern. 80e. (London) 47 (1885), 917; 49 (1886),746. 
2 J. 80c. ehern. Ind. 55 (1936), 192. 
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the electron-release effeet of the p-methyl group should favour the structure (II) 
and the decomposition into toluenediazonium chloride and aniline should pre­
ponderate. In aniline, however, the mass action effect of the solvent aniline 
moleeules would suppress this reversible decomposition so that prefcrential 
fission into benzenediazonium chloride (from I) occurs with the formation of 
PhN: N . C6H, . NH2 and not Me' C6H, . N : N . CeH, . NH2• In aniline MeC6H,· 
. N: N . NH· C6H,Me affords MeC6H,· N: N . NHPh and MeC6H,· N: N . C6H,' NH2, 

no PhN: N . NHPh being formed. This example shows the incorreetness of GOLD­
SCHMIDT'S meehanism,l whieh postulates an interehange of radieals between 
the salt of the diazoamino-eompound (or its eation) and the solvent base: i.e. 
in aniline 

{Me· C6H,' NH)2NC1 + PhNH2 --+ {Me· C6H,' NH)2' N . CaH,· NHz 

; 

-I-

PhNH. 
(Exchange.) 

Me' CaH,· NH" 
N·Cl 

Ph.NIi 

I 
~ 

Me'CaH,'N:N'CaH,'NHz + Me·C6H,·NH2 
(~·ormcd.) 

PhN:N·C6H,·NH2 + Me'CaH,'NH2 

(Not formed.) 

1\[e' C6H,' NH" 
/N·C6H,·NH2 

Ph·NH' 

Aminobenzene, an expeeted product on GOLDSCHMIDT'S mechanism, is not 
detected in this decomposition. 

Hydrolysis. 
The process whereby a moleeule undergoes fission into two simpler lllolecules 

consequent upon the addition of water has long been known to be sensi~ive to 
acid and basic catalysis. The literature relating to this subject is much too exten­
sive to permit any detailed account within the limits of this article, but an 
attempt will be made to show how modern developments of electronic theory 
have thrown light upon the more specific functions of catalysts and have correlated 
such hydrolytic reactions within a more general theory of substitution at a 
saturated carbon atom. 

Hydrolysis of alkyl halides. 
Alkyl halides, in common with the esters of strong acids, are not sensitive 

to acid hydrolysing agents but are readily hydrolysed by alkalis. In tbis case the 
attacking reagent is the hydroxyl ion and such hydrolyses eonstitute a particular 
case of the more general problem of substitution at a saturated carbon atom, the 
mechanism of which has reeently been put on asound theoretical basis by the 
work of INGOLD, HUGHES and their collaborators.2 The essential feature of these 

1 Ber. dtsch. ehern. Ges. 24 (1891), 2317. - GOLDSCHMIDT, BARDAcH: Ibid. 25 
(1892), 1347. - GOLDSCHMIDT, REINDERS: Ibid. 29 (1896), 1369, 1899. - Cf. also 
GOLDSCHMIDT: Z. Elektrochem. angew. physik. Chern. 36 (1930), 662. 

2 For an excellent swnrnary of this work cf. HUGHES: Trans. Faraday 80c. 34 
(1938), 185. 

Hdb. d. Katalyse. IJ. 
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reactions is the attack of a nucleophilic reagent Y in accordance with the scheme: 

Y + R - X ~ Y - R + X and designated SN' This characteristic is of much 

more fundamental importance than is any state of electrification of the reagents; 
this is illustrated by comparison of the following typical examples. 

1. Alkaline hydrolysis of alkyl halides: OH + RI ~ R·OH + J 

+ 
2. Quaternary salt formation: NMea + RBr -> RNMea + Br 

- + 
3. Decomposition of onium salts: Br + RNMea ~ RBr + NMea 

It has been shown that there are two possible mechanisms of this form, 
characterised by distinctive dynamics, which may be formulated as folIo ws : 

;-j 

ßimolecular: Y+)R _I X ~ Y - R + X designated (SN 2). 

" ) i v s!ow + 
Unimolecular: R- X ---> R + X d' d (" 1) eSlgnate :SN . 

r---i + fast 
Y+"R -->Y-R 

The structural and experimental conditions which will favour control by one or 
the other of these mechanisms can be predicted. The unimolecular mechanism 
(SN 1) will be favoured relative to the bimolecular mechanism (SN2) by 

]. large electron-release by the group R, 
2. strong electron-affinity (anionic stability) of the group X, 
3. low concentration and low nucleophilic activity (basicity) of the rcagent Y, 
4. high ionisation capacity of the solvent, 
5. changes in temperature. 

All these predictions have been verified experimcntally.1. 2 

1. Variation in the grou p R. 

In the region of the bimolecular mechanism, increasing electron-release capac­
ity by the group R will render the approach of the hucleophilic reagent Y 
increasingly difficult and so will give rise to a continuous decrease in velocity. 
The associative and dissociative processes, however, cannot be given separate 
energies. Hence. before the change over to a unimolecular mechanism occurs, 
a point may be reached at which the electron-release, which has previously acted 
as though it were principally occupied in repelling the reagent, may begin to act 
as though it were mainly engaged in expelling the replaceable !,'I'oup. Thus the 
initial decrease in velocity may be replaced by a subsequent increase without 
any change in the distinctive dynamics of the reaction. On further increasing the 
repulsion a point will ultimately be reached when the mechanism (SN 2) will 
bc superseded by the mechanism (SN 1). Beyond this point electron release will 
unconditionally favour ionisation of the group X and so increase the velocity. 
This is illustrated in tho accompanying diagram (Fig. 2). The point at which 

1 Cf. HUGlIES: 1. e. 
2 BAKER, NATHAN: J. ehern. 80c. (London) 1935, 1842. - HUGlIES, INGOLD, 

8HAPIRO: Ibitl. 1936, 225. 
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the mechanistic change over occurs may not, therefore, necessarily coincide with 
that of minimal velo city. 

In the alkaline hydrolysis of alkyl halides (reaction 1) the nucleophilic reagent 
is the hydroxide ion supplied by the catalyst. In the simple series of primary, 
secondary and tertiary halides, electron-release by the group R increases in the series 

CH '" CHa --,.. 
CHa < CHa ---.. CHs < CHa CH < CHa - C. 

3/ CH.-

The facts are as follows. Hydrolysis of methyl and ethyl halides with alkali in 
aqueous alcohol occurs by the bimolecular mechanism, the velocity being pro­
portional to the concentrations of both 
the halide and the hydroxyl ion.! In 
agreement with the known order of 
electron-repulsion Et > Me, the velocity 
of hydrolysis of the ethyl halides is only 
about 1/10 that of the methyl halides. 
Hydrolysis of the isopropyl halides in 
aqueous alcohol occurs simultaneously by 
the bi- and the uni-molecular mecha­
nisms.2 The bimolecular substitution is 
slower (about 1/2S) than for ethyl halides. 
The velocity of hy<lrolysis of tert-butyl 
halides in aqueous aleohol or aqueous 

11 , 
I I , 

I I , 

Bimo/ecu/ar ': 'Unimo/ecu/ar 
Ml'ch3nism (SNZj---r--lIechanism(J;.a 

Hf H H Hf 
Jncrt?asin!l Elecfron-lY1/ease llfI !Jroup R-

aeetone is the same in acid, neutral, or Fig.2. NucleophilicreactionY , R-X->YR+X. 
moderately concentrated alkali solutions.3 

It thus oceurs by the unimolecular 
meehanism and is quite independent of the hydroxide ion eoncentration. Moreover 
the rate is increased by increasing the proportion of water in the solvent, i.e. by 
inereasing its ionising power. Under eomparable conditions the unimolecular rates 
for the tertiary halides are greatcr than for the corresponding secondary halides 
by factors of the order of 104 • The unimolecular hydrolysis of telt-butyl chloride 
has been confirmcd by a direct kinetic method sincc it has been shown that the 
rate of reaction of this halide with water in the strongly ionising solvent formic 
acid is independent of the concentration of the water.4 The mechanistic change 
from bimolecular to unimolecular kinetics in this series thus occurs at the iso­
propyl halides and, in general, similar relationship may be expected to hold for 
aB primary, secondary and tertiary halides. This has been verified in the hydro­
lysis of ß-n-hexyl bromide,s ß-n-octyl bromide' (both similar to isopropyl bromide) 
and of tert-amyl halides? (similar to tert-butyl halides). A similar mechanistic 
transition is observed.in the thermal decomposition of sulphonium hydroxides 
(reaetion type 3)8 _ + 

OH + AlkSR2 -- > AlkOH -+- SR2• 

Elimination of methyl and ethyl aleohols occurs by the bimolecular mechanism, 
the reaction leadil1g to thc formation of ethyl alcohol being the slower. In dilute 

1 BRUYN, STEGER: Reeueil 'l'rav. chirn. Pays-Bas 18 (1899), 41, 311. - GRANT, 
HINSIIELWOOD: J. chern. Soc. (London) 1933, 258. 

2 HUGIIES, INGOLD, SlIAPIRO: 1. c., 225. - HUGHES, SHAPIRO: Ibid. 1937, 1177. 
3 HUGHES: Ibid. 1935, 225. - Co OPER, HUGlIES: Ibid. 1937, 1183. 
• R-I.TE)IAN, HUGHES: Ibid. 1937, 1187. - Cf. however 'l'AYLOR: Ibid. 1938, 840. 
5 OUVIER: lkcueil 'l'rav. ehirn. Pays-Bas 56 (1937), 247. 
6 HUGHES, SHAPIRO: J. ehern. Soc. (London) 1937, 1192. 
7 HUGIIES, MACNULTY: lbid., p. 1283. 
8 HUGIIES, INGOLD: Ibid. 1933, 1571. - GLEAVE, HUGlIEs, INGOLD: Ibid.193ö,236. 

S' 
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aqueous solution elimination of isopropyl alcohol is unimolecular, as is that of 
tert-butyl alcohol even in moderately concentrated solution, the rate of elimina­
tion of the tertiary alcohol being the greater. In the bimolecular reactions the 
velocity is increased by the presence of extraneous hydroxide ions which have 
no influence upon the velocity of the unimolecular eliminations. 

In the alpharyl series CHa, CH2Ph, CHPh2, CHPha, once the transition to the 
unimolecular mechanism has occurred, the electron-release of the phenyl group 
should facilitate the reaction. It has already been noted that reaction between 
hydroxide ions and methyl halides occurs by the (SN2) mechanism. OLIVIER and 
WEBER1 have found that the kinetics of the hydrolysis of benzyl chloride in 
water or aqueous acetone correspond to no simple type but can be approximated 
as the sum of two reactions of comparable speeds, one the rate of which is pro­
portional to thc concentration of hydroxide ion and one which is independent of 
this reagent. The benzyl group is therefore on the borderline of the (SN2)-(SN 1) 
mechanisms. Electron-release substituents favour (SNI) at the expense of (SlS"2), 
and the reverse is true of substituents of the opposite kind. This is shown by the 
fact that the concentration of hydroxide ion has less effect on the velocity in 
the formcr class than it has in the latter. At 30° the ratio kb/ka of the velocity 
coefficients in specüic basic and acidic solutions has the values: 

Substituent p-Me 

kb/ka • •••• 2,2 
H p·Br p-OlS" 
7,7 15.7 88 

The hydrolysis of benzhydryl and triphenylmethyl chloride by alkali hydroxides 
in aqueous alcohol is exclusively unimolecular and is independent of the reagent 
hydroxide.2 The comparative rates recorded by NIXON and BRANCHS for the 
alcoholysis of the chlorides of the last three members of the series, 

PhCH2-: Ph2CH- : PhsC- = approx. I: 103: 107, 

demonstratc thc marked enhancing effect of the phenyl substituent upon the 
velocity of the unimolecular hydrolysis. The retarding cffcct of an electron­
repelling carboxylate ion (substituted in the group R) upon the velocity of 
bimolecular hydrolysis and its facilitating influence when the unimolecular 
reaction takes control is illustrated by the work of DA WSON4 on the hydro lysis 
of bromoacetic acid in aqueous solution. Kinetic analysis showed that six reac­
tions arc involved in thc elimination of the bromine, the speeds of which, 
calculated as second order rate-constants for 25° (units: 10-6 min. -1 g.-mol-1 1.) 
are summarised below: 

OH,Br·OO, 
72 
19,3 

B,O 
0,041 
0,059 

The reactions with the glycolate and bromoacetate ions are, of course, bi mol­
ecular and the much sm aller velocity of substitution of the bromoacetate ion than 
of the undissociated bromoacetic molecule is evident. In the reaction with the 
solvent water, present in large excess, the reactivity of the bromoacetate ion is 

1 ÜLIVIER: Recueil Trav. chim. Pays-Bas 56 (1937), 247. - ÜLIVIER, WEBER: 
Ibid. 58 (1934), 869, 891. 

2 WARD: J. ehern. 80e. (London) 1927, 2285. - Cf. KNy-JONES, WARD: J. Amer. 
ehern 80e. 57 (1935), 2394. 

3 Ibid. 58 (1936), 393. 
, DAWSON, DYSON: J. ehern. 80e. (London) 1988, 49, 1133. - BROOK, DAWSON: 

Ibid. 1936, 497. 
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relatively too great, which probably means that it reacts partly by a unimolecular 
mechanism. In the bromomalonate ion BrCH(C02')2 the introduction of the 
second electron-repelling ·C02 ' group favours hydrolysis by the unimolecular 
rnechanism which is exclusive in dilute solutions of alkali, the bimolecular 
mechanism being just detectable in concentrated solutions.1 Hydrolysis of the 
(X-bromopropionate and (X-bromo-n-butyrate ions occurs by both mechanisms 
simultaneously even in the presence of moderate concentrations of hydroxide or 
alkoxide ions.2 The relative order and importance of the two mechanisms, 
indicated by the following rate constants (at 52,4°; time units = min.-1), are 
in ac cord with theoretical predictions: 

First order (10'k1 ) 

Second order (10'k 2 ) ••• 

Incrcasing electron release 
---_._- ------+ 

llrCH,' CO,' llr· CHMe· CO,' llrCHEt· CO,' 

1 14 26 
65 9 8 

Introduction of halogen substituents into the group R at the site of the reaction 

n ,;n 
will increase electron-release by a tautomerie mechanism CIC' -CI and so 

I 

favour unimoleeular kinetics. Both benzylidene chloride PhCHCl2 and benzo­
t.richloridc PhCCl3 have been shown to belong to the (SN 1) class, the velocity of 
hydrolysis bcing independent of the concentration of hydroxide ion.3 

2. Yariation of X. 

The relative velo city order iodide> bromide) > chloride is found in the hydro­
lysis of all alkyl halides irrespective of whether they belong to the (SN 1) or (SN 2) 
class. It is evident that in such solution reactions the influence not only of the 
polarisation of the C-hal bond, but also its polarisability and solvation factors 
will be important. It is not surprising that therc is no obvious relationship 
between the velocities of these rcactions and the bond strengths or stretching 
force-constants which vary in a fairly regular manner in the series Cl, Br and J. 

3. Variation of Y. 

In the bimolecular mechanism the associative process involves the sharing 

of the electrons of the nucleophilic reagent Y with the group R, f+t RJl 
and the (SN 2) meehanism should thus be favoured by increased facility of this 
proeess, i.e. by increase in the basic character of Y. In aseries of reagents such 
as OH', OPh', C03", OAc', CI' of deereasing basicity the reaction velo city by 
the (SN 2) mechanism should eontinuously decreasc up to a critical point at which 
transition to the (SN 1) type occurs. After this the velo city should be independent 
of the nature of the group Y since it is no longer concerned in that reaction which 
occurs with measurablc velocity. No data are available to verify this in the case 
of simple attack by these anions on alkyl halides, but it is confirmed by the 

1 TAIIER: \mpublished results. - CL RUGHES: Trans. Faraday Soe. 34 (1938), 192. 
2 SENTER: J. ehern. Soe. (London) 95 (1909), 1827. - MADSEN: Ibid. 103 (1913), 

965. - SENTER, WOOD: Ibid. lOi (1915), 1070; 109 (1916), 681. - COWDREY, RUGHES, 
J::\GOLD: Ibid. 1938, 1208. 

3 ÜLIVIER, \\'EBER: I. e. 
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thermal decomposition of various trimethylsulphonium salts in ethyl alcoholic 
solution. l The results may be summarised as follows: 

Anion ................. OR' OPh' Br' Cl' 

Substanee eliminated ... MeOR MeOPh Me 2C0 3 MeBr MeCl 
'---...---' 

Mechanism . . . . . . . . . . . . SN 2 

Veloeity. . . . . . . . . . . . . .. - deerease ~-~ eonstant veloeity 

The effect of decreasing nucleophilic activity of Y upon the velo city of the (SN2) 
mechanism is also illustrated by the results for the hydrolysis of bromoacetic 
acid given on p. 116. For a given entity substituted the velocity of substitution 
decreases in the order CH2(OH)· CO2 ' > CH2Br· CO2 ' > ) H 20, i. e. in the order 
of decreasing basicity of the reagent. 

The fertility of the theory of substitution elaborated by HUGHES and INGOLD 
in elucidating hydrolytic reactions in general is very apparent, more especially 
whcn it is remembered that it also makes provision for the effects of solvents 
and temperature upon reaction kinetics. These, however, are aspects which fall 
outside the scope of this discussion. 

In the acid hydrolysis of alkyl halides the hydroxyl group is supplied by the 
aqueous solvent which is always present in large excess. The reaction is found to 
be of the first order and hence it is unlikely that any direct attack by hydronium 
ion on the halogen is involved. It may, however, be either uni- or bi-molecular 
and BATEMAN, HUGHES and INGOLD 2 have reccntly indicated a further criterion 
to distinguish bctween these two mechanisms. Use is made of OLSON and HAL­
FOlW'S relationship,3 rate = (kaPa + kwPw)PRCl (whcrc ka and kw are the specific 
rate constants for the hydrolysis of RCI in pure alcohol and pure water, respec­
tively, and Pa' Pw and PRCl are the partial vapour pressures of the alcohol, water 
and alkyl chloride in the reaction mixture) to calculate the relative proportions 
of alcohol, ROH, a.nd ether ROEt which should be formed in various mixed 
alcohol-water solvents if the reaction is bimolecular, i.e. if these products are 
formed in that reaction the rate of which is measured. If, however, the uni­
molecular mechanism applies, the measured velo city is that of the initial slow 

+ 
ionisation and the actual products are formed in the subsequent reaction of R 
with alcohol or water. The rate of the reaction measured will, in this case, have 
no connexion with the composition of the products. Using the compositions 
determined by FARINACCI and RAMMETT4 for the hydrolysis of benzhydryl 
chloride in aqueous-ethanol mixtures and their own data for tert-butyl chloride, 
BATEMAN, HUGHES and INGOLD have shown that the actual compositions are 
quite different to those calculated on the assumption that the reaction is bi­
molecular. The unimolecular mechanism for the hydrolysis of these two chlorides 
is thus confirmed. 

When the hydrolysis occurs in acid solution by the bimolecular mechanism 
it is doubtless a nucleophilic attack by \Vater moleeules : 

(--~j '1-
H : OH + Y H I X - > R-OH + HX so1v. 

1 GLEAVE, HUGHES, INGOLD: 1. e. 
2 J. ehern. Soc. (London) 1938, 881, and private eornrnunication frorn Professor 

INGOLD. 
3 J. Amer. ehern. Soe. 59 (1937), 2644. 
4 Ibid. 59 (1937), 2544. 
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a meehanism whieh makes it clear why the change is not suseeptible to acid 
catalysis. . 

The incursion of uni- and bi-molecular mechanism is probable in the hydro­
lysis of esters of aU strong acids such as phosphoric, sulphuric and sulphonic 
acids, although the necessary kinetic investigations in these cases have not been 
carried out. Such esters, although fairly readily hydrolysed by water alone, and 
rapidly by alkalis, are not hydrolysed by hydrion.1 Contrary to LApwORTH'S 

suggestion2 that fission of such esters occurs thus R· S02· O-R, it seems probable 

that hydrolysis by water moleeules or hydroxide ions is best represented thus: 

o 
++/ 

-> ROR + RO-S 
1"­
R O 

The double positive charge on the central atom acts as a strong centre of attraction 
for the nucleophilic reagcnt thus rendering the introduction of such acharge by 
electrostriction of an acid catalyst unneccssary. 

Hydrolysis of carboxylic esters. 
In the absence of catalysts the velocity with which the cquilibrium 

R·C02H + R'OH ~~ R·C0 2R' + H 20 

is establishcd is exceedingly smalI. The p08ition of equilibrium may be throwll 
largely to one side or thc other by the application of mass action cffects: thc 
prcsence of a large cxcess of alcohol or removal of water will promote csterifi­
cation, whereas cxcess of water or continuous removal of alcohol by volatilisation 
will favour the hydrolytic rcaction. The 8peed at which thc equilibrium is attained 
ean only be increased by the use of catalysts and it is weIl known that the hydro­
lysis of esters is greatly accelerated by general acid and alkaline catalysis. 

Before any discussion of the function of such catalysts is possible, it is essential 
to know the position at which thc ester undergoes fission since, apriori, two 
possibilities may be envisaged: 

-CO·O-:-R + HO-H -> CO·OH + ROH <- HO--HRO-OG--. 

This question has becn definitely decided by POLANYI and SZAB03 who cffected 
the hydrolysis of n-amyl acetate with water which containcd an excess of oxygen 
isotope 0 18• They found that the isotopic ratio of the oxygen in the liberated amyl 
alcohol was normal and contained no excess of the 0 18 isotope. Fission must 
therefore have occurred thus 

1 OAVALIER: Ann. Ohim. physique 18 (1899), 449. - WEGSClIEIDER: Ber. dtsoh. 
ohern. Ges. 52 (1919), 235; Z. physik. Ohern. 41 (1902), 52. - WEGSCHEIDER, FURCHT: 
Mh. Ohern. 23 (1902), 1093. - PRACTORIUS : Ibid. 26 (1905), 1. - J OHANSSON, SEßELIUS: 
Ber. dtseh. ehern. Ges. öl (1918), 480. - OLIVIER, BERGER: Reeucil Trav. ohim. 
Pays-Bas 41 (1922), 637. 

a J. ehern. Soe. (London) 101 (1912), 273. 
3 Trans. Faraday Soo. 30 (1934), 508. 
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and not in accordance with the scheme 

INGOLD and INGOLD1 have confirmed this by evidence of a different character 
which also throws light upon the mechanism of the acid-catalysed hydrolysis 
of esters. Leaving aside for the moment the röle of the aqueous solvent in the 
formation of the reaction complex, three possibilities may be envisaged for 
the attack of the proton supplied by the acid catalyst: in the first, attack is 
initiated by oxonium salt formation at the carbonyl oxygen: 

OR !C>R 
/ + / 

++-, 
O--R 

-f 
o 

ß + -c + H ->- -C ->-
'" ~++ 

-C 
" OH 

-+ -C + R. 
"OH '0 OH 

+ fast . 
R + H 20 -- ~ ROH + H. 

In the other two the initial attack of the proton is at the alkoxyl oxygen, but 
they differ in the subsequent mode of decomposition: 

0 0 
~ /:/ + 

--> -C, ->- -C + R 

'0" " R OH 
I 

H 

P ,/ + JO + 

-C" + H ->­

OR 
-C -,. -C=O + HOR 

',~+ 

C. 

+ 
-C=O + HOH 

OR 
I 

H 

Mechanisms (A) and (B) require the separation, at some stage, of the alkyl 
+ 

cation R. If R is of the type -CHA·CH:CHB, the cation so formed, 
( , '--1 
y y+ 

CHA· CH : CHB ~-'~ CHA: CH· CHB, will be the electromeric cation of an 
anionotropic system and thc final co·ordination of the OH group to give the 
alcohol could occur at either of the possible seats of the charge and a mixture 
of alcohols should result. Providing that neither the esters nor the alcohols 
themselves are mobile under the conditions of hydrolysis the production of a 
mixture of isomerie alcohols from the pure ester of either would indicate that 

t.he cation R ia set free at some stage in the hydrolysis. Crotyl and lX.methylallyl 
acetates are esters whieh fulfil the requisite eonditions and it was found that 

1 J. ehern. Soe. (London) 1982, ;56. 
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hydrolysis of eaeh ester gives only the eorresponding alcohol in the pure state_ 
Mechanisms (A) and (B) are thus rendered improbable and mechanism (C), which 

requires the fission CO-:-OR, is supported_ 

In the elucidation of the mechanism of catalytic hydrolysis of esters several 
lines of approach are possible. Of obvious importance is the nature and stability 
of any complexes which esters are known to form with the solvent or catalyst 
molecules. These have been referred to brieflyon p. 50, and have been studied 
in some detail by KENDALL and his collaborators.l The formation of complexes 
of the type R'C02R'-HX with acids was established by KENDALL and BOOGE2 

who found that their stability in the liquid phase increases with increase in the 
acidic character of the acid HX and with increased basic character (electron­
release capacity) of the groups Rand R'. Such complexes are alm ost completely 
decomposed in dilute aqueous solution since the much stronger base, water, 
competes with the very weakly basic ester for the acidic proton_ It follows that 
ternary complexes of the type R'C02R'-HX-H20 are present only in minute 
quantity, if at all , in such dilute aqueous solutions, but the presence of water­
aeid complexes H 20-HX, and water-ester complexes R'C02R'-H20 has 
been established.3 The extent of such ester-water complex formation is determined 
mainly by the acid radical of the ester, being greater with esters of the stronger 
carboxylic acids (e.g. oxalate> formate> acetate> propionate etc.), and is 
but little affeeted by the character of the alcohol constituent of the ester. Since 
the velo city of acid-catalysed hydrolysis of esters is affected in the same manner 
by these same two factors4 it seems probable that an ester-watcr complex plays 
an important röle in the aeid-catalysed hydrolysis of esters. The hydrolysis 
is subject to general acid catalysis which renders it probable that the röle of 
thc catalyst is to donate a proton cithcr to the ester or to the ester-water complex. 
LOWRy5 has formulated a mechanism, exactly analogous to his ter-molecular 
meehanism for the mutarotation of glueosc,6 which takes eognizance of these 
observations, and which is again formulated as a kind of internal electrolysis 
of the ester moleeule : 

(+0 H:O 
r-
10 H H 20 0 H 

~I \ __ ).i n 1I I + 
R·C-OR' ...... R·C OR' ...... R·C + OR + HaO. 

+ , 
r + , 

H-OH ROH OH 

It does not, however, seem either neecssary or dcsirable, to regard the attack 
of the acid and the (basic) water as simultaneous.7 NEWLING and HINSHELWOOD8 

consider that the addition of the proton to alkoxyl oxygen would requirc very 
little activation cnergy and so deduce that it is unlikely that such addition 
would be the rate-determining stage. This they regard to be the addition of 

I CL KENDALL, HARIUSON: Trans. Faraday Soe. 21 (1928), 588. 
2 J. Amer. ehern. Soe. 38 (1916),1712. - CL BAKER, HEY: J. ehern. Soe. (London) 

11132, 1226. 
3 KENDALL, BOOGE, A~DREWS: J. Amer. ehern. Soe. 39 (1917), 2303. - KENDALL, 

KING: J. ehern. Soe. (Landon) 127 (1925), 1778. 
• CL also OLSSON: Z. physik. Chem. 133 (1928), 233. 
5 J. ehern. Soe. (London) 127 (1925), 1379. 
6 CL p. 26. 
7 CL also DAWSON, LOWSON: Ibid. 1928, 3218. 
8 J. ehern. Soc. (Lonclon) 1936, 1357. 
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hydroxyl to the carbonyl group as in the mechanism of alkaline hydrolysis 
which, in harmony with the known mechanism of attack of negative ions (e.g. 
CN') at the carbonyl group, is generally regarded thus: 

0 (6 0 
11 41 n 11 

R'C-OR' ---+ R· C---'-OR ---+ R·C + OR' 
t I I 
OH OH OH 

OR' + HIO .---+ ROH + OH. 

In acid hydrolysis the hydroxyl group has to be torn from the water moleeule 
and this fact, according to these authors, accounts for the greater energy of 
activation observed in the acid-catalysed reaction. 

TIMM and RINSHELWOODI have recently shown that the acid hydrolysis of 
both aliphatic and aromatic esters is facilitated by the introduction of electron­
attracting substituents and retarded by electron-release groups. The attraction 
of the water moleeules would thus seem to. be an important process in the 
mcchanism. Therc is also cvidence that the concentration of the hydrion and 
the ease with which it is donated by the acid catalyst are factors which affect 
the speed of hydrolysis. POETHKE,2 for cxample, has found that thc rate of the 
autocatalysed hydrolysis of ethyl formate in water = k (a - x) x'/. where x'I. 
is the concentration of the hydrion. Moreover, addition of sodium formate, 
which will lower the hydrion concentration, reduces the velocity. The known 
stability of estcr-water complexes docs not necessarily mean that these play 
any direct part in the mechanism of ester hydrolysis and it would seem that 
LOWRY'S mechanism at present provides thc best representation for the add 
hydrolysis of esters, with the provision that the attack of the water moleeules 
and of the acid hydrion are not necessarily regarded as simultaneous processes. 
The reaction may weIl be represented as a sequence of equilibria the displacement 
of which is determined by the final fission into acid and alcohol, a proccss which 
is practically irreversible under the conditions of hydrolysis. 

L O 0 
r-

H 0 0 
4 0 1 11 

R'C'OR' R'C'OR' + H+ R·C OR' -- ..... R·C + R'OH. 
r-> I I + I 

H ·OH OH OH OH 

It is interesting to notice that the final fission of the eomplex is elosely 
analogous to that whereby olefines are formed in the decomposition of onium 
salts.3 

In a general survey of proton transfer reactions RORIUT! and POLANYI4 

have advanced the suggestion that ester hydrolysis is essentially an electrolytie 
dissoeiation of the ester catalysed by hydrogen ions: 

1 J. ehern. Soe. (London) 1938, 862. 
I Ber. dtseh. ehern. Ges. 68 (1935), 1031. 
3 Cf. inter alia, HANHART, INGOLD: J. ehern. Soe. (London) 1927, 997, and sub. 

sequcnt papers by IN GOLD and his collaborators. 
4 Acta physicochim. USSR 2 (1935), 505. 
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° ° H 
+ 11 

HsO + RC-OR' ..... 
11 1-,-

H 20 + R·C-OR: 

° H 
11 + 

HgO + RC-OR' ..... [HgOJR] + + R'OH 
I 

-I-

HO-C·R + ~ 
11 

° 

123 

The essential differences between these views a:re kinetic, depending upon which 
is the stage the rate of which is rneasured experimentally. Although no case 
of unimolecular ester hydrolysis has been established, there would seem no 
theoretical reason to exclude such hydrolyses from the general theory of INGOLD 

and RUGRES in which, given suitable substitution and experimental conditions, 
the unimolecular mechanism (SN 1) might apply, viz: 

(] 

R·CO--'OR' 

+ -
R·CO + HO·H + OR 

slow + 
-> R·CO + OR', 

fast 
- .... 

From the aspect of fundamental mechanism there is general agreement 
that, in acid catalysis, the essential feature is the donation (by the catalyst) 
of a proton to the alkoxyl oxygen, and, in alkaline catalysis, of a hydroxide 
or other nucleophilic ionl at the carbonyl group. 

Any discussion of the effects of substituents upon the velo city of hydrolysis 
(a second method of approach to the problem of the function of the catalyst.) 
is complicated by the superimposition of (1) statistical requirements (2) polar 
influences (3) steric factors and (4) effects due to the medium, and failure to 
disentangle these factors renders of littlc value much of the carly work on the 
effect of substituent groups upon the speed of ester hydrolysis.2 Ageneral discussion 
of these effects is given in a paper by INGOLD3, who has also devised a method 
whereby the polar influcnces of substituent groups may, to a large extent, be 
isolated from other factors. WIJS4 first observed that the v - PH isotherm 
(v = velo city of hydrolysis) for the hydrolysis of methyl acetate passes through 
a minimum at the isocatalytic point (PH = ~), and the symmetry of the curve 
was first shown by EULER and REDELIUS5 for the mutarotation of glucose. 
DA WSON and his collaborators6 in extensive investigations showed that the 
v - PH curve, at any particular temperature, takes the form of a catenary ami 
deduced the rdationship - 2 Pi -log klU = log kOR/kR, where Pit is the 

1 DAWSON, PYCOCK, SPIVEY: J. ehern. Soc. (London) 1933, 291, have shown, 
for exarnple, that the bisulphate ion HS04 ' has a intrinsie catalytic activity in the 
hydrolysis of ethyl acetate when its repression of the ionisation of sulphuric acid 
leads to the cornplete rcrnoval of hydrion. 

9 CL OLSSON: Z. physik. Chern. 133 (1928), 233, where a summary of data rolating 
to the speeds of hydrolysis of eighty-five esters, relative to that of ethyl acetate as 
standard, is given. 

s J. ehern. Soc. (London) 1930, 1375. 
4 Z. physik. Chern. 11 (1893), 492; 12 (1893), 514. 
6 Cf. inter alia Bioehern. Z. 107 (1920), 150. 
6 DAWSON et al: J. ehern. Soc. (London) 1926, 2872, 3166; 1927, 213, 1148, 1290. 
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isocatalytic point, kw = ionic product for water and kOH and kH are the velocity 
- + 

coefficients for the hydrolysis catalysed by OH and H ions, respectively. On 
the basic hypothesis that the relative steric effects on velocity are expressible 
as the product of two coefficients singly dependent, respectively, on the ester 
and the catalyst, INGOLD1 has shown that, within wide limits, the value of 
kOH/kH is probably a function of polarity only, and is untrammelled by complica­
tions due to steric hindrance which affect kOH and kH separately. DAWSON'S 
method, which permits the ready determination of the values of kOH/kH, thus 
provides a means of testing experimentally the polar effects anticipated on the 
basis of the .postulated mechanisms of acid and alkaline hydrolysis. 

In alkaline hydrolysis it has been suggested that the important stage is the 
electrostriction of the nucleophilio hydroxide ion at the carbon of the C: 0 group. 
This should be facilitated by electron-attraction away from this group, Le. by 
substitution of electron-attracting groups in either R or R~ in the ester R·CO· OR'. 
Such substitution would be most important when it occurs in the group R 
directly attached to the carbon atom involved. Since such substitution is exactly 
the type which, by facilitating the ionisation of the acidic hydrogen in the acid 
R· C02H, would increase the acid strength, it follows that thc facility of alkaline 
hydrolysis should run parallel with the strength of the acid parent of the ester. 
A converse argument is, of course, valid for substitution by electron-repelling 

Velocity 0/ alkaline hydrolysis 0/ esters R·COzEt by 
aqueoUB sodium hydroxide at 25° (Vel. for 

CHa·COzEt = 100). 

R 

H .............. . 
CHa~··········· 
Pr"'~ .......... . 
BuY --> .•••.••••. 

MeO ~- CHz -<- ••• 

CHa·CO ~- ..... . 

I Relative velocity 10.1:" of R . CO.H 

21300 
100 

52,5 
23,2 

1945 
1,7 X 10· 

436 
191 

21,4 
1,8 
1,5 
0,98 

29,4 
560 

31,6 
5,3 

groups which should de­
crease both acidic strength 
and the velocity of alkaline 
hydrolysis. This is in good 
accord with general ex­
pcrience and may be 
illustrated by the following 
typical examples taken 
from the work of PALOMAA, 
SKRABAL and others ta­
bulated in OLSSON'S sum­
mary.2 

Steric factors are not 
CH.·CO·CHz -<- •• 

PhCHz -<- •••••••• 
negligible in these examples 

but they do not affect the general trend of the results. KINDLER3 found that the 
velocity of alkaline hydrolysis of various m- and p-substituted benzoic esters, 
in which steric effects must be negligible, increases in the order: 

R = p-NH2 < OMe < Me < Cl < Er, J < ~02 
<H 

m- Me < Cl < Er, J < N02 

-Aeid strength of R·C.H.·COzH inereases-- -> 

Effects of the same type, although smaller in magnitude, are produced by 
similar substitution in the alcohol radical R': 

In the suggested mechanism of acid hydrolysis the postulated attack is by 
a proton at the alkoxyl oxygen. This would be facilitated by the prcsence of 

1 Ibid. 1930, 1033. 
2 I. e. 
a Liebigs Ann. Chern. 400 (1926), 1. - Cf. also INGOLD, NATHAN: J. ehern. Soe. 

(London) 1936, 222. 
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electron·release groups which would increase the nucleophilic properties (tendency 
to co-ordinate a proton) of the alkoxyl oxygen. Such substitution would, 
presumably, be more effective in the alcohol radical of the ester. The important 
point which emerges is that the polar effects of substituents in either the acid 
or alcohol portion of the ester would affect the velocities of alkaline and acid 
hydrolysis in opposite senses, those which retard the one should facilitate the 
other. Increasing electron-repulsion, which depresses the velo city of alkaline 
hydrolysis and facilitates the acid-mechanism should cause a continuous fall 
in the value of the kOR/kR ratio: increasing electron-attraction by the groups R 
and R' should cause a corresponding increase in the value of this ratio. These 
conclusions are amply verified by the following data: 1 

Polar effects 0/ substituents in the ester series. 

1.' R· CH. ·CO· O' CH. ·CH.· R'. 

H H 5,36 
H ..... OH 5,0 

Cl+- H 4,8 
MeCO +- H I 4,4 

+ 
NH 3 +-

H 
H 

CHa-> 

CH 3 ..... 

CH a -> 

H 3,5 

H.' R·CO·O·CH .. R'. 

H 
..... CHa 4,65 

H 5,15 
<- CHa 5,36 

..... CH 2 < ··CH.<-CHa 5,65 

IH.a dl-OH·CH.·CH(OH)·CO·O·R'. 

+-CHa 
<-CH ...... CHa 

+- CH ...... CH. +- CHa 

CH --- CHa 
+- "'- CH3 

..... eH. <- CH. <- CH. +- CH3 

CH -CH K CHa 
+-.< ......... CHa 

n-C5H ll 

iso-C5H ll 

2 
10 
32 

160 

12000 

(largc) 
63 

5 
1,9 
0,5 

27,5 
13,5 
11,8 

5,8 

11,5 

10,7 

11,2 
11,2 

The series corresponding to (III) but in which R' is kept constant and R is 
varied, R now being the same alkyl groups as constitute R' in series (III), has 
been studicd by INGOLD, JACKSON, and (Mrs.) KELLy,4 using dihydroxypropyl 
esters. In this series the plot of log kH against the number of carbon atoms in R 
(where k H in the fundamental equation 

v = kR [H+] + kOR[OH'] + km[HA] + ka[A'] + k w [H 20] 

1 For further tabulated data illustrating this point cf. OLIVIER: Recueil Trav. 
ehim. Pays-Bas 53 (1934), 891. 

2 INGOLD: J. ehern. 80e. (London) 1930, 1032. 
3 GROCOCK, INGOLD, J ACKSON: Ibid. 1930, 1039. 
4 Ibid. 1931, 2035. 
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is determined either directly or from Vo - [H+] functions) passes through a 
maximum at the second member and an inflexion near the third member. In 
agreement with the view that the ratio kOR/kR is dependent only on polar effects 
the corresponding Pi'i values exhibit no such anomaly: 

Polar effects 01 substit1tents in the ester series 
R·CO·O·CH 2 ·CH(OH)·CH 2 ·OH. 

R P~ kOH/kH X 10-' lO'kH 25· 

CHa --->- 4,910 8,90 4,10 
CH a ->CH 2 --->- 4,960 7,10 4,79 

CHa -> CH 2 --->- CH 2 --->- 4,970 6,85 2,93 

CHa "" CH--->-
CHa -

5,005 5,75 

n-C4H 9 --->- 4,970 6,85 2,24 
iso-C 4H 9 --->- 4,975 6,60 

Graphical analysis of all these results shows' that two methyl groups in the 
same relative situation to the -C:O(·O-) group in R·C02R' displace Pt! 
by approximately equal amounts and that such displacement decreases in an 
approximately gcometrical progression as successive carbon atoms are inter­
calated normally between the methyl substituent and the carboxyl nucleus. 
l\forcover, the dis placement of p~ caused by any group in R' bears a nearly 
constant ratio to the displacement caused by thc same group in R, and such 
displacement is thus given by the product of two numerical factors separately 
dcpendent upon the nature of the group and its position. A considerable amount 
of data relating to the effect of substitution by halogens, acyl, and olefinic groups, 
and further substantia.ting these conclusions, is available in the literature and 
is given in the summarising papers by OLSSON and OLIVIER to which reference 
has alrcady been made. Sufficient examples have, however, been quoted to 
show that the observed effccts of substitution are precisely those to be expected 
on the basis of the known polar effects of groups and of the postulated functions 
of acid and alkaline catalysts in the hydrolysis of esters. In agreement with 
the view that the polar effects of groups arise from their ability to alter the electron 
availability in thc attached system it is found that the velo city dilferences 
produccd by substitution are, in the main, accounted for by corresponding 
changes in the energy of activation of the hydrolytic reaction. 2 

In conclusion brief refercnce may be made to the rc cent attempts to simulate 
esterase activity by LANGENBECK,3 who has claimed that keto-alcohols such 
as PhCO· CH2 • OH, or NHPh· CO· CH2 • OH, like esterase, greatly accelerate the 
hydrolysis of esters, and moreover, that they are specilie in action. OLIVIER,4 
however, has been unable to confirm these accelerations. 

Hydrolysis of acetals and ortho-esters. 
In striking contrast to the great aeceleration effected by hydroxide ions 

in the hydrolysis of earboxylic esters, the hydrolysis of compounds of the type 

1 GROCOCK, INGOLD, JACKSON, Mrs. KELLY: Ibid. 1931, 2043. 
2 INGOLD, NATHAN: J. ehern. Soe. (Landon) 1936, 222. - NEWUNG, HINSHEL­

WOOD: Ibid. 1936, 1357. 
3 LANGENBECK, BALTIS: Ber. dtseh. ehern. Ges. 67 (1934),387,1204. - LANGEN­

BECK, BACIIREN : Ibid. 69 (1936), 514. 
• Reeueil Trav. ehim. Pays-Bas 54 (1935), 322. 
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RnC(OR'),_n is quite insensitive tD alkaline catalysis, but is greatly facilitated 
by hydriDn catalysis_ BRÖNSTED and WYNNE-JONES1 have ShDwn that the un­
dissDciated acid mDlecules have nD detectable eHect, the catalytic activity 
depending upDn the ability Df the acid to dDnate a prDton. In accDrdance with 
BRÖNSTED'S views the velDcity Df hydrDlysis, under Dtherwise cDmparable 
cDnditiDns, runs parallel tD the acid strength Df the catalyst, a cDnclusiDn which 
is illustrated by the fDllDwing data fDr the catalytic cDefficients (ka) in the 
hydrDlysis Df various acetals and DrthD-esters: 

Acid Catalyst 

+ 
H 30 ........... . 
CH3 ·COsH ..... . 
p-NOs·C.H,·OH. 
m-NOa·C.H,·OH. 
HaO ........... . 

56 I 19 I 
1,7xlO-& 
6,2 X 10-8 

3,4 X 10-9 

1 X 10-1• < 10-9 

CH(DEt). 

1,4,,:, 10' I 

- I 0,18 
I 0,045 

0,16 

5,4 X 106 I 3,4 X 106 12,35 X 103 
I '0,22 

< 10-9 ! 2,7 X 10-· 1,7 X 10 ..... , 1,8 X 10-· 

MDreovcr, HAHNED and SAMAHAS2 have found that the decreased velDcity 
Dbserved in the hydrDlysis of ethyl Drthoformate, as the aqueDus sDlvent is 
gradually replaeed by aleDhols, is direetly dependent upon the lüwering üf the 
dieleetrie eünstant (i.e. the iünising püwer) üf the medium. 

This eatalytie effieieney üf hydriüns, eüupled with the failure üf hydrüxide 
iDns tü eatalyse these hydrülyses, prüvides eünfirmatiün üf the methüds üf attack 
aseribed tü these twü eatalytie entities in ester hydrülysis and, at the same 
time is a clear indieatiün üf the müst prübable meehanism üf the aeid-eatalysed 
hydrolysis of acetals. In ester hydrDlysis the attaek of the hydrDxide iDn is at 
the earbünyl grüup, the cüncümitant polarisation 

n 
I Y 

>C--O 
OH' 
_._-)0- C-o 

I 
OH 

of which is an übviüus essential. The inapplicability üf this mechanisll1 in the 
case üf acetals is obviüus. On the other hand in acid-catalysed ester hydrülysis 
the essential feature has bcen sho\\-n tü be the addition üf a proton tü thc alküxy­
üxygen, a mechanism which is equally applicable in büth types üf cümpound. 
LÖBEHING and IfLEISCHMANN,3 früm a study of the effect Df variatiün in R upün 
the temperature cüefficient fDr the hydrDlysis Df the cDmpounds CH2(OR)2 
have eDncluded that the acetal first yields Dne mDlecule of alcDhDI and a mole eule 
Df the semiacetal which immediatcly (pDssibly by a very rapid intramDlecular 
prDeess) gives fDrmaldehyde and a sccond müleeule Df the alcohDl. Unlike esters, 
thc acetals eannDt form complexes with water arid it seems likely, therefüre, 
that the first, SIDW, stage in the hydrDlysis is the bimDlecular reactiDn (Df first 
.order because the sDlvent is present in large excess) between a water mDlecule 
and the Dxonium salt cDmplex of the acetal and the acid catalyst. The resulting 

1 Trans. Faraday 80e. 20 (1929), 59. 
2 J. Amer. ehern. 80c. 04 (1932), 1. 
3 Ber. dtsch. ehern. GeH. 70 (1937), 1713. 
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moleeule, further activated by the acid catalyst, could then readily decompose 
to give the final products:-

H 
1 

~OEt 
HOEt 

slow /OEt 
R'C-OEt --+ R·C-OEt 

'----
... _-----)- R'C-OEt 

11 " OEt t OEt 

''"'" HO-H 

+ o H 

In acid media this hydrolysis is relatively fast and is complete before there is 
any appreciable hydrolysis of the carboxylic ester to the free acid. Although 
illustrated for an orthoester, an identical mechanism is obviously applicable 
in the case of ethers and acetals. 

The effects of structure and substitution upon the speed of hydrolysis are 
in general harmony with the requirements of this mechanism. The nucleophilic 
attack of the water mole eule will be facilitated by the attachment, to the central 
carbon atom, of alkoxyl groups the electron-attraction of which will be enhanced 
by association with the catalyst protons. The velocity of hydrolysis of an ether 
CH3· OR should thus be increased by successive replacement of the hydrogen 
atoms by OR groups. This is borne out by the results of SKRABAL and his collab­
orators1 which are tabulated below, ka being the first order coefficient for hydrolysis 
by acids (in unit concentration), time being in minutes: 

Compound hydrolysed 

CHs'OEt ............ . 
CH2(OEt)2 ........... . 
CH(OEt)a ............ . 
C(OEt)4 ............. . 

ka 

6 X 10-7 

4,68 X lO-a 
2,3 x 10' 
3,0 X loa 

Compound hydrolysed 

CMea·OEt .......... . 
CMe2(OEt)2 ......... . I CMe(OEt)a .......... . 
CHMe(OEt)2 ........ . 

>6 X 10-7 

7,5 X 104 

3,3 X 105 

30 

The slight dccrease in velocity observed when the fourth hydrogen is replaced 
by OEt [to give C(OEt)4] is probably due to steric hindrance and to the stability 
associated with the symmetry of the moleeule. These data also illustrate the 
accelerating influence of alkyl groups attached to the methane carbon atom. 
This is due to their electron-repelling character which will increase the basic 
character of the attached oxygen and so facilitate the electrostriction of the 
catalyst proton. This effect should also be observed as the electron-release 
capacity of the group directly united to the oxygen atom is increased, a conclusion 
which is verified by the fol1owing data, calculated from the results of SKRABAL 
and EGEI~,2 for the relative velocities of the acid-catalysed hydrolysis of the 
formals CH2(OR)2: 

R = CH,. CH,· CH,· Et· CH,· 

Rel. velo city = 1 8,5 9,4 
·CHMe, 

47,2 
Pr"CH,. 

9,4 
·CH, . CHMe, 'CHMeEt 

13 64,8 

Further examples are found in the hydrolysis of cyclic acetals,3 but in this 
case the degree of strain in the ring and the effect of alkyl substitution upon the 
stability of the ring system are complicating factors. 

1 SKRABAL: Z. Elcktrochem. angew. physik. Chern. 33 (1927), 322. This paper 
surnrnarises rnuch of the data obtained, and gives fuH references to the earlier 
individual papers covering the investigations. 

2 Z. physik. Chern. 122 (1926), 349. 
3 LEUTNER: Mh. Chern. 60 (1932), 317; 66 (1935), 222. 
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Hydrolysis of acid chlorides. 

The weIl known fact that the hydrolysis of acid chlorides is not catalysed 
by hydrion,l but that the speed of alkaline hydrolysis is too great for kinetic 
study, provides the complementary piece of evidence in favour of the mechanisms 
already postulated for ester hydrolysis. Hydrolysis of acetals, which posses no 
carbonyl group, but which contain an alkoxyl group is catalysed by acids and not 
alkalis, whereas with acid chlorides, which contain a carbonyl group but are 
lacking in alkoxyl oxygen, the reverse is true. 

Data relating to the hydrolysis of acid chlorides are meagre relative to those 
pertaining to ester hydrolysis, but the general trend of results goes to show that 
hydrolysis is facilitated by electron-attraction away from the . CO· Cl group 
and is retarded by electron-release towards this group. Both PALOMAA and 
LIEMU ,2 and V ALESCO and OLLER03 have shown that the velocity of hydrolysis 
of acetyl, n-butyryl, and propionyl chlorides decreases in the order given, i.e. 
in the order of decreasing acid strength of the parent acids. The accelerating effect 
of electron-attracting substituents is illustrated by the results of BERGER and 
OLIVlER' who found that p-nitro, m-chloro-, and m-bromo-benzoyl chlorides 
are hydrolysed more rapidly in 50% aqueous acetone than is benzoyl chloride 
itself. In the alcoholysis of aliphatic acid chlorides with ethylene chlorohydrin 
in dioxan solution introduction of a chlorine substituent into the IX-position 
greatly increases the speed of reaction, a much smaller effect resulting from 
similar substitution in the ß- or y-positions. An ethoxyl group has the opposite 
effect.5 

The function of the alkaline catalyst would thus seem to be identical with 
that which applies in ester hydrolysis, 

~l n CClr:..] 
R-C-~O -> R-C-O ~ 

" 1 
OH OH _ 

R·C=O 
1 

OH 

+ Cl' 

the negative charge so introdueed bringing about a rapid deeomposition of the 
active complex with ejection of a chloride ion. In neutral or acid solution the 
attack must be by a water moleeule and is a particular case of the (SN 2) mech­
anism of INGOLD and HUGHES :6_ 

" H-OH 

,>Cl I '--I (, 
R-?-=-Ü 

OH 

-> R·C=O + Hel. 
1 

OH 

Again it seems possible that, under favourable conditions, the (SN 1) mechanislll 
might apply, the slow re action 

n 
R'CO-Ca ~ R·CO + Cl', 

1 VELASCO, OLLERO: Anal. Soe. estran. fis. quim. 34 (1936), 179; 3ö (1937), 76, 
who showed that the velocity is independent of the PH of the medium, and is the 
same in D 20 as in H 20. 

2 Ber. dtsch. ehern. Ges. 66 (1933), 813. 
3 I. c. 
4 Recueil Trav. chim. Pays.Bas 46 (1927), 516. 
5 LIE)lU: Ber. dtseh. ehern. Ges. 70 (B), (1937), 1040. - PAI.OMAA, Lumu: I. c. 
6 See p. 113. 
Rdb. d. Katalyse. JC 
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being followed by the rapid sequel 
+ + 

R·CO + HOH ~ R·C02H + H. 
More extensive kinetic study is necessary to test this possibility experimentally. 

Hydrolysis of acid amides. 
The hydrolysis of acid amides is catalysed by hydrion and, more effectively, 

by hydroxide ion. The variation in the velocity of hydrolysis of benzamide with 
change in the PH of the solution has been studied by BOLIN2 who found that 
the value of the velocity coefficient 104k decreased continuously from 3,8 to 
0,054 as the PH of the medium was increased from 0,54 to 2,20, and increased 
from 0,061 to 10,0 as the Pli increased from 9,42 to 11,22; the calculated value 
of the isocatalytic point is PH = 5,8. 

The structure of acid amides, which contain a carbonyl group for the attack 
of hydroxide ion, and a weakly basic . NH2 group at which electrostriction of 
a proton can occur, suggests that the mechanisms of acid and basic catalysis 
postulated for esters should also apply in this case. Because of their more basic 
character, acid amides might be assumed to undergo more extensive complex 
formation with \Vater than do esters. Since the velo city of hydrolysis of amides 
in dilute aqueous solutions of acids is dependent both on the concentration of 
thc amide and of the hydrion,2 the acid-eatalysed re action may be formulated: 

R-C=O + B.O 
I 

[ ,-, 1 OH y O-H 
fast / -'- slow / 

• R-C", OH + !-I R . C;::OH -+ 

NB. ~.~H3 _ 

° j 

--> R·C, + NH3 + H. 
OH 

By analogy with ester hydrolysis the alkaline eatalysis would be representecl as 

NH2 

I (\ 

R'C~~O ._> 
t 
-

OH 

- -
-> R·C=ü + NHz (NH2 + 

I 
OH 

-> NHa + OH). 

All that has previously been said concerning the complications introduced 
by steric and other factors in the effect of substitution on the velo city of ester 
hydrolysis3 would apply equally to the hyclrolysis of amides. Reliablc data of 
the effects of such substitution are much more scanty in the ease of amide 
hydrolysis, but that whieh is available supports the above views regarding 
mechanism. In general, introduetion of electron-attracting substituents inta 
the group R will favour alkaline hydrolysis and retard the acid eatalysed reaetion, 
the effect of eleetron-repelling substituents being the reverse. The following 
data substantiate these eonclusions, and it is significant that observecl irregularities 
in the values of either the acid k a , or basic kb , velo city coefficients vanish when 
the ratio kblka is calculated on the basis of the given results. As in ester hydrolysis 
this ratio decreases uniformly with increase in the electron-release capa city 
of substituents in R. . 

1 Z. anorg. aUg. ehern. 143 (1925), 210. 
Cf. intel'alia, ACREE, NIRDLINGER: Ame\'. ehern. J. 38 (1907), 489. 

3 P. 123. 
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A p-amino group exerts an expeeted 
retarding action in alkaline hydrolysis 
(kb = 178) due to its eleetron-release 
( + M) effeet, but it also retards the acid 
catalysed reaetion (ka = 198). This is 
readily understood sinee in the acid me­
dium it will be partly converted into the 

+ 
cation NHa' C6H«· CO· NHz and so 
exhibit the normal retardation of an 
eleetron-attraeting group. 

Hydrolysis 0/ aliphatic acid amidll8 
R· CO . N H 2 in dilute aqueous hydrochloric 
acid (ka) and sodium hydroxide (kb ) at 

63,2°.1 

R= H 

346,2 
1776 

5,1 

CH, 

21,0 
47,2 

2,2 

25,67 
41,2 

1,6 

n-C.H7 

11,84 
16,9 

1,4 

TAYLORz has studied the hydrolysis of acetamide in moderately eoneentrated 
acid solution and his data, eombined with those of PESKOFF and MEYERa (at 25°) 
and of EULER and ÖLANDER4 (at 50°) show that the velocity of hydrolysis with 

Hydrolysis 0/ substituted benzamidll8 R· CoH«' CO· NH 2 in dilute aqueous hydrochloric 
acid k a and barium hydroxide (kb).5 

R= H p-NO. p-Ol m-Br I p-Br m-J p-J . p-OMe p-Me 

l04ka 217 245 208 218 (146) 189 164 131 183 
104k b 994 6300 1800 2820 1800 2450 1590 462 623 
kb/ka 4,5 26 8,6 13 (12) 15 9,7 I 3,5 ; 3,4 

hydroehloric (and hydrobromic) acid increases with increasing acid eoncentration 
up to a maximum at 3 N and then again deereases. TAYLOR shows that thc 
results are adequately explained if it is assumed that the stable eomplex6 

2 CHa·CO·NHz, Hel is formed in solution, and that this eomplex fails to undergo 
hydrolysis. It is signifieant that hydrogen bromide forms a similar eomplex,7 
but that sulphurie acid does not, and the latter acid shows no hydrolytie maximum 
up to concentrations of 5 N, thc limit of the investigations. 

Hydrolysis of ß-ketonic esters and ß-diketones. 
The superimposition of polar, sterie and statistieal faetors, noted in the discus­

sion of the hydrolysis of simple esters, will also be signifieant in the hydrolysis 
of ß-ketonie esters and of ß-diketones, and, in these eases, there is the addcd 
complieation that fission may oecur in either of two direetions. Failure to 
disentangle these factors renders the interpretation of the mass of data available8 

a very eomplicated proeess. Thc following suggestions relating to meehanism 
and to the function of acid and alkalinc eatalysts are based on the assumption 
that the method of attack of the eatalyst is essentially the same as that whieh 
appears to be involved in the hydrolysis of simple esters. There is general 

1 CROCKER: J. ehern. 80e. (London) 91 (1907), 593. - CROCKER, LOWE: Ibid. 
91 (1907), 952. - Cf. KILPI: Z. physik. Chern. 80 (1912), 165. 

2 J. ehern. 80e. (London) 1930, 2741. 
3 Z. physik. Chern. 82 (1913), 129. 
4 Ibid. 131 (1928), 107. 
5 REII>: Amer. ehern. J. 21 (1899), 284; 2-1 (1900),397. 
6 STRECKER: Liebigs Ann. Chern. 103 (1857),322. - PI~XER, KLEI~: Ber. dtseh. 

elll'm. Gcs. 10 (1887), 1896. 
7 \VERNER: Ibid. 36 (1903), 154. 
8 BRADLEY, ROBINSON: J. ehern. 800. (London) 129 (1926), 2556. - KUTY, 

AllKIXS: J. Arnlo'r. ohern. 800.52 (1930), 4036, 4391. - CONXOR, ADKINS: Ibid. 64 
(1932),3421. - I"nELL, WOJCIK, ADKIXS: Ibid. 54 (1932),3678. - BECKIIAN, ADKINS: 
Ibid. 56 (1934), 1119. 

9· 
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agreement that in alkaline hydrolysis, i. e. in the presence of moderately high 
concentration of hydroxide or alkoxide ions, fission occurs in the diketone form 
and not through the enol. The attack of the anion may thus be formulated in 
the same manner as for the alkaline hydrolysis of esters, viz. at the carbonyl 
group: 

o 0 
11 11 

R· C-CH2-C-R' 
t 
-
OH 

-o 0 
11 I 

R· C + CH2=CR' 
I 
OH 

CHa·CO·R' + OH 

In ß-ketonic esters (R' = ·Oalk) the tendency of the ester C =0 group to polarise 
will be partially compensated by the + M effect of the alkoxyl oxygen 

r'O 
~ 

-C r, 
~OR' 

(i.e. the group will be a resonance hybrid of the structures 

o 
11 

-C'OR 

-o 
i ~ 

and -C=OR). 

Hencc the attack of the hydroxide ion will occur preferentially at the ketonic 
carbonyl group. Fission will thus occur in the direction which affords the two 
acids R· C02H and CH3 • C02H, in accordance with common cxpcrience. If 
R = alkyl, as in ß-diketones the attack will occur at the most positive carbonyl 
group. The chief factor which will decide this question will be the relative electron­
attraction of the groups Rand R'. Such electron-attraction will increase the 
acid strength (dissociation constant) of the acid R·C02H or R'C02H and hence, 
in accordance with the conclusions of BRADLEY and ROBINSONl the stronger 
of the two acids will be formed in the greater relative amount. The full scheme, 
as elaborated by BECKHAN and ADKINS is as follows:-

o 0 
11 11 

R'C-CH2 -C-R' 

-o 0 
I 11 

R·C-CH2-C-R' 
I 
OH 

(Undergoes fission.) 

o OH 
ka 11 I 

, R·C-CH=C-R' 
k 4 

-o OH 
I I 

R'C-CH=C-R' 
I 
OH 

In acid hydrolysis or alcoholysis fission is assumed to occur in the complex 
formed by the addition of water or alcohol to the diketone. In ß-ketonic esters 
(R' = ° alkyl) this probably occurs directly at the carbalkoxyl group: in 

t 1. c. 
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ß-diketones (R' = alkyl) such addition of alcohol to the diketone is difficult 
and hence BECKHAN and ADKINS assume addition through the enol in accordance 
with the scheme: 

o 0 
11 11 

R'C-CHa-C-R' 

o OH 
11 I Jk7 

R'C-CH2-C-R' -r 

I ks 
OEt 

(Undergoes fission.) 

OH 0 
I 11 

R'C=CH-C-R' 

HOEtlr 
k6 j ks 

OH OH 
I I 

R'C=CH-C-R' 
I 
OEt 

In all cases the velocity of fission is regarded as slow compared to the velocity 
with which the various equilibria are established. Since ß-ketonic esters undcrgo 
"ketonic" fission (into a ketone and carbonic acid) by hydrolysis with either 
acids or weak alkalis like baryta, two different mechanisms must be formulated 
for the catalyst attack on the entity whieh undergoes fission. In acid catalysis 
the catalyst proton promotes the electron transfer essential for fission by attack 
at the carbonyl oxygen: in dilutc alkalis the catalyst hydroxide ion assists in 
the removal of a proton (from a hydroxyl group): 

(,0 ii H-O 
\.- (---- - "\ \"1 
R·C-Y- CH2 'C·R' 

,.0 O-H 

I 
OEt 

Acid catalysis. 

-
OH 

-
0 

I '--li (-, ;....-' 
R'C'::"CHo-'C'R' 

- I 
--, R·C=CH 2 

OEt 
Basic catalysis. 

+ 

o 
11 
C·R' 
I 

OEt 

0 
11 
CR' 
I 

OEt 

+ H 20 

Thc whole process may thus bc regarded essentially as a pinacolic electron 
displacementl in whieh the "group migration" involves fission of the moleeule: 

Hydrolysis of glueosides. 

The hydrolysis of suerose and of glueosides in general has been widely studied 
but limitations of spaee do not permit a detailed discussion of the results. A 
summary of the earlier work, and a bibliography up to 1928 is given by RICE.2 

The study of such hydrolytic reactions is complicated by the further changes, 
l1lutarotation and interconversion of pyranose and furanose forms, which occur 
in the sugars resulting from the initial fission. Sucrose is heavily hydrated in 
solution and the part played by water molccules in its hydrolysis is, as yct, 

1 Cf. p. 81. 
2 "l-lechanism of HomogeneouH OJ'ganie Reactions": Amer. ehern. 80c., :Mono­

graph No. 39 (1928), 122. 
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far from clear.1 More recently MOELWYN-HuGHEs2 has made a study of the acid­
catalysed hydro lysis of various natural glucosides and finds that the first order 
velo city coefficient is less significant than is the activation energy E. E is determ­
ined mainly by the nature of the link ruptured. It is independent of whether 
this link is an IX- or ß-glucosidic type and of the nature of substituent groups 
in the non-sugar portion. Examples are tabulated below: 

Glycoside 

Suerose ...................... . 
Raffinose ..................... . 

Lactose ...................... . 

Maltose ..................... . 
Saliein ....................... . 
Arbutin ...................... . 
(X-methylglueoside ............. . 
Tetramethyl-(X-methylglueoside .. . 

Link ruptured 

Fruetose-glueoside i 
I 

ß-galaetoside 

(X-glueosidc 
ß-glueoside 

" ",-glueoside 

Unimoi. vei. k with 
E (cais.) N-HCI at 60 0 sec.-1 

1,87 X 10-2 26000 
1,41 X 10-2 25600 

1,98 X 10-5 
, 

27100 

1,63 X 10-5 31500 
1,63 X 10-5 31900 
4,22 X 10-5 31400 

38190 
19840 

It is suggested that the primary attack of the acid hydrolysing agent is not 
at the glueosidic oxygen but at the amylene oxide oxygen, a meehanism which 
may be formulated thlls: 

-c-
/H 

--c-c +­
I "0 
OH 

"-

ROH +- H 

the cquilibration of the open chain aldehydic form into the pyranose strllctllre 
being immeasurably rapid under the eonditions of hydrolytie fission. Support 
is given to this view by the much greater ease of hydro lysis of tetramethyl­
methylglueoside compared with methylglueoside itself. Such substitution by 
methyl groups would increase the basic character of 'the oxide-ring oxygen atom 
and so facilitate the attack of the proton in the same manner as that postulated 
in the mutarotation of the methylated glucose (see p. 78). PURVES and HUDSON 3 

have also concluded that glucosides wh ich contain the pyran ring are 100-500 
times as resistant towards acid hydrolysis as are the corresponding furanosides. 
This conclusion again indicates the importance of the oxide-ring in the mechanism 
of hydrolytic fission, but the complexity of the problem is emphasised by the 
further observation that the fructosides differ from the glucosides in that both 
pyranose and furanose ring structures possess approximately the same small 
stability towards aqueous acid hydrolysing agents. It is, of course, attractive 
to postulate a similar mechanism of attack for the catalyst proton and resultant 
electronic displacements in both mutarotation and glycosidic hydrolysis. 
The replacement of the mobile hydrogen in the reducing sugar by the group R 
in the glycoside readily explains the efficiency of hydroxyl ion catalysis in the 
former but not in the latter type of derivative. 

1 Cf. JONES, LEWIS: J. ehern. Soe. (London) 117 (1920), 1120. - SCATCHARD: 
J. Amer. ehern. Soe. 43 (1921), 2406; 41) (1923), 1583. 

2 Tran.<;;. Faraday Soe. 24 (1928), 309; 21) (1929), 81. 
3 J. Amer. ehern. Soe. ;)9 (1937), 1170. 
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Addition Reactions. 
Polymerisation. 

The recent interest in the phenomenon of polymerisation, or self-addition, 
has resulted in an exceedingly extensive literature.1 Such literature deals more 
particularly with the molecular complexity and structure of polymerides and 
with the kinetics and mechanism of their formation. 

Frequently there is no elear demarcation between polymerisation effected 
under homogeneous or under "heterogeneous conditions and again it is difficult 
to decide whether such polymerisations, usually effected by concentrated solu­
tions of strong acids, should. really be ineluded in the category of acid-base 
catalysis in homogeneous solution. For this reason only brief reference is made 
to the possible function of acid catalysts in initiating polymerisation. 

a) Polymerisation of hydrocarbons_ 
It has already been noted that this problem is elosely bound up with the 

related problems of hydration and isomerisation, and the inter-relationship has 
been briefly discussed (p. 95). 

In the present state of our knowledge it would appear to be unwise to do more 
than make the tentative suggestion that the function of the acid catalyst is 
concerned with its capacity to increase the polarisation of the unsaturated linking. 
For reasons discussed on p.95 it seems undesirable to postulate, as does WHIT­

MORE,2 actual co-ordination of a catalyst proton, but rather to regard such 
increased polarisation of the ethylenic linking as resulting from the elose approach 
of the acid catalyst, actual co-ordination of a proton at the negatively polarised 
carbon atom being regarded only as the limiting case. 

Such polarisatidn would provide a reactive centre in the moleeule which 
could initiate addition of a second moleeule, such addition simultaneouslv 
producing a new activated centre so that propagation of the additive reactio~ 
could be continued under favourable conditions by a chain mechanism. 

The polymerisation of propene with 90-92% sulphuric acid to give Ö-methyl­
,1'"-pentene may be cited as an example.3 

;-
H 

n 
CH3-CH=CH2 CH3-CH-CH3 

+ 6+ 6- "--+ I 
[-, (----, 
CHJCH Y CHzJ..H CHz-CH=CHz H 
6-

Such polarisation of the ethylcnic bond should bc enhanced by the attachment 
of groups, like alkyl, with a capacity for electron-release, and this conelusion is 
in broad general agreement with the experimental data.4 

1 The phenomena of polymerisation was the subject of a general discussion held 
at Cambridge in 1935 and published in the Trans. Faraday 80c. 32 (1936), 1-412. 

2 Ind. Engng. Chem., analyt. Edit. 26 (1934), 94. - Cf. BERGMANN: J. Chem. 80c. 
(London) 1935, 1359. 

3 BROOKS: J. Amer. ehern. 80c. 56 (1935), 1998. 
4 TIFFENEAU: Ann. Chim. physique (8), 10 (1907), 145. - 8TAUDINGER: Trans. 

Faraday 80c. 32 (1936), 97. - NORRIS, JOUBERT: J. Amer. ehern. 80c. 49 (1927), 873. 
- BUTLEROV: Liebigs Ann. 189 (1877), 44; Bel'. dtsch. ehern. Ges. 9 (1876). 1605. -
WHiTMORE et a1.: J. Amer. ehern. 80e. 53 (1931), 3137; M (1932), 3706, 3710. --­
MCCUBßIN, ADKINs: Ibid. 52 (1930), 2547. - LEßEDEV, KOßLIANSKY: Ber. dtseh. 
ch('m. Gcs. 63 (1930), 103, 1432; J. russ. physik. chl'rn. nes. 61 (1929), 2175.-
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b) Polymerisation 01 Aldehydes. 

Polymerisation of aldehydes can occur in several different ways. Aldolisation, 
which involves the formation of a C-C link and retention of aldehydic properties 
is considered on p. 166. The present section is restricted to consideration of 
condensation to meta- and para-aldehydes in which O-C links are formed and 
the aldehydic function is destroyed.1 CAROTHERS2 has differentiated between 
polymerisation which is effected in the absence of water, in the presence of 
traces of water, and in aqueous solution, and it is probable that the intimate 
mechanism and the function of the catalyst may differ under these varying 
experimental conditions. The fundamental process concerned in all such poly­
merisations is evidently the activating polarisation of the carbonyl double 

6+,+6-
bond C---O which, in separate molecules, provides the necessary positive and 
negative charges to initiate the formation of the new O-C link: 

-
>c-o --, 

0-0< 

The charged centres in the activated moleeule so produced initiate further poly­
merisation until either a long chain mole eule is formed or until they become 
neutralised within the mole eule itself by the formation of a link to yield a cyclic 
polymeride. 

The function of the catalyst is evidently to facilitate the initial polarisation 
of the carbonyl bond and so to initiate the reaction chain. This explains why 
polymerisation is rapidly brought about by the addition of very small amounts 
of acids such as hydrogen chloride, sulphuric acid, sulphur dioxide, zinc chloride, 
etc., or by bases such as sodium or potassium hydroxyide, or acetate, pyridine, etc. 
It would seem that no single, comprehensive mechanism for the activation of the 
carbonyl bond by the catalyst is possible, since it would need to cover the activity of 
catalysts as diverse as halogens in absence of water and strong acids and bases in 
aqueous solution. Scveral mechanisms for thc activation of a double linking havc 
already been discusscd. In some cases, for example in the stereoisomerie inter­
conversion of (X- and ß-benzil monoximes (p. 99), it is assumed that the necessary 
polarisation of the double linking occurs under the influence of thc polar field 
of the catalyst ion-pair or moleeule without the occurrence of any actual elcctro­
striction, and in thc polymerisation of aldehydes effected in the complete absence 
of water the necessary polarisation of the carbonyl double bond may weIl be 
achieved by this mecha,nism. In aqueous media and under the catalytic influence 
of strong acids or bases such polarisation may result from the actual clcctro­
striction of the nueleophilic anion (at carbon) or of a proton (at oxygen), whilst 
thc formation of hydrates mayaiso playa part. A mechanism of this type has 

IPATIEV, PINES: Ind. Engng. Chem., analyt. Edit. 2i (1935),1364. --- ERLEN)IEYER: 
Liebigs ALlIl. 135 (1865), 122. - KONIGS, M.-\!: Bel'. dtsch. ehern. Ges. 25 (1892), 
2658. - STOB BE, POSNJAK: Liebigs Ann. ehern. 3il (1910), 287. - ERLEN~IEYER: 
Ibid. 3i2 (1910),247.- STOBBE: Ibid. 3i2 (1910), 249. - STOER~IER, TIIIER: Bel'. 
dtReh. ehern. GeR. 58 (1925), 2607. --- IpATIEv: Ind. Engng. Chem., analyt. Edit. 27 
(1935), 1067. - OmIONDY, CRAVEN: J. ehern. Soe. Ind. 4i (1928),317 T. - BROOKS, 
HU)!PHREY: J. Amer. ehern. Soe. 40 (1918), 822. 

1 Für a summary of early results see SAIL\TIER-REID: Catalysis in organie 
ellPmistry, p. 222 pt seg. London, 1923. 

2 Trans. Faraclay 80c. 32 (1936), 39. 
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been suggested by LöBERING and JUNG1 for the production of paraformaldehydc 
from formaldehyde. They found that, in 10% solution, the efficiency of eatalysts 
in promoting long-chain formation increases in the order 

NaOH, Na2COa < HCI < H 2SO,.2 

It is thus apparent that although strong acids are the most effective catalysts 
the mechanism must also aceomodate basic catalysis. The following scheme, 
based essentially upon that of LöBERING and JUNG, satisfies these conditions. 
The primary equilibrium postulated is between the aldehyde and its hydrate: 

/OH 
H 2C:O + H 20 :;;-~ H 2C" 

OH 

By union with a proton this hydrate is eonverted into an "onium" cation in 
wh ich a positive charge is produced on the carbonyl carbon by the tendency for 
the eliinination of unionised water 

---.)-

On the other hand loss of a proton from the hydrate results in the formation of 
its anion whieh eontains the negative charge necessary to initiate union with 
the positive earbon of another molecule: 

(\ 

O--H -1-
/ -H 

H 2C" ,---
OH 

OH 

The same entity eould be formed by the direct attack of a hydroxyl (or other 
nucleophilic) ion at the unhydrated carbonyl group. Union of the two aetivated 
moleeules 

OH 

O-CH2 ·OH 

H 2C'OR 
I 

-, _ O-CH20H + H 20 

would give rise to the hydrate of the dimeride which, by similar l1lechanism could 
unite with further moleeules of formaldehyde -until a high molecular polymeride 
is formed. The determining faetor is thus an initial activating polarisation, sub­
Requent polymerisation takcs place by a ehain mechanism,3 and in ac cord with 
this view LöBEltING and JUNG found that the initial coneentration of the form­
aldehyde has littIe or no effeet upon the formation of paraformaldchyde. 

Temperature seems to be the chief factor influencing the degree of poly­
merisation and, beeause of variation in this faetor, it is difficult to judge whether 

1 Mh. Chem. iO (1937), 281. 
2 LÖBERING, JUNG: 1. c. - LÖBERDiG: Z. Elektrochcin. angew. physik. Chem. 43 

(1937), 638. 
3 Cf. inter alia, STAUDINGElt: Trans. Faraday 80c. 32 (1935), 104. - WALTERS: 

Z. physik. Chem. 182 (1938), 275, has recently shown, however, that polymerisation 
of formaldehyde in D 20 with sulphuric acid as a eataly~t lead;; to no inc1usion of 
deuterium in the <x-polyoxymethylcne formed. 
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the nature of the catalyst employed has, independently, any effect. The efficiency 
of the catalyst may be diminished by its irreversible reaction with the aldehyde 
or its polymerides, a factor which was found to be important in the production 
of straight chain, crystalline polymerides of crotonaldehyde under the influcnce 
of piperidine or aluminium acetate.! 

WILLlAMS 2 has also found that hydrogen chloride acts as a temporary inhib­
itor for the long-chain polymerisation of styrene in carbon tetrachloride, ca­
talysed by stannic chloride at 25°. In the absence of hydrogen chloride stannic 
chloride causes polymerisation to long-chain, hemicolloidal polymerides. Addit­
ion of hydrogen chloride, itself unable to catalyse the polymerisation of styrene 
at room temperar'lTe, restriets polymerisation to distyrene and short-chain poly­
styrene produets, phenylethyl chloride also being formed.a It is concluded that 
the addition of hydrogen chloride to the styrene double bond removes those 
styrene moleeules which are in a condition to start polymerisation chains. 

These results thus support the suggestion that the necessary activation of the 
styrene moleeule is effected by some mechanism of polarisation of the double 
bond not involving direct electrostriction of the catalyst. It is not possible in 
the present state of our knowledge to formulate the precise meehanism whereby 
the catalyst initiates polymerisation. 

Kinetie studies of polymerisation in homogenous media are diffieult both in 
manipulation and in interpretation. HATCHER4 has carried out dilatometrie 
studies of the polymerisation of acetaldehyde to paraldehyde in benzene solution 
in the presence of syrupy phosphorie acid. Equilibrium is reaehed when 94,3% 
of paraldehyde is formed (at 15°) and the polymerisation was fouhd to be directly 
proportional to the amount of phosphorie acid used. At low eoneentrations of 
phosphorie acid, in the absence of oxygen, the reaetion is of the third order but 
pre-treatment of the aldehyde with oxygen retards polymerisation. 

Sinee the depolymerisation of paraldehyde goes to eompletion in dilute 
solution and should be kinetieally simpler than the reverse change, BELL, LIDWELL, 
and VAlJGHAN-JACKSON5 have studied its depolymerisation in non-aqueous sol­
vents such as benzene, nitrobenzene, anisoie and amyl acetate using mono-, di-, 
and tri-chloroacetic acids or hydrogen chloride as catalysts. The reaction was 
found to bc of first order with respect to the paraldehyde, but the order varies 
between 1,2-2,5 with respect to the acid catalyst. 

The catalytic power of the acid catalyst is qualitatively parallel to its acid 
strength. It thus appears that all three oxygen atoms in the paraldehyde ring 
eonstitute points of attack for the catalyst molecules, the probability of de­
composition increasing with the increasing number of oxygen atoms which are 
attacked. The authors suggest the.following mechanism involving attack by two 
acid moleeules (P = paraldehyde, HA = acid): 

k1 -i- - + - ka + + - - k 4 
P + HA ,=': PH·A; PH·A + RA--~ PH2 ·A2 --~ 3CRa·CHO + 2HA 

k 2 

in which 

In varying solvents the eatalytic power of trichloroacetic acid decreases in 
the order nitrobenzene> benzene> anisoie > amyl acetate and it is pointed 

1 FISCHER, HULTZSCH, FLAIG: Ber. utsch. ehern. Ges. 70 (1937), 370. 
2 J. ehern. 80c. (Lonuon) l1l38, 1046. 
3 Cf. RISI, GAUVIN: Canau. J. Res., 8ect. B 14 (1936), 255. 
4 HATCHER, BRODlE: Canad. J. Res., 8ect. B 4 (1931),574. -- HATCHER, KAY: 

Ibid. 7 (1932), 337. 
5 J. ehern. 80c. (London) 1936. 1792. 
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out that the acid is most effieient in nitrobenzene, a solvent which has littlc 
tendency to combine with acids and in which carboxylic acids exist partly as 
single molecules.1 The low velo city in anisoie and amyl acetate may be due to 
the combination of the acid with the basic oxygen atoms of these solvents, and 
the inhibiting effeot of water is a parallel phenomenon. It is possible to formulate 
a mechanism based upon the attack of single acid moleeules at the oxygen atoms 
of the paraldehyde and the following scheme represents a slight modification of 
that advanced by BELL, LIDWELL, and VAUGHAN-JACKSON. 

H H 
I 

C•CH2 
il 
CH 

+ 2HA -> 

,,<, -
O-H A 

CH 
- +/"' "+ -A·HO .... ..1 .OH·A 

i (I 

H .. CH2 ~ HC",-+/CH·CH3 

'- ._ ... .J 0 

~ 3CHa·CHO + 2HA. 

- .> 

This represents attack by two acid molecules, but its extension to simultancous 
attack at all three oxygen atoms obviously permits a simple symmetrical formula­
tion involving proton elimination of each of the three ·methyl groups to give 
three enolide moleeules of acetaldehyde. 

LöBERING2 has found that the depolymerisation of polyoxymethylenes is 
catalytically accelerated by both hydrions and hydroxyl ions. Since the essential 
factor is the rupture of C-O-C linkings it would seem probable that hydroxyl 
ion catalysis functions by direct attack at the methylene hydrogen atoms: (-) n-
OH ····H :-C-O-C, but it should be emphasised that LöBERING'S data 

actually refer to the dissolution of long-chain polymerides, a process in which 
solvation doubtless plays an important part. 

Hydration-Addition of Water. 
a) Hydration 01 oie fines and acetylenes. 

The absorption of unsaturated hydrocarbons by strong mineral acids is weil 
known and is dependent upon addition reactions at the double or tripie linking. 
The elose inter-relationship between the phenomenon of hydration and the 
accompanying phenomena of isomerisation and polymerisation has already been 
discussed (p. 95) and the suggestion was made that the initial function of the 

1 BROWN, BURY: J. physic. Chern. 30 (1936), 694. 
2 Ber. dtsch. ehern. Ges. 70 (1937), 665. 
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acid-catalyst is the same in all three reactions, which differ only in their sequels. 
The addition is initiated by the electrostriction of a proton at the carbon atom 
which has received a negative charge as a result of the polarisation of the ethylenic 
bond. + 

H 

--->- ---->-

There is both structural and kinetic evidence in support of this view. The work 
of BROOKS and HUMPHREY,l to which reference has already been made (p. 90), 
proves that amylenes, hexenes and heptenes are rapidly hydrated to the alcohol 
by 85% sulphuric acid below 15°, whereas no appreciable hydro lysis of the 
corresponding alkyl hydrogen sulphates occurs under similar conditions even at 
higher temperatures.2 Moreover no alcohol is formed when either 100% sulphuric 
acid or phenylsulphonic acid is used, and more alcohol is formed with 85% 
sulphuric acid than with 94% sulphuric acid. It is perhaps significant that 85% 
sulphuric acid corresponds approximately to the composition of the mono­
hydrate. The effective addendum is therefore the hydrogen proton. Addition is 
thus facilitated by attachment of alkyl electron-release groups to the ethylenic 
bond, especially in the case of unsymmetrically substituted ethylenes, and is 
retarded by attachment of electron-attracting groups. The following results of 
BROOKS and H UMl'HREy3 for the hydration of the com pounds Rl R2C: CH2 with 
two volumes of 85% sulphuric acid, illustrate this:4 

RIR' = B, Eu lX 

Yield of R'R2C(OH)' CH3 50 
Et, Pr'" ~[e, Et Me, Pr'" 

50 45 30 
II, CIIMe,. [CH,), 

15-20% 

Both cinnamic acid and sym-dichloroethylene are completely deaetivated. The 
weIl known hydration of isobutene by dilute sulphurie and nitrie acids,5 5-10% 
formic, acetic or oxalie acid6 and hydriodie aeid,7 and the addition of methyl 
alcohol to trimethylethylene in the presenee of sulphuric aeid at 95° to give 
methyl amyl etherS flfrnish other examples. 

In a kinetic study of the hydration of iso butene with nitric acid in the pre­
senee of varying amounts of potassium nitrate LUCAS and EBERy9 found that 
the reaction is of first order with respeet to the hydroearbon and, for a given 
ionic strength, is proportional to the acid eoneentration. It is thus also of first 
order with respect to the acid eatalyst. Similar results were obtained in a study 
of the hydration of trimethylethylene10 and for the reversible hydration of eroton­
aldehyde to aldol.ll 

With trimethylethylene the catalytie efficiency of various acids in O,11l1 
eoncentration decreases in the order H 2SO. > HCI, HBr > H::'{03 > P CH3· 
. C6H.· S03H > picric acid> (·C02H)2 > CH3 ·C02H, i.e. in the order of de-

1 J. Amor. ohem. Soc. 40 (1918), 821. 
2 Cf. also LINHAJ:.T: Amor .. J. Sei. 55 (1933), 283. 
3 I. e. 
• The low reactivity of eMe2: CMe2 (5%) is less ea"y to explain, espoeially in 

viaw of its high reaetivity towards bromine addition (p. 178). 
5 BUTLEROV: Liebigs Ann. Chem. 180 (1876), 245. 
6 MIKLASCHEWSKY: Ber. dtseh. ehern. Ges. 24 (1891), raf. 269; .J. russ. physik.: 

ehern. Ges. 1 (1890), 495. 
7 MICHAEL, BRUNEL: Amer. ehern. J. 48 (1912), 267. 
S REYCHLER: Bull. Soe. ehim. Belgiqup 21 (1907), 71. 
9 .J. Amer. ehern. Soe. 56 (1934-), 460; 57 (1935), 1230. 
10 LUCAS, YAN-Pu-LuI: Ibid. 57 (1935), 2138. 
11 WINSTEIN, Luc--\s: Ibid. 59 (1937), 14-61. 
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creasing strength as acids. The energy of activation of the hydration of tri­
methylethylene (34,82 kg. cals. per gram mol.) is, however, very mueh higher 
than that (18,23 kg. cals. per gram mol.) for the hydration of crotonaldehyde. 
This may mean that in the latter the initial proton addition occurs at the oxygen 
atom of the readily polarisable conjugated system to give, by reaction with 
water, the enol form of the aldehyde which subsequently ketonises. 

CHs -.. cHlcH1CH00 + i'i --+ [CHs --+ ~H-CH=CH-OH] _~ 
H10H 

{i {-i 
.. -+ CHs-CH-CH~CH-O-H 

In general, therefore, the function of the acid catalyst may be regarded as 
that of increasing the polarisation of the ethylenic linking and the addition of 
a hydrogen proton to the negatively polarised carbon atom. The positive charge 
on the other carbon then withdraws a hydroxyl group from a water molecule to 
form the alcohol and regenerates a hydrogen ion. The kinetic data suggest that 
the first reaction between the unsaturated compound and the protondonator is 
the rate-determining stage. 

Although formally similar, the hydration of acetylene and its derivatives 
exhibits certain important differences. The hydration of acetylene to acetaldehyde 
by dilute acids such as sulphuric or phosphoric is greatly catalysed by the addit­
ion of mercury salts.1 The reaction evidently involves the formation of com­
plexes between acetylene and basic mercury salts, but for continuous absorption 
of the hydrocarbon it seems necessary that the complex so formed should be 
soluble in the media. 

na mercury-containing precipitate is formed further absorption is slow after 
the initial reaction is completed. Much of the data available is found in the patent 
literature and deals more particularly with the preparative aspect of the hydrat­
ion and, although structures for the mercury complexes have been suggested, 
little seems to be known regarding the actual mechanism of the catalysis. In 
acid solutions without the addition of mercury salts the mechanism is probably 
similar to that given for the hydration of ethylene derivatives. Addition first of 
a proton to the polarised acetylenic linkage is followed by addition of hydroxyl 
to yield the enolic form of the carbonyl compound which is converted into· the 
more stable ketonic form by ordinary prototropic change. 

n ... 
R'C~C + Fr 

n 
-~ R·C=' C)H2 --+ R·CO·CHa 

1(, 
O-H 

n-Amyl- and n-hexyl-acetylene are converted by acetic acid at 280 0 into methyl 
amyl and methyl hexyl ketones, respectively, but the same two products are 
formed by similar hydration of methylbutyl- and methylamyl-acetylene, respec­
tively. The orientation of addition is thus reversed when the second hydrogen of 
the acetylene is replaced by methyl2 

r'\ 

C5Hll'C~CH + H 20 
('\ 

C4H~C~CH3 

- --)-

1 VOGT, NIEUWLA;ND: J. Amer. ehem. Soe. 43 (1921), 2071. 
2 BEIlAL, DESGRES: C. R. hcbd. S6ances Acad. Sei. 114 (1892), 676, 1074. 
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There is some evidence that the transmission of polar effects of attached groups 
to a tripie linking occurs less readily than it does to an ethylenic bond,! but the 
reversal of the polarisation in the methylalkylacetylenes 8eems difficult to 
explain unless it is assumed that mesomerie electron-release of the BAKER-NATHAN 
type2 by the methyl group is the predominant factor in determining the direction 
of polarisation of the tripie bond. 

HicH21ck6R. 
6-

b) Hydration of Nitriles. 

Hydrolysis of a nitrile to an acid amide is usually effected either by dis­
solution in cold, concentrated sulphuric acid and then pouring thc mixture into 
water, or by shaking with concentrated hydrochloric acid. Light has been thrown 
on the function of thc sulphuric acid catalyst by the work of HANTzscH.3 He 
found that the ultra-violet absorption of a solution of p-tolunitrile, CHa· CaH 4 • CN, 
in concentrated sulphuric acid alters with time and finally be comes identical 
with that of a solution of p-toluic amide in sulphuric acid. The rate of change 
of thc absorption spectrum decreases in the order H 2S04 + H 20 > H 2S04 + 2H20 
and becomes practically zero when the more dilute acid H 2S04 + 4 H 20 
is used as the medium. The sulphuric acid thus appears to function normally to 

+ -
produce a nitrilium salt Re: NH } HSO. with the weakly basic nitrile. The 
positive charge on the cation of this salt will polarise the tri pie linking and so 
facilitate the addition of the 0,2% of water present in concentrated sulphuric 
acid to give the salt of the enol form of the acid amide: 

6+ • -'- _ + _ . 
RC~NH} HSO. -> RC(X):NH2 } HSO. (X = OH or ·O·S03H). <-, 
X-H 

In eompletely anhydrous sulphuric acid (in which the reaction oceurs rapidly) 
a similar addition of sulphuric acid to the tri pie bond must be postulatcd. Either 
salt is rapidly hydrolysed to the free acid amide when the mixture is poured 
into water. 

If the sulphuric acid medium eontttins much \mter the sulphuric acid will 
react preferentially with this water, a stronger base than the nitrile, to form the 
hydroxonium sulphate: 

Thy use of anhydrous orthophosphoric acid for the hydrolysis of very resistant 
nitriles4 is susecptible to the same explanation and a similar mechanism is 
applicable to hydrolyses effected either by concentrated hydrochloric acid or by 
boiling aqueous sulphuric acid but in such cases differentiation between the 
processes of salt formation and salt hydrolysis will be very much less marked. 
KRIEBLE amI McNALLy 5 have found that the hydrolysis of hydrogen cyanide 
by hydrochloric acid (which is much a more efficient eatalyst than is sulphuric 

1 :YloWAT, SMITlI: J. chem. Soc. (London) 1938, 19. 
2 CL p. 80. 
3 Ber. dtseh. chem. Ges. 64 (1931), 674. 
• BERGER, OLIVIER: Recueil Trav. chim. Pays-Bas 46 (1927), 600. - OLIVIER: 

Ibid. 48 (1929), 568. 
5 J. Amer. ehern. 80e. öl (1929), 3368. 
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acid) inereases rapidly with inereasing eoneentration of the eatalyst, the inerease 
eorresponding very closely with the increase in activity of the undissoeiatcd 
hydrogen chloride moleeule. Moreover the catalytie activity of hydrochloric and 
hydrobromic acid is greatly enhanced by the addition of the corresponding 
sodium or potassium salts which will also increase the concentration of the 
undissociated acid moleeules by suppressing ionisation.1 These authors suggest 
that the reaction which proceeds with a measurable velocity is the addition of 
hydrogen chloride to the hydrogen cyanide to give the iminochloride, 

HC : N + HCl ---+ HCCl: NH, 

which then undergoes a rapid reaction with water: 

HCCl:NH + H 20 ---+ HCCl(NH2)·OH ---+ H·CO·NH2 + HCl. 

Alkaline hydrolysis of nitriles usually occurs much less readily and requires 
strong alcoholic potash. 

In this case the attack is almost certainly by a nucleophilic hydroxyl ion at 
the carbon of thc nitrile group in a manner similar to that which has been de­
scribed in the alkaline hydrolysis of esters or carbonyl compounds. 

-I-
H 
--> R'C(OH):NH ---+ R·CO-NH2• 

Such a mechanism is supported by the results obtained by MYERS and ACREE2 

upon thc reversible addition of alcohol to p-bromobenzonitrile in the presence of 
alkali alkoxides : 

Br'CsH 4 'G=N + HOEt ~== Br·CsH 4 ·C(OEt):NH. 

In very dilute solutions of the alkoxide (N /2048) the velocity coefficient is 
independent of the nature of the metal cation (Na, K or Li) and is obviously 
areaction of the ethoxide ion. In more concentrated solutions its value is un­
changed whcn sodium ethoxide is used but slightly smaller when potassium 
ethoxide is the c!Ltalyst, and considerably smaller with lithium cthoxide. In 
these two cases, howevcr, the value is satisfactorilv accounted for when allo. 
wance is made for the varying degree of ionisation ~f the alkali ethoxide. 

c) Hydration 01 acid anhydrides. 
Thc hydration of acid anhydrides to free carboxylic acids should resemble, 

in general, the hydrolysis of esters. Owing to the greatcr degrce of dcgeneracy 
of the anhydride moleeule it would be anticipated, however, that the singly 
linked oxygen atom would have less pronounced basic properties, and so the 
rnoleculc should be ICBS susceptible to acid-catalysed hydrolysis. 

nn 
R'C~-O "- C·R 

n 
R'CYOR' 

Co 
SIDGWICK and his collaborators,3 using an electrical conductivity method, 

found that the hydration of simple acid anhydrides was not catalysed by the 

1 KRIEBLE, PARKER: Ibid. 55 (1933), 2326. 
2 Ibid. 50 (1928), 2916. 
3 RIVETT, SIDGWICK: J. ehern. 80e. (London) 97 (1910), 732, 1677. - WILSDON, 

8IDGWICK: Ibid. 103 (1913), 1959. 
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free acid produced and concluded that the reaction was not susceptible to hydrion 
catalysis. This conclusion cannot be substantiated by later work and it seems 
likely that it is explained by the limitations of their method. It is clear, however, 
that the hydrolysis of acid anhydrides is much less susceptible to acid catalysis 
than is the hydrolysis of esters, but hydrolysis catalysed by alkali is too fast to 
measure.1 As in ester hydrolysis the acid and base catalysed hydrolyses occur by 
different mechanisms and this distinction must be clearly borne in mind.2 The 
acid catalyst probably attacks at the singly linked oxygen atom of the anhydride, 
whereas the attack of a nucleophilic anion is most likely to occur at the carbon 
of the carbonyl group. ORTON and JONES 3 found that in glacial acetic acid 
(H20 = 0,18%) the hydrolysis of acetic anhydride is a second order reaction, 
and as the acetic acid is diluted with water the speed of hydrolysis increases 
approximately proportionally to the concentration of the water. In relatively 
anhydrous media the velo city is directly proportional to the concentration of the 
acid catalyst. This is illustrated by the following data for the hydration of acetic 
anhydride catalysed by sulphuric acid in 90% acetic acid: 

Concentration of H 2SO, .............. ° 0,0166 0,033 0,05 0,1 molar 
k l 150 X 103 • • • • • • • • • • • • • • • • . • • • • • • • • • •• 2,8 10,6 19,6 35 76 
Ratio kl /[H 2SO,]. . . . . . . . . . . .. . . .. . . .. - 0,66 0,594 0,7 0,76 

The efficiency of the acid catalyst decreases as the water-content of the medium 
is increased and in 50% acetic acid only strong acids catalyse the reaction. The 
action of nitric acid is somewhat anomalous. In relatively aqueous media (50% 
acetic acid), in which the catalyst acid would be ionised, equivalent solutions of 
hydrochloric, sulphuric and nitric acids have the same catalytic effect: 

Catalyst 

k i X 103 

None 0,034 M-H.SO, 0,07 M-HCl 0,07 M-HNO. 

16 21 22 22 

but in relatively anhydrous media the efficiency of the nitric acid is greatly 
decreased and is no longer proportional to its concentration. This may be due to 
the rem oval of the nitric acid by thc formation of either acetyl nitrate or 
(CH3C02)2N(OH)3' 

The suggestion that the acid-catalysed reaction depends upon the initial 
formation of an oxonium salt was made first by ORTON and J ONES and again by 
VEltKADE4 and the results of the former authors are readily explained on this 
basis. In aqueous media the catalytic entity is probably thc hydroxonium ion, 
hydration being represented thus: 

R·CO R·CO, ~ R·CO'HO-H 
"- "'" "-+ [ 

n 1 + ( i 
/0 + H 30 ,-:-:': /OH, H 20 --+ -. 2 R·CO·OH + H. 

R·CO _R·CO R·CO·OH 

J n nearly anhydrous media a similar mechanism is applicable with the strong 
acid itself as the proton donator: 

"- "-+ -R·CO [R.c0 0 1 
/0 + HX ~~ /OH}X 

R·CO R·CO 

+r-i R·CO HO-H­
X 

> 2·R·CO·OH + HX. 

R·CO·OH 

I ORTON, JONES: Ibid. 101 (1912), 1708. 
2 Cf. SKRABAL: Z. Elektrochem. angcw. physik. Chcrn. 33 (1927), 322. 
3 I. c. 
, Recueil Trav. chirn. Pays-Bas 3;') (1915), 79, 299. 
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Hydrolysis of the acid anhydride in water alone is more likely to occur by 
the basic mechanism: 

R·CO 
"-
/0 -->-

R·C +-- OH2 

11 

o 

R'CO'O 
- ..... 

+ 
R·CO·OH2 

2·R·CO·OH. 

The much more strongly basic hydroxyl ion will function more effcetively by 
this mechanism: 

R·CO·O·CR l (6 1 '-+1 - 0-
~ R'CO'O---;-c. R -+ R·CO·O + H-OH _ 

'LI : ~ 2R·CO·OH + OH . 
OH . OH R·CO·OH 

KILPATltICK1 l1as studied the catalysis of the hydration of acetic, propionic 
and acetic-propionic anhydrides by various aliphatic anions in buffered solutions. 
His results are summarised in the following table in which ko = the velocity 
eoefficient of the uncatalysed reaction, kH•O= the catalytic eoefficient of the water 
moleeule (= ko/55,6) and kx' = the eatalytic eocfficient of thc various acid 
anions [= (kObscrVCd-ko)/[anionJ] : 

Anhydride 10' x k. kH,O kH.6 kH·CO.' kAcO' kEt.CO' kpr" co. 
(CH 3CO)20 ...... 26,9 0,484 31 680 38 (-35) (-49) 
(EtC°hO ....... 16,6 0,299 22 322 34 15 (-20) 
CH 3CO·0·CO·Et 22,4 0,403 28 429 30 (-8) (-25) 

The anions for which kx' has a negative sign are those wh ich actually retard the 
hydrolysis. It will be noticed that the anion does not function merely as abasie 
catalyst since the order of basic strength of the anions would require that their 
catalytic coefficients should incrcase in the order 

kH •O < kformate: < kacetate < kpropionate < kbutyrate' 

Actually the formate ion is always the most cfficient. KILPATltlCK suggests that 
the anion reaets with the acid anhydride to form a new anhydride with extrusion 
of a düferent anion. If the new anhydride hydrates more rapidly than does the 
original anhydride the reaction velo city is acccierated, but retardation results if 
the new anhydride hydrates more slowly than does the original. Thus the hydrat­
ion of acetic anhydride is aecelerated by formate and acetate ions (the laUer 
functioning purely as abasie catalyst like hydroxyl) but is retarded by pro­
pionate and butyrate ions. The high catalytic efficiency of the formate ion is 
ascribed to the ease of hydration of the mixed formic anhydride whieh will 
approach the instability of formic anhydride itself. For catalysis by the formate 
ion the mechanism may be formulated thus: n 

o (6 1 R·co·6 "'H- OH 11 '-. r- , '-+ 
R·CO·O·CR -+ R·CO·O CR -+R'CO':"O*-CH -+ R·CO + 

t tJ I It 
O'OCH O'OCH Co 

~ 2·R·CO·OH + H·CO·O. 

1 J_ Amcr. ehern. 80e. 50 (1928),'2891; 52 (1930), 1410 et seq. 
Hdb. d. Katalyse. II. 

O=CH 
1 

o 

1U 



146 J.W.BAKER and E.RoTHSTEIN: 

As in ester hydrolysis the initial attack of the formate anion would be at the 
carbonyl group of the stronger acid of a mixed anhydride, the anion of the weaker 
acid being ejected. Thus with acetic-propionic anhydride the attack by an acetate 
ion would give (mainly) acetic anhydride and a propionate ion. Since acetic 
anhydride is hydrated more readily than is the mixed anhydride the positive 
catalytic effect of the acetate ion is understandable. On this basis propionate ions 
should have littie effect and their recorded negative catalytic value is almost 
negligi bie. 

Some data are available concerning the effect of the group R, especially in 
acid hydrolysis. VERKADEI found that the velo city coefficients for the acid­
catalysed hydration of the anhydrides R·CO·O·COR' decrease in the order 

RR' = Me2 > MeEt > Et2 > Prt > Prl > PrPEu"'. 

Since the essential factor is, presumably, the basic character of the singly-linked 
oxygen atom this order is approximately the reverse of that anticipated on the 
basis of the inductive electron-release (+ 1) effects of alkyl groups. It must be 
remembered, however, that the basic character of the singly-Iinked oxygen is 
decreased by resonance with the attached carbonyl group 

( ,0 
: (" 

-C"O-. 

If the mesomerie effect of alkyl groups, postulated by BAKER and XATllAN, is 
operative then an attached methyl group will bc most able to satisfy tbe polarising 
clectron displacements of the carbonyl group 

H H 
I, (I 

H-C-!..C-O-C~C-H 

I J ) C II \. i 
H O~ '0 H 

so that aeetic anhydride will bc thc strongest base. On the other hand BÖSEKEN, 

SCHWEIZER, and YAN DER W ANT2 found that thc rate of hydration of succinic 
anhydridcs increased in the order succinic < methylsuccinic < s-dimethyl­
succinic. In these eases only the inductive effect of thc alkyl substituent can 
opcrate (1) 

CH3 -> eH -> co 

X o 
?' 

eH3 -.. CH -> CO 

(1). 

(since "conjugation" of the methyl group with the carbonyl group is now broken) 
and will increase the basic character of thc singly linked oxygen. In maleic 
anhydride (II) and similarly constituted unsaturateu anhydrides, conjugation of 
the unsaturated linking with thc carbonyl groups will again tend to satisfy the 
polarisation of thesc groups, and so increase the ba.sic character of thc singly­
Iinked oxygen. Greatly increased velocities of hydration (relative to that of 
succinic acid) are actually observed. 

I I. c. 
2 Reeueil Trav. chim. Pay:,;-ßas 31 (1912), 86_ 
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Addition 01 halogens. 
Any theory regarding the meehanism of halogen (and hydrogen halide) 

addition to ethylenie linkings must take cognisance of the following facts. 
SOPER and SMlTH1 have shown that in the chlorination of phenol the speed of 
interaction is proportional to the product of the concentrations of the phenoxide 
ion and the unionised hypochlorous acid. COFMANz also concluded that hypo­
iodous acid is the active agent in the iodination of phenols. In addition to 
ethylenic linkings, therefore, the attack is by the unionised hypohalous acid. 
ORTON andKING3 similarly showed that chlorination of acetanilide is indepen­
dent of any excess of chloride ions present. It seems, therefore, that for chlorine 
also the attack must be by the molecule. FRANCIS4 showed, however, that one 
halogen enters before another, the second ion only being liberated during the 
addition of the first since, in the presence of a competing anion of greater co­
ordinating power (e.g. OH', O·NOz', etc.), the latter may enter in place of the 
second halogen ion. INGOLD has thus formulated a mechanism of halogen addition 
to ethylenic linkings which involves the primary entry of a positive halogen 
(from the polarised halogenating agent) thus creating a cation which then 
rapidly unites with either the negative bromine ion or some other eompeting 
anion: 

6- 6+ 
Br--· Er 

-
·Hr 
0\­

CH2Br'CH2Br 

On thi;; ba;;is the two essential features involved are 1. the polarisability and the 
degree of polarisation of the ethylenic bond and 2. thc polarisation of the hydrogen 
addendum. Both these factors may be influenced by the action of the eatalyst. 

OG05 rejeets INGOLD's mechanism and postulates initial addition of the 

bromide ion to give the ion RCHBr·CHR which is then assumed to reaet with 
- () 

a brominc moleeule thus: RCHBr·CBR + Br·-i-Br, RCHBr·RCHBr + Br. 
This view, howcver, although a possibility when strongly eleetron-attraeting 
groups are direetly attaehed to the ethylcnie centre, provides no satisfaetory 
explanation of the relative preponderanee of 1,2- or 1,4-addition of bromine 
to conjugatcd systems whieh, on INooLD;s meehanism, is readily aceounted for 

r-) + I 
by the formation of thc eation of an anionotropie system > C=C-G-CBr by 

I I I 
the initial addition of positive bromine.6 Nor does it explain the accelerating 
effeets of alkyl groups upon bromine addition to olefines. ANANTAKRISHNAN and 
bWOLD7 found that, under standard eonditions, the velocity of addition of 
bromine to olefinic eompounds inereases in the order 

BrCH: CHz < CHz: CHz < MeCH: CH2 < MezC: CH2 < Me2C: CMe2, 

1 J. ehern. 80e. (London) 129 (1926), 1582. 
2 Ibid. 115 (1919), 1040. 
3 Ibid. 109 (1911), 1369. 
• J. Amer. ehern. 80e. 47 (1925), 2340. - Cf. also JACKSO~: Ibid. -18 (1926), 2166. 

- READ, READ: J. ehern. 80e. (London) 1928, 745. 
& J. Amer. ehern. 80e. 57 (1935), 2727. 
6 INGOLD, EURTO:S: J. ehern. 80e. (London) 11)28, 904. - Cf. HAKER: Tautornerisrn, 

p.250 et seq. London, 1934. 
7 J. ehfo>m. 80e. (London) 11130, 984, 1396. 

10· 
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although the more re cent work of ROBERTSON and his collaborators discussed 
below renders the quantitative aspect of such investigations unreliable. 

The whole problem of the addition of bromine to olefinic compounds is 
proving a very complicated one and the present position is such that any attempt 
to summarise the position would be of little value. 

ROBERTSON, CLARE, McNAUGHT and PAUL! have shown that bromine addi­
tion may occur by three routes: 1. a unimolecular surface reaction due to 
impacts of bromine moleeules with an activated surface film, 2. homogeneous 
termolecular reactions and 3. homogeneous bimolecular reactions. Earlier work 
neglected the incursion of heterogeneous and termolecular reactions. The problem 
is further complicated by the claim that oxygen affects the rate of addition 
since this aspect is neglected even in the work of ROBERTSON and his co-workers. 

In acetic acid no heterogeneous effects are observed and the reaction appears 
to be a termolecular one between two molecules of bromine and one molecule 
of the ethylenc derivative. WILLIAMS2 found that the addition of bromine to 
cinnamic acid in acetic acid solution is catalysed by hydrogen bromide, but 
ROBERTSON has shown that the catalysed reaction is not the addition but the 
conversion of the trans-acid into the cis-acid, thc latter adding bromine more 
rapidly. This conclusion is borne out by the observation that, with increasing 
amounts of hydrogen bromide, the value of the bimolecular velo city coefficient 
is increased to a maximum valuc which is identieal with that for the cis-acid. 
Addition of brominc to the latter is not catalyscd by hydrogen bromide. 

trans cis 
[HBrl[[Br,l o '[, '[. o '[. 'I. 

At 20% addition k 2 0,017 0,OÖ7 0,OÖ8 0,OÖ5 0,OÖ7 0,067 

Hydrogen bromide does not catalyse the addition of bromine to allyl acetate 
in acetic acid, but with vinyl bromide and acrylic acid the velocity at first 
increases with increasing concentration of hydrogen bromide up to a maximum 
when [HBrJj[Br2J = 2, and then decreases slightly. ROBERTSON suggests that 
this is due to the operation of two opposing effects 1. the catalytic influenee 
of the hydrogen bromide and 2_ the removal of bromine as HBr3 which is assumed 
to be inactive. These additions are regarded as bimolecular, hydrogen bromide 
activating the bromine, in some unspecified manner, and not the ethylenic 
compound. In aqueous acetic acid large amounts of halogenohydrins are produeed 3 

and the action of water which is sometimes catalytic and at other times anti­
eatalytic further eomplicates the problem. 

In media sueh as chloroform or carbon tetraehloride the incursion of a rapid 
heterogeneous reaction introduees irregularities whieh, incidentally, account 
for the discrepancies in the literature regarding the rate of addition of bromine 
to ethylene itself.4 

In the absence of hydrogen bromide WILLIAMS5 observed aperiod of induetion 
in the addition of bromine to ethylene in carbon tetraehloride solution, 

Time (ruins.) 2,5 

% Addition. .. 0 

1 Ibid. 1937, 335. 

11 

o 

J. ehern. Soe. (London) 1932, 979. 

22 

(HBraddt'd) 
23,5 

73,6 
28,5 

86,3 

3 GOMBERG: J. Amer. ehern. Soe. 41 (1919), 1414. -- READ, \VILLIAlIS: J. ehern. 
Soe. (Landon) 111 (1917), 240. - READ, HooK: Ibid. 117 (1920), 1214. - READ, 
HURST: Ibid. 121 (1922), 989. 

4 DAVIS:.T. Amer. ehern. Soe. 50 (1928), 2770. - \VIL~.LBIS: J. ehern. Soe. (London) 
1932, 2911. 

5 1. e. 
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and HANSON and WILLIAMS1 similarly found long inhibition periods in the addition 
of bromine to methyl nitro- and methoxy-cinnamates in chloroform and earbon 
tetrachloride at 0° unless hydrogen bromide were present_ 

ROBERTSON found the same rise to a. maximum velo city in carbon tetra­
chloride as in acetic acid and suggests that a similar explanation is applicable 
in both cases, but it is evident that much detailed experimental work is required 
to unravel the mechanism of bromine additions to olefines before any real 
information regarding the action of catalysts can be obtained. 

Cyanohydrin formation. 
The formation of cyanohydrins from carbonyl compounds is now generally 

recognised as a nucleophilic attack of the cyanide ion at the carbonyl group: 

" n. + 
I v siow H 

-C,O ~ -C:!..O "'fust -C-OH 
t 

('aN 
I 

CN CN 

The reaction is reversible and, under homogeneous conditions, an equilibrium 
is established between the reactants and the cyanohydrin. JONES2 has shown 
that, in the absence of cyanide ion, the addition of hydrogen cyanide is very 
slow thus confirming the earlier observation of LAPWORTU3 that cyanide ion is 
neccssary for the formation of the cyanohydrin. STEPHANOV and STEPANENK04 

have shown that the catalytic effect of bases on the addition of hydrogen cyanide 
to sugars reaches a maximum when the whole of the hydrogen cyanide is neu­
tralised. With ammonia the addition proceeds in 10% aqueous alcohol but not in 
80% methyl alcohol since, in the latter solvent, the ionisation of the ammonium 
cyanide is suppressed. With pyridine or piperidine the reaction velocity is pro­
portional to the dissociation constants of the cyanides. Since trimethylamine 
is less effective than is ammonia the nature of the cation affects the rcaction. 
The ammonium cation is a stronger proton donator than the trimethylammonium 
ion and so could assist the polarisation of the carbonyl group by the mechanism 
of acid catalysis. These observations readily explain why the addition is catalysed 
only by cyanide ions or by bases such as triethylamine or tri-n-propylamine. 
The function of the basic catalyst may be regarded as a two-fold one. First, 
by formation of the salt with hydrogen cyanide, the essential cyanide ion is 
made available and secondly, the necessary polarisation of the carbonyl group 
is enhanced by the basic catalyst and its cation in a manner discussed fully earlier 
in this article (p. 67). It is to be anticipated that, by the removal of the hydrogen 
from the cyanohydrin to form the corresponding ion, the base will also eatalyse 
the reverse reaction since electronic rearrangement in this ion ean readily give 
rise to the re-formation of the carbonyl compound with extrusion of cyanide 
ion. Thus ULTEE5 found that although the addition of acid to a mixture of hydrogen 
cyanide and acetone does not cause cyanohydrin formation, it does stabilise 
the cyanohydrin previously formed under the catalytic influence of a small 
amount of alkali. The subsequent addition of a small amount of sulphuric acid 
makes possible the smooth distillation of the cyanohydrin which otherwise 

1 J. ehern. Soe. (London) 1930, 1059. 
2 J. ehern. Soe. (London) 10.; (1914), 1560. 
3 lbid. 83 (1903), 995; 85 (1904), 1206, 1214. 
I Bioehcmia 2 (1937), 875. 
5 Reeueil Trav. chim. Payc;-Bac; 28 (1909), 1. 
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was impossible owing to dissociation into the reactants. Such stabilisation of 
the cyanohydrin by acids doubtless due to the repression of the ionisation 

+ -
-C(CN)' OH ""~ H + -C(CN)' 0, which ion is the entity from which elimination 
of the cyanide ion will most readily occur. It is also possible that incipient salt-

"+ 
formation at the oxygen atom -C(CN)' OH---------H further restricts the mobility 
of the unshared electron pairs, the fractional positive charge so produced rendering 
still more difficult the increase in their covalency which is an essential feature 
of the electron rearrangement required for the extrusion of a cyanide ion. Con­
versely, in the presence of a moderate concentration of hydroxyl ions, thc 
relatively greater anionic stability of the cyanide ion will result in its replacement 
by hydroxyl to reform the hydrate of the original carbonyl compound and 
LAPWORTH, MANSKE, and ROBINSON l found that thc dissociation of the cyano­
hydrin of menthone is rapidly effected by a cold normal solution of sodium 
hydroxide, with the formation of sodium cyanide: 

-
CN 

" [ '; -. /C-O--H ,-
,-I 
'rOH -

OH 

On the basis of LAPWORTH'S vicw of thc mechanism two features of opposite 

n 
polar character are involved, viz. 1. the polarisation C -'- -0 of the carbonyl 
group and 2. the electrostriction of the nucleophilic cyanide ion. Attachment 
of eleetron-release groups to the carbonyl carbon will facilitatc the requisite 
polarisation but will make tbe electrostriction of the cyanide ion more difficult. 
Electron-attracting groups will oppose the polarisation of the carbonyl group 
but will assist the electrostriction of the cyanide ion. It is thus evident that thc 
polar effect of any particular group will be determined largely by the relative 
importance of these two opposing factors. It folio ws that groups of opposite 
polar type may both repress cyanohydrin formation, and that in any graded 
polar sequence of substituent groups a maximum stability of the cyanohydrin 
should be observed at some point. Interpretation of the effects of substituent 
groups is thus likely to be complicated. This aspect of the problem has been 
extensively studied by LAPWORTH and his collaborators,2 who have determined 
the equilibrium constants, and hence the decrease in free energy, associated with 
cyanohydrin formation for a large number of aldehydes and ketones. Detailed 
discussion3 of these results lies outside the scope of this article since it is conccrned 
only very indirectly with the function of the catalyst. In general, the above 
predictions made on the basis of LArwoRTH'S mechanism of cyanohydrin forma­
tion are substantiated. The order representing the affinities of substituted 
benzaldehydes of the type R· CsH,· CHO for hydrogen cyanide illustrates this. 
For substituents R the order of decreasing stability of the cyanohydrin is as 
folIows: _ >m-Ol\fe > H > m-Me > p-Me > p-OMe > p-N;\fe2 • 

m- Cl ---- 32 31 30 27 20 6 

35 -> m-N0 2 > p-Cl 
34 31 

> p-N02 
23 

1 J. ehern. Soe. (London) 1927, 2052. 
2 LAPWORTH, MANSKE: J. ehern. Soe. (London) 1928, 2533; 1930, 1976. 
3 Cf. INGOLD: Ann. Rep. ehern. Soe. (London) 25 (1928), 147. 
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Groups of opposite polar types like NMe2 and N02 are, alike, found to decrease 
the stability of the cyanohydrin. 

There is sorne evidence that the basic catalyst enters into combination with 
the cyanohydrin since BREDIG and FISKEI found that condensation of benz­
aldehyde with hydrogen cyanide in the presence of optically active alkaloids 
like quinine affords a dextrorotatory cyanohydrin, hydrolysed to l-mandelic 
acid. The alkaloid eannot be removed by extraction with concentrated aqueous 
hydrochloric acid from solutions in organie solvents which contain both the 
alkaloid and the eyanohydrin. 

MICHAEL Reaction. 
Addition of derivatives of the type CHRX2 (where X=C02Et, COR, C:X, 

N02, etc.) to an IXß-unsaturated ester,2 ketone, aldehyde or nitrile has been 
extensively used in synthetic organic chemistry.3 The catalyst usually employed 
is sodium ethoxide, either in solution in absolute alcohol or in ether suspension, 
but this may be replaced by sodium in benzene, and KNOEVENAGEL and MOTTEK4 

first showed that bases such as piperidine or diethylamine are also powerful 
catalysts for the reaction. The reversibility of the MICHAEL reaction was first 
recognised by VORLXNDER5 and was further established by the work of INGOLD 
and his collaborators.6 

Modern electronic thcory has made clear the essential mechanism of the 
reaction which has been formulated by COOPElt, INGOLD, and INGOLD.7 The 
addendum must be a derivative of the type CHRIR2X in which X is an electron­
attracting group structurally capable of tolerating a negative charge. At least 
one hydrogen atom must also be attached to the methane carbon. Catalysts 
for tbe addition are all of the basic type and their essential function is to complete 
the ionisation of the proton (already incipiently ionised owing to the eleetron­
attraction of the group X) to afford the anion [CRIR2X]-. Similar electron­
displacements initiated in the cxß-unsaturated ester by the carbalkoxyl group 
give rise to a fractional positive charge on the ß-carbon atom, and the attraetion 
of this for the negative charge on the anion [CRIR2X]- provides the driving 
force for the initiation of the eondcnsation. Complete electron displacement in 
the direction of these initial polarisations will then givc rise to the anion of the 
condensation product. For X=C02Et and eatalysis by ethoxide ions we have: 

1 Bioehern. Z. 46 (1912), 7. 
2 MICHAEI_: J. prakt. Chern. 35 (1887), 351; Bel'. dtseh. ehern. Ces. 33 (1900), 3731. 
3 The following are the rnore important referenees to more reeent investigations: 

CARDNER, RYDoN: J. ehern. 80e. (London) 1938, 42, 45, 48. - FARMER, GHOSAL, 
KON: Ibid. 1936, 1804. - RYDoN: Ibid. 1935, 421. - CIDVANI, KON: ibid. 1932, 
2443. - ANDREws, CONNOR: JO. Amer. ehern. 80e. 57 (1935), 895; 56 (1934), 2713. -
CONNOR: Ibid. 55 (1933), 4597. - DUFF, IN GOLD : J. ehern. 80e. (London) 1934, 89.­
MICHAEL, Ross: J. Amer. ehern. 80e. 55 (1933), 1632; 53 (1931), 1I50; 52 (1930), 
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1. Ionisation. -
EtOH··H EtOH 

-
JRIR21ciö 

I 
OEt 

-+ CRIR2=C-0 

2. Condensation. 
" r-, y .. ~_. I 0-C-CR5=CR3R4 

I 6+ 
OEt 

+ €Rl;lclö 
6- I 

OEt 

3. Proton addition to ion of product. 

~ + 
0~C~-CRs-CR3R4_CR2Rl_C=0 + H -+ 

i U I 
OEt OEt OEt 

I 
OEt 

OEt 

Areversal of these electron displacements in the ion of the condensation product 
will give rise to the retrograde reaction and fission into the original components.1 

Actually there are several complicating factors which have rendered the 
interpretation of the mass of data relating to the MICHAEL reaction a rather 
baffling problem. It will be noticcd that the above mechanism requires that 

fission of the addendum should occur thus RIR2CX- H, the hydrogen being 

added to the ex-carbon of the unsaturated ester, and the residue CRIR2X to 
the ß-carbon atom. Sueh fission is now universally accepted,2 and an earlier 
view suggested by THORPE,3 that, when Rl is alkyl, fission may occur thus 

Rl_CR2HX, has been discredited. In many eases, however, although the normal 

product anticipated on the INGOLD mechanism, is obtained when only small 
amounts (much less than one molecular equivalent) of the eatalyst sodium 
ethoxide are used, an isomeric ester is obtained in the presenee of one equivalent 
of sodium ethoxide. Thus, for example, MICHAEL and ROSS4 found that the 
eondensation of ethyl erotonate ·with ethyl methyl malonate in the presence 
of one-sixth of a molecular proportion of sodium ethoxide affords mainly (90%) 
the normal product ethyl y-methyl-n-butane-ßßo-tricarboxylate, but with one 
moleeule of eatalyst ethyl y-methyl-n-butane-ßoo-tricarboxylate is obtained in 
60% yield. . 

In sueh eases the strueture of the abnormal product is related to that of 
the normal by the interchange of a hydrogen atom and a earbethoxyl group 
between two earbon atoms anel is represented in general terms thus: 

CR'X 
11 + HCR"(C02Et)2 
CR2 

Hmall CHR'X 
. - ---> I 

amOlmt NaOEt CR2 .CR"(C02Et)2 

1 mol. NaOEt CR'X·CO.Et 
...,. I -

CR2 • CHR" . C02Et 

1 The influence of the polar and steric nature of the group R1, R2, R3, R4, and RS 
on the mobility of the system and on the position of equilibrium is discussed by 
('OOPER, I!i/GOLD, I!i/GOLD: I. c. 

2 Cf. inter alia, GARD!i/ER, H,YDOX, I. c. - FARlIER, GHOSAL, Kox: I. c. 
3 J. chem. 80c. (London) i7 (1900), 923. 
4 J. Amer. chem. 80c. 52 (1930), 4598. - Cf. also FARlIER, GUOSAL, KON: I. c. 
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A satisfactory explanation of the formation of the abnormal product has been 
given by HOLDEN and LApWORTH.1 They suggested that the normal product 
is always formed initially but that, in the presence of sodium ethoxide, it may 
undergo further reactions of the type 

RH + C02Et·R' ~ R·CO·R' + HOEt ~ R·C02Et + HR', 

which may be either intermolecular of intramolecular, and so bring about that 
inter change in the positions of the Hand C02Et groups which converts the 
normal into the abnormal product. Based on the conditions necessary for the 
displacement of this system of equilibria from left to right, they formulated 
certain general rules regarding the nature of R' and RU which determine whether 
or no the abnormal product would be formed in any particular reaction. These 
rules have since been generalised by GARDNER and RYDON2 and may be summarised 
briefly as follows: 

If R' =1= H, the product must be normal, irrespective of the nature of R". 
If R' = Hand R" =1= H the product must be abnormal. 
lf R' = R" = H the product may be either n~rmal or abnormal. 

Hence 1. all additions of unsaturated compounds of type CR2 : CRX with 
malonic esters and their alkyl derivatives will be normal. 

2. All additions of unsaturated compounds of type CR2 :CHX with alkyl­
malonic esters (amd similar compounds) will be abnormal. These rules are, 
of course, valid only when one molecular cquivalent of sodium ethoxide is used 
as a catalyst. No exception is known to the first rule and the few exceptions to 
the second are all explicable by some special feature. 

The production of an abnormal product further complicates matters since 
it mayaiso undergo a retrograde MICHAEL reaction to give rise to two new 
reactants. Thus HOLDEN and LAPWORTH3 condensed benzylideneacetophenone 
with ethyl methylmalonate in presence of one moleeule of sodium ethoxide 
ami obtained ethyl iX-methylcinnamate and ethyl benzoylacetate : 

PhCH·CH2·COPh 
PhCH : CH· COPh + CH~Ie(C02Et)2 -- I -> 

CMe(C02Et)2 
(Normal.) 

PhCH· CH(C02Et)· COPh retrograde 
I :\hClIAEL> PhCH: C:\Ic'C02Et + PhCO·CH2 ·C02Et. 

CH:He·C02Et 
(Abnormal.) 

Whcn thc condensatioll is carried out in ether or benzene further cOl11plications 
may be introduced owing to the insolubility of the sodio-derivative of the initial 
product which l11ay thus be removed from thc sphere of re action before it can 
react further . 

HOLDEN and LAPWORTH'S mechanisl11 for the production of the abnormal 
product is fundal11entally sound but there appears to be no necessity to introduce 
the actual formation of the ketone as an intermediate stage. Consideration of 
the electronic changes involved makes this clear and also throws light on the 
theoretical basis of GARDNER and RYDON'S rules and on the specific function 
of the catalyst in determining the course of the rcaction. 

When only a trace of sodium ethoxide or a base such as piperidene is used 

1 1. c. 
2 I. c. 
3 I. c. 
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as the eatalyst, eondensation must oeeur between the moleeules of the reaetants, 
the eatalyst merely assisting the ionisation of the hydrogen at the initiation 
of attaek and returning it (from an aleohol moleeule) after eombination has 
oeeurred: 

OEt H-OEt 
"I 
Ö -±- C=CR-CRz-CR(COzEt)z 

Ur) 
OEt 
I 

H"':"-OEt 

---+ O=C-CHR-CRz-CR(COzEt)! 

OEt 

In the presence of one molecule of sodium 
system of equilibria must be envisaged: 

OEt 
I l'- "-

r- -'\ n C' C..!..O Na 
,6+ 1 J 1 v 6- Y~ 

C C~C 0 +-C 
/ I ~ X 

OEt 

Both the retrograde 
MICHAEL and eonver· 
sion into the ab­
normal produet must 
oeeur in the anion of 
the normal produet, 
henee it is a neees­
sary eondition for 
the formation of the 
abnormal produet 
that therc should be 
suffieient sodium 
cthoxide present to 

OEt 
. I') 

r ") C- 0 
/ -c 

'-.: ~ - X 
H 

(Reactant. •• ) 

HOEt 

"-

Na 

OEt 

ethoxide in alcohol the following 

, n .0 c-c=c-o 
/ - I 

OEt 
i ./COzEt 

-C , 
X 

H 
'I " , ") I v 

C-C-C=O 
./ ! 

OEt 

(Product.) 

HOEt 

+ 
Na 

OBt 

ensure the establishment of thc above equilibria. In aeeord with experimental 
observation the abnormal produet is thus formed only in the presenee of 
one moleeular proportion of sodium ethoxide. 

Conversion of the anion (A) of the normal into the abnormal product will 
be initiated by the eleetron-displacemcnt denoted by (a), whieh, in turn, will 
promote the displaeement (b) of an eleetron pair from .the adjacent double bond 
towards the earbethoxyl group on the y-carbon atom. 

R' OEt 
(e) (a) , :_--.~ n. 

C-C---'---C Y 0 
/ ' 

I < j(b) 
R"-C--COzEt 

1'.1 (c) 

C-OEt 

(d)~O 

(A). 

R' OEt 
, I I 

C-C-C=O 
/1 

R"-C COzEt 
I-

C-OBt 
I 
o 

(B). 
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This earbethoxyl group will then relinquish its bond eleetrons by displacement (c) 
faeilitated and eompleted by the eleetron-displaeement (d) of the earbonyl 
group, the whole sequenee of eleetron displaeements giving direetly the anion (B) 
of the abnormal produet. If the group R' is an alkyl group its eleetron-repulsion 
will stimulate the eleetron-displaeement (e) in the adjaeent double bond and 
so inhibit both (a) and its sequel (b). Thus if R' * H the produet must be normal, 
sinee the initiating eleetron displaeements for eonversion into the abnormal 
produet are inhibited. 

If R' = H the produet may be abnormal, dependent at least partly, upon 
the nature of R". If R" = H the normal anion (A) is a malonie ester: in the 
presenee of sodium ethoxide the separation of a C02Et group as a positive ion, 
or more strietly, without its bond eleetrons as in displacement (c), would be 
most unlikely sinee the mueh more stable positive hydrogen proton would be 
eliminated. This would give rise to the anion of the malonie ester whieh, beeause 
of the various possible seats for the negative charge (degeneraey), would be very 
stable. Thus when R" = H the initial anion (A) would be immediately eonverted 
into the stable doubly charged anion (C) of the di-sodium derivative of the normal 
produet: 

+ 
Na 

OEt 
" 1 _ ... 
/C-CR'=C-O }Na 

,-, I 
ÖEt.j. H ---C-C=O 

i i I 
\""i OEt 
.') 
C=O 
I 

OEt 
(A). 

OEt 

" I _ .; 
C-CR=C-O } Na /, ') 
C-C~O + 
I- t, 
i .! 

I-.J OEt 
,[} + 
C--O Na 

1 

OEt 
(C). 

EtOH. 

If, on the other hand, R" is an alkyl group its separation as a positive ion is 
impossible and thc paths (c) and (d) represent the only possible route by whieh 
the displacements (a) and (b) ean be eompleted. Moreover the eleetron repulsion 
of R" might be expeeted to faeilitate the neeessary displacement (d). An ex­
planation is thus provided why, if R" * H the reaetion produet must be abnormal. 
When R" = H the resulting anion (C) ean, of course, aet as an addendum to a 
seeond moleeule of unsaturated ester or ketone and KüHLER, GRAUSTEIN, and 
MERRILL1 found that methyl (X-eyano-y-benzoyl-ß-phenylpropionate (obtained 
in 83% yield by eondensation of benzylideneaeetophenone with methyl eyano­
acetate in presenee of a very small quantity of sodium methoxide), condenses 
with a second molecule of benzylideneacetophenone in the normal manner. 

PhCH:CH·CO·Ph + CH2(CN)'C02i\1e --> 

PhCH· CH2 • COPh 

--> CH(CN)'C02ßlc 
PhCH: CH· COPh 1 

-> C(CN)' CO2)Ie 
1 I 

PhCH· CH2 • COPh PhCH·CH2 • COPh 

In some eases a MICHAEL condensation is accompanied by another side 
rcaetion in whieh ethyl carbonate is eliminated from the malonie ester under 

1 I. c. 
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the influence of t,he ethoxide ion catalyst. In the condensation of ethyl phenyl­
malonate with various iXß-unsaturated esters with one moleeule of sodium 
ethoxide in alcohol, CONNOR1 obtained substantial yields of ethyl carbonate 
and ethyl phenylacetate in addition to the condensation product, ethyl iX-phenyl­
ß-methylpropane-iXß-dicarboxylate. Since the phenylmalonic ester itself undergoes 
fission under the experimental conditions 

n 
EtO--'-H 

r 
! CHPh· COzEt 

(.'\'-1 
EtÖ .j. CO·OEt 

EtO H 
I 

---+0 CHPh· COzEt 

+ 
CO(OEt)z 

it was assumed that such fission occurs first, the ethyl phenylacetate so formed 
then condensing normally with the unsaturated ester. 

The MICHAEL condensation has been extended to include addition of malonic 
esters to acetylenic esters. FARMER, GHOSAL, and KON2 found that with alkyl­
malonic esters addition seems to proceed normally, but the sodio-derivative 
obtained is not easily alkylated and requires the action of a mineral acid to 
libcrate the free ester. Condensation is best effected with a ·molecular proportion 
of sodium in either ether or benzene. Thus ethyl phenylpropiolate and ethyl 
methylmalonate afford the sodio-derivative of ethyl y-phenyl-L11'-n-butene-ßß c5-tri­
carboxyhtte, in which the position of the sodium is determined by conversion 
to the c5-ethyl-derivative by the action of ethyl iodide: 

r-, n 
PhC~C-±-C.·, 0 + CH:\le(C02Eth 

I 
- -> PhC· C:Vle(COzEt)z 

11 

OEt C·COzEt 

Na 

'rhe structurc of thc sodio-compound is lcft indcterminate, but it is certainly 
Na -------different from that in esters of the type C02Et·CH:CR·C(C02Et)2 which easily 

form the sodio-dcrivativc in non-polar solvents and are readily alkylated. It 
is significant that the authors could not effect the condensation using one molecular 
proportion of sodium ethoxide as the catalyst. There is a great difference between 
thc tripie and double linkings, and this failure suggests that the sodium may 
act by direct addition to, and consequent polarisation of the acetylenic linking. 
That the addenda are Na and ·CMe(C02Et)2 is clear from the nature of the 
products similarly obtained from ethyl acetylenedicarboxylate and ethyl 
tetrolate: 

C·COzEt 
I!I . + CH:Vle(COzEt)z 
C·COzEt 

C:\le 
III + CH!\-Ie(COzEt}z 
C·C02Et 

1 J. Amer. ehern. Soc. 55 (1933), 4597. 
z 1. c. 

EtOzC' C· CMc(COzEt)z 
11 

CEt'COzEt 

0,1 mol. CMe'C:lvre(COzEt)z 
NaOEt> 1I 

CH·COzEt 
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In the latter case a 66% yield of the condensation product was obtained when 
0,1 mol. of sodium ethoxide was used as the catalyst, but the condensation 
was unsuccessful when ethyl Bodiomethylmalonate was used. This observation 
is difficult to explain. When ethyl malonate is condensed with ethyl phenyl­
propiolate migration of the sodium to the carbon of the malonate residue seems 
to occur since the ethylation product contains an ethyl group in this position: 

Na CPh·CNa(C02Et)2 EtJ CPh· CEt(C02Et)2 
CPh=C-C02Et + CH2(C02Et)2 - ..... Ii ._-..... I' 

CH· C02Et at 100° eH. C02Et 

This is not surprising since the sodio-derivative which would result from normal 
addition would either contain the sodium atom attached to carbon, or would 
possess an allene structure (D). Since the molecule also contains anormal malonic 
ester residue with a readily replaceable hydrogen atom, it is to be expected that 
the more stable derivative of the sodio-malonic ester type (E) would be formed, 
with the necessary displacement and migration of this hydrogen. 

H 
1 

PhC-C(C02Eth 
I, f" 

" -c=c-o 
tJ,1 

OEt 

(D). 

.... _>-

,-
10 
'-~: 
", C·OEt 

... / 
PhC-C" 

'---+ 

i "­C·OEt 
CH 
,"~CO 

C~o 

OEt 
(E). 

The degencracy of the resulting anion would render it exceedingly stable. Thus, 
although the spccific functions of sodium and sodium ethoxide are rather more 
obscure in the MICHAEL condensation of acetylenic esters it is evident that the 
mechanism is cssentially the same as that whieh has been established for ethylene 
derivat.ives. 

Elimination Reactions. 
I. Elimination 01 hydrogen halide and related phenomena. 

a) Formation of oIe fines. 
In the earlier discussion of acid and base-catalysed hydrolysis, (p. 113) it was 

stressed that the hydrolysis of alkyl halides constitutes a particular case of the 
more general problem of substitution at a saturated carbon atom by the attack 
of a nucleophilic reagent, and that such reactions could proceed either by uni­
molecular or bimolecular mechanisms. The investigations of HUGHES and INGOLD 
have effected a similar correlation of the elimination reactions which so frequently 
accompany such substitutions, and have shown them to be subject to the same 
mechanistic alternatives. It is difficult to prescribe the incursion of catalysis 
into such elimination reactions since the anion involved is frequently the constit­
uent anion of an "onium" salt, but the true functions of catalysts can be seen 
in their correct perspective only if some outline picture of the general theory 
is presented. The main discussion will, however, be limited t.o reactions whieh 
involvc olefine formation. 
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The formation of an olefine by the elimination of HX from the compound 
RIR2CH·CH2X ->0 RIR2C:CH2 

is of the same fundamental type no matter whether X is a halogen atom, an 
+ + + ++--

"onium" cation NR3, SR2, PR3 , or a sulphone group. S02R.1 Elimination may 
occur by either a unimolecular mechanism, 

~ n slow ~ + -) RIR2_C;CH2 X -, RIR2C-CH2 + XIi 

i"). + fast 
RIR2'C-CH2 -----+ RIR2C:CH2 + 

or a bimolecular mechanism. 
n r- '\ n 
- ! I .J, I.J, slow + 
y-l- H-CRIR2_CH2-X ~-+ Y-H + CRIR2:CH2 + H E 2 

where Y is a hydroxyl ion or some other catalytic anion. Mcchanism EI will be 
favoured relatively to E 2 by 1. ready ionisability of the ß-hydrogen atom and 

-
2. by weak proton affinity (basicity) of the anion Y. In any series in which the 
electron-release capa city of the groups H,I R2 is increased mechanism E 2 may 
first be retarded since the negative charge imposed on the attaehed carbon will 

-
oppose the approach of the anion Y and will deerease the ionisability of the 
ß-hydrogen. Such eleetron-release will also, however, increase the ease of separa­
tion of the group X with its bonding eleetrons, and so, ultimately, eause a change 
over to the unimolecular meehanism. On ce the unimolecular mechanism has 
assumed control, increasing electron-release by RIR2 will facilitate such anion isa-

-
ti on and so inereasc the velo city of reaction, since the anion Y is now no longer 
involved, and the ionisation of the ß-hydrogen occurs, in the fast reaction of the 

+ 
eation CRIR2_CH2. 

The elimination of hydrogen halide'from both isopropyl and ß-n-octyl bromide 
in 80% aqueous alcohol oeeurs mainly by the bimoleeular mechanism2 although 
in caeh easc thc concomitant hydro lysis oeeurs by both unimolecular and bi­
molecular mechanism. With the ß-n-octyl bromide a small amount of olefine 
is produced by the unimolecular mechanism.3 The first order reactions can be 
isolated by the use of neutral or acid solutions in which no catalytieally active 
anion is present. In strongly alkaline solutions (0,8 N alkali) thesc first order 
reaetions are largely suppressed owing to the intervention of thc catalytically 

. aetivc hydroxyl ion with its high proton affinity. 
The proportion of each reaction type and the individual rate constants for 

the reactions of ß-n-octyl bromide are summarised below:4 

In acid solution: SN 1 90,3% EI 9,7%. 
In 0,8 N alkali 

1 st order reactions: SN 1 6,5 % 
2nd SN 2 41,7% 

Total: SN 48,2% 

EI 0,7%. 
E 2 51,1 %. 
E 51,8%. 

Total 1st order 7,2%. 
2nd 92,8%. 

I The case where X=OH is eonsidered in the section on dehydration. 
HUGHES, SHAPIRO: J. ehern. Soc. (London) 1937, 1177, 1192. 

4 HUGlIES, INGOLD, SIIAPIRO: lhid. 1937, 1277. 
• For nornE'nclature cL p. 114. 
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The rate constants for the four reactions at 80° are 

SN 1 104kI = 0,466 sec. -1, SN 2 104k 2 = 3,58 sec. -1 g._mol-I .1. 
EI 104kI=0,050sec.-I, E 2 104k2 =4,39sec.-I g.-mol-I .1. 

The unimolecular hydrolysis of tert-butyl halides (p. 115) suggests that, in a 
suitable solvent of high ionising power, unimolecular elimination might occur. 
This has been demonstrated by HUGHES, INGOLD, and SCOTTI in the case of 
tert-butyl chloride and a-phenylethyl chloride. BERGMANN and POLANYI2 have 
shown that the unimolecular rate of racemisation of a-phenylethyl chloride in 
liquid sulphur dioxide is unaffected by the concentration of chloride ions present 
and HUGHES, INGOLD, and SCOTT proved, experimentally, the existence of the 

equilibrium CHMePh.CI ~~ CHPh: CH z + HCI 

in this solvent. A similar equilibrium CMea· CI ~-"= CMe2 : CH2 + HCl was estab­
lished for tert-butyl chloride in anhydrous formic acid. Later work established 
the unimolecular formation of olefine from both tert- butyl halides3 and tert-amyl 
halides 4 in 80% aqueous alcohol in solutions either originally neutral (bccoming 
ltcid) or alkaline. 

The following summary of thc ratc-constants (8CC.-1) for the various reactions 
(at 25°) dcmonstrates that both the unimoleculltr hydro lysis and elimination 
are dependent upon the same initial unimolecular ionisation of the alkyl halide. 

Solvent: S vob. EtoH + 2 vols. H,O 
------------- --._._----

Halide Total 
lO'kl lO5ks N l 10' kF. l kF.llkl 

BuYCl ........... 0,854 0,710 0,144 0,168 
BuYEr .......... 37,2 32,5 4,69 0,126 
BuYJ ........... 90,1 78,5 1l,6 0,129 

AmYCl .......... 1,50 0,5 1,00 0,333 
AmYBr .......... 58,3 15,3 43,0 0,262 
AmYJ ........... 174 45,2 I 128,8 0,260 

Altcration in thc halogen has a large effect on the individual velocities but 
has alm ost no cffcet of the relative incidenee of thc substitution and elimination 
rcaetions. 

In aikaline solution the hydroxyl ion plays no part in the unimolecular elimina­
tion, but in acid media complications are introduced owing to the disappearance 
of thc olefine duc to its acid.catalysed hydration to the alcohol. In this ease each 
of the products (alcohol and olefine) undergoes further change dependent upon 
proton transfer. The changes undergone by the alcohol are as folio ws : 

+ fast + 
CR2H· CR2 • OH + H CR2H· CR2OH2, 

,>-" slow 
CR2H·CR2 CR2H . CR2---OH2 -+ + H 2O, 

{ 
fast 

-t ----)- CR2H·CR2OH 8.)i 1, 
CR2H·CR2 fast 

--> CR2 :CR2 + :H EI' 
1 Ibid., p. 127l. 
~aturwiss. 21 (1933), 378. 

3 Co OPER, HUGIIES, INGOLD: J. Chem. 80c. (London) 1937,1280. 
4 HUGIIES, MACNULTY: Ibid. 11)37, 1283. 
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These reactions amount to an acid-catalysed exchange of hydroxyl between the 
alcohol and water. 

The olefine mayaIso add on a proton from the acid catalyst to give the cation 
+ 

CHR2· CR2 which similarly undergoes the further changes designated SN 1 and 
EI above. . 

The elimination of olefines by the thermal decomposition of "onium" salts 
mayaIso occur by either a unimolecular or a bimolecular mechanism.l In the 
latter the ionisation of the ß-hydrogen atom requires the assistance of the anion 
which has sufficient proton-affinity (basicity) to facilitate its removal. 

r-l. r-J 
ÖH H-CRIR2~CR3RL..cX __ RIR2C:CR3R4 + X + H 2ü E 2 

(X = NRa, PRa, SR2). 

Under such conditions the velocity of elimination will be dependent upon the 
concentration of the anion and hence is increased by the addition of foreign 
hydroxyl ions to the medium. If the structure of the onium cation is altered in 
the direction of increasing ionisability of the ß-hydrogen (Rl and R2 strongly 
electron-attracting substituents) and, at the same time the nucleophilic (basic) 
properties of the anion are decreased a point will be reached where a) the ionisa­
tion of the ß-hydrogen can occur without help from the anion and b) the anion 
is constitutionally unable to assist such ionisation. Olefine elimination may then 
become of first order with respect to the cation and of zero order with respect 
to the anion i.e. of first order with respect to the onium compound: 

.~) r+ solvent +) RIR2C CR3R4_-X ---+ RIR2C:CR3R4 + H solvated 

+ - fast 
H solvated + Anion ...> HA + solvent 

In the thermal decomposition of quaterna;ry ammonium hydroxides of the type 
+ -

R~Me3 } OH in which the ionisability of the ß-hydrogen is not greater than that 
of ß-phenylcthyl trimethylammonium hydroxide (R = PhCH2 ·CH2) elimination 
of the olefine occurs by the E 2 mechanism 2 and is facilitated by increasing the 
concentration of hydroxyl ions. Elimination of p-nitrostyrene from ß-p-nitrophenyl­
ethyl trimethylammonium hydroxide, however, is of first order with respect 
to the cation, but of zero order with respect to the anion since the same velocity 
is observed with either the bromide or the iodide. Althoug):J. the reaction is of 
first order with respect to the cation it is a bimolecular reaction since the elimina­
tion is retarded by acids (0,5 X-HCI) and is increased by the initial addition of 
sm all amounts of triethylamine whieh is a stronger base than is the solvent \Vater. 
It must be assumed, therefore, that the intermediate formation of a betaine-like 
structure is involved:a 

H 
I +k1 , .. 

RIR2·C·CR3RLNMe3 RIR2C·CR3R4·NMc3 + H solvated, 
k~-

.[J r+ k 3 RIR2C y CR3R'--· - NMe3 --+ RIR2C=CR3R4 + Nl\Ie3. 

1 HUGHES, IN GOLD, PATEL: J. ehern. 80c. (London) 1933, 526. 
2 HUGHES, IN GOLD : Ibid. 1935, 244. 
4 HUGHES, INGOLIl: lbid. 1933, 523. - HUGHES, INGOLD, 8COTT: lbid. 1937, 1271. 
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If k l and kz are the velocity coefficients for the dissociation and association of 
the acid (cation) and ka is that for the formation of the base, then the experimental 

+ 
velocity coefficient will be kexp. = k1k3/(kz[H] + k3 ), i.e. the reaction will be 
retarded by increasing the hydrion concentration of the medium. 

Similar olefine elimination has been established in the thermal decomposition 
of phosphonium hydroxides l and sulphonium hydroxides.z The corresponding 
elimination of olefines by the thermal decomposition of sulphones can only occur 
in the presence of a foreign, catalytic anion since the sulphone itself has 0-0 anion of 
its own to assist in the removal of the ß-proton. Such decomposition 

,-, r----, 
- '" I '" ~++-- -OH HOHR-OHz--80zR ~ ROH: OH2 + R· 802 + HzO 

to give an olefine and the ion of a alkyl sulphinic aeid has been established by 
FENTON and INGOLD 3 and occurs less readily than does the decomposition of the 
corresponding quaternary ammonium hydroxide. The deactivating influence 
of the electron-release effect of thc group R is very marked, and the reaction 
becomes vcry slow or ceases whcn R is a higher alkyl group than methyl. If, 
however, an ion like OMe' or OEt', of greater proton-affinity than OH' ,. is used 
to catalyse the decomposition the reaction is greatly facilitated. Thus di-n-butyl-, 
di-isobutyl, di-isoamyl-, and di-n-octyl-sulphones undergo little or no action when 
heatcd with potassium hydroxide, but readily afford the corresponding olefine 
whcn sodium ethoxide is used.4 

b) Elimination of a paraffin hydrocarbon. 
The decomposition of sulphonium and phosphonium hydroxides or alkoxides 

may take another course which results in the elimination of a saturated hydro­
carbon :5 Thc following mechanism has been suggestcd: 

+} _ [LR 
(I I + - - + R,P OX--» Ra'P-O - X -> RaPO + ~~ (X = H or alkyl). 

8 c 10 c 8c,j. 

RX 

Such decomposition thus involves the intermediate formation of a complex in 
which the phosphorus is surrounded by a decet. It is therefore restricted to 
sulphonium (and sulphones) or phosphonium compounds since the octet of 
nitrogen is incapablc of expansion to a decet. Thc group R which is most stahle 
as an anion will be the one ejected from the complex. This type of decomposition 
becomes important when the groups R eithcr do not contain aß-hydrogen or 
-when the ß-hydrogen is difficult to ionise. 

c) Elimination of an alcohol. 
In all the "onium" compounds studied the reaction may take yet another 

course when the ionisation of the ß-hydrogen is difficult. Neutralisation of the 
positive charge on the "onium" atom may be effected by extrusion of an attached 
alkyl group as a cation which combines with the anion to give the alcohol or 

1 FENTON, INGOLD: Ibid. 192\), 2342. 
2 VON BRAUN, 'l'EUFFERT, VVEISSBACH: Lil'bigf< Ann. Ohem. 472 (1929), 923. 
a J. ehern. 80c. (London) 1928, 3127. 
, FENTON, IN GOLD : Ibid. 1\)30, 705. 
5 FENTON, INGOLD: Ibid. 1929, 2342. - HEY, INGOLll: Ibi<l. 1\)33, 531. 
H <lb. d. Katalyse. II. 11 
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related compound. This type of decomposition is really a substitution reaction 
and has already been discussed.1 

d) STEVENS rearrangement. 
Although the rearrangement2 of quaternary salts of the type PhCO·CH2 • 

+ -
·NMe2 ·CH2 ·CsH,·R} X, to give PhCO·CH(CH2 ·CsH,·R)·NMe2, under the 
influence of alkoxide ions is not strictIy an elimination reaction, it is inc1uded 
in this section because of the essential similarity of mechanism with that of the 
decompositions of quaternary ammonium and sulphonium salts. The reaction 
cvidently involves onIy the cation of the salt since the bromides and iodides 
rearrange at the same speed. The velocity is increased when the proportion of 
alkoxide is increased from one to two molecular proportions, but not proport­
ionately, and addition of a third molecule of NaOR has little effect. With different 
catalystsNaOR--ROH the velocityincreasesin theorder R= Me < < Et < Pr"'< < Prll, 
and replacement of 60% of the alcohol medium by toluene increases the velo city two 
or three fold. These data c1early suggest that the slow reaction is the ionisation of 
an c<-hydrogen (activated by the attached benzoyl group) under the facilitating 
influcnc.c of the catalyst ion:3 

.[--; f") -I- slow 
OEt YH":"CH(COPh)'NMe2 PhCO· eH· ~:\fC2 + HOEt 

I I 
R' R' 

followed by, 
r-, 

- ,-1-

PhCO'CH~~Me3 

eR.' 
fast [- r+ ' 1 -> PhCO· ~H--Nl\:Ie 2 ---+ PhCO· CHR' . NlVfe2' 

'----
R' 

The existence of such an equilibrium is confirmed by thc observation that the 
original quaternary salt neutralises 0,5-0,75 equivalents of sodium ethoxide when 
titrated with thymolphthalein as an indicator. Thc equilibrium will be displaced 
to the right by increase in the concentration of the OEt', by increased proton 
affinity of the catalyst ion, or by decreasing the alcohol concentration by rcplace­
ment with toluene. According to this mechanism the migrating group R is elim­
inated as an anion and, in agreement with this, the vclocity is increased by 
the introduction of electron-attracting substituents into the migrating benzyl 
group. 

11. Dehydration. 
Elimination of water from hydroxylic compounds may give risc to the for­

mation of olefines, ethers or lactones. All such eliminations are su bject to acid 
catalysis and arc almost certainly diverse manifestations of one fundamental 
mechanism. Each example of such eliminations of water will be dealt with in turn. 

a) Formation oY olefines. 
The conversion of alcohols into olefines is usually effected, in homogeneous 

media, by the catalytic action of acids such as sulphuric or phosphoric. The function 
of the catalyst does not depcnd upon a simple dehydration arising from the cat-

1 Cf. pp. 115, 117. 
2 TIIO~(PSON, STEVENS: J. ehern. Soe. (Londoll) 1932, 55, 69. 
3 Cf. HUGllEIO, bi"GOLD: Ibid. ]93:1, 69. --- I~.;aoLD, JES;;OP: Ibid 19211, 2357; 

11130, 713. 
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alyst's affinity for water since it can be effected with very dilute acids. Thus 
SENDERENS1 has effected the conversion of methylhexylcarbinol into octenes, 
methyl-n-propylcarbinol into amylenes, and dimethylethylcarbinol into y-methyl­
J2-butene by means of 4% sulphuric acid at temperatures up to 180°. Similar 
dehydration of cyclohexanols and cyclopentanols and of the carbinols 

Bu2"CH·OH, CHMeEt'CHBu"-OH and BuylmOH 

occurs with 3% sulphuric acid in butyl ether at temperatures between 120-160°.2 
The last named example must involve a pinacolic dehydration 

Me 
r -, ,; r'\ 
I 1 I '-----+ i Y 

H-CH2~CMe-CHBuY' OH--+ CH2 :CMe'CHMeBuY 

of the type referred to earlier in this article (p. 82). SENDERENS3 also observed 
that the trihydrate of sulphuric acid is more effective than the pure concentrated 
acid for the dehydration of cyclohexanol and of certain cyclohexanediols. The 
catalyst must, therefore, function by way of its purely acidic (proton-donating) 
properties. 

The work of HUGHES and INGOLD already referred to has elucidated the 
mechanism of thc decomposition of onium salts, and immediately suggests that 
the intermediate in the dehydration of alcohols is the corresponding oxonium 
cation. 

In the presence of an acid the initial equilibrium, which is assumed to be 
rapidly established, is between the alcohol and its oxonium salt: 

R·CH2·CH2·OH + HX ~-'--~ R.CH2·CH2·O+H2} X (X = HS04, H 2P04, etc.). 

Under suitable conditions neutralisation of the positive charge in the cation of 
the oxonium complex may be effected by elimination of aß-hydrogen (as a 
proton) and a moleeule of water, to give thc olefine: 

H 
:--) '-+" -,-

R'CH-CH2 OH2 '" -+ R·CH:CH2 -+ H + H 20. 

Such elimination will bc favoured when thc acid is in cxccss, so that most of the 
alcohol is converted into the oxonium complex, and by increased temperature 
which will decreasc the stability of thc onium cation. These are precisely the 
conditions usually employed in the conversion of alcohols into the corresponding 
olefines. The elimination of water mayaiso occur in the earlier reaction bctween 
thc alcohol and the sulphuric acid to give the alkyl hydrogen sulphate: 

-
The anionic stability of the ion 0· SOaH may then result in the elimination of 
sulphuric acid to give the olefine 

H 
.-) r~ 

R·CH CH2-O·S03H -> R·CH:CH2 + HO·S03H. 

I Ann. Chirnie (9), 18 (1922), 115. 
2 YAVON, BARBIER: BuH. Soe. chim. France (4), -19 (1931), 567. 
3 C. R. hebd. Seances Aead. Sei. li7 (1923), 15, 1183. 
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Evidence discussed in the following section related to the formation of ethers, 
however, suggests that the intermediate formation of the alkyl salt need not be, 
and in some cases, is definitely not involved. 

b) Formation of ethers. 
WILLIAMSON'S classical mechanism for the conversion of alcohol into ether 

under the influence of sulphuric acid has long been accepted. Although ethyl 
hydrogen sulphate does react with alcohol at 140° to give ether there is no\\" 
conclusive evidence that the postulated formation of the alkyl salt of the catalyst 
acid as an intermediate is not applicable in many cases. Many catalysts besides 
sulphuric acid have been employed; phosphoric and arsenie acid,l hydrochloric 
acid at 240° and hydrobromic or hydriodic acids at 100°.2 In an extensive study 
VAN ALPHENa has shown that a very large number of acids and salts are capable 
of catalysing the dehydration of alcohol to ether. 
At 150-160° hydrochloric acid is a much better catalyst than sulphuric acid 
and WILLIAMSON'S scheme, 

EtOH + HCI -> EtCI + H 20; EtCI + EtOH ---+ Et20 + HCI 

is definitely excluded by the observation that under these conditions (eight 
hours at 155-160°) ethyl chloride does not react with alcohol. It is also known4 

that no ether is formed by the interaction of ethyl iodide and alcohol at 140-148° 
for thrce hours. VAN ALPHEN found that benzene-, naphthalene-, and p-toluenc­
sulphonic acids, picric acid, the chloroacetic acids, dibromosuccinic acid, and 
the salts of weak bases with strong acids such as CrCla, FeCI3 , Fe2{SO')3' Al2{SO.)a,5 
are effective catalysts at 150-160°. 

The clue to catalytic action of such salts is found in the observation that 
anhydrous salts are often only effective when water has been added to the an­
hydrous alcohol. Thus cupric and chromium sulphate yield ether with 60% but 
not with 90% alcohol. The essential catalyst would thus seem to be the acid 
formed by salt hydrolysis, and for acid catalysts the yield of ether is higher the 
stronger is the acid. Only weak acids fail to catalyse the formation of ether. 
The most effective catalysts were found to be ferric chloride and ferric sulphate6 

(llsing 96% alcohol) and with the latter catalyst YAN AI,PHEN showed that the 
same equilibrium mixture of alcohol, ether and water was obtained starting 
either from alcohol or from a mixture of ether and water. He conclllded that thc 
reaction is essentially thc equilibrium 2 EtOH ~=: Et20 + H 20 catalysed by 
hydroxonium ion; a better representation of the cquilibrium involved is probably 

r - .. , r-- , 
i- r>+... + I ..} r->-+ 

H-OR + R --OH2 ,--=- R·O·R + HaO .- H--OH + R--OHR. 

The initial complex is thus thc same oxonium cation as that whieh is formed in 
the olefine elimination but charge neutralisation is now effected by interaction 
with a second moleeule of alcohol to give the ether: 

r·+ ~ 
R·CH2 ·CH2 OH2 -, R·CH2 ·CH2 ·OR + H + H 20. 

<-- , 
RO-H 

1 BOULLAY: CL BEILSTEIN Handbuch, 4. Aun., vol. 1, p.315. 
2 REYNOSO: Ann. Chimie (3), 48 (185H), 385. - VILLJERS: Ibid. (7), 20 (1903), 56!. 
a Recucil Trav. chim. Pays-Bas 4\) (1930), 754. 
• Onno: Gazz. chim. ital. 31 (1901), 318. 
S CL also SEKDERENS: 1. c. 
6 Ferric snlphate was also found to be the bost catalyst for the conversion of 

glycol into diethylene dioxide below 150°. - VAK ALPIIE:l;: Reelleil Trav. chim. 
Pa~-s.Bas 411 (1930), 1040. 



Phenomena of acid·base eatalysis. 165 

In aeeordanee with the usual experimental procedure for the preparation of 
ethers, the alcohol must be in excess for this reaction to be favoured relative to 
that which gives rise to the olefine. 

BOURGUEL and RAMBAUDI found that the dehydration of the cis·diol 

OH·CMe2 "CH: CH·CMe2 ·OH 
to the cyclic ether 

CMe.· CH: CH· CMe. 

~O--.J 
is not effected by hydroxyl ions at 100° but any acid, including monosodium 
phosphate (PR 6,3) is effective, the unimolecular reaction coefficient being directly 
proportional to the hydrion concentration: 

+ 
[H] ............. 0,0065 0,0097 0,049 0,091 

10 k 56°f[ib ..... 1,06 1,05 1,13 1,18 

Since dehydration takes place readily in presence of a large excess of water an 
equilibrium .between the glycol, oxide and watcr seems unlikely. SENDERENS2 

has effected the dehydration of glycerol to acrolein with either 5% of aluminium 
sulphate or with potassium hydrogen sulphate in concentrations as low as 4%, 
and he suggests that the intermediate formation of diglycerol (i. e. a hydroxy. 
ether) is the first step. 

Further dehydration of this by similar mechanisms would give acrolein: 

CH2 ·OH 
I 

CH·OH 

I '\ 

CH+O I H CH:O 

H-CH-OH 
'->I 
CH r OH2 
I 

CH2 ·OR 

-, 

CH -, CH + A + ROH [R = ·CH.·CH(OH)·CH2 ·OH]. 
'-. 

r'+ CH2 - ORH CH2 

c) Formation of anthraquinones. 
GLEASON and DOUGHERTy3 found that thc dehydration of various o·benzoyl. 

benzoie acids to anthraquinones readily occurs under the influence o~ ten parts 
of 96% sulphuric acid at 100°. They formulate a rather complicated mechanism, 
but the action of the catalyst is readily formulated in the same manner as that 
given above for ether formation: 

OH 

/~/HC~ + 
I ., I H 

A I 0 I :-~ 
~,/~ /~/ 

CO 

C~H2 
~HC~ 

',,-_J I~ 1 11 

I ~ ~ 
~~Cb 

--, 

CO 
~~~ 
: I i I + 
: · I i + HaO. 
~~~ 

CO 

1 C. R. hebd. Seanees Aead. Sei. 187 (1928), 663. - Cf. also BuH. Soe. ehim. France 
47 (1930), 173. 

2 1. e. 
a J. Arner. ehern. Soe. 51 (1929), 310; 52 (1930),1024. 
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Such a mechanism also explains why the reaction is facilitated by the presence 
of electron-release substituents in ring A and why, it occurs more readily with 
the ethyl and isopropyl esters than with tl1e free acid. The affinity of the singly­
linked oxygen for the catalyst proton would be more pronounced in the esters. 

d) Dehydration 01 formic acid. 
The dehydration of formic acid to carbon monoxide has been found to be 

a reversible reaction,l which is catalysed in aqueous solution by the addition of 
acids such as hydrochloric. A similar type of catalytic mechanism is again applic­
able: 

+ 
H-C=O + H 

I 
OH 

r'\ ... 
-~ H:--C=O 

~i)H2 
+ 

+ 
-+ H 30 + CO. 

If it is assumed that the structure of carbon monoxide is a resonance hybrid 
- +. 

of the structures C=O and C,,·_~O, the acid catalysed addition of water is 
readily explained: 

+ - + 
H + c=o -+ HGJ~6 

H~-) H 

-~ HC=O 

OH 

e) Lactone formation. 

+ 
+ H 

The reversible interconversion of y-hydroxy acids into y-Iactoncs is also 
subject to acid catalysis and provides yet another example of the same type 
of mechanism. In the hydroxy-acid the y.hydroxy group will be more basic than 
is the hydroxy group of the carboxyl, and the attack of the catalytic proton 
probably occurs at this point: 

I '-/ "'-/ I "'-/ "'-/ I "'-/"'-/ 
R·C --c--c + R'C C C R'C· C· C 

I I 
H +-
-+ {. . -+ 

+ 
HO H-O-C:O H 20 

l ! 
H-O-C:O O--CO + H 30 

+ 
In the reverse reaction attack will be at the singly-linked oxygen: 

I "'-/"'-/ 
R'C' C'C -'- R'C ·'C· C R'C' C· C 

I I + H --
o-_·-co HO- -CO 

+<_..1 r-+ 
H-OH 

I I + 
HO HO'CO + H 

I I 

Kinetic studies of the formation of y.valerolactone from y.hydroxy-valeric acid 
and of the lactone of o-hydroxymethyl benzoie acid have been made by TAYLOR 
and CLOSE.2 They found that the efficiency of the acid catalyst (HCI, 0,025-0,1 N 
or CH2CI· C02H, 0,1 N) is increased by addition of the corresponding sodium salt, 
and concluded that it is dependent not on the concentration of the undissociated 
acid moleeule, nor on the concentration of the hydrion, but on the thermodynamic 
activity of the latter. 

1 BRANCH: Ibid. 37 (1915), 2316. 
2 Ibid. 39 (1917), 422; J. physic. Chern. 29 (1925), 1085. 
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Condensation Reactions. 
A number of weIl known condensation reactions are susceptible to catalysis 

by acids and bases. Düferentiation between condensation reactions, in which 
a molecule of water or alcohol is eliminated between the reactant molecules, and 
simple addition reactions is not always easy, since frequently a purely additive 
reaction is the first stage of a condensation. Thus the condensation of, for example, 
two molecules of acetaldehyde to give crotonaldehyde, is essentially a sequel 
to an aldol addition, and it is for this reason that the aldol reaction is included 
in this section. This is particularly appropriate since it will be shown that an aldol 
addition is the essential primary process in a number of condensation reactions 
which involve the carbonyl group. For this reason it is given first consideration. 

Aldol condensation. 
When aliphatic aldehydes are treated with dilute aqueous solutions of acids 

or alkalis an important self-addition occurs to produce a hydroxy-aldehyde 
or aldol: 

I 
2> CH·CH: 0 ...... > CH'CH(OH)'C'CH: O. 

I 
The change is usually effected by basic catalysts, NaOH, Na2COa, KCN, etc., 

and it seems probable that the real catalyst it the hydroxyl ion (and, possibly, 
the water molecule) since BELL1 has shown that the catalytic power of solutions 
of sodium carbonate is indistinguishable from that of sodium hydroxide solutions 
of the same hydroxyl ion concentration. 

The intimate mechanism of this condensation is not yet thoroughly elucidated 
but the following points seem to be weIl established. 

The change is reversible and USHERWQOD2 has shown that with a sodium 
carbonate catalyst, the same equilibrium between i80butaldehyde and its aldol 
is established starting either from the pure aldehyde or the pure aldol. 

2CHMe2 ·CHO :;-::~ CHMe2 ·CH(OH)·CMe2 ·CHO 
32,2% 66,8% at 60°. 

The kinetics of the condensation of acetaldehyde have been studied by BELLa 
using a dilatometric method. He found that the change is of the first order with 
respect to the aldehyde and, except for very small concentrations, the velocity 
is proportional to the concentration of hydroxyl ions.4 His results can be accounted 
for on the basis of the scheme 

CH3 ·CHO ~~ X (slow), 

X+CHa·CHO '>I. 
.l' CHa·CH(OH)·CH2 ·CHO (fast). 

2 CHa ' CHO 

(a) 

(b) 

in which reaction (a) is catalysed by hydroxyl ions or water molecules and (b) 
only by hydroxyl ions: Reaction (b) is considered to become the rate-determ­
ining stage only at very low cOllcentrations of hydroxyl ion, in which small 
range the change is not strictly of the first order, the velocity falling off too 
rapidly with time. 

1 J. ehern. 80e. (London) 1937, 1637. 
2 Ibid. 123 (1923), 1717; 12" (1925), 435. 
3 I. e. 
, Cf. also 8HlLOV, Y AIII~IOV: Sintet. Kauehouk. No. 4, 7 (1934). 
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BELL suggested that the slow first-order reaction (a) is the dehydration of 
the hydrated acetaldehyde,! 

CH3 ·CH(OH)2 ""'= CHa·CHO + H 20 
followed by the fast reaction 

CHa'CH(OH)2 + CHa·CHO -4 CHa·CH(OH)·CH2·CHO, 

but BONHoEFFER and W ALTERS 2 consider that this is im probable because the 
aldol formed from acetaldehyde in the presence of deuterium oxide was found 
to contain only a trace of deuterium. As BELL himself recognised, his scheme is 
equally applicable if the slow reaction (a) is any other unimolecular change and 
BONHoEFFER and W ALTERS prefer to regard tbis as the ionisation of the acet· 

{, '" 
aldehyde. The resulting enol ion CH2-CH-O is then assumed to react with a 
sccond mole eule of acetaldehyde (to give aldol)' before it reverts to acetaldehyde 
since, in the presence of deuterium oxide, the latter process must give rise to 
deuterium exchange. This mechanism is attractive because it correlates the 
condensation with other reactions of carbonyl compounds involving the iX-hy. 
drogen and, moreover, it easily explains the function of the catalyst. Basic catalysts, 
essentially the hydroxyl ion, can assist the ionisation of the iX-hydrogen by 
the usual mechanism of direct attack 

H OH 

'"I" n C-'"-CH 0 -> 
/ 

H~OH 

",-", '" 
C~CH~O 

/ 

whilst an acid catalyst could function indirectly by oxonium salt formation at 
the carbonyl oxygen: 

HzO H 

"I" rd++ 
/C~CH 0 H -4 

",-", '" 
C~CH~O 

,/ 

Except for very sma.ll concentrations of hydroxyl ion, in which range catalysis by 
the basic water moleeules might be significant, the reaction velocity would be a 
bimolecular one between acetaldehyde and hydroxyl ion, of first order with 
respect to each entity, and would thus be proportional to the hydroxyl ion 
concentration as is actually found to be the case. In the catalysis of the sub­
se quent interaction between the nucleophilic enolide ion and a second molecule 
of acetaldehyde the hydroxyl ion presumably activates the carbonyl group 
toward such nucleophic addition in the manner already discussed (p. 72). 

6+ r)o_ ~ 

CH3 ·CH- 0 + H -> CH3 ·CH(OH)·CH2 ·CH: O. <--, I:'-
CHz~CH-v 0 

Aminoacids have also been shown to be accelerators for the aldol condcnsationa 

if the medium is maintained near the neutral point by a phosphate buffer. The 
following table shows the effect of addition of 5 c. c. of a molar solution of alanine 
(determined as percentage decrease in the carbonyl group) using an acetic acid­
phosphate buffer, the reaction proceding for 17 hours at 30,5°. 

I Cf. PERKIN : J. ehern. 80e. (London) 61 (1887), 808. - BROWN, PICKERING : 
Ibid. SI (1897), 756. 

2 Z. physik. ehern., Abt. A 181 (1938), 441. 
3 (;OTTWALD FISCHER, MARSCHALL: Ber. dtsch. ehern. Ges. 6-1 (1931), 2823. 
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Similar effeets were observed 
in the eondensation of the alde­
hydesPr"'CHO, CHMe:H·CHO and 
CMe2: CH·CHO. The function of 
this amphoteric catalyst is readily 
understood on the basis of the 
mechanism outlined above. 

In strongly alkaline solution any 
effect is masked by the much greater 
catalytic effect of the hydroxyl ion. 

Pli 

6 
7 
8 
9 

10 

Decrease In carbonyl group (%) 

Wlthout alanine 

o 
o 
1 
9 

37 

Wlth alanine 

1 
7 

22 
35 
39 

The substitution of electron-repelling groups at the (X-carbon will diminish 
the ionising tendency of the (X-hydrogen and so retard aldol formation, whilst 
in the aldol itself both their polar and steric effects should favour fission into the 
simpler molecules. 

O-H 
Rl I+-" ,-) n 

~ CH -. eH-I C CHJ,Ö -+ RIR2CH·CH: 0 + RIR2C=CH-O + it 
"""-

Rl R2 

This effect be comes more important at higher temperatures and is illustrated 
by the following results of USHEltWOOD (INGOLD)l 

Aldehyde CHR' R'· CHO 

H 
Me-> 
Me-+ 

1
_ ~~r~entagc of aldol at c~~~~riUl~_ 

25° I 62° 

100 
92 
41 

39 
9 

Other, slightly modified, mechanisms for the aldol condensation have been 
proposed 2 but since they are based upon reactions of second order with respect to 
thc aldehyde they would appear improbable in view of BELL'S results. Condensa­
tion has also been effected in ether solution with 10% sodium hydroxide as 
the catalyst.3 

The subsequent elimination of water from an aldol to givc an unsaturated 
aldehyde is but one example of the general phenomenon of dehydration anel is 
discussed in the appropriate section of this article. 

Acetal formation. 
Thc condensation of an aldehyde with an alcohol to givc an acetal4 

R·CH: 0 + 2 R10H :.;::~ R·CH(ORl)2 + H 20 

was originally effected by the use of a 1 % solution of hydrogen chloride in ab­
sohlte a.Icohol as a catalyst. ADKINS and NISSENö have shown that salts Jike calcium 
chloride, calcium nitrate, and lithium chloride are even more efficient catalysts 
and flIrther work6 has shown that the relative efficiency of a catalyst is partly 

1 I. e. 
2 BACHES: C. Ho heb<!. SeanceH Acad. Sei. 200 (1935), 1669. - SlIILOV: J. appl. 

Clwm. USSR 8 (1935), 93. . 
3 BATALIN, SL.<\VINA: J. gen. Chem. USSR 7 (1937), 202. 
4 FISCHER, GIEBE: Bcr. dtseh. ehern. Ges. 30 (1897), 3053; 31 (1898), 545. 
5 J. Amer. ehern. Soe. 44 (1922), 2749. 
6 AIlA~IS, ADKINS: Ibid. 47 (1925), 1358, 1368. 
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dependent upon the particular reaction involved. Thus ferric chloride is a better 
catalyst than either calcium chloride or hydrogen chloride for the production 
of methylal from paraformaldehyde, whereas calcium chloride is superior in 
the formation of the acetal. 

The condensation is a reversible reaction, the yield of acetal being increased 
by the use of an excess of the alcohol. The following data of ADKINS, SEIIfB, and 
BOLANDER 1 iIlustrate this: 

R . EtOH (mols.) 
atlO PhCHO(moi8.j ................ 2,08 

Conversion oi aldehyde to acetal. . . . .. 25 

3,90 

34 

5,87 

42 

7,80 

49 

9,96 

53% 

Similar data were obtained for the pairs Bu"OH-PhCHO and PrßOH-PhCHO. 
The position of equilibrium finally attained is independent of the catalyst 

providing that the medium is kept homogeneous. 
All known catalysts for the acetal condensation are either acids or readily 

hydrolysable salts whieh give an acid reaction in water. Thus, although lithium 
chloride is a catalyst, sodium chloride has no catalytic activity. Addition of very 
small amounts of sodium carbonate or other alkali greatly decreases the catalytic 
power which is evidently associated with the acidity of the medium. There is 
also a correlation between the ability of a salt to form an alcoholate and its cat­
alytic effect in acetal formation. Salts which are good catalysts are all dehydrating 
agents, but their function is evidently not mcre dis placement of the equilibrium 
by the removal of water since good dehydrating agents like zinc chloride or 
calcium bromide are gene rally poor catalysts. 

The more re cent work of ADKINS and his co-workers2 has been directed 
towards the determination of the velo city of equilibration and the position of 
equilibrium aUained in the condensation of a large variety of aldehydes and 
alcohols using excess of the alcohol (5 or 11 molecular proportions to 1 mol. of 
aldehyde). By use of the relationship 

L1F = - RT In K, 

where K is the equilibrium constant, the decrease in free energy for the reaction 
has been determined in the hope that it would throw light on the electronic 
effects of substituents in cither reactant moleeule. 

Interpretation of this mass of data is difficult and is somewhat irrelevant 
to the present article since it appears to throw little fresh light upon the essential 
function of the catalyst. 

Examination of the change in the refractive index of various mixtures of 
alcohols and aldehydes against the percentage composition of the mixture (in 
the absence of catalysts) led ADKINS and BRODERICK to suggest that hemiacetal 
formation occurs in accordance with the scheme 

R·CH: 0 + R'·OH 
/ 

R·CH 
OR' 

" OH 

The further condensation of the hemiacetal with a second molecule of the 

1 Ibid. 53 (1931), 1853. 
2 ADA~IS, ADKINS: I. c. - ADKINS, HARTUNG: J. Amer. ehern. 80e. 4\1 (1927), 

2518. - ADKINS, BRODERICK: Ibid. 50 (1928), 499. - ADKINS, CARSWELL: Ibid. 50 
(1928), 235. - ADKINS, 8TREET: Ibid. 50 (1928), 162. - ADKIN::<, MINE: Ibid. 55 
(1933), 299. - ADKINS, DUNBAR: Ibid. 56 (1934), 443. 
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alcohol, to give the acetal, is regarded as taking place only in the presence of 
the catalyst: OR' 

/ 
R·CH" + R'OH ~ R·CH(OR'h + H 20. 

OH 

In spite of the acidic nature of all effective catalysts ADAMS and ADKINS 
decided against the view that the real catalyst is the hydrogen ion and regarded 
the seat of catalytic activity as most probably the anion end of the undissociated 
salt or acid, modified profoundly by the cationic component. The essential unity 
of all types of nucleophilic substitution at the carbonyl group to give derivatives 

X " / of the type C , where X and Y are groups which form fairly stable anions, 
/ " Y 

has been stressed by LAPWORTH.1 Following KASTLE's theory of acid catalytic 
action,2 which postulates the formation of highly sensitive oxonium salts of the 
carbonyl compounds and their derivatives, he emphasises the much more ready 

+ 
elimination of the group - XH, to give the neutral molecule XH, than of - X 

to give the anion X. When, as in acetal formation, the only effective catalysts 
are known to exhibit acidic reaction it is both a logical and sufficient explanation 
to assume that the function of the catalyst is essentially the formation of such 
types of onium salts. 

Since nucleophilic additions to the carbonyl group are known to be catalysed 
by alkali the failure of such catalysts in the acetal formation supports the view 
of ADKINS and BRODERICK that the catalyst is involved in the second stage of 
the reaction, nz. that between the hemiaeetal and a second moleeule of the 
alcohol. 

OR' 
/ 

RCH " ,,+ 
I
: OH2 

U 
R'O--H 

OR' 
/ ~ 

,- RCH" + H 30. 
OR' 

It 8eems probable that this is only one of the function8 of the catalyst. The 
catalytie salt, acting as an "ansolvo" acid3 may combine ,vith the alcohol mol­
ecule R'OH to produce hydrion and a complex anion containing the OR' group. 
The nucleophilic properties of this anion would be much greater than those of 

the parent alcohol R'O-H and so its union with the aldehydic carbon would 

be greatly facilitated. The dehydrating action of the catalyst, displacing the 
equilibrium in favour of the acetal by removal of the water formed, is probably 
yet another, although minor aspect of its catalytic function. 

CLAISEN-DIECKMANN condensation. 
In its most general form the CLAISEN condensation4 includes the condensation of 

carboxylic esters with aldehydes, ketones or carboxylic esters in the presence of 
sodium ethoxidc, sodamide, sodium or similar reagents with the elimination of 

1 COCKER, LAPWORTH, PETERS: J. ehern. Soe. (London) 1931, 1382. 
2 Amer. ehern. J. 19 (1898), 894. 
3 Cf. MEERWEIN: Liebigs Ann. Chern. 455 (1927), 227. 
4 CLAISEN: Ber. dtseh. ehern. Ges. 14 (1881),2471; 20 (1887), 646. 
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a moleeule of alcohol to form ß-ketonic acids. The condensation of ethyl acetate 
to give ethyl acetoacetate is, of course, the classical example. Similar internal 
condensation within a moleeule which contains both the necessary components 
suitable placed to give a cyclic ß-ketonic ester is usually termed the DIECKMANN 
reaction. The reversibility of the condensation has been frequently established.1 

The question of mechanism has been the subject of much controversy and 
of very numerous investigations.2 It was early demonstrated that the action of 
metallic sodium on ethyl acetate which has been carefully freed from all traces 
of alcohol is exceedingly slow, and later experience has shown that sodium eth­
oxide is preferable to sodium as a catalyst in most cases of the ÜLAISEN condensa­
tion.3 The deleterious effect of the presence of traces of water (a stronger acid 
than alcohol) on the condensation,4 and the effectiveness of the GRIGNARD 
reagents, e.g. mesityl magnesium bromides as catalysts indicate that the real 
catalyst is the anion of a very weak acid (OEt', NH2', Mea· C6H 2', etc.), a conclu­
sion which will be found to be in harmony with the mechanistic views developed 
in this article. 

Since it is impossible to determine the essential function of the catalyst until 
the broad principles governing the mechanism of the reaction are established, 
a brief review of this aspect of the problem is necessary. The dassical formulations 
of Cr..AISEN,6 

CHa·CO·OEt + NaOEt --> 

--+ 
/ONa H" 

CHa· C" OEt + H/CH. CO.Et 
OEt 

and of DIECKMANN7 

/ONa 
CHa·C" CH.·CO.Et + EtOH 

OEt 

do not cover the whole field, sincc thcy cannot be applied to those condensations 
between e.g. ethyl acetate and ethyl benzoate, benzaldehydeS or ethyl trifluoro­
acetate,9 fluorene and ethyl oxalate or acetone and ethyl carbonate,lO in which 
the second component contains no (X-hydrogen atom. A common feature of both 
these mechanisms is the addition of the catalyst moleeule (NaOEt) to the carbonyl 
double bond of the ester group of the first component and the removal of (X-hy­
drogen (to form alcohol) from thc second component, which undergoes fission in 

1 DIECKMANN: Ibid. 33 (1900), 2670. - HIGLEY: Amer. ehern. J. 37 (1907), 299. 
- KUTZ, ADKINS: J. Amer. ehern. 80e. 52 (1930), 4392. 

2 For a bibliography up to 1928 cf. RICE: Meehanism of homogeneous ehernical 
rCll,etions, Amer. ehern. 80e. Monograph No. 39 (1928), 185. - For summaries up to 
1934 cf. KON: Ann. Reports ehern, 80e. (London) 31 (1934), 200. - 'fSCHELINCEV: 
Ber. dtseh. ehern. Ges. 67 (1934), 955. 

a Cf. e. g. 8PRAGUE, BEcKHAM, ADKINS: J. Amer. ehern. 80e. 56 (1934), 2665. 
4 CLARK: J. physiC. Chern. 12 (1908), 1. 
5 8PIELlIANN, 8CHMIDT: J. Amer. ehern. 80e. 59 (1937), 2009. 
6 I. e. 
7 Ber. dtseh. ehern. Ces 33 (1900), 2678. 
8 SCHEIBLER, FRIESE: Liebigs Ann. Chern. 445 (1925), 141. 
• 8WARTS: BULL. 80e. chirn. Belgique 35 (1926), 412. 
10 Lux: Ber. dtseh. ehern. Ces. 62 (1929), 1824. 
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the sense H. -CH2·C02Et. SCHEIBLER1 and his co-workers suggested that it is 

the moleeule of the sodium enolate which loses hydrogen: 

/OEt 
CH3 ·CO· <>,~t + HCH:C" --. CHa·C(ONa):CH·C02Et + EtOH. 

ONa 

The main argument in support of their views was the alleged isolation of keten 
acetal, CH2: C(OEt)2 from the products of the decomposition of the primary 
addition product with water. Subsequent work by McELVAIN and his collab­
orators2 has, however, proved that keten acetal is not isolated by SCHEIBLER'S 
methods. When, moreover, BEYERSTEDT and McELVAIN3 isolated the genuine 
keten acetal [by the action of potassium tert-butoxide on the halogenoethylidene 
acetal, XCH 2' CH(OEt )2]' they found that it possessed different physical properties 
from those ascribed to it by SCHEIBLER and that its reactivity towards water 
and ethyl alcohol is such that it could not possibly have been formed under his 
conditions. At the same time ADlcKEs4 has shown that the supposed phenylketen 
methylbenzoylacetal PhCH : C(OMe)' O· COPh of SCHEIBLElt and DEPNER,5 is most 
probably methyl ß-benzoyloxy-/X,ß-diphenylacrylate PhC(O' COPh) : CPh-C02Me. 
Similar criticism of SCHElBLER'S views was made by TSCHELINCEV6 and both he 
and McELVAIN proposed mechanisms whieh differ only in minor points from 
those of DIECKMANN and CLAISEN. ARNDT and EISTEltT7 formulated a similar 
mechanism on an electronic basis and, like McELVAIN, considered that two 
reactive hydrogens are nccessary (as in CLAISEN'S mechanism). The chief basis 
for this contention was the observation that no appreciable condensation can 
bc effectcd with ethyl iso-butyrate, CHMe2 ' C02Et when sodium ethoxide is 
used as the catalyst. It is now known, however, that the difference in reactivity 
is only one of degree and SPIELMAN and SCIIlIUDT8 obtained a reasonablc yield 
of the keto-ester whcn mesityl magnesium bromide is uscd as the catalyst. Thc 
explanation of this will emerge in thc discussion of the function of catalysts on 
the basis of the mcchanism which is devcloped below. 

Apart from SCHEIBLElt'S now discredited mechanism, thcre is evidcntly a 
consensus of opinion that the essential addition in the CLAISEN condcnsation 
is of an aldol type to the carbonyl group, and such a view immediately correlates 
this reaction and the function of the essential catalyst with views that have 
already bcen elucidated with rcgard to the aldol condensation. The essential 
requiremcnts are 1. the ionisation of the reactive hydrogen of the addendum 

and 2. thc necessary polarisation c--Cb of the carbonyl group to whieh addition 
oceurs. The efficaey of the strongly basic anions of very weak acids is thus readily 
understood. The mechanism of the CLAISEN condensation may be formulated 

1 Z. angew. ehern. 36 (1923), 6: Bpr. dtReh. ehern. Ges. 59 (1926), 1022. -
SCIIElIILER, MARIIENKEL: Liebigs Ann. ehern. 458 (1927), 1. - SCHEIBLER, MAR· 
IIE~KEL, NICOLIC: Ibid. 458 (1927), 21. 

2 J. Amer. elwm. 80e. 5[) (1933), 4Hi, 427. 
a Ibid. [)8 (1936), 529. 
4 Bel'. dtseh. ehern. GeH. 69 (1936), 654. 
5 Ibid. 68 (1935), 2144. 
6 Ibid. 67 (1934),955; 68 (1935), 327; C. R. (Doklady) Aead. Sei. USSR 1 (1935), 393. 
7 Bpr. dt.!mh. clwm. Gp~. 69 (1936), 2386. 
8 J. Ampr. ehem. Soc. 5S1 (1937), 2009. 
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in the following scheme which is really a synthesis of the views of INGOLD, 
ARNDT, BODENDORFI and others: 

H 
i ] 

R·CH" c=o 
I 
OEt 

H 
(I 

R'C~CR·CO· OEt 
,-11 
'-"0 

+ - Ir retro- 11 + -
Na OEt EtOH grad? EtOHI] Na OEt 

j COEt sernl- if 
6-, ", ,,+ 6+ :;'6- aldol - _ + acetal " 

R·CH-C"--O}Na+R'C=O ~--C~-~ R"C-O}Na"-- .--R'·C 0 } + 
I I retro- ,-->-: sernl- I, "Na 

OEt OEt grade, RC·C=O acetal RC c--o 
aldol \.. ___ 1 I 

H OEt OEt 

" General tendeney --" 

The basic catalyst effects the removal of the ex-hydrogen (activated by the 
carbethoxy group in the ester) to give the enolide ion. This undergoes a reversible 
aldol type of condensation with the activated carbonyl compound (a second 
ester moleeule, aldehyde or ketone) and the addition compound is involved in a. 
reversible semi-acetal equilibrium with the enolide ion of the ß-keto-ester. The 
much greater stability of the sodium derivative of the ß-keto-ester relative to 
that of thc original ester determines the general direction of the change from left. 
to right. The catalytic effect of ether, observed by TINGLE and GORSLINE,2 iso 
doubtless due to its precipitation oi" the sodium enolate, thus displacing the 
cquilibria in favour of the final product. The continuous removal of alcohol from 
the reaction mixture by distillation 3 will have a similar effect on the cquilibria. 
As SrlELMAN and SCH;\IIDT4 have regt:onised, the final product is a metal enolate 
of the ß-keto-ester anel hence the catalyst nmst be thc salt of an acid which is 
lceaker than the condensate. The failure of sodium ethoxide to effect the condensa­
ti on of ethyl isobutyrate, ",nereas mesityl magnesium bromide affords a 26% 
yield, is due to the much stronger acidity of alcohol than of mesitylene. The ethyl 
tetramethylacetoacetate formed is a very weak acid besause only a y-hydrogen is 
available for enolisation Me2CH ·CO· CMe2 ·C02Et ,,-ce' Me2C: C(OH) ·CMe2 ·C02Et. 
In the presence of the magnesium mesityl bromide the enolate Me2C : C(OMgBr)' 
. CMe2 ' C02Et and the very much weaker acid mesitylene will be formed. The 
same catalyst has been used to convcrt ethyl stcarate into ethyl ex-stearyl­
stearate and CONA~T and BLATT5 obtained a 90% yield of thc keto-ester from 
ethyl phenyl acetate when magnesium isopropyl bromide was used as a catalyst. 

In view of the relatively complex sequence of equilibria which are involvcd 
it is not surprising that CLARK 6 found no simple kinetic order in his quantitative 
~tudy of the condensation of acetone with ethyl oxalate. 

The electron-repelling effects of alkyl groups substituted at thc seat of ionisa­
tion of the ex-hydrogen will hinder such ionisation and decrease thc tolcration 

1 Bel'. cltseh. ehern. Ges. 67 (1934), 1338. 
2 Amer. ehern. J. 37 (1907), 483. 
3 }!CELVAIN: .T. Amor. ehern. Soe. 51 (1929),3124. 
4 1. e. 
5 J. Arner. ehern. Soe. öl (1929), 1227. 
• 1. e. 
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of the resulting anion for its negative charge. The resulting deerease in the yield 
of the keto ester is illustrated by the following results: 

Condensation 01 the ester R· COzEt with 1 rrwl. 01 magnesium mesityl bromide as catalyst.1 

R 

Yield of keto-ester ....... . 
PrfJ -> CHI Bul' -+ CHI 

51% 32% 

~:~ CH 
26,5% 

Condensation 01 R·CHz·COzEt with NaOEt (1/6 mol.) 
lor the optimum time. 2 

R I Reaction Time IReaction Temp. Yield of ester 
(hr •. ) oe % 

H ......... 8 78 75 
Me ........ 16 95 46 
Et ........ 32 95 40 
Pr"' ........ 32 95 34 
PrfJ ........ 48 95 0 
Bu'l ....... 68 95 0 
Ph ........ 6 95 53 

Less easy to interpret, however, are the yields of the diaeylmethane R· CO­
.CH2 ·CO·CH3 obtained in the eondensation of ethyl acetate (6mols.) with the 
ketone R·CO·CH3 (1 mol.) using two atomie proportions of sodium (which for 
this eondensation is stated to be preferable to sodium ethoxide) as eatalyst:3 

R= BllfJ > lIe > Bll'" 

Yield = 64 58 56-62 
PrfJ 
54 

>.ec-Bu 

47 
> Pr'" 

45 
> Et 

35 

The suggested meehanism also aeeommodates the observation of TSCHE­
LlNCEV and OSSETROUVA4 that aeetodiphenylamide undergoes eondensation 
with sodium (1 mol.) in benzene to give an 84% of the diphenylamide of aeeto-
aeetie acid. • 

Mueh attention has been given to the DIECKMANN reaetion5 whieh, as has 
been noted, is simply an internal CLAISEN eondensation in wh ich both the reaeting 
groups are suitably plaeed in the same moleeule. 

The meehanism and the funetion of eatalysts will be the same as that dis­
eussed for interaction between separate moleeules, but additional requirements 
will now be 1. the ease of approach of the reaetive eentres and 2. stability of 
the eycHe system ultimately formed. PULL and McELVAIN6 have studied the 
effeet of variation in m and n on the yields of eyclieesters obtained in the 
following eondensation, using one moleeular proportion of sodium ethoxide 
as the eatalyst either in a hydroearbon solvent or without solvent: 

. (CH2)m· C02Et )CH2)",_2 CH" 
:.\IeN~ -> :\IcN" /CH.C02Et + EtOH. 

(CH2)" CO 

1 SPIEUlAN , SCII~IIIlT: I. e. 
2 ROBERTS, :\!CELVAIN: J. Amer. ehern. Soe. öl) (1937), 2007. 
3 SPRAGUE, BECKll.UI, ADKINS: I. e. 
4 Ber. dtseh. ehern. CCH. 69 (1936), 374. 
5 Cf. intel· alia, PERKIN, TnoRPE: J. ehern. Soe. (London) 79 (1901), 736. -

INGOLD, TIIORPE: Ibid.l1ö (1919), 330. - INGOLD, FAR~IER: Ibid.117 (1920), 1362.­
Cox, KROCKER, McELVAIN: J. Amer. ehern. 80e. ;)6 (1934), 1173. - MEINCKE, 
:\lcELVAIN: Ibid. 1)7 (1935), 1443. - ::\IEINCKE, Cox, McELVAD1: Ibid. ö7 (1935), 1133. 

6 Ibid. ;)i) (1933), 1237. 
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As would be expeeted the best yields are obtained when the values of m and n 
are such that a five- or (better still) a six-membered eyelie eompound results. 
No yield was obtained in the eases where larger or smaller rings than these would 
have resulted from the eondensation. 

In the eyelisation of malonie esters in whieh the hydrogen, ultimately re­
moved as aleohol, is aetivated only by an adjaeent earbonyl group, it would seem 
likely that the initial action of the sodium ,ethoxide eatalyst would be to remove 
the malonyl hydrogen. The open-ehain enolate so formed eould then undergo 
eyelisation with elimination of aleohol to produee the enolate of the eyelie ketonie 
ester. 

Thus, eontrary to the meehanism of McELVAIN and his eo-workers,l the 
eyclisation studied by DIECKMANN and KRON 2 would be formulated 

H OEt 
, CO·OEt 

PhCH-1C/ 
I '-. "-
! 9' OEt ,-I 
I '-'0 ~a 

CH·C02Et 

CO·CHl\rc2 

- > 

PhCH· C· C02Et 
! I _ \ + 
, c-o I Na 

,'>~) 
OEt 

EtQ'C·r ,H 

PhCH --C·C02Et ,-' 
'-

I i-,-\ + 
CH·C02Et C y ° I Na 

I 

co 

Such a meehanism is only a modifieation in detail of the generai sehenw given 
on p. 174. The essential function of the eatalyst is again to remove ionisable 
hydrogen and the general direction of the reaetion sequence is determined by 
the greater stability of the sodium enolate of the produet. 

FrsHER and McELYAIN 3 have studied the effeet of varying thc nature of thc 
group R on the approach to equilibrium in the system 

2 Me·C02R + NaOR ~c~ MeC(ONa): CH·C02R +- 2 ROH 

but interpretation of the relative efficieney of the alkoxide ions as catalysts is 
complieated by the concomitant change in thc nature of the ester whieh undergoes 
condensation. It is of interest, however, to notice that no eondensation of phenyl 
acetate is effected by sodium phenoxide sinee phenol is too strong an acid to 
permit thc formation of the enolate of the much weakcr acid CH3 • CO· CH2 • C02Ph. 

KNOEVENAGEL condensation. 
'fhe condensation between an aldehyde or ketone and a methylene group 

-CH2X 2, the hydrogen atoms of whieh are activated by the attachment of 
elcctron-attracting groups (X= ·COR, . C02R, . CN, . N02, etc.) is catalysed by 
sodium alkoxides and by a large variety of organic bases. Essentially it is an aldol 
addition followed by elimination of water from the primary eondensation product; 

"- "- "-
/ C=O + CH2X 2 -> ß ---CX2 -->- H 20 + ,C=CX 2 • 

/ i / 

OH H 

1 J. Amer. ehern. 80c. öß (1934), 1173, 2459. 
2 Ber. dtsch. e!wrn. Ges. 41 (1908), 1260. 
3 J. Arnl'r. e!wrn. Soe. ö6 (1934), 1767. 
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Various meehanisms have been suggested from time to time but have been 
invalidated or modified in the light of later experimental results. A review of the 
literature1 reveals that the following essential faetors must be accounted for in 
the consideration of the function of the catalysts. Like all aldol condensations 
the reaction is reversible and COPE2 has shown that the yield of the unsaturated 
product is increased by the continuous removal of one of the products, water, by 
distillation. When 0,25 mol. of the unsaturated ester CSH 13 'CMe: C (CN)·C02Me 
is heated 5 hours at 125 0 wich an equimolecular quantity of water and 0,01 mol. 
of piperidine, a 20% yield of methyl hexyl ketone is obtained. Enolisation of 
the ketonic component is not an essential since KOHLER and CORSON3 found that 
/X-ketonic-esters, structurally incapable of enolisation, will condense with methyl 
malonate and methyl cyanoacetate e.g. 

00 Ph·C(OH)·C02Me 
Ph·CO·C02Me + CN'ICH2,c02Me ~- 6H(CN),c0

2
Me 

(few drops of 
NaOMe-MeOH) 

175-80% 
I 1 AeOH 
~dinary_ ternp--.. 

-r Ph· C(C02Me) : C(CN)' C02Me 

C02Me 
/C02:'.Ie 

CO" + CH2(C02Nle)2 
C02Me 

piperidine 
--.. _--+ 

l/oH H SO C 2_!.. 
I "CH(C02Me)2 
COsMe 

In his original investigations KNOEVENAGEL4 used secondary bases, of the type 
of diethylamine, as catalysts, and his suggested mechanism postulated the initial 
condensation between the earbonyl derivative and the base, e.g. 

MeCH:O + 2NHEt2 -+ MeCH(NEt2)2 + H 20, 

/COMe /COMe 
MeCH(NEt2). + CH2 " --> MoCH: C" + 2 NHEt2• 

COsEt C02Et 

Although he actually isolated such intermediates and found that they did 
react according to the second equation, their formation is an unnecessary assump­
tion since HANN and LAPWORTH' found that trimethylamine and tri-n-propyl­
amine are equally effective as catalysts.6 These authors suggested that the function 
of the basic catalyst was to lower the hydrion 
eoncentration and so to increase the con­
centration of the anion [CHX2]- which adds 
to the ketonic component, but it is now re­
cognised that the presence of acids, far frorn 
being deleterious, is actually an essential 
condition for the eondensation to occur. 

+ 
R'C:NR2 + OH. 

1 For reviews of the literature see KOHLER, CORSON: J. Amer. ohern. 800. 45 
(1923), 1975. - BOXER, LINSTEAD: J. ohern. Soe. (London) (1931), 740. - KUH!'<, 
BADSTÜBNER, GRUNDlIlAN: Ber. dtflOh. ehern. Ces. 69 (1936), 98. 

2 J. Amer. ehern. 800. 59 (1937), 2327. 
3 Ibid. 45 (1923),1975: KOHLER, HAGEN, TIIO~IAS: Ibid. 50 (1928), 913. 
4 Liebigfl Ann. Chern. 281 (1894), 25; Ber. dtr-;eh. ehern. Ces. 27 (1894), 2345. 
5 J. ehern. Soo. (London) 85 (1904), 46. 
8 This also invalidates tho hypothesis of S)UTH, WELCH: J. ehern. 80e. (London) 

1934, 1136, that the seoondary base forrns the unstable intermediate . 
Hdb. d. Katalyse. 11. 1~ 



178 J. W. BAKER and E. ROTHSTEIN : 

Pure crotonaldehyde, freed from crotonic acid, does not give a KNOEYENAGEL 

condensation with piperidine as a catalyst, but readily does so when piperidine 
acetate is used.1 BOXER and LINSTEAD 2 found that weak bases such as pyridine, 
triethanolamine, diphenylamine, quinoline, dimethylaniline, are effective cat­
alysts for the condensation of butaldehyde and malonic acid even in the presence 
of a large excess of the acid component. BLANCHARD, KLEIN, and MACDONALD 3 

confirmed DAKIN'S observation4 that amino-acids are effective catalysts. The 
ease of condensation of cinnamaldehyde with malonic acid in 50% alcohol, using 
an amino-acid as a catalyst, increases with increase in the hydrion concentration 
and, in general, bases are more effective catalysts in acid solution. Even weak 
bases such as urea, which are usually ineffective, become efficient catalysts in 
acetic acid solution. Probably the most systematic work on the mechanism of 
the KNOEVENAGEL condensation is that of COPE 5 who has investigated the effect 
of various catalysts upon the condensation of methyl cyanoacetate and methyl 
hexyl ketone heated together for 5 hours at 125°. He also found that the acetates 

Condensotion 0/ CN·CH 2 ·C0 2Me (0,25 mol.) witk 
lIJe·CO·C6H 13 (0,25 mol.) at 125°. Catalyst 0,01 mol. 

Catalyst 

Piperidine ................. . 
Piperidine acetate .......... . 
Triethylamine acetate ...... . 
Pyridine acetate ............ . 

Yicld of 
condcnsation 
product % 

39 
52 
39 
28 

Unchanged 
material 

recovered % 

37 
28 
37 
55 

Condensotion 0/ CN·CH 2 ·C0 21\;le (0,25 mol.) witk 
Jle·CO·C5H ll (0,35mol.) with continllous rem oval ofwater 

by slow distillation. 

Catalyst 

Acetamid" (0,085) .......... . 
Ammonium acetate (0,04) ... . 
Piperidine acetate .......... . 
Soclillm acetate ............ . 
No eatalyst ................ . 

Yield of 
condensation 
product % 

(11 
87 
89 
39 

8 

unchangcd 
material 

rccovcred % 

;) 

ß 
7 

49 
73 

of bases are much 
bctter catalysts than 
the bascs themselves. 
This is exemplified 
by the following data. 

It is evident that 
the rcally effective 
catalysts for the 
condensation ,tre the 
salts of bases with 
weak acids like acetic, 
the cation of the salt 
acting as an acid and 
the anion as a basic 
catalyst. COPE6 has 
suggcsted a mecha­
nism, based essenti­
ally on a preliminary 
aldol condcnsation 
in which the functions 
of such acid and 
basic catalysts are 
reasonablyexplained. 

. 'rhe first stage (a) is 
thc ionisation of the active hydrogen from the ester component which will 
be c,ttalysed by both acids amI ba ses in accordance with the mechanisms 
preYio\lsly discussed (p. 56): 

(a) 

1'he nucleophilic anion so produced then undergoes an aldol condensation (b) 

1 KUlIN, BAD~TÜBNER, GRUND~IAN: !. C. 
I. c. 

3 J. Amer. chem. Soo. 53 (1931), 2810. 
·1 .f. bio!. ChemiHtry 7 (1909), 49. 
5 !. c. 
6 !. c. - CL hGOLD: J. ehern. Soe. (London) 1930, 184. 
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with the earbonyl eompound in the usual manner,l the necessary polarisation 
of the carbonyl group being assisted by acid catalysts: 

() + /OH 
RzC=O + H + [CHXz]- --+ RzC" (b) 

CHX. 
Finally this condensation product undergoes dehydration (c), areaction which 
will be catalysed by both acids (assist removal of OH group) and, especially, 
by bases (which act directly to facilitate the ionisation of the hydrogen) 

RzC--- CXz -+ RzC = CXz + HzO. e l t __ 1 (c) 
AH OH H--_uB 

There is no real evidence as to which is the rate-determining stage, but the effic­
iency of the acid salts of weak bases suggests that this may be the acid-catalysed 
aldol condensation. As in any addition of a nucleophilic addendum to the car­
bonyl group, electron-release by the groups R z will assist the requisite polarisation 
of the carbonyl group but will hinder the approach of the nucleophilic reagent 
to the carbon. Electron attracting substituents will have the opposite effects. 
It is to be expected, therefore, that, in a graded polar series, the yield of the 
condensation product will pass through a maximum at some point, just as LAP­
WORTH and MANSKEz found for the formation of cyanohydrins. This conclusion 
is supported by the results of DALAI and DUTT3 who found that the yield of 
condensation from malonic acid and various substituted benzaldehydes (1 mol.) 
in the presence of quinoline (1 mol.) decreased in the following order: 

>H 
80 

>p-xo, 
75 

>p-OMe 

72,3 
>m·OH 

70,6 
> polle 

69,9 
>p-NMc2 

68,8 
»p-OH 
10,6 

(? poOl 

% yield. 

Thus weak electron attraction (ln-NOz) increases the yield, but strong electron­
attraction (p-NOz) or electron-release diminishes it. COPE' results' show that 
the yields obtained in the condensation of the ketones Me·CO·R with ethyl 
cyanoacetate, using acetamide in acetic acid as a condensing agent, increase 
with increasing electron-release of the group R: 

1t = ~[e < Et < PrC( < Bull < C.HlI 

% yield = ca. 30 ca. 40 73 76 91 

PERKIN'S Reaction. 
Thc reaction between an aromatie aldehyde and the anhydride and sodium 

salt of an aliphatic acid, to give unsaturated acid, provides an interesting example 
of the caution which it is necessary to exercise in the formulation of a mechanism 
on the basis of experimental data. In the early years after the publication of 
PERKIN'S method of synthesis of cinnamic acids FITTIG6 brought forward seem-

1 Cf. p. 42. - Also WATSON: Modern Theorios of Organio Chornistry, p. 109. 
Oxford, 1937. 

z J. ehern. Soe (London) 1928, 2533. 
3 J. Indian ehern. Soe. 9 (1932), 309. 
4 1. e. 
5 J. ehern. Soe. (London) 32 (1877), 389. 
6 Liebigs Ann. Chem 216 (1882),115. - Cf. also FITTIG, SLOcml: Ibid. 217 

(1885),53. - FITTIG: Ibid. 277 (1885),48. - NEk': Ibid. 21)8 (1897), 202. - MICHAEL, 
HARTMANN: Ber. dtseh. ehern. Ges. 34 (1901),918. - MEYER, BEER: Mh. Chem. 34-
(1913), 649. - MICHAEL: Amor. ehern. J. 50 (1913), 411. - BAKUNIN, FISCEMAN: 
Gazz. chirn. ital. 4-6 (1916), 77. - REICH, CHASKELIS: BuH. Soe. ehim. Franee 19 
(1916), 287. 

12· 
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ingly convincing evidence that the reaction occuried essentially betwecn the 
aldehyde and the sodium salt of the acid thus: 

PhCH:O + CH3 ·C02Na-+PhCH(OH)·CH2·C02Na-+PhCH :CH·C02Na+ H 20. 

In spite of this PERKIN1 maintained his original view that interaction takes 
place between the aldehyde and the acid anhydride and indicated the 
possible alternative explanations of FITTIG'S experimental results. Later 
work has completely justified PERKIN'S view. KALNIN2 has shown that 
the reaction between the acid anhydride and the aldehyde is catalysed by 
the sodium salt of the acid. The real catalyst is the acid anion which can, 
with advantage, be replaced by a tertiary base, or by the anions of other weak 
acids. The efficiency of the basic catalyst is proportional to its basic strength 
and can be reduced to zero by addition of sufficient acid. These conclusions 
are based on, and are illustrated by, the following typical data. 

Condensation 0/ benzaldehyde with acetic anhydride using the salta 0/ weak acids as 
catalysta. 

Catalyst salt I KOAc : K2CO. I NaOAc! N32CO.1 K2S0.1 Kspo.1 KIS I KJ 

Yield of PhCH: CH·C0 2H .. % 1 72,5158,9 I 39,3140,21 32,0 20,4 8,4 0 

Replacement of sodium acetate by potassium carbonate reduces the necessary 
time of heating from 8 hours to 5 minutes. 

Condensntion 0/ PhCHO with Ac20 with ba.~ic catalysts. 

Catalyst 

Quinoline ................. . 
Pyridine ................... . 
Dicthyl benzylamine ........ . 
Benzylpiperidine ............ . 
Triethylamine .............. . 

Kb of base 

0,8 10-9 

2,3 10-9 

3,56 10-5 

6,4 10-4 

Yield of PhCH: CH . CO,H 
% 

trac!' 
1,12 
6,87 
8,78 

29,27 

The 20,3% yield of cinnamic acid obtained from constant proportions of benz­
aldehyde and acetic anhydride with potassium acetate aS a catalyst, heated for 
8 hours at 180°, is gradually reduced to 0,5% by addition of increasing amounts 
of glacial acetic acid to the reaction mixture. 

The advantageous effect of a tertiary base is illustrated by the following 
data concerning the addition of only eight drops of pyridine to a mixture of 
20 g. of benzaldehyde, 30 g. of acetic anhydride and 10 g. of sodium acetate: 3 

Time of reaction 
Yield (a) withollt pyridine ...... % 
Yield (b) with pyridine ........ % 

4 hours 

36,7 
67,1 

6 hours 

53,6 
83 

8 hours 

60,7 
85 

The yield of cinnamic acid from molar quantities of benzaldehyde and acetic 
anhydride at first increases rapidly with increase in the amount of base added 
but soon reaches a maximum, further increase causing a falling off in the yield. 

1 J. ehern. 80e. (London) 47 (1886), 317. 
2 Helv. ehirn. Aeta 11 (1928), 977. 
a BACIIARACH, BROGAN: J. Amer. ehern. 80e. 50 (1928), 3333. 
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The position of the maximum differs for different bases: 

Pyridine ......... mols. 0,33 0,67 1,0 2,0 3,0 
Yield ............... % 1,12 2,46 2,24 1,68 1,57 
Trimethylamine .. mols. 0,1 0,33 0,67 
Yield .............. % 8,56 29,27 20,72 

It seems probable that the decreased yields obtained with the larger base con­
centrations may be due to the very considerable change in the nature of the 
reaction medium which would result. 

KALNIN formulated the following rather complex mechanism of which the 
first step is the enolisation of the acid anhydride, facilitated by the basic catalyst: 

MeCO·O·CO·CH3 -> 

PhCHO 
~ MeCO·O·C(OH)·: CH2 ---+ MeCO·O·CH(OH)·CH2 • COPh. 

Subsequent removal of a mole eule of acetic acid by the basic catalyst from 
the enol form of this intermediate, is then assumed to initiate the following 
reaction sequence to give cinamic acid: 

PhC : CH· CH·OH ~ Ph·C:CH·CH·OH ~ PhCH:CH·CO·OH. 

HO MeCO·O 
I I o 

Although other workers 1 havc confirmed KALNIN'S hypothesis it would seem 
to involvc a rather unusual type of addition of benzaldehyde to the double link­
ing of the enolic form of the anhydride. 

There seems to be general agreement that the "enolisation" (or rather the 
"ionisation") of the acid anhydride is essential. KUHN and ISHlKAwA2 found that 
although benzaldehyde condenses with crotonaldehyde in the presence of dilute 
alcoholic alkali, it will not condense with either crotonic acid, or its potassium 
salt, even in the prescnce of acetic anhydride. Condensation does occur, howevcr, 
in the prescnce of tertiary bases (e.g. ~Et3)' thc iX-hydrogen of the crotonic 
acid being involvcd to give the product PhCH: C(CH : CHz)· C02H. MÜLLER3 
also confirms the necessity for the enolisation but does not accept the subsequent 
complex mechanism of KALNIN since it was found that benzoyl cyanide (which, 
unlike benzaldehyde, contains no possible mobile hydrogen atom) reacts with 
acetic anhydride and sodium acetate to give acetophenone. The formation of 
this product is explained hy the reaction sequencc 

PhC: 0 + CH3CO·OAe -> HO·CPh·CH.·CO·O·Ae -> 

I I 
CN CN 

-> PhCO·CH.-COzH ~ PhCO·CH3 • 

It will be noticed that this mechanism postulates thc much more normal aldol 
type of addition of the anhydride to the carbonyl bond, and such initial aldol 
addition constitutes a more feasible mechanism for the PEltKIN reaction and one 
which, moreover, readily accomodates the experimental data and correlates 
the function of the basic catalyst with other nucleophilic additions to the car­
bonyl group. 

1 IsHIKAWA, KOJDIA: Sei. Rep. Tokyo Bunrika Daigaku, Seet. A 1 (1934), 289.­
S.1. KATOH, H. KATOll: lbid. 1 (1934), 297. 

2 Ber. dtseh. ehern. Ces. 6-l- (1931), 2347. 
3 Liebigs Ann. Chem. 491 (1931), 251. - MÜLLER, CAWLICK, KREUTZMAN: Ibid. 

1)11) (19315), 97. 
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The function of the catalyst is probably a two-fold one, first to assist the 
ionisation of the iX-hydrogen atom from the acid anhydride, and further to 
promote the necessary polarisation of the carbonyl group by mechanisms already 
discussed (p.67). The initial aldol addition may be formulated 

~() [f_ 1 f ArC=O -- ArC-O __ Ar'C-OH 
d+ d- I I 

+- ~ + 
AcO'C-CH2--HBase CH2 ·C·OAc HBase CH2 ·CO·OAc 

11 11 

o 0 (1). 

The subsequent course of the action will be dependent upon the nature of X. 
With an aldehyde (X = H) elimination of acetic acid from the complex (I) can 
immediately bring about the necessary isomerisation to give the unsaturated 
acid: H . 

I 
Ar'C- OH 

,......1 n 
I '-+! v 

H CH·C-OAc 
11 

o 

ArCH 
+ AcOH. 

CH·CO·OH 

With benzoyl cyanide (X=CK) the intermediate (I) is a ketone cyanohydrin 
and will readily lose hydrogen cyanide to give the mixed anhydride of acetic 
acid and aeetophenone-w-earboxylic acid, hydro lysis of which affords aceto-
phenone: 
,......CN 
LI r , 
ArC.±.O-H ---, 

I 
CH2 ·CO·0·Ae 

ArCO· CH2 • CO· O' Ac 
HOH 

-+ ArCO·CH2 ·C02H + AeOH 
.j, 

ArCO· CH3 + CO. 

Any acyl derivative the iX-hydrogen of wh ich is readily ionisable should, on the 
basis of this mechanism, undergo the PERKIN condensation and KAT0 1 has 
shown that acid chlorides readily condense with benzaldehyde in the presence of 
triethylamine, the electron-attracting (-1) effect of the chlorine increasing the 
i ncipient ionisation of the iX-hydrogen: 

PhCH: 0 + R·CH2 ·CO·Cl -, Ph· CH rOH -> Ph·CH: CR·CO.H + HCI 
,...... -}" 

H eR·CO Cl 

'rhe following are typical example~: It will be noticed that 
the electron-releasc cffect 

Acid chloride Temp. Time Yield of alkyl substituents in the oe (hrs.) % 
parent acetyl chloride ren-

CH 3 ·CO·CI ........... 170-180 8,t) 11,8(; ders the hydrogen ionisation 
Et -> CH.·CO·Cl ...... 170-180 9,5 ß,63 more difficult and so redu-
Ph·CH 2 ·CO·Cl ........ 170-180 ; 8,5 43.78 ces the yield, whereas a phe. 

:~~ C=CH·CO·CI. ... 170-180 8,5 (l,2 nyl group, by its - T effect, 
facilitates the ionisation <Lnd 
an increased yield resultii. 

Acetic acid whieh, in the diseussion on bromination (p. 73) has been shown 
not to enolise, fails to condense with benzaldehyde in the prescnl'e of abasie 

1 Sei, Rcp. Tokyo Bunrika Daigaku, ~cct. A 2 (1935), 2i57. 
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catalyst, but, as KALNIN ' found, the aldehyde may be replaced by SCHIFF'S 
bases like the alkylideneanilines since similar addition of the acid anhydride is 
obviously possible_ 

n 
R·CHC:ONPh 

<-- 'I 
AcO' C-CHz ... H 

11 

° 

1I 
1 r-··- '1 

~ R·C NHPh YH 

r*! r-
HCH-CO OH 

C~Ac 

Esterification. 

{ ACOH 
RCH : CH· COzH + NHzPh 

Becausc of its practical importance and because the velocity is sufficiently 
slow for kinetic study the elimination of water between alcohols and organic 
acids to give esters has been the object of considerable study. Recent investiga­
tions have, however, tended rather to emphasise the complexity of the problem, 
the detailed mechanism of which is still somewhat obscure. 

The reaction 
R'CO'OH + R'OH :;=::'c R·CO·OR' + H 20 

is a reversible one and is catalysed only by acids or acidic substances 2 like potass­
ium ethyl sulphate or anhydrous aluminium sulphate. The activity of the 
catalyst is not merely due to a dehydrating action since anhydrous sodium 
sulphate, for example, is without effect.3 The acetic acid complex of boron fluoride 
has also been found to catalyse ester formation. 4 

The nature of the active catalytic entity in esterification has been thc subject 
of some discussion. GOLDSCHMIDT 5 adopted the view that it is the alcohol-solvated 

+ 
hydrogen proton ROH 2 and ascribed the retarding effect of added water on 
acid-catalysed esterification to its replacement by the inactive hydroxonillm ion 

+ 
H 30. LAPWORTH ß favoured the view that the active agent is the unsolvated 

+ 
hydrogen proton H, and RICE7 sllpported this contention. Modern ideas whieh 
regard the ionisation of acids as essentially a protolytic reaction 

+ 
HX + ROH 'V".' ROH 2 + X 

renders this latter view unacceptable and it is now clearly established that the 
undissociated acid moleeule also exerts a catalytic influence.8 

GOLDSCHlIUDT and his co-workers9 have shown that the rate of esterificatioll 
of fonnie acid in methyl and ethyl alcohols in the presence of hydrochloric, 
picric or trichlorobutyric acid or trinitro-m-cresol as catalyst, is proportional 
to the hydrion-concentration and that autocatalysis by the hydrion from thc 
fonnie acid itself follows the same law. Addition of sodium formate up to a 

1 I. c. 
2 CL SENDERE~~, AnOlJLENc: C. r. hebd. 15tanc('H Acad. 15ci. 152 (1911), lß71,156 

(1913), 1620. 
3 CL KUR'l'ENACKER, HABER)[ANN: J. prakt. Chem. (2) 1S3 (1911), 541. 
4 HINTEN, NIEUWLAND: J. Amer. chem. Soc. 5-1 (1932),2017. 
5 GOLDSCIHUDT, UDBY: Z. physik. Chem. 60 (1907), 728. 
6 LAPWORTII, PARTINGTON: J. ohem. Soo. (London) 97 (1910), 19. 
7 J. Amor. ohern. Soc. -15 (1923), 2808. 
B CL e.g. ROLFE, HDISIlELWOOD: TranH. Faraday 1500. 30 (1934), 935. 
9 GOLDSCIDIIDT, MELBYE: Z. physik. Chern. H3 (1929), 139. _. GOLDSCIDIIJ)'I, 

HAALAND: Ibid. H3 (1929), 278. 
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concentration of 0,025 N causes a large decrease in velocity, but further addition 
has no effect. A similar effect is observed on the addition of sodium acetate in 
the esterification of acetic acid.1 Such action could be explained by the consequent 
depression of the ionisation of the formic acid which replaces the catalytic hydrion 
by the undissociated formic acid molecule. 

HINSHELWOOD,z however, has pointed out that esterification is complicated 
kinetically by the fact that several of the molecular or ionic species present may 
exert independent catalytic effects. He suggests that esterification of (say) 
acetic acid by methyl alcohol depends upon ternary collisions which may include 
any (or all) of the following possibilities: 

+ -
MeOH-AcOH-HaO, MeOH-AcOH-OAc (or anion of the buffer solution), 

+ 
MeOH-AcOH-MeOHz' MeOH-AcOH-AcOH, MeOH-(AcOH)z-AcOH. 

The extensive investigations of KAlLAN and his collaboratorsa on the esterifica­
tion of a variety of alcohols in aqueous and non-aqueous media, also 
illustrate thc difficulties attendant on any attempt to explain the function 
of catalysts. In the absence of an added acid catalyst addition of water 
always reduces the velocity of esterification, but in the presence of 
hydrogen chloride as a catalyst the velo city of esterification is statcct to be 
increased by addition of water in the condensation of various alcohols (EtOH, 
Pr"'OH, PrßOH, Bu"'OH, CHMeEt·OH, CHzPh'OH, CHz : CH·CHz·OH, 
borneol, cyclohexanol and halogeno-alcohols) with acetic acid, whereas it is reduced 
in the esterifieation of the last named classes of alcohols with formic acid under 
similar conditions.4 The magnitude of the decrease in velo city of estcrification 
of benzoie acid in anhydrous ethyl alcohol (catalysed by hydrogen chloride) 
which is eaused by addition of various salts decreases in the order LiCI > HgClz > 
> CaClz and is proportional to the concentration of the added salto This is ascribed 
to the resulting increase in the viscosity of the medium. In the presence of water, 
however, addition of these salts causes an increascd velocity (CaClz > > LiCI > HgClz). 
In this case it is suggested that the decrease (owing to viscosity changes) is 
outweighed by the increasc in velo city which results from the removal of water 
from the medium by solvation of the salt ions since bcnzophenone (which cannot 
be hydrated) causes a decrease in both cases.5 BAILEy 6 made the significant 
observation that in glass vessels more than 50% of the uncatalysed estcrification 
of acetic acid with ethyl alcohol occurs by a heterogeneous reaction on the surface 
of the glass. Tbis heterogeneous reaction is inhibited by the addition of pyridine, 
leaving the homogeneous solution reaction unaltered. No indication is given of 
the relativc importance of any heterogeneous reaction in the ease of an aeid­
catalysed esterification, but the fact that the incursion of surface catalysis is 

1 LOZOVOI: J. gen. ehorn. USSR 2 (1932), 65. 
2 ROLFE, HINSHJo;LWOOD: I. o. - "VILLIA~ISON, HIX:;IlELWOOI>: Trans . .l<'araday 

800. 30 (1934), 1145. - HINSHELWOOD, LEGARD: J. ehern. Soe. (London) 1113;;, 587. 
3 KAILAN, ROSENBLA'fT: Mh. Chern. 68 (1936), 109. - KAlI.AN, HORNY: Ber. 

dtseh. ehern. Ges. 6\), (1936), 437. - KAILAN, KIRCIlNER: Mh. ehern. 64 (1934), 
191. - KAILAX, JlJNGElt~IANN: Ibid. 64 (1934), 213. - KAILAN, SCHWEßEL: lbid. 
63 (1933), 52. - KAlLAN, ADLER: Ibid. 63 (1933), 155. - KAlLAN, FRIEIHIANN: Ibid. 
62 (1933), 284. - KAILAN, R.-\.Jo'F: Ibid. 61 (1932), 116. - KAILAN, HAAS: Ibid. 60 
(1932), 386. 

4 Cf. also l\IITCHELL, PAR'fING'fON: J. ehern. 80c. (London) 192\), 1562. - GOLD­
SCIDIIDT, HAALAND: I. e. 

S KAILAN, KIRCHNER: I. C. 

6 J. ehern. Soe. (London) 1\)28, 1204, 3256. 
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possible does not seem to have been recognised in most of the kinetic invcstiga. 
tions of esterification. This omission suggests that caution is necessary in thc 
interpretation of data, so obtained. The investigations of HINSHELWOOD and his 
coBaborators have been concerned mainly with the effect of variation of the 
acid and of the alcohol upon the E and P factors in the ARRHENIUS equation 
k = PZe-E1RT• Changes in velocity are not entirely accounted for by changes 
in the value of E and in some cases the value of the P factor is actually gre'Lter 
for the slower reactions. The P values are much greater for the acid.catalysed 

+ 
reaction (10-3 for AcOH-MeOH2) than for the autocatalysed esterification 
(10-7 for AcOH-MeOH). It is concluded that steric hindrance appears to depcnd 
upon high activation energy rather than on purely geometrie characteristics 
and that the smallness of the P values is connected with a necessity for adel· 
icately adjusted orientation of moleeules at the moment of reaction. 

The most satisfactory mechanism for acid·catalysed esterification is un­
doubtedly that put forward by LOWRY,1 He suggested that, in the presence of 
the acid catalyst, the ionisation of the organic acid is repressed with consequent 
development of its ketonic (carbonyl) functions. 2 

Addition of a catalyst proton to the alcohol confers upon it the proton donating 
functions of an acid. The donation of a proton from this complex to the carbonyl 
oxygen of thc acid effects the polarisation of the carbonyl double linking, a 
necessary preliminary to the addition of the proton.donating complex of the 
alcohol to the carbon atom of the carbonyl group. Elimination of the catalyst 
proton and a mole eule of water from the complex so formed brings about charge 
neutralisation ",ith the production of the ester. 

OH 
10-

R·C=O 

R,.ilH 
I 

H 

R'OH + HX 
,..OH 
'--I 
R'C- ° <-

~ 

R'·O-;--HH 
T 
+.J 

It is not possiblc to say ",hich is the rate·determining stage of the reaction. The 
formation of the alcohol.acid.proton complex is essentiaBy a nucleophilic addition 
to the carbonyl group and so, as in aB such additions, the polar effects of the 
groups Rand R' are likely to bc complicated. Electron-release by the group R' 
will increase the basic character of the alcohol R'OH and so tend to stabilise the 

+ 
oxonium cation R'OH 2 and render it less prone to addition to the carbonyl 
group. This is in ac cord with the decreasing ease of esterification in the series 
primary > secondary > tertiary alcohols which may be illustrated by the' 
following results of WILLIAMSON and HINSHELWOOD3 for the autocatalysed 
esterification of (l) acetic acid and (2) benzoic acid. 

Alcohol 
)[cOH 

Ekg.caIR/g.mol.····113000 
k 'ooo X 10' ......... 76,4 1

15330 I 18830 118300 1 

16,4 I 0,24 5,07 

1 Ibid. 127 (1925), 1379. 
2 Cf. LOWRY: Ibid. 123 (1923), 827. 
s I. c. 

(2) 

PrßOH I 

21150 
0,528 

BuYOH 

27500 
0,00171 
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The effect of variation in R may be illustrated by the following data: 

R 

+ 
System R·C02H-MeOH-MeOH2• 

CHs CHPh2 

E kg. cals/g. mol. 
k X 105 

10200 10800 
189 7,8 

+ 
System R·C02H-EtOH-EtOH2• 

R CHs CCls 
Ekg. cals/g. mol. = 9900 13400 
k 250 X 10' 148 1,14 

Ph 
15700 

4,0 

CMea 
12700 
2,19 

It will be noticed that the velocity of esterification of acetic acid is decreased (and 
the values of E are increased) by replacement ofthe methyl hydrogen atoms byeither 
electron-attracting chlorine or by methyl groups which exert an electron­
release effect. The electron-attraction of chlorine would be expected to decrease 
the necessary polarisation of the carbonyl group of the acid and would also 

decrease any tendency to fission of the acid in the sense R'·CO+OH (Le. the 
ease of fission of the postulated reaction complex). . 

Ev ANSl has suggested that the retardation caused by methyl substituents 
may be due to the co-ordination of the methyl hydrogens with the carbonyl 
oxygen to give the more stable structure 

CH2-H 
I +-
I ;,0 

:\1:c2C· C 
I 
OH 

It is evident, however, that this aspect of the problem is too complicated and 
its solution must await further knowledge regarding the actual catalytic mech­
anism and the kinetics of the reaction. In conclusion two aspects of the application 
of homogeneous esterification may be notcd briefly. HILDlTcH and RIGG 2 have 
shown that thc difficulty in obtaining mono-esters of glycerol or ethylene glycol 
by heating with higher fatty acids at 140-160 0 in the prescnce of an aromatic 
sulphonic· acid as a catalyst is due to the non-homogeneous character of tlw 
medium, thc mono-ester passing mainly into the acid phase. In phenol solution 
the medium is homogeneous and, using camphor-ß-sulphonic acid as the catalyst, 
much larger yields of the mono-esters can be obtained. 

WEGLJo]R3 has found that brucinc (probably as the cation of its salt) catalyses 
the esterification of (+) IX-phenylethyl alcohol by acetic acid in carbon tetra­
chloride, more rapidly than it does that of thc (-)-alcohol. Hence such esterifica­
tion of the dl-alcohol occurs preferentially with the (+ )-derivative to give 
dextro-rotatory esters. 

Oxidation-Reduction reactions. 
Only brief reference to the function of acid or basic catalysts in oxidation­

rcduction reactions is possible, and attention is restricted to one or two of the 
more common examples. 

1 J. chem. 80c. (London) 127 (1925), 1381. 
2 Ibid. 11)35, 1774. 
3 Liebigs Ann. ehern. 498 (1932). 62. 
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CANNIZZARO reaction. 
The self-oxidation and reduction of an aldehyde to give a mixture uf the 

eorresponding acid and alcohol is effected in the presence of concentrated solu­
tions of metal hydroxides. The initial product is stated to be the ester since 
benzyl benzoate can be isolated in the reaetion of alkali on benzaldehyde if the 
reaction mixture is kept cool. Various meehanisms have been proposed. It is 
evident that the addition reaction involved must be essentially different from 
the more normal type such as that whieh occurs in the production of the aldol, 
since hydrogen is united ultimately to the carbon and not the oxygen of the 
second molecule. MEERWEIN and SCHMIDT1 have proposed that the initial addition 
is between one molecule of the aldehyde and one molecule of the aldehyde hydrate 
to give the complex OH·CHR-O-CHR·OH which breaks down into a mol­
ecule of alcohol and acid R·C02H and RCH2·OH. WIELAND2 modifies this 
somewhat by assuming that the hydrate RCH(OH)2 is dehydrogenated by the 
metal or the alkali to give RC02H and two atoms of hydrogen which are aceepted 
by another molecule of the aldehyde to reduee it to RCH2· OH. HABER and 
WILLSTÄTTER3 have developed a free radical theory in which the metal cation 
functions as the electron-acceptor: 

+ 
PhCHO + M +++ -> M ++ + H + PhC : ° (first radical), 

I 
PhCO + PhCHO + H 20 -> PhC02H + PhCHOH (second radical), 

I I 
PhCH·OH + PhCHO ~ PhCH20H + PhCO (first radical). 

I I 
The kinetics of the CANNIZZARO reaetion in homogeneous solution have been 
studied by POMERANZ4 for benzaldehyde in 70% alcohol and by GElBs for furfur­
aldehyde in aqueous and aqueous aleoholic media. These investigators agree 
that the velocity is proportional to the square of the aldehyde coneentration and 
to the square of the hydroxyl ion coneentration. The reaction is brought ab out 
by the hydroxyl ion since the velocity is approximately the same with either 
sodium ur potassium hydroxide, but is not effccted by traces of alkali which 
must be present in molar proportions. GElB postulates an initial rapid reaction 

between the aldehyde and the hydroxyl ion to give the complex OH·CHR·O, 
which then rcacts with a second molecular complex to give the free radicals 
R· CO and RCH· OH of HABER and WILLSTÄTTER with elimination of two hydroxyl 

I I 
ions. 

~ince the free radieal mechanism is essentially a chain mechanism in which 
thc radical RCO is repeatedly regenerated, it is difficult to understand why on 

I 
this basis the reaetion is not catalysed by initial small traces of alkali. The 
function of hydroxyl ions in promoting the benzil-benzilic acid change, which 
involves a pinacolic electron displacement (p.89), suggests that a similar electron 
displacement may be involved in the CANNIZZAIW reaetion. In agreement with 
GElB it is suggested that the essential function of the hydroxyl ion catalyst i~ 

1 Liebigs Ann. 444 (1925), 221. 
2 WIELAND, RICHTER: Ibid. 486 (1931), 226. 
3 Ber. dtsch. ehern. Ges. 6-1 (1931), 2844. 
4 Mh. ehern. 21 (1900), 391. 
5 Z. physik. ehern., Abt. A HIli (1934-), 41. 
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to eombine in the usual manner with the aldehyde to give the ion of the hydrate. 
This, as a nucleophilie reagent, ean then reaet in the same manner with a seeond 
mole eule of aldehyde (or its hydrate anion) 

6+ ~ _\+ 
HO, CHR· 0 + R· CH~O ---, RCH(OH)' O-CHR-O I M (M = metal) 

n n 
HO, CHR· Ö -l- CHR(Ö)~6H -+ RCH(OH)· O· CHR-O + OH. 

The eomplex so formed now eontains the neeessary system for the ineidenee of a 
pinaeolie eleetron displaeement with migration of hydrogen and the momentary 

-
elimination of the anion CHPh-OH: 

H 

-nk-+ 0- - \+ o -"CR-O-CHR·OH ---? O=CR-O-H + CHR·OH IM. 

Interaetion of the two entities so produeed may give either the ester or the acid 
anion and the aleohol direetly: 

H 
:J n 

o = CR-OY CHR- OH ---? 0: CR· OCHzR + OH } {r (Ester), 

n n 
0= CR-O-'-H "CHR·OH ---? 0: CR'O })1 + CH2R·OH (Salt + aleohol). 

The reaetion would thus be of seeond order with respeet to the aldehyde (sinee 
two moleeules are essentially involved) and of seeond order with respeet to the 
hydroxyl ion (sinee it is involved in the formation of the initial eomplex and in 
the subsequent hydrolysis of the ester). GElB found that the velocity is inereased 
approximately three-fold when barium hydroxide is used in plaee of sodium or 
potassium hydroxides. He suggests that this inerease is due to the retention of 
two aldehyde hydrate anions in thc ncighbourhood of the divalent barium cation, 
thus faeilitating their further interaetion. A very similar meehanism has been 
suggested by INGOLD and WILSON.l 

Other oxidation reactions. 
Similar aetivation of the earbonyllink wOllld explain the oxidation of <x-un­

saturated ketones with hydrogen peroxide in thc prescnee of hydroxyl ions:2 

,------., " ~ '-.} 

RzC=CR-CR= 0 
t 
-
OH 

[ " 1 
,). -

-> RzC CR=CR.-O -> RzC-~CR'CR:.O 
I < . ..J i ' ( I r!' - -
O-H HO -OH OH 'OH + OH 

-> RzC~-/CR' CR: 0 + H 20. 

o 

The rate of auto-oxidation of benzoin by moleeular oxygcn in the presenee 
of alkali is proportional to the eoneentration of the alkali.3 Thc reaetion oeeurs 

1 Z. Elektroehern. angew. physik. Chem. 44 (1938), 95. 
Z WUTZ, SCHEFFER: Ber. dtseh. ehern. Ges. 54 (1921), 2327. 
3 WEISSBEIWER, MAINZ, STRASSER: Ibid. 62 (1928), 1942. 
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in the ion of benzoin 1 whieh reaets with one moleeular proportion of oxygen to 
afford benzil and a mole eule of hydrogen peroxide. The latter then oxidises benzil 
(but not benzoin) to benzoie acid. The funetion of the basic eatalyst is to effeet 
the removal of the hydrogen from benzoin and so eonvert it into the ion sinee 
it has been definitely established for various optieally aetive benzoins that the 
rates of auto-oxidation and of racemisation are the same under comparable 
eonditions of eatalysis with sodium methoxide.2 The reaction which oecurs with 
measurable velo city is thus the ionisation of hydrogen to give the ion 
-
O· CHPh-CO-Ph in which asymmetry is immediately destroyed by its conver-

-
sion into the ion ofthe di-enol O· CPh ; C(OH)· Ph, and which is then oxidised by 
oxygen first to benzil and then to benzoie acid at a rate at least equal to that 
at whieh it is formed. 

r, " 
.j. I.J, 

OR H-O·CHPh·COPh _ ROH + O·CHPh·CO·Ph -~ 

- Ü·CPh:C(OH)Ph {++ ~b} -~ 2Ph·C02H. 

A further example of the similar action of the alkaline eatalyst in promoting 
oxidation is provided by the quantitative oxidation (by oxygen) of duroquinol 
to duroquinone and hydrogen peroxide.3 The rate is proportional to the square 
of the hydroxyl ion eoneentration, the first step being the formation of the doubly 

- -
eharged anion O·C6Me4 ·O. 

Reductions effected with aluminium alkoxides. 
Closely allied to the CANNIZZARO reaction is the eonversion of aromatic 

aldehydes into esters by the action of alkali alkoxides ;4 

/H 
RCH:O + NaOR' -+ R·C-OR' + RCH:O ,-

o 

H 

I~ n 
-+ R· C-O-c:aR· OR' -+ 

C~ 
~ [R1--<>-H + CHR-OR' ~ RCO -6' CH,R-SlR']- R-CO- O-CH.R + OR' 

and this reaetion may be regarded as the preeursor of the reeent use" of alu­
minium alkoxides for the reduetion of earbonyl derivatives of the type R· CO· Rl 
(R = alkyl; Rl = alkyl or H). The reaetion is a reversible one 

R·CHO + C2Hs·Oal ",,=,= RCH2 ·Oal + CH3 ·CHO (al = AI/3 ) 

1 WEIS SB ERG ER, STRASSER, MAlNZ, SCH\VARZE: LiebigR Ann. Chern. 478 (1930), 112. 
2 WEISSBERGER, DÖUKEN, SCIIWARZE: Ber. dtReh. ehern. Ges. 64 (1931), 1200. -

WEISSBERGER: Ibid. 6i) (1932), 1815. - WEISSBERGER, Dnl: Liebigs Ann. Chern. 
502 (1933), 74. 

3 JAMES, WEISSBERGER: J. Amer. ehern. Soe. 60 (1938), 98. 
4 CLAISEN: Ber. dtReh. ehern. Ges. 20 (1887), 646. 
5 VERLEY: BuB. Soe. ehirn. Frauee (4), 37 (1925), 537. - MEERWEIN, SCIIMIDT: 

LiebigH Ann. Chern. 444 (1925),221. - PONNDORF: Z. angcw. Chern. 39 (1926), 138. 
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and is made to proceed from left to right by the removal of the acetaldehyde by 
vaporisation or self-condensation. The position of equilibrium in the system 

R1.CO· R2 + R3·CH(O al)R4 ~ R1.CH(O al)R2 + R3·CO·R4 

depends upon the oxidation-reduction potentials of the two pairs of compounds. 
The most important and useful reagent is aluminium iso-propoxide which will 
reduce ketones as weIl as aldehydes.! 

Both MEERWEIN 2 and VERLEy 3 have suggested mechanisms in which the 
initial stage is the formation of the aluminium compound of the hemiacetal. 
In this intermediate some mechanism of migration of hydrogen from the alcoholic 
to the carbonyl portion of the molecule must be postulated. Since the reagent 
is sometimes employed in an aromatic hydrocarbon as medium it seems best to 
assurne that such migration is brought about under the influence of the alkoxide 
(al OX) or its ion. The reaction would then be represented as follows: 

RIR2CO + al O·CHR3R4 -> RIR2C-O al ~ 

Ci 
o CR3R4 
tl 

H 

-
ox 

-
-> RIR2CH·Oal + R3R4CO + OX. 

l\Iechanisms of this type depend upon the more normal type of addition of the 
alkoxide catalyst' to the carbonyl group as the first step. PONNDORF,4 however, 
takes cognisance of the fact that addition of a Iittle copper acetate to benzyl 
alcohol which contains so me sodium benzyloxide brings about (on warming) 
a vigorous evolution of hydrogen with the subsequent production of benzaldehyde. 
He therefore postulates the direct addition of a hydrogen atom from the alkoxide 
to thc carbonyl carbon atom and so formulates the redllction thus: 

H 
I H H 

RI-C-Oal I [' I 

I w-C-"-O-'--al Rl·C:O 

H 6<) -> --+ + Oal 
+ 0 1 

11 H -CRz H CRz 
CRz 
! H H 

H 

The precise function of the aluminium isopropoxide is thllS not yet clear. 
It is, of course, an essential reagent rather than a catalyst since the isopropyl 
alcohol be comes oxidised to acetone, but if mechanisms of the first type are 
correct it also functions as a catalyst in removing the hydrogen and so faci!­
itating its migration. 

I CL Lmm: Ber. dtsch. ehern. Gps. 70 (1937), 1520, for a general survey of its tlse. 
2 J. prakt. Chern. 147 (1936), 211. 
3 I. c. amI BuB. Soe. chirn. Franee (4), 41 (1927), 708. 
4 Z. angew. Chern. 39 (1926), 138. 
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Introduction. 
The velocity of both catalysed and non-catalysed reactions is often affected 

considerably by the addition of salts, and the term "catalysis by neutral salts" 
was at one time frequently used. However, it is now realised that these "salt 
effects" are only in a few cases due to any direct catalysis by the added salt, 
and the purpusc of the present artielc is rather to examine the general bearing 
of modern electrolyte theory on the interpretation of catalytic data. Since the 
catalyst itself is often ionic, the problem arises even when no other electrolyte 
has been added to the system. Even in recent ycars a misunderstanding of the 
factors involved has often invalidated the interpretation of experimental data, 
and we shall therefore postpone a discussion of the theory of general acid-base 
catalysis until the effect of electrolytes has been dealt with (cf. this vol., p. 204). 

Difficulties encountered in the classical theory. 
The simple form of thc elassical theory of acid-basc catalysis can be expressed 

by the following equation for the observed velocity constant, 

k = ko + kH+ [H+] + kOH- [OH-] (I) 

where everyonc of the coefficients ko, kH+ and kOH- may be zero. The concentra­
Hons of the hydrogen or hydroxyl ions in the solution were determined by 
comparing the observedconductivity with the extrapolated conductivity at 
infinite dilution. This equation was based originallyon data for the saponification 
uf esters by acids and alkaJies, and the inversion of cane sugar by acids. In these 
and other cases it represents the facts with fair accllracy, hut a eloser examination 
uf the data reveals the following discrepancies: 

a) The reaction velocity is not always directly proportional to the hydrogen 
ür hydroxyl ion concentration as calculated from the condllctivity. In particlllar, 
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in catalysis bya strong acid, the velo city invariably increases more rapidly than 
the conductivity. 

b) The velocity is often affected cOIfsiderably by the addition of neutral 
salts, i. e. salts which are neither acidic nor basic and which have no ion in common 
with the catalyst. 

c) The addition of a salt having an ion in common with the catalyst does not 
depress the velocity as much as would be expected from the simple law of mass 
action. 

In order to account for these deviations numerous modifications have been 
suggested in the assumptions on which equation (1) is based. These modifications 
may be classified as follows: 

I. Hydrogen and hydroxyl ions are not the only catalysing species. 
11. The ionic concentrations of strong electrolytes are not given by the con­

ductivity ratios. 
111. The velocity is not merely a linear function of the concentrations of 

hydrogen and hydroxyl ions, but depends on other properties of the system. 
IV. The simple law of mass action does not apply to electrolytic dissociation 

equilibria. 

Of these modifications the last three are closely connected with the general 
theory of clectrolytes, and will be treated here under the heading of "salt effects". 

Complete dissociation 01 strong electrolytes. 
It is now believed that those electrolytes commonly classed as strong are 

practically 100% dissociated in aqueous solution, even at coilccntrations where 
the conductivity ratio indicates a considerably smaller degree of dissociation. 

Tablc 1. Hydrolysis 0/ ethyl acetate 
at 25°, catalyst HOl. (k = first order 

velocity constant, minutes-1.) 

c(HOI) 

0,0002 
0,0005 
0,0010 
0,0020 
0,0100 
0,0200 
0,0400 
0,1000 
0,2000 
0,5000 I 

k/c 

6,43 
6,50 
6,50 
6,49 
6,54 
6,45 
6,50 
6,48 
6,57 
6,76 

.1/.10 

0,999 
0,998 
0,997 
0,990 
0,984 
0,973 
0,952 
0,903 
0,895 
0,865 

!(HOI) 

0,993 
0,984 
0,965 
0,957 
0,924 
0,892 
0,860 
0,814 
0,783 
0,762 

Compelling evidence for this view was 
first brought forward by BJERRUM 1 and 
by HANTZSCH,2 and it is now supported 
by a large number of experimental and 
theoretical considerations. Among the 
catalysts which may be regarded as 
completely dissociated are thc hydroxides 
of the alkali and alkaline earth metals, 
and the acids HCI04 , HCI, HEr, HJ, 
HNOa and the sulphonic acids. In these 
cases, therefore, the ionic concentrations 
are not given correctly by the conduc­
tivities, and are much more accurately 
reprcsented by the stoichiometric con­
centration of thc acid or base. It is in 
fact found in general that the catalytic 

effect of these substances is more accurately proportional to their total con­
centrations than to the ionic concentrations calculated from the conductivity 
ratios. To illustrate this we have chosen from the large volume of available 

1 BJERRU~[: Kg!. danske Vidensk. Selsk. Skr., naturvidensk. math. Afde!. (7) 4 
(1906), 1. - Proe. 7th Internat. Con. Applied Chem. London, 1909, Section X; 
Z. anorg. allg. Chem. 63 (1909), 146; Fysisk Tidsskr. 15 (1916), 59; Z. Elektroehern. 
angew. physik. Chern. 24 (1918), 321. 

2 HANTZSOH: Ber. dtseh. ehern. Ges. 39 (1906), 3080, 4153; 41 (1908), 1216,4328; 
Z. physik. Chem. 63 (1908). 367: 72 (1910), 362; S4 (1913), 321. 



data two instances in which the 
catalyst concentration has been 
varied through a wide ra,nge. 
Table 1 contains the data of 
DA WSON and LOWSON1 on the 
acid hydrolysis of ethyl acetate, 
and Table 2 the results of KOELI­
CHEN2 and of LA MER and MILLER3 

on the decomposition of diacetone 
alcohol catalysed by hydroxyl 
ions.4 

It will be seen from these 
tables that thc values of k/c 
remain sensibly constant in spite 
of variations of 13-16% in the 
"degree of dissociation" as mea­
sured by A/Ao. (The activity 
coefficients given in the last 
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Table 2. 
Decomposition 0/ diacetone alcohol at 25°, 

catalyst NaOH. 
(k = first order velocity constant, minutes-1.) 

c (NaOH) klc NA. f (NaOH) I Author 

0,00471 2,20 0,970 0,936 
0,00942 2,32 0,955 0,904 
0,0188 2,29 0,901 0,865 
0,0205 2,22 0,897 0,860 
0,0292 2,23 0,885 0,838 
0,0471 2,32 0,867 0,810 
0,0518 2,24 i 0,861 0,804 
0,0616 2,22 0,854 0,793 
0,0710 ! 2,22 0,848 0,782 
0,0864 2,19 0,843 0,770 
0,0942 2,28 0,840 0,766 
0,1045 2,21 I 0,838 0,760 

column will be discussed later - see p. 194.) A similar state of affairs is 
encountered in non-aqueous solutions. The direct proportionality between catalyst 
conccntration and reaction velo city found by GOLDSCH~ilDT for esterification 
reactions in methyl and ethyl alcohols7 was in fact part of the evidence originally 
brought forward by BJERRUMB in support of the hypothesis of complete disso­
ciation of strong electrolytes in these solvcnts. 

Secondary salt effects. 
If weak electrolytes are present in the catalytic system studied it becomes 

necessary to consider the effect of electrolyte concentration upon the ionic 
cquilibria and hcnce upon the concentrations of catalysing specics such as hydrogen 
or hydroxyl ions. These cffects (which are usually terrned "secondary salt 
effects") are purely thermodynamic in nature, and are present even when no 
rcaction (catalytic or otherwise) is taking place. They are, however, of grcat 
importance in interpreting catalytic data and will therefore be considered in 
so me detail. 

ARRHENIUS9 kriew that the catalytic eHect of a weak acid is increased by the 
addition of a catalytically inert salt, and suggested that this was due to an 
increase in the 'degree of dissociation. This view is now generally accepted, and 

1 DAWSON, LowsoN: J. ehern. Soc. (London) 1928,2146. 
2 KOELICHEN: Z. physik. Chem. 33 (1900), 129. These experiments were earried 

out at 25,2°, and the velocity constants have therefore been diminished by 1,3% 
to make thern comparable with those at 25°. 

3 LA MER, MILLER: J. Amer. ehern. Soe. 57 (1935), 2674. 
4 Data by FRENCH [J. Amer .. ehem. Soc. 51 (1929), 3215] and MURPHY [ibid. 53 

(1931),977] for the same reaetion give velocity constants which are throughout about 
5% higher than those in Table 2, but which are again directly proportional to the 
total catalyst coneentration. 

5 KOELICHEN. 
6 LA MER, MILLER. 
7 Collected results in Z. physik. ehern. 81 (1912), 30; 94 (1920), 223. 
8 BJERRUlI1: Fysisk Tidsskr. Hj (1916), 59; Z. Elektrochem. angew. physik. ehern. 

24 (1918), 321. 
9 ARRHENIUS: Z. physik. ehern. 31 (1899), 197. 
Hdb. d. Katalyse. Ir. 13 
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may be expressed in terms of the activity coefficients of the species present. For 
the dissociation of a weak acid HA, we have 

[H+] [A-] '. fH + fA - _ K 
- (HA] - -r.;;.;:-- (2) 

where K is the true thermodynamic dissociation constant, depending only on 
the temperature and the solvent. The "classical" concentration dissociation 
constant K c is thus given by 

K c = [H+] [A::l = ~A -.K (3) 
[HA] fH + fA - . 

The activity coefficient of the undissociated molecule will be little influenced by 
the ionic concentration; on the other hand owing to the powerful electrostatic 
forces between the ions the activity coefficients of both H + and A - will decrease 
with increasing ionic concentration, thus causing an increase in K c. Apart from 

'fable 3. Goncentration dis-
sociation constant 0/ acetic 
acid in salt solutions 18 0 ('. 

(m = salt rnolality.) 

0,0 
0,01 
0,05 
0,1 
0,2 
0,5 
1,0 
2,0 

I 10' K c 

in KCI ! in SrCI, 

1,74-
1,86 
2,19 
2,69 
2,95 
3,17 
2,95 
2,19 

1,74 

3,09 
3,47 
4,07 
4,37 
3,89 

methods involving reaction velocities, K c can be 
measured in salt solutions by methods involving 
the optical properties of the reactants (e. g. light 
absorption, as in indicators), or (with some reser­
vations connectecl with liquid junction potentials) 
by measuring the E. M. F. of cells involving 
hydrogen or quinhydrone electrodes . .Numerous 
experiments of this kind have been carried out, 
and in all cases the value of K c is found to 
increase initially with increasing salt concentration. 
The magnitude of this effect may be illustrated by 
Table 3, containing data obtained electrometrically 
by LARSSON.1 

It is important to note that the ions formed 
by the dissociation of the weak electrolyte will 
contribute to these interionic effects in just the 
same way as the ions of an addcd salto This factor 

is not so important in a solution containing only a weak electrolyte, since in 
these cases the ionic concentration is small. However, in a buffer solution such 
as acetic acid plus sodium acet'Lte, the acetate ions must be taken into account 
in calculating the total salt concentration in spite of the fact that they also 
take part in the dissociation equilibrium. 

The interionic attraction theory of clectrolytes does not only give a qualitative 
interpretation of the effect of ionic concentration upon dissociation constants, 
but enables important quantitative predictions to be made in many cases. The 
treatment of DEBYE and HÜCKEL2 gives for the activity coefficient of an ion of 
charge z in dilute solutions the expression 

-loglo fi = A Zi 2 VP: (4) 

ß, the ionic strcngth, is defined by 

ß =~·I m i z;2 = -~ I CiZ i (5) 

1 LARSSO:-i, ADELT.: Z. physik. ehern., Abt. A 156 (1931), 352. 
2 DEBYE, HÜCKEL: Physik. Z. 24 (1923), 185. For a general account of thc ill­

terionic thcory see H. FALKEKlIAGEK: Elektrolyte (Leipzig, 1932; English edition, 
Oxford, 1933). 
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where mi and Ci are respectively the molality and equivalent concentration of 
an ion of species i, and the summation includes all the ions present in the solution. 
The constant A depends onIy on the temperature and the nature of the solvent: 
for aqueous solutions at ordinary temperatures it has the value of approxim,ttely 
0,5. Equation (4) represents a limiting law for very dilute solutions, and for 
univalent ions in water is valid only up to about f-l = 0,01. The range of validity 
may be extended up to about f-l = 0,1 by the addition of a linear term, giving 
(for univalent ions) I f - A V B (6) 

- og10 i - f-l + f-l 

where Bis an empirical constant depending on the nature of the ion i and (to a 
lesser extent) on the nature of the other ions present. 

Equations (4) and (6) have been confirmed experimentally for strong electro­
Iytes in a wide variety of eases. When applied to the dissociation of a weak 
electrolyte HA they give [cf. equation (3)], 

10g1o K c = 10g1o K + 2A V'/t + B' f-l, (7) 

the last term being ne­
gligible in sufficiently dilute 
solutions. The validity of 
thü; equation is iIlustrated 
by Fig. 1, which shows 
the values of K c for chlor­
acetic acid at different 
concentrations calculated 
from conductivity mea­
!mrements.1 The straight 
line in the figure corre-
sponds to the term 2 A V,u 
in equation (7). (The de­
crease in K c at high er 
concentrations is due to 
the change of medium 
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Fig.1. Yariation of thc stoichiometric dissociat-ion constant of ('l1lor­

acctic acid with ionic concentratioll. 

produced by the large concentrations of undissociated acid.) Equation (7) has 
also been confirmed in a large number of cases for buffer mixtures and sohltions 
containing added salts.2 

Equation (7) only applies to an equilibrium where an uncharged moleeule 
dissociates into two univalent ions. In some cases the concentration of hydrogen 
or hydroxyl ions may bc controlled by a different type of equilibrium: e. g. in 
a solution of an ammonium salt wc have 

and in a solution of a bisulphate 

HS04-

The general ca se may be ,,-ritten 

A ~ B +- H~ 
1 MC!:)iNES, SIIEDLOVSKY, LONGSWORTII: ehcm. Reviews 13 (1933), 28. 

(8) 

2 CL c. g. COHN, HEYROTJI, ME:-iKIN: J. Amer. chern. Soc. 50 (1928), 696. -
BJERRU)I, UN)IACK: Kg!. danskc Vidensk. Selsk. Skr., naturvidensk. rnath. Afde!. H 
(1929), I. 

1:1' 
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where the (positive) valency of A is z and that of B z-1. In this case equation (6) 
gives [B] [H+] , 

10glO[A]-- = 10giO K c = 10giO K A - 2A (z -1) v.u + B f.l (9) 

z being given its correct algebraic sign. 
The bearing of these "salt effects" upon catalysed reactions was first fully 

realised by BRÖNSTED I and a large proportion of the experimental work on this 
subject comes from his laboratory.2 It should be observed that the magnitude 
of the observed kinetic effect will depend largely on the ratio between the 
concentrations of the species taking part in the equilibrium. Thus consider the 
equilibrium (8), catalysis being caused by the hydrogen ions. If [H+] = [B] 
(L e. the solution contains a weak acid alone), the change in dissociation constant 
will affect both these concentrations equally. If [A] and [B] are both of the same 
order of magnitude and large compared with [H+] (Le. in a buffer solution), 
then only the hydrogen ion concentration will be appreciable affected, and the 
effect of the salt concentration will be twice as great as in the previous case. 
1<'inally, if [A] is small compared with both [B] and [H+] (Le. in a solution of 

Table 4. Decomposition 01 diazoacetic 
este1'in 0,05 j~I aceticacidatI5°. (k~first 
order velocity constant, minutes-1.) 

[KNO,] 

0,0 
0,005 
0,01 
0,02 
0,05 
0,10 

10' k 

12,71 
13,10 
13,45 
13,70 
14,19 
14,58 

10' [H+] 

9,52 
9,77 

10,07 
10,27 
10,62 
10,90 

1,85 
1,95 
2,07 
2,15 
2,30 

, 2,44 

a strong acid), [H+] will be almost un­
affected by changes in ionic strength, and 
the secondary salt cffect will be zero. 

The case of the weak acid may be 
illustrated by Table 4, containing the 
results of BRÖNSTED and TEETER (1. c. 
Anm. 2) on the decomposition of diazoacetic 
ester catalysed by 0,05 M acetic acid in 
presence of varying concentrations of 
KNOa. The table also shows the hydrogen 
ion concentration calculated from the 
velocity (on the basis of experiments with 
0,001 N HNOa), and the dissociation con­

stant of acetic acid calculated from this value of [H+]. These Kc values may 
be compared with those given in Table 3. 

BHÖNSTED and TEETER also found that if the hydrogen ion concentration 
were controlled by the equilibrium 

[Cr(H20)6]+++ ~ [Cr(OH) (H20),]++ + H+ 

then the reaction velocity was considerably decreased by the addition of KNOa. 
This is in qualitative agreement with equation (9) with z = + 3. 

Thc secondary salt effect in buffer solutions is illustrated by the data obtained 
by BRÖNSTED and WYNNE-JONES (I.c. Anm. 2) for the hydrogen ion catalysed 
hydrolysis of acetal in formate buffers. These results are given in Table 5. The 
first four results show the result of varying the total buffer concentration, keeping 
the stoichiometric ratio [formic acid]: [formate] constant,a while the last three 
show the effect of adding sodium chloride. It will be seen that the replaccment 
of formate ion by chloride ion at con~tant ionic strength has little effect upon 
the velocity: this is in agreement with equation (6). The variation of velocity 

1 BRÖNSTED, PEDERSEN: Z. physik. Chem. 108 (1924), 185. 
2 E. g. BRÖNSTED, TEETER: J. physic. Chern. 28 (1924), 579. - BRÖNSTED, 

KING: J. Amor. ehern. Soo. 47 (1925), 2523. - KILPATRICK: Ibid. 48 (1926),2091. -
BRÖNSTED, WYNNE-JONES: Trans. Faraday Soc. 2li (1929), 59. 

3 The actual ratios diffor slightly frorn the stoiohiornetric onos, sinoo tho hydrogen 
ion concentrations are not negligible cornpared with tho concentrations of the buffer 
cOllstituents. The observed velocity constants have bocn correctod to allow for this. 
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with salt concentration 
correspond to a varia­
tion in K c for formic 
acid from 2,24 X 10-4 at 
p, = 0,01 to 2,85 X 10-4 

at p, = 0,1. 

Table 5. Hydrolysi8 oj acetal in formate bujjers at 20°. 
([Formic acid]: [formate]=2,96 throughout. k = first 

order velocity constant, minutes-1 .) 

[Formic acid] I [Fonnate] 

Exactly similar con­
siderations apply to hy­
droxyl ion catalysis in 
presence of weak electro­
lytes. Thus in a piperidine 
- piperidinium ion buffer 
the hydroxyl ion concen­

0,0296 
0,0592 
0,1480 
0,2220 
0,2960 
0,1776 
0,0987 
0,0222 

tration is governed by the equation 

0,0100 
0,0200 
0,0500 
0,0750 
0,1000 
0,0600 
0,0333 ' 
0,0075 

[NaCl] 

0,0400 
0,0667 
0,0925 

CsHnN + H20 ~ C.H 12N+ + OH-

i lonic strengtb I 
I I 

0,011 I 
0,020 I 

0,050 
0,075 
0,100 
0,100 
0,100 
0,100 

10' k 

12,5 
13,4 
15,1 
16,4 
17,8 
17,6 
17,7 
18,2 

while in a buffer eomposed of Na2HP04 and NaaP04 the eorresponding equilib-
rium is 

It is easily seen by applying equation (6) to these equilibria that inereasing salt 
eoneentration will increase the hydroxyl ion eoneentration in the first ease, 
ami will decrease it in the second ease. 
In agreement with this, BRÖNSTED and 700 

KING (I. c. p. 196) found that in the 
600-

900 

He 
CPH+·COH-

Cp 
250 

500 t 
S Hc·fO t 

Hc·tOS 
'100·· 

200 

300· 

150 
0 11/15 0,10 aß" lJ,Z5 o 0,05 0,10 0,15 

Fig. 2. Secondary salt effccts in thc dccomposition of nitro!'o-triacetoßmnine. 

hydroxyl ion eatalysed deeomposition of nitrosoaeetonamine the velocity in 
piperidine-piperidinium buffers was inereased by the addition of sodium 
chloride, while in phosphate buffers this addition eaused a large deerease. 
Their results are illustrated in Fig 2, where the equilibrium eonstants of the 
buffers (ealculated from the observed veloeities) are plotted against the total 
equivalent salt eoncentration. These results show with partieular force thc 
inadequaey of the simple law of mass action for the ionic equilibria of weak 
eleetrolytes. 

Primary saU effects. 
This aspeet of the effeet of eleetrolyte eoneentration is not eoneerned with 

the displacement of equilibria in the rcaeting systems, but with the aetual kinetie 
eonstants [e.g. the eatalytie constants ko, kH+ and kOH- in equation (1)]. It ean 
easily be shown that such an effect fiust neeessarily be present in so me cases. 
Thus eonsider a balaneed reaetion 

A+B G+D 
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where some or all of the reacting species are ions. The simplest assumption wh ich 
we can make about the forward and reverse velocities VI and V 2 is that 

VI = k l [A][B], V 2 = k2 [O][D], (10) 

and hence at equilibrium 
(11) 

Provided the concentrations are sufficiently low, Kc will depend only on the 
temperature and the solvent, and we may reasonably assurne that the same is 
true for k l and k2• However, if the ionic concentrations become appreciable 
(either by increasing the concentrations of the reactants or by adding other 
electrolytes), then in general Kc will vary with salt concentration, as shown in 
the preceding section. Under these conditions it is not possible for both of the 
velocity constants k l and k2 to remain independent of the salt concentration, 
and at least one of them will therefore exhibit a "salt effect". 

These considerations may be expressed in a more general way by saying that 
if a change of medium produces a displacement of equilibrium in a given type 
of reaction, then the velocities of this type of reaction must also be affected by 
the change of medium. Usually, of course, the addition of a small a.mount of 
solute does not constitute an appreciable change of medium, but if the solute is 
an electrolytc the effect may be appreciable owing to the powerful electrostatic 
fields surrounding the ions. Thus a relatively small amount of electrolyte may 
have a large effect on the properties of a non-electrolytc in solution: e. g. the solubil­
ity of oxygen in water is decreased by 38% by the addition of 3% of sodium 
chloride. l 

In order to observe these primary salt effects in acid or base catalysed reactions, 
it is of course nccessary to study primarily catalysts which are strong electrolytes, 
e.g. HCI, HBr, HI, HCIO" sulphonic acids, and solutions of metallic hydroxides. 
(Although the same type of effect will also be present in systems containing wcak 
clcctrolytes, the interpretation of the results will be complicated by the simulta­
neous operation of the secondary salt effects described in the preceding section.) 
Since these catalysts are themselves electrolytes, increase of catalyst concentra­
tion also produces a change of ionic environment, and leads to effects similar to thosc 
produced by the addition of other electrolytes. The existence of a salt effect with 
this type of catalyst was among the first points to be studied experimentally, 
although before it was realised that such strong electrolytes are completely dis­
sociated the effects were often attributed to a change in the degree of dissociation 
of the catalyst. Among the very large number of catalytic reactions which have 
been studied exhaustively from this point of view we may mention the inversion 
of cane sugar by acids,2 the hydrolysis of esters by acids3 and by alkalies,' the 
hydrolysis of acetals by acids5 and the depolymerisation of diacetone alcohol by 
bascs.6 

1 Cf. GE~'l"CKEN: Z. physik. Chern. 49 (1904), 257. 
2 ARRUENIUS: Z.physik. Chern. 4 (1889), 226.-PAUlAER: Ibid.22 (1897), 492.­

EULER: Ibid. 32 (1900), 348. - L. BOWE: J. physie. Chern. 31 (1927), 290. 
3 EULER: Z. physik. Chern. 32 (1900), 348. - PO~lA: Med. F. K. Vetenskapsakad. 

Nobel-Inst. 2 (1912), No. 11. - TAYLoR: Ibid. 2 (1913), No. 34. - AKERLÖF: Z.physik. 
Chern. 98 (1921), 260. - HARNED: J. Amer. ehern. 80e. 40 (1918), 1461. - BOWE: 
J. physie. Chern. 31 (1927), 290. 

4 ARRUENIUS: Z. physik. Chern. 1 (1887), HO. - 8POUR: Ibid. 2 (1888), 194. 
5 BRÖNSTED, WYNNE-JONES: Trans. Faraday 80e. 25 (1929), 59. - BRÖNSTED, 

GROVE: J. Amer. ehern. 80e. 52 (1930), 1394. 
6 KOELICHE!'I: Z. physik. Chern. 33 (1900), 129. - AKERLÖ~': J. Arncr. ehern. 80e. 

48 (1926), 3046; 49 (1927), 2955; 50 (1928), 1272. 
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The results of these and many similar investigations on the primary salt effect 
of catalysed reactions may be summed up in the following generalisations: 

a) For a given reaction and a given added salt, the percentage change in 
velo city is a linear function of the salt concentration. This law appears to hold 
almost universally up to about 0,2 N, and is often valid up to much higher con­
centrations. 

b) The magnitude of the effect depends upon the individual nature of the 
reaction and of the added salt, there being no general relation to the charge type 
or the ionic strength. 

c) The addition of salt invariably causes an increase of velocity (positive salt 
effect) in reactions catalysed by hydrogen ions, while for hydroxyl ion catalysis 
the effect is sometimes positive and sometimes negative. 

d) When the hydrogen ion is the catalyst the specific effect of the salt added 
depends chiefly on the nature of its anion, while for hydroxyl ion catalysis the 
nature of the cation is the more important factor .. 

e) The magnitude of the effect rarely exceeds 4-5% in N/lO solutions of uni­
univalent salts, though in a few cases it may be as high as 10-12%. 

It is important to realise the experimental differences between this primary 
salt effect and the secondary salt effect already described. In the latter case the 
effect (in dilute solutions) is proportional to the square root of the salt concentra­
tion, and its magnitude is to a first approximation independent of the nature 
of the reaction and the nature of the added salt, depending only on the nature 
of the catalysing system and the ionic strength. 

The primary salt effect is not confined to catalysed reactions, but appears 
generally in any chemical reaction involving ions. (From a kinetic point of view 
there is no essential difference between a catalysed reaction and an ordinary 
bimolecular reaction, the former being merely a special case of the latter in which 
one of the reactants emerges unchanged.) Moreover, in reactions involving two 
ions the effect of added salt is often very large, and is by no means linear. Although 
very few catalyscd reactions involve two ions (the substrate being almost always 
unchargcd), this type of reation has played an important part in thc development 
of the general theory of salt effects, and will therefore be included in the following 
considerations. 

The existence of the primary salt effect clearly calls for some revision of the 
simple kinetic law of mass action (10), and suggestions for such revision have been 
numerous. Thus ARRHENlUS1 at first suggested that the addition of salt to solu­
tions of strong acids increased the "activity" (Le. the reactivity) of the hydrogen 
ions, while later2 he concluded that the reaction velo city was proportional to 
the osmotic pressure rather than to the concentration of the catalyst. However, 
the first theory to gain any general support was the activity rate theory, based on 
the thermodynamic activity concept introduced by G. N. LEWIS. If we again 
consider the balanced reaction 

'VI 
A+B~C+D 

'Va 

the thermodynamic law of mass action gives 

[C] [~t. Ic lD_ = a~,!:!!_ = K 
[A][B] IA In a A aB ' 

1 ARRHENIUS: Z. physik. ehern. 4 (1889), 226. 
2 ARRHENIUS: lbid. 28 (1899), 319. 

(12) 
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where K now depends only on the temperature, any other changes in environment 
being accounted for by variations in the activity coefficients. Any generally valid 
expressionsfor the forward and reverse reaction velocities Vl and v2 must be con­
sistent with this equation, i. e. we can write in general 

Vl = kdA][B]f.AtBß = kla.AaBß} 
v2 = k2 [G] [D]fotDß = k2 aoaDß 

(13) 

where kl and k2 depend only on the temperature, while ß can be any function of 
the environment, but must be the same for the forward and the reverse reaction. 
The activity rate theory takes the simplest possible expression, i. e. ß = 1, giving 

vl = kl [A][B]f.AtB = kl a.A aB' (14) 

This type of expression has in the past received considerable support, notably 
from HARNED,l but it is now clear on both theoretical and experimental grounds 
that it cannot be generally valid. For example, since the activity coefficients of 
ions are always decreased by the addition of small quantities of salt, all reactions 
involving ions should according to equation (14) show a negative salt cffect in 
dilute solution. Actually both positive and negative cffects are found, the former 
being on the whole more frequent. Thc inadequacy of the activity rate theory for 
catalysed reactions is illustrated by the data given in Tables 1 and 2, where the 
last column givcs the mean activity coefficients of the catalysing clcctrolytes 
(Hel and NaOH rcspectively). It will be seen that in each case the reaction 
velocity remains directIy proportional to the catalyst concentration in spite. of 
variations of 25% in the activity coefficients. It has been pointed out by BRÖN­
STED2 that in several cases data produced to support the activity rate theory 
are actually in better accord with the simple concentration expression (10). 

There is moreover a general theoretical objection to equation (14) when 
applied to ions. It has been shown by a number of ,niters3 that the activity 
(or activity coefficient) of a single ion can never be derived from thermodynamic 
mcasurements, and, more generally, that a product l/tini only has a physical 

i 

significance provided that 2"ni Zi = 0, Zi being the algebraic value of the ionic 
i 

charge. Equation (14) will therefore only be acceptable if the reacting species A 
and Bare uncharged, or have equal and oppositc charges. In order to overcomc 
this difficulty, and to relate the velo city to observable quantities, HARNED and 
AKERLÖF 4 have proposed the introductiOIl of the activity product of the two 
ions of the catalyst, e. g. aNa+ aOH- for catalysis by NaOH. Howcver, with this 
modification it was found necessary to assumc that the velo city is proportional 

to so me such function of the activities as I1 aNa+ -a~~-, 5 and apart from the doubt­
ful physical significance of such expressions, it is clear that they are inconsistent 
with the thermodynamic requirements of equation (13). 

1 HAR"S"ED: J. Amer. ehern. 80e. 37 (1915), 2460; 40 (1918),1461. - H,\R:-mn, 
8ELTZ: lbid. 44 (1922),1475. - HARNED, Pf'AXSTIEL: Ibid. 44 (1922), 2193. - Jmms, 
LEWIS: J. ehern. 80e. (London) 1920, 1120. - ilioItAX, LEWIS: Ibid. 1922,1613. -
SCATCHARD: J. Amer. ehern. 80e. 43 (1921), 2387. - FALES, ~IORELL: Ibid. 44 (1922), 
2071. 

2 BItÖNSTED: Chern. Reviews ii (1928), 277, 335. 
"HAItNED: J. physie. Chern. 30 (1926), 433. - TAYLOU: Ibid. 31 (1927), 1478.-­

GUGGENHEIlII: Ibid. 33 (1929),842; 34 (1930), 1540. 
• Surnrnarised by HAUNED, ÄKERLÖF: Trans. Faraday 80e. 24 (1928), 666. 
5 Cf. also GRUBE, 8CIDIIDT: Z. physik. Chern. 119 (1926), 19. 
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The most important advance in the theory of primary salt effects was made 
by BRÖNSTED in 1922.1 Modern theories of chemical reaction indicate that in 
a11 reactions proceding at a measurable rate the system passes through aseries 
of intermediate states in which its potential energy is higher than in either the 
initial' or the final state. The particular configuration corresponding to the 
maximum potential energy is termed the critical configuration, or, in the case of a 
reaction between two molecules A and B, the "critical complex" of A and B. 
The importance of this critical state had long been realised in connection with 
the effect of temperature on reaction velocity, but BRÖNSTED was the first 
to apply the same ideas to the effect of a change of medium. He pointed out 
that the reaction velo city was not conditioned by the properties of the reactants 
alone, but rather by the difference between the properties of the reactants and 
t.hose of the critical complex. To take this factor into account, he proposed that 
the factor ß in equation (13) should be written I/Ix where Ix is the activity 
coefficient of the critical complex, so that the velocity equation be comes 

fAlB lAIB 
VI = k l [A][BJ-fx~ =Vo · Ix' (15) 

There has becn some difference of opinion as to the correct derivation of this 
equation and the exact nature of the complex X,2 but since the validity of (15) 
is now generally admitted, we shall not discuss the question here. It may be 
l11entioned that BRÖNSTED'S expression appears as a special case of the modern 
"transition state" or "quasi-therl110dynamic" theory of reaction velocities.3 

Sinee the complex X (and hence the value of Ix) is identical for the forward 
and reverse reactions, the BRÖNSTED expression leads to the correct thermo­
dynamic expression (12). Moreover, since the charge on the complex X must be 
always equal to the algebraie sum of the eharges on A and B, the factor IA IB/lx 
will always be physically significant. It is clear, however, that this factor cannot 
be determined experimentally by any thermodynamic method, and the ex­
pression can .thus only be tcsted if t.he value of the factor can be predicted either 
by theoretical calculation or by analogy with other systems which can be in­
vestigated experimentally. Theoretical calculations are always possible in prin­
ciple if enough is known about the l11echanism of the reaction and the laws of 
force between the molecules taking part. Actually, however, such caleulations 
can only be made satisfactorily in the ease of ionic reaction; moreover, for t.his 
t.ype of reaction it is also possible to draw important conelusions from other 
experimental data. This is beeause the ionic charge (the only charaeteristic of 
the critical complex which is known with certainty) is by far the most important 
factor in determining the activit.y coefficient of an ion in a given salt solution. 
This fact was known before its theoretica:l interpretation was fu11y realised, and 
in his 1922 paper BRÖNSTED showed on the basis of experimental data for activity 
coefficients that the factor IA IB/lx will be greater than unity if A and B have 
charges of like sign, while it will be less than unity if they have charges of opposite 
sign. In other words, reactions between ions 01 the same sign are accelerated by an 
increase 01 ionic strength, while reactions between ions 01 opposite sign are retarded. 
This qualitative rule is supported by an the available data, examples being given 
by BRÖNSTED (1. c. p. 196). 

1 BRÜNSTED: Z. physik. ehern. 102 (1922), 169. 
• Cf. BJERRUlII: Z. physik. Chern. 108 (1924), 82. - CHRISTIANSEN : Ibid. 113 

(1924),35. - BRÖNSTED: Ibid. 115 (1935), 337. - LA )IER: Chern. Reviews 10 (1932), 
192. 

3 Cf. WYNNE·JONES, EYRING: J. ehern. Physics 3 (1935), 492. 
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The theory is plaeed on a quantitative basis by using the theoretieal DEBYE­

HÜCKEL expression (4) for the aetivity eoeffieients. If ZA and ZB are the algebraie 
values of the eharges on A and B, then the eharge on X is ZA + ZB and by eomb­
ining (4) and (15) we obtain 

(16) 

This equation agrees with the qualitative rule given above, and is in quantitative 
aeeord "ith the experimental data for very dilute salt solutions.1 This is illustrated 
by Fig. 3, where 10glO vlvo is plotted against V,ü. The lines represent the theoretieal 
variation for different eharge types aeeording to equation (16), and the points 
refer to the reaetions shown below the figure. 

.... '" 
~ 

1. 2 [Co(NH.lsßr)++ + Hg++ + ~ H,O -+ 2 [Co(NH.),H,orl-++ + 
+ HgBr, (Bimoleeular). No foreil!ll .alt addcd. BRÖNSTED, LI­
VISGSTON: J. Amor. ehem. Soe. 49 (1927), 4:35. 

2. Cireles. CH,BrCOO- + S,O. -- -+ CH,S,03COO- + ßr- M the 
sodium salto No fon'ign salt added. L_~ )lER: J. Amer. ehern. 
Soe. 61 (1929). 334. 
Dots. S,O.--+2J- -> J,+2S0.-- as Na,S,O, and KJ. KISG, 
JACOBS: J. Amcr. ehem. Soe. 63 (1931), 170~ . 

~ 0 ~-<>~hr---o~+--"---'-I 

3. Saponifieution of nitrourethane ion by hydroxyl ion. [NO,­
-NH -COOC,H,)-- + OH- -+ N,O + C03-- + C,H,OH. 
BRÖNSTED, D.:LBANCO: Z. anorg. allg. Chem. 144 (1925), 248. 

~ .... ~. Sucrose + OH - -> Invert Sugar. ARRßEXIUS: Z. physik. Chem. 1 
(1887), 111. 

5. H,O, + 2H+ + 2Br- -+ H,O + Br,. LIYINGSTON: J. Amor. ebern. 
Soe. 48 (1926), 53. 

6. rCo(XH.),Br)++ + OH- -+ [Co(NH.lsOHj++ + Br-. BRÖNSTED, 
I,I\"INUSTON: J. Amer. ehem. Soe. 49 (1927), 435. 

Fig. 3. The innuenee of lonie strength on the velocitr of ionie reaetions. 

Equations (4) and (16) represent limitillg laws applieable only to very dilute 
solutions. For more eoneentrated solutions we must use equation (6), whieh 
when substituted in (15) gives 

loglo v = log 10 vo + 2A ZA ZB V.u + (Bx - BA - BB) ft. (17) 

This expression is not open to experimental test in the same way as (16), sinee 
the B-faetors depend on the individual nature of A, B, X and the other ions 
present in the solution. Its most important applieation is to the ease when 
either ZA or ZB is equal to zero, Le. to the reaction between an ion and an uncharged 
moleeule, whieh class includes praetieally all eases of eatalysis by hydrogen or 
hydroxyl ions. In this ease (17) beeomes 

(18) 

(The linear term remains for the uneharged moleeule B, sinee it is an experimental 
faet that log10 tB is then a linear function of the salt eoneentration.) The faetor 
(Bx - BA - BB) eannot be evaluated quantitatively either theoretieally or by 
comparison with other experimental data; however, by reviewing the available 
data for B-faetors in general, we ean estimate that in an NllO solution of a uni-

1 For a discussion cf. LA l\IER: Chern. Reviews 10 (1932), 192. - BELL: Chern. Soc. 
Ann. Rep. 31 (1934), 67. - SCHWAB, TAYLOR, SPENCE: Catalysis. New York, 1938. 
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univalent siLlt the differenee between v and V o will rarely exeeed 10%. For small 
differences of this kind, equation (8) can be re-written in the form 

(19) 

corresponding to a "linear" salt effect. 
It will thus be seen that for primary salt effects in "zero-type" reaetions 

(i. e. in whieh one reactant is uneharged) the BRÖNSTED expression agrees 
qualitatively with the experimental results for catalysis by hydrogen and hydroxyl 
ions summarised at the beginning of this section. No quantitative predietion 
ean be made of the magnitude of the effect in any particular case. On the other 
hand it may be noted that BB for a non-eleetrolyte is almost always negative, 
while for eleetrolytes the values of BA for the hydrogen ion are smaller than 
those for most other ions: hence it is reasonable to conclude (in agreement with 
experiment) that reactions catalysed by hydrogen ions will in general exhibit 
a positive salt effect. Further , aceording to the principle of speeific interaction 
of ions l individual deviations from the simple DEBYE-HüCKEL equation for 
activity eoefficients are ehiefly eonditioned by the interaetions of ions of opposite 
charges: this agrees with the observed fact that in hydrogen ion catalysis the 
speeific effeet of the added salt depends ehiefly on the nature of its anion, while 
for hydroxyl ion eatalysis the nature of the eation is the most important faetor. 

For solutions eontaining ions at eoneentrations mueh above 0,1 N it is not 
possible to give any theoretical treatment of the .primary salt effect, or even 
any generalisation of the experimental results. The diversity of behaviour met 
with is weIl illustrated by the data collected by HARNED and AKERLÖF (1. c. p.198). 
The position is of course parallelled by the absence of any satisfactory general 
theory of concentrated electrolyte solutions, and until such a theory is available 
it would seem desirable to confine kinetic measurements as far as possible to 
the more dilute range. 

An interesting experimental correlation applicable to these more concentrated 
solutions has peen suggested by HAMMETT.2 In the case of an uncharged sub­
strate S reacting with the hydrogen ion, the activity factor in equation (15) 
becomes fs fH+lfsH+' HAl'IMETT has pointed out that an activity factor of exactly 
the same form occurs in the equilibrium of an simple basic indicator with hydrogen 
ions, where we have 

K being the dissociation constant of the indicator. K, lBH+] and [B] can bc 
determined cxperimentally, and the activity factor evaluated. HAMMETT has 
shown that the value of this factor in a given solution is the same for several 
different indicators, and that in a number of cases the catalytic activity of con­
centrated solutions of strong acids (with and without the addition of salts) is 
directly proportional to this factor. 

1 BRÖNSTED: J. Amcr. ehern. 80e. 44 (1922), 877. - GUGGENIIEDI: Report 
18th Seandinavian Naturalist Congres8, Copenhagen, 1929; Phil. Mag. J. Sei. (7), 
19 (1935), 588. 

2 HAMMETT, DEYRUP: J. Amer. ehern. Soe. ()4 (1932), 2721. - HAMMETT, PAUL: 
Ibid. 66 (1934), 830. 
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Solvation 01 hydrogen ions. 
It was at first assumcd that the hydrogen ion in solution was simply a proton, 

the extremely small size of whieh serve to do account for its high mobility and 
possibly also for its catalytic activity. Gra.dually, however, evidence accumulated 
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to show that the hydrogen ion in solution eonsists praetieally entirely of a solvated 
form, and is thus a different entity in different solvents. The strongest evidenee 
is probably the theoretieal ealeulation1 that the union of a proton with a water 
mole eule would be exothermic to the extent of about 200000 calories per gram 
molecule. If we take the same value for the free energy of hydration, this cor­
responds to a concentration of free protons of the order 1O- 1SO in aqueous acid 
solutions at ordinary temperatures. Though the calculation is a very approximate 
one, it is clear that free protons can never be present in kinetically significant 
concentrations, as has sometimes been supposed.2 

The non-existence of the free proton in the presence of other species is sup­
ported by the fact that even the strongest acids do not form ionic lattices in the 
solid state. On the other hand, the monohydrate of perchloric acid forms an 
ionic crystal which is isomorphous with ammonium perchlorate, indicating 
the analogy between [OHa +] [C104 -] and [NH4 +] [C104-]. It may be noted that 
both the ions OH3 + and NH4 + have anormal electronic structure with a completed 
octet. By analogy we should write the "hydrogen ion" in an alcohol ROH as 
ROH2+. Important evidence as to the nature of solvated hydrogen ions has been 
obtained by GOLDSCHMIDT3 in his work on esterification reactions in alcohol 
solutions. He investigated the esterification of an acid according to the equation 

R·COOH + C2H sOH -- R·COOC2H s + H 20 

catalysed by the addition of a strong acid. Since the alcohol is present in excess 
this should be a rcaction of the first order, but actually the first order constants 
decrease as the reaction proceeds. Further, the addition of small quantities of 
water retards the reaction to a considerable extent. This behaviour can be 
explained if we assume that thc equilibrium 

C2H sOH2+ + H 20 :::==" C2H sOH + OH3 + 

is set up in the solution, and that thc catalytic power of the ion OHa+ is much 
smaller than that of C2H sOH2+. It is easily shown that this assumption leads to 
the equation a 

k c r t = (n + r + a) log - .- - X a-x 

where n, c and aare the initial concentrations of water, catalyst and carboxylic 
acid, xis the concentration of carboxylic acid after time t, and r is the equilibrium 
constant (CzHsOHz +] [HzO] 

r = -_. [OH3 +]---. 

This equation agrees well with the experimental data, giving a constant value 
of r for different values of n, c and a, and for different acids. Moreover, work by 
BREDIG and MILLAR4 on the alcoholysis of diazoacetic ester in the presence of 
acids shows the same inhibition by added water, and gives the same value for 
the constant r. It should be noted that any other assumption about the solvation 
(e. g. that more than one molecule of solvent is involved) would lead to different 
equations not in accord with cxperiment, so that the above work provides good 
evidcnce for the existence of the definite species OHa + and C2H sOH2+. 

1 FAJANS: Ber. dtseh. ehern. Ges. 21 (1919), 709. 
z Cf. e. g. RIeE: J. Amer. ehern. 80c. 45 (1923), 2808. 
3 GOLDSCIIMIDT, UDBY: Z. physik. Chern. 60 (1907), 728. - GOLDSCIIMIDT: 

Z. Elektrochern. angew. physik. Chern. 16 (1909), 4. 
4 BREDIG: Z. Elektroehern. angew. physik. Chern. 18 (1912), 535. - MILLAR: 

Z. physik. Chern. 86 (1913), 129. 
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The modern concept 01 acids and bases. 
The part played by the solvent in the ionisation equilibria of acids and bases 

has an important bearing on the definition of the terms acid and base. According 
to the classical theory acids and bases are defined as substances giving rise 
respectively to hydrogen ions and hydroxyl ions in aqueous solution. This 
definition can be extended without much difficulty to other hydroxylic solvents; 
e.g. in ethyl alcohol the "hydrogen ion" is now C2H 50H2+ instead of OH3+, 

and the hydroxide ion must be replaced by the ethoxide ion OC2H 5 -. However, 
it is not entirely satisfactory to make the definition of acids and bases dependent 
on the solvent in this way. In particular, such ideas admit the existence of 
acidic and basic properties only in the presence of a suitable solvent, and such 
reactions as the combination of ammonia and hydrogen chloride in the gas phase 
or in benzene solution would not be classed as an acid-base reaction. The inad­
equacy of this point of view appears still more clearly when it is realised that 
benzene solutions of acids and bases exhibit such typical behaviour as indicator 
reactions l and electrometric titration,z although there are no "hydrogen ions" 
present, and there is no possibility for the existence of hydroxyl ions or their 
analogucs. 

The matter was put on a much more logical basis by BRÖNSTED3 and by 
LOWRy4 who almost simultaneously proposed the definition that an acid i8 
any 8ub8tance having a tendency to lo8e a proton, and a ba8e i8 any 8ub8tance hf1lVing 
a tendency to take up a proton. Acids and bases thus form corresponding pairs, 
related by equations of the type 

A ~~ B + H+, (20) 

such pairs being CH3COOH and CH3COO-, ~H4+ and NHa, OHa+ and HzO, etc. 
It should be noted that there is no restriction as to the charge of an acidic or 
basic molccule, but that there is always unit difference of charge between the 
members of a corresponding pair. This extension of the acid base concept to 
ions such as NH4 + and CH3COO - has proved one of the most fruitful aspects 
of the new definition. 

Sincc the free proton cannot exist in the presence of other moleculcs, equation 
(20) does not represent an observable process. The actual acid-base reactions 
which are observed are obtained by combining two such equations, giving 

(21) 

Al> BI and A z, B z being two corresponding acid-base pairs. Thus in an inert 
solvent we can havc the reaction 

CHaCOOH + NHa "'-~ NH4+ + CHaCOO-
B, .A, B, 

A special case of double acid-base equilibrium is when one of the acid-base pair>l 
is provided by the solvent, e. g. 

CH3COOH + HzO OH3 + + CHaCOO-
B, A, B, 

1 BRÖNSTED: Ber. dtReh. ehern. Gcs. 61 (1928), 2049. 
2 LA MER, DOWNES: J. Amcr. ehern. 80e. 53 (1931), 888. 
3 BRÖNSTED: Reeueil Trav. ehim. Pays-Bas 42 (1923), 718. 
4 LoWRY: ehern. and Ind. 42 (1923), 43. 
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The H 20 molecule can act as a base or as an acid, the corresponding acid and base 
being OH3 + and OH -. This formulation emphasises clearly the part played by 
the solvent in the electrolytic "dissociation" of aeids and bases. Moreover, the 
(hydrated) hydrogen and hydroxyl ions do not play any necessary or even unique 
part in the acid-base reactions shown above, being merely partieular members 
of large classes of acid and basic molecules. Their practical importance depends 
on the fact that they are derived from the solvent: on the other hand on passing 
from aqueous solution to ethyl alcohol OH3 + and OH - will be replaced by 
C2H 50H2+ and OC2H 5-, while in benzene solution there will be no eorresponding 
solvent ions at all. 

These considerations have an obvious bearing on the problem of acid-base 
catalysis. From a theoretical point of view there now appears to be no reason 
why OH3+ and OH- (or their analogues in other solvents) should possess the 
unique power of catalysing reactions, and it might be anticipated that acid 
catalysis would be a property common to aU acidic species such as OH3+, NH4+, 
CH3COOH, etc.; similarly, the species OH-, NH3, CH3COO- etc. might all be 
expected to act as basic catalysts. As will be shown in the following sections, 
this expectation has in fact been realised for a large number of catalytic reactions. 

The dual theory 01 acid-base catalysis. 
The idea that hydrogen and hydroxyl ions are not the only effective catalysts 

is much older than the revised eoneepts of acids and bases: in fact it was one 
of the earliest suggestions made to account for deviations from the classical 
kinetic equations. In the case of acid catalysis it was suggested that undissociated 
molecules such as HCI or CH3COOH might act as catalysts in the same way 
as hydrogen ions. This hypothesis came to be known as the dual theOl·Y of catalysis, 
and it will be seen that it is coneordant with the general views on acids and 
bases outlined above. 

The dual theory originated before the development of modern views on the 
behaviour of electrolyte solutions. In particular, the conductivity ratio was taken 
as a measure of the degree of dissociation even for strong electrolytes, and no 
ac count was taken of primary or secondary salt effects. It is therefore not sur­
prising that the quantitative conclusions of the early supporters of the dual 
theory always need revision in the light of more recent work, and that in many 
cases the effect of such revision is to destroy the evidence on which the dual 
theory was based. Nevertheless, a number of their conclusions remain qua­
litatively unchanged, and we shall therefore give abrief survey of the development 
of the dual theory up to ab out 1920, indicating how far its conclusions must be 
modified in thc light of modern views. This seems particularly desirable, as very 
varied views have been expressed as to the status of the dual theory in the 
development of the subject. 

Probably the first reaction to suggest that undissociated acids might exert a 
catalytie effect was the rearrangement of N-chloracetanilide according to the 

equation C6H 5 • NCI. COCH3 ---+ P - CI . C6H4 . NHCOCH3 

first studied by BLANKSl\iA 1 amI by ACREE.2 This reaction is catalysed by HCl, 
and in aqueous solution it is found that the velo city is proportional to the square 
of the aeid coneentration. Rince the acid is almost completely dissociated, this 

1 BLANKS)IA: Recueil Trav. chim. Pays-Bas 21 (1902), 366; 22(1903), 290. 
2 ACREE, JOHNSON: Amer. ehern. J. 37 (190i), 410. 
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result is consistent with the assumption that undissociated HCI moleeules are 
the only effective catalyst. However, a detailed study of this reaction has 
shown 1 that it is not a simple case of acid catalysis, but takes place according 
to the equation 

C6H sNCI·COCH3 + H+ + CI- == C6H sNH·COCH3 + C12 -+ 

~> p-CI·C6H 4 ·NHCOCH3 + H+ + CI-, 

the first step being the slow rate determining one. Under these conditions it 
is impossible to distinguish kinetically between the participation of undissociated 
HCI on the one hand and of the ions H + and CI- on the other hand, and in any 
case, the reaction is clearly unsuited as a basis for any general theory of acid 
catalysis.2 

The evidence relating to truly catalytic reactions relates pa,rtly to aqueous 
and partly to non-aqueous solutions, and it will be convenient to take these two 
cases separately. In aqueous solution the chief work is that of H. S. TAYLOR 
on the acid catalysed hydrolysis of esters, and of H. M. DA WSON on the reaction 
between acetone and iodine. 

TAYLOR3 bases his support of the dual theory on the velocity of hydrolysis 
of various esters in presenee of acids with and without the addition of salts. 
However, examination of his data in the light of later work shows that it affords 
no evidenee for eatalysis by species othcr than the hydrogen ion. For example, 
it was found that the addition of 1 N KCI to 0,1 N HCI eauses a 24% inerease 
of veloeity. Aeeording to the classieal interpretation of eonduetivity data, the 
degree of dissociation of 0,1 N HCI is only about 90%, and this is redueed to 
75% by the addition of 1 N HCI. TAYLOR therefore eoncludes that the inerease 
in eatalytic power eaused by the addition of KCI is due to the formation of more 
undissociated HCI, to whieh is assigned a eatalytie power about three times as 
great as that of the hydrogen ion. It is evident, however, that this eonclusion 
depends on two assumptions whieh eannot now be regarded as tenable; firstly 
that the degree of dissoeiation is given by the eonduetivity ratio, and seeondly 
that the eatalytie effeet of the hydrogen ion is unaffected by the addition of the 
KCI. It is undoubtedly more eorrect to regard thc HCI as bcing completely 
dissociated in both solutions, and to interpret the 24% increase in velo city to a 
primary salt effeet. A was seen in the section on salt effects (p. 191), there is 
am pie evidence both theoretically and experimentally that such effects may 
amount to as much as 100% in 1 N salt solutions. This interpretation is supported 
by other data of TAYLOR'S which show that the effect of 1 N KCI on the catalytic 
power of HCI is almost constant (20-24%) for HCI concentrations varying 
between 0,01 N and 0,5 N. 

With the somewhat weaker di- and tri-chloracetie acids TAYLOR finds a 
similar effect, but in this case it is much smaller and leads to very inconsistcnt 
values: e.g. he gives values ranging from 0,02 to 0,16 for the catalytic effect 
of the dichloracetic acid mole eule relative to that of the hydrogen ion. Although 
these acids are not completely dissociated at the concentrations used, the ionie 

1 For a summary of the chief evidenee, see ÜRTON, SOPER, WILLIAMS: J. ehern. 
Soe. (London) 1928, 998. 

2 The much slower change in aqueous acid solutions not originally containing 
halogen acid is attributable to the same mechanism, halogen acid being first formed 
by hydro lysis. . 

3 TAYLOR: Medd. F. K. Vetenskapsakad. Nobel-Inst. 2 (1913), Nos. 34·37; Z. 
Elektroehern. angew. physik. Chem. 20 (1914),201; J. Amer. ehern. 80c. 37 (1915),551. 
- Cf. also RAMSTEDT: Medd. F. K. Vctcnskapsakad. Nobel·lnst. 3 (1915), No. 7. 
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concentrations are sufficiently high to introduce a considerable error in the 
degrees of dissociation derived directly form the conductivity. (This point will 
be further dealt with in discussing DAWSON'S results.) In addition to this there 
may be a primary salt effect, and it is readily seen that these two effects can 
easily account for the small differences attributed by TAYLOR to the undissociated 
acid .. 

Similar criticisms apply to the calculations made by SNETHLAGE1 and by 
McBAIN 2 on the data of OSTWALD, ARRHENIUS and PALMAER on the inversion 
of cane sugar. For the strong acids the variations with concentration and the 
effect of added salt are again more adequately explained by assuming complete 
dissociation and a primary salt effect. For the weak acids the chief evidence for 
dual catalysis is derived from experiments by ARRHENIUS3 on catalysis by mix­
tures of a strong and a weak acid. Typical data are given in Table 1. k (acid) 

Table 1. Inversion 0/ sucrosß, 39,3°. (k = first order constant.) 

Catalyst I k (observed) I k (acid) I1 k 

0,05 N HNO a •••••••••••••••••••••••••• 29,8 
0,05 N HNOa + 0,77 N suceinic aeid...... 32,5 0,4 2,3 
0,05 N HNO a + 0,4 aectie aeid .......... 31,3 0,1 1,4 
0,05 N HNO a + 0,4 N propionic acid..... 31,0 0,1 1,1 
0,05 N HNOa + 0,3 N butyrie acid....... 30,5 0,1 0,6 

represents the caleula.ted catalysis due to the hydrogen ions from the weak 
acid, and LI k the additional velocity attributed by SNETHLAGE to the undissociated 
acid. Even if the HN03 is not completely dissociated, it is eIear that its degree 
of dissociation will not be appreciably affected, while the contribution of hydrogen 
ions from thc weak acid is so small that even a large error in calculating its degree 
of dissociation will have little effect on the total velocity. However, it will be 
seen that the observed changes in velocity only amount to a few percent of the 
whole, while the concentrations of undissociated acid present also amounts to 
several percent. Tbis constitutes a change of medium which may weIl account 
for thc observed change in velocity. 

Much more importance attaches to tbe work of DA WSON on the reaction 
between acetone and iodine. This reaction is of the first order with respect to 
acetone, and its velocity is independent of the iodine concentration: hence its 
rate must be determined by some change in the acetone moleeule itself (e.g. 
enolisation or ionisation). This change is catalysed by acids, and bence is catalysed 
by the acid produced in the reaction with iodine. However, by measuring initial 
velocities it is possible to determine accurately the effect of other catalysts, and 
DA WSON has madc many measurements with strong and weak acids and with 
buffer solutions. On account of the importance of this reaction in the development 
of theories of catalysis we shall give some of DAWSON'S data, and also show how 
far his conclusions are affected by recalculation from a modern point of view. 
Table 2 gives some of the results of DAwsoN and POWIS.4 

1 S~ETHLAGE: Z. Elektroehern. angew. physik. ehern. 18 (1912), 539; Z. physik. 
ehern. 85 (1913), 252. 

2 McBAIN, COLE~[AN: J. ehern. Soc. (London) 101) (1914), 1517. 
a ARRHENIUS: Z. physik. ehern. Sl (1899), 197. 
4 DAWSON, POWIS: J. ehern. Soc. (London) UItS, 2135. 
Hdb. d. Katalyse. II. 
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Table 2. Reaction 0/ acetone witk iodine at 25° in solutions 0/ acids. 
(Acetone concentration = 0,273 M throughout; k = initial rate of disappearance of 

iodine in mols.j[litre·rninute].) 

HCI 

Recalculated value. 
• (acid) 10' k ,= AIA. 10' k![H+I 1-- ---------

" 10' k/[H+I 

0,01 4,48 0,971 461 1000 448 
0,02 9,10 0,959 474 1000 455 
0,05 22,9 0,940 487 1000 458 
0,10 46,5 0,921 505 1000 465 
0,20 95,3 0,897 531 1000 476 
0,50 243,0 0,858 566 1000 486 
1,00 515,0 0,792 650 1000 515 

106 k (H+) = 437 106 k (HCI) = 811 lOSk(H+) = 446;'k(HCI) = 0 

CHCI,COOH, K := 5,5 10-' 
----------------

" (ar:id) lOok ,,= AIA. 106 k,[H+I 

0,01 4,10 0,856 479 
0,02 7,95 0,769 516 
0,05 18,1 0,621 582 
0,10 32,7 0,503 650 
0,20 59,6 0,393 758 

lOS k (H+) = 445; 106 k (CHCI2COOH) = 220 

CH,CICOOH. K = 1,55 10-3 

------
e (acid) 10' k , = AIA. 10' k;[ll+l 

0,05 4,6 0,16\ 57\ 
0,10 7,6 0,117 (i50 
0,20 11,9 0,0842 708 
0,50 23,8 0,0542 878 
1,00 40,1 0,0386 1039 

------- -_ .. _------- -_ .. _--

1 

I 

RecaJ<oulated value. 
--- -- -----

100 K, 10' k,'[H+I 

6,73 0,880 466 
7,19 0,830 480 
7,93 0,696 520 
8,65 0,595 1)50 
9,46 0,491 605 

10· k (H+) = 456; 
lOS k (CHCI2COOH) = 141 

In DAWSON'S calculations it 
is assumed that the degree of 
dissociation is given by A/Ao, 
thus giving directly the concen­
trations of the hydrogen ion and 
undissociated acid. If then the 
total velocity is of the form 

k= k(H+)' [H+]+ k(acid)' [acid] 

lOG k (H ') = 448; lOS k (CH 2CICOOH) = 23,7 it is a simple matter to calculate 
the values of the catalytie eon­

stants by plotting k/l H +] against [acid ]/[H 1-]. These values are given in the 
left-hand half of the table. 

We must now examine the results more eritieally. In the ease of HCl it is 
certainly more eorreet to assurne eomplete dissociation in the range of eoneentra­
tions used, and henee to take the hydrogen ion coneentration as equal to the 
stoiehiometric eoneentration of the acid. This has been done on the right hand 
side of the table, and it will be seen that the revised values of kj[H +] inerease 
much less than before, the increase of 13% at an ionie eoneentration of 1 N being 
readily explicable as a primary salt effeet. The same applies to data for other 
strong aeids obtained by DAWSON and CRAMM I where the ratio kj[total aeid] 

1 DAWSON, CRA~nl: J. ehern. Soe. (London) 1916, 1272. 
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increases by 1-3% between c = 0,01 and c = 0,1. We must therefore conclude 
that there is no evidence from these experiments for catalysis by the undissociated 
moleeules of strong acids, a conclusion subsequently confirmed by DA WSON 
himself.1 

In the case of a weak~r acid such as dichloracetic the degree of dissociation 
will be given approximately by the conductivity ratio, but above an ionic con­
centration of about 0,01 the decrease in ionic mobility due tö interionic forces 
will constitute a considerable source of error. From another point of view, we 
have seen that on both theoretical and experimental grounds (cf. p. 194) the 
concentration dissociation constant of an acid must vary considerably with the 
concentration of ions in the solution, while the conductivity measurements for 
dichloracetic acid indicate a constant value of K c up to fl = 0,1. The best way 
of estimating the true degree of dissociation in the solutions used is by meanf! 
of an equation of the type (7). We shall write 

(22) 

which according to BRÖNSTED represents a reasonable value for the linear term.2 

The activity dissociation constant K 0 has been taken as equal to the classical 
constant obtained from conductivity measurements: this is justified by the 
fact that the classical constant varies little with concentration, the variations 
in K c being approximately counterbalanced by the variations in the mobilities . 
.For a given acid concentration equation (22) can now be used to obtain the true 
values of K c and IX by a short series of successive approximations. The values 
thus obtained are given in the right-hand half of Table 2. It is not claimed that 
they are accurate, but they should be nearer the truth than the original values 
(from which they differ considerably), and will in any case give an indication 
of the degree of uncertainty in the original conclusions. 

It will be seen that the revised values of k/[H -!-] increase with acid concentra­
tion to a sm aller extent than the original values. However, the increase is 
still much too large to be attributed to a primary salt effect, and there can be 
no doubt that there is catalysis by the undissociated dichloracetic acid molecules. 
On the other hand, the recalculation involves a decrease of about 40% in the 
catalytic constant of these molecules, and the original values must· be regarded 
as being in error by about this amount. A similar error is present in the results 
for IX,ß-dibromopropionic acid. 

In the case of monochloracetic acid we have not attempted to correct the 
results in this way. In the dilute solutions the ionic concentrations are too low 
to have much effect, and in the more concentrated ones the high concentration 
of undissociated acid introduces a new type of medium effect. Reccnt measure­
ments3 show that as a result of these two effects K c varies only by about 5% 
over the range of concentrations in Table 2. The values of IX and k/[H-!-] given 
by DA WSON will therefore be substantially correct, and the increase of k/[H +] 
with concentration is at least twenty times as great as could be accounted for 
by a primary salt effect. The results thus show quite conclusively that there 
is catalysis by undissociated monochloracetic acid molecules, and the value 
derived for their catalytic constant cannot be much in error. The same applies 
to the results for acetic acid. 

1 DAWSON, CARTER: J. ehern. Soe. (London) 1926, 2782. 
2 BRÖNSTED, VOLQVARTZ: Z. physik. Chern. 134 (1928), 97. 
3 McINNES, SIIEDLOVSKY: J. Arner. ehern. Soe. 54.(1932), 1429; Chern. Reviews 

13 (1933), 29. - GROVE: J. Arner. ehern. Soe. 52 (1930), 1404. 
14* 
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In a later paper l DAWSON studied the acetone iodine reaction in solutions 
of monochloracetic acid to which increasing amounts of sodium monochloracetate 
were added. If the classical mass law is obeyed in these solutions, it is easily 
seen that by plotting the reaction velocity against the reciprocal of the salt con­
centration the velocity due to the undissociated acid is given by the extrapolated 
value corresponding to infinite salt concentration. By treating his data in this 
way, DAWSON obtained a value 106 k(CH2CICOOH) = 24,5, in fair agreement 
with the value in Table 2. This procedure is in principle open to the criticisms 
already put forward: thus it is easily seen that K o for monochloracetic acid pro­
bably varies by about 50% in the solutions studied. Actually, however, the final 
conclusions are not seriously affected, since the part played by the hydrogen ion 
catalysis becomes progressively smaller as the salt concentration increases. 
Recalculation on the basis of equation (21) indicates that DAWSON's catalytic 
constant is probably about 15% too high. 

A large proportion ofthe early evidence adduced in support of the dual 
theory refers to kinetic measurements in methyl and ethyl alcohols, notably on 
the esterification reaction,2 and the alcoholysis of diazoacetic ester. 3 Thc problem 
of interpreting these data is essentially the same as in aqueous solution, but on 
account of the lower diclectric constant of the non-aqueous media much greater 
crrors will bc involved in the classical interpretation of conductivity ratios, 
the use of the classicallaw of mass action and thc neglect of primary salt effects. 
The effcct of the decrease in the dielectric constant D is seen by considering the 
coefficient A in equation (4); according to theoretical considerations the value 
of A (and also of the corresponding coefficient in the conductivity equation) is 
inversely proportional to DO/., so that the values for methyl and ethyl alcohol 
will be respectively about three and six times the value for water. Thus for 
example a 0,1 N aqueous solution, a 0,01 N solution in methyl alcohol and a 
0,002 N solution in ethyl alcohol will all exhibit deviations from classical behaviour 
of the same order of magnitude. Moreover the range of application of the theoret­
ical exprcssions is correspondingly lower in the alcohols, so that an exact 
interpretation of kinetic data in these solvents is difficult even from a modern 
vicw point. 

GOLDSCHl\HDT'S data on esterification in methyl and ethyl alcohols were 
originally interpreted according to the classical view of conductivity ratios, 
whieh led to the assumption of catalytic activity for the undissociated moleeules 
of both strong and weak acids. The results in methyl aleohol were first treated 
from a modern point of view by BJERRUlVr4 , and in later papers GOLDSCHMIDT 
hirnself showed that all his data for this solvent were consonant with the assump­
tion that the (solvated) hydrogen ion is the only eatalyst.5 In the case of ethyl 
alcohol the agreement is not quite so good,6 but the discrepancies between ex-

1 DAWSOX, REDfAXN: J. ehern. Soe. (London) 1915, 1426. 
2 GOLDSCIDUDT, SUNDE: Bel'. dtsch. ehern. Ges. 39 (1906), 711. - GOLD­

seHMIDT, THuEsEN: Z. physik. Chern. 81 (1912), 30. - GOLDscmnDT: Z. Elektro­
ehern. angew. physik. Chern. 15 (1909), 4; 17 (1911), 684; Z. physik. Chern. 70 (1910), 
627; 94 (1920), 23a. 

3 BREDIG: Z. Elektroehern. angew. physik. Chern. 18 (1912), 535. - BRAUNE: 
Z. physik. Chem. 85 (1913),170. - SNETHLAGE: Z. Elektroehern. angew. physik.Chern. 
lS (1912), 539; Z. physik. Chern. 85 (1913), 211. 

4 BJERRUlIf: Fysisk Tidsskrift 15 (1916), 59; Z. Elektroehern. angew. physik. Chern. 
2-1 (1918), 321. 

5 H. GOLDSCHMIDT: Z. physik. Chern. 114 (1925), 1; 117 (1925), 312; 129 (1927), 
223. 

6 Cf. GOLDsclnuDT: Trans. Faraday Soe. 24 (1928), 662. 
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periment and the hypothesis of simple hydrogen eatalysis are probably not 
greater than the uneertainties of interpretation mentioned above. 

The position is essentially the same for the alcoholysis of diazoacetic ester. 
There is, however, one set of experiments by SNETHLAGE (I.c.) which is still 
widely quoted as definite 
evidence forthedual theory, 
and it is of interest to 
consider this case more 
closely. The data refer to 
the reaction velocity in 
an 0,00909 M solution of 
picric acid to which varying 
quantities of the salt p­
toluidine picrate had been 
added. The salt concen­
trations and the observed 
velo city constants are given 
in the first two columns of 
Table 3. It is easily seen 
that the addition of salt 
decreases the velocity much 
less than would be expected 

Table 3. AlcoholyBis 0/ ethyl diazoacetate in ethyl alcohol 
at 25°. (0,00909 M picric acid + x - M p-toluidinc 
picrate, k = first order velocity eonstant, minutes-1 .) 

10' :t 

° 9,09 
18,2 
27,3 
36,4 
45,5 
90,0 

136,3 
227,3 
454,5 
909,0 

10' k 

580 
485 
410 
375 
322 
300 
220 
205 
180 
160 
145 

3,31 
3,79 
4,70 
4,75 
4,85 
5,31 
6,78 
9,35 

13,3 
23,1 
42,1 

0,745 
0,696 
0,626 
0,623 
0,616 
0,589 
0,522 
0,444 
0,372 
0,281 
0,210 

0,726 
0,672 
0,635 
0,606 
0,581 
0,559 
0,485 
0,443 
0,377 
0,312 
0,255 

from the classicallaw of mass action, and in fact if the veloeity is plotted against the 
reciprocal of the salt concentration, the curve obtained appears to indicate a 
finite limiting velo city in the presence of an infinite amount of salt. This "residual 
velocity" (amounting to about 22% of the velo city in the absence of salt) was 
attributcd to catalysis by the undissociated picric acid molecule. It was pointed 
out by BRÖNSTED6 in 1926 that this conclusion must be accepted with reservc 
on account of the very large salt effects which may be present, and it is there­
fore of interest to obscrve that data are now available for recalculating the 
experimental results from a modern point of view. GIWSS and GOLDSTERN2 
have recently determined by an optical method the dissociation constant of picric 
acid in ethyl alcohol at various concentrations. Assuming for the moment that 
the hydrogen ion is the only catalytic species, its catalytic constant can be now 
calculated from the reaction velocity with no picrate added. Using this catalytic 
constant, we can calculate the hydrogen ion concentrations in the solutions with 
added picrate, and hence the values of K c for picric acid in these solutions. (See 
column 3, Table 3.) Applying equation (3) to these values (using GROSS'S value 
for K o) we obtain the values given in the fourth column of the table for the mean 
activity coefficient Vt;~ !Pic-. In the first place it may be noted that the variations 
of this activity coefficient with the ionic strength are not greater than would be 
anticipated theoretically on the basis of the DEBYE-HüCKEL theory. Of greater 
interest, however, is the comparison with the E. M. F. measurements of WOOL­
COCK and IlARTLEy 3 for solutions of hydrogen chloride in ethyl alcohol. The 
last column in the table contains the mcan activity coefficients obtained by 
these authors for the ionic strengths obtaining in the diazoacetic ester experiments. 
It will be seen that there is substantial agreement between the two sets of activity 
coefficients, and this agreement amply confirms the original assumption that 

6 BRÖNSTED: Om Syre- og Basekatalyse, p. 26. Copenhagen, 1926. 
2 GROSS, GOLDSTERN: Mb. Chern. iiii (1930), 316. 
3 WOOLCOCK, HARTLEY: Philos. Mag. J. Sei. (7), 3 (1928), 1133. 
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the hydrogen ion is the only effective catalyst. Complete agreement is not to 
be anticipated, since at the ionic concentrations concerned the activity coefficients 
will depend to some extent on the individual nature of the ions; further , there 
may be a considerable primary salt effect which has not been taken into account. 
It is, however, quite clear that the original extrapolation was an unjustifiable 
one, and that there is no evidence for catalysis by undissociated acid. 

We can now sum up the position of the "dual theory" as follows. The basic 
idea that undissociated acid molecules can act as catalysts is undoubtedly correct. 
On the other hand, most of the evidence originally adduced in support of the 
dual theory breaks down when examined in the light of modern views on 
electrolytes. The one exception is the work of DA WSON on the acetone iodine 
reaction. His results show quite definitely the catalytic effect of the undissociated 
molecules of weak acids, though in the case of fairly strong acids (e. g. dichloracetic 
acid) his values for the catalytic constant are probably in error by about 50%, 
while for "strong" acids the dual effect is completely iIlusory. 

General methods 01 investigating acid-base catalysis. 
Bcfore considering other results obtained for individual reactions it will be 

convenient to treat briefly the general methods for planning and interpreting 
experimental work in this field. If we have an aqueous solution containing an 
acid HA and its anion A-, then in the most general ca se we may have eatalysis 
by the speeies OHa+, OH-, HA, A-, as wcIl as the "spontaneous" or solvent 
catalysed reaction. The total reaetion velocity v can thus be written 

v = k o + kOHa+ [OHa+] + kOH- [OH-] + kHA [HA] + kA - [A-]. (23) 

The general problem of detecting and measuring the catalytie effects of the 
different speeies is thus a complicatcd one, though it ean generally be mueh 
simplified by a judicious ehoice of experiments. 

Let us consider first the case in which the only eatalyticspecies present are 
H 20, OHa+ and OH-, as will be the case in solutions of strong acids or strong 
bases. This problem arose in the classieal investigations on the hydrolysis of 
esters.1 Equation (23) be comes 

or, sinee 
v = ko + kOHa+ [OHa+] + kOH- [OH-] 

[OHa+] [OH-] = K w 

- kOH_Kw 1 
v = ko + kOHa+ [OH3 1-] + -- [OH3+f J 

kOH +Kw 
= ko + -[OH=r -+ kOH- [OH-j 

(24) 

The various possibilities whieh arise have been clearly set out by SKRABAL.2 

Sinee K w ....., 10-14, [OH3+] and [OH-] vary by a factor of 1012 in passing from 
N/lO HCI to N/lO NaOH, so that unless kOHa+ and kOH- differ by a faetor of 
more than about 109 there wiII be two ranges in whieh one of the last two terms 
of (24) ean be negleeted. In these ranges the velo city is a linear function of 
[OHa+] or [OH-] respeetively, and the corresponding catalytie eonstants can 

1 WIJS: Z. physik. Chern. 11 (1893), 492; 12 (1893), 514. 
2 SKRAßAL: Z. Elektroehern. angew. physik. Chern. 33 (1927), 322. 
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easily be determined separately. Between these two regions the velocity will 
pass through a minimum at a hydrogen ion concentration given by 

(25) 

If kOH - = kOH,+ tbe minimum will be at the neutral point, while the two 
possibilities k OH- > k OH3+ and k OH- < k OH3+ correspond to a minimum velocity 
respectively on the acid and on the alkaline side of the neutral point. 

The behaviour of the velo city in the neighbourhMd of the minimum is most 
readily seen by plotting loglo v against PH (= -log [OH3+]). The most general 
type of curve thus obtained is shown in Fig. 4, curve I. The two extreme ranges 
are represented by straight lines with a slope of 45 0 • These two lines are separated 
by a region in which the velocity is almost independent of PH, there being 
two points at which the slope of the line changes fairly suddenly. It is easily 
seen from equation (24) that these two points. are given by 

I ko 
PH2 = oglo-K-k '-, 

w OH-
(26) 

and that the true minimum PHo lies half-way between them. The velocity in this 
region is practically equal to ko, which can thus be directly determined. 
The magnitude and position of the range depends upon the relative magnitude 
of the catalytic constants. Thus if k o < VKw kOH3+ kOH-, the horizontal portion 
disappears, and is replaced by a fairly sharp minimum (curve II, Fig. 1). The 
velo city at this minimum point is 

Vmin = k o + 2 V K w kOH3+ kOH -

where the second term is no longer negligible. The velo city of the "spontaneous" 
re action (if any) thus cannot be directly observed in this case. Finally, if either 
k OH,+ or kOH - is very small (or zero) the corresponding branch of the curve is 
absent, and curves of the types 3 and 4 are 
obtained. 

Some examples of thc different types of 
behaviour will be given in the next section, 
and numerous ex am pies are given by SKRA­
BAL.1 It may be noted that the form and 
symmetry of the curves have sometimes been 
regarded as evidence for a particular theory 
of the mechanism of catalysis (e.g. the 
"ionisation theory" of EULER: cf. the article 
by O. REITZ in this Handbuch). Actually, 
however, these properties are entirely a con­
sequence of equation (24), and are inde­
pendent of any particular hypothesis.2 

The equations dcveloped above are 
only quantitatively correct if K w is a true 
constant. This assumption breaks down 

.JI[ 

pll-
if the total ionic concentration varies Fig. 1. Different types of acid-base catalysed 

appreciably, e. g. KU' in N /10 Hel is about reaction. 

1 SKRABAL: Z. Elektrochcm. angew. physik. Chern. 33 (1927), 322. 
2 Cf. BRÖNSTED: Orn Syre- og Basekatalyse, pp. 29-44. Copenhagen, 1926; 

Chern. Reviews 5 (1928), 252-265. - SKRABAL: I. c. 
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30% greater than K w in pure water. However, this faetor is only of im­
portanee in the middle region, and the general form of the eurves is unaffected. 
Again, if measurements are extended to high values of [OH3 +] or [OH-] 
there may be departures from linearity in (24) owing to primary salt effeets, 
but these will rarely be important at ionie eoncentrations below about 
0,1 N. On the other hand, if weak electrolytes (other than water) are 
present the same treatment will not generally be even qualitatively valid, 
though it will be seen later (p. 235) that tbere are a few reactions for whieh 
(24) is true even under. these circumstances, provided that the values of 
(OH3 +] and [OH-) are correctly evaluated. In this connection it should be 
noted that the symbol PR in the above treatment is merely an abbreviation for 
-loglO [OH3 +], and does not denote the quantity derived directly from electro­
metric measurements. This latter quantity (conveniently distinguished by the 
symbol paR) is a function of the mean activity of the hydrogen ion and the 
anions present, and has no simple kinetic significance. 

If there are present catalytic species other than OH3 +, OH - and H 20, then 
the most suitable method of treatment varies from case to case. Several such 
metbods were derived on the basis of the classical theory by DA WSONl while the 
modifications necessary to eliminate salt effects are chiefly due to BRÖNSTED.2 

The simplest case is when there is a considerable range of hydrogen ion con­
centrations over which catalysis by both OHa + and OH - is negligible, correspond­
ing to curve I in Fig. 1 [thus in the mutarotation of glucose (cf. p.219) this 
range extends from ab out PR = 4 to PR = 6]. By using buffcr solutions within 
this range the catalytic effect of the constituents of the buffer may be readily 
evaluated, most simply by keeping the concentration of one constitu!)nt (e. g. 
acetic acid) constant, and varying the concentration of the other (e. g. acetate 
ions). If the reaction is catalysed only by acids or only by bases the range avail­
able is limited only on one side: thus in the decomposition of nitramide (cf. 
p. 218) there is no eatalysis by hydrogen ions, and the catalysis by hydroxyl 
ions is negligible at any hydrogen ion concentration greater than ab out 10-5• It 
should be noted that in this method it is not necessary to have any exact know­
ledge of the dissociation equilibrium in the buffer solution, so that secondary salt 
effects can be neglected. Primary salt effects will generally be small if the ionic 
concentration does not exceed 0,1 N, and can in any case be estimated from 
experiments with strong acids or strong bases. 

It is not always feasible to use the method outlined above, even when there 
exists a range of negligible catalysis by hydrogen or hydroxyl ions. Thus in the 
hydrolysis of ethyl acetal (cf. p. 226) the catalysis by hydrogen ions does not 
become negligible until concentrations below about 10-8 are reached, and it is 
clearly impossible to prepare solutions in this range containing appreciable 
concentrations of an acid such as acetic acid. If this is the case, or if there is no 
appreciable "spontaneous" range of hydrogen ion concentrations (as in curve 11, 
Fig. 1), a different method must be used. The hydrogen and hydroxyl ion con­
centrations in the solution are governed by the equations 

[OH +] = K [HA] 
3 C [A] (27) 

so that equation (23) becomes 

[HA] K w [A] 
v = ko + kOH,+ K c [A.] - + kOR- K c [HA] + kHA [HA] + kA [A]. (28) 

1 For a summary and references cf. DAWSON: Trans. Faraday 80c. 24 (1928),641. 
Z For references see next section. 
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If it can be assumed that K c and K w are true constants, the first three terms of 
this expression can be kept constant by maintaining a constant ratio [A ]/[HA] =x. 
Under these conditions the velocity is given by 

v = k", + [HA] (kUA + x kA ) (29) 

where k", depends only on x. Aseries of experiments with constant x thus gives 
(kBA + x kA ), and from several such series the values of kBA and kA can be 
obtained separately. 

The validity of this method depends on the assumption that K c and K w remain 
constant when the salt concentration varies. We have already seen (pp. 193 f.) that 
this is far from being the case, and the application of equation (29) without further 
precautions may lead to considerable errors. Thus in aseries of buffer solutions 
containing a constant ratio of acetic acid to sodium acetate, the hydrogen ion 
concentration will increase with increasing total buffer concentration, and the 
consequent increase in velo city would be interpreted wrongly as due to catalysis 
by acetic acid or accetate ions. If kou.+ and kou- are known it may be possible 
to correct approximately for variations in K c and K w on the basis of theoretical 
expressions or actual measurements of dissociation constants. It is much simpler, 
however, to carry out kinetic experiments in which the total salt concentration 
is constant. Since K c depends to a first approximation only on the ionic strength, 
and only to a smaller extent on the nature of the ions present (cf. p. 195), this 
procedure renders valid the simple treatment embodied in equations (28) and (29). 
The constancy of salt concentration is most easily achieved by adding suitable 
amounts of a salt having no catalytic activity. Thus for example the following 
solutions will be to a good approximation "isohydric", and can be safely used for 
investigating catalysis by acetic acid molecules or acetate ions: 

0,1 N acetic a.cid + 0,1 N sodium acetate, 
0,075 N acetic acid + 0,075 N sodium acetate + 0,025 N NaCI, 
0,05 N acetic acid + 0,05 N sodium acetate + 0,05 N NaCI, 
0,025 N acetic acid + 0,025 N sodium acetate + 0,075 N NaCI. 

It should be nöted that this method does not demand any exact knowledge of 
dissociation constants, either in salt solutions or at infinite dilution. 

It is sometimes possible to obtain information from measurements with un­
buffered solutions of weak acids or weak bases. If the dissociation constants are 
accurately known, the effect due to hydrogen or hydroxyl ions can be calculated 
and allowed for. Further, if the acid or base is weak enough to obey the classical 
law of mass action with reasonable accuracy, the data can be treated without 
a knowledge of the dissociation constant. Thus in a solution of a weak acid of 
stoichiometric concentration c we have 

and hence (if catalysis by hydroxyl ions can be neglected) 

v = ko + YKc c (kcu.+ + kA ) + kBA (c- V K c c) 
or, 

(v - ko)/Y c = (kou.+ + kA - kUA) Y K c + k UA Yc-

so that the value of kBA can be obtained directlybyplotting(v-ko)/Ye against yc. 
This method is applicable to weak acids like acetic, but breaks down if the ionic 
concentration exceeds about 0,01, or the degree of dissociation exceeds a few 
percent. 
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Some examples of general catalysis in aqueous solution. 
In this section we shall describe briefly some of the investigations which have 

contributed particularly to our knowledge of general acid-base catalysis, illustrat­
ing the methods used and the results obtained. 

The decomposition of nitramide. 
Nitramide, NH2N02, was first prepared by THIELE and LACHMANN 1 who 

found that in alkaline solutions it decomposed rapidly according to the equation 

NH2N02 ~ N 20 + H 20. 

The first kinetic study of this reaction was made by BRÖNSTED and PEDERSEN 2 

who followed the reaction by measuring the volume of nitrous oxide evolved 
and found it to be strictly of the first order. The catalytic effect of the hydroxyl 
ion is so great as to be considerable even in neutral solutions, and no reliable 
value could be obtained for its catalytic constant. In solutions of strong acids, 
on the other hand, the velocity is independent of the hydrogen ion concentration 
over a large range (10-5-0,4), and the constant velo city thus obtained can be 
taken as the "spontaneous" (or water catalysed) reaction. This spontaneous rate 
was also found to be unaffected by the nature of the strong acid and by the 
addition of salts.3 Most of thc other experiments of BRÖNSTED and PEDERSEN 
deal with catalysis by the anions 0/ weak acids. Thus it was found that in a solution 
of sodium acetate containing enough acetic acid to re press hydroxyl ion catalysis 

Table 4. Decomposition 0/ nitramide at 15°. 
(k = first order constant, 10glO' minutes. "Spontaneous" 

rate = 38,0 X 10-5 .) 

[CH3COO-j 

0,00414 
0,00683 
0,0102 
0,0136 

[C1l3COOHj 

0,0162 
0,0135 
0,0101 
0,0067 

10' k 

246 
382 
551 
726 

(10' k-38,O)/[CH,COO-j 

0,504 
0,505 
0,503 
0,506 

the velocity was much 
greater than the spon­
taneous rate, and that 
the inerease in velocity 
was directly propor­
tional 00 the concen­
tration of acetate ions 
and independent of the 
ratio of acetic acid to 
acetate . ions. This is 
illustrated by the figu­

res given in the following table. It is clear that the acetate ions exert a power­
ful catalytic effect, and similar behaviour was found for the anions of seven 
other weak monobasic acids, the doubly and singly eharged anions of four dibasic 
acids, and the ions H 2P04 - and HP042-. The catalytic constants measured varied 
from 0,65 (propionate) to 0,0007 (dichloracetate). Later work4 is in good agreement 
with the results of BRÖNSTED and PEDERSEN, and extends the measurements 
to other anions and other temperatures. 

This work constitutes the first demonstration of general basic catalysis in 
wh ich the catalytic ac ti city of the hydroxyl ion is shared by the anions of othcr 

1 TIIIELE, LACIIMANN: Liebigs Ann. Chern. 288 (1895), 267. 
2 BRÖNSTED, PEDERSEN: Z. physik. Chern. 108 (1923), 185. 
3 In arecent paper [J. Amer. ehern. Soc. 56 (1935), 2008] LA MER and MARLIES 

have found a slight increase of velo city in concentrated acid solutionH, which they 
attribute to acid catalysis. On account of the high ionic concentrations involved it 
is impossible to be quite certain whether thiH is the correct explanation, but the effect 
is too srnaII to be detectable in any of the experiments referred to in this scetion. In 
this eonnection it rnay be noted that the decornposition of nitramide in sorne non­
aqueous solvents appears to be definitely eatalysed by acids (cf. p. 240). 

4 BAUGHAN, BELL: Proc. Roy. Soe. (London), Sero A 158 (1937), 464. 
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weak acids. In conformity with general views on the nature of acids and bases 
we should expect a catalytic effect to be exhibited also by uncharged basic 
molecules, such as ammonia or aniline. BRÖNSTED and PEDERSEN did in fact 
demonstrate catalysis by aniline molecules, and in a later paper l seven substi­
tuted anilines were investigated. The procedure was essentially the same as that 
employed in the anion catalysis, measurements being made in buffer solutions 
containing aniline and enough anilinium ion to eliminate any effect due to hydro­
xyl ion. The velocity was again found to be a linear function of the base concentra­
tion. 

A further paper2 deals with catalysis by another less usual type of base. 
A number of complex aquo-ions (i.e. ions with co-ordinated water molecules) 
take part in equilibria of the following type, 

[Co(NHals (H2Ü)] ++ + + H 2Ü ;==" [Co(NHals (ÜH)] ++ + ÜHa + 
(A) (B) 

and it is clear from the general definition of acids and bases discussed above 
(p. 206) that the molecules (A) and (B) must be regarded as respectively acidic 
and basic. In agreement with this conclusion it was found that seven different 
doubly charged cation bases of the type (B) had a large catalytic effect on the 
decomposition of nitramide, and their catalytic constants were determined. 

The decomposition of nitramide in non-aqueous solvents and the quan­
titative consideration of the catalytic constants will be dealt with in later sections 
(pp. 240 and 229). 

The mutarotation 01 glucose. 
This reaction consists in the transformation of (X-glucose into an equilibrium 

mixture of (X- and ß-glucose. The two forms of glucose are isomers having the 
following structures, 

OH OH 

so that the change from one to the other involves breaking the semi­
acetal link in the ring. The interconversion of the two forms is accom­
panied by a change in optical rotation which has been used by most workers for 
measuring the velocity. Thcre are, however, also small changes in the volume and 
refractive index of the solution, and it has been shown tha,t these properties 
may be equally used for measuring the velo city and lead to identical results.a 
The change has proved to be strictly of the first order under all conditions, and 
since the reaction is a balanced one the first order constant measured is equal 
to the sum of the constants for the forward and reverse reactions. 

Summaries of the earlier work on the mutarotation reaction have been given 
by HUDSON4 and by KUHN and JACOB.5 There is catalysis by hydrogen ions and 

1 BRÖNSTED, Duus: Z. physik. ehern. 117 (1925), 299. 
2 BRÖNSTED, VOLQVAR'l'Z: Z. physik. ehern., Abt. A 155 (1931), 211. 
3 PRATOLONGO: Rend. ist. Lombardo Sei. 45 (1912), 961. - RIIBER: Ber. dtseh. 

ehern. Ges. 55 (1922), 3132; 56 (1923), 2185; 57 (1924), 1599. 
4 HUDSON: J. Amer. ehern. Soo. 32 (1910), 889. 
ö KUHN, JACOß: Z. physik. ehorn. 113 (1924), 389. 
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by hydroxyl ions, and the relative magnitude of these effects may be illustrated 
by the equation given by HUDSONI 

k = 0,0096 + 0,258 [OH3+] + 9750 [OH-] 

where k is the first order constant (loglO' minutes) at 25°. It is clear from these 
values that there is a considerable range of hydrogen ion concentrations (about 
PR 4-6) over which catalysis by both hydrogen and hydroxyl ions is negligible, 
so that the "spontaneous" rate can be observed directly in this range. The value 
of kOHa+ is most simply obtained by measurements with solutions of strong acids 
up to about 0,1 N, when the velo city is found to be a linear function of the con­
centration. In later measurements2 the hydrogen ion concentration has often 
been taken from the results of measurements with the hydrogen electrode. This 
procedure introduces several unnecessary complications. In the first place, the 
cells measured always involved liquid-liquid junctions, the potential due to 
which cannot be evaluated or eliminated completely. In the second place, the 
"hydrogen ion concentrations" derived from these measurements are actually 
functions of the me an activity of the hydrogen ion andthe anions present in the 
solution, so that they bear no simple relation to the kinetic data. 

In order to obtain a value for kOH~ directly, it is necessary to use very dilute 
solutions of hydroxides, with a consequent danger of error due to contamination 
by carbon dioxide.3 Most of the early values for kOH- are therefore based on 
measurements in buffer solutions, the hydroxyl ion concentrations being determ­
ined by electrometric or indicator measurements. Apart from the difficulty 
of calculating the true hydroxyl ion concentrations in such cases, it is now clear 
that the acid and basic constituents of the buffer solutions will also in general 
exert a catalytic effect, so that the values obtained by this method will usually 
be too high. Even in solutions containing only glucose and sodium hydroxide 
it has been shown4 that the catalytic effect of the glucosate ion (formed from 
the glucose molecule by the loss of a proton) contributes 20--40% of the measured 
velocity. On account of these complications there is still some uncertainty as 
to the correct value for kOH-. 

The presence of general catalysis was demonstrated almost simultancously 
by LOWRy5 using polarimetric measurements, and by BRÖNSTED6 using dilato­
metric mcasurements. In addition to H 20, OH3 + and OH -, the following types 
of catalyst were found to be effective: 

a) 
b) 
c) 
d) 
e) 

Uncharged acids, e. g. CH3COOH. 
Cation acids, c. g. NH4+. 
Uncharged bases, e. g. NH3 . 

Anion bases, e. g. CH3COO-, 8°42 -. 

Cation bases, e. g. [Co(NH3)sOH]++. 

The mutarotation of glucose thus exhibits catalysis by a very wide variety of 
both acid and basic catalysts. 

The experiments of LOWRY and those of BRÖNSTED lead to essentially the 
same conclusions, but those of BRÖNSTED are somewhat easier to interpret since 

1 HUDSON: J. Amer. ehern 80e. 29 (1907), 1571. 
2 E. g. KUHN, JACOB: Z. physik. Chern. 113 (1924), 389. - EULER, ÖLANDER, 

RUDBERG: Z. anorg. allg. Chern. 146 (1925), 45. 
3 Cf. LOWRY, WILSON: Trans. Faraday 80e. 24 (1928), 683. 
4 8MITH: J. ehern. 80e. (London) 1936, 1824. 
5 LoWRY, 8MITH: J. ehern. 80e. (London) 1927, 2539. 
6 BRÖNSTED, GUGGENIIEIM: J. Amer. ehern. 80e. 49 (1927), 2554. 
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they deal mostly with the range PR 4-6 in which catalysis by OH3 + and OH­
is negligible, and do not involve electrometric measurements of hydrogen ion 
concentrations. The type of results obtained may be illustrated by Fig. 2, which 
shows the data for sodium salts of various weak acids with a small quantity 
of the corresponding acid added to bring the hydrogen ion concentration into 
the range 10-4-10-6• It is tt,-----------------~~--_____, 
clear that the velo city is a 
linear function of the con- tO 
centration of the anion. 

Both BRÖNSTED and 9 

LOWRY find that there is 
no appreciable salt effect 8 

in the hydrogen ion cata­
lysis. LOWRY finds that in 
concentrated solutions of 
hydrogen chloride the re­
action velo city increases 
faster than the acid concen­
tration, which he interprets 

Sa/icy/ate 

as due to the catalytic effect Fig. 2. Anion catalysis in the mutarotation of glucose. 

of the undissociated acid 
molecule. However, we have no means of determining the concentration of such 
undissociated moleeules (LOWHY'S values derived from conductivity measurements 
being clearly incorrect), and it is thus impossible to evaluate the catalytic constant 
for the HCI molecule. 

Arecent paper1 deals with catalysis by a number of amino-acids. These exist 
+ -

in solution chiefly in the zwitterion form NH3 •••• COO, and their catalytic 
effect is primarily due to the basic properties of the carboxylate ion grouping. 

The temperature coefficient of the mutarotation reaction and the hydrogen 
isotope effcct are dealt with in the articles by KILPATRICK and REITZ. 

The depolymerisation 01 dimeric dihydroxyacetone. 
The change involved in this reaction is represented by thc equation 

CH20H 
I 
CO-CH20H 

CH20H-CO 
I 
CH20H 

so that the bond broken is of the semi-acetal type, just as in the mutarotation of 
glucose. The depolymerisation is accompanied by a large increasc in volume, and the 
reaction can thus be studied dilatometrically.2 Its catalytic behaviour is very 
similar to that of the mutarotation reaction, catalysis being exhibited by OH3+, 

OH-, H 20, undissociated acids, and the anions of wcak acids. It may, however, 

1 WESTHEDlER: J.org. Chernistry 2 (1938), 431. 
2 BELL, ßAUGHAX: J. ehern. Soc. (London) 1937, 1947. 
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be noted that there is no range over which catalysis by both OH3 + and OH­
is negligible, the expression for the velocity at 25° being 

k = 0,00255 + 1,72 [OH3+] + 4,03 X 10' [OH-] 

(in the absence of other catalysts). The evaluation of catalytic constants for 
other species is thus more laborious than in the mutarotation of glucose, the 
general method described on p.214f. being necessary. 

The halogenation of acetone. 
Practically all the work on this reaction is due to DAWSON, and it has already 

been mentioned (p. 209) as the first reaction in which catalysis by undissociated 
acid moleeules was definitely established. The exact nature of the rate determining 
step is discussed in other articles (pp. 66ff.). It is sufficient to state here that the 
reaction velo city is independent of the concentration of the halogen and is the 
same for bromine and for iodine: hence the process of which the rate is measured 
precedes the halogenation and involves only the acetone moleeule and the cat­
alyst. Since the halogenation produces halogen acid the reaction is autocatalytic 
in initially neutral solutions, and except in buffered solutions it is necessary to 
measure initial rates. This can, however, be done with considerable accuracy 
on account of the high precision of iodine titrations even in dilute solution. 

DA WSON'S earlier papers have already been discussed (p. 210). In later 
papersl he has extended the measurements to further undissociated acids, and also 
shown that there is catalysis by the anions of weak acids. The majority of 
DAWSON'S experiments were carried out in series in which the acid concentration 
was kept constant and the salt concentration was varied, the latter sometimes 
being as high as 3 N. The quantitative interpretation of these data is hence 
a matter of some difficulty, and the treatment given by DA WSON is often open 
to criticism.2 However, a critical examination of the assumptions made shows 
that the catalytic constants obtained for the undissociated acid moleeules cannot 
be much in error. Catalysis by basic anions has not been studied nearly as ex­
haustively, and the values obtained for the catalytic constants are probably 
less certain. It may be noted that neither the "spontaneous" rate nor catalysis 
by the hydroxyl ion can be observed directly, and their evah,lation involves 
assumptions about the dissociation constants of weak acids and water in buffer 
solutions. 

The reaction of mesityl oxide with iodinc has also been studied, with similar 
results, though the data are not so extensive in this case.3 

The bromination of acetoacetic ester and acid. 
These reactions are essentially similar to the halogenation of acetone, in that 

the rate measured is independent of the bromine concentration and involves 
a change (enolisation or ionisation) connected with the group -CH2CO-. 
Kinetic measurements at 0°, 18° and 25° have been made by PEDERSEN.4 In 
this case the mono- and dibromo compounds wiII liberate iodine from potassium 

1 DAWSON, CARTER: J. ehern. Soc. (London) 1926, 2282. - DAWSOX, DEAN: Ibid. 
1926,2872; DAWSON, HOSKINS: Ibid. 1926, 3166. - DAWSON: Ibid. 1927,213,756, 
1146. - DAWSON, KEY: Ibid. 1928, 543, 1239, 1248. - DAWSON, HALL, KEY: Ibid. 
1928,2844. - DAWSON, HOSKINS, SlIITH: Ibid. 1929, 1884. 

2 Cf. e. g. BRÖNSTED: Trans. Faraday.Soc. 24 (1928),728; also p. 210 of the present 
artic1e. 

3 DAWSON, KEY: J. ehern. Soc. (London) 1928, 2154. 
4 PEDERSEN: Den alrnindelige Syre- og Basekatalyse. Copenhagen, 1932; J. physic. 

Chern. 37 (1933), 751; 38 (1934), 601. 
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iodide, and this fact is used in following the reaction, the excess of bromine 
being removed by allyl alcohol. For the ester two successive steps in the bromina­
tion take place at comparable rates (the second one being the faster), but it is 
possible by a somewhat laborious analysis to obtain the velo city constants for 
both steps from the net rate of bromination. The catalytic behaviour of the 
two reactions was found to be similar. In slightly acid solution the rate is in­
dependent of the hydrogen ion concentration, corresponding to the "spontaneous" 
or water catalysed reaction. In more concentrated solutions of acids the velo city 
increases slightly (5% in 0,2 N HCI), but this increase is no greater than the 
decrease produced by equivalent concentrations of neutral salts, so that it is 
doubtful whether it can be interpreted as catalysis by hydrogen ions. In the 
presence of the anions of a weak acid the velocity increases linearly with the anion 
concentration, and the catalytic constants of five anions were evaluated for the 
two stages of the bromination. No measurements were made for catalysis by 
hydroxyl ions or for other types of base. 

By studying solutions containing acetoacetic acid and its sodium salt it was 
found that only the undissociated acid was brominated at a measurable rate, 
the anion being unreactive. Since the ex-bromoacetoacetic acid formed is a fairly 
strong acid it is possible to work under such conditions that it is present almost 
entirely as the anion, so that only one moleeule of bromine reacts. The reaction 
is again found to be catalysed by the anions of weak acids, including the aceto­
acetate ion itself. 

The bromination 01 nitromethane. 
It was shown by JUNELL1 that in acid solution this reaction is of the first 

order with respect to the nitromethane, while the velocities of the chlorination and 
bromination are the same and independent of the halogen concentration. It is thus 
clear that this reaction is analogous to the last two described, its rate being 
determined by a change in the nitromethane moleeule itself. Moreover, the 
bromination of monobromo- and dibromo-nitromethane takes place very much 
faster than the bromination of nitromethane itself, so that the disappearance 
of six atoms of bromine per moleeule of nitromethane is controlled by the rate 
of the first step. 

The catalytic behaviour of the reaction has been studied by PEDERSEN 2 who 
measured the time taken for a given amount of bromine to disappear. His 
results are not very accurate, but are quite adequate to establish the nature of 
the catalysis. He finds that there is no acid catalysis, the rate in solutions of 
strong acids being independent of the hydrogen ion concentration, but that 
there is general basic catalysis by tbe anions of weak acids. 

The catalytic effect of the hydroxyl ion cannot be investigated by the bromina­
tion method. However, if we assurne (cf. p. 20!)) that the rate determining stcp 
in the bromination is the ionisation of the nitromethane, e.g. with acetate ions 

as catalyst, CH3N02 + CH3COO- _, [CH2N02]- + CH3COOH 

then the analogous process for hydroxyl ions is 

CH3N02 + OH - -, [CH2N02]- + H 20. 

This represents the slow neutralisation of nitromethane by a strong base, the 
rate of which has been measured by HA:STZSCH 3 by following the electrical 
conductivity. 

1 JUXELL: Z. physik. Chem., Abt. A 141 (1929), il. 
PEDERSEX: Kgl. danske Vidensk. Selsk., math.·fysiske Medd. 12 (1932), 1. 

3 HA:-./TZSCII, VEIT: Ber. dtsch. chem. Ges. 32 (1899), 615. 
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Hydrolytie reaetions. 
As will be seen in the next section, the majority of hydrolytic reactions do 

not exhibit general acid-base catalysis, being catalysed only by the ions OH3-,­

and OH-. The only weIl established exceptions to this rule are the hydrolyses 
of ethyl ortho-acetate, ortho-propionate and ortho-carbonate, studied by BRÖN­
STED and WYNNE-JONES.1 This type of reaction offers the advantage that no 
acid is produced, while it can be studied accurately by a dilatometric method. 
The reactions are unaffected by bases, but are so sensitive to hydrogen ions 

$r---------~~-, 

19 

I/-WO 

that in studying the effect of other acid species it 
is impossible to work in a range where catalysis by 
hydrogen ions is negligible. In the case of ethyl 
ortho-acetate and ortho-propionate it was only 
possible to work with very weak acids (K<1O-6) 
even when buffer solutions were used. This 
restricted the range of catalysts which could be 
investigated, but catalysis was clearly demonstrated 
by the undissociated moleeules of several weak 
acids. This is illustrated by Fig.3, which shows 
the velocity of hydrolysis of ethyl ortho-acetate in 
aseries of p-nitrophenol buffers, plotted against 
the concentration of p-nitrophenol. In order to 
avoid secondary salt effects the ionic strength 
was kept constant at 0,05 by adding appropriate 
amounts of sodium chloride. Under these con­
ditions the hydrogen ion concentration is effec­
tively constant at constant buffer ratio (AlB), 

~---L.---:4~01.,.--......L...----="-402 and the rising slope of each of the lines shows 
Fig. 3. The hydrolysis of ethylortho. clearly the catalytic effect of the undissociated 

acetate in p·nitrophenol buffers. p-nitrophenol moleeule . 

The deeomposition of the diazo-aeetate ion. 
This reaction takes place according to the equation 

:N2 : CH·COO-+ H20 -+CH20H·COO-+ N2 

and has recently been investigated by KING and BOLINGER.2 It is of special 
interest as the only case so far investigated in which the substrate is an ion 
rather than an uncharged moleeule, though there are many points in its behaviour 
which are not yet properly understood. The ion (used in the form of its potassium 
salt) is fairly stable in strongly alkaline solutions, but is extremely sensitive to 
hydrogen ions. Thc range of hydrogen ion concentrations over which catalysis 
could be conveniently studied was 10 -13_10 -10, i. e. in alkaline solution throughout. 
The plot of reaction velocity against hydrogen ion concentration is only linear 
up to about 2 X 10-12, falling off greatly above this concentration. The velocity 
in buffer solutionspoints to the existence of general acid catalysis (the species 
investigated being H 20, phenol, acetic acid, ammonium ion, piperidinium ion 
and HP042-), but the results are far from simple, since the catalytic effect of 
each acid appears to vary with the amount of the corresponding base present. 
More work on this type of reaction would be of great interest. 

1 BRÖNSTED, WYNXE·JONES: Trans. Faraday 80e. 25 (1929), 59. 
2 KING, BOLIKGER: J. Amer. ehern. 80c. 58 (1936), 1533. 
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Specific catalysis by hydrogen and hydroxyl ions. 
There are a number of reactions in which it has not proved possible to establish 

the existence of catalysis by acids or bases other than the ions OHa+ and OH-. 
We shall see later (p.236) that this may be merely a quantitative difference 
rather than an indication of any fundamental distinction between the two classes 
of reactions. However, reactions of this type have in any case considerable 
practical importance, since they may be used to determine the concentration 
of hydrogen or hydroxyl ions even in solutions which contain other acidic or 
basic species. We shall therefore give abrief account of those reactions which 
have most importance from this practical point of view. 

The decomposition 01 diazoacetic ester. 
In acid aqueous solutions the following reaction takes place: 

CHNz'COOEt + H 20 ---.. CHzOH·COOEt + Nz 

and can be conveniently followed by measuring the pressure or volume of the 
evolved nitrogen. The first quantitative work was done by BREDIG and his 
pupils 1 who found it to be a strictly first order reaction and concluded that the 
velo city was directly 
proportional to the hy­
drogen ion concen­
tration in solutions of 
both strong and weak 
acids. Examples of the 
values obtained by 
FRAENKEL are given in 
Table 5. In the case 
of the weak acids the 
hydrogen ion concen­
trations were calculated 

Table 5. Decomp08ition 0/ diazoacetic ester in aqueoUB 
solution (20°). (k = first order constant, rninutes-1.) 

Catalyst 

0,000909 N HN0 3 •••••••• 

0,00182 N HN0 3 ••••••••• 

0,000364 picric acid ...... . 
0,000909 picric acid ...... . 
0,00990 m·nitrobenzoic acid 
0,0182 N acetic acid ..... . 

10' [OH.+] 

9,09 
18,2 

3,64 
9,09 

16,8 
5,63 

10' k 

345 
703 
140 
355 
632 
218 

k![OH,+] 

38,0 
38,7 
38,3 
39,1 
37,6 
38,8 

according to the classical law of mass action, but since the ionic concen­
trations are so low the error thus introduced is very small. FRAENKEL also 
found fair agreement betwecn observed and calculated velocities in solutions 
containing both acetic acid and sodium acetate. In this case, however, thc ob­
served velocities wcre always slightly too high, the discrcpancy increasing with 
increasing ionic concentration. This was later intcrpreted as a secondary salt 
effect, and is paralelled by the accelerating effect of other added salts (cL Table 4, 
p. 196). There is, however, no evidence that the undissociated acid moleculcs 
exert any catalytic effect. 

It should be noted that this reaction has an abnormally high positive primary 
salt effect, e.g. the addition of 0,1 N sodium or ammonium perchlorate to a 
solution of perchloric acid increases the velo city by ab out 15%. This salt effect 
(which is of course different for different added salts) must be taken into account 
when using the diazoacetic ester reaction to determine hydrogen ion concentra­
tions.z A further complication arises from the fact that in presence of many 
anions a second reaction takes place simultaneously, e.g. in solutions of chlorides 

CHNz·COOEt + H+ + CI----..CH2CI·COOEt + N 2• 

1 BREDIG, FRAEKKEL: Z. Elektroehern. angew. physik. ehern. 11 (1905), 525. -
FRAENKEL: Z. physik. ehern. 60 (1907), 202. - SPITALSKY: Z. anorg. allg. ehern. 54 
(1907), 278. 

2 cf. BRÖNSTED, Duus: Z. physik. ehern 117 (1925), 299. - BRÖNSTED, IÜNG: 
Ibid. 130 (1927), 699. - BRÖKSTED, VOLQVARTZ: Ibid. 134 (1928), 97. 

Hdb. d. Katalyse. Ir. 15 
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This type of addition has been found to take place with chlorides, nitrates and 
sulphates, but not with perchlorates or picrates.1 

The decomposition of diazoacetic ester in alcoholic solution, e.g. 

CHNz'COOEt + EtOH -+ CHzOEt·COOEt + N z 

probably also constitutes an example of specific catalysis by the solvated hydrogen 
ion. It has been previously shown (p. 213) that there is no real evidence for the 
supposed catalysis by undissociated acid molecules. 

The hydrolysis of acetals. 
These reactions are of the type 

CHaCH(OR)z + HzO -+ CHaCHO + 2 ROH 

and are catalysed by acids but not by bases. A large number of different acetals 
have been investigated by SKRABALz using a chemical method. He concluded 
that there was direct proportionality between hydrogen ion concentration and 
reaction velocity. The possibility of catalysis by undissociated, acid molecules 
has been carefully investigated by BRÖNSTED and WYNNE-JONESa in the case 
of dimethyl acetal, using a dilatometric method. They found no evidence for 
such an effect, and their results are illustrated by the last four rows in Table 5 
(p. 197), where a ehange in the concentration of formic acid from 0,02 N to 
0,3 N has no effect on the reaction velocity when the buffer ratio and the ionic 
strength are kept constant. It was also found that there is no measurable "water 
reaction". Exactly similar results were found by BRÖNSTED and GROVE4 for 
dimethyl acetal and ethylene acetal, the catalytic constants kj[H+] (k = first 
order constant at 20°, mins.-1) having the following values 

Diethyl acetal, kj[H+] = 19. 
Dimethyl acetal, kj[H +] = 3,92. 
Ethylene acetal, kj[H+] = 0,180. 

It is thus possible to cover a large range of hydrogen ion concentrations by 
choosing a suitable acetal. In accurate work it is necessary to take into account 
the rather large salt effect (cf. BRÖNSTED and GROVE, 1. c.). 

The decomposition of nitroso-triacetonamine. 
The reaction is 

/CH=C(CH3). 

OC", + N. + H.O 
CH=C(CH3). 

and has been studied by FRANClS and his collaborators by measuring the pressure 
or volume of the nitrogen evolved.5 They found it to be a first order reaction, 
the velocity bcing directly proportional to the hydroxyl ion concentration up 
to about 0,05 N. Above this concentration the reaction appcars to be complex. 
There have been no experiments specifically designed to detect general basic 

1 BREDIG, RIPLEY: Ber. dtsch. ehern. Gcs. 40 (1907), 4015. - LACHS: Z. physik. 
Chern. 73 (1910), 291. 

• For a summary and references, see SKRABAL: Z. Elektroehern. angew. physik. 
Chern. 33 (1927), 322. 

3 BRöNSTED, WYNNE-,J ONES: Trans. Faraday Soc. 25 (1929), 59, 
• BRÖNS'l'ED, GROVE: J. Amer. ehern. Soc. 52 (1930), 1394. 
5 Cr.IBBENS, FRANCIS: J. Chern. Soc. (London) 1912, 1358. - FRANCIS, GEAKE: 

Ibid. 1\)13, 1722. - FRA1\iCIS, GEAKE, ROCHE: Ibid. 1915, 1651. 
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catalysis. However, measurements in solutions of somum carbonate and sodium 
phosphate gave velocities in fair agreement ",ith the hydroxyl ion concentrations 
calculated from other data, and the same is true for the piperidine buffers stumed 
by BRÖNSTED and KING,l so that there can be no marked effect due to the other 
basic constituents of these buffers. The primary salt effect is small (7% for 
0,1 N NaCI: cf. BRÖNSTED and KING, 1. c.), so that the reaction is a convenient 
one for measuring hydroxyl ion concentrations. 

There are a number of reactions in which the presence of general acid or 
basic catalysis is a matter of dispute, or in which the contribution of species 
other than OH3 + and OH - is so small that it cannot be quantitatively evaluated. 
Some of these reactions are of considerable general importance, and we shall 
therefore mention them briefly here. In these doubtful cases useful information 
can often be obtained from a study of the isotope effect, though the correct 
interpretation of the data is not always clear. This subject is dealt with in the 
article by O. REITZ. 

The inversion of sucrose. 

This reaction played a large part in the foundation of the classical theory 
of catalysis by hydrogen ions, and for most purposes we can assurne that the 
velo city . is directly proportional to the hydrogen ion concentration, since the 
primary salt effect is small. 2 It has already been shown (p. 209) that early 
attempts to establish ge­
neral acid catalysis in 
this reaction were based 
on amisinterpretation of 
the data. However, the 
data of OSTWALD and of 
HANTZSCH3 on catalysis 
by solutions of strong 
acids have been recently 
adduced as evidence of 
such an effect. A selec-
tion of these results is 

Table 6. Inversion 01 cane sugar at 25°. 
(Values of 103 klc. k = first order constant.) 

c ~ 0,01 0,1 0,5 1,0 2,0 

HCl ....... 3,13 3,34 4,34 5,73 8,95 : 

HBr ....... 3,18 3,41 4,47 6,83 11,75 
HCIO •..... 5,08 7,10 14,15 
HN0 3 ..... 4,38 5,83 8,02 
CsHs' S03H 4,56 6,10 10,8 
CCI3COOH. 3,29 I 3,15 

!,O 

24,5 
41,0 
51,8 
17,1 

3,15 

given in Table 6. For the first five acids the increase in catalytic constant 
with concentration and the individual differences between the acids seem 
rather large to attribute to salt effects. On the other hand we do not know 
the eontribution of the salt effect or the concentrations of undissociated 
moleeules (if any); hence it is impossible to make even a qualitative 
estimate of any catalytic effect which these moleeules may have. Moreover, 
it has been shown by HAMMET'r4 that the velocities in HCI, HCIO. ami 
HN03 solutions are directly proportional to the "acidity function" derived 
from indicator measurements (cf. p. 203), which makes it improbable that there 
are <Lny specific catalytic effects due to undissociated molecules. In the case of 
trichloracetic acid it will be seen that the catalytic constant remains practically 
unchanged, although dissociation is undoubtedly incomplete at the higher con­
centrations. This may weIl be because the medium effect found with the stronger 
acids just counterbalances the effcct of incomplete dissociation. On the other 
hand, in this case the velo city increases much more rapidly than the indicator 

1 J. N. BRÖNSl'ED, KING: J. Amer. ehern. Soc. 47 (1925), 2523. 
2 For references see p. 198. 
3 HANl'ZSCIl, WEISSBERGER: Z. physik. Chern. 125 (1927), 251. 
• HA~nIEl'l', FAUL: J. Arner. ehern. Soc. 56 (1934), 830. 

15* 
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acidity, so that there is some justification for supposing that the undissociated 
trichloracetic acid moleeules have some catalytic effect. It seems clear, however, 
that for most purposes the inversion of cane sugar can be regarded as an example 
of specific hydrogen ion catalysis. 

The decomposition of diacetone alcohol. 
This is a reversible reaction 

CHaCOCH2C(CHa)20H ==-= 2 CHaCOCHa 
which, however, goes practically to completion in dilute solutions. It is catalysed 
by bases, and data have already been given to illustrate the direct proportionality 
between the velocity and the hydrogen ion concentration in solutions of strong 
bases (Table 2, p. 193). A large amount of work has also been done on the primary 
salt effect, especially in concentrated salt solutions (for references see p. 198). 
The evidence for catalysis by basic species other than the hydroxyl ion is con­
flicting. FRENCH1 was unable to detect catalysis by the strongly basic phenoxide 
ion, or by water molecules. On the other hand, the resuits of MILLER and KrL­
PATRICK2 for buffer solutions of amines seem to indicate catalysis by the amine 
molecules, though there appears to be no relation between the basic strength 
of the amines and the catalytic power of their moleeules (cf. next section). All 
investigations of this reaction have been carried out by a dilatometric method, 
and it seems possible that there is an undetected reaction between the amines 
and the diacetone alcohol. Further investigation would be very desirablc, as 
the reaction is a very convenient one for determining hydroxyl ion concentrations. 

The hydro lysis 01 esters. 
In spite of the enormous amount of work which has been done on this type 

of reaction it is still not certain how far there is detectable catalysis by acid or 
basic species other than the ions OHa + and OH -. It has already been shown 
(p. 208) that the "dual theory" treatment of this reaction by TAYLOR and 
others is not tenable in the light of modern views on electrolytes, and that 
their results afford no evidence of catalysis by undissociated acid molecules. 
More interest attaches to measurcments by DA WSONa on the hydrolysis of ethyl 
acetate in solutions containing 0,1 N acetic acid and increasing amonts of sodium 
acetate. Thc velo city passes through a minimum at about 0,35 N sodium acetate, 
and the minimum velocity is about five times as great as the calculated catalysis 
by OHa + and OH - ions (using the classical mass law for calculating the concentra­
tions of these ions). Although the actual figure would be ehanged somewhat 
by taking into account primary and secondary salt effects, it 8eems clear that 
the greater part of the discrepancy must be attributed to catalysis by other species 
present in the solution Le. CHaCOOH, CHaCOO- or H20. DAwsoN considers 
that only the first two of these catalyse, and gives quantitative estimates for 
their catalytic effects. However, he applies the classical law of mass action to 
solutions with salt concentrations varying form zero to 2,5 N, and neglects 
primary salt effects in the same solutions, so that it may be doubted whether 
his apportionment of the catalytic effect is even qualitatively correct. In partic­
ular it may be noted that the concentration of undissociated acetic acid molecules 
is practically constant throughout, so that the effect which he attributes to these 
molecules might be equally weIl due to water molecules. 

1 FRENCH: J. Amer. ehern. 80e. 61 (1929), 3215. 
2 J. G. MILLER, KILPATRICK: J. Amer. ehern. 80e. 03 (1931),3217. 
3 DAWSON, LOWSON: J. ehern. 80e. (London) 1927, 2444. 
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In another paper DA WSON1 has studied the hydrolysis of ethyl acetate in 
chloracetate buffers, and cortcludes that the undissociated monochloracetic acid 
molecule has a catalytic effect. Primary and secondary salt effects have been 
correctly allowed for in principle either by keeping the total salt concentration 
constant, or by applying a correction from measurements in sodium chloride 
solutions. Unfortunately, however, the salt concentrations employed are so 
high (up to 1 N) that both the primary and secondary salt effects may depend 
largely on the nature of the ions present. This circumstance is important, since 
DA WSON'S treatment assumes that the effect of a given concentration of acetate 
ions is the same as that of an equal concentration of chloride ions. Thus in the 
most concentrated buffer solution (0,1 N acid, 1 N salt) the velocity attributed 
to the undissociated acid is 35% of the whole, while the primary and secondary 
salt effects in 1 N NaCI are 25% and 50% respectively. It is not unlikely that 
these effects are sufficiently different in 1 N sodium acetate to account for the 
35% change in' velocity. It thus seems very doubtful whether there is any 
catalysis by the undissociated acid. 

Relations' between catalytic power and acid-base strength. 
In view of the qualitative correlation between the acid-base properties of 

a molecule and its ability to act as a catalyst, it is reasonable to expect that 
there mayaiso be a quantitative relation between the acid· base strength of a 
molecule and its catalytic constant for a given reaction. Such a relation becornes 
still more likely when we consider the more intimate mechanism of acid-base 
catalysis. It will be shown later (p.237, see also the article by J. W. BAKER) 
that the essential step in catalysis always involves the trans/er 0/ a proton between 
the catalyst and the substrate. The dissociation equilibrium used to measure 
the strength of an acid or base, e.g. 

CHaCOOH + H 20 ~ CHaCOO-+ OH3+ 

also involves the tranfer of a proton, so that a comparison between catalytic 
constants and electrolytic dissociation constants actually constitutes a comparison 
between two very similar reactions. 

The first suggestion as to the form of such a relation was made by H. S. 
TAYLOR2 who proposed for eatalysis by undissociated acid rnolecules the universal 
relation 

where kA is the catalytic constant of the acid, K A its dissociation constant, and 
kH the catalytic constant of the hydrogen ion for the same reaction. TAYLOR 
applied this relation to the then accepted values for catalytic constants for a 
number of reactions and solvents, and obtained a very rough agreement. However, 
of the seventeen values taken by TAYLOR, only four (those for the iodine acetone 
reaction) ean be regarded as even approximately correct', and most of the others 
refer to reactions which are not now believed to exhibit general acid catalysis. 

A satisfactory relation of this type was first proposed and verified by BRÖN­
STED and PEDERSENa in their work on the decornposition of nitrarnide. Their 
equations are kA = GAKA~ (30) 

1 DAWSON, LOWSON: Ibid. 1929, 393. 
2 TAYLOR: Z. Elektrochern. angew. physik. Chern. 20 (1914), 201. 
3 BRÖNSTED, PEDERSEN: Z. physik. Chern. 108 (1924), 185. 
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for acid catalysis, and analogously 

kB = GBKBP (31 ) 

for basic catalysis, where GA (or~) and IX (or ß) are constant for a given reaction, 
solvent, temperature, and series of similar catalysts. IX and ß are both less than 
unity. This type of relation has proved to be of very wide application, and is 
commonly referred to as the BRÖNSTED relation. 

In this section we shall deal chiefly with the experimental evidence supporting 
these relations, deferring a discussion of their theoretical basis to a later stage 
(p.246). It is, however, convenient to mention here the so-called statistical effect, 
which is best explained by means of an example. Suppose we have as catalyst 
a carboxylic acid CHa(CH2)nCOOH whose catalytic effect is given byequation(30), 
and we wish to compare with it a dibasic acid COOH· (CH2)n' COOH, where. n is 
so great that the mutual effect of the two carboxyl groups is negligible. The 
tendency of the carboxyl groups to lose a proton will be essentially the same in 
the two acids, but the first dissociation constant of the dibasic acid (KA *) will 
bc twice that of the monobasic acid (KA ). According to equation (30) the catalytic 
effect of the dibasic acid (kA *) should be 2" times as great as that of the monobasic 
acid (kA ). Actually, however, it will be twice as great, since the chance that the 
substrate collides with a carboxyl group is doubled. For dibasic acids of this 
type equation (30) must therefore be modified to 

kA * _ (KA *)'" -2- - GA 2- . 

This treatment can be easily generalised. Thus if we have a conjugate acid­
base pair A and B in which A has p dissociable protons bound equally firmly, 
while B has q equivalent points at which a proton can be attached, then it is 
casily shown that equations (30) and (31) must be rewritten in the more general 
form 

-~ = GA (~K~)"'. 
k:- = GB ( i K ß r 

(32) 

(33) 

Similar eqllations can be developed forthe case in which the variolls protons 
or points of attachment are not all equivalent, though in this case it is necessary 
to know the relative tendencies of losing or gaining a proton at the different 
points. 

The idea of the statistical factor was put forward in an incomplete form by 
BRÖNSTED and PEDERSEN (I. c.), and later stated correctly by BRöNSTED.l 

In some cases there is no ambiguity in applying this factor, and the theory iH 
borne out by the experimental data for catalysis and dissociation constants, 
e. g. for the mono- and dibasic carboxylic acids. Often, however, the values of 
p and q can only be assigned in a arbitrary manner: thus the ion NH.+ might 
be assigned either p = 1, or p = 4. We shall adopt the convention that the stat­
istical factor p is used only when there are dissociable protons attached to p 
different atoms in the molecule: similarly, the factor q me ans that the molecule 
can accept a proton with equal ease at q different atoms.2 The usage in the literat ure 

1 BRÖNSTED: Chem. Reviews;') (1928), 322. 
2 These rules have been applied to the conventional chemical formulaf>, and the 

values would be still further modified if resonance formulae werc takcn into account, 
e. g. for the carboxylate group. 
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varies considerably, and our values will sometimes differ from those in the original 
papers. The ambiguity is not usually important, since we shall see that equations 
(32) and (33) only hold with any accuracy for series of catalysts of similar structure 
and hence identical p and q values. 

We shall now illustrate the application of equations (32) and (33) to the. 
reactions which have already been described (pp. 218ff.) as exhibiting acid-base 
catalysis. References to the original papers have already been given, and will 
not be repeated. KA is throughout the conventional acid dissociation constant, 
while K B is most conveniently taken as the reciprocal of the dissociation constant 
of the corresponding acid, e. g. 

K B (CH COO-) = _ __1 _____ . 
3 K A (CH 3COOH) 

[CH3COOH] 
[CH3COO ] [OH3 +Y 

It is clear that K B is directly proportional in the first case to the conventional 
"hydrolysis constant" of the acetate ion, and in the second case to the "basic 
dissociation constant" of ammonia. The catalytic constants kA and kB throughout 
refer to moles per litre, minutes and decadic logarithms. 

The best documented instance of the BRÖNSTED relation still remains the 
reaction for which it was first proposed, namely the decomposition 01 nitramide. 
The data are collected in Table 7, which is divided into sections according to 
the charge type of the catalyst. The equations best representing the results are 
given at the head of each section, and the calculated values of kB are obtained 
from these equations. All the observed values of kB are from the work of BRÖN­

STED and his collaborators except those marked * which are from the measure­
ments of BAUGHAN and BELL, and the somewhat uncertain value for the hydroxyl 
ion obtained by l\URJ,IES and LA MER. It will be seen that the BRÖNSTED relation 
is weil obeyed within each group for bases of the types B-, B2- and BO, but 
that the values of GB and ß are appreciably different for each group. For the bases 
with two positive charges the agreement is much poorer, and the value of GB 

is much greater than for the other charge types. The value given for water will 
be discussed later. 

In the case of the nitramide decomposition the results for three of the classes 
of bases obey the BRÖNSTED relation so accurately that it is possible to detect 
fairly small numerical differences between the relationships valid for these classes. 
In most other reactions the concordance is not so good for any one class, and it 
is usually only possible to give a single equation which is approximately valid 
for all classes of catalyst. An example of this is afforded by the mutarotation 01 
glucose, the data for which are collected in Table 13, the catalysts being arranged 
in order of decreasing basic strength. 

If we except the hydroxyl ion and the complex metallic cations it will be seen 
that the catalytic effect of the remaining 32 bases is given by the BRÖNSTED 
relation within a factor of two. Although this agreement is not nearly so good 
as in the case of nitramide, it should be noted that the basic strengths cover a 
range of 1015, the catalytic constants a range of 106, and that the catalysts in­
clude uncharged molecules, ions with one and two negative charges, and zwitter­
ions with positive, negative and zero net charge. There is a slight general tendency 
for the catalytic effect to increase with an increase in the positive charge or a 
decrease in the negative charge of the catalyst, though this tendency is only of 
the same order of magnitude as the individual variations in each case. In the case 
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of the two ions with two positive charges, however, the catalytic effect is more 
than ten times what would be expected from their basic strength. The general 
behaviour is illustrated by Fig. 4, th,e numbers of the points corresponding 
to those in Table 8. 

Table 7. The decomp08itwn 0/ nitramide at 15°. 

Bases with two negative charges. k; = 2,07 X lO-S (qk
A 

r'87 

Catalyst p IJ KA 

Sec. phosphate ion ....... 2 3 5,8 X 10-8 

Succinate ion ............ 1 4 2,4 X 10-6 

Malate ion .............. I 4 7,8 X 10-6 

Tartrate ion ............ I 4 4,1 X 10-5 

Oxalate ion ............. 1 4 6,8 X 10-5 

k B 
B asos w i th tw 0 pos i ti ve charges. q 

Catalyst p IJ 

[Rh(NH3ls(OH)]++ ....... I I 1,38 X 10-6 

[Co(NH3ls(OH)]++ ....... I I 2,04 X 10-6 

[Co(NH3),(H20)(OH)]++ .. 2 1 6,03 X 10-6 

(Co(NHs)s(H2O)2(OH)]++ 3 I 1,88 X lO-s 

[Al(H20 ls(OH)]++ ........ 6 I 1,12 X 10-5 

[Cr(H20ls(OH)]++ ........ 6 I 1,26 X 10-' 
[Fe(H20ls(OH)]++ ........ 6 I 6,3 X 10-3 

kB 
Bases with one negative charge. q 

Calalyst P IJ K A 

Hydroxyl ion ............ I 2 1,1 X 10-16 

*Trimcthyktcetatc ion .... I 2 9,4 X 10-6 

Propionate ion .......... I 2 1,3 X 10-5 

Acetate ion .............. I 2 1,8 X 10-5 

Acid succinate ion ....... 2 2 6,5 X 10-5 

Phenylacctate ion ....... I 2 5,3 X 10-5 

Bcnzoate ion ............ 1 2 6,5 X 10-5 

Fonnate ion ............. I 2 2,1 X 10-' 
Acid malate ion ......... 2 2 4,0 X 10-' 
Acid tartrate ion ........ 2 2 9,7 X 10-4 

Acid phthalate ion ....... 2 2 1,2 X 10-3 

Salicylate ion ........... I 2 1,0 X 10-3 

*Monochloracetate ion ... I 2 1,4 X 10-2 

Prim. phosphate ion ..... 3 2 7,6 X 10-3 

*o-Nitrobenzoate ion ..... 1 2 7,3 X 10-3 

Dichloracetate ion ........ I 2 5,0 X 10-2 

I-Ob.;;-';"d 
kB _. ------

calculated 

I 
86 85 

1,8 2,0 
0,72 0,68 

I 
0,165 0,163 
0,104 0,100 

396 490 
449 360 
328 i 260 
135 

I 

143 
121 390 

I 32,7 53 

I 2,3 ! 2,5 

7,2 X 
( , 0 80 

10-5 -q-k
A

) , 

I kB 
-~bscrvcd--I - ~alc~I~;d 

I 

I 
1 X 106 1 X 109 

0,822 0,90 
0,649 0,66 
0,504 0,51 
0,320 0,32 
0,232 0,220 
0,189 0,189 
0,0822 0,072 
0,0765 0,076 
0,0363 0,036 
0,0290 0,0315 
0,0206 0,0208 
0,0158 0,0165 
0,0079 0,0096 
0,0042 0,0044 
0,0007 0,00092 
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kB 
Uncharged bases. p = q = I throughout. q 1,70 X 10-& (_~)O,75 

qKA 

kB 
Catalyst ------

p. Toluidine ................... . 
m· Toluidine ................... . 
Aniline .......... -............. . 
o· Toluidine ................... . 
p-Chloraniline ................. . 
m·Chloranilinc ................ . 
o-Chloraniline ................. . 
Water ....................... . 

06 

7,0 X 10-8 

1,5 X 10-5 

2,0 X 10-5 

2,9 X 10-5 

9,1 X 10-5 

3,0 X 10-4 

2,1 X 10-3 

55,5 

observed 

1,16 
0,64 
0,54 
0,38 
0,21 
0,081 
0,018 
6,8 X 10-6 

calcuJated 

1,24 
0,70 
0,57 
0,41 
0,18 
0,074 
0,017 
8,2 X 10-8 

jo';g. 4. The BRÖSSTED relation for the base-catalysed mutarotatlon of glucose. 
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Tablc 8. The mutarotation 0/ glucose at 18°. Basic catalysis. 

k ß ( f'O Calculated values from = 3,3 X 10-' q-k~ q 

I 10' k 

-I 
Catalyst p q KA 

- --observed ß calculated 

l. Hydroxyl ion ........ 1 1 1,1 X 10-16 3,8 X 106 7,4 X lOS 1 

2. Glucosate ion ........ 5 1 6,5 X 10-13 3,1 X 10' 4,3 X 10' 2 

3. Phenoxide IOn ........ 1 1 1,1 X 10-10 4,4 X 103 3,0 X 103 2 

4. Histidine ............ 1 2 6,2 X 10-7 205 144 3 

5. ex-Picoline ............ 1 1 4,2 X 10-7 52 87 3 

6. [Co(NH 3)sOHlF ..... 1 1 2,0 X 10-6 (780) (60) • 
7. Pyridine ............ 1 1 7,4 X 10-6 82 36 4 

8. Trimethylacetate ion . 1 2 9,4 X 10-6 31,4 50 4 

9. Propionate ion ....... 1 2 1,3 X lO-s 28,1 44 • 
10. Quinoline ............ 1 1 1,4 X lO-s 30 18 3 
1l. Acetate ion .......... 1 2 1,8 X lO-s 26.5 38 4 

12. Phenylacetate ion .... I 2 5.3 X lO-s 20,0 26 , 
13. Glutamate ion ....... 2 2 6,0 X lO-s 25 32 3 

14. Benzoatc ion ........ 1 2 6,5 X lO-s 15,2 23 -. 
15. [Cr(H 2°).OH]++ ...... 6 1 1,3 x 10-' (410) (25) 4 

16. o-Toluate ion ........ 1 2 1,3 X 10-4 12,2 18 , 
17. Glycollate ion ........ 1 2 1.5 X 10-4 13,7 17 , 
18. Aspartate ion ........ 2 2 1,5 X 10-4 23,5 24 3 

19. Hippuratc ion ....... 1 2 1,6 x 10-' 11,2 lti 3 
20. Formate ion ......... 1 2 2,1 X 10-4 16,5 15 4 

2l. ex-Alanine ............ 1 2 3,2 X 10-4 15,9 13 3 

22. Mandelate ion ....... 1 2 4,3 X 10-4 10,8 10,3 4 

23. Salicylate ion ........ 1 2 1,0 X 10-3 4,6 8,0 • 
24. o-Chlorobenzoate ion .. 1 2 1,3 y 10-3 6,4 7,1 • 
25. Chloroacctatc ion ..... 1 2 1,4 X 10-3 5,4 ß,7 , 
26. Cyanacetate ion ...... 1 2 3,5 X 10-3 3,8 4,8 4 

27. p-Benz-betaine ....... 1 2 3,9 X 10-3 6,0 4,6 3 
28. Sarcosinp ............ 1 2 7,4 X 10-3 5,5 3,6 3 
29. LYHine-HCl .......... 1 2 8.3 X 10-3 6,2 3,5 3 

30. Arginine-Hel ......... 1 2 1,2 X 10-2 5,5 3,0 3 

3l. Sulphate ion ........ 1 4 1,3 X 10-2 4,0 3,9 4 

32. Proline .............. J 2 1.3 X 10-2 3,2 2,8 3 

33. Dimethylglycine ...... 1 2 1.4 X 10-2 3,5 2,8 3 

34. Betaine 1 2 1,5 X 10-2 2,7 
, 

2,7 3 ............. 
35. Water .............. 1 1 55,5 0,096 0,066 • 

The mutarotation of glucose is also catalysed by acids, and BRÜNSTED and 
GUGGENHEIM obtained catalytic constants for the hydrogen ion and for eight 
carboxylic acids, while LOWRY and SMITH have measured the catalytic effect 
of the NH,+ ion. The results "are in fair agreement with a BRÖNSTED relation 
having an index of 0,3. 

The data for the other acid-base catalysed reactions mentioned in pp. 218ff. 
all show fair agreement with thc BRÖNSTED relation, the degree of concordance 
being usually better than for the mutarotation of glucose, but worse than for 

1 LOWRY, 'VILSON (20°). 
S)!ITII (extrapolat.cd from data at 0-15°). 
WESTHEUlER. 

, BRÖNSTED, GUGGENHEIM. 
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the nitramide decomposition. None of these reactions have been investigated 
in such detail as the two already described, and we shall therefore not deal with 
them singly. We shall however give the data for acid catalysis in the enolisation 
0/ acetone, since this is the best investigated case of acid catalysis, and DA WSON 

himself does not give any quantitative relation. Most of the data are taken di­
rectly from DAWSON'S papers, but the values for dichloracetic and o;,ß-dibromo­
propionie acids are recalculated as described on p. 210 and the value for the 
HSO.- ion is taken from the results of RWE and UREy.1 It should be noted that 
DA WSON'S results are expressed as the initial rate of change of the molar iodine 
concentration in a solution containing 20 ces. of acetone per litre (= 0,273 ace­
tone). In order to convert them to first order velocity constants (decadic loga­
rithms) they must therefore be multiplied by the factor logio ejO,273 = 1,59. 
The results are summarised in Table 9. It will be seen that catalysis by neutral 
carboxylic acids is weIl represented by a relation of the BRÖNSTED type, while 
the negatively charged ions HSO.- and COOH·COO- are considerably more 
effective catalysts than would be expected from this relation. The effect of the 
charge on the eatalyst is thus the opposite of that found in the two eases of basic 
catalysis already considered. 

Table 9. Acid catalysis in the enolisation 0/ acetone at 25°. 

Calculatcd values frorn -~-~ = 1 20 X 10-3 (E. K .)0.62 p' q .... 

Catalyst P K A 
I 10' kA 

----observed --I - ealeulated-

Hydrogen ion .............. 1 1 55,5 739 

I 
14300 

Oxalic acid ................. 2 2 5,7 X 10-' 330 400 
Dichloracetic acid .......... I 2 5,5 X 10-2 220 I 270 
IX,ß-Dibrornopropionic acid .. 1 2 6,7 X 10-3 63 54 
Monochloracetic acid ........ 1 2 1,41 X 10-3 35 32 
Glycollic acid .............. I 2 1,54 X 10-' 9,1 7,9 
ß-Chloropropionic acid ...... 1 2 1,01 X 10-' 5,9 6,2 
Succinic acid .............. 2 2 6,5 X 10-5 6.8 6,0 
Acetic acid ................ 1 2 1,78 X 10-5 2,1 2,1 
Propionic acid .............. 1 2 1,34 X 10-5 1,7 1,8 
Acid sulphatc ion .......... 1 4 1,03 X 10-2 550 165 
Acid oxalate ion ........... 4 6,8 X 10-5 21 12 

Catalysis by the hydrogen ion, the hydroxyl ion and the water mole eule 
is in a somewhat special position. As has already been seen (p. 207) these species 
do not differ in principle from other acids and bases, and thus should obey the 
same relationships; on the other hand there is so me difficulty in arriving at a 
satisfactory measure of their acid or basic strength. Proceeding formally as 
before, we can write 

K A (OH3 -1-) = J~.O] rOH3 +] = [H 0] = 55 5 
[OH3]+ 2 , • 

1 RICE, UREY: J. Amer. ehern. Soc. 52 (1930), 95. 



236 R.P.BELL: 

It is clear, however, that these values will not be strictly comparable with those 
for other acids and bases, since they all involve the concentration of H 20 mole­
cules in pure water (55,5 moles/litre), a quantity which can hardly be compared 
directly with the concentrations of solutes in dilute solutions. (The same diffi­
culty arises in evaluating the catalytic constant of the H 20 molecules, which 
is obtained by dividing the "spontaneous" rate by 55,5.) It is therefore quite 
satisfactory to find that the insertion of the above values of K A and K B in equa­
tions (32) and (33) usually predicts the catalytic effect of the species OHa +, 
OH - and H 20 to within about two powers of ten, the agreement often being 
better than this. (The hydroxyl ion catalysis of the nitramide decomposition 
constitutes the only exception to this rule.) It should be emphasised that the 
extension of the BRÖNSTED relation to these species usually involves an extra­
polation over several powers of ten, so that a small change in the slope of the 
line causes a large change in the predicted values. 

The approximate validity of the BRÖNSTED relation for the ions and molecules 
of the solvent makes possible some important deductions on the possibility o{ 
detecting general acid-base catalysis.1 The point is best illustrated by taking a 

Table 10. 
Catalysis in 0,1 N CHaCOOH + 0,1 N CH 3COONa. 

Exponent 

IX = 0,1 
IX = 0,5 
IX = 1,0 

1 
_____ ~oportio~ of catalysis due to 

OH 3+ I H 20 . CH3COOH 

0,002% 
3,6% 
9~,8% 

98% 
! 0,01%: 
! 5 X 10-120/ 
~ /0 

2% 
96,4% 
0,2% 

particular case, e. g. acid ca­
talysis ina solution 0, 1 Nwith 
respect to both acetic acid 
and acetate ions. Table 10 
shows the approximate rela­
tive contributions made to 
the total velo city by the 
catalysts OHa+, H 20, and 
CH3COOH, assuming diffe­
rent values for the exponent 

(X in equation (32). 
When (X = 0,1 most of the catalysis is due to the solvent, and the reaction 

would in practice be regarded as uncatalysed, since the rate is but little increased 
even in solutions of strong acids. When (X = 0,5 the ratc in the buffer solution 
is largely due to the undissociated acetic acid, as could be verified by varying 
the buffer concentration and keeping its ratio constant. On thc other hand the 
catalytic effect of OHa + could be measured independently in solutions of strong 
acids, and the "spontaneous" reaction in solutions sufficicntly alkali ne to repress 
the effect of the hydrogen ions. This case is thus a favourable one for the study 
of general acid catalysis. Finally, if (X = 1, the catalytic effect of the buffer solu­
tion is alm ost entirely due to the hydrogen ions it contains, and it is clear that 
no experiments could detect with certainty catalysis by acetic acid molecules. 
Further, the water-catalysed reaction is so slow that it would be impossible to 
detect it. The reaction would thus be interpreted as a case of specific catalysis 
by hydrogen ions. 

This treatment is easily generalised, and leads to the conclusion that general 
acid catalysis will only be detectable for intermediate values of the exponent (X. 

If (X is too small the catalytic effect of acids will be swamped by that of the solvent, 
and the reaction will appear to be uncatalysed, while if (X approaches unity the 
effect of all other acids will be masked by that of the hydrogen ion, and the reac­
tion will appear to be a case of specific hydrogen ion catalysis. Similar conclusions 
apply to basic catalysis. It is therefore possible that the cases of specific catalysis 
by OHa + or OH - mentioned in the last section do not constitute a special class 

1 Cf. BRÖNSTED, WYNNE-JONES: Trans. Faraday 80c. 25 (1929), 59. 
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of reaction, but only represent extreme cases of general acid-base catalysis in 
which the exponent of the BRÖNSTED relation approaches unity. These considera­
tions do not of course affect their applicability in practice for measuring hydrogen 
and hydroxyl ion concentrations. 

Acid-base catalysis in non-aqueous solvents. 
All the considerations so far advanced refer to aqueous solutions. The modifi­

cations involved in passing to solvents other than water may be divided into 
two classes. In the first 'place the nature of the solvent itself usually plays an 
important part in acid-base equilibria, and hence may have a considerable 
effect on the nature and quantity of the catalytic species present. In the second 
place, the catalytic effect of a given species (like reaction velocities in general) 
may be considerably affected by the nature of the solvent. The second of these 
topics is dealt with in aseparate article ("Solvent effects"), and wc shall therefore 
confine ourselves here to the laws of acid-base catalysis in non-aqueous solvents, 
rather than the actual velocities of the catalysed reactions. 

The role 01 the solvent in protolytic equilibria. 
We have already seen (p.206) that the "dissociation" of acids and bases 

in water is in all cases a protolytic reaction involving the transfer of a proton 
to or from a water molecule. This conclusion is easily extended to other solvents 
of similar type; e. g. typical acid base reactions in ethyl alcohol are 

CHaCOOH + C2H 50H ='"" CHaCOO- + C2H 50H2+ 

NHa + C2H50H::;::~ NH4+ + C2H 50-

in complete analogy with the corresponding reactions in water. Solvents of this 
type, which can act as either acids or bases, have been termed amphiprotic. 
On account of the basic properties of water a number of strong acids cannot 
exist as such in aqueous solution: thus HCI, HBr, HJ, HCI04 and the sulphonic 
acids react almost completely according to thc equation 

HX + H 20 -+ OHa+ + X-. 

In other words, acids which are considerably stronger than OHa+ cannot exist 
in appreciable concentrations in aqueous solution, so that there is an upper limit 
to the range of acids which can be investigated in this solvent. This upper limit 
can bc extended by using a solvent having a much weaker basic character. 
Such solvents are anhydrous acetic and formic acids, which have been recently 
invcstigated by a number of workers.1 Thus it is found that the acids which are 
completely dissociated in water give widely differing electrometric titration and 
conductivity curves in glacial acetic acid, and hence only react incompletely with 
the solvent according to the equation 

HX + CH3COOH ""c' CH3COOH2+ + X-. 

1 CONANT, HALL: J. Amer. Chern. Soc. 49 (1929), 3047, 3062. - CONANT, 
BRAMMANN : Ibid. 50 (1928), 2305. - HALL, WERNER: Ibid. 50 (1928), 2367. -
CONANT, WERNER: Ibid. 52 (1930), 4436. - HANTZSCII, LANGBEIN: Z. anorg. 
allg. Chern. 204 (1932), 193. - HALL, VOGE: J. Arner. Chern. Soc. 55 (1933), 239. -
EICIIELBERGER, LA MER: Ibid.55 (1933), 3635. - KOLTIIOFF, WILLAN: Ibid.56 
(1934), 1007. - WEIDTNER, HUTCHINSON, CHANDLEE: Ibid. 56 (1934), 1285. 
HAMMETT, DIETZ: Ibid. 52 (1930), 4795. - HAM!\IETT, DEYRUP: Ibid. 54 
(1932), 4239. 
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In aqueous solution there are no electrically neutral bases which are "strong" 
in the same sense as the strong acids, i. e. which react completely with water 
according to the equation 

B + H 20 ---..BH+ + OH-. 
Such a "levelling effect" does, however, take place in the acid solvents mentioned 
above: thus all bases which in water are stronger than aniline give identical 
titration curves in glacial acetic acid, and thus react completely according to 
the equation B + CH3COOH ---.. BH+ + CH3COO-. 
As a solvent intermediate in acidity between water and acetic acid, we may 
mention m-cresol, which has been investigated by BRÖNSTED.l In this solvent 
only piperidine and a few aliphatic amines behave as strong bases. Extreme cases 
of the acidic type of solvent are represented by hydrogen fluoride 2 and sul­
phuric acid (with or without the addition of some water).3 In these solvents 
basic properties are exhibited by substances which in water are regarded as 
neutral or acidic, e.g. esters, ketones, oximes, amides, alcohols and even carb­
oxylic acids. 

Analogous considerations apply to solvents which are markedly basic but 
which have hardly any acidic properties (e.g. ammonia and the amines), where 
substances which are weak acids in water will undergo extensive protolytic 
reaction with the solvent. Relatively little work has, however, been done in this 
type of solvent, with the exception of the work of GOLDSCHlIHDT and his colla­
borators with aniline and p-toluidine.4 The weakly basic solvent acetonitrile 
has also been investigated.5 

Special interest attaches to a third group of solvents, which are unable either 
to lose or to accept a proton, and are therefore termed aprotic. The hydrocarbons 
and their halogen derivatives are the best examples of this class, though other 
non-aqueous solvents may often be regarded as aprotic for practical purposes. 
Since the solvent undergoes no reaction with either acids or bases, there is no 
limit to the strength of acids or of bases which can exist in aprotic solvents. The 
absence of any acidic or basic properties in the solvent makes it necessary to 
employ special methods for measuring acid-base strengths: these will be briefly 
referred to later (p. 234f.). 

The position of acid base equilibria in different solvents depends not only 
on the acid-base properties of the medium, but also on its dielectric constant, 
since this last factorwill influence the electrostatic energy of the ions.6 However, 
for a qualitative discussion the acid-base character of the medium is by far the 
most important factor, and it may be noted that in media of low dielectric constant 
the ions produced do not exist separately in solution, but form ion pairs or larger 
aggregates, thus reducing the electrostatic energy and partly neutralising the 
effect of the low dielectric constant. 

1 BRÖNSTED, DELBAKCO, TOVBORG·JENSEN: Z. physik. ehern., Abt. A 169 
(1934),361. 

2 For a general account oi behaviour in this l;olvent, see SnIONs: ehern. Reviews 8 
(1931), 312. 

3 See e. g. HA~!METT: ehern. Reviews 13 (1933), 61. - FLExsER, HAMMETT, 
DINGWALL: J. Arner. ehern. Soc. 57 (1935), 2103. 

4 GOLDSClnIWT, BAKSCHT: Liebigs Ann. ehern. 351 (1907), 108. - GOLD­
SCIDIIDT, REINDERS: Ber. dtseh. ehern. Ges. 29 (1899), 1366. - GOLDSCHMIDT, 
SALCHER: Z. physik. ehern. 29 (1899), 89. 

5 KILPATRICK, KILPATRICK: ehern. Reviews 13 (1933), 131. 
6 cf. BRÖNSTED: J. physic. ehern. 30 (1926), 777. - BJERRU)I, LARSSON: 

Z. physik. ehern. 127 (1927), 358. - WYNNE·JONES: Proc. Roy. Soc. (London), Ser.A 
140 (1933), 440. 
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Examples 01 acid-base catalysis in non-aqueous solvents. 
It will be seen from the above brief account that we should expect the general 

laws of acid-base catalysis to be the same in non-aqueous solvents as in water, 
but that the actual species which are catalytically active will vary from one sol­
vent to another. Further, the extent to which the solvent moleeules themselves 
act as catalysts will of course depend on their acidie or basic character. These 
expectations have been in general realised, though the field has been very in­
completely covered, partly owing to the experimental difficulties of working in 
solvents other than water. There are a large number of isolated observations on 
the catalytic activity of acids and bases in non-aqueous solvents, but we shall 
only mention cases in which a thorough quantitative investigation has been 
carried out. 

Hydroxylic solvents. 
The behaviour of acids and bases in these solvents is qualitatively very 

similar to that in water. However, the quantitative interpretation of kinetic 
data is more difficult, partly because of the relative paucity of accurate measure­
ments of acid-base equilibria, and partly because the lower dielectrie constants 
greatly increase thc magnitude of both primary 80,---:---,----,----, 
and secondary salt effects. We have already dis­
cussed from this point of view (p. 212) the esteri- 70 

/ica,tion reaction and the alcoholysis 0/ diazoacetic 
ester in methyl and ethyl alcohols. Although thc &0 

original work of GOLDSCHMIDT can be chiefly 
interpreted in terms of specific catalysis by sol- 50 

vated hydrogen ions! re cent work on the esteri- '10 

fication of weak acids in a number of different 
alcohols shows that the reaction is of the second 
order with respect to the acid, and hence that 
thc undissociated acid mole eule is thc chief cata­
lyst.2 On the other hand, all the available data for 

Qf 

Fig. 5. 

the alcoholysis of diazoacetic ester are consistcnt 
with the assumption of specific hydrogen ion 
catalysis. The same applies to the formation 0/ 
acetal in ethyl alcohol,3 where a very large salt 
effect was obscrved. The inversion 0/ menthone4 
is one of the few investigated cases of basic ca­
talysis in alcohol solution. The result~ only de­
monstrate catalysis by thc ion OEt -. 

Catalysis of the nitramide dccompo­
sition by amines in isoamyl alcoi)ol. 

I p·.Ani8idi1Ul, II p·Toluidine, 
Il I .Aniline, IV p·Chloraniline. 

General basic catalysis has been studied in the decomposition 0/ nitramide in 
isoamyl alcohol.5 Nothing quantitative is known about acid-base equilibria in this 
solvent, but it was fortunately possible to interpret the results without such 
knowledge. Thus in buffer solutions containing various substituted anilines the 
reaction velocity k was found to be directly proportional to the stoichiometric 
concentration m of the base, and independent of the nature and concentration 
(over a certain range) of the acid constituent of the buffer (perchloric, trichloracetic 

1 GOLDSCIDIIDT: Trans. Faraday Soe. 24 (1928), 662. 
2 ROLFE, HINSIIELWOOD: Trans. Faraday Soe. 30 (1934), 935. - HINSIIELWOOD, 

LEGARD: J. ehern. Soe. (London) 1930, 587. 
3 DEYUUP: J. Amer. ehern. Soe. 06 (1934), 60. 
4 TUßANDT: Licbigs Arm. Chern. 339 (1905), 41; 304 (1907), 259; 377 (1910), 303. 
S BRÖNSTED, VANCE: Z. physik. Chern., Abt. A 163 (1933), 240. 
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orhydrochloric acid). This is illustrated by Fig. 5, where k is plotted against m 
for four different bases. The "spontaneous" reaction is so slow as to be almost 
negligible. 

If the acid concentration is too great the velo city shows a slight increase. 
This is attributed to a slight acid eatalysis .(cf. p.218), which is confirmed 
by measurements in solutions containing onIy acids. Measurements were also 
made in solutions of the sodium or tetramethylammonium salts of weak acids, 
buffered by the addition of varying quantities of strong acid. The anion of the 
weak acid was found to be the chief catalytic agent, though there was a small 
effect of acid concentration which was greater than could be accounted for by 
the experiments with solutions of acids alone. 

Similar measurements have been made on the decomposition 0/ nitramide 
in m-cresol,l a considerably more acid solvent in which the "spontaneous" reaction 
is undetectable. The results resemble those in isoamyl alcohol, but in the anion 
buffers the effect of the acid was much greater, and the nature of the eation 
(e.g. trimethylammonium, isoamylammonium) had so me effeet. It was, however, 
possible to obtain reasonably aecurate eatalytic eonstants for nine amines and 
twelve carboxylate anions. 

Strongly acid solvents. 
The onIy relevant catalytie measurements in this type of solvent appear to 

be those of CONANT and BRAMANN2 on the acetylation 0/ ß-naphthol in glaeial 
acetic acid. The measurements are not very aecurate, but indicate that there is 
probably general catalysis both by acids and by bases (i. e. by the speeies CH3COOH, 
CH3COOH2+, CH3COO-, and pyridine). 

Strongly basic solvents. 
Here again there is little experimental material, the ehief work being that of 

GOLDSCHlIUDT and his collaborators using aniline and substituted anilines as 
solvents. In studying anilide /ormation 3 it was found that the reaction velocity 
was proportional to the second power of the acid concentration. Owing to the 
absenee of data for aeid base equilibria in this type of solvent it is not possible 
to interpret this result with eertainty. The reaetion of the acid moleeule to give 
anilide is clearly eatalysed, but the eatalytie agent may be either a seeond acid 
moleeule or the ion C6H 5NH3 + formed from the acid and the solvent, qr both. 
The same ambiguity exists in studying the rearrangement 01 diazoamino compounds 
in basie solvents.4 The reaction is catalysed by the addition of acids, but it is 
again impossible to deeide how far eatalysis is due to the aeid molecules, and 
how far to the anilinium ions. 

Aprotic solvents. 
This type of solvent offers some points of special interest for the study of 

acid-base eatalysis. In the first place, since the solvent takes no part in protolytic 
equilibria, there are no ions corresponding to the hydrogen and hydroxyl ions, 

1 BRÖNSTED, NICHOLSON, DELBANCO: Z. physik. Chem., Abt. A 169 (1934), 379. 
2 CONANT, BRA~!ANN: J. Amer. ehern. 80e. 50 (1928), 2305. 
3 GOLDSCInlIDT, WACHS: Z. physik. Chern. 24 (1898), 353. - GOLDSCHI\IIDT, 

BRÄUER: Ber. dtseh. ehern. Ges. 39 (1906), 97. 
4 GOLDSCHIIIIDT, REINDERS: Ber. dtseh. ehern. Ges. 29 (1896), 1469, 1899. -

GOLDSCHIIIIDT, J OHNSEN, ÜVERWIE~: Z. physik. Chern. 110 (1924), 251. -
GOLDSCHl\!IDT, ÜVERWIEN: Ibid. Abt. A 134 (1929), 354. - GOLDSCHMIDT: 
Z. Elektroehern. angew. physik. Chern. 36 (1930), 662. 
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so that eatalysis by acids and bases must be "general" in the sense in which we 
have already used this word. Further, the absence of protolytic reactions makes 
the interpretation of the results simpler. For example, if acetic acid is dissolved 
in water, the resulting solution contains the species CHaCOOH, CHaCOO -, OHa" 
and H 20, all of which may be catalytically active, while in a benzene solution of 
acetic acid the acetic acid moleeule itself is the only possible catalyst. It is thus 
possible to study separately the catalytic effects of uncharged moleeules through 
any range of acid or basic strength, there being no chance of the effects being 
obscured by the moleeules or ions of the solvent (cf. p. 206). 

It should, however, be noted that the advantages of aprotic solvents are to 
some extent off-set by other complications not present in aqueous solution, 
which may be roughly described as "medium effects". In aqueous solution the 
only appreciable effects of this kind are the interionie ones, which are now fairly 
weIl understood. In solvents like benzene, however, both the thermodynamic 
and the kinetic behaviour show abnormalities which are not yet fuIly understood. 
Thus the carboxylic acids (constituting the most useful group of acid catalysts) 
are largelyassociated in aprotic solvents, and little is known about the equilibria 
between double and single molecules. Further, in most of the reactions mentioned 
below the velo city is not simply proportional to the first power of the concentra­
tions of catalyst and substrate, but foIlows more complex laws. This may in 
some cases be due to chemical association, but it should also be remembered 
that in solvents of low dielectric constant there may be considerable medium 
effects due to dipole forces.l These factors must be taken into ac count in any 
complete interpretation of the results, but even in the absence of any such com­
plete interpretation the data so far obtained offer many points of interest. 

BRÜNSTED and BELL (1. c., Anm.l) investigated various reactions ofdiazoacetic 
ester in benzene solution. The reaction with carboxylic acids according to the 
general equation 

CHN2·COOC2H 5 + R·COOH ->- R·CO·OCH2COOC2H 5 + N2 

(measured by the rate of evolution of nitrogen) was found to be of thc first order 
with respect to the diazoacetic ester, but approximately of the second order with 
respcct to the acid. The acid may thus bc said to catalyse its own reaction, and 
this idca was confirmed by measurements with mixtures of acids, in which 
"cross catalysis" was found to take place. These results are not, however, of 
much quantitative value for studying the laws of catalysis, since a different 
re action is taking place in each case.2 Greater interest attaches to the results 
obtained for the reaction between diazoacetic ester and phenol according to 
the equation 

CH~2'COOC2H5 + CSH 50H ->- CSH50CH2·COOC2H5 + N2 

which is catalysed by all the acids used, its velo city being directly proportional 
to the concentrations of diazoacetic ester, of phenol and of the catalysing acid 
used. Catalytic constants were obtained for six different acids, but their accuracy 
is low because it was always necessary to allow for the reaction of the acid itself 
with the diazoacetic ester. 

1 Cf. BRÖNSTED, BELL: J. Amer. ehern. 80e. 53 (1931), 2478. 
2 The same criticisrn applies, (cf. v. HALBAN: Z. Elektrochern. angew. physik. ehern. 

24 (1918), 201] to the investigations of HANTZSCH [Z. Elektrochern. angew. physik. 
ehern. 24 (1918),201; 29 (1923),221; 30 (1926), 194; Z. physik. ehern. 125 (1927), 251] 
who uscd the reaction of acids with diazoacetic ester in different solvents as a rneasure 
of their "strengths". 

Hdb. d. Katalyse. Ir. 16 
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A more suitable reaction is the rearrangement 01 N-bromacetanilide to give, 
p-bromacetanilide, which has been studied in a number of aprotic solvents.1 

Most of the work was done in chlorobenzene solution, but similar results were 
obtained in benzene, and a few measurements were made in six other solvents. 
As already mentioned (p. 207 f.) the analogous transformation of N -chloracetanilide 
has been extensively studied in aqueous media, where it is specifically catalysed 
by the halogen acids, the mechanism involving free halogen. Such a mechanism 
would not apply to carboxylic acids in non-aqueous solvents, and it has also 
been directly shown 2 that free bromine plays no part in the rearrangement of 
N-bromacetanilide in chlorobenzene. The reaction was found to be catalysed 
by six carboxylic acids and three phenols, and may therefore be taken as an 
example of general acid catalysis. The course of the reactions was strictly uni­
molecular, but the first order constants were not in general directly proportional 
to the catalyst concentration, the ratio kjc decreasing with increasing acid con­
centration. Later work3 showed that the initial concentration of the N-bromacet­
anilide also had some effect upon the concentration, but did not materially affect 
the conclusions of the first investigation. The analogous rearrangement 0/ N-iodo­
/ormanilide to p-formanilide has also been investigated in anisole solution. 4 

In this case the course of the single reactions was not strictly unimolecular, but 
if the initial rates are taken the velocity was found to be proportional to the 
concentrations of both catalyst and substrate over a wide range. It will be scen 
that while there are still some unexplained features in this type of reaction, 
the general nature of the catalysis is weIl established. 

The position is less clear for the depolymerisation 01 paraldehyde according 
to the equation ° 

/ " CH3 ·HC CH·CHa 
I I 
0" /0 

CH·CHa 

3 CHaCHO 

which has been studied in anisoie, benzene and nitrobenzene.' In fairly dilute 
solution the reaction goes almost completely to the right, and its course is uni­
moleclliar. It was followed by two methods, one dilatometric and one analytical. 
The reaction is catalysed by carboxylic acids and by hydrogen chloride, but the 
variation of velocity with acid concentration could not be expressed by any 
integral order; the ~'apparent order" (defined as d log k Id log c) varied from 
1,5 to 2,5, according to temperature, solvent and nature of catalyst. (It may be 
noted that thecatalytic depolymerisation of paraldehyde vapour by gaseous 
hydrogen chloride or bromide takes place as a wall reaction of the first order with 
respect to both reactants).6 The cause of this bchaviour is still obscure. It was 
originally attributed to the presence of three basic oxygen atoms in the paral­
dehyde moleeule, .thus presenting three points of attachment for acid- molecules, 
but the same type of behaviour has since been found in other types of reaction, 
and it is therefore dOllbtful whether this explanation is the correct one. 

Special interest attaches to the study of enolisation reactions, since these 
have been investigated in some detail in aqlleous solution (cf. p. 210). The halo-

1 BELL: Proc. Roy. Soc. (Landon), Sero A 143 (1934), 377. 
2 BELL: J. ehern. Soc. (Landon) 1936, 1154. 
3 BELL, LEVINGE: Proc. Roy. Soc. (Landon), Sero A 11;1 (1935), 21l. 
4 BELL, BRowN: J. ehern. Soe. (Landon) 1936, 1520. 
5 BELL, LIDWELL, VAUGHAN-JACKSON: J. ehern. Soc. (Landon) 1936, li92. 
6 BELL, BURNETT: Trans. Faraday Soc. 33 (193i), 355. 
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genation method is not applicable to aprotic solvents, since the undissociated 
halogen acid produced exerts an enormous autocatalytic effect. It is, however, 
possible to measure the rate 01 racemi8ation of optically active ketones, which 
has been shown1 to take place at the same rate as the halogenation. The inver8ion 
01 menthone2 and the racemi8ation 01 d-phenylmethylacetophenone and d-phenyl­
i80butylacetophenone3 have been studied in chlorobenzene solution at 100°. All 
the carboxylic acids studied were found to catalyse, but there was again not in 
general a linear relation between velocity and catalyst concentration, the "appa­
rent order" varying between about 0,7 and 1,3. Apart of these complications is 
no doubt due to the complex formation between the ketone and the acid, which 
was studied particularly in the case of menthone. The complete interpretation 
of the resuIts is, however, still uncertain. 

The BRÖNSTED relation in non-aqueous solvents. 
In all the investigations described in the last section there is clearly a qualitative 

relationship between the catalytic activities of the different acids (or bases) and 
their acid (or basic) strengths. However, two difficulties arise when we attempt to 
establish the validity of a quantitative relationship of the type already described 
for aqueous solutions. The first of these is connected with the difficulty of estabJis­
hing a 8cale 01 acid 8trength in different solvents. It has already been shown 
(p. 206) that the qualitative behaviour of acids and bases depends essentially 
on the acid-base properties of the solvent, and it is clear that the ordinary disso­
ciation constant of an acid is actually a measure of its relative acid strength 
compared with that of the solvent. A similar relative scale could be built up 
on the basis of any other standard acid-base system; thus if A, B represents any 
acid and its corresponding base, and Ao, B o the standard acid-base pair, then 
the relative strength of the acid A is given by 

[Ao] [B] 
K acid = TÄ][:ä~r' 

Even in aqueous solution it is often convenient to use an acid-base system other 
than the solvent (e.g. an indieator) for measuring acid strengths. In non-aqueous 
solvents of low basic strength such a procedure is often the only practicable 
one, while in aprotic solvents it is clearly impossible even in principle to measure 
acid strenghts without adding a second acid base system. 

We shall not discuss the vexed qucstion of wh ether it is possible in principle 
to establish an "absolute" scale of acidity, and thus to compare acid strengths 
in different solvents.4 Such an absolute comparison is in any case not possible 
in practice, and the relative strengths are all that are required for comparison 
with the catalytic data. In practice it is not always easy to measure even relative 
strengths in non-aqueous solvents, on account of large interionic and other medium 
effects. It Is therefore a fortunate circumstance that for aseries of acids of the 
same charge type the relative 8trength i8 lound to be approximately independent 0/ 
the 80lvent, provided of course that the same acid-base system is used as a standard 
throughout. This statement is based upon a large amount of experimental work, 

1 INGOLD, WILSON: J. ehern. 80c. (London) 1934, 773. - Hsü, WILSON: 
Ibid. 1936, 623. - BARTLETT, 8TAUFFER: J. Arner. ehern. 80e. 1)7 (1935), 2580. 

2 BELL, CALDlN: J. ehern. 80c. (London) 1938, 382. 
3 BELL, LIDWELL, WRIGHT: J. ehern. 80c. (London) 1938, 1861. 
• Cf. BRÖNSTED: Z. physik. Chern. 143 (1929), 301; Abt. A 169 (1934), 52. -

GUGGENHEIM: .J. physic. Chern. 34 (1939), 1758. - HAlIDIETT: J. Arner. ehern. 80e. 
äO (1928), 2666. - SCIIWARZENBACII: Helv. ehirn. Acta 13 (1930), 870. 

16" 
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e.g. in methyl and ethyl alcohol,l isobutyl alcohol,2m-cresol,3 formamide,4 aceto­
nitrile,5 chloroform,6 benzene,7 and chlorobenzene.8 There are frequently devia­
tions from this regularity which are much greater than the experimental error, 
but they never exceed apower of ten, and are usually much less than this: more­
over the deviations are random in nature, and donot show any systematic change 
with increasing acid strength. Since the BRÖNSTED relation is in any case only 
an approximate one there is considerable justification for using the readily 
accessible dissociation constants in water for testing this relation when there 
are no data available for acid-base equilibria in the solvent used for the catalytic 
measurements. There is in fact some justification for using the relative strengths 
in water in preference to those in other solvents even when the latter are avai­
lable.9 

The second difficulty is connected with the evaluation of the catalytic con­
stants themselves. We have seen that in a many cases there is not a simple linear 
relation between velo city and catalyst concentration, so that it is often difficult 
to make a quantitative comparison between different catalysts. Thus in the 
decomposition of nitramide catalysed by anions in isoamyl alcohol there is a 
small but unexplained effect of the concentration of the corresponding acid, and 
BRÖNSTED and V ANCE arbitrarily used as catalytic constants the values corres­
ponding to a fixed acid concentration of 0,001 N. In the acid-catalysed rearrange­
ment of N-bromacetanilide in chlorobenzene the velo city increased throughout 
less rapidly than the concentration, and the catalytic constants used were thosc 
extrapolated to infinite dilution, Le. if the velo city is givcn by 

k = ac-bc2 

the constant a was taken as catalytic constant. In the inversion of menthone 
the "apparent order" with respect to acid was sometimes greater and sometimes 
less than unity. In this case the results were fitted to one of the two equations 

k = Ac + B1Vc 
k = Ac + B2c2 

(A, BI and B2 being positive), and the constant A was taken as the catalytic 
constant. 

From the examples given abovc it will be seen that there is a certain degree 
of arbitrariness in testing the BRÖNSTED relation in non-aqueous solvents. However, 
the ambiguities involved are usually smalI, and it may be stated at once that 
all the data obtained serve to confirm the validity of this equation. Examples 
are shown in 1"ig. 6 and 7. Fig. 6 shows the results of BRÖNSTED and 

1 BJERRU~[, LAR!lSON: Z. physik. ehern. 127 (1927), 358. - GOLDSCUMlDT, 
GÖRBITZ, HONGEN, PAlILE: Ibid. 99 (1921), 116. - BRIGHT, BRISCOE: J. physic. 
ehern. 37 (1933), 787. - HAu'oRD: J. Amer. ehern. 80c. öö (1933), 2272. 

2 MASON, KILPATRICK: J. Amer. ehern. 80c. ö9 (1937), 572. 
3 BRÖNSTED, DELBANCO, TOVBORG-JENSEN: Z. physik. ehern., Abt. A 169 

(1934), 52. 
4 VERHOEK: J. Amer. ehern. 80c. ö8 (1936), 2577. 
5 KILPATRICK, KILPATRICK: ehern. Reviews 13 (1933), 13I. 
6 HANTZSClI, VOIGT: Ber. dtsch. ehern. Ges. 62 (1929), 970. 
7 BRÖNSTED: Ber. dtsch. ehern. Ges. 61 (1928), 2049). - LA MER, DOWNES: 

J. Amer. ehern. 80c. ö3 (1931), 888. 
8 GRIFFITHS: J. ehern. 80c. (London) 1938, 818. 
9 Cf. the concepts of "intrinsie strength" [WYNNE-JONES: Proc. Roy. 80c. (London), 

8er. A 140 (1933), 440] and "inner strength" [BRÖNSTED: Z. physik. ehern, Abt. A 
169 (1934), 52. 
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collaborators on the decomposition of nitramide in m-cresol, the basic constants 
of the catalysts being those determined directly in m-cresol. (In this case the 
correlation with the catalytic data is not quite so good if the basic strengths in 

2r------,------,------.------,------,------,------, 

Fig. 6. The BRÖXSTED relation for thc decomposition of nitramide in 1n-crcsol. 

water are used.) The slopes of the lines 7;:.j ______ --,2_-______ --r:r __ ~ __ --,o 
in the figure are 0,84 and 0,78 for the 
amines and the anions respectively. These 
values differ little from the corresponding 
values in water (0,80 and 0,75) and in iso- 5 
amyl 'alcohol (0,92 and 0,83). Fig. 7 shows 
the same plot for thc rearrangement of N­
bromacetanilide in chlorobenzene, the strengths 
of the acids being expressed this time by :::t _ 
thcir dissociation constants in water. There ~ 3 

is good agreement with a straight line of slope .\"i 

0,30. It may be noted that in the corrcsponding 
rearrangcment of N-iodoformanilide the slope 

1 is only 0,2; such a low value would barely lead 
to detectable acid catalysis in aqueous solution, 
owing to the large catalytic effect of the solvent 

P/Jello:r!lacefic - . 
AfOfloc/J/oracetic- . 

P/Jell!llpropioliC - . 

molecules. No statistical correctioll has been -fofL.-------'----c.=----c.,----'--------' 

applied in the above cases. logfol(c-

The other reactions mentioned above ex­
hibit similar behaviour, though the data are 
not so extensive or accurate. 

Fig. 7. 
Thc BRÜ:SSTED relation for th(' rearrangc­
mentof!\-bromacetanilide in chlorooenzcllc. 

Acid-base catalysis as a bimolecular re action. 
The term catalysis is often used to denote the promotion of a chemical reaction 

by means of a physical agency, as for example in the catalysis of thc ortho-para 
hydrogen conversion by paramagnctic substanccs, or the doubtful effect of a 
surface in merely bringing together reactants in a heterogeneous gas rcaction. 
However, exactly the same final result is reached if the catalyst and substrate 
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react chemically, provided that the catalyst finally emerges unchanged. Such 
a mechanism will clearly involve more than one step, but in general only one of 
the steps will determine the rate of the change, so that kinetically the catalysed 
reaction may be considered as a bimolecular reaction between the catalyst and 
the substrate. It is now believed that all cases of acid-base catalysis occur in this 
way, and in particular that reactions which are catalysed by acids or bases rarely 
occur spontaneously, since an apparently "spontaneous" reaction can nearly 
always be traced to catalysis by the solvent moleeules or by traces of impurity. 
In a large number of reactions there is good evidence for the actual mechanism 
of the catalysed reaction; this question is dealt with fully in the article by J. W. 
BAKER, p.45, and will not be discussed here. We shall, however, mention a few 
of the general consequences of this aspect of catalysis. 

All the mechanisms proposed for acid-base catalyses involve the trans/er 0/ a 
proton from an acid catalyst to the substrate, or from the substrate to abasie 
catalyst.l The relevant part of the catalytic reaction is thus an ordinary acid­
base reaction like those involved in the equilibria used for measuring acid-base 
strengths. This type of reaction is usually thought of as occurring immeasurably 
fast (e.g. in the neutralisation of acids by bases), but it must be remembered 
that the substances commonly acting as substrates are such weak acids or bases 
that their acidic or basic properties are barely detectable by ordinary means. 
They become detectable in catalytic reactions because they give rise to some 
further change in the substrate moleeule. 

This view of acid-base catalysis may be employed to obtain further insight 
into the BRÖ~sTED equa.tion.2 Thus consider any acid-base equilibrium 

Al + B2 ~~~ A2 + Bl 

and let the velocities of proton transfer in the two directions be written 

v A lo B. = nA,. B, [Al] [B2] 

VA •. B, = nA •. B, [A2] [B l ]. 

If K A, and K A, are the strength constants of the acids Al and A2 on any scale, 
we have clearI" K 

07 n A,. B, A, 
:'1:, B = K",-' 

·"t.2. 1 ·"1.1 

Xow let A2• B2 bc a fixed acid-base pair (corresponding to the substrate), while 
Al' Bl varies through aseries of increasing acid strength in Al. and hence de­
creasing basic strength in Bl. As we pass up the series it is reasonable to suppose 
that nA,. B. will increase steadily, while nA •• B, will decrease. Since, however, their 
ratio must be proportional to K A" we must suppose that nA,. B, increascs less 
rapidly than K A" while nA •• B, increases less rapidly than K B,. This is expressed 
by the equations 

gB2K~, 

gA2K~, 

where<x + ß = I, ami gA. and gB. are characteristic of a given substrate, solvent 
and temperature. These equations are identical with the BRÖNSTED relation, 
though of course their range of validity can only be established by experiment. 

1 In a nurnber of eases (the so-ealled prototropie reaetions) there are two sueeessive 
transfers of this kind, involving different parts of the rnoleeule. The question of 
identifying the rate·deterrnining step is dealt with in the article by O. REITZ, p. 274,280. 

2 See PEDERSEX: J. physie. ehern. 38 (1934), 581. 
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Since the BRÖNSTED relation was put forward in 1923, a number of other 
cases have been discovered in which there is an analogous relation between 
equilibrium constants and velocity constants.1 Relations of this type receive a 
reasonable interpretation in terms of the potential energy curves of the mole­
cules concerned, though there are still a number of points to be cleared Up.2 There 
is one point of special interest applying particularly to reactions involving the 
movement of protons or hydrogen atoms, namely the possibility of the "tunnel 
e//eet", i. e. the departure of light particles froll' the laws of classieal mechanics.3 

However, from an experimental point of view this eHect is chiefly concerned 
with the temperature coefficients and isotope effect of catalysed reactions, both 
of which are dealt with in other articles of this volume. 

There are two further points on which theoretical deductions can be made 
from the picture of catalysis as a typical acid base reaction. In the first place, 
the laws governing the rate of this reaction should be independent of which reac­
tant ultimately undergoes further transformation, and we should therefore anti­
cipate that when a number of similar substrates react in the presence of the same 
catalyst the reaction velo city will be determined by the acid-base strength 0/ the 
substrate. In other words, we should have for aseries of eatalyses with different 
acids and different (but related) substrates, 

k = GKÄK~ 
where K A refers to the acid catalyst and K B to the basic substrate, while G depends 
only on the temperature and the solvent. (For basic catalysis we should have 
the same relation with the significance of K A and K B reversed). It is not easy to 
obtain direct evidence for the term involving the acid-base strength of the sub­
strate, since the existence of general acid or basic catalysis usually means that 
the substrate never comes into complete equilibrium with other acids or bases. 
Sometimes, however, the reaction either involves no change in the chemical 
nature of the substrate (e.g. raeemisation reactions) or demands the presence 
of a third substanee (e.g. the halogenation of ketones), in whieh eases it is possible 
in principle to investigate acid-base cquilibria involving the substrate. Even so, 

. the substrate is in general such a weak acid or base that the usual methods of 
investigation are inapplicable, though in some eases it may be possible to use 
the methods reeently developed for measuring the strengths of very weak bases 
(e.g. ketones) in strongly aeidic solvents.4 There is already eonsiderable indirect 
support for the role played by the acid-base strength of the substrate, since it 
has been found that the effect of substituents on the rate of reaction of a substrate 
is closely parallelIed by the effect of the same substituents on the dissociation 
eonstants of carboxylic acids.5 

The other point to be considered is connected with the effect of the electrical 
charge of the catalyst.6 We have seen (particularly in dealing with the nitramide 
decomposition) that bases of different charge types demand different values for 

1 For a Summary, see HAMMETT: Chem. Reviews 17 (1935), 125. 
2 Cf. HORIUTI, POLANYI: Aeta physieoehim. USSR 2 (1935), 505. - BELL: 

Proe. Roy. Soe. (London), Sero A 104 (1936), 414. 
3 Cf. BELL: Proe. Roy. Soe. (London), Sero A 139 (1933), 466; 148 (1935), 421; 

1M (1936), 414; 158 (1937),128; Philos. Mag. J. Sei. (7) 25 (1938), 488; Trans. Faraday 
Soe. 34 (1938),229. - BAwN, ÜGDEN: Ibid. 30 (1934), 1. 

4 See HAMMETT: Chem. Reviews 13 (1933), 61. - FLEXSER, HA"BIETT, DING­
WALL: J. Amer. ehern. Soe. 57 (1935), 2103. 

5 For a summary see BURKIIARDT, FORD, SIXGLETON: J. ehern. Soe. (London) 
1936, 17. 

6 See PEDERSEN 1. c. 
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the constant G in the BRÖNSTED equation, though the index ß is little affected. 
This behaviour can be accounted for as folIows. Consider a substrate RH catalysed 
by two bases B (uncharged) and B-, which differ only in their electric charge. 
The rate determining proton transfers are then 

RH+B == R-+HB+ 

RH + B- == R - + HB 

and the catalytic constants are related to the strength constants by the relations 

The catalytic constants and strength constants may be expressed in terms of 
the rates of proton transfer as follows, 

kB n RH. B K B n RH. B n RH. B-

kB-
-- ._----, K B --

-. ---

n RH. B- nHB+. R- nHB,R-

giving 

Comparing the proton transfer reactions in the two cases, it is clear that B will 
accept a proton less readily than B-. Similarly HB+ will lose a proton more 
readily than HB, and in addition the reaction between R - and HB + will be 
favoured by the attraction between the unlike charges. It is therefore probably 
correet to write 

n HB+. 1t-_ > n RH. B... > 1. 
nHB , R- 7LltH. B 

Applying this result to the last equation, we see that if ß is very small, Go < G_. 
If ß is sufficiently large (and always if ß > 1/2), then Go > G_. 

Analogous considerations apply to other charge types. Thus in general, if 
there are two basic catalysts of the same basic strength, when ß is sufficiently 
small the one having the greater number of positive charges (or the smaller number 
of negative charges) will be the lcss effective catalyst. If on the other hand ß 
is sufficiently great (and invariably if ß > 1/2) the base having the greater number 
of positive charges will be the more effective catalyst. In the latter case the cata­
lytic effect will increase much more rapidly in the series B-, B, B+, B++ ... than 
it will decrease in the series B-, B-- .... These predictions are completely 
fulfilled by the daüL for the nitramide decomposition catalysed by bases of the 
type B--, B-, B, amI B++ (cf. p. 231 f.), and agree with the much less complete 
data for other reactions. In the case of acid catalysis similar rules may be de­
duced: when the exponent IX is very small an increase of the negative charge of 
the catalyst acid will lead to a decrease of catalytic effect, while if IX is suffi­
ciently largo (amI always if IX > 1/2) ,Ln increase of negative charge will bring 
about an increased catalytic effect. There is littIe experimental evidence on the 
effect of the charge in acid catalysis, but the above rule is in agreement with 
the catalytic effect of the acid sulphate and acid oxalate ions in the acetone 
iodine reaction (cf. p. 235). 
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If we define an acid as any molecule or ion which can give off a proton, and a 
base as any molecule or ion which can take up a proton, the characteristic 
acid-base function is the transference of protons from acids to bases according 
to the scheme A + B .~ A + B (1) 

1 2'- 2 1 

where the subscripts refer to the corresponding acid-base pairs. For ordinary 
strong acids and bases this transfer of protons takes place too rapidly for measure­
ment and the process is called a neutralization. In aqueous solution the solvent 
acts as one acid-base pair. For example, the reaction of hydrogen ion amI hydroxyl 

ion may be written H 30+ + OH - ~ ~ H 20 + H 20 (2) 

while in an aprotic solvent the acid trichloracetic acid reacts with trimethyl amine 
according to the scheme 

(3) 

but the trichloracetate need not be dissociated from the trimethyl ammonium 
ion. When we consider the reactions between weaker acids and bases, it may be 
that these reactions take a finite timc. Attempts to measure such neutralizations 
have been carried out at room temperature using various modifications and 
improvements of the flowing stream method of HARTRIDGE and ROUGHTON.! 

1 H. HARTRIDGE,F. J. \V. ROUGHTON: Proc. Roy. Soc. (London), Ser.AI04(1923), 
376; Proc. Cambridge Phi!. Soc. 22 (1925), 426; 23 (1926), 450. - R. N. S. SAAL: 
Rec. Trav. chim. Pays-Bas 47 (1928), 90. - V. K. LAl\IER, C. L. READ: J. Amer. 
chem. Soc. 52 (1930), 3098. - B. CHANCE: Dissertation, University of PennHylva­
nia, 1939. 



250 M.KILPATRICK: 

As yet it has not been possible to show definitely that the neutralization of 
ordinary acids requires a finite time. From this we might assume that the energy 
of activation of the reaction is zero or at any rate smalI. However, in the case 
of a class qf acids called by HANTZSCH pseudo acids, the velo city of neutralization 
is not immeasurably great.1 For example, HANTZSCH and VEIT followed the 
neutralization of nitromethane2 by hydroxyl ion. The authors gave the mechanism 
of the dissociation of nitromethane as 

(4) 

and concluded that the slow neutralization shows that the substance only after 
an isomerization is able to give off hydrogen ions. PEDERSEN 3 shows that the 
transfer of the proton cannot take place spontaneously, but demands abasie 
catalyst. In other words the "neutralization" of the extremely weak acid CH3N02 

by hydroxyl ion is slow, and is still slower if a weaker base such as acetate ion 
is employed. The transfer of the protons in such a process, requiring an energy 
of activation, is usually called catalysis rather than neutralization. The ethylene 
oxides have often been referred to as pseudo-bases because of their tendency to 
unite with acids and to precipitate metallic hydroxides from aqueous solutions 
of their salts. These phenomena have been explained by the kinetic studies of 
BRÖNSTED, KILPATRICK and KILPATRICK.4 

More recently LEWIS and SEABORG5 have considered the problem of the 
velo city of neutralization of acids and bases. They conclude there is one group of 
acids and bases, called primary, which requires no energy of activation in their 
mutual neutralization, and another group, called secondary, which does not 
combine except when energy of activation is provided. The necessity of an energy 
of activation is interpreted as a need for some change in the condition or structure 
of the mole eule before reaction as a primary acid or baf'ie. LEWIS gives as an 
illustration of this structural change the change of a keto to an enol form. He 
fails to recognize PEDERSEN'S argument that the keto and enol forms are two 
different acids of two different strengths and that the transfer of a proton from 
a carbon to an oxygen does not take place spontaneously but requires a catalyst. 
Thus in this case, as in the previous case of a pseudo-acid, what LEWIS would 
refer to as a neutralization of a secondary acid becomes a prototropic change 
requiring abasie catalyst. This point will be illustrated further in a later dis­
cussion. 

On the experimental side the measured energy of activation is obtained from 
the effect of temperature on reaction velocity. The effect of temperature has 
played an important role in the development of the theories of reaction velocity, 
especially for reactions catalyzed by acids or bases. As early as 1850, we find 
WILHELMy 6 measuring the inversion rate of sucrose and calling attention to the 
effect of temperature, for which he suggested a complicated empirical equation. 
SKRABAL,7 more recently, has compared six different empirical equations for the 
effect of temperature upon the velo city of reaction. Using data for the velo city 

1 A. HANTZSCH: Ber. dtsch. ehern. Ges. 32 (1899), 575. 
2 A. HXKTSCH, A. VEIT: Ber. dtsch. ehern. Ges. 32 (1899), 615. 
3 K. J. PEDERSEX: Kgl. danske Vidensk. Selsk., math.-fysiske Medd. 12 (1932), 

Xo. 1. 
4 J. N. BRÖXSTED, 1\1. L. KILPATRICK, M. KILPATRICK: J. Amer. ehern. 80c. 51 

(1929), 428. 
• G. N. LEWIS: Aeids and Bases. J. Franklin Inst. 226 (1938), 293. - G. N. LEWIS, 

G. T. SEAßORG: J. Amer. ehern. 80c. 61 (1939), 1866, 1894. 
6 E. WILIIEL)[Y: Pogg Ann. 81 (1850), 413, 449. 
7 A. SKRAßAL: :\Ih. Chem. 63 (1933), 23. 
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of hydrolysis of ether, he found that the expression suggested by ARRHENI~S 
held best of all empirical equations examined containing only two arbitrary 
constants. 

The first significant treatment of the subject was offered by ARRHENlrs 1 

in 1889. His derivation, which was made in connection with somc work on the 
inversion of sucrose by acids, is of sufficient importance to warrant amplification 
here. The first assumption made is that there are two kinds of molecules; active 
ones, "aktiver Rohrzucker", and inactive ones (the ordinary variety). The further 
assumption is made that only the active form can be inverted; whence the rate 
of inversion (- d .1Ifa/dt) becomes proportional to the concentration of the active 
molecules (Ma ) . 

(5) 

If it is further assumed that the equilibrium is maintained at all times between 
the active and inactive molecules, we have 

M a = KM; (6) 

where K is the equilibrium constant, and M; is the concentration of inactive 
sugar molecules. Then 

_ d.lfa = _ dM· _ k KM. (7) 
dt d t - a , . 

.dfolsuming that Jla is small in comparison with ~ltli' equation (7) becomes 

dM - de- = kaK JJf = kM. (8) 

where M is the total concentration of sugar molecules, and k the specific reaction 
rate. 

VAN 'THoFF 2 had previously derived an expression for the effect of tempera­
ture upon an equilibrium 

dInK 
dT 

Q 
(9) 

where Q is the energy required to transform one mole of reactant to product 
in the equilibrium (here the energy needed for the transformation of one mole 
of inactive sucrose to the active form). 

Now from (8) 
(10) 

and since ARRHENIUS further assumed that k a , the desactivation constant, is 
independent of temperature, 

dInK 
dT 

E A 

RT2· 
(11) 

Integrating on the assumption that EA is independent of temperature, 

E A 
In k = B--RT (12) 

where B is a constant of integration and EA is the energy of activation. Or 
integrating between limits 

E 4 = R '!.-~!\.-ln -k~'!.l. 
- (T 1 -T2 ) T, 

(13) 

1 S. ARRHE!'!IUS: Z. physik. Chern. 4 (1889), 222. 
2 J. H. VA!'! 'THOFF: Etudes de dynamique. Amsterdam, 1884. 
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If we consider that the active molecules differ from the inactive molecules only 
in energy content, then the hypothesis of ARRHENIUS is essentially the one held 
today. 

A more exact formulation of the concept of the energy of activation is that 
due to TOLMA:N.1 By means of the principles of statistical mechanics he has shown 
that for unimolecular reactions 

(14) 

and for bimolecular reactions 

(15) 

where k1 is the unimolecular rate constant, k2 the bimolecular rate constant, 
BI the difference between the average energy of the reacting molecules and the 
average energy of all molecules, and B2 ist the difference between the average 
energy of the reacting complexes and the average energy of all the colliding pairs 
of molecules of kinds 1 and 2. Both BI and B2 represent averages over a number 
of energy states and the integrated form of equation (15) involves the assumption 
that the activation cnergy does not vary with temperature. This assumption is 
onlya first approximation and is similar to the assumption that Q does not vary 
with temperature, in integrating the VAN 'TRoFF isochore. The contribution of 

the } R T term in the bimolecular formula is usually negligible for the comparat­

ively short ranges of temperature that are investigated. For all practical pur­
poses the equations for a unimolecular and a bimolecular reaction will have 
silnilar form. It should be pointed out that the bimolecular formula had been 
derived from the point of view of the collision theory by LEWIS 2 prior to the 
statistical treatment of TOLl\UN. 

The dependence of reaction velocity on temperature is determined by the 
difference in energy between the intermediate and initial states, and this difference 
called an activation energy may be pictured in terms of an energy barrier. 
Until recently, it had been almost generally accepted3 that the parameters of 
the ARRHENIUS equation, EA and B in (12), were constants for any given 
reaction. In fact, when the addition of another term became necessary to 
represent the experimental data the conclusion was drawn that we were 
dealing with experimental errors or a wrong interpretation.4 

Similar conclusions have been drawn by others.5 SCHEFFER and BRA~DSMA6 
who were among the first to associate the parameters of equation (12) with a de­
composition entropy and a decomposition energy, concluded that the temperature 
dependence of these quantities (determined by the algebraic sum of the specific 
heats of the reacting substances) is too small to manifest itself. Recently, however, 
there has been a growing feeling, based upon several bits of substantial evidence 
lately brought to light, that both EA and Bare functions of temperature. 

1 R. C. TOLlIIAN: J. Amer. ehern. Soe. 42 (1920), 2506. 
2 W. C. lVI. LEWIS: J. ehern. Soe. (Landon) 113 (1918), 47l. 
3 A. E. LACOlIBLE: Dissertation. Leiden, 1920. 
4 F. E. C. SCHEFFER: Yersl. Akad. Wetensehaften Amsterdam 25 (1916), 592. 
6 C. N. HINSIIELWOOD: Proe. Roy. Soe. (Landon), Sero A 113 (1926), 230. 
6 F. K C. SCHEFFER, \V. F. BRANDSMA: Reeueil Trav. ehim. Pays-Bas 45 (1926), 

522. 
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If we restrict ourselves to non-ionic reactions, there are the following examples 
of temperature dependence. In 1914 SEGALLER,1 investigating the reaction 
between sodium phenoxide and various primary alkyl iodides in alcoholic solu­
tion, noted that his values for log k did not fall in a straight line when plotted 
against the reciprocal of the temperature. RICE and KILPATRICK2 noted a slight 
decrease in EA with increasing temperature. In 1933 LAMER,3 calling attention 
to the work of SEGALLER, cited three other possible examples: the decomposition 
of acetone-dicarboxylic acid in water,4 a continuation of the same work by WIIG5 

on the decomposition of citric acid in concentrated sulfuric acid, and the dealdoliza­
tion of diacetone alcoho1.6 A more re cent investigation by LAMER and MILLER7 

seems to verify the deductions made by LAMER concerning the last reaction_ 
At about the same time, SKRABAL8 demonstrated the inadequacy of the 

ARRHENIUS equation for the hydrolysis of ether. In 1934 MOELWYN-HuGHES9 

reported a decrease of EA and B with increasing temperature for the inversion 
of sucrose. The data of SMITHla seems to indicate a similar effect for the mutarota­
ti on of glucose. DINGLINGER and SCHRÖERll have likewise reported a decrease in 
E A with temperature for the thermal decomposition of oxalic acid in aqueous 
solution. MOELWYN-HuGHES12 has reported behavior similar to that evidenced in 
the inversion of sucrose for the hydrolysis of methyl halides. It is interesting to 
note that MOELWYN-HuGHES, reviewing previous work in the field, feels that the 
reactions suggested by LAMER are "dubious" examples of temperature depen­
dence,13 Whether one agrees with MOEL\VYN-HuGHES or not, it must be noted 
that there is today certain definite evidence of the variation of the parameters 
of the ARRHENIUS equation with temperature. Other examples of this dependence 
will be discussed later in this chapter. 

Of the dependence of EA and B upon variables other than temperature, it 
should be noted that both LÖWENTHAL and LENSSEN 14 and SPOHR 15 reported that 
the effect of added neutral salts upon the inversion rate of sucrose decreased with 
increasing temperature, a fact which properly interpreted would have led to the 
idea of dependence of the constants of the ARRHENIUS equation upon electrolyte 
concentration. It is clear that the proper interpretation was not made, that the 
facts were unknown or unaccepted as late as 1934, for we find MOELWYN­
HUGHES16 averaging values of EA for the sucrose inversion over an appreciable 
range of electrolyte concentration. 

Experimental evidence that the parameters of the ARRHENIUS equation are 
dependent upon electrolyte concentration as weIl as tcmperature, for so me 
reactions between a non-electrolyte and an ion, has been given by LEININGER 

1 D. SEGALLER: J. ehern. Soe. (London) 10i) (1914), 106. 
2 F. O. RICE, M. KILPATRICK: J. Amer. ehern. Soe. 45 (1923), 136l. 
3 V. K. LAMER: J. ehern. Physies 7 (1933), 289. 
4 E. O. WIIG: J. physie. Chem. 32 (1928), 961; 34 (1930),596. 
6 E. O. vVUG: J. Amer. ehern. Soc. 52 (1930), 4729. 
6 G. M. MURPIlY: J. Amer. ehern. Soe. 53 (1931), 977. 
7 V. K. LAMER, MARY L. MILLER: J. Amer. ehern. Soe. i)7 (1935), 2674. 
8 A. SKRABAL: 1. e. 
9 E. A. MOELWYN -HUGHES: Z. physik. Chem., Abt. B 26 (1934), 28l. 

10 G. F. SJlITTII: J. ehern. Soe. (London) 1936, 1824. - G. F. SMITIl, M. C. SJlIITH: 
Ibid. 1937, 1413. - See also referenee to the work of KILDE: Trans. Faraday Soe. 34 
(1938), 250. 

11 A. DINGLINGER, E. SCHRÖER: Z. physik. Chern., Abt. A 179 (1937), 401. 
12 E. A. MOELWyx-HUGIIES: Proc. Roy. Soe. (London), SeI'. A 164, (1938), 295. 
13 Sec also R. P. BELL: J. Chem. Soe. (London) 1939, 1573. 
14 LÖWENTHAL, LENSSEN: J. prakt. Chem. Si) (1862), 321, 40l. 
15 J'. SPOHR: J. prakt. Chem. (2), 32 (1885), 32. 
16 E. A. MOELWYN-HuGHES: Bel'. dtseh. ehern. Ges. 26 (1934), 28l. 
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and Kn,PATRICK.1 These authors showed that EA and B decrease with increasing 
concentration of hydrochloric acid as weil as with increasing temperature for the 
inversion of sucrose. l;n the hydrolysis of ethylal EA decreases with increasing 
concentration of the electrolyte, hydrochloric acid, but EA und B increase with 
increasing temperature. In a study of the effect of electrolyte concentration on 
the hydrolysis of various acetals,2 no electrolyte effect on EA was observed, but 
EA was found dependent on temperature in the case of diethyl acetal though not 
in the case of dimethyl acetal. For ethylene acetal the effect was very smail. 

It cannot be emphasized too strongly that variations in EA and B assume 
theoretical significance only when it can be definitely shown that both the reac­
tion and reactants are simple, i. e., free from complicating dependence upon 
the variable being considered. If the reaction proceeds by more than one mech­
anism, E A and B will only be constant in the event that the temperature coeffic­
ients of both paths are identical. Thus the observed value of EA would be ex­
pected to change with temperature in the case of areaction proceeding by two 
or more simultaneous paths. Secondly, those reactions involving substances such 
as sulfuric acid, where the kinetic mechanism may depend upon the hydrogen 
ion, or the sulfuric acid molecule, or both, will (as long as their rates differ) 
undoubtedly give a variation in EA with temperature, since the extent of dis­
sociation of the acid is a function of temperature. In fact the measured EA is 
not the true energy of activation but a composite quantity. 

The parameters of the ARRHENIUS equation have also been studied with 
regard to the effect of the variables dielectric constant and pressure. As yet the 
study of the effect of dielectric constant has been largely confined to reactions 
between ions3 which would not come under the heading of acid-base catalyzed 
reactions. In regard to pressure, it has recently been shown thatboth parameters 
of the ARRHENIUS equation increase with increasing pressure for cases of poly­
merization.4 NEWITT and his co-workers5 have also studied the hydrolysis of 
esters at high pressures and have made so me investigation of the KNOEVENAGEL 
reaction. PERRIN6 has studied rates of reaction in the solvents ethyl alcohol, 
toluene, acetone, and chloroform. He found that the reactions studied could be 
divided into three general groups, on the basis of the behavior oI the velo city 
constants and the ARRHENIUS parameters with variation in pressure. Before 
discussing this classification, however, it may be weIl to attempt a classification 
of acid-base catalyzed reactions. 

Classification 01 Acid-Base Catalyzed Reactions. 
Acid-base catalyzed reactions may be classified by electrolyte effects or by 

comparison between the rates in lightand heavy water.7 Both of these classifica­
tions are in agreement with PEDERSEN'S8 analysis of prototropic reactions. 

1 P. M. LEININGER, M. KILPATRICK: J. Amer. ehern. Soe. 53 (1931),1268; 60(1938), 
2891; 61 (1939), 2510. 

2 L. C. RIESCH, M. KILPATRICK: Paper presented before the Boston meeting of the 
Ameriean Chemieal Soeiety, September, 1939. 

3 For example, J. LANDER, W. S. SVIRBELY: J. Amer. ehern. Soe. 60 (1938), 1613. 
4 For a review of the literature sec B. RAISTRlCK, R. H. SAPIRO, D. M. NEWITT: 

J. ehern. Soe. (London) 1939, 1761. 
S D. M. NEWITT, R. P. LINSTEAD, R. H. 8APIRO, E. J. Bow~L\.N: J. ehern. 80e. 

(London) 1937, 876. 
6 M. W. PERRIN: Trans. Faraday 80e. 34 (1938), 144. 
7 K. F. BONIIOEFFER: Trans. Faraday 80e. 34 (1938), 252. 
8 K. J. PEDERSEN: Trans. Faraday 80c. 34 (1938), 237. 



Activation Energy of Acid-Base Catalysis_ 

For the reaction R - X in which the first step is the proton transfer 

R + A ;;o='" RH+ + B 
followed by the reaction 

RH++B ~ X+A 

255 

(16) 

(17) 

which we assume to be kinetically determined by a first order reaction of RH + 
we have 

(18) 

The kinetics of consecutive reactions following a first order law have been 
considered in detail by RAKOWSKI1 and by SKRABAL.z The latter author has also 
considered simultaneous reactions which correspond to the case where we have 
aseries of acids and their corresponding bases instead of one acid as represented 
in equations (16) and (17).3 

Kinetic measurements furnish only the velo city constant of the total reaction 
and even in the simplest cases there are many ways in which the measurements 
can be interpreted. Consequently measurements of the temperature coefficient 
often yield a measurea energy of activation which is a composite quantity. In 
some reactions exhibiting general acid and base catalysis the temperature coeffic­
icnts of the various catalyses have been determined. 

The reactions studied may be conveniently divided into four or five groups. 

1. Reactions showing specific hydrogen ion catalysis. 
2. Reactions showing specific hydroxyl ion catalysis. 
3. Reactions showing general acid catalysis. 
4. Reactions showing general basic catalysis. 
5. Reactions, in which an acid or base is involved, which may be specific 

for a particular acid or base. 

The last group will contain some reactions with the solvent, reactions in 
which an acid moleeule or anion is added, and some reactions with amine bases. 
Thcre will be considerable overlapping in many cases and in many cases it will 
not be possible to decide on a classification. 

Reactions Catalyzed by Hydrogen Ion. 
Returning to equation (18), if the concentration of R is much greater than 

that of RH+ and kz«LdB ] so that the equilibrium between Rand RH+ is 
maintained at all times, the velo city of the reaction will be equal to k2 times 
the equilibrium concentration of RH + 

-d~f] =k2 [RH+]=kz K[R][A], (19) 

where K is the equilibrium constant. 
In aqueous solution there is specific catalysis by the hydrogen ion. If the 

decomposition of RH+ involves the base water the kinetic equation remains 
unchanged for a constant concentration. So 

(20) 

I A. RAKOWSKI: Z. physik. Chern. 57 (1907), 321. 
2 A. SKRABAL: Z. Elektrochern. angew_ physik. Chern. 42 (1936), 228. 
3 A. SKRAIIAL: lbid. 43 (1937), 309; Trans. Faraday Soc. 24 (1928),687. 
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Now K will vary with electrolyte concentration, and the resulting change in 
the concentration of RH + will cause a change in the measured velo city constant k. 
Such changes have been observed for a number of reactions catalyzed by hydrogen 
ion, but even in dilute aqueous solution they seem larger than one would expect, 
by analogy, from the change with electrolyte concentration of the dissociation 
constants of ammonium ion,l anilinium,2 and o-chloroanilinium ion.3 These 
dissociation constants have been determined over a convenient range of tem­
perature and no appreciable change in the heat of dissociation (LI H) with tem­
perature has been found. In fact EVERETT and WYNNE-JONES l show that in the 
equation for the equilibrium constant 

log K = ~ + LI Cl> l()g_3' + B (21) 
T R 

used by PITZER4 LI cp is not appreciably different from zero for acids of the type 
of NH4+. The measured E A for the reaction 

R + H 30+ ~~ RH+ -+ X (22) 

is assumed to involve an equilibrium of the same 
ammonium ion, and equation (20) can be "Titten 

charge type as that of the 

lnk = lnK + lnk2 

11 I' 
LI s ,I 
R 
I 

LlH 
RT 

B' 

I 
(23) 

where eA is the energy of activation and LI H + eA = EA the measured ARRHENIUS 

energy of activation. Assuming eA to be small and insensitive to temperature 
and, reasoning by analogy, to the equilibrium data on the ammonium type 
acids, we might expect that there would be little change in EA with temperature 
and equation (12) would be valid. In fact, this has generally been the case, within 
the experimental error, for reactions catalyzed by hydrogen ion. For example 
the decomposition of diazoacetic ester catalyzed by hydrogen ion 5 is weIl re­
presented by the equation 

In k = 29 17 _ 17 ~8o._ 
, - RT (24) 

determined by plotting log k vs. -}. Other examples are the hydrolysis of the 

esters of the monobasie carboxylie acids6 and the hydrolysis of the acid aInides.7 

JACKSON and GILLIS 8 in a study of the CLERGET method, measured the 
velo city of inversion of sucrose at temperatures from 20 to 90° and concluded 

1 D. H. EVERETT, W. F. K. WYNNE-JONES: Proe. Roy. Soe. (London), SeI'. A 
169 (1938), 190. _ 

2 K. J. PEDERSEN: Kgl. danske Vidensk. Selsk., rnath.-fysiske Medd. 14 (1937), 
No. 9. 

3 K.J.PEDERSEN: Ibid.15 (1937), No. 3. 
• K. S. PITZER: J. Amer. ehern. Soe. 59 (1937), 2365. 
5 W. FRAENKEL: Z. physik. Chern. 60 (1907), 202. - MOELWYN-HuGHES: Kineties 

of Reaetions in Solution, p.41. Oxford, 1933. - See also P. GROSS, H. STEINER, 
F. KRAUS: Trans. Faraday Soe. 34 (1938), 351. 

6 W. B. S. NEWLING, C. N. HINSHELWOOD: J. ehern. Soe. (London) 1936, 1357. 
7 J. C. CROCKER: J. ehern. Soe. (London) 91 (1917), 593. - S. KILPI: Z. physik. 

Chern. 80 (1912),165. - N. VON PESKOFF, J. MEYER: Ibid. 82 (1913),129. 
B R. F. JACKSOK, C. L. GILLIS: Bur. Standards J. Res. 16 (1920), 125. 
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that the results are in agreement with the exponential law first proposed by 
ARRHENlUS. The exponential law for 0,01 normal hydrochloric acid may be put 
in the form 

25705 
In kH30+ = 34,61-RT (Range of temperature 30-90°.) (25) 

where Bis calculated at 49,85°. EA calculated by equation (13) for each interval 
flhows no trend with increasing temperature, the average deviation being 330 caL 
MOELWYN-HuGHES 1 followed the reaction by a polarimetrie method and reported 
results which may be represented by the following equations for 0,2 molar hydro­
chloric acid for three temperature ranges. 

25430 
InkH,o+ = 34,19- RT (Range of temperature 15,45-27,26°.) (26a) 

24470 
InkH30+ = 32,55- RT (Range of temperature 27,26--41,00°.) (26b) 

InkH30+ = 30,12- 2~~~,0 (Range of temperature 41,00-57,10°.)2 (26c) 

E.4. and B both decrease with increasing temperature, ~. being -80 or -90 calfl. 

per degree. LEININGER and KILPATRICK3 find dilatometrically that EA and B 

decrease with temperature over the range 0-30°, .~ .. ~- being -70 cals. at 10° and 

smaller at higher temperatures. A calculation of the precision measure of LI E pM 

yields ± 100 cal. Even though the variation of E.4. and B with temperature has 
been established it is still possible to writean expression oftheform of equation (12). 

If we consider In kn30+ as a linear function of ~, and determine the intercept 

and the slope of the line by least squares for the data for the inversion of sucrose 
at zero hydrochloric acid concentration, we obtain 

26250 
In kH,o+ = 35,33 - -i?:r (Range of temperature 0--40°.) (27) 

The average deviation of the values of kH,o+ from this equation is 3%, the 
maximum deviation 6%. The deviations have the same sign at both ends of the 
line and the constancy of EA and B cannot be judged from the conventional 

1 
plot of log k vs. -1'-. 

In the hydrolysis of ethylal4 EA and B increase with increasing temperature, 

-~ ~ is 70caL per degree, the estimated error in kis 0,7%, andLl EnI = ± 200 cals. 

Again if we consider log kH,o+ a function of ~" and apply the method of least 

squares to the data in 0,5 molar hydrochloric solution, we obtain the equation 

25304 
In kH,o+ = 34,175 -""""jf"T . '(Range of temperature 0--40°.) (28) 

The calculated values agree with thc observed values to ± 1,2%, the maximum 
deviation being 3,8%, yet EA changes 900 cals. in a thirty degree interval. 

1 E. A. MOELWYN·HUGHES: Z. physik. Ohem., Abt. B 26 (1934), 281. 
2 In all cascs k is cxpreRsed in reciprocal seconds. 
3 P. M. LEININGER, M. KILPATRICK: I. c. 
4 P. M. LEININGER, M. KILPATRICK: I. c. 
Hdb. d. Katalyse I I. 17 
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Similar studies have also been carried out for the hydrolysis of diethyl, 
dimethyl and ethylene acetals.1 These reactions are much more sensitive to 

29,7 

1/ 
/ 

" ) 

" 

V 
V 

)' 
/ --" 

L. -- 0 

/ 
/ 

,.6 

/ 
V 

" 

0 

~ 

I--,...-

hydrogen ion and except in one 
case do not permit an exact deter­
mination of kH•o+. However, the 
temperature coefficient was deter­
mined by the twothermostat 
method and the results are presented 
graphically in Figure 1.2 EA is 

. 1000 
plotted agamst -r and the change 

in EA is approximately linear with 
1 T (the change would also be 

approximately linear with T). The 
measured energy of activation is con­
stant for the hydrolysis of dimethyl 
acetal; it decreases with increasing 

( .1 E 
temperature LI T = -33 ca!. per 

degree) for diethyl acetal, and de­

creases slightly in the case of ethylene 
( .1 E ' 

acetal LlT = -7 cal./degree). The 

results for ethylene acetal yield the 
21.7 equation ''''4' 422 430 3,.!18 4H 3,5T 462 4"" 22145 

'~OO In k = 33,08- T --- (29) 

o dlethyl acetal. b. dimethyl 0 ethylenc acetal. 

Fig. 1. Effeet of temperature Oll Enprgy of activatlon; 
acetals. 

upon calculation on the assumption 

of linearity of log k vs. ~. 

The Effect of Electrolyte Concentration. 
In the inversion of sucrose, and in the hydrolysis of ethyl al the temperature 

coefficients were determined over a considerable range of acid concentration, 
and EA was found to.decrease with electrolyte concentration. Combining equa­
tions (20) and (23) we have 

In k _ LI S + b' .1 H + E A 
- R - ---WT - (30) 

where b' = B' R. 
At concentration of acid Cl 

.:18, + b,' JH' + 'A' 
kl = e--R--' e - -if"p-

and at concentration C2 

2 L. C. RIESCH, M. KILPATRICK: I. c. 

JH" + FA" 
e---RP-

(31) 

(32) 

3 F. O. RICE, M. KILPATRICK: I. c. - ;\1. KILPATRICK, E. F. CIIASE: J. Amer. 
ehern. 80c. 53 (1931), 1732. 
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The change in the measured energy of aetivation with change in acid .con­
centration will be 

,1 EA = (,1H" + cA") - (,1 H' + CA'). (33) 

If it is assumed that CA" = C .. /, then 

L1EA = (,1H" -/lH'). (34) 

But the change in ,1H with change in concentration can be found by considering 
the heats of transfer in the following cycle. 

Concentration HCI Cz 

Concentration HCI Cl 

From which 

Ll H" H 30+ ._._-, 

ILl Hz 
4- Ll H' 

H 30+ ---..... 

(35) 

(36) 

The heat of transfer (,1 H 1) of a mole of R (sucrose or ethylal) from a solution 

of concentration C in Rand C2 in hydrochloric acid, to a solution C in Rand Cl 
in hydrochloric acid may be considered small in comparison to ,1 H 2 and is 
neglected in this caleulation. The heat of dilution of HaO+ from C2 to Cl can be 
computed from the heats of dilution of hydrochloric aeid and potassium chloride 
on the a88umption that the heat of dilution of the chloride ion in hydrochloric 
acid solutions may be taken as onechalf the heat of dilution of potassium chloride 
for the same change in eoncentration. 

The following table gives the approximate changes in ,1H2 per mole at 18° C, 
calculateel from the elata given by BICHOWSKY anel ROSSINI. l Values of ,1 EA 

for the inversion of sucrose at 
20° C and for the hydrolysis of 
ethylal at 15° are also listed for 
various changes in hydrochloric 
acid concentration. 

The value for the heat of 
transfer of a mole of {R· HaO+} 
between solutions of different 
hydrochloric acid concentration 
is dependent on the ~tructure 
assigned to the complex. If 
it may be assumed that the 
hydrogen ion makes contact at 

Comparison 0/ LlHz and LlEi!.. 

c. I c, 

moles per liter 

4,0 
3,0 
2,0 
1,0 
0,5 
1,0 

3,0 
2,0 
1,0 
0,5 
o 
o 

L1 H. 

300 
300 
300 
200 
300 
500 

Calories per mole 

Sucrose 

610 
620 
630 

630 

Ethylal 

580 
210 
370 
580 

the oxygen atom joining the two lactone rings in the case of the suerose molecule2 

and at the oxygen atoms joining an ethyl group and the formaldehyde portion 
of the ethylal in the case of the second reaction, ions result whieh might be 
expeeted to have heats of dilution intermediate between those of sucrose or 
ethylal and hydrogen ion. This would mean that the maximum value of ,1H" - ,1H' 
would be equal to ,1H2• The change in E A for the various intervals compared 
in the table should not exceed the values given for ,1H2• ,1EA shows the expeeted 
decrease with increasing coneentration but the observed values of ,1 EA are 
consistently larger than those of ,1H2• A similar calculation resuIts from the 
applieation of the transition state theory. 

1 F. R. BICIIOWSKY, F. D. ROSSINI: The Thermochemistry of Chemical Substances. 
New York, 1936. 

2 J. N. PEARCE, M. E. THO:.IAS: J. physic. Chern. 42 (1938), 455. 
17* 
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For the acetals it was not possible to test the change in E A with change in 
hydrochloric acid concentration but the effect of salts on EA may be tested. 
From some data of HARNED1 on the heat of transfer of hydrochloric acid in 
various salt solut.ions, one would expect L1 H 2 for the transfer of hydrogen ion 
from a solution one molar with respect to acid to a solution one molar with respect 
to potassium or sodium chloride to be about 2/5 of that for the transfer of hydrogen 
ion from a solution one molar in acid to another two molar in acid. Adetermination 
of the temperature coefficient of the hydrolysis of ethylene acetal did not show 
a decrease, nor do the less accurate earlier results or diethyl acetal show any 
consistent trend outside the experimental error.2 

PEARCE and THOMASa report no change in EA upon addition of sodium or 
potassium chloride for the inversion of sucrose, but DUBOUX,4 using solutions 
up to four mol al in sodium chloride, noted a change in EA equivalent to t.hat 
wh ich would have been produced by a variation of hydrochloric acid from zero 
to two molal. On the other hand, SCHl\IID and OLSEN 5 found that the 
temperature coefficient for the hydrolyse:; of cyanamid is independent of salt 
concentration. 

BONIIOEFFER and MOELWYN-HuGfIEs 6 noted that the inversion of sucrose 
proceeded more rapidly with DaO+ than HaO; and HORNEL and BUTJ,ER? found 
the same to be true for the hydrolysis of acetal. One would logically expect 
that the substitution of deuterium for hydrogen would slow down t,he process 
if the ratc-dctermining mechanism involved a proton transfer. A possible ex­
planation of the experimental resuIts seems to be the possibility of a pre-equilib­
rium in which thc concentration of the complex is increased in heavy water. 
In fact BONHOEFFER and REITZ 8 conclude that if the acid catalyzed reaction is 
faster in heavy than light water, a pre-equilibrium exists and the reaction shows 
specific hydrogen ion catalysis. ROBERTS and UREy 9 have criticized this criterion 
of a pre-equilibrium on the basis that the rates of acid hydrolysis of ethyl and 
methyl acetates are greater in D20 than H 20 and from the data of DAWSON10 

the reactions show general acid catalysis. 
Although the electrolyte effect on the hydrolysis of esters catalyzed by 

hydrogen ion might lead one to omit this reaction from group I of our 
classification, the neglect of electrolyte effects does not aHow conclusive proof 
of general acid eatalysis. 

NEWLING and HINSIIELWOODll have studied the hydrolysis of aseries of 
esters in solutions of hydrochloric acid in aqueous acetone. They find that the 
ARRHENIUS equation holds within the limits of experimental error. They conclude 
that the rate-determining step is not the addition of the proton to the alkoxyl 
oxygen, but the addition of an hydroxyl group to the carbonyl carbon. The 
hydroxyl group must come from the water molecules. 

1 H. HARNED: J. Amer. chern. 80c. 42 (1920), 1808. 
2 L. C. RIESClI, M. KILPATRICK: I. c. - M. KILPATRICK, E. F. CUA,;E: I. c. 
3 J. N. PEARCE, M. E. THO~IAS: I. c. 
4 M. DUBOUX: Helv. chirn. Acta 21 (1938), 236. 
6 G. 8CHlIID, R. OLSEN: Z. physik. Chern. 124 (1926), 97. 
6 K. F. BONlIOEFFER, E. A. MOELWYN-HUGIIES: Naturwiss. 22 (1934), 174. 
7 J. C. HORNEL, J. A. V. BUTLElt: J. Chern. 80c. (London) 1936, 1361. 
8 K. F. BONIIOEFFER, O. REITZ: Z. physik. Chern., Abt. A 179 (1937), 135. -

K. F. BONHOEFFER: Trans. Faraday 80c. 34 (1938), 252. - O. REITZ: Z. Elcktroclwrn. 
angew. physik. Chern. 44 (1938), 72. 

• 1. ROBERTS, H. C. UREY: J. Amer. chern. 80c. 61 (1939), 2584. 
10 H. M. DAWSON, W. LOWSON: J. chern. 80c. (London) 1927, 2444; 1929, 393. -

H. M. DAWSON, E. R. PYCOCK, E. 8PIVEY, Ibid. 1\)33, 291. 
11 W. B. 8. NEWLING, C. N. HINSHELWOOD: J. chern. 80c. (London) 11'36, 1357. 
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Reaetions Catalyzed by Hydroxyl Ion. 
For the substrate RH reacting with a base one can write the following 

RH + B ~ R + A, (37) 

R + A ~ X + B (38) 

and corresponding to (16) we have 

-~~ RH ~- - R 
k_1A 

(39) 

If RH is such a weak acid that the concentration of R is sm all and k2« k_1 [A] 
so that equilibrium is maintained at alI times between RH and R, the equilib­
rium constant times k2 gives the specific rate constant as in (20). 

In the alkaline hydrolysis of esters NEWLING and HINSHELWOOD 1 find that 
the ARRHENIUS equation holds within the experimental error of the measurements, 
and that the differenee between acid and alkaline hydrolysis can be attributed 
to the lower values of EA for alkaline hydrolysis. For the same esters the B values 
in the ARRHENIUS equation are approximately the same. The rate-determining 
step is taken as the addition of the hydroxyl ion to the carbonyl carbon. 

KOELICHEN2 showed that diacetone alcohol decomposed to acetone in alkali ne 
solution, and that for solutions containing initially lcss than five per cent diacetone 
alcohol the equilibrium was so far displaced to the right that the decomposition for 
constant hydroxyl ion concentration might be considered as a first order reaction 
proceeding to completion. Furthermore hc found that the rate was proportional 
to the hydroxyl ion concentration beIow 0,1 normaL The temperature coefficient 
of this reaction has been determined over the range 20-35° by l\iURPHY,3 who 
concluded that in aqueous solution the energy of activation (18000 cals.) was 
independent of the concentration of hydroxyde and of sodium chloride. He also 
noted that the temperature coefficient was not. independent of the methyl alcohol 
concentration, but increased with increasing eoneentration of methyl aleohoL 
LA MER and MILLlnt4 repeated and extended this work and found both E,l anel B 
to be funet.ions of the temperature in water and in aqueous methyl alcohol 
solutions. In aqueous solution EA increases from a value of 151'50 at 5° C to 
17250 at 32,5° C and then deereases by about 400 eaL at 45° C. The eqllation 

dB 1 
d EA -R-T (40) 

whieh is derived from the theoretieal treatment of a previous paper readily 
folIo ws from equation (14) if EA is a funetion of temperature. This reaetion is 
of especial interest beeause of reeent studies in buffer solutions and in heavy 
water. 

AKERLÖF 5 utilized this reaetion to determine the dissoeiation eonstants of 
a number of amine bases. The results did not eheck with the values obtained by 
other experimental methods. Subsequently l\iILLER and KILPATRICK 6 showed 
that amines eatalyzed this reaction, and that the results of AKERLiiF were in 
fair agreement with the literature when the eorreetion for the effect of amines 

1 w. B. 8. NEWLIXG, C. N. HINSIIELWOOD: I. C. 

2 K. KOELICIIEN: Z. physik. Chern. 33 (1900), 129. 
3 GEORGE :\<1. MURPIIY: J. Amer. chern. 80c. 63 (1931), 977. 
4 V. K. LAMER, MARY L. MILLER: J. Amor. ehern. 80e. 57 (1935), 2674. 
6 G. AKERLÖF: J. Amer. ehern. 80e. ÖO (1928), 733. 
6 .J. G. MILLER, 1\'L KILPATRICK: J. Amer. ehern. 80e. ö3 (1931); 3217. 
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was made. The authors considered the reaction an example of general basic 
catalysis although there was no linear relationship between the catalytic constants 
and the basic strength and work in the same laboratoryl failed to detect a cat­
alytic effect of the phenolate ion. Subsequently WESTHEIMER and COHEN 2 verified 
the experimental work of MlLLER and KILPATRICK but found that trimethylamine 
and triethylamine did not catalyze the reaction. They conclude that the aldol 
condensation is not an example of general basic catalysis, and propose a mechanism 
in which the last step in equation (39) would be the rate-determining step in the 
case of hydroxyl ion catalysis. An intermediate of another type is suggested 
to explain the specific reaction of the amines. On the other hand, from a study 
in heavy water solutionsNELsoN and BUTLER3 conclude that the rate-determining 
step is the transfer of a proton from the alcohol to the OH- (or OD-). 

In the decomposition of nitrosotriacetoneamine catalyzed by hydroxyl ion 
the energy of activation is independent of the electrolyte concentration and 
apparently of temperature, within the accuracy of the experimental measurements.4 

In reactions showing specific hydrogen ion or specific hydroxyl ion catalysis, 
where the rate-detcrmining step is not the initial proton transfer, the acidity 
of the substrate will probably show a quantitative relationship to the velocity 
constant and the parameters of the ARRHENIUS equation. This would be expected 
if the position of the equilibrium between the reactants and the equilibrium 
complex determines the rate. In reactions showing general acid and basic cat­
alysis, apart from the change in energy of activation with temperature for a 
pfLrticular catalyst and reaction, we have the problem of the energies of activation 
E A , E A , ..• E B , ER, ... where Al ... , BI'" represent the catalysts. The' 
velocity constant is given by the equation 

k = rkA CA + rkB CB (41) 

where kA represents the catalytic constants for an acid, CA its concentration, 
k B a catalytic constant for a base and C Bits concentration. For each catalyst 
there will be a different critical complex and it might be expected t.hat the energies 
of activation would be different for different catalysts.5 

Reactions Catalyzed by Acids. 
The reaction of acetone with halogens originally studied by LAPWOR'.rH6 

and extensively studied by DAWSON 7 was the subject of a careful study of the 
effect on the ARRHl~NIUS energy of activation EA of temperature and medium.8 

These authors found that EA decreased slightly with temperature and th,tt the 
ll1easured energy of activation was independent of the changes in medium brought 
about by the addition of certain non-electrolytes. The source of hydrogen ion 
was nitric or hydrochloric acid. In all cases the velo city constant increased with 
change in medium so that Bin equation (12) also increased. In this connection 
it ia of interest to note that arecent study 9 of this reaction in water-acetone 
(90-95%) solutions of hydrochloric acid report that the ARRHENIUS equation 

1 C. C. FRENCII: J. Amer. ehern. Soe .• ')1 (1929), 3215. 
2 F. H. WESTIlEDlER, H. COIIEN: J. Amer. ehern. Soe. 60 (1938), 90. 
3 W. E. NELSOX, .T. A. V. BUTLER: J. ehern. Soc. (Landon) 1938, 957. 
• M. KILPATRICK: J. Amer. ehern. Soe. 48 (1926), 2091. 
5 M. Kn,PATRICK, 1\1. L. KILPATRICK: J. Amer. ehern. Soe. 53 (1931), 3698. 
6 A. LAPWORTII: J. ehern. Soe. (Landon) 85 (1904), 30. 

For referenees soo H.l\I. DAWSON: Trans. Faraday Soe. 24 (1928),640. 
F. O. RICE, M. KILPATRICK: J. Amor. ehern. Soe. 45 (1921), 1401. 

9 R. P. BELL, J. K. TIIO~IAS: J. ehern. Soe. (Landon) 1939, 1573. 
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holds over the range of the experiments. The results can be expressed by the 
equation 

In k = 30,6 - 1~9~0 (Range of temperature + 10-40° C.) (42) 

which upon comparison with the equation 

In k = 24,41- 2~5~0 (Range of temperature 0-35° C.) (43) 

for dilute aqueous solutions of acetone and hydrochloric acid emphasizes the 
small change in the measured energy of activation with change in medium for 
the HaO+ catalyzed reaction. 

The reaction takes place in two steps 

CHaCOCHa + HaO+ ~ CH3C(OH+)CH3 + H 20, (44) 

CHaC(OH+)CH3 + H 20:;== CH2 : C(OH)CHa + H 3 0+ (45) 

and the enol form reacts instantaneously with the halogen. In other words, the 
acid catalysis is really a basic catalysis of the cation. This mechanism i8 in accord 
with the fact that the reaction with D30+ is faster than with H 30+.1 

RICE and LElIIKIN 2 showed that the energy of activation was also unaffected 
by neutral salts when the catalyst was the hydrogen ion; For example, the addition 
of the salts of such acids as hydriodic, hydrochloric, perchloric and nitric had no 
effect upon EA , while sulfates decreased EA . These authors also showed that E A 
was smaller when the reaction was carried out in the presence of weaker acids. 
Subsequently RWE and UREy3 correctly postulated that in agreement with the 
general theory of acid catalysis there will be several simultaneous reactions, each 
with its own energy of activation. They computed that the heat of activation 
for the HS04- path was 17100 cal. as against 20540 for the HaO+. In the other 
cases the heats of activation are composite quantit~es relating to the solution 
of a weak acid as a wh oIe and not to any specific catalyst. 

SMITH 4 has determined the velo city of rea,ction at 0° and 25° C in various 
buffer solutions and deduced the heats of activation for five acid and two basic 
catalysts. SlIITH finds EA = 20680 for the reaction in solutions of hydrochloric 
acid in agreement with the earlier value 20695. The other values are given in 
thc following table. 

Energie8 of Aetivation for Variou8 Catalysts in the Aeetone-Iodine Reaetion. 

Catalyst H30+ ~CllCI2COOHICH2CICOOH' CH3COOH : C,II,COOH I CH3COO- i C,H,COO-

EA (cals.) .... 1 20680 , 19230 ',19230 20010 19370 22800 22910 
B (approx.). . 24 I 21 I 19 17 16 24 23 

Calculation of the values of B in equation (12) shows that the variations 
in this parameter parallel the changes in velocity constant and the difference 
in catalytic activity is not due to changes in EA alone. The values of B are high 
for the charged acids and bases and low for the uncharged acids. 

In the mutarotation of glucose KILPATRICK and KILPATRICK 5 chose four 
different catalysts and found that the energies of activation were the same for 

1 O.REITZ: Z.physik. Chem., Abt.A 179(1936),119. 
2 F.O.RrCE, W.LEMKIN: J. Amer. ehern. Soc. 45 (1923),1896. 
3 F. O. RICE, H. C. UREY: J. Amer. chem. Soc. 52 (1930), 95. 
• G. F. SmTH: ~. chem. Soc. (Landon) 1934, 1744. 
5 M. KILPATRICK, M. L. KILPATRrCK: I. c. 
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the three catalysts but lower in the case of the water reaction. Subsequently 
SMITH and SMITH1 determined E,A for aseries of catalysts:-

Energies 0/ Activation lor Various Oatalysts in the Acetone-IOIline Reaction. 

Catalyst 

Hydrogen ion ..................... . 
Chloracetic Acid .................. . 
Acetie Acid ...................... . 
Water ........................... . 
Pyridine ......................... . 
Hydroxyl ion ..................... . 
Glucosate ion .................... . 
Acetate ion ...................... . 
Chloracetatc ion ................... . 
HPO," ion ....................... . 
Phenoxide ion .................... . 

B,A caIs. 

18580 (19300) 
18400 
17200 
17000 (17600) 

(18000) 
17700 
17000 
18200 (19100) 
18400 
17800 
18500 

B approx. 
mols-1 • liter. mln.-1 

31 (32) 
26 
25 
21 (24) 

(29) 
39 
32 
29 (30) 
27 
31 
34 

Values in ( ) from KILPATRICK ami KILPATRICK.l 

In the case of thc water reaction E,A decreases from 17160 cals. for the range 
0-18° C to 16660 cals for the range 18-35° C. If this is also true in the other cases 
the separation of the two terms in the ARRHENIUS equation may not be complete. 
The experimental difficulties in determining the catalytic constants when a 
high percentage of the reaction goes by one path has been pointed out elsewhere.2 

Similar difficulties are encountered in the determination of the effect of 
temperature on the catalytic constants for molecular acids in the hydro lysis 
of ethyl orthoacetate and ethyl orthocarbonate. 

The esterification of c~rboxylic acids has been studied by HINSHELWOOD 
and LEGAlu>,3 the catalysts being the acid molecules of the carboxylic acids 
as weIl as the solvated proton. The values of Bare much smaller for the reactions 
of the undissociated molecules than for the charged ions. The energies of activation 
also change with catalyst and may be the more important factor. In all cases 
the results are considered to be in agreement with the ARRHENIUS equation. 

Reactions Catalyzed by Bases. 
In addition to the enolization of acetone and the mutarotation of glucose 

already discussed, the decomposition of nitramide has been studied for aseries 
of catalysts.4 

The authors conclude that 1. the ARRHENIUS equation is obeyed for each 
catalyst and 2. the change in velocity from one catalyst to another is largcly 
determined by changes in E,A but the variations in Bare greater than the ex­
perimental error. E,A and Bare evaluated by the method of least squares, the 

~ssumption being made that a plot of In k vs .. ~ yields a straight line. EA and B 

are thus evaluated for each acid. Deviations from linearity have been calculated, 
and the probable error in E has been determined on the basis of these deviations. 

1 G. F. S:mTlI: J. ehern. 80c. (London) 1936, 1824. - G. F. SlIITII, M. C. SlIITII: 
Ibid. 1937, 1413. 

2 M. KILPATRICK, M. L. KILPATRICK: I. c. 
3 C. N. HINSlIELwoob, A. R. LEGARD: J. ehern. Soc. (London) 1935, 587, 1588. 
, E. C. BAUGlIAN, R. P. BELL: Proc. Roy. Soc. (London), Sero A 158 (1937), 464. 
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For example for the trimethylacetate anion E,A = 18400 cal. and the probable 
error in E,A is estimated to be 210 cals. 

At first glance the procedure followed may appear to be acceptable. The 

assumption is made that if the values of In k when plotted against ~ lie on a 

straight line E,A and Bare constant. This does not necessarily follow. For example, 
if E,A and B were both functions of temperature, but obeyed the following equality 

R T dlIl:.l!.... = dE~ (46) 
dT dT 

the same result would be obtained. That this is not an impossible probabiIity 
follows from some data on the rate of hydrolysis of ethylaJ.1 

A method of calculation not open to this criticism is one using the integrated 
form of the ARRHENIUS equation (13) between two temperatures not too widely 
separated. Calculations conducted in the above fashion reveal no regularity in 
the variation of E,A with temperature but indicate that the method of expressing 
the errors may be misleading. For example, E,A for trimethylacetate, for the 
range 15-25°, E,A = 17560; for the range 25-35°, EA = 18800. For benzoatc, 
E,A is 18230; 19150; 19580for theranges 15-25,25-35,35-45°. Ifwe ascribe to each 
quantity measured a certain precision and compute the maximum error LI EM 

and the precision mcasure LI EpM we find LI EM = 900 cals. LI EnI = 600 cals. 
On this basis we would conclude that EA for any given acid is constant within 
± 600 cals. rather than ± 200 cals. The variation in EA for different catalysts 
is outside the experimental error~ For the decomposition of nitramide in dilute 
solutions of hydrochloric acid2 the equation 

k = 1,35 X 1012e __ 2~4~8_ (47) 

represents the results. 
Thc results have been extended to solutions of heavy water and the B factor 

is considered more important than EA in determining the rate for aseries of 
anions in the same solvent. ;L'he temperature coefficient of a few anion catalysts 
for the bromination of acetoacetic acid and its ethyl ester have been studied 
by PEDERSEN.3 These results will be discussed in connection with a discussion 
of the effect of temperature on the relationship between catalytic constants and 
acid strengths. 

Reactions Involving a Parlicular Acid or Base. 
In addition to those reactions ah·cady mentioned there are a number of water 

reactions which cannot be regarded as acid-base catalytic reactions. For example, 
thc hydration of acetic anhydrides is catalyzed by hydrogen ion, hydroxyl ion 
and certain anions of the carboxylic acids, yet there is no relation between the 
basic strength and the catalytic constant.4 

In the hydrolysis of methyl halides MOELWYN-HuGHES5 finds the ARRHENIUs 
equation inapplicable, EA decrcasing with increasing temperature. EAGLE and 

1 P. M. LEININGER, M. KILPATRICK: 1. c. 
2 V. BERETTA: Rend. Accad. Sci. fisiche mat., Napoli (4), 8 (1938), 36. - C. A. 

MARLIER, V. K. LAMElt: J". Arner. chern. Soc. 57 (1935), 1812. - J. N. BRÖNSTED, 
K. J. PEDERSEN: Z. physik. Chern. 108 (1924), 185. 

3 K. J. PEDERSEN: J. physie. Chern. 38 (1934), 601, 999. 
4 1\1. KILPATRICK: J. Amor. ehern. Soe. 50 (1928), 2891; 52 (1930),1410. - M. KIL­

PATRICK, M. L. KILPATRICK: Ibid. 52 (1930), 1418. 
5 E. A. MOELWYN-HUGIIES: Proe. Roy. Soc. (London), Sero A 164 (1938), 295. 
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WARNER 1 studied the reaction of ethyl iodide with aqueous alcohol and certain 
bases. The velocity constant in aqueous alcohol is given by 

(48) 

where k a and kw are constants only in a given water-alcohol mixture and may 
be regarded as functions of the dielectric constant. The reactions of ethyl iodide 
with sodium hydroxide, triethylamine, sodium acetate and lithium nitrate are 
also studied at 25 and 50° and the results correlated with the basic strength. 
The approximate values of the energies of activation are given. WINSTROM 
and W ARNER2 have determined the influenee of temperature for thfil reaction 
of hydroxyl ion with ethylene chlorohydrin and find that in water as solvent 
there seems to be adefinite increase in the energy of activation with inereasing 
temperature. For dioxane-water and ethyl aleohol-water mixtures of constant 
dielectric constant the energies of activation are constant with temperature, 
within the experimental error. 

General Discussion. 
It is evident that in many eases the ARRHENIUS equation is only a fair 

approximation. 'l'his equation is often written in the form 

(49) 

where Z is the collision number and B of equation (13) is equal to In PZ. The 
eollision frequeney is usually ealeulated by the gas formula and is approxirnately 
1011 per liter per mol per seeond. For gas reactions P is not far frorn unity but 
for the reaetions already cited PZ varies frorn 1015 to 107 so that P varies frorn 
104 to 10-4• In general P has beeu found to vary frQm 10-8 to 105•3 

The funetional relation between the constants of the ARRHENIUS equation 
have been considered in aseries of papers.4 The faetor P was introdueed to correet 
for the need of orientation of the rnolecules. This explanation is satisfaetory 
for those reaetions that are slower than the theory requires but inapplieable for 
those whieh are faster. For these cases the possibility of the eontribution of the 
internal degrees of freedorn to the cnergy needed for aetivation was suggested 
by the theoretieal treatment of given unirnoleeular reaetions. FowLER has derived 
an expression for birnoleeular reaetions using the cornponent of energy conjugate 
with the relative velo city of the reaeting moleeules instead of the component 
along the line of centers. His expression is 

( E )-~ k = IX -RT + 1 ZeR T , (50) 

where IX is the probability of reaetion oceurring when the required energy of 
aetivation is present. If in addition the internal degrees of freedom of the mol-

1 J. EAGLE, J. C. WAR:-.fER: J. Amer. ehern. Soe. 61 (1939), 488. 
2 L. O. WINSTROlI, J. C. WARNER: J. Amor. ehern. Soe. 61 (1939), 1205. 
3 C. N. HINSIIELWOOD, C. A. WINKLER: J. ehern. Soe. (London) 1936, 371. 
4 R. A. FAIRCLOUGII, C. N. HINSIIELWOOD: J. ehern. Soe. (London) 1937, 538, 

1573; 1938, 236. - H. C. RAINE, C. N. HINSHELWOOD: Ibid. 1939, 1378. 
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ecules, SI and S2' are taken into consideration, the number of effective collisions 
is increased by the following factor 

(51) 

HINSHELWOODI suggests that P is determined by several factors. Among 
them he Iists the following. First, the number of degrees of freedom in which the 
activation energy is stored up. The effect of the number of degrees of freedom 
upon the number of effective collisions has been pointed out. The greater the 
number of degrees· of freedom, the larger the fraction of effective collisions. 
Secondly, the necessity for correct orientation ofreacting molecules. Thirdly, the 
condition that the reaction product shall be stabilized. That is, some means must 
be present to prevent the dissociation of the products, because of inability to 
get rid of excess energy. Finally, the moleeules must have the right internal 
energy distribution. This last factor is closely connected with the duration of the 
collisions themselves. 

There is a further factor which might possibly influence P. The number of col­
lisions between charged particles is different from that between uncharged particles. 

u 
The collision number is changed by the factor e- 1fT-, where U is the electrostatic 
potential energy, a function of the dielectric constant of the solution. If the 
dielectric constant is independent of temperature, the effect will be measured 
along with the activation energy. If the dielectric constant's variation with 
temperature is allowed for, terms of a non-exponential form will result and for 
the case of reactions between multiply charged ions there may be important 
variations in P.2 

In a second paper MOELWYN-HuGHES3 treats the case of reaction between 
an ion and a dipole and a dipole and a dipole. In the first case the calculated 
variation in P seems to be in agreement with examples cited by the author. 
Reactions between ions and multipoles are mentioned as too difficult to solve 
mathcmatically. LA MER,4 follmving the treatment of SCHEFI'ER and BRANDSON, 

suggcsts the following mode of treatment. Starting with equation (11) and 
integrating, assuming EA is a function of temperature, 

\ EA -EA 1 \ ( 8 EA ) 
) R T2 d T = R T . + -if.\ 81.' d In T. (52) 

If we further define the change of energy of activation as the heat capacity of 
activation, CA, and by analogy with thermodynamies replace the above ex­
pression by the entropy of activation, SA, 

T T T 

~ (~Ef-)d In T = ~ CAdin T = ~ dSA = SA-SAo. (53) 

o 0 0 

Completing the integration, and substituting, 
EA SA-SAo 

In k = - -B, 'i'- + --k--·· + In constant. (54) 

1 C. N. HINSIIELWOOD: Trans. Faraday Soc. 34 (1938), 105. 
2 E. A. MOELWYN-HUGIIES: Proc. Roy. Soc. (London), Sero A 155 (1936), 308; 

11)7 (1936), 667. 
3 E. A. MOELWYN-HuGl-lEs: Acta physicochim. USSR 4 (1936), 173. 
1 V. K. LAMER: J. ehern. Physics 1 (1933), 289. 
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Evaluating the integration constant by utilizing the simple collision hypothesis 

-EA SA - SA D 

lnk = R T + -R- + InZ. (55) 

In the above case it is apparent that B can be considered to consist of two 

terms, In Z, a kinetic expression, and LI %A , an equiIibrium expression. It can 

hardly be emphasized too strongly that the above entropy expression is not a 
true thermodynamic function, but contains kinetic terms. 

If the above result is to be considered as the complete expression, we have 

In P - SA -ßAD (56) - R 

In so far as prediction of a variation of EA or Bis concemed, the above ex­
pression is significant for the following reason. If there is a variation of EA with 
temperature then the value of B determined by using the integrated form of 
the ARRHENIUS expression contains in addition to the kinetic factor for the number 
of collisions, a term resulting from the finite value of the heat capacity of ac­
tivation, which term is necessarily introduced in the integration of the original 
expression. Since it is also apparent that other factors will influence the value 
of B, In P should be written 

I P SA-SAD I P' 
n =--~-- + n . (57) 

In the treatment of the transition state, FOWLER1 expresses the rate constant 
in terms of the partition functions, the true energy of activation at the absolute 
zero and certain other fundamental constants, 

[ 1='= 1 E. 
k = 1X V 11 (T)~;-(1;i _ k,;' e- -" T- (58) 

where 1X is the probability of reaction of the transition state, V is the volume 
and the other quant,ities have their usual meaning. The thermodynamic form 2 

_~H== _ _ Js<= k T 
k=Ke RP e lt -­

h 

where K is the tra,nsmission coefficient amI thc equilibrium constant is 
,IH=;= JS=:= 

k=:= = e- -il P-- e -'R-

(59) 

emphasizes the relation between equilibrium constants and reaction velocities. 
At present our knowledge conceming the transition state is insufficient to predict 
the thermodynamic characteristics except by anaJogy to results of equiIibrium 
measurements on similar stable systems. 

The relation between the catalytic constant and the dissociation constant 

k=GK'" (60) 

affords an experimcntally established relation between reaction rates and chemical 
equilibria. The constants G and x are independent of the catalyst for catalysts 
of similar structure and a given charge type. For example,3 this relation holds 

1 R. H. FOWLER: Statistical Mechanics. Cambridge University Press. 
2 W. F. K. WYNNE-JONES, H. EYRING: J. chem. Physics 3 (1935), 3492. 
3 K. J. PEDERSEN: Dissertation, Den Almindelige syre og BaRekat.alyse. Copen­

hagen, 1932. 
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exactly for the enolization of acetone catalyzed by aliphatic monobasic carboxylic 
acids, and x is the same at 0° and 25° C_ Ifl x is independent of temperature 

Introducing equation (59) we have 

and setting 

LJ H=:= LJ S~= LJ H LJ S ) -----n:-tj-- -]l= x( RT --T -lnG 

LlH=i' = xLlx-LlHG, 

LI S=:= = xLi S + LI SG, 

(61) 

(62) 

(63) 

(64) 

where LlHG and LlSG stand for the energy and entropy components of In G. 
WYNNE-JONEs and EYRING have shown that for the enolization of acetone the 
values of LI S== calculated from the data of 8MITH vary linearly with the catalyst's 
entropy of ionization. 

The data for the bromination of acetoacetic ester2 are in agreement with 
equation (63). From the study of basic catalysis in the decomposition of nitramide, 
BAUGHAN and BELL conclude that the exponent in equation (60) is not indepen­
dent of temperature and as there is no parallelism between the heat of ionization 
of the various catalysts and the energies of activation, therc can be no parallelism 
between the entropies. A general account of linear free energy relationships and 
equilibrium pherromena has been given by HAl\1METT,3 and JENKINS 4 has dis­
covered for the alkaline hydrolysis of aseries of benzoic acid esters a linear 
relation between the energy of activation and the electrostatic potential at the 
carbon atom to which the carbethoxy-group is attached. 

EVANS and POLANYI5 have treated the effect of hydrostatic pressure on 
reaction velocity and use the equation 

dink 
(65) 

where LI V is the differencc in volume between the solution of the reactants and 
that of the complcx in the transition state. The prediction is made that for 
non-ionic bimolecular reactions there will bc an increase in the velo city of reaction 
with increasing pressure. This is in agreement with the effect of pressure 
on the hydrolysis of esters and the esterification of acids. PERRIN6 finds that 
the reactions studied fall into threc main classes. 1. Reactions which take place 
at rates approximatelyequal tothe calculated rate when lnZ = Bin equation (12). 
In these "normal" rcactions the rate is increased by increasing pressure, the 
increase being due to a decrease in EA • 2. "810w" reactions in which the velocity 
constant is several powers of ten smaller than that calculated on the basis 
In z = B in (12). Here the increase in k with increasing pressure seems to be 
due to a large increase in B, although there are exceptions such as the 
esterification of acetic anhydride by ethyl alcohol. 3. In the case of uni­
molecular reactions both Band EA decrease but the decrease in B is pre­
dominant and k decreases with increasing pressure. 

1 M. KILPATRICK, M. L. KILPATRICK: Chem. Reviews 10 (1932), 213. 
2 K. J. PEDERSEX: J. phYflic. ehern. 38 (1934), 601. 
3 L. P. HAMlIET: Trans. Faraday 80c. 34 (1938), 156. 
4 H. O. JENKDi,;;: J. Amer. ehern. 80c. 1939, 1780. 
5 M. G. EVAN:>, M. POLANYI: Trans. Faraday 80c.31 (1935), 875; 32 (1936), 1333. 
6 M. W. PERRIN: I. c. 
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LEWIS 1 defines an acid as any substance, one of whose atoms is capable 
of receiving into its valence or co-ordination or resonance shell the basic electron­
pair of another atom. This classification includes hydrogen acids. LEWIS also 
divides acids and bases into primary and secondary, a primary acid being one 
which does not require an activation energy in its neutralization by a primary 
base, while secondary acids require an energy of activation for combination with 
a secondary or primary base. . 

On the basis of this definition, LEWIS and SEABOR0 2 consider the following 
possibilities. 

For the reaction of the acid A with the base B we have 

Bs -- B p , B p + A -- BA, (66) 

where Bs represents the ordinary state of a secondary base whose primary 
form of higher energy is represented by B p . If the first step is slow compared 
to the second, the rate of formation of B p will be independent of the nature and 
concentration of the acid A and the velocity constant will be given by an ex­
pression of the ARRHENIUs form (12) where EA is the difference in energy between 
B p and Bs . The authors state that they have been unable to find an example 
of a case of this sort. 

On the other hand, if the second step is much slower, Bs and B p are in 
dH 

equilibrium and the ratio of the two concentrations is proportional to e - R T-. If 
the reaction is bimolecular with respect to A and B p , it will also be bimolecular 
with respect to A and Bs and L1 H will be the heat of activation. The heat of 
activation should be independent of the nature of the acid. 

This case is illustrated by an experimental study of the neutralization of 
the trinitrophenylmethide ion with acids. An alcoholic solution of the blue ion 
was reacted with acids ranging in dissociation constant from 10-2 to 10-10 as 
measured in water. The experiments were carried out at -53, -63, -76, and _82 0 C. 
The reaction was found to be bimolecular and "free from catalysis or neutral salt 
effect". The rate constant k is determined from the equation 

dCBs 
-iTi---=kCACB , (67) 

where CA is the molal concentration of the acid. For the weaker acids k is no 
longer proportional to the acid concentration and this was found to be due to 
the reaction with thc acid alcohol. The heat of activation for the six stronger 
acids was found to be 9,1 kcal. and that for the alcohoI reaction 8,9 kcal. as determ­
ined by an indireüt method. The authors conclude that the constancy of heat 
of activation over the great range from chloroacetic acid to alcohoI can hardly 
be explained by the theory of the activated complex. However, the following 
kinetic picture seems to merit consideration. 

Let 
k1HA k 2 

Bs -'0------c Bp + HA ------+ H Bp + A-, 
k_1A-

(68) 

where HA is the acid, A- its conjugate base. If k2 »k_1CA- the equilibrium 
between Bs and Bp is not maintained and the first step is rate determining: 

dCBs 
--d-t - = kCBSCHA . (69) 

1 G. N. LEWIS: I. c. 
2 G. N. LEWIS, G. T. SEABORG: I. c. 
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This would be a case of general acid catalysis, the acid HA catalyzing the reaction. 
In the enolization of acetone and other reactions already cited the energies of 
activation for aseries of catalysts are not greatly different, and the velocity 
constants are related to the dissociation constants by equation (60). A plot of 
the velocity constants against the dissociation constants of the acids in water 
yields an approximately linear relationship. 

LEWIS, however, considers (60) an erroneous relationship. The neutralization 
of the blue ion is the conversion to another base which reacts rapidly with the 
acid present. This conversion in an alkaline alcoholic solution does not take 
place as the alcohol is too weak an acid to displace the equilibrium, but in the pre­
sen ce of a sufficient amount of a stronger· acid the alcohol acts as a catalyst, as 
well as the other acid, and the molar catalytic constants depend upon the acid 
strength. 

It is of interest to note that the plots of log k vs. { give good straight lines 

in agreement with equation (12). Tests of the ARRHENIUS equation at low tem­
peratures are particularly needed as the reciprocal of the temperature enters 
into all relevant equations. 

From a study of neutralization of primary acids and bases at low temperatures, 
LEWIS and SEABORG conclude that the heat of activation, if it exists at all, cannot 
be greater than 4 kcal,l Further study of neutralizations and fast protolytic 
changes may enable us' to determine the activation energies of such reactions 
and establish their relation to catalysis. It should be recalled that POLISSAR2 

has pointed out that only reactions having Band EA values within certain limits 
are subject to direct measurernent. 

1 See G.-M. SClIWAB: Z. physik. ehern., Abt. A 183, 250 (1939). 
2 M. J. POLISSAR: J. Amer. ehern. Soc. 54 (1932), 3105. 
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Einleitung. 
In dem vorliegenden Kapitel soll alles experimentelle Material zusammen­

gefaßt werden, das auf dem Gebiet katalysierter Reaktionen in Lösung unter 
Verwendung von Isotopen gewonnen worden ist. Es sollen ferner die Folgerungen 
dargelegt werden, die sich aus solchen Untersuchungen für den Mechanismus 
spezieller Reaktionen sowie für die Theorie der Säure- und Basenkatalyse und 
die Theorie der Reaktionen in Lösung überhaupt ergeben haben. 

Die hierher gehörigen Untersuchungen wurden vorwiegend mit drei verschiede­
nen Absichten unternommen und lassen sich darnaeh in folgende Gruppen einteilen: 

1. Isotope wurden angewandt als Indikatoren zur Feststellung und quantita­
tiven Messung von Austau8chvorgängen gleichartiger Atome zwischen 2 MolekeIn, 
die sich ohne Anwendung von Isotopen einer Feststellung entziehen, wie etwa 
der Sauerstoffaustausch zwischen Wasser und einer organischen Säure. 

2. Isotope wurden angewandt zur Feststellung der Unter8chiede der Reaktion8-
ge8chwindigkeiten, die sich ergeben, wenn bei einer Reaktion irgend welche Atome 
durch Isotope ersetzt werden, sei es im Substrat, im Katalysator oder im Lösungs­
mittel. Da bei einem solchen Ersatz im wesentlichen nur die Massen der Moleküle 
geändert werden, Bindungsenergien, Dipolmomente und sonstige Eigenschaften 
aber weitgehend erh;t1ten bleiben, sind derartige Versuche oft einer verhältnis-
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mäßig einfachen theoretischen Behandlung oder Deutung zugänglich und somit 
von allgemeinerem reaktionskinetischen Interesse. Wegen der relativ geringen 
Geschwindigkeitsunterschiede, die eine Isotopensubstitution im allgemeinen zur 
Folge hat, fallen unter diese Gruppe nur Untersuchungen mit den Wasserstoff­
isotopen, bei denen sich die größten Isotopeneffekte erwarten lassen. 

3. Isotope wurden angewandt zur Aufklärung von Reaktionsmechanismen, 
sei es durch Untersuchung von Reaktionsprodukten, welche in Gegenwart von 
isotopenhaItigen Verbindungen entstanden, auf ihren Isotopengehalt, sei es 
auf indirektem Wege durch Diskussion der Isotopenverschiebung von Reaktions­
geschwindigkeiten. 

Die Schilderung soll sich im folgenden der gegebenen Einteilung anschließen, 
welche naturgemäß nicht immer scharf durchzuführen ist, da bei vielen Arbeiten 
mehrere der angeführten Gesichtspunkte gleichzeitig leitend waren. Bezüglich 
der allgemeinen experimentellen und theoretischen Grundlagen der Säure- und 
Basenkatalyse muß auf die besonderen Artikel des Handbuches verwiesen 
werden, welche diesem Gegenstand gewidmet sind. 

Isotopenaustauschreaktionen. 
Wasserstoff-Deuterium-Austausch. 

An Stickstoff oder an Sauerstoff gebundene Wasserstoffatome sowohl anor­
ganischer wie organischer Verbindungen werden beim Auflösen der betreffenden 
Substanzen in schwerem Wasser (oder anderen OD-Gruppen-haltigen Lösungs­
mitteln) nach den bisherigen Erfahrungen stets momentan gegen Deuterium­
atome ausgetauscht. Austauschreaktionen mit meßbarer Geschwindigkeit sind da­
gegen bei an Kohlenstoff gebundenem Wasserstoff in größerer Zahl aufgefunden 
worden und zeigten, soweit sie näher untersucht wurden, stets eine Katalyse 
durch Säuren oder Basen, mitunter durch Säuren und durch Basen. 

Bei anorganischen Verbindungen sind nur wenige Beispiele eines katalysierten 
Wasserstoffaustausches bekannt geworden. Zu nennen ist hier der Austausch 
zwischen dem Hypophosphition und Wasser, der nach ERLENMEYER und 
SCHWARZENBACH1 nur in der freien Säure, also in saurer Lösung, nicht aber 
in der alkalisch reagierenden Lösung ihres Ba-Salzes stattfindet, sowie der Aus­
tausch zwischen molekularem Wasserstoff und Wasser nach 

H 2 + D 20 = D 2 + H 20, 

der nach BONHoEFFER und WIRTZ 2 in homogener Lösung durch Hydroxyl­
ionen katalysiert wird. In letzterem Fall erfolgte innerhalb von 24 Stn. in Gegen­
wart von 0,1-0,2 n Alkali bei 100° weitgehender Austausch; die Reaktion kann 
dadurch beschrieben werden, daß der molekulare Wasserstoff ein Proton an eine 
starke Base wie das Hydroxylion abgibt und daß der Rest - ein Hydridion -
ein Deuteron aus einem Wassermolekül aufnimmt: 

H 2 + OD- -> H- + HOD, 
H- + D20 -->- HD + OD-, 

HD + OD- usw. 

Ferner wird die Geschwindigkeit dcs Wasscrstoffaustausches zwischen Schwefel­
wasserstoff und Hydroxylgruppen nach GElB bei tiefen Temperaturen (- 115°) 

1 H. ERLENMEYER, W. ScnÖNAUER, G. SCHWARZENBACH: He1v. chinl. Acta 20 
(1937), 726. 

2 K. F. BONHOEFFER, K. WIRTZ: Z. physik. ehern., Abt. A 177 (1936), 1. 
Hdb. d. Katalyse. 11. 18 
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mit Methanol als Austauschpartner und Lösungsmittel meßbar langsam und 
zeigt dabei eine deutliche Katalyse durch HCU 

Austausch durch Ionisierung der aliphatischen C-H-Bindung. 
Mechanismus des Austausches. 

In fast allen Fällen, in denen ein Wasserstoffaustausch zwischen Wasser 
und dem an Kohlenstoff gebundenen Wasserstoff einer aliphatischen Verbindung 
beobachtet wurde, ist dieser Austausch auf eine Ionisierung von C-H-Bindungen 
zurückzuführen. Ein direkter Wa8serstolfaustausch zwischen aliphatischen Ver­
bindungen und einer Deuterium-haltigen Substanz in homogener Lösung wurde 
bisher nur unter ziemlich extremen Bedingungen festgestellt, nämlich bei Kohlen­
wasserstoffen mit konzentrierter Schwefelsäure als Deuterierungsmitte12: Da 
der Austausch etwa zwischen Methylcyclohexan und D 2S04 bei Zusatz von 
genügend Wasser, um die gesamte Schwefelsäure in (D30) + (DS04)- umzu­
wandeln, zum Stillstand kommt, muß in diesem Falle das nichtionisierte Schwefel­
säuremolekül den Austausch bewirken. Anderseits ist auch die Ionisierungs­
tendenz des Wasserstoffes in Kohlenwasserstoffen so gering, daß man dessen 
Ionisierung ebenfalls ausschließen darf und einen direkten Austausch etwa nach 

.H 

-eH + DOSOaD ~ .C: 
·D·· 

annehmen muß. Der Austausch ist völlig analog der Deuterierung aromatischer 
Kohlenwasserstoffe mit Säuren, auf weIche weiter unten eingegangen werden soll. 

Kommt der H-D-Austausch durch einen Ionisierungs- (Dissoziations-) 
Mechanismus zustande, so läßt sich verstehen, daß der Austausch durch Basen 
katalysiert wird oder überhaupt nur in Gegenwart von Basen zu beobachten ist; 
denn Wasserstoffionisierung bedeutet einen Protonenübergang von einer Säure 
im verallgemeinerten Sinne zu einer Base. 

Die in einem Dissoziationsgleichgewicht enthaltene Umkehrung dieser Re­
aktion, die Rückkehr des Deuterons oder Protons also, muß dabei zu einem 
Wasserstoffaustausch zwischen allen an dem Prozeß beteiligten Säuren führen, 
der in dem hier betrachteten Falle nach dem Schema 

RH + B- ~ R- + HB (1) 
R-+DB ~ RD+ B- (2) 

bzw. RH + D20 ~ R- + HD2O+, (1) 
R- + D20 -> RD + OD- (2) 

verläuft. 
Das Proton wird dabei aus einer C-H-Bindung an eine Base (z. B. auch 

an ein Wassermolekül) abgegeben, worauf aus dem Lösungsmittel (D20) oder 
von einem anderen Deuteronendonator ein Deuteron an die Stelle zurückge­
geben wird, von welcher das Proton entfernt worden war. Da Wasser nur eine 
sehr schwache Base ist, müssen andere, zugesetzte Basen die Dissoziationsge­
schwindigkeit erhöhen. 

Bedeutung der Austauschgeschwindigkeit. 
Im allgemeinen erfolgt die Abtrennung eines Protons vom Kohlenstoff nach (1) 

viel langsamer als seine Wiederanlagerung (oder die eines Deuterons) nach (2), 

1 K. H. GElB: Z. Elektroehern. angew. physik. Chern. 45 (1939), 648. 
2 C. K. IN GOLD, C. G. RAISIN, C. L. WILSON: J. ehern. Soe. (London) 1936, 1643. 
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wie man aus dem sehr geringen Dissoziationsgrad der betreffenden Verbindungen 
erkennt. Eine Ausnahme hiervon machen nur etwa die Nitroparaffine, welche 
in alkalischer Lösung völlig dissozüeren (Salzbildung). Die Dissoziationsge­
schwindigkeit ist daher im Falle von Basenkatalyse im allgemeinen gleich der 
Geschwindigkeit der Bildung der monodeuteriumsubstituierten Verbindung 
Letztere Geschwindigkeit soll im folgenden als "Deuteriumaustauschgeschwindig­
keit" bezeichnet werden, und zwar auch dann, wenn die Verbindung mehrere 
äquivalente austauschbare Wasserstoffatome enthält. 

Die Feststellung eines Wasserstoffaustausches durch Anwendung der Wasser­
stoffisotopen kann daher zum Nachweis der Wasserstoffionisierung dienen, 
sofern man andere Austauschmechanismen als den Ionisierungsmechanismus 
mit Sicherheit ausschließen kann; eine quantitative Bestimmung der Austausch­
geschwindigkeit besitzt wegen ihrer meist anzunehmenden Übereinstimmung 
mit der Ionisierungsgeschwindigkeit erhebliches Interesse, da zur Messung der 
Ionisierungsgeschwindigkeit in den betreffenden Fällen bisher entweder über­
haupt keine oder meist nur indirektere Methoden zur Verfügung standen, wie 
etwa die Messung der Geschwindigkeit von Halogenierungen, Tautomerisierun­
gen, Racemisierungen, Aldolkondensationen und ähnlichen Prozessen, die eben­
falls von der Ionisierung von C-H-Bindungen abhängen. Die bisher einzige 
direkte Methode, die Leitfähigkeitsbestimmung, ist allein in den Fällen an­
wendbar, in welchen die Bestimmung der Austauschgeschwindigkeit versagt, 
nämlich bei sehr hohem Dissoziationsgrad,l und wird somit durch die Austausch­
rnethode wertvoll ergänzt. 

Beim Vergleich der Deuteriumaustauschgeschwindigkeiten mit den' Ge­
schwindigkeiten der oben aufgezählten Prozesse ist zu berücksichtigen, daß 
letztere meist in H20, die Austauschgeschwindigkeiten aber in D20 gemessen 
wurden, also in einem anderen Lösungsmittel und eventuell auch mit einem an­
deren Katalysator (OD--Ionen an Stelle von OH--Ionen).2 Nach den in einigen 
speziellen Fällen gewonnenen Erfahrungen kann man, falls keine' Vergleichs­
messungen in demselben Lösungsmittel vorliegen, damit rechnen, daß die Reak­
tionen in D20 mit OD--Ionen etwa 1,4mal schneller verlaufen als in H20 mit 
OH--Ionen, ohne wohl einen allzu großen Fehler zu begehen. 

Bei Aceton und Essigsäure wurde auch eine Säurekatalyse des Wasserstoff­
austausches festgestellt,3 welche ebenfalls auf Ionisierung von C-H-Bindungen 
zurückzuführen ist. Bei einem säurekatalysierten Austausch ist aber keine 
einfache Beziehung zwischen Ionisierungsgeschwindigkeit und Austausch­
geschwindigkeit mehr zu erwarten, denn in diesem Falle beginnt die Reaktion 
mit einer Protonen- bzw. Deuteronenanlagerung an einer anderen Stelle des 
Moleküls. Diese Anlagerung kann dabei entweder selbst geschwindigkeitsbe­
stimmend sein oder zu einem Anlagerungsgleichgewicht führen, in welchem die 
Konzentration des Anlagerungskomplexes, aus dem dann ein an C gebundenes 
Proton abdissoziieren muß, unbekannt ist. 

Einfluß von Substituenten. 
Nach den Geschwindigkeiten basenkatalysierter Austauschreaktionen läßt 

sich eine Anzahl typischer Substituenten der organischen Chemie in eine Reihe 
ordnen, entsprechend ihrem Einfluß auf die Ionisierung der C-H-Bindung und 

1 In diesem Falle ist. ja die Voraussetzung: Geschwindigkeit von (2) groß gegen 
Geschwindigkeit von (1), nicht mehr erfüllt. 

2 Allgemeine Bemerkungen über den Einfluß einer D-Substitution im Lösungs­
mittel oder im Katalysator auf Reaktionsgeschwindigkeiten siehe S. 294, 296 f. 

3 V gJ. S. 278 und S. 305 ff. 
111* 



T
ab

el
le

 1
. 

W
C

18
se

l's
to

ff-
D

eu
te

ri
um

-A
us

ta
us

ch
re

ak
tio

ne
n 

al
ip

ha
ti

sc
he

r 
V

er
bi

nd
un

ge
n_

 

S
ub

st
an

z 
I T

em
pe

ra
tu

r I 
L

ös
un

gs
m

itt
el

 u
nd

 
I Ka

ta
ly

se
nk

on
st

an
te

 
11 

In
 o

e 
, 

K
at

al
ys

at
or

 
In

 M
in

.-
l.

 L
it

er
· M

O
!-

l 
B

em
er

ku
ng

en
 

N
it

ro
m

et
h

an
 
..

..
..

..
..

..
..

..
 . 

A
ce

to
n 

..
..

..
..

..
. 

_ .
..

..
..

..
 . 

I-
P

he
ny

l-
ß-

n-
B

ut
yl

ke
to

n 
..

..
..

 _
 

M
et

hy
ls

ul
fo

na
t 

..
..

..
..

..
..

..
. {

 

D
im

et
hy

ls
ul

fo
n 

..
..

..
..

..
..

..
. {

 

70
 

25
 

35
 

10
0 

18
3 o 64
 

A
ce

ta
m

id
. 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 . 

. .
 

25
 

A
ce

to
ni

tr
il

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. .

 . 
. 

35
 

A
ce

ta
t:

 
C

H
aC

O
O

=
 .

..
..

..
..

..
..

..
..

 ·}I 
7

2
-2

0
6

 
C

D
3C

O
O

 
..

. 
_ .

..
..

..
..

..
..

 . 
C

H
aC

O
O

=
 .

..
..

..
..

..
..

..
..

 ·}
1

1
3

9
-2

0
6

 
C

D
aC

O
O

 
..

..
..

..
..

..
..

..
. 

. 

G
ly

ko
la

t 
..

..
 
..

..
..

..
..

..
..

..
 

13
7 

P
h

en
y

la
ce

ta
t 

..
..

..
..

..
..

..
..

. 
10

0 

K
ro

to
n

at
 .

..
..

..
..

..
..

..
..

. 
_ .

 . 
10

0 

S
o

rb
in

at
 .

..
..

..
..

..
..

..
..

..
..

 
10

0 

tr
an

s-
G

lu
ta

co
n

at
 .

..
 . 

. .
 . 

. .
 . 

. .
 . 

. 
20

 

ci
s-

G
lu

ta
co

na
t 
..

..
..

..
..

..
..

..
 I

 
20

 

B
C

18
en

ka
ta

ly
si

er
te

 R
ea

kt
io

ne
n:

 

. 
a
, 

a 
I
'
 

k
el

t 
fe

st
ge

st
el

lt
 

I D
O

C
H

 C
O

O
-
! (

25
0

: 
4 

O
· I

O
- a

) 
I Ü

be
re

in
st

im
m

un
g 
~i

t 
B

ro
m

ie
ru

ng
sg

es
ch

w
in

di
g-

D
aO

, 
O

D
-
!
 

14
,5

 
=

 
E

no
li

si
er

un
gs

ge
sc

hw
in

di
gk

ei
t 

D
aO

+
D

io
x

an
 

(1
: 

2)
, 

O
D

-

D
aO

,O
D

-

D
aO

, 
O

D
-

D
aO

,O
D

­

D
aO

,O
D

-

D
aO

,O
D

­
H

a
O

,O
H

­
D

aO
* 

H
aO

* 

D
aO

,O
D

-

D
aO

,O
D

­

D
aO

,O
D

­

D
.O

,O
D

­

D
aO

,O
D

-

D
aO

,O
D

-

0,
01

5 

2
,2

.1
0

-4
 

0,
12

5 

3
,6

.1
0

-4
 

0,
25

 

1
.1

0
-3

 

8
.1

0
-3

 

=
 

R
ac

em
is

ie
ru

ng
sg

es
ch

w
in

di
gk

ei
t 

}I A
kt

iv
ie

ru
ng

se
ne

rg
ie

: 
18

,5
 ±

 I 
kc

al
 

}I 
25

,7
 ±

 1
 k

ca
l 

I D
er

 A
us

t.
 i

st
 b

ei
m

 A
m

id
 e

tw
a 

l/a
 so

 s
ch

ne
ll

, 
be

im
 

N
it

ri
l 

40
m

al
 s

ch
ne

ll
er

 a
ls

 d
ie

 H
yd

ro
ly

se
, 

so
 d

aß
 

A
us

t_
 i

n
 D

aO
 u

n
d

 H
yd

ro
ly

se
 n

eb
en

ei
na

nd
er

 v
er

-
I 

la
uf

en
 

I A
kt

iv
ie

ru
ng

se
ne

rg
ie

n:
 

9
.1

0
-6
-
0

4
 

I} 
, ~
 h

al
b 

so
 s

ch
n

el
l 

22
 ±

 2
 k

ca
l 

4
.1

0
-6

-0
,0

1
2

 
.}

 
,...

., 
ha

lb
 s

o 
sC

hn
el

li 
32

 ±
 I

 k
ca

l 

,...
., 

5
.1

0
-3

 
I 

3·
10

-4
 

')
 

, 
2·

10
-&

 
I 

1
,7

.1
0

- 4
 

I 
A

us
t.

 
n

u
r 

d
er

 
~-st

ändi
gen 

W
as

se
rs

to
ff

at
om

e 

0,
13

 

{I 
et

w
a 

w
ie

 t
ra

ns
-I

' 
B

ei
 

d
er

 
ci

s-
S

äu
re

 t
au

sc
h

t 
I 

H
 s

ch
ne

ll
er

 a
u

s 
al

s 
I 

V
er

bi
nd

un
g 

di
e 

üb
ri

ge
n 

(W
as

se
rs

to
ff

bi
nd

un
g?

) 

I ~I
 

6 

I>
:>

 
-
l
 

0>
 

? ~
 ~ N

 



G
lu

ta
ra

t 
..

..
..

..
..

..
..

..
..

..
 . 

V
in

y
la

ce
ta

t 
..

..
..

..
..

..
..

..
. 

. 

F
o

rm
ia

t 
..

..
..

..
..

..
..

..
..

..
 . 

P
h

en
y

l·
p

· T
ol

yl
de

ut
er

io
ac

et
a.

t .
..

. 

I 
CH
aO
~'
 __ ~

:C
H.

-N
 C

H<
-=

~)
 ~
 !} 

/ 
~
 

/ 
, 

I
I
~
C
H
3
0
~
 _

 "
C

H
 
N

-C
H

.<
,_

) 

C
H

 
·C

H
 

/
'
 

~
 

I 
eH

.,_
, 

/C
.C

H
.·

C
N

 -
+

 

20
 

10
0 

10
0 

10
0 74
 

D
20

,O
D

-

D
.O

,O
D

-

D
.O

,O
D

­

H
.O

,O
H

-

C
2H

sO
D

, 
C

.H
sO

-

et
w

a 
10

0m
al

 
la

ng
sa

m
er

 a
ls

 
G

lu
ta

co
ns

äu
re

 

0,
18

 
!{

A
us

t.
 

I 
la

ng
sa

m
er

 A
us

t.
 i lA

u
st

. 

, 

et
w

as
 s

ch
ne

ll
er

 a
ls

 
Is

om
er

is
ie

ru
ng

 
K

ro
to

ns
äu

re
io

n 

= 
R

ac
em

is
ie

ru
ng

sg
es

ch
w

in
di

gk
ei

t 

zu
m

 

m
in

de
st

en
s 

be
i 

II
 s

ch
ne

ll
er

 a
ls

 I
so

m
er

i·
 

B
ie

ru
ng

 

1
0

 

1
1

 

12
 

1
3

 

e
H

.·
 C

H
. 

25
 

C
2H

sO
D

, 
C

.H
sO

-
, 

I 
ta

u
sc

h
t 

m
o

m
en

ta
n

 a
us

, 
w

äh
re

n
d

 d
ie

 U
m

w
an

d-
14

 

/C
H

.·
 C

H
."

 
lu

ng
 

la
ng

sa
m

 
er

fo
lg

t,
 

II
 

ta
u

sc
h

t 
n

ic
h

t 
au

s 

II
 -
~
 C

H
. 

C
=

C
H

· C
N

 
" 

/ 
C

H
2

• 
C

H
. 

-
,-

_
. 

_
._

-
* 

F
ü

r 
d

ie
 d

u
rc

h
 d

ie
 W

aB
so

rm
ol

ek
ül

o 
ka

ta
ly

:,
;i

er
te

 H
ea

k
ti

o
n

 iB
t 

di
e 

G
es

ch
w

in
di

gk
ei

ts
ko

ll
st

an
te

 d
er

 b
eo

b
ac

h
te

te
n

 R
ea

k
ti

o
n

 1
. O

rd
n

u
n

g
 

in
 m

in
-1

 
w

ie
de

rg
eg

eb
en

. 
1 

0
. 

R
E

IT
Z

: 
Z

. 
ph

ys
ik

. 
C

he
m

.,
 

A
b

t.
 A

 1
76

 (
19

36
),

 3
63

. 
2 

W
. 

D
. 

W
A

LT
ER

S,
 K

. 
F

. 
B

O
N

lIO
E

FF
E

R
: 

Z
. p

h
y

si
k

. 
C

he
m

.,
 A

b
t.

 A
 1

82
 (

19
38

),
 2

65
. 

3 
S.

 K
. 

H
sü

, 
C

. K
. I

N
G

O
LD

, 
C

. L
. W

IL
SO

N
: 

J.
 e

he
rn

. 
S

oe
. 

(L
on

do
n)

 1
93

8,
 7

8.
 

4 
J.

 H
O

C
H

B
ER

G
, 

K
. 

F
. 

B
O

N
H

O
EF

FE
R

: 
Z

. 
ph

ys
ik

. 
C

he
m

.,
 A

b
t.

 A
 1

84
 (

19
39

),
 4

19
. 

s 
0

. 
R

E
IT

Z
: 

Z
. 

ph
ys

ik
. 

C
he

m
.,

 A
b

t.
 A

 1
83

 (
19

39
),

 3
71

. 
6 

L
. 

D
. 

C
. 

B
O

K
, 

K
. 

H
. 

G
E

lB
: 

Z
. 

ph
ys

ik
. 

C
he

m
.,

 A
b

t.
 A

 1
83

 (
19

39
),

 3
53

; 
si

eh
e 

au
ch

 F
u

ß
n

o
te

 8
. 

7 
K

. 
H

. 
G

E
lB

, 
un

ve
rö

ff
en

tl
ic

ht
; 

vg
l.

 J
. 

eh
er

n.
 P

hy
si

es
 7

 (
19

39
),

 6
64

. 
8 

D
. 
J.

 G
. 

IV
E

S:
 J

. 
eh

er
n.

 S
oe

. 
(L

on
do

n)
 1

93
8,

 8
1.

 
9 

E
. 

M
. 

EV
A

N
S,

 
H

. 
N

. 
R

Y
D

O
N

, 
H

. 
V

. A
. B

R
IS

C
O

E
: 

J.
 e

he
rn

. 
S

oe
. 

(L
on

do
n)

 
19

39
, 

16
73

. 
1

0
 
D

. 
J.

 G
. 

IV
E

S:
 J

. 
eh

er
n.

 S
oe

. 
(L

on
do

n)
 1

93
6,

 1
73

5;
 1

93
8,

 9
1.

 
11

 
F

. 
K

. 
M

Ü
N

ZB
ER

G
, 

W
. 

O
B

E
R

ST
: 

Z
. p

hy
si

k.
 C

he
m

.,
 A

b
t.

 B
 

31
 (

19
35

),
 1

8.
 

12
 
D

. 
J.

 G
. 

IV
E

S,
 

G
. 

C
. 

W
IL

K
S:

 
J.

 e
he

rn
. 

S
oe

. 
(L

on
do

n)
 1

93
8,

 1
45

5.
 

13
 

E
. 

D
E 

SA
LA

S,
 C

: 
L

. 
W

IL
SO

N
: 

J.
 e

he
rn

. 
S

oe
. 

(L
on

do
n)

 1
93

8,
 3

19
. 

14
 

C
. 

K
. 

IN
G

O
LD

, 
E

. 
D

E 
SA

LA
S,

 C
. 

L
. 

W
IL

SO
N

: 
J.

 e
he

rn
. 

S
oe

. 
(L

on
do

n)
 1

11
36

, 
13

28
. 

, 13·
 

t"
' 

0
: J w
 ... ...., 



Ta
be

lle
 1

 
(F

or
ts

et
zu

ng
).

 

S
ub

st
an

z 
B

em
er

ku
ng

en
 

I T
em

pe
ra

tu
r 

L
ös

un
gs

m
it

te
l 

um
1 

I 
K

nt
al

ys
el

lk
on

st
un

tc
 
I 

in
 

oe
 

K
at

al
ys

at
or

 
in

 M
in

. 
1

. 
T~
it
er
' 

1\
Io

l-
1

! 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
~
-
-
-
-
-
-
-
-
-
-

A
ce

to
n

 
..

..
..

..
..

..
..

..
..

..
. 

. 
E

ss
ig

sä
u

re
: 

{ 
C

H
3C

O
O

D
 .
..

..
..

..
..

..
..

..
 . 

f 
C

D
aC

O
O

H
 .
..

..
..

..
..

..
..

..
. 

\ 

C
D

3C
O

O
D

 .
..

..
..

..
..

..
..

..
 . 

A
ce

t.
ul

de
hy

d 
..

..
..

..
..

..
..

..
. 

. 

G
ly

ce
ri

n
al

d
eh

y
d

 .
..

..
..

..
..

..
..

 } 
D

ih
y

d
ro

x
y

ac
ct

o
n

 .
..

..
..

..
..

..
 . 

A
ce

ta
m

id
 .
..

..
..

..
..

..
..

..
..

. 
. 

A
ce

to
n

it
ri

l 
..

..
..

..
..

..
..

..
..

. 
. 

Ä
th

y
la

ce
ta

t 
..

..
..

..
..

..
..

..
. 

. 
Ä

th
y

la
ce

ta
t 

..
..

..
..

..
..

..
..

. 
. 

B
u

tt
er

sä
u

re
 .
..

..
..

..
..

..
..

..
. 

. 
iR

o
·B

u
tt

er
sä

u
re

 .
..

..
..

..
..

..
..

 . 
P

ro
p

io
n

sä
u

re
 
..

..
..

..
..

..
..

..
 . 

A
ce

ty
lE

'n
 
..

..
..

..
..

..
..

..
..

..
 . 

n
·H

ex
an

 .
..

..
..

..
..

..
..

..
..

..
 . 

M
et

h
y

lc
y

cl
o

lw
x

an
 .

..
..

..
..

..
. 

. 
n

-H
ep

ta
n

 .
..

..
..

..
..

..
..

..
..

. 
. 

C
y

cl
o

h
ex

u
n

 .
..

..
..

..
..

..
..

..
. 

. 

25
 

10
0 

20
6 

10
0 

20
6 

10
0 

10
0 

10
0 

10
0 

25
 

20
 

Sä
u1

'e
ka

ta
ly

si
er

te
 R

ea
kt

io
ne

n:
 

!} 
{

, 
5

·1
0

-6
 

1 
D

.O
, 

D
aO

+
 

I 
0 

11
 

l A
k

ti
Y

ip
rn

n
g

se
n

er
g

ie
: 

D
.O

, 
D

aO
+

 
3

,5
,1

0
-3

 
'I 

=
 

B
ro

m
ie

ru
ng

sg
E

's
ch

w
in

di
gk

ei
t 

i R
ii
ck
~u
st
. 

E
'tw

a 
,(

 
26

 ±
 1

 k
ca

l 
h

al
b

 s
o 

sc
hn

el
l 

: J
 

<
 5

· 1
0

-7
 

I 
1%

1<
' 

k
at

al
y

ti
sc

h
e 

\V
ir

k
u

n
g

 
d

er
 

un
di

A
R

oz
ii

er
te

n 
i} 

H
2
0

, 
H

3
0

+
 

I 
D

.O
, C

D
3C

O
O

D
 

Q
ua

li
ta

ti
ve

 u
nd

 n
eg

at
iv

e 
I 

D
.O

, 
O

D
-

D
.O

,O
D

-

D
.O

, 
D

aO
+

 
D

.O
, 

D
aO

+
 

D
.O

, 
D

aO
+

 
D

.O
,O

D
­

D
.O

,O
D

­
D

.O
,O

D
­

D
.O

,O
D

-

D
20

. 
O

D
-

7
7

%
ig

o
 

D
2
S

0
4 

in
 

D
2
0 

I 

E1
·g

eb
ni

.ss
e:

 
E

R
A

ig
sä

ur
(' 

is
t 

m
ö

g
li

ch
 

K
ei

n
 A

u
st

. 
im

 
V

E
'rl

au
f 

d
er

 
A

ld
o

lk
o

n
d

en
sa

ti
o

n
, 

d
al

w
r 

Io
ni

R
ie

ru
ng

K
-

=
 

A
ld

ol
is

ie
ru

ng
R

ge
R

ch
w

in
di

g.
 

k
ci

t 

{K
ei

n
 A

u
st

. 
w

äh
re

n
d

 d
er

 A
ld

o
lk

o
n

d
en

sa
ti

o
n

 v
o

n
 

G
ly

ce
ri

n
al

d
eh

y
d

 a
ll

ei
n

 o
d

er
 z

w
is

ch
en

 G
ly

ce
ri

n
­

al
d

eh
y

d
 u

n
d

 D
ih

y
d

ro
x

y
ac

et
o

n
 

I 
H

y
d

ro
ly

se
 s

ch
n

el
le

r 
al

s 
A

u
st

. 

\ [
{(

"i
n 

A
U

K
t. 

u
n

te
r 

gl
ei

cq
en

 
B

ed
in

g
u

n
g

en
 

w
ie

 
;J 

A
ce

ta
t 

)A
uR

tl
1u

R
ch

gl
ei

ch
ge

w
ic

ht
 i

n
 w

en
ig

er
 a

ls
 1

00
 S

td
 . 

.J 
ei

ng
es

te
H

 t 
IA

uK
t. 

u
m

fa
ß

t 
in

n
er

h
al

b
 

v
o

n
 

14
 

T
ag

E
'n

 
et

w
a 

J 
2 

bz
w

. 
5 

H
-A

to
m

e 

} 
K

p
in

 A
U

K
t. 

un
t,p

l"
 g

lp
ic

he
n 

B
E

'd
in

gu
ng

en
 w

iE
' 

b
ei

 
H

ex
an

 

1 
0

. 
R

E
IT

Z
: 

Z
. 

p
h

y
si

k
. 

C
he

rn
.,

 A
b

t.
 A

 
17

9 
(1

93
7)

, 
11

9.
 

1 I·.
!. 

1>
4 

L
.D

.C
.B

o
K

, 
K

.H
.G

E
IB

: 
Z

.p
h

y
si

k
.C

h
em

.,
 A

b
t.

A
 1

83
 (

19
39

),
 3

53
. 

K
. F

. B
O

N
H

oE
FF

E
R

, 
W

. D
. W

A
L

T
E

R
S:

 Z
.p

h
y

si
k

. e
h

er
n

.,
 A

b
t.

 A
 1

81
 (

19
38

) 
44

7.
 

4
0

. 
R

E
IT

Z
: 

Z
. p

h
y

si
k

. C
h

em
.,

 A
b

t.
 A

 1
83

 (
19

39
),

 3
71

. 
D

. 
J.

 G
. I

V
E

s:
 
J.

 c
h

em
. 

S
oc

. 
(L

o
n

d
o

n
) 

19
38

, 
81

. 
6 

L
. 

H
. 

R
E

Y
E

R
SO

N
, 

B
. 

G
IL

L
E

SP
IE

: 
J.

 A
m

er
. 

ch
cm

. 
S

oc
. 

67
 

(1
93

5)
, 

77
9,

 
22

50
; 

5
8

 (
19

36
),

 
28

2.
 

7 
C

. 
K

. 
IK

G
O

L
D

, 
C

. 
G

. 
R

A
IS

IN
, 

C
. 

L
. 

W
IL

SO
N

: 
J.

 e
he

rn
. 

S
oc

. 
(L

o
n

d
o

n
) 

19
36

, 
16

43
. 

~
 

_
1

 
0

0
 ? r;; ::l .,. 



Isotopenkatalyse in Löstmg. 279 

damit auf die Austauschbarkeit von Wasserstoff im Methanmolekül.l Die Bedeu­
tung dieser Reihe 

N02 »CO »CN>CONH2 ) )COO->SOa-) ) Halogen >C6H s>H>OH >CHa 

st folgende: Wird einer der in der Reihe aufgeführten Substituenten in Methan 
eingeführt, so erhöht er die Ionisierungstendenz der C-H-Bindung um so mehr, 
je weiter links in der Reihe er steht; die rechts vom Wasserstoff stehenden 
Gruppen setzen umgekehrt die Ionisierungstendenz herab. Zur Aufstellung 
dieser Reihe wurden hauptsächlich Messungen der Austauschgeschwindigkeit 
an folgenden Substanzen herangezogen: Nitromethan ('""" 2 .1Oa); Nitroäthan 
(3,3'102); Aceton (14,5); Acetonitril (2-3'1O-a); Acetamid ('""" l·lO-a); Ace­
tat ('""" 1 ·10 -6); Glykolat ('""" 1 .10-7); Methylsulfosäure (5' 10 -7) und Messungen 
der Geschwindigkeit der Aldolkondensation von Acetaldehyd (11); Glycerin­
aldehyd (1-2) und Dihydroxyaceton ('""" 5) in schwerem Wasser unter gleich­
zeitiger Feststellung des Ausbleibens von Wasserstoffaustausch bci der Kon­
densation. Die eingeklammerten Zahlenwerte bedeuten dabei Geschwindigkeits­
konstanten in Min -1 bei 25° in D20 in Gegenwart von 1 n OD--Ionen und 
sind, soweit die Messungen nicht unter den angegebenen Bedingungen ausge­
führt wurden, auf diese umgerechnet. 

Die starke Ionisierungstendenz der C-H-Bindung in den Nitroparaffinen und 
in den Carbonylverbindungen ist der quantenmechanischen Resonanz zwischen 
den beiden mesomeren Ionenformen 

-CH2 "N02 __ CH2 =XO; bzw. -CH2 ·COR -<+ CH2 =CO-R 

zuzuschreiben. Im Gegensatz zu diesem großen "elektromeren" Effekt ist der 
"induktive" Effekt der Alkylgruppen, Halogenatome und Hydroxylgruppen so 
klein, daß ihre Anwesenheit allein noch keine meßbare Austauschgeschwindig­
keit (also etwa bei C2H 6 , CHaCI, CHaOH) bewirkt und daß ihr Einfluß nur bei 
gleichzeitiger Anwesenheit einer der erstgenannten Gruppen, also etwa durch 
Yergleich von Aceton mit Dihydroxyaceton, studiert werden kann. 

Protonen- und Deuteronenübergang. 

Mitunter erwies es sich als zweckmäßig, Austauschreaktionen in umgekehrter 
Richtung zu untersuchen, also den Rückaustausch einer deuterierten Verbindung, 
in gewöhnlichem Wasser. Bei dem Vergleich der hierbei erhaltenen "Wasserstoff­
austauschgeschwindigkeit" mit der oben definierten Deuteriumaustausch­
geschwindigkeit ist zu beachten, daß der Übergang eines Deuterons vom Kohlen­
stoff an eine Base mehrmals langsamer erfolgt als der eines Protons (vgl. S. 295f. 
und S. 311 ft). Aus diesem Grund ist es auch unbequem, Austauschgeschwindig­
keiten in nur teilweise deuterierten Lösungsmitteln zu bestimmen; denn hierbei 
führt das Abtrennen eines Protons von der organischen Verbindung zu seinem 
Ersatz durch Protonen und Deuteronen in einem Verhältnis, das von dem der 
im Lösungsmittel verfügbaren Protonen und Deuteronen verschieden ist. Ohne 
Kenntnis der relativen Übergangsgeschwindigkeiten2 ist es dann unmöglich, 

1 K. F. BO~HoEn'ER, K. H. GElB, O. REITZ: J. ehern. Physics 7 (1939), 664. 
2 Aus den Beobachtwlgen bei dem durch OD- katalysierten Austausch der Vinyl­

essigsäure und ihrer Isomerisierung zu Krotonsäure konnte für die relativen Geschwin­
digkeiten der H- und D-Loslösung das Verhältnis 3,15: 1 und für die Wiederanlagerung 
das Verhältnis 3,55: 1 abgeleitet werden. (P. J. G. IVEs: J. ehern. 80c. (London) 
1938, 91.) Entsprechend ergab sich bei der irreversiblen Umwandlung von Lj1-Cyclo­
hexenylacetonitr:\l in Cyclohexylidenacetonitril in Alkohol das Geschwindigkeitsver­
hältnis für die Ubertragung eines Protons und eines Deuterons auf ein Äthylation 
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aus der beobachtbaren Geschwindigkeit der Deuteriumaufnahme die wahre 
Loslösegeschwindigkeit der Protonen abzuleiten. . 

In der vorstehenden Tabelle I sind die gemessenen Geschwindigkeiten basen­
und säurekatalysierter Austauschreaktionen bei aliphatischen Verbindungen 
zusammengestellt. Etwaige Übereinstimmungen der Austauschgeschwindig­
keiten mit den Geschwindigkeiten anderer Prozesse, die ebenfalls auf einer Ioni­
sierung des Wasserstoffes beruhen, sind dabei vermerkt. Einige nur qualitative 
oder auch negative Ergebnisse über die Katalysierbarkeit des Wasserstoffaus­
tausches sind mit aufgeführt; die negativen nur, soweit sie zum Vergleich mit 
beobachteten Austauschreaktionen erwähnenswert erscheinen. 

Austausch zwischen Säuren und aromatischen . Verbindungen. 
Mechanismus des Austausches. 

Im Gegensatz zu den Wasserstoffaustauschreaktionen bei aliphatischen Ver­
bindungen, bei welchen meist nur eine Basenkatalyse beobachtet wurde, zeigt 
der Kernwasserstoffaustausch bei aromatischen Verbindungen in der Mehrzahl 
aller Fälle Säurekatalyse. Auch bei den Verbindungen, bei denen auf den ersten 
Blick eine Basenkatalyse vorzuliegen schien, da ein Austausch in Gegenwart 
von Alkali beobachtet wurde, wie bei den Phenolen und Phenolderivaten, 
ergab eine genauere kinetische Untersuchung häufig, daß es sich trotzdem 
um eine Katalyse durch Säuren handelte, und zwar etwa um eine Reaktion 
zwischen den undissoziierten Phenol molekülen (= Säure) und den Phenolationen. 
Dieser Unterschied zwischen aliphatischen und aromatischen Verbindungen 
macht es wahrscheinlich, daß letztere nicht nach dem für aliphatische Ver­
bindungen S. 274 angegebenen Ionisierungsmechanismus austauschen, daß viel­
mehr bei der geringen Ionisierungstendenz aromatisch gebundener H-Atome 
andere Austauschmechanismen einen geringeren Energieaufwand erfordern und 
daher leichter vonstatten gehen. 

Die beim Benzol selbst mit starken Säuren erzielten Ergebnisse sind völlig 
analog dem Austausch zwischen aliphatischen Kohlenwasserstoffen und kon­
zentrierter Schwefelsäure (siehe S.274), nur verläuft der Austausch bei Benzol 
etwas leichter, d. h. schneller bzw. schon mit etwas weniger hoch konzentrierter 
Schwefelsäure. Eine gleichzeitige Sulfurierung kann dabei unter den günstigsten 
Bedingungen fast völlig vermieden werden, da die Deuterierung durch Wasser­
zusatz stärker gehemmt wird als der Austausch. Benzolsulfosäure wird unter 
den milden Bedingungen, unter denen der Austausch eintritt, überhaupt nicht 
desulfuriert. Der Austausch kann daher auch nicht von einer Aufeinanderfolge 
von Sulfurierung und Desulfurierung abhängen. Man darf wohl annehmen, daß 
der Austausch bei Benzol nach dem gleichen Mechanismus verläuft wie bei den 
aliphatischen Kohlenwasserstoffen, für die eine mögliche Formulierung auf S. 274 
angegeben worden ist. Zum Unterschied von den meisten sonstigen Säure­
katalysen, die unter Ionisierung verlaufen, könnte die Schwefelsäure darnach 
nur ein Deuteron auf das Benzol übertragen, wenn sie dafür gleichzeitig ein Proton 
aus dem Substrat empfängt ("Vieratomproblem"). 

Dieses zunächst für Kohlenwasserstoffe angegebene Schema muß nicht not­
wendig für alle Austauschreaktionen aromatischer Verbindungen zutreffen, 
mindestens braucht die wechselseitige Deuteronen- und Protonenübertragung 

zu etwa 2,75 und für den umgekehrten Prozeß, die Rückgabe des Protons aus dem 
C.HsOH bzw. des Deuterons aus dem C2H sOD an das yorher entstandene Nitrilion, 
zu etwa 4,1. (C. K. IsooLD, E. DE SALAS, C. L. \VILSO:-;: J. ehern. 80c. (London) 
1936, 1328.) 
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nicht gleichzeitig zu erfolgen. Experimentell wird beobachtet, daß bei Phenolen 
ein Austausch schon mit wesentlich schwächeren Säuren erfolgt als bei Benzol, 
und zwar bei zwei- und dreiwertigen Phenolen wieder leichter als bei einwertigen; 
daß ferner in Phenolen nicht alle Wasserstoffatome mit der gleichen Geschwindig­
keit austauschen, sondern die zu den phenolischen Hydroxylgruppen ortho- und 
paraständigen größenordnungsmäßig leichter als die metaständigen.1 Es bestehen 
also deutliche Zusammenhänge zwischen den Eigenschaften eines Phenols als 
Keto-Enolsystem und der Deuterierung, denen bei der Aufstellung eines Re­
aktionsschemas Rechnung getragen werden muß. 

Ein solches Schema, das allen Forderungen gerecht wird, soll am Beispiel 
des Phenolations hingeschrieben werden, welches bei der in Gegenwart von 

0- 0 0 0 0-
I 11 11 I1 I 

(~'--,ll /'-- + DB /"- + B- /'-- ('--~~ 11 11 ~=-=---~ 11 I1 - - -->- ii !!:.===='= 1I 
V + B- '--/ V ~/ 

I i- /'-- 1- I 
H (I) H (II) H D (II') D (I) D 

(Phellolation.) (Ketolon.) (Ketoform des Phenols.) (Ketoion.) (D·substituiertes 
Phenolation.) 

OD--Ionen verlaufenden Austauschreaktion des Phenols als der die Substitution 
erfahrende Körper erkannt worden ist. In diesem Schema ist zunächst ein 
Gleichgewicht (1) zwischen den Phenolationen und Ketoionen angenommen, 
wonach beide Ionen lediglich durch Verschiebung eines Elektrons ineinander 
übergehen können. An das Ketoion kann aus irgendeiner Säure (Wasserstoff­
donator) ein Deuteron angelagert werden (Schritt II), wodurch man zu einem -Ketonmolekül gelangt, das sich vom Cyclohexadien ableitet. Diese instabile 
Ketoform geht über die Zwischenstufe des Ketoions wieder rückwärts in das 
Enolion über, und zwar je nachdem, ob ein H oder ein D an die Base abgegeben 
wird, die der katalysierenden Säure korrespondiert (Schritt II oder Schritt II'), - -in das ursprüngliche Phenolation oder in ein D-substituiertes Ion. 

Das Auftreten allgemeiner Säurekatalyse (vgl. die Ergebnisse beim Resorcin, 
S. 283,287) ist durch den angenommenen Mechanismus erklärt; bei mehrwertigen 
Phenolen ist ferner die Ketoform in dem Gleichgewicht (I) stärker begünstigt, 
wodurch sich der schnellere Austausch verstehen läßt. Das Schema ist dem für 
Kohlenwasserstoffe hingeschriebenen verwandt, denn durch Zusammenziehung 
der Schritte (U) und (II') geht es in letzteres über. Ein Unterschied besteht dann 
nur in der negativen Ladung beim Phenol an demjenigen Kohlenstoffatom, 
dessen Wasserstoff substituiert wird: diese Ladung muß aber gerade das Heran­
bringen eines Deuterons und damit den Austausch im Vergleich etwa mit dem 
ungeladenen Benzol oder dem ungeladenen Phenolmolekül erleichtern, wie man 
es tatsächlich beobachtet. 

Einfluß von Substituenten und verschiedenen 
Deu terieru ngsmitteln. 

Aus den beiden angegebenen, untereinander ähnlichen Mechanismen für den 
Deuteriumaustausch bei aromatischen Yerbindungen ergeben sich zwei wichtige 

_ 1 Beim Phenol selbst z. B. wt:.rden lwter gelinden Bedingungen zunächst nur 
3 H-Atome ausgetauscht.; durch Uberführung des Phenols in Tribromphenol, wobei 
der schwern Wasserstoff wieder völlig eliminiert wird, läßt sich zeigen, daß es sich 
dabei um die p. und die beiden o-Stellungen handelt. 
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Folgerungen:1 Erstens sollten die Deuterierung von Benzolsubstitutionsprodukten 
mit Schwefelsäure oder anderen Reagentien von Säurecharakter und Substi­
tutionen, wie Sulfurierung, Nitrierung, Halogenierung und Kupplung, sowohl in 
Hinsicht auf Orientierung als auch auf Geschwindigkeit den gleichen Regeln 
gehorchen. Zweitens müßte die Deuterierungswirksamkeit von verschiedenen 
Stoffen mit Säure charakter bei dieser Art der Substitution von ihrer Stärke als 
Wasserstoffdonatoren, d. h. von ihrer Aciditat, abhängen. 

Die beiden Schlüsse konnten weitgehend verifiziert werden, wie durch Zu­
sammenstellung einiger Versuchsergebnisse2 gezeigt werden soll: Benzolsulfo­
säure wird unter Bedingungen, unter denen Benzol leicht deuteriert wird, durch 
Schwefelsäure noch nicht deuteriert. Benzol wird nicht nur durch Schwefelsäure, 
sondern ebenfalls, ,venn auch weniger leicht, durch Selensäure deuteriert, wogegen 
weder das Hydroxoniumion noch irgendeine schwächere Säure bei Zimmertempera­
tur eine meßbare Austauschgeschwindigkeit ergeben. Anisol wird von Schwefel­
säure erheblich leichter im Kern deuteriert als Benzol; nach Deuterierung von drei 
Stellungen geht die Reaktion allerdings nur sehr viel langsamer weiter. Das 
Hydroxoniumion deuteriert Anisol ebenfalls, aber langsamer als Schwefelsäure. 
Die Deuterierung von Anilin und Dimethylanilin durch das Hydroxoniumion 
geht viel schneller als die entsprechende Reaktion beim Anisol, hört aber fast 
vollständig auf, wenn drei Plätze im Kern mit Deuterium besetzt sind. Schwächere 
Säuren als das Hydroxoniumion scheinen praktisch nicht mit dem Kernwasser­
stoff von Anisol, Anilin und Dimethylanilin auszutauschen. Das Phenolation wird 
an drei Kernstellen schon durch eine schwache Säure, wie das Phenolmolekül, 
leicht deuteriert, und sogar mit dem D20-Molekül erfolgt eine Substitution mit 
nennenswerter Geschwindigkeit. 

Diese Ergebnisse können in den beiden folgenden Reihen zusammengefaßt 
werden, welche qualitativ die relative Deuterierungswirksamkeit der untersuchten 
Stoffe mit Säure charakter und den erleichternden oder verzögernden Einfluß 
von Substituenten am aromatischen Kern auf die Kerndeuterierung darstellen: 

Deuterierungsmittel: 

D2S04 > D 2Se04 > D30"- > C6H sOD > D 20. 

Substituenten am aromatischen Kern: 

Ermittlung der Reaktionsteilnehmer. 
Bei der Deuterierung des Phenols sowie auch anderer der eben angeführten 

Verbindungen ergab sich das Problem, die Reaktionsteilnehmer zu bestimmen, 
da mehrere typische Wasserstoffdonatoren (Katalysatoren) gleichzeitig anwesend 
sind und ein Austausch ebensogut etwa am Phenolmolekül wie am Phenolation 
angreifen kann. Im folgenden soll daher ausgeführt werden, wie die Entscheidung 
über die wesentlichen Reaktionspartner beim Phenol getroffen werden konnte. 

Beim Auflösen von Phenol in D 20 erfolgt ein sehr schneller Austausch des 
Hydroxylwasserstoffes, während der weitere Austausch von Kernwasserstoff­
atomen die Anwesenheit von Alkali erfordert. Es ist daher klar, daß an der 
Reaktion wenigstens ein Anion beteiligt ist, nämlich entweder das Hydroxylion 
oder das Phenolation oder beide. Eine Reaktion zwischen beiden Ionen hätte 
eine mit der Konzentration des Hydroxyds fortlaufend ansteigende Geschwindig-

1 C. K. I:<GOLD, C. G. RAISIN, c. L. WILSO~: J. ehern. 80c. (London) 1936, 1637. 
- C. K. INGOLD, C. L. WILSON: Z. Elektroehern. angew. physik. Chern. H (1938), 62. 

2 C. K. INGOLD: 1. c. 
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keit. Eine Reaktion zwischen einem Hydroxylion und einem Phenolmolekül ist 
kinetisch nicht unterscheidbar von einer Reaktion zwischen einem Phenolation 
und einem Wassermolekül und sollte mit der Konzentration des Hydroxyds 
anwachsen, bis diese der Phenolkonzentration äquivalent ist, um nach Erreichen 
dieses Punktes konstant zu bleiben. Der tatsächliche Reaktionsverlauf (vgl. 
~bb.l)l gleicht aber keinem dieser beiden Fälle; die Geschwindigkeit geht viel­
mehr durch ein scharfes Maximum, wenn die Konzentration des Hydroxyds 
ungefähr halb so groß wie die des Phenols ist, und fällt wieder auf einen niedrigen 
Wert ab, wenn Hydroxyd und Phenol in äqui­
valenten Mengen vorhanden sind. Die Haupt­
reaktion findet folglich zwischen Phenolmole­
külen (als Wasserstoffdonatoren und Phenolatio· 
nen statt; die restliche Endgeschwindigkeit ist 
der Reaktion zwischen Wassermolekülen und 
Phenolationen zuzuschreiben. 

Bei Anilin und Dimethylanilin tritt Kern­
deuterierung im Gegensatz zum Phenol be­
sonders lcicht in saurer wässeriger Lösung ein, 
in der Anilinmoleküle oder Aniliniumionen eine 
Substitution erfahren können und in der D20-
Moleküle oder DaO '"-Ionen als substituierende 
Agentien wirksam sind. Aus dem gleichen 
Grunde, aus dem das neutrale Molekül leichter 
gekuppelt wird als das Aniliniumion, läßt sich 

.------------,50 

. f >100 

10 

erwarten, daß es auch leichter deuteriert wird, 1 ___ --!-__ .::::;~=~=!=:..J 
während das DaO + -Ion als stärkere Säure auch; 1 Z .1 

ein stärkeres Deuterierungsmittel als das Wasser- (#iLOOj/rC6Hs00) -
molekül ist. Die Hauptreaktion sollte sich 
darnach zwischen den Wasserstoffionen und 
Anilinmolekülen abspielen. 

Abb. 1. Geschwindigkeit des Austausches 
der Kernwasserstoffatome im Phenol in 
Wäßriger Lösung bei 100° in Abhängigkeit 
vom Molverhäitnis Hydroxyd!Phenol.' 

Kerndeu terierung des Resorcins. 
Sehr eingehend ist auch der Wasserstoffaustausch beim Resorcin untersucht 

worden, und zwar sowohl im Hinblick auf verschiedene Katalysatoren als auch 
auf den stufenweisen Austausch der einzelnen Kernwasserstoffatome.2 Neben 
dem schon beim Phenol beobachteten Austausch in alkalischer Lösung geht beim 
Resorcin auch in salzsaurer Lösung eine Austauschreaktion der Kernwasserstoff­
atome vor sich. Diese Reaktion ist besonders einfach, da sie in bezug auf Säure 
und auf Resorcin von erster Ordnung ist. Es kann daher kein Zweifel über die 
Reaktionspartner bestehen: Die Reaktion findet zwischen dem DaO+-Ion und 
dem Resorcinmolekül statt. Der saure Austausch ist größenordnungsmäßig ebenso 
schnell wie der mit OD--Ionen, auch die Temperaturkoeffizienten sind in saurer 
wie in alkalischer Lösung etwa die gleichen und entsprechen einer Aktivierungs­
energie von etwa 20 kcal. - In alkalischer Lösung sind die Verhältnisse kom­
plizierter, denn hier kommen als Wasserstoffdonatoren Wassermoleküle, un­
dissozüerte Resorcinmoleküle und einfach geladene Resorcinionen in Frage, und 
ebenso mehrere Körper, welche Substitution erfahren können, nämlich einfach 
und zweifach geladene Resorcinationen. In der Tat laufen offenbar mehrere 

1 O. K. INGOLD: 1. c. Die angegebene Geschwindigkeit hat lediglich die Bedeutung 
einer mittleren Austauschgeschwindigkeit, da unberücksichtigt ist, daß die ver­
schiedenen H-Atome im Phenol mit verschiedener Geschwindigkeit austauschen. 

2 K. H. GElB: Z. physik. Ohem., Abt. A 180 (1937), 211. 
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Substitutionsreaktionen nebeneinander her, wie sich ebenfalls aus der Änderung 
der Geschwindigkeit bei Variation der Konzentrationen von Resorcin und Alkali 
ergibt. Von den sechs möglichen Reaktionen können einige ausgeschieden bzw. 
als nicht wesentlich zum Austausch beitragend unberücksichtigt gelassen werden; 
für die übrigen ergeben sich folgende, im einzelnen nicht ganz sichere, relative 
Geschwindigkeitskonstanten, die auf die Geschwindigkeit des Rückaustausches 
von schwerem Resorcin mit I n HCI in H 20 bei der gleichen Temperatur bezogen 
sind: C8D4(OH) (0-) + H 20 

C8D4(0-) (0-) + H 20 
C8D4(OH) (0-) + CSD4(OH)2 

C8D4(OH)2 + H 20 

0,04, 
0,5--0,7, 
0,5, 

~ 0,0002. 

Auf die Beweisführung im einzelnen kann hier nicht eingegangen werden. Der 
Austausch von gewöhnlichem Resorcin mit DaO+-Ionen in D20 ist etwa 20-30% 
langsamer als der Rückaustausch von schwerem Resorcin mit HaO+ in H 20. 

Austausch verschiedener Kernwasserstoffatome in Stufen. 
Es wurde schon erwähnt, daß in den Phenolen nicht alle Wasserstoffatome 

gleich schnell, sondern in deutlich unterscheidbaren Geschwindigkeitsstufen aus­
tauschen. Von den verschiedenen Kernwasserstoffatomen des Resorcins werden 
zwei gleich schnell, ein drittes etwa 6mal langsamer und das 
letzte praktisch überhaupt nicht ausgetauscht. Die Zuordnung 
der Geschwindigkeiten zu den einzelnen Stellungen der H-Atome 
wurde zwar nicht experimentell geführt, kann aber nach den son­
stigen chemischen Reaktionen des Resorcins mit großer Wahrschein­
lichkeit so getroffen werden: Die Wasserstoffatome 4 und 6 in gleicher 
o-p-Stellung zu den beiden Hydroxylgruppen werden auch gleich schnell aus­
getauscht, H-Atom 2 in o-o-Stellung etwas langsamer und H-Atom 5 in m-m­
Stellung jedenfalls um Größenordnungen langsamer als die übrigen Atome. 

Richtwirkung von Substituenten auf den Austausch. 
Das Auftreten von Orientierllngseffekten einzelner Substituenten, wie hier 

beobachtet, war schon aus den allgemeinen Vorstellungen über den Austausch­
mechanismus bei aromatischen Verbindungen geschlossen worden. Wenn man 
sich nicht, wie beim Resorcin, mit reinen Plausibilitätsbetrachtungen begnügen 
will, so gibt es zum experimentellen Nachweis, in welcher Stellung zu einer 
Hydroxylgruppe Deuterium eingeführt wird, vornehmlich zwei Wege.1 Man 
kann entweder die deuterierten Verbindungen in bekannter Stellung durch 
Brom substituieren und den D-Gehalt des entstehenden Bromwasserstoffes 
untersuchen, wie schon erwähnt wurde; auf diesem Wege wurde z. B. nachge­
wiesen, daß die 1,3-Dioxy-5-Benzolcarbonsäure in 2-Stellung substituiert wird. 
Oder man vergleicht die Anzahl der unter gleichen Bedingungen austauschenden 
Wasserstoffatome bei verschieden substituierten Oxybenzolen. Man findet so, 
daß in p-Stellung substituierte Phenole ein H-Atom weniger austauschen als Phenol 
selbst, während rn-Substitution im allgemeinen nichts am Austausch ändert. 
:Für o-substituierte Phenole gilt das gleiche wie für die p-substituierten. Eine 
Ausnahme macht die m-Oxybenzoesäure, die nur zwei Kernwasserstoffatome 
austauscht; der gleiche austauschhemmende Einfluß der Carboxylgruppe äußert 
sich auch bei der Salicylsäure und m-Kresotinsäure, die nur äußerst langsam 

1 F. K. MÜNZBERG: Z. Elektroehern. angew. physik. ehern. 44 (1938), 71. 
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austauschen, und bei der 0- und p-Kresotinsäure,die überhaupt keinen Austausch 
erkennen lassen. Im allgemeinen kann man sagen, daß der Austausch bei den 
einwertigen Phenolen vorwiegend in 0- und p-Stellung erfolgt, und daß sich bei 
mehrwertigen Phenolen, wie am Beispiel des Resorcins gezeigt wurde, die Wir­
kungen von zwei m-ständigen OH-Gruppen verstärken. 

In der vorstehenden Tabelle 2 sind die untersuchten Austauschreaktionen aro­
matischer Verbindungen wiedergegeben; anschließend daran sind in Tabelle 3 
einige Beobachtungen bei heterocyklischen Verbindungen zusammengestellt, die 
den Austauscherscheinungen bei den aromatischen Verbindungen weitgehend 
ähneln, wie ja aus dem übrigen chemischen Verhalten dieser Heterocyclen zu 
erwarten ist. Bei den stickstoffhaItigen Fünfringen, die eine der Ketisierung 
analoge, quantitativ aber stärkere Isomerisierungstendenz aufweisen, läßt 
sich ein Austausch schon unter verhältnismäßig milden Bedingungen herbei­
führen. 

Tabelle 3. 
WaBserstotf-Deuteriumaustauschreaktionen bei heterocyclischen Verbindungen. 

Substanz 

Pyridinehlorhydrat .. 

I· I I ... ~ ~ ~ Lösungsmittel und . . • ! ~ e -;: Katalysator AustauschgeschwlndlgkClt und Bemerkungen :., 

~E. !~ 
! 

D 20, DaO+ ! In 200 Stn. Aust. von etwa 1,5 H-I 
Atomen 

I 
Bcnzochinaldin .... HO! Anscheinend geringe Katalyse durch! 2 

OD--(C2H 50--)Ionen : 

Pyrrol ............ . 

N -Methylpyrrol .... 

Indol ............ . 

N -Methylindol ..... 

Furan ............ ) 
Thiophen ......... ( 

30 D 20, DaO+ Bei PR = 1,5 Aust. aller H-Atome; la 
bei 0,024n.DaO+ in 1 St. Aust. noch. 
unvollständig, nach 3 Stn. prakt.: 

180 D 20, n/lOOD-
vollständig I 

Halbwertszeit des Aust. "'" 112 St. ' 1 

30 D 20, DaO+ Wie Pyrrol, Aust. etwas leichter, bei 4 

30 

310 

PR;;;:; 2,3 ! 

D 20, DaO+ Wie Pyrrol, bei PR = 2,3 tauscht zu. I 5 

nächst nur das ß·ständige H-Atom: 
aus, bei PR = 0,3 auch das IX-ständige: 

D 20, n/loOD-1 In 15 Stn. Aust. von 2-3 H-Atomen i 1 

60 D 20, DaO+ Wie Indol, Aust. des ß-ständigen! 
H-Atorns bei PR = 2,5 ; 

I Kein Austausch unter gleichen Be-
D 20, DaO+ dingungen wie beim Pyrrol 

* Die Austauschangaben beziehen sich nur auf Kernwasserstoffatome. 
1 K. H. GElB: Unveröffentlicht; vgl. Z. Elektroehern. angew. physik. Chern. 44 

(1938), 13. 
2 M. S. KHARASH, W. G. BROWN, J. McNAB: J. org. Chernistry 2 (1937), 36. 
a M. KOIZUMl, T. TITANl: BuH. ehern. Soc. Japan. 12 (1937) 107; 13 (1938) 85. 
4 M. KOIZUMI, T. TITANI: Ebenda 13 (1938), 298. 
5 M. KOIzmu, T. TITANl: Ebenda 13 (1938), 307. 
6 M. KOIZUMl, T. TITA)iil: Ebenda 13 (1938), 643. 
7 M. KOIZUMI, T. TITANI: Ebenda 13 (1938), 95. 
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Austausch der Sauerstoffisotope. 
Austauschreaktionen zwischen Wasser und organischen Substanzen. 

Die Katalysierbarkeit eines Austausches von Sauerstoffatomen zwischen 
organischen Verbindungen und Wasser wurde an typischen Vertretern der 
wichtigsten verschiedenen Sauerstoffverbindungen untersucht. Über die bisher 
erzielten positiven Ergebnisse gibt Tabelle 4 Aufschluß. 

Tabelle 4. Sauerstottaustausch zwischen organischen Verbindungen und Wasser. 

Substauz Austauschbedlngungen I Bemerkungen über den Austausch [Literatur 

Alkohole: I 
Methylalkohol ... 25°,24 Stn., auch in O,ln 

HCI· und NaOH·Lösung Kein Aust. 1,2 

Diphenylmethyl· 
carbinol ..... . 

Trianisylcarbinol. 

Carbonsäuren : 
Zitronensäure ... 

Benzoesäure .... 

Aldehyde: 
Acetaldehyd ..... 

Benzaldehyd .... 

Ketone: 
Aceton ........ . 

Benzil ......... . 

70°, alkalische Lösung 

95°, auch mit H 2S04 

95°, 43 Stn. 
95°, 1 St. in Gegenwart von 

H 2S04 

25°, 24 Stn. 
25 0, m Gegenwart von 

H 2S04 

25°, in Gegpnwart von HCI 

25°, 24 Stn. 

25°, 1, 4, 20, 100 Stn. 
25°, 1 St. mit KOH 

25°, 1 St. mit H 2S04 

1l0°, 1 St. olme Katalysator 

25°, 24 Stn. 
100°, 24 Stn. 

25°, in Gegenwart von OH- ! 

25°, in 90% Aceton + 10% 
WaRRPr 

70°, 4 :.\Irin., in wässerigem 
Methylalkohol 

desgI., 0,02 n OH-

Kein Aust. 

Kein Aust. 
Kein Aust. 

Fast völliger Aust. 

Kein Aust. 
Teilweise Aust. 

Langsamer Aust., Halb· 
wertszeit etwa 14 Tage 

Völliger Aust., 
Gleichgewicht in etwa 

20 Stn. erreicht 

31, 62, 85, 100% Aust. 
Völliger Aust. 
Völliger Aust. 
Völliger Aust. 

Kein Anst. 
Teilweise Aust. 

Seim eller AUBi. 
Katalysenkonstanten : 

kH'c = 116,5; 
kSalicylsäure = 0,068. 
Mol-I. Liter· Min.-1 

Teilweise Aust. 

Völliger Aust. 

1 :.vI. Com'i, H. C. üREY: J. Amer. ehern. Soc. 60 (1938) 6i9. 
2 J. ROßERTS: J. ehern. Physics 6 (1938), 294. 
3 J. ROßERTS, H. C. UREY: J. Amer. ehern. Soc. 60 (1938), 880. 
4 M. SENKUS, W. G. BROW)/: J. org. Chemistry 2 (1938), 569. 
5 J. ROßERTS, H. C. UREY: J. Amcr. ehern. Soc. 60 (1938), 2391. 
6 J. B. M. HEI~ßERl', J. LAUDER: Trans. Faraday Soc. 34 (1938), 432; Nature 

142 (1938), 954. 
7 M. KOIZUJII, T. TITA~I: Bull. ehern. Soc. Japan 13 (1938), 463, 607. 
H,lb. d. Katalyse. Ir. 10 
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Alkohole und Phenole: Der Sauerstoff einer alkoholischen oder phenol ischen 
Hydroxylgruppe erweist sich im Vergleich mit anderen Sauerstoffverbindungen 
als recht austauschbeständig, und zwar sowohl in Gegenwart von Säuren als auch 
von Alkalien. Z. B. wurde bei Methylalkohol bei 70° in alkalischer Lösung noch 
kein Austausch beobachtet. Die einzige positive Beobachtung liegt beim Tri­
anisylcarbinol vor, bei welchem durch mäßig konzentrierte Schwefelsäure bei 
95° ein Austausch des Hydroxylsauerstoffes herbeigeführt werden kann, der in 
Abwesenheit von Schwefelsäure ausbleibt. Bemerkenswert ist, daß Diphenyl­
methylcarbinol unter gleichen Bedingungen mit Schwefelsäure noch keinen Aus­
tausch zeigt; aUerdings sind die Versuche mit den beiden Alkoholen wegen ihres 
geringen Lösungsvermögens für Wasser wohl nicht direkt vergleichbar. 

Carbonsäuren: Bei Carbonsäuren, welche im allgemeinen bei Zimmertempe­
ratur noch keinen Sauerstoff austauschen, liegen Hinweise dafür vor, daß ein 
solcher Austausch durch die Anwesenheit von Mineralsäuren erleichtert werden 
kann. 

Carbonylverbindungen: Die Katalysierbarkeit des Sauerstoffaustausches bei 
Aldehyden und Ketonen wurde gemwer untersucht. In diesen Verbindungen 
ist der Sauerstoff, verglichen mit den vorhergenannten Sauerstoffverbindungen, 
leicht austauschbar. Auch in Abwesenheit von Katalysatoren zeigen Aldehyde 
bei Zimmertemperatur schon einen langsamen Austausch: die Einstellung des 
Austauschgleichgewichts, die in neutraler Lösung etwa 20 Stn. erfordert, kann 
sowohl durch Säuren als auch durch Alkalien beschleunigt werden. Der Zusammen­
hang zwischen der Austauschgeschwindigkeit und der Geschwindigkeit der Hydrati­
sierung der Carbonylgruppe ist dabei noch nicht aufgeklärt. 

Ketone ähneln in ihrem Verhalten den Aldehyden, nur ist die Austausch­
geschwindigkeit bei ihnen beträchtlich geringer als bei den Aldehyden, so daß in 
Abwesenheit von Katalysatoren bei Zimmertemperatur überhaupt noch kein 
Austausch und selbst bei 100° in 24 Stunden erst unvollständiger Austausch 
gefunden wurde. Xeben der Katalyse durch H+- und OH--Ionen konnte auch 
allgemeine Säurekatalyse erwiesen werden. Allgemeine Basenkatalyse scheint 
nicht ausgeschlossen: eine solche war aber in den bisher lediglich verwendeten 
Salicylatpufferlösungen neben der Wirkung der anderen gleichzeitig anwesenden 
8tärkeren Katalysatoren nicht nachzuweisen. Der säure katalysierte Austausch 
erfolgt mehrere hundertmal schneller als die Enolisierung, womit gezeigt ist, 
daß der Mechanismus bei der Reaktionen verschieden sein muß . 

.xitroverbindungen: Der Sauerstoff der Nitrogruppe im Nitrobenzol ist bei 
25' in Gegenwart von Säuren oder Basen austauschbeständig.l 

Austauschreaktionen zwischen Wasser und anorganischen Substanzen. 

Beim Sauerstoffaustausch zwischen den Anionen von Sauerstoffsäuren und 
Wasser wurde in einer Reihe von Fällen eine deutliche Katalyse durch Wasser­
stoffionen sowie in einigen, aber nicht in allen der daraufhin untersuchten Fälle, 
auch eine Katalyse durch Hydroxylionen (vgI. Tabelle 5) gefunden. Während 
z. B. Na2S04 in neutraler Lösung bei 100° in 20 Stn. nur einen sehr geringen 
Austausch zeigt, tauscht es in I n alkalischer Lösung unter sonst gleichen Be­
dingungen seinen Sauerstoff praktisch vollständig aus. Ebenso findet in einer 
K 3P04-Lösung, die ja alkalisch reagiert, schon bei Zimmertemperatur ein Aus­
tausch &tatt. Umgekehrt konnte in einer K 2C03-Lösung bei Zimmertemperatur 
innerhalb von 24 Stn. noch kein Austausch nachgewiesen werden, während sich 

1 J. ROßERTS: J. ehern. Physics {) (1938), 294. 
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ein solcher bei CO2 über das Gleichgewicht CO2 + H 20 ~ H 2COa bei Zimmer­
temperatur innerhalb von 3 Stn. einstellte. S02 verhält sich ähnlich wie CO2. 
Bei neutral reagierenden Salzen wurde, oft unter recht energischen Bedingungen 
(bei 180° im Einschmelzrohr), durchweg kein Austausch gefunden, wohl aber 
nach Zusatz von sauren Salzen oder Säuren. 

Tabelle 5. Sauerstoffaustausch zwischen anorganischen Verbindungen und Wasser. 

Substanz 

Na2S04 ••••••••••••••••• 

Na 2S04 + 1 nOH- ...... . 
K 2S04 •••••••••••••••••• 

K 2S04 + KHS0 4 •••••••• 

KHS0 4 ••••••••••••••••• 

K 2S04 + HCl .......... . 
KNO a ...•.••••.•....•.• 

NaClO a ••.......•....... 

NaClO + Hel .......... . 
XaClO a + KHSO •....... 
K 3PO •.................. 

KH 2P04 •••••••••••••••• 

KH2As04 ••••••••••••••• 

K 2CO a ....•••....•.•..•• 

CO2' gelöst in H 20 ...... . 

S02' gelöst in H 20 ....... . 

I Austauschbedingungen I Bemerkungen über den Austausch 

I 
100°, 20 Stn.! Sehr geringer Aust. 
100°, 20 Stn. Völliger Aust. 

180°, 100 Stn. 
100 0 , 20 Stn. 
180 0 , 20 Stn. 
25 0 , 20 Stn. 
100 0 , 20 Stn. 
180 0 , 20 Stn. 

180°, 100 Stn. 

100 0 , 10 Stn. 
100 0 , 10 Stn. 
100 0 , 10 Stn. 

20°, 3 Stn. 

25 0 , 20 Stn. 
100 0 , 20 Stn. 
25 0 , 70 Stn. 
25°, 72 Stn. 
100 0 , 30 Stn. 

20° 

Kein Aust. 
Teilweise Aust. 

Völliger Aust. 
Etwa halber Aust. 

Völliger Aust. 
Völliger Aust. 

Kein Aust. 
Kein Aust. 

Etwa halber Aust. 
Völliger Aust. 

Aust. von mindestens 
30·Atomen 

Etwa 1/ a Aust. 
\Tölliger Aust. 

Völliger Aust. 
Kein Aust. 

Völliger Aust. 
G]Piehgewieht in etwa 

3 StIl. eingestellt 

Aust. 

Literatur 

2, 3 

2, a 

2,3 

2, a 

2,3 

5,3 

6, 7 

Allgemein lassen sich drei Mechanismen angeben, durch welche Anionen von 
Sauerstoffsäuren ihren Sauerstoff mit dem Lösungsmittel austauschen können: 
1. Dehydratation mit darauffolgender Hydratation, 2. Hydratation mit darauf­
folgender Dehydratation bei koordinativ ungesättigten Ionen, 3. vorübergehende 
Erhöhung der Koordinationszahl bei koordinativ gesättigten Ionen. Durch die 
Annahme verschiedener Mechanismen läßt sich die unterschiedliche Beeinflussung 
des Austausches durch Alkali bei den verschiedenen Anionen erklären.! Während 
der Austausch bei CO2 und S02 mit Sicherheit nach (2) erfolgt, kann man für 

1 S. C. DATTA, J. M. E. DAY, C. K. I~GOLD: J. ehern. Soe. (Landon) 1937,1968.-
C. K. INGOLD: Z. Elektroehern., angew. physik. Chern. 44 (1938), 14. 

2 T. TITAKI, K. GOTO: Bul!. ehern. Soe. Japan 13 (1938), 667. 
a T. TITANI, K. GOTO: Ebenda 14 (1939), 77. 
4 E. BLU)IENTIIAL, J. B. M. HERBERT: Trans. Faraday Soe. 33 (1937), 849. 
5 T. TITAKI, N. MORlTA, K. GO'1'O: Bul!. ehern. Soe. Japan 13 (1938) 329. 
6 M. COHK, H. C. UREY: J. Amer. ehern. Soe. 60 (1938), 679. 
7 E. OGAWA: Bul!. ehern. Soe. Japan 11 (1936), 428. 
8 G. N. LEWIS: .J. Arner. ehern. Soe. ;,;, (1933), 3503. 
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den Sulfat- und Phosphataustausch vielleicht Mechanismus (3) annehmen, 
wobei eine Säure-Basenkatalyse etwa nach einem Schema 

o 0 
II/OH 11 

B- + HaO ... S + HA --+ BH + HO-S-OH + HaO + A-
II"OH 11 
o 0 

zustande kommen könnte. l 

Aluminiumhalogenidkatalyse des Halogenaustausches. 
Unter Verwendung der künstlich erzeugten radioaktiven Halogenisotope 

wurde nachgewiesen, daß der Halogenaustausch zwischen zwei organischen 
Hologenverbindungen durch Aluminiumhalogenid sehr erleichtert werden kann.2 

Die katalytische Wirkung des Aluminiumhalogenids auf eine Halogenübertragung 
nach dem Schema 

welche in Abwesenheit des Katalysators nicht stattfindet, beruht dabei auf der 
schnellen Einstellung des entsprechenden Austauschgleichgewichtes zwischen 
der organischen Verbindung und dem Aluminiumhalogenid 

R·Hal* + AlHaia ~ R'Hal + AlHal*HaI2• 

Letzteres Gleichgewicht wurde zur Aufklärung der Überträgerwirkung des 
Aluminiumhalogenids eingehender untersucht; es stellt sich bei aliphatischen 
Halogenverbindungen bei Zimmertemperatur in wenigen Sekunden ein, ist bei 
aromatischen Verbindungen dagegen nach 20 Min. noch nicht erreicht. Eine 
Temperaturabhängigkeit seiner Einstellungsgeschwindigkeit wurde qualitativ 
festgestellt. Die Ergebnisse sind bei Jod-, Brom- undChlorverbindungen ähnlich 
(vgl. Tabelle 6). Ob und wieweit die Reaktionen in allen Fällen völlig homogen 
verlaufen, ist nicht ganz sicher, da zum Teil größere Aluminiumhalogenidmengen 
verwendet wurden. Die Austauschreaktion zwischen AlBra und C2H sBr wurde 
in völlig homogener verdünnter Lösung mit CS2 als Verdünnungsmittel kinetisch 
eingehender untersucht und erwies sich dabei als bimolekular mit einer Akti­
vierungsenergie von etwa 11 kcal. Das Auftreten schneller heterogener Aus­
tauschreaktionen anderseits, etwa zwischen AlBra und gasförmigem Br2 oder 
HBr, wurde aber ebenfalls nachgewiesen, wobei sich die Beweglichkeit der 
Halogenatome im Kristall als überraschend groß ergab. 

Erwähnenswert sind weitere Austauschversuche, bei denen in der organischen 
Verbindung ein anderes Halogen zugegen war als im Aluminiumhalogenid und 
die ebenfalls mit radioaktiven Halogenen ausgeführt wurden. Hier findet ein 
schneller Austausch zwischen AlJa einerseits und Chloriden sowohl wie Bromiden 
anderseits statt, ebenso zwischen AlBra und Chloriden, nicht aber zwischen AlBra 
und Jodiden oder AICla und Jodiden oder Bromiden, d. h. das Halogen im Alu­
miniumhalogenid läßt sich mühelos immer nur gegen ein gleiches oder gegen ein 
leichteres Halogenatom austauschen, nicht aber gegen ein schwereres. 

1 T. TITANI, K. GOTO: BuH. ehern. Soc. Japan 14 (1939), 77. 
aN. BREJNEVA, S. ROfaNSKY, A. SCIIILINSKY: Act.a physicochim. USSR. 6 

(1937), 744. 
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Tabelle 6. Katalyse des Halogenaustausches zwiBchen organischen Halogenverbindungen. 

Reaktion Ergebnis I Literatur 

C2H sBr* + CaH,Bra 
C2H sBr* + CSHllBr 
C2H sBr* + CHBra 

Iln Gegenwart von AlBra Aust. in I 
weniger als 45 Min.; in Abwesenheit 
von AIBrs kein Aust. (Br* = künst- ' 

lich radioaktives Br) . 

{
Schneller Aust.; in 30 Sek. bei 17° 
schon beendet, bei - 30° noch un­

vollständig 
AlBra + Isoamyl-, Benzyl-, Äthylen- } 
und Trimcthylenbromid*, Bromo­

form* 
Schneller Aust. 

AlBra + Brombenzol*, p-Dibrom­
benzol*, <x-Bromnaphthalin* 

AlBra + Chloridc* (CCI" CRCla, 
C2H 2CI,) 

AIBra + C2H sJ 

AlJ a + C2H sJ* 
AIJa + Alkylbromide* und -chloridc*, 
AICla + Alkylbromide* und -jodide* , 

{
Aust. bedeutend langsamer als bei I 
den aliphatischen Bromiden (20 Min. 
~ 25%), temperaturabhängig I 

I In CS2 bei - 23 bis + 40° Aust. 
in bimolekularcr Reaktion, Aktivie-

lrungsenergie 11 ± 2 kcal, sterischer 
Faktor lO-a-l0--6 

} Teilweise Halogenaust. 

{KCin Halogenaust. in 20 Min. bei 
Zimmertemperatur 

Schneller Aust. 
Halogenaust. 

Kein Halogenaust. 

a 

Isotopenverschiebung von Reaktionsgeschwindigkeiten. 
Eine größere Anzahl von säure- und basenkatalysierten Reaktionen wurden 

in Deuterium-substituierten Lösungsmitteln, und zwar vor allem in schwerem 
Wasser, teilweise aber auch in schwerem Alkohol (CH30D, C2H sOD), untersucht. 
Beim Vergleich der gefundenen Katalysenkonstanten mit denen in gewöhnlichem 
Wasser oder gewöhnlichem Alkohol ergab sich, daß die Reaktionen in dem 
D-haltigen Lösungsmittel teils schneller, teils langsamer waren als in dem ge­
wöhnlichen Lösungsmittel. Der beobachtete Isotopeneffekt war dabei teilweise 
nur klein, teilweise aber auch recht erheblich, so daß Geschwindigkeitsänderungen 
um fast einen Faktor 10 gefunden wurden . .Ähnliche Beobachtungen wurden auch 
bei Deuteriumsubstitution im Substrat gemacht, wobei sich in der Regel aller­
dings nur eine Geschwindigkeitsabnahme ergibt. Beobachtungen über eine 
Beeinflussung der Aktivierungscnergie der betreffenden Reaktionen durch 
Deuteriumsubstitution sind einstweilen noch spärlich und oft ziemlich unsicher. 

Allgemeine Ursachen. 
Vor einer Zusammenstellung der experimentellen Daten über die Isotopen­

verschiebung von Reaktionsgeschwindigkeiten sollen die Hauptursachen für 
eine Veränderung von Reaktionsgeschwindigkeiten durch Isotopcnsubstitution 

1 N. BREJNEVA, S. ROGINSKY, A. SCHILDISKY: Acta physicochim. USSR 6 (1937), 
744. 

2 N. BREJNEVA, S. ROGINSKY, A. SCHlLINSKY: Ebcnda ä (1936), 549. 
3 N. BREJNEVA, S. ROGIXSKY, A. SCIIILIXSKY: Ebenda; (1937), 201. 
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besprochen werden. Im Prinzip können wir zwischen Einflüssen unterscheiden, 
die von einer D-Substitution 1. im Lösungsmittel, 2. im Substrat bzw. einem der 
Reaktionspartner und 3. im katalysierenden Molekül herrühren. Nur in besonders 
günstigen Fällen gelingt es allerdings, diese Effekte einzeln zu erhalten, meist 
werden mehrere bei derselben Reaktion gleichzeitig auftreten, insbesondere muß 
ein Lösungsmitteleffekt stets vorhanden sein. Trotzdem sollen die genannten 
Einflüsse zunächst getrennt behandelt und an speziellen Beispielen aufgezeigt 
werden. 

1. Der Lösungsmitteleffekt. Wir können uns hierbei auf das schwere Wasser 
als Lösungsmittel beschränken; die Betrachtungen lassen sich aber mit geringen 
Abänderungen auch auf andere D-substituierte Lösungsmittel übertragen. 
Bekanntlich bestehen Zusammenhänge zwischen physikalischen Eigenschaften 
des. Lösungsmittels, wie Zähigkeit, Dielektrizitätskonstante, Polarisierbarkeit, 
Solvatationsvermögen, und seiner Reaktionsbeeinflussung ; bisher ist es aber 
noch nicht möglich gewesen, diese Abhängigkeit allgemein mit irgendwelchen 
bestimmten Eigenschaften quantitativ in Zusammenhang zu bringen und auf 
diese Weise vorauszuberechnen, da auch individuelle Eigenschaften der H,eak­
tionspartner oder im Reaktionsverlauf auftretender Zwischenkomplexe von 
Einfluß sind. Das gleiche gilt auch für eine quantitative Behandlung des Ein­
flusses D-substituierter Lösungsmittel. Qualitativ kann man nur soviel sagen: 
Die Unterschiede in den physikalischen Konstanten zwischen leichtem und 
schwerem Wasser sind im allgemeinen gering (die Dielektrizitätskonstanten 
unterscheiden sich um 1 %, die Zähigkeiten um etwa 20% usw., bei Hydratations­
und Lösungswärmen können mitunter allerdings etwas größere Unterschiede 
auftreten), man kann daher erwarten, daß auch der Lösungsmitteleffekt des 
schweren Wassers im allgemeinen nicht sehr groß ist. Wenn man daher annimmt, 
daß der Lösungsmitteleffekt etwa von der Größenordnung der Löslichkeits­
unterschiede von Stoffen in H 20 und D20 ist, die bei Salzen bis 10 oder 20% 
betragen, so wird der Effekt bei den meisten Reaktionen in schwerem Wasser 
durch andere der oben genannten Einflüsse verdeckt sein, die erheblichere Unter­
schiede in den Reaktionsgeschwindigkeiten verursachen. Auch über das Yor­
zeichen des Lösungsmitteleffektes lassen sich keine allgemeinen Aussagen machen, 
ebenso wie die Löslichkeitsbeeinflussung positiv oder negativ sowie stark tem­
peraturabhängig sein kann. Ein etwas langsamerer Reaktionsablauf in D20 
ist allerdings wohl wahrscheinlicher als ein schnellerer Yerlauf. 

Als Beispiel einer Reaktion, bei der man mit ziemlicher Sicherheit den Lösungs­
mitteleffekt allein beobachtet, ist die basenkatalysierte Bromierung des Nitro­
methans zu nennen. Geschwindigkeitsbestimmend bei der Bromicrung ist die 
Umlagerung der Nitroform des Moleküls in die Aciform, welche als prototrope 
Umwandlung erfolgt und allgemeine Basenkatalyse zeigt. Mit Acetationen als 
katalysierender Base verläuft die Bromierung und damit auch die Umwandlung 
in D20 ungefähr 20% langsamer als in H 20,1 und auf Grund des angenommenen 
Reaktionsmechanism us 

CHa·N02 + CHa·COO- --..CH2=N02 - + CHa·COOH 
ist dieser Unterschied allein dem Lösungsmitteleffekt des schweren Wassers 
zuzuschreiben. 

2. Austausch von Wasserstoff gegen Deuterium im Reaktionspartner. 
Der Austausch von Wasserstoffatomen der reagierenden Moleküle gegen D-Atome 
aus dem Wasser (oder anderen Hydroxylgruppen-haltigen Lösungsmitteln) 
geht bei allen an Sauerstoff oder Stickstoff gebundenen Wasserstoffatomen 

1 o. REITZ: Z. phY8ik. ehern., Abt. A 176 (1936), 363. 
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praktisch momentan, d. h. bisher unmeßbar schnell, vor sich: Wenn also bei 
den Reaktionsteilnehmern die Möglichkeit eines solchen Austausches besteht, 
hat man es mit einer chemischen Veränderung derselben durch das schwere 
Wasser zu tun und untersucht in H 20 und D20 nicht mehr die Reaktion am 
gleichen Molekül. Greift die Reaktion gerade an diesem ausgetauschten Wasser­
stoffatom an, so können sich entsprechend den großen, aber nicht allein maß­
geblichen Unterschieden in den Nullpunktsenergien der H- und der D-Bindungen 
beträchtliche Unterschiede in den Reaktionsgeschwindigkeiten ergeben. Ein 
solcher Fall liegt beim Nitramid vor: In schwerem Wasser beobachtet man den 
Zerfall eines Moleküls ND2N02, der 5mal langsamer verläuft als der Zerfall 
von NH2N02 in H 20.1 Sind die betreffenden ausgetauschten Atome umgekehrt 
am Mechanismus der Reaktion unbeteiligt, wie etwa bei der Hydrolyse des 
Acetamids,2 so bleibt auch die Beeinflussung der Reaktionsgeschwindigkeit 
durch den Austausch kleiner und vergleichbar mit der Wirkung eines Isotopen­
austausches im Lösungsmittel. 

Auch an Kohlenstoff gebundene Wasserstoffatome können unter bestimmten 
Bedingungen austauschen, vor allem bei Molekülen, die unter Verschiebung 
von H-Atomcn in eine isomere Form übergehen können (vgl. den Abschnitt 
Wasserstoff-Deuteriumaustauschreaktionen, S.273ff.). Die Rückkehr des Mole­
küls aus der isomeren in die Ausgangsform ist dabei in D20 automatisch mit der 
Einführung von schwerem Wasserstoff verbunden. Ein solcher Austausch hat 
im allgemeinen eine nur geringe, bequem meßbare Geschwindigkeit; man hat 
daher die Möglichkeit, Reaktionen an derartigen Molekülen 7.U untersuchen 
sowohl ehe das Molekül Zeit gehabt hat, auszutauschen, als auch nachdem völliger 
Austausch eingetreten ist. Da man alle sonstigen Bedingungen während der 
Untersuchung gleich wählen, vor allem die Reaktion bei gleichem Isotopengehalt 
des Lösungsmittels (z. B. beidesmal in °20) ablaufen lassen kann, gelingt es 
somit, auch diesen zweiten Einfluß der Deuteriumsubstitution auf Reaktions­
geschwindigkeiten isoliert 7.U beobachten, der im Fall der momentan austau­
schenden an N oder ° gebundenen Wasserstoffatome nicht von dem Lösungs­
mitteleffekt zu trennen war. Das gleiche läßt sich erreichen durch Synthese von 
Verbindungen mit nichtaustauschbar gebundenem Deuterium \lnd Vergleich 
ihrer Reaktionsgeschwindigkeit mit der der entsprechenden H-Verbindungen. 
Die Wirkung, die ein solcher Austausch hervorbringt, ergibt die größten, bisher 
überhaupt beobachteten, unter dem Einfluß von schwerem Wasser zustande 
kommenden Geschwindigkeitsänderungen. Die Bromierungen von "leichtem" und 
"schwerem" Aceton, also von CH3COCHa und CD3COCD3, beidesmal etwa in 
H 20 durch H30-i--Ionen oder in D20 durch D30+-Ionen katalysiert, unterscheiden 
sich in ihrer Geschwindigkeit um einen Faktor 7,7;3 ähnlich ist auch die Größe 
des Unterschiedes bei der basenkatalysierten Bromierung von leichtem und 
schwerem Nitromethan4 und in anderen Fällen. 

Stets handelt es sich dabei um prototrope Reaktionen, und stets reagiert die 
schwere Verbindung um soviel langsamer. Nach dem, was wir von dem Mecha­
nismus prototroper Reaktionen wissen, greifen die katalysierenden Moleküle 
oder Ionen gerade an den betreffenden Wasserstoff- bzw. Deuteriumatomen an. 
In besonders einfachen und durchsichtigen Fällen wie den genannten gibt der 
beobachtete Geschwindigkeitsunterschied daher direkt einen Vergleich für die 
Leichtigkeit, mit der ein ProtOll und ein Deuteron losgelöst werlien können. 

1 V. K. LA ~IEH: ehern. HpviPWH 19 (193ß), 363. 
2 O. REITZ: Z. physik. ehern., Abt. A 183 (Hl39), 3il. 
3 O. REITZ: Ebenda 179 (193i), 119. 
4 O. REITZ: Ebenda 176 (19313), 363. 
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Der Unterschied kann im wesentlichen mit dem Unterschied des H- undD-Systems 
bezüglich der Differenz der Nullpunktsenergie im Ausgangs- (Grund-) Zustand 
und im aktivierten (Übergangs-) Zustand identifiziert werden. In diesem Zu­
sammenhange wäre eine genaue Feststellung etwaiger Unterschiede in den Akti­
vierungsenergien zwischen der Reaktion der H-Verbindung und der D-Ver­
bindung, die zur Zeit noch in keinem solchen Falle vorliegt, wünschenswert. 

3. Austausch von Wasserstoff gegen Deuterium im Katalysator. Bei Vergleich 
der Geschwindigkeiten säure- und basenkatalysierter Reaktionen in leichtem 
und schwerem Wasser muß auch der Wasserstoffaustausch im Katalysator 
berücksichtigt werden; an Stelle der Katalysatoren HaO+, OH-, H 20, HB (= un­
dissoziierte Säure) in H 20 treten die Katalysatoren DaO+, OD-, D 20 und DB 
in D 20 mit geänderten Säure- bz w. Basenstärken. Lediglich bei einer Basenkatalyse 
durch Anionen schwacher Säuren B- wie bei der als Beispiel mehrfach erwähnten 
Bromierung von Nitromethan ist der Katalysator in H 20 und D20 der gleiche. 

Über die Änderung der Säurestärken in D20 gibt die folgende Tabelle 7 
Aufschluß,l in welcher zunächst in der zweiten Spalte die Dissoziationskonstanten 
P K = -log K der betreffenden Säuren in H 20 und in der 3. Spalte das Verhältnis 
K "I K d der Dissoziationskonstanten der Protonsäure in H 20 und der entsprechenden 
Deuteronsäure in D 20 angegeben ist. Das Verhältnis dcr Säurestärken von H 30+ 
in H 20 und D30+ in D 20 ist dabei definitionsgemäß gleich 1 gesetzt. KhlK d 

ist darnach ganz wesentlich von 1 verschieden und beträgt bei fast allen Säuren 
etwa 3; größere Abweichungen von dieser Zahl kommen nur bei Oxalsäure und 
Phosphorsäure und beim Wasser vor. Die Zuverlässigkeit der hier zusammen­
gestellten Werte ist schwer zu beurteilen. Es ist kaum ein einziges Konstanten­
verhältnis von zwei unabhängigen Autoren bei der gleichen Temperatur gemessen 
worden. Nach KORMAN und LA MER2 ist aber das Verhältnis K hlKd ziemlich 
stark temperaturabhängig, und zwar soll es bei der Essigsäure in der Gegend 
von 25° C ein Maximum aufweisen. Die Werte der Essigsäure und der Ameisen­
säure, die von verschiedenen Autoren bei verschiedenen Temperaturen gemessen 
worden sind, lassen sich deshalb nicht ohne weiteres miteinander vergleichen. 
SCHWARZENBACH schätzt den Fehler der in der Tabelle angegebenen K ,,/K d- Werte 
auf mindestens :l~ 0,1 bis 0,2 Einheiten. 

DaH Verhältnis der Dissoziationskonstanten K h/Krl gibt aber noch nicht 
direkt das uns interessierende Verhältnis der katalytischen Wirksamkeit der 
gleichen Säure für irgendeine Reaktion in H 20 und D 20, es unterscheidet sich 
hiervon vielmehr um einen Betrag, der im wesentliehen3 gleich dem Verhältnis 
der Easenstärken von H 20 und D 20 ist. Man erkennt dies aus dem Vergleich 
der Gleichungspaare für die Dissoziation einer Säure in H 20 und ])2°: 

HB + H 20 ~ B - + HaO + K h 

DB + D 20 ~ B - + D30;- K d 

und für ihre Abgabe eines Protons bzw. Deuterons an ein Substrat X im Verlauf 
emcr säurekatalysierten Reaktion: 

HE + X~B- + HX+ KR 

DB + X~E- + DXi K D • 

1 Nach G. SCHWARZENBACII: Z. Elektrochem. angew_ physik. Chem_!! (1938), 47; 
dort auch genauere Angaben über Dissoziationskonstanten VOll Säurpn ill schwerem 
\Vasser und von schwerem Wasser selbst sowie ihre Berechnung in GemiscllPll von 
H 20 und D 20. 

2 S.KOR)[AX, \·.K.LAMER: J.Amer.chem_Soc_58 (193(i), 1396_ 
3 Bis auf einen vom Ladungszustand der Säufe abhängig"n, nur wenig vOll 1 ver­

schiedenen Faktor. 
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Im ersten Falle werden das Proton und das Deuteron der Säure an verschiedene 
Basenmoleküle H 20 und D 20, im zweiten Fall aber an das gleiche Basenmolekül 
X abgegeben. Das D 20-Molekül ist aber nicht nur eine schwächere Säure als 
das H 20-Molekül, sondern auch eine schwächere Base; die Basenstärken von 
H 20, HDO und D 20 verhalten sich wie 1 : 0,79 : 0,5°5.1 Die auf dieser Grundlage 
berechneten Verhältnisse KH/KD , welche ein Maß für die Stärke der Katalysator­
säuren in D20 darstellen, sind in Spalte 4 der Tabelle 7 angegeben. 

Tabelle 7. Dissoziationskonstanten von Säuren in leichtem und schwerem Waaser. 

Säure PK ! K /K IKH/KD i Te~peraturl 
! h d I m °c )lethode 

Oxalsäure ........... . 
+NH(DlsCH2COOH(D) . 
Phosphorsäure ....... . 

1,62 1,04 0,50 I 15 1

1 2,35 '2,54 1,3 20 
2,37 1,61 0,77 20 

katalytisch 
D 2,Elektrode 

D 2,Elektrode 

Leitfähigkeit Monochloressigsäure .. . 

Salicylsäure ......... . 

Ameisensäure ........ { 
Aniliniumion ......... . 

[ 
Essigsäure .......... '1 

l 
Kakodylsäure ....... . 
H 2PO.-/D2PO.- ..... . 
Ammoniumion ....... . 

2,85 

2,97 

3,75 

4,60 
4,75 

6,25 
7,22 
9,26 

(CHalsNH+ /(CHalsND+ 9,90 
-OOC-CH2-NHa + (Da +) 9,90 

Hydrochinon ........ . 10,0 

Wasser .............. 15,91 

2,7 

4,05 

2,50 
2,68 
2,94 
3.07 

, 1,3 

1,9 

1,2 

2,87 i 1,4 
2,77 
3,09 

:::~ i 
3,00 

3,30 
2,89 
3,12 
3,92 
3,41 

3,36 

5,43 

1,6 
1,2 

1,9 

1,6 

1,5 

25 

20 
15 
15 
20 
20 
15 
25 
12 
25 
37 

15 
20 
20 
20 
20 

25 

20 

Chinhydronelek­
trode 

D 2,Elektrode 
katalytisch 
katalytisch 
D 2·Elektrode 
D 2,Elektrode 

katalytisch 
Leitfähigkeit 

I Chinhydronelek, 
I trode 

I 
I 
I 
I 

I{ 

katalytisch 
D 2·Elektrode 
D 2·Elektrode 
D 2·E1ektrode 

D 2,E1ektrodc 
Chinhydronelek, 

trode 
D 2,Elpktrode 

I 

I Litera' 
I tur 

i 
I 6 

i 2 

1-. 7 • " 

t. Isotopenverschiebung der Reaktionsgeschwindigkeit in H 20-D20-IUi­
schungen. Untersucht man eine Reaktion in H 20-D20,Gemischen von variablem 
D20-Gehalt, so ist ihre Geschwindigkeit im allgemeinen, wie auf S. 302ff. an den 

1 Über die Bestimmung dieser Werte siehe G. SCHWARZENBACII: Z. Elektrochem. 
angew. physik. Chem. 44 (1938), 47. 

2 S. KORlIIAN, V. K. LA MER: J. Amer. ehern. Soc. 68 (1936), 1396. 
a J. C. HORNEL, J. A. V. BUTLER: J. ehern. Soc. (London) 1936, 1361. 
• G. SClIWARZENBAClI, A. EpPRECHT, H. ERLEN)IEYER: Helv. chim. Acta 19(1936), 

1292. 
6 G. N. LEWIS, P. W. SCHUTZ: J. Amer. ehern. 80c. ;)6 (1934), 1913. 
6 W. J. C. ORR, J. A. V. BUTLER: J. ehern. Soe. (London) 1937, 330. 
7 W. F. K. WY:lINE,JONES: Trans. Faraday Soe. 32 (1936), 1400. 
8 E. AllEL, E. BRATU, O. REDLICH: Z. physik. C'hem., Abt. A 173 (1935), 360. 
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untersuchten Beispielen noch ausführlich gezeigt wird, keine lineare Funktion 
des D 20-Molenbruches. Es sollen hier nur ganz kurz die unter 1 bis 3 besprochenen 
Einflüsse einzeln in ihrer Abhängigkeit vom D20-Gehalt der Lösung diskutiert 
werden. 

Aus theoretischen Betrachtungen und aus dem Vergleich mit anderen Lö­
sungsmitteleigenschaften von H 20-D20-Mischungen ergibt sich, daß wir den 
Lösungsmitteleinfluß auf die Reaktionsgeschwindigkeit in einer für praktische 
Zwecke wohl stets ausreichenden Näherung als eine lineare Funktion des Molen­
bruches annehmen können. 

Enthält das zu untersuchende Substrat austauschbaren Wasserstoff, so muß 
man berücksichtigen, daß das Verhältnis H: D im Substrat nicht den gleichen 
Wert besitzt wie im Wasser oder, was damit gleichbedeutend ist, daß die Gleich­
gewichtskonstante von Austauschgleichgewichten der Form 

im allgemeinen einen von 1 abweichenden Wert besitzt. Die \'erschiebung dieser 
Gleichgewichte zeigt eine deutliche, theoretisch aus den Nullpunktsenergien der 

Tabelle 8. l11ittlere Deuteriumverteilungsquotienten ein­
zelner Bindungstypen.1 

Bindung 

C-H aliphatiHch ................ . 
C-H aromatisch ................ . 
N-H (Amine) ................... . 
N-H (Pyrrol) .................. . 
O-H (Säurl'n. Alkohole, Phenole) .. 
S-H (Mprkaptane) .............. . 
S-H (in H 2 S) .................. . 

Verteilungs· 
quotient 

0,8 
0,9 
1,1 
0,9 

1,0-1,1 
0,4 

-100° C 0,25 

beteiligten Schwingungen 
zu erklärende Abhängig­
keit von dem Typus der 
betreffenden Wasserstoff -
verbindung RH. In der 
Tabelle 8 sind zur Orien­
tierung für einige wich­
tige Bindungsformen des 
Wasserstoffes mittlere ex­
perimentell beobachtete 
Deuteriumverteilungsquo­

tienten angegeben, wo­
bei der Verteilungsquo-
tient durch das Verhältnis 

(D: Hhm Austauschpartner : (D: Hhm Wasser definiert ist und die Werte für Tem­
peraturen zwischen 0 und etwa 100° C gelten. Durch den Verteilungsquo­
tienten ist zunächst nur der durchschnittliche Deuteriumgehalt der betref­
fenden Substanz gegeben, der sich in einer Verbindung mit n austausehbaren 
Wasserstoffatomen auf die Molekülsorten XH n , XHn_1D, XHn _ 2D2 bis XDn 
verteilt. Die Art letzterer \"erteilung braucht man aber glücklicherweise, selbst 
für den Fall, daß die Reaktion an den betreffenden Wasserstoffatomen angreift, 
nchit zu berücksichtigen, denn es liegen experimentelle Hinweise dafür vor, daß 
man ein solches System rechnerisch behandeln darf, alsob es nur aus XHn - und 
XDn-Molckülen in einem durch den Brutto-D-Gehalt gegebenen ßlolverhältnis 
bestände. Physikalisch bedeutet dies, daß ein Wasserstoffatom in erster Näherung 
nichts davon "merkt", ob seine Nachbarn H- oder D-Atome sind, und daß die 
zu seiner Loslösung erforderliche Arbeit weitgehend von diesen N"achbaratomen 
unabhängig ist. 

Der Einfluß eines Deuteriumaustausches im Substrat wird also bis auf 
geringere Abweichungen, die von einem von 1 verschiedenen Vertcilungsquo-

1 Nach C. K. hGOLD: Z. Elektroehern. angew. physik. Chem. 44 (1938), 64; 
der Wert für die aromatische C-H-Bindung nach K. H. GElB: Z. physik. ehern., 
Abt. A 180 (193i), 211, der für H 2 S nach K. H. GEIß: Z. Elpktrochem. angcw. physik. 
Chem. 45 (1939). 648. 
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tienten herrühren, im allgemeinen 
ebenfalls eine lineare Funktion des 
D 20-Molenbruches der Lösung sein. 

Die im Experiment häufig beob­
achteten größeren Abweichungen von 
einer solchen Linearität zwischen D20-
Gehalt und Reaktionsgeschwindigkeit 
sind nach diesen Überlegungen in der 
Hauptsache dem Einfluß einesWasser-

J 
~ 
c:: 
~t,0r-----+-----~~--+---~ 

o,50~----~E~----~~O-----7~5----~WO 
Mo/%OZO---

Abb. 2. Die Dissoziationskonstante Rn der Essigsäure 
in H,O·D,O-Gcmischcn. 

stoffaustausches im Katalysa­
tor zuzuschreiben. Die Abb. 2, 
3 und 4 geben Aufschluß über 
die nichtlineare Abhängigkeit 
der Dissoziationskonstanten 

~OQ-----,------r----~-----, 

t ::r-~~--~-r----~--~ i!: 
~ 

~45~--~----~~--1----4 
~ 
~ 
~ 4~r------Hr---~~~ __ ~=-~~ 
(, 

43~--r+~--~-7~~~~ 

Abb.3. Das Ionenprodukt des Wassers ]{w, n in H,O­
D.,O-Gemischcn und die Konzentration der verschie­
denen Oxoniumiollen und Hrdroxylionen in solchen 

Gemiscll{'ll. 

sch wacher Säuren und des MI---~c------II--------t-----+----f--1 

Wassers selbst vom D 20-Gehalt 
der Lösung, über die verschie- 0.7 

denen Dissoziationsprodukte 
des reinen Wassers sowie über o.s 
die Verteilung der analytischen 1 D,5 
Gesamtacidität auf die ver­
schiedenen Oxoni u mionen. Die" 0/1 f----------l-/--,,-----+~;:-:;;rC--_t-f"'---1 
eingezeichneten Kreise beden­
tendarin experimentelle Werte,1 0.3 
----- -

1 InAbb.2 mch V.K.LAMER 
und J. P. CIIITTUM: J. Amer_ 
chem. Soc. 58 (1936), 642, in 
Abb.3 nach G.SCHWARZENBACH, 
A. EpPRECHT, H. ERLEN~rEYER: 
Helv. chirn. Acta 19 (1936), 1292, 
und bei 78% D 20 berechnet nach 
Daten von E. AllEL, 0. BRATU 
und 0. REDLICH: Z. physik. 
ehern., Abt. A 17lJ (1935), 360. 

3D WJ 50 50 70 
Mo/%OzO-

80 

Abb. 4. l\:ollzentration <kr n·r:o.dlieul'IWI1 Oxoniumimwn in Ab· 
hiillgigkt'it von D!,p-Gehalt der Lösuug hei ('iHt'r nnalyti:-:chen 

Gesamt.aehlitiit 1. 
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die ausgezogenen Kurven sind berechnet. Auf ihre Berechnung selbst kann hier 
nicht näher eingegangen werden.l Auf die Zusammenhänge zwischen diesen 
D20-Abhängigkeiten und der Isotopenverschiebung von Reaktionsgeschwin­
digkeiten in H 20-D20-Gemischen bei säurekatalysierten Reaktionen wird im 
Anschluß an die experimentellen Ergebnisse ausführlicher zurückzukommen sein. 

Säurekatalysierte Reaktionen. 
Die Messung von Reaktionsgeschwindigkeiten in schwerem Wasser führte 

gleich bei der ersten Reaktion, die man untersuchte, bei der Inversion des Rohr­
zuckers, zu einem unerwarteten Ergebnis, insofern diese Reaktion in schwerem 
Wasser erheblich schneller, nämlich etwa 2mal schneller als in leichtem 
Wasser verlief.2 Ähnliches wurde später bei Esterspaltungen,3 bei dem Diazo­
essigesterzerfall, 4 bei der Enolisierung des Acetons5 und bei einigen weiteren 
Reaktionen gefunden. Das gemeinsame an den genannten Reaktionen ist nur, 
daß es sich bei ihnen um Säurekatalysen handelt. Die Annahme, daß eine Ele­
mentarreaktion in D20 wesentlich schneller ablaufen sollte als in H20, war nicht 
zu begründen. Schon bei der Rohrzuckerinversion wies aber BONHOEFFER darauf 
hin, wie trotzdem eine Geschwindigkeitserhöhung durch D20 zustande kommen 
könnte:6 Die katalytische Wirksamkeit der Wasserstoffionen wird ganz allgemein 
durch Bildung von Anlagerungskomplexen mit dem betreffenden Substrat er­
klärt; man braucht also nur anzunehmen, daß im Falle der Inversion dieser 
geschwindigkeitsbestimmend abreagierende Komplex in ciner Gleichgewichts­
konzentration vorliegt und daß diese Gleichgewichtskonzentration in D20 größer 
ist als in H 20. Die Geschwindigkeitserhöhung war damit auf die Verschiebung 
eines Anlagerungsgleichgewichtes zurückgeführt und schien dadurch leichter 
verständlich; denn wenn auch zunächst noch keine Gründe für das vermutete 
Yorzeichen der Verschiebung angegeben werden konnten, so waren doch zum 
mindesten andere Gleichgewichtsverschiebungen in D20 von ähnlicher Größen­
ordnung schon bekannt. 

Die Voraussetzung, daß sich tatsächlich ein Anlagerungsgleichgewicht ein­
stellt und daß nicht etwa die Anlagerung selbst der langsamste und damit ge­
sehwindigkeitsbestimmende Schritt ist, erschien bei der Rohrzuckerinversion 
erlaubt. Bei der Wichtigkeit, welche der Nachweis von solchen Vorgleichgewichten 
aber allgemein für das Verständnis der Wasserstoffionenkatalyse besitzt, wurde 
der postulierte Zusammenhang zwischen Vorgleichgewichtsausbildung und Er­
höhung der Reaktionsgeschwindigkeit in schwerem Wasser weiteren kinetischen 
Untersuchungen zugrunde gelegt. Bisher hatte man ja nur unsichere Anhalts­
punkte dafür, ob bei einer speziellen Reaktion die Anlagerung oder der Zerfall 
des Komplexes die Geschwindigkeit bestimmt, da die Konzentrationen solcher 
Anlagerungskomplexe oder überhaupt ihre Existenz, abgesehen von wenigen 
Fällen, wie etwa dem Aeetamid,7 wegen ihrer Kleinheit analytisch nicht erfaßbar 
sind. Die Untersuchungen in schwerem Wasser konnten dann auch bald die bis 
dato verschiedentlich ausgesprochene Gegenüberstellung von Reaktionen mit 
allgemeiner Säurekatalyse und Reaktionen mit spezifischer Wasserstoffionen-

1 VgJ. G. SCHWARZENBACII: Z. Elektrochem. angew. physik. ehem. 44 (1938), 47. 
2 E. A. MOELWYN-HUGIlES, K. F. BONIIOEFFER: Naturwiss. 22 (1934), 174. 
" K. SCHWARZ: Akad; Anzeiger Wien, 26. April 1934; Z. Elektrochem. angew. 

physik. ehern. 40 (1934), 474. . 
4 P. GROSS, H. STEIN ER, F. KRAUSS: Trans. Faraday 80c. 32 (1936), 877. 
5 O. RElTZ: Naturwiss. 24 (1936), 814. 
6 K. F. BONIIOEFFF;~: Z. Elektrochern. angew. physik. ehern. 40 (1934), 469. 
7 H. v. EULER, A. OLAlWER: Z. physik. ehern., 131 (1928), 107. 
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Tabelle 9. Säurekatalysen in schwerem Wasser. 

____________ R_ea_k_ti_on __________ ~I~T-e-7n-p-~c-~-~~I,_---K-at-a-ly_sa_oo_r ____ ~--k-D-/-kH----~IL.irerarur 
25 {I Rohrzuckerinversion .......... . 

Mutarotation der d·Glucose ... . 

Hydrolyse von Acetal ........ . 
Hydrolyse von Äthylorthoformiat 
Hydrolyse von Methylacetat .. . 
Hydrolyse von Äthylacetat .... . 
Hydrolyse von Äthylformiat 

Hydrolyse von Acetamid ..... . 

Hydrolyse von Acetonitril ..... 
Brornierung von Aceton: 

CHaCOCHa ················ . 
CDaCOCDa ................ . 

CHaCOCHa ............... . 

CHaCOCHa 
CHaCOCHs 
CHaCOCHa 

D",~",;ge'ter~,hU ........... j 
Isomerisierlmg von aci·Nitro-

äthan ............ _ ........ . 
Depolymerisierung von Dihy-

droxyaeeton .............. . 

Dithionsäurespaltlmg .......... f 
l 

* D 20-Gehalt 90 Mol.-'1~. 

25 

18 
18 
15 
15 
15 

105 

25 
25 

HsO+, DaO+ 
H 30+, DaO+ 
Essigsäure 
HaO+, DaO+ 
HaO+, DaO+ 
HaO+, DaO+ 
HaO+, D 30+ 
HsO+, DaO+ 
HaO+, DsO+ 

O,ln 
1,0n 
4,On 

HaO+, DaO+ 

H 30+, D 30+ 
HaO+, DaO+ 

25 { Monoehloressig-~! 
, säure )! 

25 I Glykolsäure I 
25 I Milchsäure 'I 

25 Essigsäure 

~~ HaO+, DaO+ ~, 
o )i

ll 

[, 

35
5 

I U 

o 
40 

100 

I 
}! 

HaO+, DaO+ 

2,05 

0,7 a 
0,4 
2,64 

2,0. 
1,60 

1,5* 
1,4 

1,50 

1,27 

0,8 5 

1,36 

2,1 
2,1 

0,8 

0,75 
0,7 
0,7 
3,40 

3,1 5 

2,9 
2,9 

1,0 

1,1 
2,5 
2,2 

3,4 
4 

6,7 

10 

10 

11 

12 

13 

14 

15 

16 

1 E. A. MOELWYN-HUGIIES, K. F. BONIIOEFFER: Naturwiss. 22 (1934), 174. -
E. A. MOELWYN-HuGIIEs: Z. physik. Chern., Abt. B 26 (1934),272. 

2 P. GROSS, H. SUESS, H. STEINER: Naturwiss. 22 (1934), 662. - P. GROSS, 
H. STEINER, H. SUESS: Trans. Faraday Soe. 32 (1936), 883. 

a E. A. MOELWYN-HuGHEs, R. KLAR, K. F. BONIIOEFFER: Z. physik. Chern., 
Abt. A 169 (1934), 113. 

4 W. H. HA1!ILL, V. K. LA MER: J. ehern. Physies 4 (1936), 395. 
5 J. C. HORNEL, J. A. V. BUTLER: J. ehern. Soe. (London) 1936, 136l. 
6 F. BRESCIA, V. K. LA MER: J. Arner. ehem. Soe. 60 (1938), 1962. 
7 W. J. C. ORR, J. A. V. BUTLER: J. ehem. Soe. (London) 1937, 330. 
s W. E. NELSON, J. A. V. BUTLER: J. ehem. Soe. (London) 1938, 957. 
9 K. SCHWARZ: Z. Elektroehem. angew. physik. Chem. 40 (1934), 474; Akad. 

Anzeiger Wien, 26. April 1934. 
10 O. REITZ: Z. physik. Chern., Abt. A 183 (1939), 371; Z. Elektroehern. angew. 

physik. Chern. 44 (1938), 693. 
11 O. REITZ: Z. physik. Chem., Abt. A 179 (1937), 119; Z. Elektroehern. angew. 

physik. Chern. 43 (1937), 659. 
12 O. REITZ, .T. Kopp: Z. physik. Chem., Abt. A 184 (1939), 429. 
13 P. GROSS, H. STEINER, F. KRAUSS: Trans. Faraday Soe. 32 (1936), 877; 34 

(1938), 35l. 
14 S. H. MARON, V. K. LA MER: J. Amer. ehern. Soe. 61 (1939), 692. 
15 E. M. EVANS: Z. physik. Chem., (im Druck). 
16 H. STAMM, M. GOEHRING: Z. physik. Chern., Abt. A 183 (1938), 112. 
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katalyse als Reaktionen ohne Vorgleichgewichtsausbildung bzw. mit Vorgleich­
gewicht widerlegen,1 indem sie zeigten, daß zum mindesten unter den prototropen 
Isomerisationen als der Hauptgruppe von Reaktionen mit allgemeiner Säure­
katalyse VorgleichgewichtsallSbildung und Geschwindigkeitserhöhung in DzO 
vorkommen kann. 

Im weiteren Verlauf erfuhr der vermutete Zusammenhang zwischen Geschwin­
digkeitserhöhung in DzO und Vorgleichgewichtsausbildung eine wesentliche 
Stütze in einem aufgefundenen Zusammenhang zwischen der Abhängigkeit der 
Reaktionsgeschwindigkeit vom DzO-Gehalt des Wassers in HzO-DzO-Mischungen 
und der Existenz eines Vorgleichgewichts, auf welchen aber erst nach Besprechung 
der speziellen Meßergebnisse eingegangen werden soll. 

In Tabelle 9 sind die säurekatalysierten Reaktionen, die bisher in schwerem 
Wasser untersucht wurden, zusammengestellt. Der Quotient kDlkH in Spalte 4 
gibt an, um wieviel schneller bzw. langsamer die Reaktion in DzO unter dem 
Einfluß des in Spalte 3 angegebenen Katalysators erfolgte als in HzO. Die Zahlen­
werte sind dabei aus dem Kurvenverlauf in HzO-DzO-Mischungen und aus 

z 

den Messungen in hochprozentigem 
schwerem Wasser auf IOO%iges DzO 
extrapoliert. Soweit Angaben meh-
rerer Autoren vorliegen, ist nur der 
genaueste oder der am zuverlässigsten 
erscheinende Zahlenwert aufgenom­
men. z Im Anschluß an die Tabelle 
sollen die Ergebnisse bei einzelnen 
Reaktionen, soweit dies gerechtfertigt 
erscheint, noch näher besprochen 
werden. 

f· Rohrzuckerinversion (Spezifische 
Wasserstoffionenkatalyse ). 

Die Abhängigkeit der Inversions­
geschwindigkeit vom DzO-Gehalt der 
Lösung nach Versuchen von GROSS, 
SUESS und STEINER3 ist in Abb. 5 
wiedergegeben, wobei als Ordinate 
das Verhältnis der Geschwindigkeit 

o 20 80 fOO bei dem jeweiligen Molenbruch n des 

Ahu.5. 
Geschwindigkeit der durch Wasserst{)ffionen katalysierten 
ltohrzuckcrinvcrsion in Auhiingigkeit vom D.O·Gchalt. 

DzO zu der Geschwindigkeit in HzO 
kn/k" aufgetragen ist. Die Krümmung 
der Kurve soll im Zusammenhang mit 
den völlig analogen Krümmungen 

bei anderen durch Wasserstoffionen katalysierten Reaktionen weiter unten 
diskutiert werden. Die Inversion war die erste Reaktion, bei der die Vermutung 
ausgesprochen wurde, daß eine Geschwindigkeitserhöhung in DzO auf eine Er­
höhung der Konzentration des Anlagerungskomplexes (Substrat· Wasserstoffion) 
zurückzuführen sei.4 

1 O. REITZ: Naturwiss. 24 (1936), 814. - K. F. BONHOEFFER, O. REITZ: Z. physik. 
Chem., Abt. A 179 (1937), 135. 

2 Das entsprechende Literaturzitat ist durch Fettdruck seiner Nummer hervor­
gehoben. 

3 P. GROSS, H. SUESS, H. STEDiER: Trans. Faraday Soc. 32 (1936), 883. 
4 K. F. BO!olIIOEFFER: Z. Elektrochem. angew. physik. Chem. 40 (1934), 469. 
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Mutarotation der d-Glucose (Allgemeine Säure- und Basenkatalyse). 

Die Mutarotation ist bislang die einzige bekannte säurekatalysierte Reaktion, 
welche in D20 erheblich langsamer verläuft als in H 20. Diese Tatsache wurde als 
Anzeichen dafür genommen, daß bei der Mutarotation im Gegensatz zu den 
übrigen Reaktionen sich kein Anlagerungsgleichgewicht ausbildet, sondern daß 
in diesem Falle die Protonen- bzw. Deuteronenanlagerung selbst geschwindigkeits­
bestimmend ist, wie auch Modellbetrachtungen des mutmaßlichen Reaktions­
mechanismus wahrscheinlich machen.! Für die durch W W3serstoftionen katalysierte 
Reaktion ergab sich ebenso wie für die durch undissoziierte Essigsäure katalysierte 
Reaktion in H 20-D20-Mischungen eine völlig lineare Abhängigkeit der Kata­
lysenkonstante vom D20-Gehalt, 
wodurch sich die Mutarotation eben- 3.-------------------, 
falls charakteristisch von den ande-
ren Säurekatalysen unterscheidet. 
Ein deutlicher Unterschied in den 
Aktivierungsenergien in H 20 und 
D20 wurde von HAMILL und 
LA MER2 nicht beobachtet. Die 
gegenteilige Feststellung in der äl- 2 

teren Untersuchung von MOELWYN­
HnmEs 3 ist vielleicht in Anbe­
tracht der geringen D20-Mengen, 
mit denen diese ausgeführt wurde, Z 
zweifelhaft. Der Isotopieeffekt auf: 
die BRöNsTEDsche Beziehung (vgl. J,......::::;;;~::::!!:::!I;:...---­

Bd. H, S. 229) ist aus den beiden 
Gleichungen 

kHB = O,Il·KIIBo,27 in H 20 
und 

kDB ~~ 0,07' K DBo,29 in D20 

o 20 ~o 50 
MoI%OzO-

80 100 ersichtlich,2 wobei allerdings die He­
stimmurig der Konstanten aus nur 
je zwei Katalysenkonstanten recht 
unsicher sein dürfte. 

Abh. ß. Geschwindigkeit vcrschiedf>IWr s.äurckatalysierter 
Hydrolysen in Abhängigkeit vom D20-Gchait des Wassers 

bei 15° C. 

Hydrolyse von Acetal und Estern 
(Spezifische Wasserstoffionen­

katalyse). 

Die Geschwindigkeiten der durch 
Wasserstoffionen katalysierten Hy-

o I Hydroiyse von Acetal (ORR und BuTLER), 

EI II Hydrolyse von Methylacetat (NELSO~ und BUTLER, 
SCHWARZ), 

A III Hydrolyse von Äthylformiat (NELSOX und BUTLER).' 

drolysen von Acetal, Methylacetat und .~thylformiat sind in Abb. 6 in Ab­
hängigkeit vom D20-Gehalt der Lösung wiedergegeben (Diskussion der Kurven­
krümmung siehe später).4,5 

K. F. BONHOEFFER, 0. REITZ: Z. physik. ehern., Abt. A 179 (193i), 135, 
W. H. HA~IILL, V. K. LA MER: J. ehern, Physies 4 (1936), 395. 

3 E. A. MOELWYN-HUGHES: Z. physik. Chern., Abt. B 26 (1934), 2i2. 
• J. C. HORNEL, J. A. V. BUTLER: J. ehern. Soe. (London) 1936, 1361. 
5 W. E. NELSON, J. A. V. BUTLER: J. ehern. Soe. (London) 1938, 95i. - Die 

Extrapolation für reines D 20 ist bei NELSON und BUTLER auf Grund theoretischer 
Überlegungen (vgl. S.298) niedriger gelegt und führt zu einem Wert kn/kh = 1,3i 
gegenüber 1,43 in der Figur [vgl. F. BRESCIA: J. ehern. Physics 7 (1939), 310.] 
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Aus den Geschwindigkeiten der Hydrolyse von Acetal und von Äthylortlw­
formiat (spezüische Wasserstoffionenkatalyse) in verschiedenen Pufferlösungen 
in H 20 und D 20 wurden von HORNEL und BUTLER1 die Dissoziationskonstanten 
von Oxalsäure, Ameisensäure, Essigsäure und Kakodylsäure in D20 bestimmt. 

BRESCIA und LA MER geben nach ihren Messungen an Äthylorthoformiat in 
Acetatpuffern für das Verhältnis der Katalysenkonstanten kD.O+/kR•O+ den 
Wert 2,35 an;2 die Abweichung dieser Angabe von dem BUTLERSchen Wert 
beruht im wesentlichen auf der Zugrundelegung eines anderen Wertes für das 
Verhältnis der Dissoziationskonstanten von leichter und schwerer Essigsäure 
bei Berechnung des PR-Wertes der Pufferlösungen. Die Abhängigkeit der Hydro­
lysengeschwindigkeit vom D 20-Gehalt ist nach den Versuchen von BRESCIA 
und LA MER - unter Berücksichtigung der nichtlinearen Änderung der Dis­
soziationskonstante der Essigsäure mit dem D20-Molenbruch - exakt linear. 

Hydrolyse von Acetamid (Spezifische Wasserstoffionenkatalyse). 
Das Verhältnis der Hydrolysegeschwindigkeiten von Acetamid in H 20 und 

D20 ist in saurer Lösung stark von der Wasserstoffionenkonzentration abhängig 
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Abb.8. 

Abb. 7 und:8. Gesel'windigkeit der sauren Hydrolyse von Acetamid in H.O und D.O bei 25° C in Abhängig­
keit von der H,O+· bzw. D,O+-Konzentration.' (Für die in Abb. 7 zum Vergleich mitangegebenen VerslIehe 

V. E1'LERS bei 50° C [gestrichelte Kurve] gilt der rechte lIIaßstab.) 

(vgl. Abb 7): Während bei einer Normalität von 0,1 n die Reaktion in D20 (bei 
25° C) etwa 50% schneller als in H 20 ist, werden in 2,3 n Lösung beide Reaktionen 

1 J.C.HORNEL, J.A.V.BuTLER: J.ehem.Soe. (London) 1936, 136l. 
2 F. BRESCIA, V. K. LAMER: J. Amer. ehern. Soe. 60 (1938), 1962. 
3 O. REITZ: Z. ph;vsik. Chern., Abt. A 183 (1939), :nl. 
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gleich schnell, und schließlich ist in 3-4 n Lösung die Reaktion in D 20 etwa 
15% langsamer. Die Erklärung geht von der Tatsache aus, daß die saure Amid­
hydrolyse über einen Anlagerungskomplex CHaCONHa + erfolgt, dessen Kon­
zentration im Gegensatz zu den Komplexkonzentrationen bei sonstigen säure­
katalysierten Reaktionen außerordentlich hoch und mit den Konzentrationen 
des Substrats und des Katalysators kommensurabel ist,l so daß für die Reaktion 
keine eigentliche Katalysenkonstante mehr existiert (vgl. Abb. 8, in der der 
Quotient aus Geschwindigkeitskonstante und Säurekonzentration in Abhängig­
keit von der Säurekonzentration aufge­
tragen ist). Bei niederen Katalysator­
konzentrationen ist die Komplexkonzen­
tration in D 20 wesentlich höher als in 
H 20 und ergibt die höhere Reaktionsge­
schwindigkeit. Bei höherer Katalysator­
konzentration (Säure im Überschuß, 
Acetamidkonzentration bei den Versuchen 
etwa 0,2 n) liegt praktisch alles Amid als 
Komplex vor, und man mißt im wesent­
lichen das Verhältnis der Zerfallsgesch win­
digkeiten des Komplexes, wonach der 
Zerfall in D 20 etwas langsamer verläuft 2,0 
als in H 20. 

Zum Vergleich mit der Hydrolyse wurde 
die AlkoholY8e von Acetamid in säurehaIti­
gern CH30H und CHaOD herangezogen.2 

Wegen der geringeren Protonenaffinität 
muß in Alkohol das Anlagerungsgleichge- 1,0 

wicht CH3CONH2 + 
+ CHaOH2 + ~ CH3CONHa + + CH30H 

0,'1 

v leie/lles } 
o tJleichgewichts- /lee/on 
lC schweres 

3,0 

2,5 

2,0 

1,5 

1,0 

o,Za2z··t::====---];ltraa.- 0,2 
, --.%D20 

noch stärker zugunsten des Anlagerungs­
komplexes verschoben sein als das ent­
sprechende Gleichgewicht in H 20 und 
DzO. Wie daher zu erwarten, ergab sich 

o 10 ZO 30 110 50 60 70 80 90 100 
Abb. 9. Die Geschwindigkeit der durch Wasser­
stoffionen katalysierten Bromierung des Acetons 
in Abhängigkeit vom D20-Gehalt des Wassers.' 

die Alkoholysengeschwindigkeit unabhängig von der Säurekonzentration. Die 
Alkoholyse ist in dem D-haltigen Lösungsmittel ebenfalls langsamer als in dem 
gewöhnlichen Lösungsmittel (kCH,OD2+/kcH,OH,+ etwa 0,5 bei 25° Cl. 

Aceton-Enolisierung (Allgemeine Säure- und Basenkatalyse). 

In Abb. 9 ist die Katalysenkonstante für die durch Wa88er8tojjionen katalY8ierte 
Bromierung von Aceton in Abhängigkeit vom D20-Gehalt der Lösung aufgetragen, 
und zwar in Kurve 1 für gewöhnl.iches Aceton, in Kurve 11 für schweres Aceton 
mit einem D-Gehalt von 95 Mol.-% und in Kurve 111 für "Gleichgewichts"­
Aceton, d. h. für Aceton, bei dem vor der Bromzugabe durch längeres Erwärmen 

1 H. V. EULER, A. ÖLANDER: Z. physik. ehern., 131 (1928), 107. 
2 O. REITZ: Z. physik. ehern., Abt. A 183 (1939), 371. 
3 Naeh O. REITZ: Z. physik. ehern., Abt. A 179 (1937), 119. 
Hdb. d. Kat.'llyse. II 20 
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der Reaktionslösung das Austauschgleichgewicht mit der betreffenden D2ü­
haItigen Lösung eingestellt war. Kurve 11 a für Aceton mit 100% D-Gehalt ist 
aus den übrigen Daten extrapoliert. Der D-Gehalt des Gleichgewichtsacetons 
ist unter Berücksichtigung des Deuteriumverteilungsquotienten (siehe S.298) 
stets etwas kleiner als der des Wassers. Die Enolisierung, die durch die Bromierung 
gemessen wird, verläuft in D2Ü in Gegenwart von D 3Ü+-Ionen 2,lmal schneller 
als in H 2ü in Gegenwart von H 3Ü+. Diese Beschleunigung in D 2ü, die für leichtes 
und schweres Aceton den gleichen Betrag hat, wird durch Erhöhung der Gleich­
gewichtskonzentration des intermediären Komplexes gedeutet, dessen Bildung 
durch Anlagerung eines Protons bzw. Deuterons an den Ketonsauerstoff bei der 
säurekatalysierten Enolisierung von Aceton nach 

OH+ 
(schnell) 11 (langsam) 

CHa'CO'CHa + HaO+ .;;::::=-::.::::=:::: CHa-C-CH a + H 20 --- ------+ 

OH 
I 

--.>- CH 2 =C-CHa + HaO+ 

als gesichert gelten darf.! - Bei gleichem D 2Ü-Gehalt des Lösungsmittels wird 
schweres Aceton 7,7mal langsamer enolisiert, ein Faktor, der im wesentlichen das 

Verhältnis der Geschwindigkeiten 
der Loslösung eines Protons und 
eines Deuterons vom Kohlenstoff 

J 

o 20 'HJ 50 
ItIO/%02 0 -

.-\.bb.l0. 

80 

wiedergibt. (Diskussion der Kurven­
krümmungen siehe später.) 

Zwischen der Bromierungsge­
schwindigkeit und der Geschwindig­
keit des Austausches von Wasser­
stoff gegen Deuterium, der ebenfalls 
über die Enolform verläuft, wird in 
Lösungen von gleichem D2Ü-Gehalt 
quantitative Übereinstimmung ge­
funden, wenn man berücksichtigt, 
daß sechs austauschbare Wasser­
stoffatome vorhanden sind, deren 
Austausch unabhängig voneinander 
stattfindet. Dieser Befund sowie die 
Möglichkeit der Berechnung der Kur-
ve11l aus den Kurvenl undll, d.h. 
aus den Bromierungsgeschwindigkei­
ten von reinem leichtem und reinem 
schwerem Aceton, deuten darauf 
hin, daß die Loslösung eines Protons 

'00 bzw. Deuterons aus der Methyl­
gruppe des Acetons praktisch unbe­
einflußt davon bleibt, ob die Nach­
baratome H- oder D·Atome sind 
(vgl. auch S.298). 

Diazocssigcstcrzerfall in HzO-DzÜ-)!ischullgcn bei 15 0 C. 2 

Die durch undissoziierte Säuren katalysierte Bromierung des Acetons unter­
scheidet sich von der durch Wasserstoffionen katalysierten Reaktion haupt-

1 K .• T. PEDERSEN: J. physie. Chem. 38 (1934), 581. - K. F. BONIIOEFFER, 
O. REITZ: Z. physik. Chern., Abt. A 179 (1937), 135. 

2 Nach P. GROSS, H. STEIN ER, F. KR.-\.uss: Trans. Faraday Soe. 34 (1938), 351. 



Isotopenkatalyse in Lösung. 307 

sächlich darin, daß sie in schwerem Wasser nicht schneller verläuft als in leichtem 
Wasser, sondern, mit nur geringerer Abhängigkeit von der Katalysatorsäure, 
um 20-35% langsamer. Der Geschwindigkeitsunterschied zwischen der Bro­
mierung von leichtem und schwerem Aceton dagegen wird beim übergang von 
der Wasserstoffionenkatalyse zur Katalyse durch undissoziierte Säuren nur wenig 
geändert. 

Diazoessigesterzerfall (Spezifische Wasserstoffionenkatalyse). 
Die Geschwindigkeit des durch Wasserstoffionen katalysierten Diazoessig­

esterzerfalles bei 15° C in HzO-DzO-Mischungen ist in Abb. 10 wiedergegeben 
(Diskussion der Kurvenkrümmung siehe später). Die Temperaturabhängigkeit 
der Zerfallsgeschwindigkeit wurde in schwerem und leichtem Wasser bestimmt 
und ergab eine Differenz der Aktivierungsenergien von 800 ± 150 cal in HzO 
und DzO, wonach die Erhöhung der Geschwindigkeit in DzO auf eine Herab­
setzung der Aktivierungsenergie, und zwar vermutlich auf eine Herabsetzung 
der Nullpunktsenergie des reagierenden Komplexes zurückzuführen ist. 

Isomerisierung von acl-Nitroäthan (Allgemeine Säurekatalyse). 
Unter der Voraussetzung, daß die Reaktion zwischen dem Anion und dem 

Katalysator nach dem Schema 
CH3 ·CH=NOO- + H 30+ -> CH3CH2N02 + H 20 

stattfindet und unter der Annahme des Wertes KH/KD = 3,2 für das Verhältnis 
der Dissoziationskonstanten von aci-Nitroäthan in H 20 und DzO, ergibt sich 
Gleichheit der Geschwindigkeiten in H 20 und DzO. 

Vorgleichgewicht und Isotopenverschiebung. 
Die Untersuchung der Abhängigkeit der Reaktionsgeschwindigkeit vom 

DzO-Gehalt ergab bei einer Reihe von Säurekatalysen, wie die Figuren 5 bis 10 
zeigen, charakteristische Abweichungen von einer Linearität, die (mit Ausnahme 
der Dithionsäurespaltung1) immer im gleichen Sinne lagen. Zu ihrer Erklärung 
betrachten wir eine Reaktion mit Vorgleichgewichtsausbildung, d. h. eine Re­
aktion, bei der in dem allgemeinen Schema einer Säurekatalyse 

bzw. 

k1 k 3 
R + HaO+ :.-~:-': (RH)+ + H 20 - --+ R' + H 30+ 

kz 
(Prototrope Jsomerlsation.)' 

k1 k 
H 20 + R + H30+ ~ ~ (RH)+ + 2H20 ~--~> R' + R" + H30+ 

kz 
(Hydrolyse.) 

1 H. STA)DI,)1. GOEHRIXG: Z. physik. ehern., Abt. A 183 (1938), 112. 
2 Im Falle allgemeiner Säurekatalyse treten neben die Reaktion (RH)+ + HzO -->­

-> R' + H 30+ lediglich noch weitere Reaktionen (RH)++ B i - -> R' + HB i mit 
den anwesenden katalysierenden Säuren HB; und mit Geschwindigkeitskonstanten 
"3' Bi' während die Konzentration von (f.tH)+ durch das Gleichgewicht mit den 
H 30+-Ionen festgelegt ist. Die folgenden Uberlegungen gelten daher auch für allge­
meine Säurekatalyse. - Da bei einer Hydrolyse ähnliche Folgereaktionen mit B i -

wie bei einer Isomerisation nicht denkbar sind, sollten bei einer Hydrolyse Vor­
gleichgewicht und allgemeine Säurekatalyse sich gegenseitig ausschließen. Die 
Beobachtungen in HzO-DzO-Gemischen fliliren nun bei der Hydrolyse einfacher 
EHter (vgI. S.303) zur Annahme eines Vorgleichgewiehtes. NELSON und BUTLER 
[J. ehern. Soc. (London) 1938, 957] weisen daher darauf hin, daß darnaeh die Beob­
achtung H. M. DAwsoNs [J. ehern. Soc. (London) 1927, 2107, 2444] einer Katalyse 
durch undissoziierte Säuren bei solchen EHtern zweifelhaft erscheint. 

20' 
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ka < < k2 ist. Die Bruttogeschwindigkeit der Reaktion wird dann durch 

k = (k 1/k2)·ka = K'ka (I) 

gegeben, wobei in einem H 20-D20-Gemisch die Komplexkonstante K = K (n) 
und die Zerfallsgeschwindigkeit des Komplexes k3 = k3 (n) irgendwelche Funk­
tionen des D20-Molenbruches n sind. Von ka, welches etwa im Falle einer Enoli­
sierung die Geschwindigkeit des Protonenüberganges aus einer C-H-Bindung 
an ein Gemisch von H 20-, HDO- und D 20-Molekülen1 darstellt, können wir 
vereinfachend annehmen, daß es sich linear mit dem D 20-Gehalt ändert. Diese 
Voraussetzung wird in den meisten Fällen hinreichend erfüllt sein. Die beobachtete 
Abweichung von der Linearität spiegelt dann praktisch nur die nichtlineare 
Änderung von K (n) und mithin der Komplexkonzentration [RH+] wieder. Wir 
wollen diese Änderung in H 20-D20-Mischungen näher betrachten. 

In H 20 ist die Konzentration des Anlagerungskomplexes durch die Gleich­
gewichtskonstante (Komplexkonstante ) 

KR = K (0) = [RH+]/([R]' [HaO+]) 

und entsprechend in D20 durch eine Konstante K D = K (1) bestimmt, wobei 
die Größen in [] Aktivitäten bedeuten und [HaOi"] bzw. [D30+] gleich der 
analytischen Acidität P multipliziert mit dem elektrostatischen Aktivitäts­
koeffizienten y ist, welch letzterer mit wachsender Verdünnung gegen 1 
geht und jedenfalls in H 20-D20-Mischungen als vom Molenbruch n = 
= (D20)/[(H20) + (D20)] unabhängig angesehen werden kann. In einem 
H 20-D20-Gemisch existieren die beiden Komplexe RH 0" und RD + nebeneinander, 
welche durch die beiden Beziehungen 

K (0) = [RH+]/([R]·h) und K (1) = [RD+]/([R]'d) (2a, b) 

festgelegt sind; hierin bedeuten hund d die Protonen- bzw. Deuteronenaktivität 
der Lösung. hund d sind Funktionen von n und sind so normiert, daß mit 
n ~ 0 h -> [H30+] und mit n ~ 1 d -> [D30+] geht. Die effektive Komplex­
konstante kann dann 

K (n) = ([RH+] + [RD+])/[R] (h + d) 

geschrieben werden; die Bruttogeschwindigkeit der Reaktion k (n) ist durch die 

Beziehung k(n) = {h·k(0)/k3 (0) + d·k(1)/ka(l)} ka(n) (3) 

oder, falls k3 als unabhängig von n angesehen werden darf,2 durch 

k(n) = hok(O) + d·k(l) (3a) 

mit den Geschwindigkeiten in reinem leichtem und in reinem schwerem Wasser 
und mit der Protonen- und der Deuteronenaktivität verknüpft. 

hund d hängen von dem Verhältnis der verschiedenen Ionen HaO"", H 2DO +, 

HD20+, D30+ ab und sind wie dieses spezifische Eigenschaften der Wasser­
moleküle, d. h. unabhängig von dem betrachteten Substrat R. Sämtliche Gleich­
gewichte in H 20-D20-Mischungen unter Beteiligung von Wasserstoffionen 
(Oxoniumionen) werden also durch die gleichen Funktionen hund d bestimmt. 
Die Abhängigkeit dieser Größen von dem Verhältnis der verschiedenen Oxoniurn-

1 Sowie an B;--Molcküle bei Anwesenheit weiterer Katalysatorsäuren HB;:. 
2 Sofern, wie in den meisten Fällen, Gründe dafür vorliegen, daß sieh beim Uber­

gang von R 20 nach D 20 k 3 weniger stark ändert als K, kann aueh in den Fällen, 
in denen k 3 sicher von n abhängt, der vereinfachende Ansatz k 3 -- const als brauch­
bare Näherung verwendet werden. 
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ionen läßt sich durch die Verhältnisse der Gleichgewichtskonstanten Klo und K d 

einer Reihe von Dissoziationsgleichgewichten 

RH + H 20 ~ R - + HaO + I K h 

RH + HDO ~ R- + H 2DO+ ! a/2 Klo' 
I 

RH + D20 ~ R- + HD20+ • 3 Klo" 
RD + H 20 ~ R--+ H 2DO+ ! 3 K,/' 
RD + HDO -= R-~ + HD2~+ i a/2 Ka' 
RD + D20 ~ R-. + DaO+. I K d 

mit beliebigem Partner R ausdrücken, und zwar in der Form1 

und 
h = (I/Q(n))' P'Y' [H20)'/' 

wobei 

d = (I/Q(n)'V1)'P'Y'[D20]'/', 

Q(n) = [H20)3/. + 

mit 

ist. 

+ [HOD]·[H20]'/'·K h'IK" + [D20HH20]'/'·Kh"IK" + [D20]3/'/VL 

L = [HaO+]2. [D20]3/[DaO~]2. [H20]3 

(4) 

(5) 

Wie zuerst GROSS, STEINER und SUESS2 gezeigt haben, kann man Q(n) einer­
seits empirisch aus Gleichgewichtsmessungen in H20-D20-Gemischen ermitteln3 
und anderseits aus der Kenntnis der beiden Gleichgewichte 

und 
[HDO]2/ [H20]' (D20] = q 

[HaO +]2. [D20]3 / [D30 +]2. [H20]3 = L 

numerisch berechnen, wenn man über die Verhältnisse der Gleichgewichts­
konstanten K hund K d noch eine zusätzliche Annahme macht, deren plausibelste 
nach SCHWARZENBACH4 Kh"/Kh'IKh = Kd/Kd'/K d " (6) 

lautet. Die Ergebnisse werden durch eine etwas andere Annahme über die Kon­
stantenverhältnisse, wie bei GROSS, STEIN ER und SUESS und wie bei ORR und 
BUTLER, kaum beeinflußt. Die SCHWARZENBAcIIsche Annahme bedeutet, da.ß 
der Einfluß der D-Atome als Substituenten sich auf die Acidität des Protons 
und diejenige des Deuterons im Oxoniumion genau gleich auswirkt. In Abb. 11 
ist die Funktion Q(n) wiedergegeben,5 und zwar einmal berechnet mit den Zahlen­
werten L = 14,4 und q = 3,27 und mit zwei etwas verschiedenen Annahmen 
über die Verhältnisse der Konstanten Klo und K d (ausgezogene und gebrochene 
Linie) und zum andern empirisch ermittelt aus Gleichgewichtsmessungen in 
H 20-D20-Gemischen (eingezeichnete Punkte). In Abb. 12 ist ferner die Verteilung 

1 In diesem Falle bedeuten [H 20], [HDO] und [DzO] die wahren Molenbrüche, 

also etwa [HDO] = - ._- - (lI~Or __ --- während sonst bei Angabe des 
(H20) + (HDO) + (D 20) , 

D 20-Molenbruches immer so gerechnet wird, als ob Wasser nur aus H 20- und D 20-
Molekülen bestände. 

2 P. GROSS, H. STEINER, H. SUESS: Trans. Faraday Soc. 32 (1936), 883. - Siehe 
auch W. J. C. ORR, J. A. V. BUTLER: J. ehern. Soe. (London) 1937, 330. -F. BRESCIA: 
J. ehern. Physics 7 (1939), 310. 

3 Aus der Leitfähigkeit starker Säuren und aus Dissoziationskonstanten schwacher 
Säuren in H 20-D 20-Gemischen, ferner aus der Verteiltmg von Pikrinsäure zwischen 
Benzol und Wasser (H 20-D 20-Gemischen). 

4 G. SCHWARZENBACH: Z. Elektroehern. angew. physik_ Chem. 44 (1938), 47. 
5 Nach ORR und BUTLER: I. c. 
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Abb. 11. 

Q (n) berechnet: ___ _ 
Q(n) gemessen: ___ _ 

A Dissoziatiollskollstantc der Aml'iscnsäurc. 
~ Dissoziationskonstallte der Essigsäure. 

der Gesamtacidität auf die Pro­
tonen- und Deuteronenaktivität 
in H 20-D20-Gemischen wieder­
gegeben. Es sei darauf hinge­
wiesen, daß h + d :j: Py, d. h. 
nicht gleich der Gesamtacidität 
der Lösung ist. Schließlich 
ist in Abb. 13 das theore­
tische Geschwindigkeitsverhält­
nis k(n)jk(O) für verschiedene 
Verhältnisse k(l)jk(O) in reinem 
D20 und H 20 aufgezeichnet, 
und zwar für eine Reaktion, 
die durch die thermodynami-
schen Funktionen hund d nach 
Gleichung (3a) bestimmt wird.! 

In der Tat können in den 
bisher untersuchten Fällen die 
bei Geschwindigkeitsmessungen 
in H 20-D20-Gemischen gefun­
denen Abweichungen von der 
Linearität quantitativ durch die 
Funktionen hund d für die Pro-

X Pikrinsäureverteilung zwischen Benzol und \Vasscr. 
e lI)"drolyse von Acetal. 

tonen- und die Deuteronenak­
tivität erklärt werden [vgl. 

III Diazoessigestcrzerfall. 

1,2 

I,f 

I,O~~~~=------------------~ 

0,9 

0,8 

0,7 

0,6 

0,5 

0,3 

0,2 

0,' 

o 25 50 75 100 
1.10/%020-

Abb.12. 
l)rotouen- und Dcutcrollenakti\"ität in Abhiingigkcit vom 
D,O-Gchalt der Lösung bei einer analytischen Acidität 1. 

Abb. 11, in der die aus dem Kur­
venverlauf bei der Hydrolyse von 
Acetal und dem Diazoessigesterzer­
fall berechneten Werte für Q(n) mit­
eingezeichnet sind und beste Über­
einstimmung mit der berechneten 
sowie empirisch ermittelten Q(n)­
Kurve zeigen]. Lediglich im Falle 
der Rohrzuckerinversion ergaben 
sich größere Abweichungen von dem 
zu erwartenden Verlauf.2 Will man 
diesen Zusammenhang zwischen 
der thermodynamischen Funktion 
und den kinetischen Daten nicht als 
rein zufällig ansehen, so bedeutet 
er, daß die betreffenden Geschwin­
digkeiten durch die Gleichgewichts­
konzentrationen eines Wasserstoff­
ionen-Anlagerungskomplexes mit­
bestimmt werden. Bemerkenswert 
ist, daß gerade die Reaktionen, 
welche in D20 erheblich schneller 

1 Naeh W. E. NELSON, J. A. V. 
BUTLER: J". ehern. Soe. (London) 1938, 
957. 

2 P. GROSS, H. STEIN ER, H. SUESS: 
Tran,;. Faraday SOß. 32 (1936), 883. 
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ablaufen als in H 20, auch eine deutliche Krümmung in der Kurve ihrer Ab­
hängigkeit vom D20-Gehalt zeigen,l welche nach dem Dargelegten durch An­
nahme eines Vorgleichgewichtes zu erklären ist. 

Die Untersuchung säurekatalysierter Reaktionen in schwerem Wasser liefert 
also, wie ausgeführt wurde, zwei Kriterien dafür, ob sich im Verlauf einer Säure­
katalyse ein Vorgleichgewicht einstellt: 

1. Wir dürfen annehmen, daß sich bei Reaktionen, die eine erhebliche Ge­
schwindigkeitserhöhung in D20 zeigen, ein Vorgleichgewicht einstellt, während 
bei denen, welche in schwerem Wasser langsamer verlaufen, die Ausbildung des 
Vorgleichgewichtes durch schnelle Weiterreaktion 
gestört wird. Über Reaktionen, deren Geschwin­
digkeiten sich in H 20 und D20 nur geringfügig 
unterscheiden, läßt sich keine allgemeine Aus­
sage machen. Ebenso kann das Kriterium ver­
sagen, wenn, wie im besonderen Falle der Hy­
drolyse des Acetamids bei hoher Katalysator­
konzentration, die Komplexkonzentration von 

~5.----r----'-----'---A 

f,'I----+----1-----~f-~ 

1,21----+----47~~1_---1 

der Größenordnung der Substratkonzentration ~ 7.1 

selbst wird. Eine solche Reaktion ist aber leicht ~. 1---+-;?44-7L--+-~ 
daran zu erkennen, daß ihre Geschwindigkeit ~ 7.0~~~:;§==::!==::::--k-~~ 
in Abhängigkeit von der Katalysatorkonzentra- '1-

tion von dem normalen geradlinigen Verlauf 
durch den Nullpunkt abweicht. 

2. Wir dürfen annehmen, daß sich bei allen 
Reaktionen, deren Geschwindigkeitsabhängigkeit 
vom D20-Gehalt einer H 20-D20-Mischung sieh 
mit Hilfe der thermodynamischen Protonen- und 
Deuteronenaktivität aus den Geschwindigkeiten 
in reinem H 20 und D20 berechnen läßt, ein 
Vorgleichgewicht einstellt. Kleinere Abweichun­
gen von dem so geforderten Kurvenverlauf in 
H 20-D20-Mischungen (wie etwa bei der In­
version) spreehen nicht gegen ein Anlagerungs­

4~~---2~5----5~O-----~~~~mo 

Mo/%OrO-
Abu. 13. Theoretisch zu erwartender 
Kurvcllverlauf in 1120·D20-)(ischungcll 
für säurekatalysierte Reaktionen mit 
Yorglcichgewicht und verschiedenem 
Geschwindigkeitsverhältnis k(1 )/k(O) in 

D,O und R,O. 

gleichgewicht, da sie etwa auf eine nichtlineare Abhängigkeit der Zerfallsge­
schwindigkeit k3 des Komplexes vom D20-Gehalt geschoben werden können. 

Basenkatalysierte Reaktionen. 
Die bisher in schwerem Wasser untersuchten Basenkatalysen sind in Tabelle 10 

zusammengestellt. Zum Vergleich wurden einige unter dem Einfluß von Alkali 
verlaufende Hydrolysen mit aufgenommen, die nicht als eigentliche Basen­
katalysen zu bezeichnen sind, da das Alkali in ihrem Verlaufe verbraucht wird. 
Die echten Basenkatalysen sind nach den Bedingungen, unter denen ein Ge­
schwindigkeitsvergleich angestellt wurde, gruppiert: in der ersten Gruppe be­
deutet kd/k h den Quotienten aus den Geschwindigkeiten der Reaktionen in 
schwerem und in leichtem Wasser, in der zweiten Gruppe den Geschwindigkeits­
quotienten der Reaktionen einer deuteriumsubstituierten Verbindung und der 
entsprechenden H-Verbindung im gleichen Lösungsmittel. In den Fällen, in denen 
Reaktionen an Substraten von verschiedenem D-Substitutionsgrad verglichen 
wurden, sind die betreffenden Substrate angegeben. 

1 Eine Ausnahme hiervon scheint nur das Athylorthoformiat zu machen. 
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Tabelle 10. Basenkatalysen in schwerem Wasser. 

Reaktion I Temperatur I' 
in oe Katalysator 

Hydrolysen in schwerem Wasser: 
Verseifung von Äthylacetat .... 
Hydrolyse von Monochloracetat 
Hydrolyse von Acetamid ..... . 
Hydrolyse von Acetonitril .... . 
Hydrolyse von Diacetonalkohol. . 

ca. 15 
45 
25 
35 
15 

(OH-,OD-). 
(OH-, OD-) 
(OH-,OD-) 
(OH-,OD-) 
(OH-,OD-) 

1,33 
1,2 
0,90 

1,20 

1,45 

Echte Basenkatalysen : Geschwindigkeitsvergleich in H 20 und D 20: 

M . d d GI {25 H 20, D 20 0,26 
utarotatlOn er . ucuse.... 25 CH 3COO- 0,42 

Nitramidzerfall 
NH2N02 /ND2N02 ••••••••••• { 

(91,5% D 20) .............. . 
(91,5% D 20) .............. . 
(91,5% D 20) .............. . 

Neutralisation von Nitroäthan: 
in H 20 C2H 5N02, in D 20 
CH 3CH2N02 (1. Stufe) ...... . 
C2H 5N02 , CH 3CHDN02 (2.Stufe) 
C2H 5N02 , CH 3CD2N02 (3. Stufe) 

Neutralisation von Nitroisopro· 
pan C3H 7N0 2 in H 20 und in 
D 20 (1. Stufe) ............. . 

Brumierung von Nitromethan .. { 

Bromicrung von Aceton ...... . 

25 
15 
15 
15 
15 

5 
5 
o 

5 
25 
25 
70 
25 

HoO, D 20 
H 20, D 20 
CH 3COO­
C.H 5COO-

Salicylat 

OH-,OD-

OH-,OD-
CH 3COO­

CH2CICOO­
H 20, D 20 
CH3COO-

0,19 
0,26 
0,42 
0,45 
0,46 

1,40 
0,5 1 

0,15-0,4 

1,36 
0,85-0,9 
0,7-0,8 5 

~0,5 

0,9 

Literatur 

4,5 

6,7,8,9,10 

10 

10 

11 

12 

12 

12 

13,8 

13 

14 

15 

Geschwindigkeitsvergleich der gewöhnlichen und der deuteriu1llsubstituierten Verbindung 
im gleichen Lösungsmittel:* 

Enolisienmg von 2·o·Carboxy. I 
benzylidan-I-on ............ . 

Neutralisation von Nitroäthan: 
CH 3CH2N02 und CH3CHDN02 

in D 20 ................... . 
CHaCH2N02 und CH 3CD2N02 

in D 2ü ................... . 

Bromienmg von Nitromethan { 
CH 3N0 2 und CD 3N0 2 in H 20 

Bromierung von Aceton 
CHaCOCHa und CD aCOCD 3 •• 

Racemisierung von 
~ '--._ .. j'--

F CH(D)C02 - ••••••• 

CH3 , .. J 

25-45 

0 

0 
?" -;) 

25 
70 

25 

100 

CH 3COO- 0,23-0,33 
16 

OD- 0,3 7 
13 

I 
OD- 0,1-0,2 5 i 8 

CHaCOO- 0,14---0,16 14 

CH 2CICOO- 0,19-0,23 
H 20 0,20--0,26 

CHaCOO- 0,1 5 
15 

OH- 0,22 17 

* Vgl. auch \Vasserstoff·Deuteriumaustauschreaktionen bei Azomethinen und bei 
Cyclohexenylacetonitril sowie die Gegenüberstelhmg des Austausches leichter Ver­
bindungen (Essigsäure, Acetat, Resorcin) in D 20 mit dem Rückaustausch der ent· 
~prechenden schweren Verbindungen inH 20, in Tabelle I, S. 277f., und Tabelle 2, S.286. 
Uber die Relativgeschwindigkeiten der Protonen· und Deuteronenablösung lmd der 
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Auch bei basenkatalysierten Reaktionen, und zwar vor allem bei den Hydro­
lysen, wurden teilweise Erhöhungen der Geschwindigkeit in schwerem Wasser 
beobachtet, welche aber nicht ganz so groß sind wie bei einigen der säurekataly­
sierten Reaktionen. Die meisten der aufgeführten Reaktionen sind prototrope 
Isomerisationen; die bei ihnen häufig beobachtete erhebliche Verlangsamung 
in D20 ist stets in der Hauptsache auf den Unterschied zwischen der Geschwindig­
keit der Protolyse und der Deuterolyse zurückzuführen. Auf einige der Reak­
tionen soll näher eingegangen werden. 

Mutarotation der d-Glucose (Allgemeine Säure- und Basenkatalyse). 
Ebenso wie die säurekatalysierte verläuft auch die basenkatalysierte Muta­

rotation in D20 erheblich langsamer als in H 20.18 Für die durch Acetationen 
katalysierte Reaktion ist die Abhängigkeit der Katalysenkonstante vom D20-
Gehalt völlig linear; für die durch die Wa8sermoleküle katalysierte Reaktion 
(Spontanreaktion) ergibt sich eine deutliche Krümmung (vgl. Abb.14),19 die sich 
sowohl durch verschiedene Basizitäten der Wassermoleküle H 20, HDO und D20 
als auch durch den D-Gehalt der an der Mutarotation beteiligten Hydroxyl­
gruppe beschreiben läßt, wenn man letzteren auf Grund von Austauschversuchen 
an Tetramethylglucosew berechnet, in welcher die übrigen an der Mutarotation 
unbeteiligten H-Atome durch Methylgruppen ersetzt sind. Für die BRÖNsTEDsche 
Beziehung der basenkatalysierten Reaktion wurden die beiden Gleichungen 

und 
kB = 8,7 '10-4. KnO,38. in H 20 

angegeben: über die Unsicherheit der Konstanten dieser Gleichungen sowie 
über die Aktivierungsenergien in H 20 und D20 gilt das bei der säurekatalysierten 
Reaktion gesagte (vgl. S. 303). 

entsprech€'nd€'n Anlagerung€'n mit 'Wasser oder Alkohol, abgeleitet aus Austausch­
versuchen bei Vinylessigsäure und Cyclohexenylaeetonitril, vgl. Anm. 2, S. 279. 

1 W. F. K. WYNNE-JONES, C'hem. Reviews 17 (1935), 115. 
" ü. REITZ: Z. physik. Chern., Abt. A 177 (1936), 85. 
3 Ü. REITZ: Ebenda 183 (1939), 371; Z. Elektroehern. angew. physik. Chern. 44 

(1938), 693. 
4 J. C. HORNEL, J. A. V. BUTLER: J. ehern. Soe. (London) 1936, 1361. 
5 W. E. NELSON, J. A. V. BUTLER: J. ehern. Soe. (London) 1938, 957. 
6 E. A. MOELWYN-HUGHES, R. KLAR, K. F. BONIIOEFFER: Z. physik. Chern., 

Abt. A 169 (1934), 113. 
7 E. PACSU: J. Amer. ehern. Soc. 1)6 (1934), 745. 
8 W. F. K. WYNNE-JONES: J. ehern. Physics 2 (1934), 381. 
9 W. H. HAlIlLL, V. K. LA l\<IER: J. ehern. Physies 2 (1934), 891. 4 (1936), 144. 
10 W. H. HHnLL, V. K. LA MER: Eb'''llda 4 (1936), 395. 
11 V. K. LA ~IER, J. GREENSPAN : Trans. Faraday Soe. 33 (1937), 1266. - V. K. 

LA :VIER: C'hem. Reviews 19 (1936), 363. 
12 S. LIOTTA, V. K. LA :VIER: J. Amer. ehern. Soe. 60 (1938), 1967. 
13 S. H.l\IARON, V. K. LA :.\IElt: .J. Amer. ehern. Soe. 60 (1938), 2588. 
14 Ü. REITZ: Z. physik. C'hem., Abt. A 176 (1936), 363. 
lS O. REITZ, J. Kopp: Z. physik. C'hem., Abt. A 184 (1939), 429. 
16 C. L. WILSON: J. ehern. Soe. (London) 1936, 1550. 
17 D. J. G. IVEs, G. C. WILliS: J. ehern. Soe. (London) 1938, 1455. 
18 Das in die Tabelle aufgenommene Geschwindigkeitsverhältnis nach HAMILL 

und LA ""IER [J. ehern. Physies 4 (1936), 395] für die Katalyse durch H 2ü und D 2ü­
Moleküle stimmt mit dem von WYNNE-JONES gut überein, während die übrigen, 
früheren Mess\mgen etwas kleinere Unterschiede in H 2ü und D 2ü ergaben. 

19 Nach W. H. HAMILL, V. K. LA MER: J. ehern. Physies 4 (1936), 144. 
20 W. H. HAlIIlLL, \Y. FREUDENBERG: J. Amer. ehern. 80e. ;)7 (1935), 1427. 
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Die große Geschwindigkeitsherabsetzung durch D20 scheint zu beweisen, 
daß die Loslösung eines Deuterons vom Sauerstoff erheblich langsamer erfolgt 
als die Loslösung eines Protons, wie sich ein entsprechend großer Unterschied 
mehrfach für C-H und C-D (Enolisierung von Ketonen, Isomerisierung von 
Nitroparaffinen) sowie für N-H und N-D beim Nitramidzerfall ergeben hatte. 

Nitramidzerfall (Allgemeine Basenkatalyse). 
Der Nitramidzerfall ist in schwerem Wasser mit den Wassermolekülen als 

katalysierender Base etwa 5mallangsamer als in H 20, wobei wegen des momen­
tanen Wasserstoffaustausches der NH2-Gruppe der Zerfall von ND2N02 in D20 

10 

9 

z 

o • a • H ß m m _ • _ 
/,10/%°20-

Abb. 14. GesrhwindigkC'it- der )Iutarotation (Spontan­
reaktion) in Abhängigkeit VOIll D20-Gehalt der Lösung. l 

';" 7,5 
.~ 
e:; .. 
~ 
..: 5,0 

2,5 

o 25 50 75 100 

Mo/%020 -

Ahh. 15. Gr.!ichwindigkcit des Nitramidzcrfalls 
(~Jlontallreaktion) in Abhängigkeit vom D.,O-

Gehalt der Lösung.' -

mit dem von NH 2N02 in H 20 verglichen wird (vgl. S.295). Mit den Anionen 
8chwacher Säuren als KatalY8atoren sind die Geschwindigkeiten in H 20 und D20 
nur um einen Faktor 2 bis 2,5 verschieden. Die Aktivierungsenergie scheint 
dabei in D20 rund 1 kcal größer zu sein, allerdings sind die Aktivierungsenergien 
in H 20 fremden Messungen entnommen: bei der Spontanreaktion, bei welcher 
auch in H 20 Yergleichsmessungen bei verschiedenen Temperaturen vorliegen, 
wurde ein kleinerer Effekt in umgekehrter Richtung gefunden. 

Für die BRöNsTEDsche Beziehung beim Nitramidzerfall ergibt sich ähnlich 
wie bei der basenkatalysierten Mutarotation (siehe früher), daß der Exponent 
von K B praktisch ungeändert bleibt. Auch die Abhängigkeit der Zerfallsge­
schwindigkeit vom D20-Gehalt der Lösung (vgl. Abb. 15) ergibt eine ähnliche 
Kurve wie bei der durch Wassermoleküle katalysierten Mutarotation. Die 
Zusammenhänge zwischen der Krümmung und der Konstanten des H-D-Aus­
tauschgleichgewichtes zwischen Nitramid und Wasser sind nicht ganz klar. 

1 Nach W. H. HAMILL, V. K. LA MER: .J. ehern. Physics 4 (1936), 144. 
2 Nach V. K. LA MER, J. GREENSPAN : Trans. Faraday 80c. 33 (1937), 1266. Bei 

25° C, mit dekadischen Logarithmen berechnet. 
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Isomerisierung der Nitroparaffine (Allgemeine Basenkatalyse). 
OH-· bzw. OD-.Ionen als Katalysatoren. Aus Versuchen über die Neutralisa­

tionsgeschwindigkeit (= Geschwindigkeit der Salz bildung mit Alkali) ergibt 
sich, daß die Isomerisierung eines Nitroparaffins RCH2 • N02 mit OD--Ionen in 
D20 etwa 1,4mal schneller verläuft als mit OH--Ionen in H 20. Die größere 
Geschwindigkeit in D20 bedeutet, abgesehen vom Lösungsmitteleffekt des 
schweren Wassers, daß OD- eine stärkere Base ist als OH- entsprechend der 
geringeren Säurestärke des D20 verglichen mit dem H 20 (vgl. S. 297). Setzt 
man aus dem bei der Neutralisation entstandenen Salz das Nitroparaffin in D20 
wieder durch eine äquivalente Menge Säure in Freiheit, so erhält man ein Nitro­
paraffin RCHD· N02, in dem 1 H-Atom durch 
1 D-Atom ersetzt ist. Dieses wird nun mit Alkali Z,O'.s-----------.., 
in D20 nur etwa halb so schnell neutralisiert wie t 
das ursprüngliche RCH2 • N02 mit OH - in H 20 k* 
bzw. nur O,37mal so schnell wie RCH2 • N02 mit '1ga 
OD- in D20. Die beschriebene Neutralisation nach 
vorherigem Austausch eines Wasserstoffatoms ist 
in der Tabelle 10 als 2. Stufe bezeichnet. Bei noch­
maliger Freimachung des Nitroparaffins durch 
Säure in D20 wird das zweite H-Atom gegen D 
ausgetauscht; die Neutralisationsgeschwindigkeit 
von RCD2 ·N02 mit OD- in D20 (3. Stufe) ist aber 1.0. 
wegen der größeren Zersetzlichkeit der D-substi- ' 
tuierten Produkte nicht mehr genau zu messen,l 
jedenfalls ist sie aber nach WYNNE-JONES 2 vier­
bis zehnmal langsamer als die von RCH2 • N02 mit 
OD- in D20. Die Aktivierungsencrgie scheint für 
die Neutralisation der deuterierten Verbindungen 0.5 
etwas kleiner zu sein als für die der H-Yerbindun­
gen und ebenfalls für die Neutralisation in D20 
etwas kleiner als für die Neutralisation in H20.l 

Anionen sehwaeher Säuren als Katalysatoren. 
Unter Verwendung schwächerer Katalysatoren 
(Acetationen, Chloracetationen, Wassermoleküle) 
wurde ferner die Bromierungsgcschwindigkeit von 
Nitromethan gemessen, welche ebenfalls gleich der 
Isomerisierungsgeschwindigkeit ist3 . Mit den ge­
nannten Ionen werden in H 20 und D20 nur geringe 
Geschwindigkeitsunterschiede beobachtet, die im 
wesentlichen dem Lösungsmitteleffekt des Wassers 

,\bb. 16. Abhängigkeit der Bromi,,­
rtmgsgescl'windigkeit vom D-Gehalt 
des Xitromcthans (bei Gegenwart von 
Acetationen. Abszisse = D-Gdlaltdes 
\Vassers, mit dem das Nitromethan 
im _-\ustausehgleichgcwicht stand).-

zuzuschreiben sind (vgl. S.294). Schweres Nitromethan (CD3N02) wird unter glei­
chen Bedingungen (gleiches Lösungsmittel, gleiche Base) wesentlich langsamer bro­
miert als gewöhnliches Nitromethan : die Bromierung der Deuteriumverbindung 
entspricht der 3. Stufe bei der Neutralisation (siehe früher) und spiegelt im wesent­
lichen den Unterschied der Geschwindigkeit der Loslösung eines Protons und 
eines Deuterons wieder. Aus dem Ycrgleich der mit verschieden starken Basen 
(Hydroxylionen, Säureanionen, Wasser) gewonnenen Daten ergibt sich die wegen 
der starken Streuung der Versuche nicht ganz sichere Folgerung, daß dieser 

1 8. H. MARON, V. K. LA MER: J. Amer. ehern. 80e. 60 (1938), 2588. 
2 W. F. K. WYNNE-JONES: J. ehern. Physies 2 (1934), 389. 
3 Naeh O. REITZ: Z. physik. ehern., Abt. A HG (1936), 377. 
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Unterschied in den Loslösegeschwindigkeiten um so größer wird, je stärker 
der Katalysator ist. 

In Abb. 16 ist die Bromierungsgeschwindigkeit von "Gleichgewichtsnitro­
methan" in H 20-D20-Mischungen wiedergegeben. Unter "Gleichgewichtsnitro­
methan" ist dabei ähnlich wie bei der säurekatalysierten Bromierung von Aceton 
(siehe S. 305f.) verstanden, daß vor dem Versuch das Deuteriumaustauschgleich­
gewicht zwischen dem Wasser und dem Nitromethan zur Einstellung gebracht 
worden war. Für die beobachtete Krümmung konnte keine Erklärung gegeben 
werden. 

H20- bzw. D20-Moleküle als Katalysatoren. Die Bromierung von Nitromethan 
ist in D20 in Abwesenheit anderer Katalysatoren nur etwa halb so schnell wie 
in H 20. Die Isotopenverschiebung der Geschwindigkeit ist demnach in diesem 
Falle größer als bei der Acetat- und Chloracetationenkatalyse; sie setzt sich 
aus dem Lösungsmitteleffekt des schweren Wassers und dem Unterschied der 
Basenstärken von H 20 und D20 zusammen (D20 = schwächere Base, siehe S. 297). 
Die Bromierung von CD3N02 ist im gleichen Lösungsmittel (also in H 20 oder D20) 
vier- bis fünfmal langsamer als die von CH3N02• 

Enolisierung von Aceton (Allgemeine Säure- und Basenkatalyse). 
Die Beobachtungen bei der durch Acef,ationen katalysierten Bromierung von 

Aceton entsprechen weitgehend den Ergebnissen bei der Acetationenkatalyse der 
~itromethanbromierung, was auf Grund des gleichen Reaktionsschemas beider 
Reaktionen zu verstehen ist: 1. der Lösungsmitteleffekt des D20 ist auch hier nur 
gering, d. h. die Geschwindigkeiten unterscheiden sich in H 20 und D20 nur wenig; 
2. die Bromierung von schwerem Aceton ist unter gleichen Bedingungen mehr­
mals langsamer als die von leichtem Aceton; ein Geschwindigkeitsunterschied, 
für den die gleiche Ursache maßgeblich ist, wie für den etwa ebenso großen Unter­
schied bei der säurekatalysierten Bromierung (S. 305f.); 3. die Geschwindigkeit 
ändert sich mit dem D20-Gehalt der Lösung in nichtlinearer Weise; die Krüm­
mung liegt dabei im gleichen Sinne wie beim Nitromethan, ist aber nicht ganz 
so auffallend. 

Messungen des durch OD-Ionen katalysierten Deuteriumaustausches zwischen 
Aceton und D20 (siehe S. 276, 279) sprechen dafür, daß auch die Enolisierung 
mit OD--Ionen in D20 um einen ähnlichen Betrag schneIler erfolgt als die Enoli­
sierung mit OH--Ionen in H 20, wie die Neutralisation von Nitroparaffinen in 
D20 schneller ist als in H 20. 

Hydrolyse von Diacetonalkohol (Spezifische OH--Ionenkatalyse). 
Die Geschwindigkeit der Hydrolyse von Diacetonalkohol ist eine lineare Funktion 

des D20-Gehaltes der Lösung, während eine analoge Überlegung wie bei den 
säurekatalysierten Reaktionen mit Ausbildung eines Vorgleichgewichtes (siehe 
S. 307 fL), d. h. eine Betrachtung der Hydroxyl- und Deuteroxylionenaktivitäten 
eine gekrümmte Kurve erwarten ließe. l 

Aufklärung der Mechanismen katalysierter Reaktionen 
unter Anwendung von Isotopen. 

Deuterium als Indikator: Katalytisehe Racemisierung. Die Untersuchung 
der durch Äthylat katalysierten Racemisierung des d-Phenylbromessigsäure-l­
Menthylesters in C2H sOD ergab, daß während der Racemisierung 1 Wasserstoff-

1 W. E. NELSON, J. A. V. BUTLER: J. ehern. 80e. (London) 1938, 957. 
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atom des Esters ausgetauscht wird.1 Dieser Befund kann als beweisend dafür 
angesehen werden, daß die Racemisierung über die symmetrische Enolform 

verläuft. Die unkatalysierte thermische Racemisierung der Mandelsäure bei 
1400 verläuft dagegen nicht über eine Enolform, da bei ihr kein Wasserstoff. 
austausch zu beobachten ist.2 

Sauerstoffisotope als Indikator, Alkalisehe Esterhydrolyse und saure Ver­
esterung: Bei der Esterhydrolyse bestand schon lange eine Kontroverse darüber, 
ob die Hydrolyse nach ° ° 

11 11 
R c -O-C-R2 + H 20 - R10H + HO-C-R2 (1) 

oder nach 

° ° I1 11 
R 1-O--C-R2 + H 20 - R10H + HO-C-R2 (2) 

verläuft. Eine Entscheidung darüber, welche der beiden Bindungen der Sauer. 
stoffbrücke aufgespalten wird, hatte man bisher dadurch zu erlangen gesucht, 
daß man R 1 und R 2 homologe Reihen von Radikalen durchlaufen ließ und die 
jeweils beobachteten Geschwindigkeitsänderungen diskutierte, oder daß man 
Ester verseifte, in denen das an die Sauerstoffbrücke gebundene Kohlenstoff­
atom von R 1 asymmetrisch war. Die Unsicherheit solcher Beweisführungen 
erkennt man am besten daraus, daß sie zu verschiedenen Ergebnissen führten. 
Unter Verwendung von HlsO läßt sich die Frage nach dem Mechanismus direkt 
entscheiden durch die :Feststellung, ob der schwere Sauerstoff nach der Verseifung 
im Alkohol oder in der Säure sitzt. Auf diesem Wege zeigte POLANYI3 beim 
Amylacetat, daß die alkalische Verseifung nach dem Schema (2) erfolgt, denn 
der Amylalkohol enthielt nur gewöhnlichen Sauerstoff, die Essigsäure dagegen 
den schweren Sauerstoff aus dem Wasser. 

Entsprechend untersuchten ROBERTs und UREy4 die saure Veresterung einer 
Carboxylsäure in Alkohol unter Verwendung von Methylalkohol mit einem 
übernormalen ISO· Gehalt der Hydroxylgruppe. Das Wasser, das bei der Ver­
esterung von Benzoesäure in Gegenwart von HCI entstand, zeigte eine normale 
Isotopenzusammensetzung, d. h. sein Sauerstoff entstammte völlig der Säure. 
Die Veresterung vollzieht sich also nach dem Schema 

CeHs'C ° ,( 

"" ; 10:H H180· CH3 • 

Demnach erweist sich auch bei der Veresterung der Sauerstoff fester an den 
Kohlenstoff des Alkoholrestes gebunden als an den Kohlenstoff des Carboxyl­
restes. Versuche über die Austauschbarkeit von Sauerstoff in Carbonsäuren 
und in Alkoholen (vgl. S.290) ,\iesen in die gleiche Richtung. 

1 H. ERLEN~rEYER, H. SCHENKEL, A. EpPRECHT: Helv. ehim. Aeta 20 (1937), 367. 
2 H. ERLENlIEYER, H. SCllENKEL, A. EpPRECHT: Ebenda 19 (1936), 1053. 
3 M. POLANYI, A. L. SZABO: Trans. Faraday Soe. 30 (1934), 508. 
t J. ROBERTS, H. C. UREY: J. Amcr. ehern. Soe. 60 (1938), 2391. 
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Benzilsäureumlagerung: Sauerstoffaustauschversuche mit Benzil in neutraler 
und alkalischer Lösung in wässerigem Methylalkohol führten zu dem Schluß, 
daß die Umlagerung von Benzil in Benzilsäure in alkalischer Lösung in folgenden 
beiden Schritten verläuft: 1 1. Zwischen Hydroxylionen und Benzil stellt sich 
rasch ein Anlagerungsgleichgewicht ein, durch das der Sauerstoffaustausch im 
Benzil zustande kommt; 2. das Anlagerungsprodukt lagert sich in einem lang­
I>amen, geschwindigkeitsbestimmeriden Schritt in das Benzilsäureion um. 

Radioaktive Halogenisotope als Indikatoren, Racemisierung optisch aktiver 
Halogenverbindungen: Es wurde nachgewiesen, daß die Geschwindigkeiten 
der Racemisierung von o;-Phenyläthylbromid unter dem Einfluß von LiBr und 
der Racemisierung von sek. Oktyljodid durch NaJ in Acetonlösung mit den 
Geschwindigkeiten des Halogenaustausches zwischen den Halogensalzen und den 
betreffenden organischen Halogeniden quantitativ übereinstimmen. 2 Die betref­
fenden Racemisierungen verlaufen also nach dem gleichen Mechanismus wie 
die Halogensubstitutionen. 

Nicht nur aus dem Isotopengehalt der Endprodukte, wie bei den hier auf­
geführten Reaktionen, konnten Schlüsse auf den Reaktionsmechanismus ge­
zogen werden, sondern in einer Reihe von Fällen auch aus der Diskussion der 
Isotopenverschiebung der Reaktionsgeschwindigkeit, worauf aber an anderer 
Stelle schon eingegangen wurde (siehe vor allem den Abschnitt: Vorgleichgewicht 
und Isotopenverschiebung bei säurekatalysierten Reaktionen, S. 307 ff.). 

1 J. ROßERTS, H. C. UREY: J. Amer. ehern. Soe. 60 (1938), 880. 
2 E. D. HUGHES, F. JULIUSBERGER, S. MASTERMAN, B. TOPLEY, J. "VEISS: J. ehern. 

Soe. (London) 1935, 1525; E. D. HUGIIEs, F. JULIUSBERGER, A. D. SCOTT, B. TOPLEY, 
J. WEISS: J. ehern. Soe. (London) 1936, 1173. 
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Introduction. 
When areaction takes place in solution, the solvent itself frequently does not 

enter into the stoichiometric equation, but is present in equal quantities before and 
after the reaction has taken place. Under these circumstances any effcct which 
the solvent exerts on the reaction velo city may be described as a catalytic 
effect. The best quantitative mea,sure of the catalytic effect of the solvent 
is obtained by comparing the reaction velo city in solution with the reaction 
velocity in the gas phase; however, this is frequently difficult or impossible, in 
which case we can only obtain the relative catalytic effects by measuring velocities 
in different solvents. One such effect of the solvent has already been dealt with in 
connection with acid-base catalysis (cf. p. 239), where it was shown that the so­
called "spontaneous" re action can be attributed to acidic or basic catalysis by the 
solvent molecules. This type of solvent catalysis involves the transfer of a proton 
to or from the solvent molecule, which is thus involved in a specific chemical reac­
tion, and the catalytic effect of a given solvent can be related fairly closely to its 
acidic or basic properties. (Thus the velo city of the "spontaneous" decomposition 
of nitramide in different solvents decreases in the series water, isoamyl alcohol, 
cresol, and is zero in solvents like chloroform which have no basic properties.) In 
most cases, howcver, thc cffect of the solvent cannot be relatcd to any specific 
chemical participation in thc reaction, and may bc rcgarded as essentially physical 
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in nature. In this respect it may be compared with the primary salt effects 
already dealt with (p. 197), though the general problem of solvent action is much 
more complex and cannot be related to any single property of the medium. In 
spite of the large volume of theoretical and experimental work which has been 
done on the subject it cannot be said that even the outlines of a satisfactory 
theoretical treatment have yet been agreed upon. This section will therefore con 
sist chiefly of a brief review of the experimental material, fo11owed by a critical 
comparison of the various attempts at a theoretical interpretation. 

The physical type of solvent effect will of course be present in the particular 
case of reactions catalysed by acids and bases, quite apart from any direct catal­
ytic effect exerted by the solvent molecules in virtue of their acidic or basic pro­
pertics. This type of reaction is of special interest in the present context, and will 
therefore be considered in more detail at the end of this section. 

Experimental data. 
It is of course impossible to review the cnormous mass of experimental data 

existing for reaction velocities in solution, and in any case only a small proportion 
of thcm are valuable for throwing light on the present problem. Special interest 
attaches to those few cases in which a direct comparison has been made betwecn 
velocities in solution and in the gas phase, and these will therefore be considered 
individllally. In addition, valuable information can often be obtained from a 
study of the same reaction in aseries of different solvents, particlllarly if the 
temperature coefficients have also been measured. Typical investigations of this 
type are therefore reported. 

The reactions with which we shal1 deal can al1 be classified as either unimole­
cular or bimolecular. The unimolecular reactions consist of the decomposition or 
re-arrangement of a single molecule, and are kinetically of the first order, while 
the bimolecular reactions involve the reaction of two molecules and are 
kinetically of the second order (cf. Vol. 1., W. JOST). In either case the 
variation of the velo city constant with temperature can be represented within 
the experimental accuracy by the equation . 

k = Ae-EjRT, (1) 

where A and E are temperature independent. In a11 the data given the time will 
be exprcssed in seconds, and (for bimolecular reactions) the concentration in gram 
molecules per Iitre. The activation energy E will be given as kg. cals. per gram 
molecule. 

Comparisons between reactions in the gas phase and in solution. 
There are a number of experimental difficulties in making comparisons of 

this kind. Most homogeneous gas reactions onIy attain a measurable rate at 
temperatures above about 300 0 C., i. e. above the boiling point of most solvents. 
Many of the reactions which have been studied in solution involve substances 
which are not sufficiently volatile to study in the gas phase. Fina11y, it has been 
found in a number of cases that reactions which take place homogeneously in 
solution become wall reactions when attempts are made to study them in the 
absence of a solvent. We shall see later that even the absence of any measurable 
homogeneous gas reaction may be of so me theoretical interest, but shan only 
include here cases in which a direct comparison can be made betwcen the two 
phases. 
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The decomposition 0/ chlorine monoxide has been studied by various workers 
as agas reaction1 and in carbon tetrachloride solution by MOELWYN-HuGHES and 
HINSHELWOOD.2 In neither case is the course of the reaction a simple one, and it 
must be assumed that at least two consecutive reactions are involved. Although 
it is not possible to disentangle the indi"idual velo city constants it appears from 
the results of experiments at different concentrations and different temperatures 
that both stages are essentially 
bimolecular and have sensibly 
identical temperature coeffi­
cients. It is thus probably 
legitimate to compare the 
overall velocities in the gas 
phase and in solution, and the 
following table contains values 
of t (20%-60%), i. e. the time 
taken for the reaction to 
proceed from 20% to 60% of 
completion. Within the ex­
perimental error this time has 
the same value for the gas 
re action and for the solution 

Table 1. Decomposition 0/ chlorine monoxide. 

CI,O eone. 
m molesjlitre 

0,224 
0,115 
0,115 
0,126 
0,095 
0,120 
0,120 
0,120 
0,120 

t °c 

70,7 
71,0 
59,8 
69,8 
69,7 
80,1 
75,3 
65,2 
60,1 

t (20%-60%) min~_1 ~l~~i.?n) 
solution I gas t (gas) 

50 
105 
257 

83 
100 

55 
54 

139 
200 

47,5 
90,5 

275,0 
90,5 

122,0 
44,0 
61,0 

137,0 
211,0 

1,05 
1,16 
1,14 
0,92 
0,82 
1,25 
0,89 
1,02 
0,95 

reaction, this being true at five temperatures between 60° and 80°. There is thus 
good evidence for supposing that the factors A and E in equation (1) have thc 
same values in solution as in the gas, though it is not possible to evaluate the 
actual values of A for the separate stages. 

The decomposition 0/ ozone has been studied in the gas phase3 and in carhon 
tetrachloride solution.4 In the former case it is approximately bimolecular, 
while in the latter it follows a unimolecular course, and the velocity constant is 
independent of the initial concentration over a five-fold range: hence it is im­
possible to make a direct comparison of the rates. For the possible interpretation 
of this change of order reference must be made to the original paper. 

The decomposition 0/ ozone in the presence 0/ chlorine has been studied in the 
gas phase between 35° and 50° C.5 Thc kinetics are complex, but the velocity 
constant of the rate determining bimolecular process can be estimated. The same 
reaction has been studied in carbon tetrachloride solution bet,veen 54,7° and 
71 0 C.6 The results are consistent with the mechanism derived for the gas re action 
and the extrapolated bimolecular velocity constant at 50° (1,45 X 10-2) is not 
far different from the value in the gas phase at 50° (9,50 X 10-3). The activation 
energies are given as 20 kg. cals. in the gas and 27 kg. cals. in solution, but on 
account of the difficulties in interpreting the results it seems doubtful whether 
this difference is areal one. 

1 HINSHELWOOD, PRICIIARD: J. ehern. Soe. (Londonp923, 2730. - HINSIIELWOOD, 
HUGHES: Ibid. 1924, 1841. - BEAVER, STIEGER: Z. physik. Chem., Abt. B 12 
(1931), 93. 

2 MOELWYX-HUGHES, HINSHELWOOD: Proe. Roy. Soe. (London), Sero A 131 
(1931), 177. 

3 BELTON, GRIFFITH, McKEOWN: J. ehern. Soc. (London) 1926, 3153. - WULF, 
TOLMAN: J. Amer. chem. Soc. 49 (1927),1650. 

• BOWEN, MOELWYN-HuGIIES, HINSHELWOOD: Proc. Roy. Soc. (London), Sero A 
13l (1931), 212. 

5 BODENSTEIN, PADELT, SCIIU~IACHER: Z. physik. Chem., Abt. B ;') (1929), 209. 
6 L. C., Anm. 4. 
Hdb. d. Katalyse. II. 21 
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The decomp08ition 0/ ethylene di-iodide is also a eomplieated ehain reaetion, 
but the rate determining proeess both in the gas and in solution is the bimoleeular 

reaetion C2H4 J 2 + J --->- C2H4 J + J 2. 1 

In neither ease are the data at all accurate, but the data both in the gas and in 
earbon tetrachloride solution ean be represented by loglo A = 10,8 ± 1,3, E = 
= 11 ± 3. The measurements are thus not suffieiently accurate to exclude the 
possibility that A (solution) is either 400 times greater or 400 times smaller 
than A (gas). 

The hydrolysis 01 carbonyl sulphide has been studied in aqueous solution, 
aleoholie solution and in the gas phase.2 The results in aqueous solution are not of 
mueh interest here, sinee it is diffieult to give any theoretieal treatment when the 
solvent is one of the reaetants. In aleohol solution between 60 0 and 75° the results 
are represented by loglo A = 5,3, E = 14,9. The gas reaetion was studied be­
tween 244 ° and 372°: the results are erratie by a faetor of about four, but the gas 
experiments with paeked vessels at 335° indieate th,tt not more than about 15% 
of the total reaetion took plaee on the surfaee. The mean velocity eonstants at 
six temperatures are fairly weil represented by loglo A = 7,5, E = 25,7. There 
thus appears to be a large differenee between the behaviour of the re action in the 
gas phase and in aleohol solution, though the erratie behaviour in the gas reaetion 
nmkes it eloubtful how far the two sets of data are strietly eomparable. 

The conversion 01 p-hydrogen to o-hydrogen, catalysecl by oxygen eloes not 
involve any ehemieal reaetion, the action of the oxygen being elue to its para­
magnetie properties. From a kinetie stanelpoint, however, it may be regarded 
as a bimoleeular reaetion between hydrogen and oxygen moleeules, and it is 
therefore of interest to note that at 20° the velo city eonstants in the gas phase 
and in solution are identieal within the limits of experimental error.3 As a first 
approximation it ean be assumed timt the aetivation energy is zero in both eases, 
ami although the me,tsurements were only earried out at one temperature, it ean 
be eoncludeel that the A values in the two states are very similar. 

These examples eonstitute the only eases of bimolec?;lar reaetions in whieh 
direet eomparisons have been made between solution reaetions anel homogeneous 
gas reaetions. The following paragraph eleseribes the three unimolecular reaetions 
for wh ich such a eomparison has been made. 

The decomposition 0/ nitrogen pentoxyde has been partieularly weil invest­
igated. There are a number of investigations of the gas reaetion,4 showing it to be 
homogeneous and of the first order over a wide range of eonditions. In solution the 
reaction has been studied by LUECKö and by EYRING am] DANIELS. 6 Their results 
are given in the following Table 2. In the first eight solvents in the above tablc 
the veloeities differ little among themselves or from the gas value, though the 

1 POLLISSAR: J. Arner. ehern. 80e. 52 (1930), 9.56. - 8CIlU~IACHER: Ibid. 52 (1930), 
3132.-ARNOLD, KISTIAKOWSKY: J.ehern. Physies 1 (1933), 166.-0GG: J .Amer.ehern. 
80e. 58 (1936), 607. 

2 THOMPSOX, KEARTO)!, LA)!B: J. ehern. 80e. (London) 1935, 1033. 
3 FARKAS, 8ACHSSE: Z. physik. ehern., Abt. B 23 (1933), 1, 19. 
4 DANIELS, JOIIXSTON: J. Amer. ehern. 80e. 43 (1921), 53. - HmsT: J. ehern. 80e. 

(London) 1925, 657. - WHITE, TODIAN: J. Arner. ehern. 80e. 47 (1925),1240. -RICE, 
GETZ: J. phy~ie. Chern. 31 (1927),1572. - HUNT, DANIELS: J. Arner. ehern. Soe. 47 
(1925), 1602. - HmsT, RIDEAL: Proe. Roy. 80e. (London), SeI'. A 109 (1925), 526. -
RAMSI'ERGER, TODlAX: Proe. nato Aead. Sei. USA 16 (1930), 6. - SCIIU)IACIIER, 
SPRENGER: lbid. 16 (1930), 129. - HIRnE)!: Ibid. 13 (1927),626; J. physie. Chern. 34 
(1930),1387. - HODGEs, LINJIORST: Proe. nato Aead. Sei. USA 1i (1931), 28. 

5 LUECK: J. Amer. ehern. 80e. 44 (1922), 757. 
6 EYRING, DAXIELS: J. Arner. ehern. 80e. 52 (1930), 1473. 



variations are greater 
than the experimental 
error. The values of the 
activation energy are 
identical within the ex­
perimental error (about 
1 kg. cal.), and the 
variations in velocity 
are not sufficiently great 
to est,tblish any varia­
tions in A, the value 
throughout being logIo 
A = 13,8 ± 0,5. In the 
case of the solvents nitric 
acid and propylene di­
chloride, however, there 
isa considerable decrease 
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'fable 2. The decomposition 0/ nitrogen pentoxide. 

Solvent 

Gas ................. . 
Carbon tetrachloride .. . 
Carbon tetrachloride .. . 
Chloroform .......... . 
Chloroform .......... . 
Ethylene dichloride ... . 
Ethylidene dichloride .. . 
Pentachloroethane .... . 
Nitromethane ......... . 
Bromine ............. . 
Nitrogen tetroxide .... . 
Nitrie acid ........... . 
Propylene diehloride '" 

3,38 
4,09 
4,69 
3,72 
5,54 
4,79 
6,56 
4,30 
3,13 
4,27 
7,05 
0,147 
0,501 

24,7 
25,5 
24,2 
24,5 
24,6 
24,4 
24,9 
25,0 
24,5 
24,0 
25,0 
28,3 
27,0 

IOg10 A Author 

13,6 
13,8 
13,6 
13,6 
13,7 
13,6 
14,2 
14,0 
13,5 
13,3 
14,2 
14,8 
14,6 

in velocity, a corresponding mcrease in E, and probably also a slight increase 
in the value of A. 

The isome1'isation 0/ pinene to give dip ente ne has been studied in the vapour 
and in petrolatum solution at temperatures of about 200 0 •4 In both cases it is a 
hOl11ogeneous unimolecular reaction, and appears to be about 50% more rapid in 
solution. The activation energies are given as 43,7 and 41,2 for the gas and the 
solution respectively, but the solution value is based on a small ntlmber of exper­
iments at two temperatures only, and the A and Evalues for the gas and the 
solution must be regarded as identical within the limits of experimental error. 

The racemisation 0/ 2,2' -diamino-6,6' -dimethylbiphenyl is a homogeneous 
unimolecular reaction ",hieh has been measured in the gas and in molten diphenyl 
as solvent.5 The solvent causes an increase in reaetion veloeity by a faetor of 
3,5, and the authors state that the activation energy is in both eases 45,1, thus 
interpreting the change in reaetion vclocity as a changc in A. It is doubtful, 
howcver, whethcr the experimental accuracy is sufficient to diseriminate bctween 
ehanges in A and changes in E. 

It will be seen later that special interest attaches to the study of balanced 
reaetions, in whieh the velocity of both thc forward and the reverse changes can 
be measured. One ease of this kind has been studied both in the gas and in the 
solution, namely the reversible dimerisation 0/ cyclopentadiene, which has been 
investigated by WASSERMAKN in the gas phase, the pure liquid state, and in the 
solvents carbon tetraehloride, carbon dislllphide, benzene and paraffin.6 The 
foIIowing Table 3 shows the results obtained for the forward bimoleeular reaction 
and the reverse unimoleclllar reaction. In the case of the bimolecular reaction 
the rewlts for the pure liquid and the first three solvents are identical with 
the gas values within the experimental error, while in paraffin the difference 
in A is probably just large enough to be significant. For the llnimoleclllar 

1 DA.I'IELS, .TOIDJSTO~. 
LUECK. 

3 EYRING, DAKIELS. 
4 Sm'I'II: J. Amer. ehern. Soe. 49 (1927), 43. 
5 KISTIAKOWSKY, SmTII: .J. Amer. ehern. Soe. ;')8 (1936), 1043. 
6 KILUIßATA. WASSER)IA~K: Nature (London) 137 (1936), 496; 138 (1936) 368. -

VVASSEIOIANN: J. ehern. Soo. (London) 11136, 1028. - ßE.I'FOHD, KIIA)!HATA, \VASSER· 
)[ANN: Nature (London) l!JS (1937), 669. - VVASSEIOIAN~: Trans. Faraday Soe. !J4 
(1938), 128. 

21* 
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Table 3. The reversible dimerisation 0/ cyclopentadiene. 

Medium E 

Bimolecular reaction. 
Gas. . . . . . . . . . . . . . . . . . . . 6,1 ± 0,4 16,7 ± 0,6 
Pure liquid. . . .. . . .. . . . . 5,7 ± 0,9 16,0 ± 1,0 
Carbon tetraehloride ..... 5,9 ± 0,8 16,2 ± 0,8 
Carbon disulphide ....... 5,7 ± 0,8 17,7 ± 0,8 
Benzene. . . . . . . . . . . . . . . . 7,1 ± 0,4 16,4 ± 0,6 
Paraffin................ 8,1 ± 0,4 17,4 ± 0,5 

Unimolecular reaction. 

Pure liquid ............. 13,0 ± 0,5 ; 34,5 ± 1,0 
Gas ................... '113'1 ± 1,3 : 35,0 ± 3,0 

Paraffin.. . ... . .. . . .. .. . 13,0 ± 0,3 i 34,2 ± 0,7 

I 
I Temperaturc 

range oe 

80-150 
0- 58 
0- 22 
0- 22 

12- 55 
0-172 

27 -111 
100-155 
135 - 175 

reaction there is no significant difference, though the results in the gas phase 
are of low accuracy. 

There are a number of cases in which attempts to study solution reactions in 
the gas phase have resulted in a predominantly heterogeneous reaction or in a 
change of mechanism. So me of these will be mentioned in later sections. Thc 
above eonstitute the only examples in which a direct comparison has becn made 
between homogeneous reactions in the two phascs. 

Comparison between different solvents. 
This section deals with reactions which have not been studied in the gas phase, 

but which have been measured in a sufficiently wide range of solvents to provide 
material for theoretical consideration. Bimolecular reactions will be eonsidered 
first, and then unimolecular reactions. 

The M enschutkin reaction. This is the name usually given to the bimolecular 
reaction bctween a tertiary amine and an alkyl iodide or bromide to give a quatern­
ary ammonium salto MENSCHUTKIN1 measured the velocity of the reaction 
between triethylamine and ethyl iodide in twenty two different solvents at 100°, 
and found that the velocity varied nearly a thousandfold. However, since the 
tcmperature coefficients were not measured, the results are not of very great 
value from the point of view of modern theoretical treatment. The same reaetion 
has been more reeently investigated by GRIMM, RUF and WOLF,2 whose results are 
given in the following Table 4. A reaetion of similar type between pyridine 
and methyl iodide has been studied by HINSHELWOOD and his eollaborators3• Their 
results are given in the following Table 5. A number of mixed solvents were also 
investigated, but are not included in the data given here. There are a number 
of other investigations of the MENSCHUTKIN reaetion in different solvcnts,4 but 
they do not add materially to the picture given by Tables 4 and 5. 

A bimolecular reaction of somewhat similar type which has been investigated 
in a number of solvents is the benzoylation 0/ m-nitraniline.5 The results are given 
in the following Table 6. 

1 l\IENSCHUTKIX: Z. physik. Chem. 6 (1890), 41. 
2 GRUB!, RUF, WOLF: Z. physik. Chern., Abt. B 13 (1931), 299. 
3 PICKLES, HI~SHELWOOD: J. ehern. 80e. (London) 1936, 1353. - FAIRCLOUGH, 

HIXSIIELWOOD: Ibid. 1937, 538, 1573. 
4 Cf. e. g. BAKER, NATHAN: J. ehern. 80e. (London) 193;;,519. - DAVIS, Cox: 

Ibid. 1937, 614. 
6 PICKLES, HINSHELWOOD: J. ehern. 80e. (London) 1936, 1353. 
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Table 4. The reaction 01 ethyl iodide with triethylamine. 

Solvent 1 10' k (100°) i E I log,. A 

Hexane ................. 0,5 16,0 ± 0,2 4,0 ± 0,1 
Cyclohexane ............. 1,0 17,0 ± 1,0 5,0 ± 0,7 
Toluene ................. 25,3 13,0 ± 0,7 4,0 ± 0,5 
Benzene ................ 39,8 11,4 ± 0,3 3,3 ± 0,2 
Diphenylmethane ........ 64,0 11,8 ± 0,4 3,6 ± 0,3 
p.Diehlorobenzene ....... 70,0 12,8 ± 0,4 4,5 ± 0,3 
Fluorobenzene ........... 90,1 1l,7 ±0,1 4,1 ± 0,1 
Diphenyl ether .......... 116,0 1l,7 ± 0,5 3,9 ± 0,4 
Chlorobenzene ........... 138,0 1l,9 ± 0,3 4,1 ± 0,2 
Bromobenzene .......... 160,0 12,5 ± 0,2 4,6 ± 0,1 
o-Diehlorobenzene ....... 250,0 13,0 ± 0,3 , 5,1 ± 0,2 
Iodobenzene ... _ ......... 265,0 1l,9 ± 0,2 4,4 ± 0,1 
ßenzonitrile . __ . ___ ...... 1125,0 1l,9 ± 0,3 5,0 ± 0,2 
Nitrobenzene ............ 1383,0 11,6 ± 0,3 4,9 ± 0,2 

Table 5. The reaction between pyridine and methyl iodide. (Temperature range about 
75° throughout.) 

Solvent 15 "'- log,. k (1000)! E (± 0,15) log,. A (± 0,1) 

Isopropyl ether ......... 1,27 14,2 4,4 
Carbon tetrachloride ..... 1,65 18,7 7,5 
Mesitylene .............. 1,94 14,9 5,6 
Toluene ................. 2,07 14,5 5,5 
Benzene ................ 2,25 14,2 5,4 
Chloroform ............. 2,53 13,2 5,2 
Chlorobenzone ........... 2,60 13,9 5,7 
Dioxane ................ 2,61 13,6 5,5 
Bromobenzene .......... 2,70 13,7 5,7 
AnisoIe ................. 2,83 13,2 5,5 
Ethyl aleohol ........... 2,85 18,0 8,3 
Iodobenzene ............. 3,06 13,8 6,1 
Acetone ................ 3,34 14,0 6,5 
ßenzonitrile ............. 3,50 13,7 6,5 
Nitrobenzene ............ 3,57 13,7 6,6 

Table 6. The benzoylation 0/ m-nitraniline. (Temperature range about 75° throughout.) 

Solvent 14 + log,. k (100°) I E (± 0,15) I log,. A (± 0,1) 

Carbon tetraehlorido ..... 1,53 13,6 5,5 
Isopropyl ether ......... 2,06 10,9 4,4 
Benzone ................ 2,16 10,3 4,2 
Chlorobenzone ........... 2,23 1l,4 4,8 
Bromobenzene .......... 2,26 10,6 1,4 
Toluene ................. 2,30 9,7 4,0 
Nitrobenzene ............ 3,49 9,4 5,0 
Benzonitrile ............. 4,45 10,1 6,4 

The addition 0/ cyclopentadiene to benzoquinone is a bimoleeular reaction 
whieh has been studied in a number of solvents by WASSERMANN 1 and by HINSHEL­

WOOD. 2 Their results are given in the following Table 7. 

1 WASSERMANN: Ber. dtseh. ehern. Ges. 66 (1933), 1932; Nature (London) 137 
(1936),497; Trans. Faraday Soe. 34 (1938), 128. 

2 FAIRCLOUGH, HINSHELWOOD: J. ehern. Soe. (London) 1938, 236. 
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Table 7. The addition 0/ cyclopentadiene to benzoquinune. 

Solvent 13 + log,o k (25') I E log,o A Temperature I Authür 
range oe 

i 

Ethyl alcohol ........ 0,7 12,7 ± 0,8 7,0 ± 0,9 2-39 
Hexane .............. 0,7 12,1 ± 0,1 6,5 ± 0,9 20-40 
Carbon disulphide .... 0,8 8,5 ± 0,6 4,0 ± 0,3 3-39 
Carbon tetrachloride .. 0,8 9,2 ± 0,5 4,5 ± 0,2 2-45 
Carbon tetrachloride .. 0,9 8,4 ± 0,3 4,0 ± 0,2 ! 10-50 
Benzene ............. 1,0 11,6 ± 0,6 6,5 ± 0,4 8-50 
Benzene ............. 0,9 11,5 ± 0,3 6,3 ± 0,3 10-50 
Nitrobenzene ......... 1,9 11,1 ± 0,9 7,0 ± 0,9 21-42 
Nitrobenzene ......... 1,6 8,8 ± 0,3 5,0 ± 0,2 10-50 
Bonzonitrile .......... 1,7 8,0 ± 0,3 5,0 ± 0,2 1O-50 
Acetic acid ........... 2,5 11,0 ± 1,0 7,5 :±: 0,9 18-30 

Table 8. Unimolecular decomposition reactions. 
'l'l'iethylsulphoniumbromide. (Temperaturo range 20-70°.) 

The alkaline hydroly­
sis 0/ ethyl benzoate (bi­
l11olecular) has been in­
vestigated by FAIR­

CLOUGH and HINSHEL­

WOOD,8 the solvents used 
consisting of binary and 
ternary mixtures con­
taining water and one 
or more of the su b­
stances ethyl alcohol, 
dioxane and acetone. 
Since these data refer 
to mixed solvents they 
will not be recorded 
here, but are discussed 
later (p. 336). 

Solvent 16 + log,o k (iO') I E , log" A Author 

Benzyl alcohol ...... 0,50 35,9 17,5 
Benzyl alcohol ...... 0,58 32,2 15,1 
Acetic acid ........ 0,58 31,1 14,8 
Propyl alcohol ..... 0,84 33,1 16,0 
Amyl alcohol ....... 1,24 33,1 16,4 
Nitro benzene ....... 2,84 28,3 15,0 
Nitro benzene ....... 2,83 I 28,9 15,3 
Chloroform ......... 2,94 33,0 18,1 
Tetrachloroethane ... 2,94 30,4 16,4 
Tetrachloroethane ... 2,97 30,4 16,4 
Acetone ........... 3,05 29,5 15,9 

Trinitrobenzoic acid. (Temperature range 30-70°.) 

Solvent I 0 ' log,o k (70') E !log,oA Allthor 

Toluene ........... 0,21 31,6 12,0 
Nitrobenzene 0,61 I 35,0 

, 
14,6 ....... 

Anisok ............. 2,29 30,7 13,5 
Acotophenono ...... 2,76 25,:3 10,5 I 

v\' ater ............. 3,:32 30,0 14,3 

Benzyl-hydroxyl.triazole-carboxylic methyl 
perature range ± 10°.) 

ester. (Tem-

The data for 1tni­

molecular reactions in 
different solvcnts will 
not be given in such 
detail, since their theo­
retical treatment offers 
fewer points of interest. 
Same of the more COI11-
plete sets of data are 
given in. the following 

Sol\'Cnt 

:\IC'thyl alcohol 
Ethyl alcohol ...... . 
Acetone ........... . 
Chloroform ........ . 

0,03 
0,22 
1,03 
1,4.5 

E 

26,6 
30,7 
29,0 
36,3 

12,6 
1.5,7 
1.5,4 
21,1 

6 ESSEX, GELOR)!IXI: J. Amer. Chem. 80c. 48 
6 MOELWYN -HUGlIES, HINSHELWOOD: Proc. Rov. 

(1931), 186. " 
7 DnmOTII: Licbigs Ann. Chem. 373 (1910), 367. 

'WASSER~lANN . 
2 Hn,sHELwoOD. 
3 CORRAN: Trans. Fa­

raday 80c. 23 (1927),605. 
4 VOX HALBAX: Z.phy­

sik. Chcl11. 67 (1909), 129. 
(1926), 883. 
80c. (London), SeI'. A 131 

8 FAmCLOUGH, HINSHELWOOD: J. ehern. 80c. (London) 1937, :338. 
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Table 8, to whieh should be added the results for the decomposition of nitrogen 
pentoxide given in Table 2. All the reactions are decomposition reactions, and the 
velocity constants given represent dlog.xjdt, with the time in seconds. It should be 
noted that a number of the reactants are electrolytes, and in some cases it is therefore 
uncertain whether the reaction is a bimolecular one between the ions, or a uni­
molecular one involving the undissociated moleeule. Both these alternatives 
would lead to a first order reaction, and it is impossible to distinguish between 
them. 

Tables 1-8 give some idea of the data obtainable by a study of individual 
reactions under varying conditions. Some light mayaIso be thrown on the 
general problems of reaction kinetics in solution by a statistical survey of a large 
number of reactions in solution, with particular regard to the frequency with 
which different values of A and E occur. Such a survey will not be attempted 
here, but reference may be made to other col1ections of relevant data.1 

Theoretical considerations. 
The theoretical treatment of gas reactions. 

The first attempts to give a theoretical treatment of reaction kinetics were 
applied primarily to gas reactions, and the effect of the solvent is best considered 
in relation to these theories.2 

Collision theory 01 bimolecular reactions. 
According to the collision theory of bimolecular reactions the velo city of such 

reactions can be written in the form 

k = PZe-E/RT, 

where Z is the collision number as ca.lculated by the simple kinetic theory 
(using molecular diameters derived from viscosity measurements), and Pa factor 
independent of temperature. The exponential term agrees with the type of 
temperature dependence found experimentally, and a theoretieal treatment 
shows that E represents the average energy of the moleeules whieh react, minus 
the average cnergy of the moleculcs.3 This quantity is almost the same as the 
minimum energy required for the reaction to take place, and E is therefore 
termed the "energy 0/ activation" or the "critical increment" of the reaction. The 
factor P is inserted in order to account for other conditions wh ich limit the 
number of effective collisions, e. g. the rcaction may demand an exact mutual 
orientation of the two molecules, or the attainment of a particular internal phase 
in the internal molecular motion. The value of P could be calculated in principle 
if we had cxact information about the detailed mechanism of the reaction and the 
forces acting between the atoms involved. This is not possible in practice, and 
we can only guess that P may not be far from unity for reactions involving 
simple molecules. Experiment shows that this guess is correct, since P is found 
to lie between about 0,03 and unity for the small number of reactiolls of this type 

1 Cf. il'IOELWYN·HUGJIES: Kineties of Reaetions in Solution (Oxford 1933). -
\VINKLER, HINSIIELWOOD: J. ehern. Soe. (London) 1936, 371. 

2 For a fuH aeeount of gaR reaetions see HINSIIELWOOD, Kineties of Chemieal Change 
in Gaseons Systems, 3rd edition (Oxford 1933). - KASSEL: Kincties of Homogeneous 
Gas Reaetions. 

3 See e. g. TOLlIAN: J. Amer. ehern. Soe. 47 (1925), 2652, and artieles in Yol. I. 
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which are known.1 On the other hand, in reactions between more complex 
moleeules P may be as small as 10-4, e. g. in the cis-trans isomerisation of 
dimethylmaleic ester,2 the polymerisation of 1,3-butadiene3 and various diene 
syntheses. 4 In these cases the small value of P is reasonably explained by the 
fact that in a large proportion of the collisions the reactive parts of the mole­
cules will not come into contact. 

It is particularly important to note that the equations of the collision theory 
Itssume that the collision number and the distribution of energy are given by the 
equilibrium relations, which are strictly true only when no reaction is taking 
place. There are clearly some conditions under which this assumption breaks 
down badly. Thus in a chain reaction involving an "energy chain"5 the energy 
distribution is far removed from the equilibrium distribution. Similarly, in a 
reaction which takes place at every collision the presence of an inert gas will 
reduce the reaction velocity by decreasing the velocity of diffusion, while the 
equilibrium collision number is unaffected by the presence of a diluent gas. It 
is probable, however, that in the majority of bimolecular gas reactions the energy 
exchange between moleeules is sufficiently rapid to ensure that the collision 
number and the energy distribution behave essentially in an equilibrium manner. 
It is difficult to establish this theoretically, but it should be noted that departures 
from equilibrium behaviour would result in departures from the kinetic law of 
mass action, and in an effect of added gases. Neither of these effects has been 
observed experimentally in gaseous bimolecular reactions, though it must be 
admitted that there are few careful investigations of this point. The clearest 
discussion of this topic is that given by FOWLER.6 

Transition state theory. 
A formally different approach is provided by the modern transition state 

theory of bimolecular reactions,7 of which only abrief account can be given here. 
This method focusses attention upon the transition state, i. e. the configuration 
of highest energy through which the reacting moleeules pass in passing from 
thc initial to thc final state· of the reaction. This transitionstate has all the 
characteristics of an ordinary molecular species exccpt in the co-ordinate along 
which the reaction is taking place, for which the potential energy passes through 
a maximum instead of aminimum. When the reactants and products are in 
equilibrium, the number of systems within a small range of this reaction co­
ordinate can be expressed by ordinary statistical theory in terms of the properties 

1 The only homogeneous bimoleeular gas reaetions involving simple moleeules 
whieh are free from eornplieations are the formation and deeornposition of hydrogen 
iodide (BODENSTEIN : Z. physik. Chern. 29 (1899), 295], the deeornposition of nitrogen 
dioxide lBoDENSTEIN, RAlISTETTER: Ibid. 100 (1922), 68], the polymerisation of 
ethylene [STANLEY, GOULD, DYMOCK: J. Soe. ehern. Ind. Japan, suppl. Bind. 
63 (1934), 206. - KRAUZE, NEMTZOV, SOSKINA: C. R. (Doklady) Aead. Sei. URSS 
3 (1934), 262], the addition of hydrogen to ethylene [PEASE: J. Amer. ehern. Soe. 64 
(1932), 1876], the reaetion between hydrogen and iodine rnonoehloride [BONNER, 
GORE, YOST, J. Amer. ehern. Soe. ii7 (1935), 2723], and a nurnber of reaetions 
involving atoms. 

• KISTIAKOWSKY, NELLES: Z. physik. Chern., BODE:SSTEIN-Festband (1931), 369. 
3 VAUGHAN: J. Amer. ehern. Soe. ii4 (1932), 3683. 
• WASSERMANN: I. e., p. 323. 
S Cf. CHRISTIANSEN, KRAlIIERS: Z. physik. Chern. 104 (1923) 451. 
6 FOWLER: Statistieal Meehanies, 2nd edition, Carnbridge , 1937. 
7 EVANS, POLANYI: Trans. Faraday Soe. 31 (1935), 875. - EYRING: J. ehern. 

Physies 3 (1935), 107. For diseussions upon this rnethod see J. ehern. Soe. (London) 
1937, 635ff.; Trans. Faraday Soe. 34 (1938), 29ff.; ef. Vol. 1. 
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of the reaetants and of the transition state. The reaetion veloeity is then obtained 
by multiplying this number by a thermal veloeityand by a "transmission eoeffie­
ient" " whieh represents the fraetion of systems whieh reaet after passing 
through the transition state onee. "is likely to be near unity for reaetions in­
volving simple energy surfaees. Thus for a bimoleeular reaetion between mol­
eeules A and B passing through a transition state X the veloeity eonstant is 
given by 

(1) 

where tP.,4, tPB and tPx are the partition funetions of the speeies eoneerned and h 
is PLANCK's eonstant. 

Equation (1) applies strietly only to the ease in whieh the whole system is 
in equilibrium, but if the simple kinetie law of mass aetion holds it will also be 
true for systems whieh are removed from equilibrium. This eondition is usually 
fulfilled in praetiee, and from a theoretieal point of view demands an effieient 
energy transfer and a low probability for the aetivated state, i. e. just the same 
eonditions whieh must be satisfied for the applieation of the eollision theory. 
It may be noted that for the idealised ease of eollision between spheres the non­
exponential part of equation (1) (with" = 1) reduees to the ordinary kinetie 
theory expression for the eollision number.1 

At first sight it would appear that equation (1) offers a more fruitful mathod 
for ealeulating the eonstant A of the ARRHENIUS equation than does the expression 
PZ of the eollision theory. However, it should be remem bered that the partition 
funetion tPx involves the dimensions and foree eonstants of the transition state, 
so that the knowledge of the eourse of the reaetion required to ealeulate its 
value is just as intimate as that required to estimate the sterie faetor P. A rough 
estimate of the faetors involved in the partition funetions leads to the eonclusion 
that for bimoleeular reaetions between simple moleeules at room temperature A 
should be of the order 1011 litresf(mole'seeond), while for more eomplieated 
moleeules it may be up to 104 times as small.2 These values agree with those 
estimated by the eollision theory treatment. 

The transition state method thus offers few advantages over the eollision 
theory for the apriori ealeulation of reaetion veloeities.3 On the other hand, 
it gives a partieularly clear formulation of the effeet of various faetors on bi­
moleeular reaetion veloeities, and for this reason it is of value in eonsidering 
the effeet of different solvents. 

Unimolecular gas reactions. 
Unimoleeular gas reaetions are also believed to depend on aetivation by 

eollision, but in this ease an aetivated moleeule is mueh more likely to beeome 
deaetivated by eolIision than to reaet. The equilibrium distribution of aetivated 
moleeules is thus almost maintained, and the reaetion rate is governed by the 
probability that an aetivated moleeule reaets per unit time, i. e. by the rate at 
whieh energy ean be transferred from one degree of freedom to another. This 
rate eannot be ealeulated from first principles (exeept as regards order of mag-

1 EYRING: J. ehern. Physies 3, (1935), 107. - HINsnELwooD: J. ehern. Soe. 
(London) 1937, 635. 

2 BAWK: Trans. Faraday Soe. 31 (1935), 1. 
3 It has been shown by GUGGENIIEIM, WEISS [Trans. Faraday Soe. 34 (1938) 

57] that the results obtained by applying the transition state rnethod to reaetions 
of the type H + H 2 [cf. HIRSCHFELDER, EYRING, TOPLEY: J. ehern. Physies 4 
(1936), 170] do not agree more closeJy with experiment than those obtained from 
the simple collision theory. 



330 R.P.BELL: 

nitude)l and there is thus no general theory for the constantA in the ARRHENIUS 
equation for unimolecular reactions. For further details reference must be made 
to standard works on the subject.2 

A unimolecular reaction can also be treated formally by the transition state 
method, but in this case nothing is gained by such a procedure. The theory can 
only be applied in its ordinary form when we can specify the stage in the process 
of redistribution of energy among degrees of freedom which is very improbable 
compared with all other stages. In the absence of such knowledge it is necessary 
to introduce an arbitrary "transmission coefficient" into the expression for the 
reaction velo city. 

Modifications due to the presence of solvent. 
Current theories of reaction velocity in solution are chiefly based upon the 

above gas re action theories by taking into account the modifications which must 
be introduced on ac count of the presence of the solvent. We shall begin by 
considering bimolecular reactions. 

According to the collision theory there are three factors to consider, Z, E 
and P. A great deal has been written from different points of view about the 
value of the collision n1lmber in solution, and the general conelusion rmLChed is 
that it will differ little from the value calculated from the simple kinetic theory 
for agas of the same concentration.3 If we consider the path of a single sohlte 
mole eule between collisions it will be zig-zag in shape instead of straight, owing 
to collisions with solvent molecules. However, the thermal velocity of the 
molecule is the same as in the gas at the same temperature, and the volume 
traced out by the moving moleeule in unit time will therefore be roughly in­
dependent of the shape of the path. Since the chanee of meeting another sohlte 
moleeule depends on this volume the collision number will be approximately the 
same in the two cases. 

There are however two respects in wh ich the kinetic picture of collision in 
solution differs from that in the gas. In the first plaee, the number of collisions 
depends not only upon the translation al energies and diameters of the sohlte 
molecules, but also upon the space in which they are free to move. This free 
volume will be decreased by the presence of the solvent moleeules, and although 
it is difficult to make any quantitative estimate of the free space factor in a 
liquid, some rough predictions may be made. If the sohlte and solvent moleeules 
are pietured as hard spheres of fixed radii R r and R s respectively, the effective 
free volume will depend on the relative magnitudes of R r and Rs . Thus if 
Rr > > Rs> the free space will be the same as in the gas, while if Rr < (R s , it 
will be divided by a factor V /( V - v), where V is the total volume of the liquid, 
and v the volume occupied by the solvent moleeules themselves.4 On the basis 
of our simple model the greatest possible value for this factor is 6/(6 -1/2 n) = 3,H, 
corresponding to elose p<Lcked spheres. Since this is the maximum amount by 
which the collision number can be affected, we should expect values between I 

1 Cf. POLAl>YI, WIG~EH: Z. physik. Chem., Abt. A 13fl (1928), 439. 
2 E. g. HI~SIIELWOOD: Kineties of Chemieal Change in Gaseous Systems (Oxford, 

1933). - FOWLEH: Statistieal Meehanies (Cambridge, 1937). 
3 All the treatment given here applies to eollisions between two solute molecules. 

The idea of collisions botwcen solute und solvent molocules presents much groater 
difficllities, and it is dOllbtful whcther any precise meaning can be attached to a 
collision number in such a case. 

4 This problem is analogous to the effect of the solvent upon the positional elltropy 
of thc solute, cf. BELL, GATTY: Philos. Mag. J. 8ci. 19 (1935), 66. 
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and 4 for the ratio Z(solution) jZ(gas). Values of the same order of magnitude 
have been arrived at by a number of authors by a kinetie treatment of various 
models of the liquid state.! 

The above treatment indicates that the viscosity of the solvent will play no 
part in determining the total number of eollisions between two solute molecules. 
On the other hand, the viscosity plays a decisive part in determining the grouping 
of these collisions. This is easily seen by considering a very viscous system. Two 
solute moleeules originally far apart will take a long time to diffuse towards 
each other, but when they have met they will be surrounded by a "cage" of 
solvent moleeules and will undergo a large number of repeated collisions before 
parting company. Such a group of repeated collisions may be conveniently 
termed an "encounter", and it will be seen that the encounter number varies 
inversely as the viscosity of the liquid, while the collision number is independent 
of viscosity. For a sufficiently dilute system (i. e. agas) a repeated collision is 
a very rare event, and the collision number and the encounter number are almost 
identical. The aspect of the collision proeesses in solution has been treated 
quantitatively by a number of authors.2 In a process where a high proportion 
of the collisions are effective, the rate will be determined by the encounter 
number rather than the collision number, since only the first few collisions of 
each cncounter are of importance. This is true of the quenching of fluorescence 
by solute moleeules lind the rapid coagulation of colloids, both of which are 
governed by the viscosity of the medium. On the other hand, if only a very 
smaH proportion of the collisions are effcctive, it is clearly a matter of indifference 
whether they occur in large or small groups, the rate depending only on the 
total number of collisions. This applies to the large majority of chemical reactions 
in solution, and calculation shows that for areaction having an activation energy 
of 20 kg. cals. per mol the interval between encounters only becomes of importance 
when the viscosity reaches values corresponding to the vitreous state. 

In the gaseous state the factor P depends upon the mutual orientations of 
the molecules in the activated state, and it is reasonable to suppose that the 
same orientation conditions will apply to the reaction in solution, unless thc 
solvent moleeules are involvcd in some more intimate way than we have so far 
supposed (e. g. by solvation of the initial or the activated state). Further, in so 
far as the activation encrgy E in the gas involves only short range forces between 
the solute molecules, it will be little affected by the presence of solvent molecules. 
This criterion will apply in general to reactions involving exchange forccs rather 
than electrostatic forces, and hence to reactions where only homopolar bonds are 
broken or formed. For this type of reaction wc should therefore anticipate very 
similar values for A (= P Z) and E in the gas phase and in solution, and hence a 
small diffcrence in thc reaction velocities. 

This prediction is borne out by the rather scanty and inaccurate experimental 
data given on pp. 320ff. for bimolecular reactions which have bcen studied both 
as gas reactions and in solution, aU of which involve homopolar linkages. 

The problem is approached from a different point of view by the transition 
state theory. Equation (1) for agas reaction can be writtcn in the form 

(2) 

1 K g. JOWETT: Philos. !\Iag. J. Sei. 8 (1929), 1059. - RAIlDIOWITSCII: Trans. 
Faraday Soe. 33 (1937), 1224. - FOWLER, SLATER: Ibid. 3,1 (1938), 81. 

2 S~IOLUCHOWSKY: z. physik. ehern. 92 (1917),129. - LEONTOVITSCH: Z. Physik 
50 (1928), 58. - RABINOWITSCII: Tran",. Faraday Soe. 32 (1936), 1381; 33, (1937), 
1225. - FOWLER, SI,ATER: lbid. 34 (1938),81. 
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where K has the dimensions and properties of an ordinary equilibrium constant 
for an association between two molecules.1 The effect of a change of medium upon 
the velocity then depends only on variations in this equilibrium constant, and 
using the usual thermodynamic formulation we can write for any medium 

k -" k T K JA jB _ k 0 IA IB (3) 
2 - h Ix - 2 Ix' 

where I A, I Band Ix are the activity coefficients of the species concerned, referred 
to the dilute gas as the standard state. IA and IB are quantities wh ich can be 
directly measured (e. g. from solubility data). On the other hand, the only 
experimental approach to Ix is through the kinetic measurements themselves, 
and any theoretical calculation of Ix demands in general a detailed knowledge 
of the nature of the transition state and its interaction with solvent molecules, 
i. e. the same knowledge which is necessary to predict the effect of the solvent 
upon the factors P, Z and E. 

It will be seen that equation (3) is formally identical with the equation proposed 
by BRÖNSTED in 1922 for the primary kinetic salt effect, which is of course only 
a special instance of the effect of a change of medium upon reaction velocity.2 
BRÖNSTED hirnself did not however believe that this equation could be applied 
to changes of solvent, and its general application in this sense has only been 
suggested in recent years. Some still earlier attempts had been made to relate 
the effect of the solvent to thermodynamic properties (e. g. solubilities) of the 
reactants or resultants.3 However, none of these relations took into ac count the 
properties of the intermediate activated state, and for this reason they were found 
to be only of very limited validity. 

Even in the absence of quantitative data for IA, IB and Ix, it is possible to 
derive some general conclusions from equation (3). To do this it is convenient 
first to consider the relation between this equation and the ARRHENIUS equation. 
By applying the usual thermodynamic relations to the equilibrium constants and 
the activity coefficients we obtain 

I k. 
og k 0 

2 
(4) 

where H is the heat of solution and S the entropy increase of solution, referred to 
equal volume concentrations in the gas and in the solution. To a first approxima­
tion Sand H can be taken as temperaturc independent. Comparing with the 
constants of the ARRHENIUS equation, we then have 

E(soln.)-E(gas) = Hx-HA-HB ,} 
(5) 

A(soln.)jA(gas) = e(SX-SA -SB)/R. 

General information about the energies and heats of solution can be obtained from 
data on vapour pressures or solubilities of gases in liquids. The heats of solution 
are sometimes positive and sometimes negative, but for solvents and solutes of 

1 This formulation is given byWYNNE-JONES, EYRING [J. ehern. Physics 3 (1935), 
492]. A different choice of equilibrium constant has been adopted by EVANS, Po­
LANYl [Trans. Faraday Soc. 31 (1935), 875]. Thc results obtained are independ­
ent of this choice, which is only a matter of convenience. For the exaet relation 
of these eonstants to standard thermodynamie treatment, see GUGGENHEIlII: Trans. 
Faraday Soc. 33 (1937), 607. 

• See pp. 201 f. in article on "Salt Effeets". 
3 E. g. DmRoTH: Liebigs Ann. Chem. 377 (1910), 127. - TRAuTz: Z. physik. Chem. 

67 (1909), 93. - VON HALBAN: Ibid. 67 (1909), 129; 84 (1913),129. 
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low polarity they rarely amount to more than a few thousand calories per gram 
moleeule. However, since Xis formed by the union of A and B we should expect 
to find roughly H x '" HA + H B (6) 

corresponding to the same heats of activation in the gas phase and in solution. 
The entropies of solution, on the other hand, are almost always negative, the 
value of e-8/R being most often between 102 and loa. This fact has led various 
authors1 to conclude that the ratio A(soln.)/A(gas) should also have the value 
lOLI03, which is not in agreement with the results of the collision treatment or 
with the experimental data.2 However, it has been recently shown3 that this 
conclusion rests on an over-simplification, and that if regard is taken of the rela­
tions known to exist between heats and entropies of solution4 then equations (5) 
and (6) lead to the result A(soln.)/A(gas) = 2-3, in excellent agreement with the 
result of the kinetic treatment and with experiment. 

Both types of theoretical treatment given above assume that the interaction 
between the solvent and the solute does not change materially when the reac­
tants A and B pass into the critical complex X. There are undoubtedly many 
cases (notably in reactions involving ions) where this assumption is incorrect. 
Thus in areaction between two ions A + and B- the critical complex will have 
a zero net charge, and its formation from A + and B- will therefore involve a large 
decrease in the number of solvent molecules oriented by the solute. This desolva­
tion will clearly contribute to the heat of activation, causing it to differ from 
the value in the gas phase. Further, it will affect the factor A, as may be seen 
eithcr from the kinetic or from the transition state method of treatment. From 
the kinetic point of view the activation is distributed among a larger number of 
degrees of freedom than in the gas (i. e. the bonds holding the solvent moleeules 
to the ions), and in consequence the factor A will be considerably greater than 
a collision number.4 From the point of view of the transition state theory, the 
decrease in the number of oriented solvent moleeules during the formation 
of the critical complex involves an increase in disorder, and hence an increase in 
entropy. Reference to equation (5) shows that this again corresponds to an in­
crease in A. The two methods of approach are of course entirelyequivalent, 
being merely different formulations of the same facts. 

Analogous considerations show that reactions between ions of the same sign 
should have abnormally low A-factors. No direct comparison with the gas phase 
can be made for reactions involving ions, but it has been shown by MOELWYN­
HUGHES5 that the available data for aqueous solutions indicate A-values which 
deviate from the calculated gas values in the expected manner. MOELWYN­
HUGHES also gives a theoretical treatment of the problem, in which the solvent is 
treated as a continuous medium of known dielectric constant and the variation of 
the diclectric constant with tcmperature is taken into account. Although formally 

1 EVANS, POLANYI: Trans. Faraday Soe. 31 (1935), 875. - WYNNE-JONES, 
EYRING: J. ehern. Physies 3 (1935), 492. 

2 EVANS, POLANYI [I. e. (1)] eonelude that there are a large number of 
solution reaetions in whieh the observed value of A is greater than the caleulated 
gas eollision number by about two powers of ten. This is, however, an error, due to 
the fact that the values whieh they employ for the ealeulated eollision number refer 
to apressure of one atmosphere, while the observed values refer to one mole per litre. 

3 BELL: Trans. Faraday Soe. 36 (1939), 324. 
4 Cf. EVANS,POLANYI: Trans. Faraday Soe. 32 (1936), 1333. -BELL: Ibid. 33 (1937), 

496. - BUTLER: Ibid.33 (1937),171,229. - BARCLAY, BUTLER: Ibid. 34 (1938),1445. 
4 For an explanation of this point, see e. g. HINSHELWOOD: Kineties of Chemieal 

Change in Gaseous Systems, Oxford, 1933. 
6 MOELWYN.HUGHES: Proe. Roy. 80e. (London), Sero A 151) (1936), 308. 



334 R.P.BELL: 

different from the interpretations given above, this treatment is in reality based 
upon the same physical phenomena, since it is the dipole character of the solvent 
molecules which causes their orientation round the ion on the one hand, and the 
variation of dielectric constant with temperature on the other hand. 

Even in the absence of a net charge on the reactants there may be a large 
change in polarity during the reaction, and hence a change in the extent of 
solvation. Thus in areaction of the type 

NR3 + RJ ~ [NR4 ] + J-

the critical complex will be considerably more polar than the reactants, and hence 
its formation will involve an increase in the orientation of the solvent molecules. 
This constitutes an additional spatial factor which must be satisfied before re­
action can take place, and according to the arguments given above should result 
in a decrease in A. This type of reaction has been very extensively studied in 
solution (cf. Tables 4-6) and attempts have also been made to measure the 
reaction velo city in the gas phase.! The experiments show that the reaction taking 
place in the absence of solvent is predomina.ntly a wall reaction, and that any 
homogeneous reaction nmst be slower than in hydrocarbon solvents under the 
same conditions. It is therefore impossible to make any direct comparison 
between the solution and the gas reactions. On the other hand, the A and E 
values obtained in solution (cf. Tables 4-6) vary from one solvent to another 
and the A values are aH 104-109 times sm aller than the calculated gas values. 
This behaviour agrees with the considerations advanced above about the orienta­
tion of thc solvent molecules. It was originally supposed by MOELWYN -H UGIIES and 
HINSIIELWOOD (l. c. Anm. 1) that the slowness of the homogeneous gas reaction 
indicated a smaU A value even in the absence of solvent. However, there is no 
experimental evidence as to the energy of activation in the gas phase, and the low 
velocity may equally weU correspond to high values of both E and A. From an 
electrostatic point of view the energy needed to form apolar activated complex 
will be greater in vacuo than in the presence of polarisable solvent molecules. 
This point will be returned to in the section on solvent effects in acid-base cat­
alysis (p. 337). 

There is one point in connection with the interpretation of experimental A 
and Evalues which caHs for special commcnt. These values are obtained from the 
experimental velocity constants at various temperatures on the assumption that 
the ARRIIENIUS equation holds rigidly, anci arc hence dcfined by the equations 

E = R T2 _dlogk 
dT ' 

E dlog k 
log A = log k + -R-T- = log k + T - d T ) (7) 

On the other hand, the most general theoretical expression for the reaction 
velo city may be \\Titten k = A' e-E'/RT (8) 

where A' and E' may now be slowly varying functions of the tcmperature. Such 
temperature dependcnce is particularly likely for reactions in solution where solva­
tion or desolvation is of importance. [Thus in the treatment given by MOELWYN­
HUGIIES (l. c. p. 333) for reactions between ions, E' is seen to depend on thc 

1 MOELWYN .HUGHES, HINSIIELWOOD: J. ehern. 80e. (London) 1932, 230. - GLA­
DISIIEV, 8YRKIN: Aeta physieochim. U88R S (1938), 323. 
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temperature beeause of the temperature variation of the dieleetrie eonstant). 
Comparing equations (7) and (8) we have for the observed quantities E and A 

E = E' + R T2 d log ~ - T _t!-E~ 1 
dT dT' J 

1 A = 1 A'-T dlogA' 1 dE' (9) 
og og dT + ][-dT' 

It is important to notiee that a very small temperature variation in A' or E' ean 
lead to large differenees between A and E on the one hand and A'and E' on the 
other hand. Thus at 300 0 K. a value of dE' jd T = 10 cals.jdegree . mole will in­
volve a difference of 3000 cals. jmole between E and E' and a ratio of 140 between A 
ami A'. A temperature variation of this order of magnitude would -be hardly 
detectable even in the most aeeurate work. It is therefore important to distinguish 
elearly between A and E obtained by applying the ARRHENIUS equation to the 
experimental data, and A'and E' occurring in a theoretieal treatment, even when 
there appcars to be good experimental evidenee of the validity of the ARRHENlUS 

equation. 
So far it has been assumed throughout that the distribution of energy during 

reaetion behaves in an equilibrium manner, and that the supply or removal of 
energy is thus not a rate determining factor. It has already been pointed out that 
in eases where this assumption is not valid we should normally expect deviations 
from the simple kinetie law of mass action. However, such deviations wiII not 
appear if the transfer of energy takes plaee to or from solvent moleeules, sinee the 
eoneentration of solvent cannot be varied appreciably. It has therefore been 
suggested1 that in reactions with low A values the rate determining step may 
sometimes be the removal of exeess energy from the product by collision with 
solvent molecules. This would lead to low A values varying eonsiderably from 
one solvent to another, amI in general wiII aeeount for many of the phenomena 
assoeiatcd with this type of reaction. At first sight the hypothesis seems improb­
able on aeeount of the high coneentration of solvent moleeules. However, it 
must be remembered that the transfer of energy on collision is a highly specific 
phenomenon, studies on the dispersion of sound showing that many thousands 
of eollisions may often be neeessary before a quantum of vibrational energy is 
eonverted into translational energy.2 The ehief argument against such an ex­
planation comes from a study of the reverse reactions. lf the removal of energy 
from the produet is rate determining in the bimoleeular proeess, then the supply 
of energy must also be rate determining in the revcrse unimoleeular reaction, 
whieh would lead to abnormally low A values in this ease also. In the few eases 
where data are availablc, these unimolecular reaetions have normal A values,3 
so that it is unlikely that the transfer of energy is rate determining. 

Relations between the constants 01 the ARRHENIUS equation. 
It has been found in a Dllmber of cases that there is a funetional relationship 

between the values of A and E, most often when the same reaetion is studied in 
a numbcr of different solvents, and occasionally for aseries of similar reaetions 
in the same solvent. It is likely that thcse relationships are c10sely connected 
with the interaetion between the rcaetans and the solvent, and they are therefore 
of interest in the present context. 

1 HINSIlELWOOD: Trans. Faraday 80e. 32 (1936), 970. 
2 Cf. e. g. EUCKEN, JAACKS: Z. physik. Chem., Abt. B 30 (1935), 85. 
3 DAVIS, COX: J. ehern. Boe. (London) 193i, 614. - ESSEX, GELOR)IINI: J. Amer. 

ehern. 80e.48(1926), 882.- SYRKIN, GUJlAREVA: J. physie. Chern. U88R 11 (1938),285. 
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Much of the work on this subject has been done by F AmCLOUGH and HINSHEL­
WOOD,l who have also collected other data from the literature. In all cases where a 
relation exists an increase in E is accompanied by an increase in A, and log A is 
approximately a linear function of E. (FAmCLOUGH and HINSHELWOOD prefer to 
express log A as a linear function of liVE, but it is not possible to distinguish 
between the two possibilities from the experimental data). The following ex­
planations have been suggested to account for this type of relation: 

a) It should first be observed that Ü the temperature coefficient is not 
measured with sufficient accuracy then even chance variations in E will be ac­
companied by corresponding variations in A. This appears from equation (7), 
and it may be noted that for aseries of reactions having similar values of k a 
linear relation will be found between log A and E. However, in most of the cases 
in which such a relation has been observed the experimental accuracy is too high 
to admit of such an explanation, and in the experiments of F AIRCLOUGH and 
HINSHELWOOD with mixed solvents an independent check is obtained by noting 
that both A and E are continuous functions of the composition of the solvent. 

b) From the point of view of the transition state theory, a linear relation 
between log A and E is equivalent to a linear relation between the entropy and 
energy of activation. Analogous relations are known to exist between the heats 
and entropies of equilibrium processes in solution,2 and it seems probable that the 
kinetic relations arise from the same cause. This does not of course constitute an 
"explanation" of the A -E relationships, but it indicates that they are probably 
explicable by equilibrium considerations and do not depend on any specifically 
kinetic factors. The reactions concerned almost aU involve ions or highly polar 
molecules3 and it is reasonable to seek an explanation in terms of solvation. No 
quantitative derivation can be given, but it is easy to see qualitatively that a firm 
attachment of solvent molecules to the activated complex will tend to lower the 
activation energy and at the same time to decrease the probability of reaction by 
imposing more stringent spatial conditions on the formation of the critical com­
plex. Similar considerations apply to solvation of the reactant molecules. 

In thcir first paper (1. c. p. 326) FAmCLOUGH and HINSHELWOOD proposed a 
different type of explanation for the A -E relationships, depending on the concept 
of varying duration of collision and internal frequencies of the molecules.' In 
this way thcy dcrive a linear dependence of log A upon liVE which is consistent 
with the experimental data. It has however been pointed out5 that their deriva­
tion involves further assumptions which render" it less probable. Further, any 
kinetic factor of this kind would also be operative in the reverse reaction, and we 
have already seen (p. 335) that in at least some of the relevant cases the reverse 
reactions have normal A values. It thus seems likely that thc true explanation 
of thc A-E relationships is to be found in the equilibrium considerations of the 
last paragraph. 

Unimolecular reactions. In many respects the role of the solvent in unimo­
lecular reactions depends upon the same factors as those already considered for 

1 FAIRCLOUGH, HINSHELWOOD: J. chem. Soc. (London) 1937, 538, 1573; 1938, 236. 
2 Cf. p.332. 
3 FAIRCLOUGH, HINSHELWOOD (1. c. p. 326) consider that the relationship holds 

for the reaction between benzoquinone and cyclopentadiene, in which there is no 
marked change in polarity. However, only a smaU number of solvents was studied, 
a,nd the inclusion of aU the results obtained by WASSERMANN (cf. Table 7) makes it 
doubtful whether any such general relation holds in this case. 

4 See also HINSHELWOOD: Trans. Faraday Soc. 34 (1938), 105. 
S RABINOWITSCH: Trans. Faraday Soc. 34 (1938), 120. 



Solvent effects. 337 

bimolecular reactions. In the absence of any large change in polarity we might 
expect the activation energy to be unaffected by the presence of solvent, and 
unless the solvent moleeules are intimately concerned in the process of reaction 
there should also be little change in the characteristic molecular frequency which 
determines A. These predictions are borne out by the data which are given on 
pp. 322-324 for unimolecular reactions which have been studied in the gas and in 
solution. On the other hand, for a number of reactions involving ions or highly 
polar molecules, both the A and Evalues vary from one solvent to another 
(cf. Table 8). This is readily understood if the formation of the activated 
state involves a large change of polarity, and hence a change in the extent to 
which solvent moleeules are attached to the reacting moleeule. The relationships 
between A and E dealt with in the last section are in some cases valid for uni­
molecular reactions in different solvents. 

Solvent effects in acid-base catalysis. 
The effect of the solvent in this type of reaction has already been dealt with 

to some cxtent in the article on general acid-base catalysis (p. 237). It was shown 
therc that the nature and concentration of the catalysing species might be greatly 
modified by change of solvent, owing to the part played by the solvent in acid­
base equilibria, but that when this factor had been allowed for the general laws 
of catalysis are the same in a number of non-aqueous solvents as they are in watcr. 
In the prcsent section we wish to examine the effect of the solvent upon the 
reaction velocity for a given substrate and a given catalysing species. Such a 
reaction is a bimolecular reaction from the point of view of a theoretical treatment, 
though it is normally kinetically of the first order. Little experimental work has 
so far been done on solvent effects for this type of reaction. 

The decomposition 01 nitramide (cf. pp. 218, 239) has been investigated in 
water,l in isoamyl alcohol2 and in m-cresol.3 Table 9 shows the catalytic constants 
of a number of catalysts whieh havc been studied in all three solvents. 

Table 9. Catalytic con8tant8 fOT the decomp08ition 0/ nitramide. 

Catalyst Watcr m·Crcsol : Isoamyl alcohol 
(E = 80) (e = 13) (€ = 5,i) 

p.~~loraniline ........ 1 0,21 0,045 0,0092 
Amlme .............. 0,54 0,146 0,033 
p-Toluidinc .......... 1,16 0,33 0,098 

Dichloracetate ion .... 0,0007 0,0118 0,063 
Salicylate ion ........ 0,021 0,41 2,02 
ßenzoatc ion ........ 0,19 5,4 17,0 

It will be seen that the catalytic constants (which correspond to bimolecular 
velo city constants) are affected considerably by the nature of the solvent. For 
uncharged catalysts the velocity is increased by an increase of dielectric constant, 
while for the anion catalysts the reverse is thc case. This fact may bc qual­
itatively related to the nature of basis catalysis as thc transfer of a proton from 

1 BRÖ:;STED, PEDERSEN: Z. physik. ehern. lOS (1923), 185. - BUÖNSTEI>, Duus: 
Ibid. 117 (1925), 299. - BUÖNSTED, VOLQVAltTZ: Ibid. Abt. A 1;)5 (1931), 211. -
BAUGIIAN, BELL: Proc. Roy. Soc. (London), Sero A 15S (1937), 464. 

2 BRÖNSTED, VANCE: Z. physik. ehern., Abt. A 163 (l933), 240. 
3 BRÖNSTED, NICIIOLSON, DELBANCO: Z. physik. ehern., Abt. A 169 (1934), 3i9. 
Hdb. d. Katalyse. 11. 22 
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the substrate to the catalyst. When the catalyst is uncharged, the critical 
complex for this proton transfer must be more polar than the reactants, and its 
formation will therefore be favoured by a medium of high dielectric constant. 
On the other hand, if the catalyst is a negative ion, the critical complex will have 
a sm aller external field than the reactants (owing to the mutual polarisation of 
the charges) and hence the reaction will be favoured by a solvent of low dielectric 
constant. It would be of interest to know the effect of the solvent upon the con· 
stants A and E, but so far measurements of temperature coefficients have only 
been made in aqueous solution. 

Some investigations of solvent effect have also been carried out by BELL and 
his collaborators on acid catalysed reactions in non-dissociating solvents. The 
reactions studied are the rearrangement of N-bromacetanilide,l the depolymerisa­
tion of paraldehyde,2 and the racemisation of phenyl-isobutyl-acetophenone.3 

In these cases there is no correlation between the velocity of the catalysed reac­
ti on and the dielectric constant of the solvent. The catalysts used were car­
boxylic acids, and it seems likely that the results are complicated by chemical 
association of the acid molecules with one another or with the solvent. 

Attempts have been made to study catalysis by acids and bases in the gas 
phase.4 With one or two possible exceptions no homogeneous reaction is detec­
table, a wall reaction being observed. This obscrvation is qualitatively in ac cord 
with the view that acid-base catalysis involves the transfer of a proton. With 
an uneharged substarte anel eatalyst this proton transfer leads to the formation 
of an ion pair, the energy of whieh will be deereased by the proxirnity of polaris­
able moleeules eonstituting a solvent or a surfaee. The situation is thus similar 
to that encountcred in the MENSCHUTKIN reaetion, and serni-quantitative ealeula­
tions show that the proxirnity of a surface can easily lower thc aetivation 
energy by several thousand calories. 

1 BELL: Proe. Roy. Soe. (London), Sero A 143 (1934), 377. 
2 BELL, LIDWELL, VAUGHAN-JACKSON: .J. ehern. Soe. (London) 1936, 1792. 
3 BELL, LIDWELL, WRIGHT: J. ehern. Soe. (London) 1938, 1861. 
• See BELL, BURNETT: Trans. Faraday SOC. 33 (1937), 355; 35 (1939), 474. 
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Vorwort des Herausgebers. 
In diesem Artikel hat DUFRAISSE den Niederschlag der umfangreichen ex­

perimentellen Arbeiten gesammelt, die er mit MouREu zusammen ü bel' das stofflich 
ungeahnt vielseitige Gebiet der negativen Lösungskatalyse ausgeführt hat. Um 
dieses experimentellen Materials und seiner Ordnung willen hat der Heraus­
geber den besten Kenner der Tatsachen um diese Darstellung gebeten und freut 
sich, diese dem Leser aus erster Hand bieten zu können. 

Definitionsgemäß bedeutet in den Naturwissenschaften die Ordnung der 
Tatsachen zugleich ihre theoretische Behandlung, und diese erfordert bei einem 
so vielseitigen Gebiet einige besondere Betrachtung. Es wird dem Leser auffallen, 
daß die gerade Linie der Behandlung chemischer Experimente mit physikalisch 
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gesicherten Denkmethoden, die das "Handbuch der Katalyse" sonst einzuhalten 
strebt, hier eine gewisse Unstetigkeit aufweist. Es kommt dies von der Natur 
der antioxygenen Wirkung. Ihre ganze Eigenart liegt in der chemischen Indi­
vidualität der Substrate und Hemmungskörper sowie des Sauerstoffs selbst. Es 
ist verständlich, daß unter diesen Umständen Theorien, die aus ganz allgemeinen 
Erfahrungen und Beobachtungen entstanden sind, den Einzelheiten des speziellen 
Gebiets gegenüber versagen, d. h. keine volle Allgemeingültigkeit haben können. 

Mit Recht lehnt daher DUFRAISSE solche Theorien ab und konzentriert seine 
Darstellung auf die chemische, also spezielle Theorie der betreffenden Vorgänge 
und macht es wahrscheinlich, daß ihre Mehrzahl aus den besonderen Eigenschaften 
intermediärer Peroxyde heraus erklärt werden können. Was den Herausgeber 
zwingt, dazu das Wort zu ergreifen, ist aber das Folgende: DUFRAISSE beschränkt 
sich nicht darauf, die mangelnde Eignung allgemeinerer physikalisch-chemischer 
Theorien für die Deutung chemischer Spezifitäten darzutun, sondern darüber 
hinaus werden wohlbegründete Lehren, wie z. B. die von den Kettenreaktionen, 
ganz allgemein abgelehnt. Dies geschah teilweise mit Argumenten, die schon 
widerlegt sind (vgl. Bd. I, Beitrag JOST, SCHRÖER) oder bei einer eingehenderen 
physikalischen Diskussion mit dem sonst in diesem Handbuch eingenommenen 
Standpunkt kaum vereinbar wären. 

Herausgeber hätte es begrüßt, diese Differenzen in persönlicher Fühlung mit 
dem Verfasser zu beheben, und ist über7:eugt, daß sich dabei der beiderseits 
tragbare Standpunkt ergeben hätte, Chemisches mit chemischen, Kinetisches mit 
kinetischen Methoden zu entscheiden. Dem h,tben leider die Zeitverhältnisse 
einen Riegel vorgeschoben, und so sah sich der Herausgeber genötigt, den Blei­
stift des Redakteurs in gan7: ungewöhnlichem Maße und sogar die Schreibmaschine 
anzuset7:en, um eine Synthese von sich aus zu erzielen und das völkerverbindende 
Werk der Herausgabe gerade dieses Artikels zu sichern. Es ist dabei natürlich 
unter äußerster Vorsicht vorgegangen worden, und die Änderungen beschränken 
sich auf Einfügung oder (seltener) Weglassung einiger Sätze, am meisten in dem 
Abschnitt (, La theorie des chaines I), fast gar nicht in den Teilen, die die positiven 
Beiträge des Verfassers betreffen. 

Immerhin wird auf einigen Gebieten der Verfasser selbst seinen Standpunkt 
leicht abgebogen wiederfinden; er möge das gütigst entschuldigen, ebenso wie 
der Leser; es geschah im höheren Interesse der Wahrheitsfindung, wenn auch 
auf einem ungewöhnlichen Wege in ungewöhnlicher Zeit. Zweck dieser Vorrede 
ist, darzutun, daß es sich nicht um eine Unterschiebung fremder Ansichten 
handeln soll, sondern um eine Einpassung in das Gesamtwerk unter Erhaltung 
aller positiven Gedanken. G.-M. SCHWAB, Athen, im Oktober 1939. 

Aper~u d'ensemble. 
Generalites. 

Le caractere essentiel de la catalyse etant un accroissement de la vitesse des 
reactions, il est logique de consid6rer en parallele le phenomene inverse, le 
ralentissement ou inhibition. L'usage s'est etabli de denommcr le premier: 
(, catalyse positive I), par opposition au second ou (, catalyse negative I). 

Mais, pas plus que toute hausse de la vitesse n'est une catalyse positive, 
tout ralentissement ne sera a considerer comme une catalyse negative. On re­
trouvera donc, pour definir et delimiter cette derniere, les difficultes que ron 
a eues avec la premiere. Il s'y en ajoutera d'autres, inherentes a la nature meme 
du phenomcne si singulier qu'est la catalysc negative. 
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Soit, par exemple, une reaction dont le regime est du a la presence d'une 
surface catalytique de platine. Nous produirons un effet de retard en retirant 
progressivement ce catalyseur du milieu reagissant, ou, ce qui revient au meme, 
en le masquant par un vernis. Il serait vraiment excessif de decorer d'un nom 
special cette operation rudimentaire, de l'appeler catalyse negative et de lui 
consacrer un chapitre special' de theorie. Il en sera de meme pour des modes 
autres de freinage, apparentes a celui-ci, mais moins grossierement etrangers au 
mecanisme profond de la reaction chimique. Tel sera, par exemple, l'aveuglement 
de surfaces catalytiques, comme: (' taches actives ), poussieres actives, et autres 
sortes de plages inductrices de reaction. 

D'une maniere plus generale, au cu ne mise hors de cause d'un catalyseur 
positif ne merite le nom de catalyse negative. Un acide, par exemple, etant 
l'accelerateur d'une reaction, une base ne pourra pas etre declaree catalyseur 
negatif, sous le pretexte que son intervention produit un retard, et la me me 
qualite devra etre refusee a tous les reactifs modificateurs de catalyseurs positifs, 
par neutralisation, precipitation ou transformation quelconque. 

On voit ainsi que des exclusives nouvelles vont s'ajouter a celles qui so nt 
de regle pour definir la catalyse positive. Comme il en a ete pour celle-ci, on 
rejettera du chapitre tout effet obtenu par action massive sur les facteurs de la 
reaction (temperature, concentration, etat physique ou chimique des reactifs, 
etc .... ); mais on en ecartera, en outre, toutc action revenant a neutraliser 
simplement une catalyse positive, que ce soit par voie mecanique ou chimique, 
comme dans les exemples ci-dessus, ou que ce soit par voie physique (effet d'ecran 
ou tout autre). Bref, le nom de catalyse negative ne convient pas aux actions 
ralentissantes depourvues des caracteres distinctifs de ce que l'on est convenu 
d'appeler catalyse: en particulier, ce n'est pas une anticatalyse. . 

En toute rigueur, d'apres cela, il ne faudrait traiter ici que les ralentissements 
de nature reellement catalytique, ce qui impliquerait, comme condition primor­
diale, que le mecanisme en soit prealablement connu. Or, comme on le verra 
plus loin, aucune doctrine certaine n'a reussi a s'imposcr concernant les faits 
d'inhibition catalogues a ce jour. 

Cette absence d'accord sur la theorie des phenomenes de ralentissement 
oblige a en faire deux categories: d'une part, ceux dont la cause, reconnue par 
tous, est notoirement etrangere a la catalyse, d'autre part, ceux pour lesqucls 
la discussion est encore ouverte, et qui, a ce titre, doivent beneficier du doute. 
On va alors etre contraint, pour des raisons de presentation didactique, d'adopter 
une attitude en apparencc opposee a celle qu'inspirerait la logique: abandonnant 
les faits de la premiere categorie, on ne gardera pour l'expose que les seconds, 
ceux sur lesquels nous sommes le moins renseignes, parce que le doute leur laisse 
au moins une chance d'etre de nature veritablement catalytique. 

Il s'ensuit que la catalyse negative represente peut-etre un groupement 
provisoire de faits heterogenes, destine a disparaltre dans un avenir plus ou 
moins proche, au fur ct a mesure que les connaissances acquises permettront 
de repartir aleurs pi aces rationelles les divers types de ralentissement des 
reactions. 

Mais il n'est pas exclu, non plus, que l'inhibition, a plus am pie informe, ne se 
maintienne comme' une entite distincte, une forme particuliere de catalyse, 
auquel cas elle restera l'une des branches independantes de cette science. On 
verra justement que, parmi les explications de l'inhibition, il en est une au moins 
qui fait appel a un mecanisme reellement catalytique, ce qui rend vraisemblablc, 
du point de vue purement theorique, la survivance du chapitre. La seule question 
qui se pose, et qui ne recevra pas de reponse definitive clans les pages suivantes, 
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est de savoir s'il existe effectivement dans la nature des ralentissements produits 
par catalyse negative veritable. 

De toute maniere, et quelles que soient leurs causes profondes, les phenomenes 
d'inhibition ont pris recemment, a une allure prodigieusement croissante, une 
teIle importance pratique dans leurs applications, qu'un chapitre special les 
concernant s'en trouverait justifie, meme au cas Oll il viendrait a s'averer que 
leur theorie n'exige pas d'etre traitee separement. 

Definition de la catalyse negative Oll inhibition. 
Il est a peine besoin de dire, pour parer a toute equivoque, que l'expression 

de « catalyse negative» ne pourra jamais rien designer qui ait quelque rapport 
avec l'idee de catalyse s'excrc;ant en sens exactement inverse de la catalyse 
positive. La catalyse, pour un systeme determine dans un etat donne, est a 
« sens unique», c'est-a-dire que, si elle fait evoluer le systeme d'une certaine 
maniere, il ne peut pas y avoir de catalyseur capable de ramener le-dit systeme 
vers son etat de depart. 

Ncgatif aussi bien que positif, le catalyseur ne peut que favoriser un pheno­
mene ayant deja tendance a se produire spontanement. La seule differencc 
entre lcs deux rcside dans l'effet resultant sur la reaction a. laqueIle on est 
interesse. 

Sans entrer dans une discussion approfondie, qui exposerait a d'inutiles 
redites, nous allons passer brievement en revue les notions indispensables a la 
comprehension du sujet. 

En principe, l'idee de catalyse est liee a une disproportion entre les faits resultant 
et la modicite des doses de matiere qui le provoquent (DUBRlSAyl). Cependant, 
remarquons le, l'essentiel est, moins la petitesse de la dose active, que la petitesse 
des actions energetiques determinantes. Le concept revient au fond a opposer 
le processus catalytique, operation gratuite, c'est-a-dire s'accomplissant, au 
moins en theorie, sans depense de matiere ni d'energie, aux processus non cata­
lytiques qui ne fonctionnent qu'a titre onereux, par consommation de matiere 
ou d'energie. 

Si l'esprit se raccroche de preference au criterium de « petite dose» de matiere, 
e'est surtout par securite. Vu l'incertitude Oll l'on est de ce qui se passe dans 
l'intimite d'un milieu reagissant, on peut toujours supposer que l'energie libre, 
resultant de l'introduction d'une matiere etrangere, est utilisee a modifier les 
conditions energetiques de la reaction; si la dose de matiere etrangere est petite, 
on est sur que son action energetique l'est egalement2 et, par suite, que ses effets 
sont reellement de nature catalytique. 

Mais il est evident que ne se trouve pas exclue la possibilite d'une action 
catalytique de la part d'une matiere introduite en proportions qui ne sont plus 
minuscules, ou meme qui sont devenues grandes: beaucoup de catalyses incontes­
tables sont dans ce cas. Le criterium devient alors plus difficile a definir et a 
interpreter: il est base sur l'absence de transformation definitive du catalyseur. 
Ce test, valable pour l'acceleration, n'est generalement pas acceptable pour 
l'inhibition. Tout d'abord il n'ecarte pas la possibilit6 d'une action entravante 
massive sur les reactifs, qui n'est plus dc la catalyse. D'autre part, en raison 

1 R. DUBRISAY: J. Chim. physique 2;) (1928), 581. 
2 Rien ne prouve d'ailleurs que, si petite soit-elle, cette energie n'est pas necessaire 

au developpemcnt de l'effet catalytique. Le contraire est meme le plus vraisemblable: 
un corps rigoureusement sans action energetique sur le milieu serait certainement 
inerte du point de vue catalytique. 
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d'une particularite exposee plus loin sous le nom d'(. usure du catalyseur», ce 
test obligerait a rejeter de la catalyse negative l'une de ses manifestations les 
plus typiques, savoir: l'effet antioxygime. 

Nous nous trouvons ainsi ramenes a faire dependre la notion d'inhibiteur 
de la modicite des concentrations actives. 

Nous appelerons alors catalyse negative ou inhibition le ralentissement des 
reactions determine par la presence en faible teneur d'une matiere etrangere, etant 
exclue toute action revenant a neutraliser simplement une catalyse positive. 

Delimitation du sujet. 
Ainsi se trouvent fixees d'eIles-memes les limites du sujet. 
En sont elimines tous les ralentissements de causes manifestement non cata­

Iytiques, comme ceux qui sont dus au refroidissement, a la dilution, a la separation 
ou a la modification des reactifs et, d'une maniere generale, a toute action massive 
sur les factcurs de la reaction. 

En principe, l'excIusive est automatique si l'on prend comme criterium la 
faible teneur en matiere active. 

Dans la pratique, cependant, il s'elevera quelques incertitudes pour apprecier 
ht proportion dite faible de catalyseur. On citera, certes, des corps pour lesquels 
le doute n'existera pas, ceux, par exemple, dont l'effet inhibiteur est encore 
sensible a la dose du millionierne. D'autres, au contraire, dans des circonstances 
peu differentes, ne feront sentir leur action qu'a la dose du dixieme ou davantage, 
c'est-a-dire ades concentrations Oll l'effet inhibiteur commence a interferer avec 
I'effet de dilution et autres actions massives. Il se presentera ainsi des cas douteux 
qlli seront discutCs apart. 

Mais la principale difficulte de la delimitation est d'ordre theorique parce que, 
conformement a la definition adoptCe, il faut eliminer les phCmomenes d'anti­
catalyse, ou suppression simple d'une catalyse positive. 

lci encore se presenteront des cas non douteux Oll I'inhibiteur agit mani­
festement en mettant hors de cause une catalyse positive. Ce sera pourtant 
l'exception: le plus souvent la cause profonde du ralentissement constate restera 
cachee, ou du moins discutable. Les faits les plus nombreux seront donc suspects 
de ne pas !tppartenir a la catalyse negative vraie, comme l'impliquent, d'ailleurs, 
certaines des interpretations suggerees par les auteurs. 

D'apres ce que l'on vient de laisser entendre, c'est, pourtant, ce dcrnier en­
semble de faits qui va etre presente dans l'etat actuel de ses donnees et de sa 
doctrine, sans essayer une discrimination qui serait arbitraire a l'heure actuelle. 

On laissera de cutC, toutefois, comme etant traitees dans des chapitres speciaux, 
les catalyses negatives en phase gazeuse (voir Tome I), ou bien concernant les 
ferments et la biologie (voir Torne IU.). 

Des ralentissements justiciables de notre expose ont etC signales pour dcs 
reactions assez variees. Mais il faut reconnaitre que les faits, de loin les plus 
nets, les plus nombreux et les plus coherents, concernent des reactions Oll I'oxygene 
intervient comme partenaire principal, soit dans les termes de la reaction inhibee, 
soit en tant qu'inhibiteur. Effectivement, trois catCgories d'inhibition se mettent 
a part, ce sont: 1 ° avant tout et surtout, l'empechement de l'additi~n d'oxygene 
!ibre, ou cffet (. antioxygcne»; 2° l'empcchement de produetion d'oxygene !ibre 
par l'eau oxygenee, ou stabilisation de I'eau oxygenee; 3° l'empechement de 
reaction dcs halogenes par I'oxygene librc, en phases gazeuse et liquide, ou effet 
« antihalogene ,). En dehors de la, on ne trouve que des observations eparses et 
sans lien entre elles. C'est ponrqlloi I'expose traitera sllrtout de la qucstion da 
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1'effet antioxygime, qui a donne lieu a une litterature theorique et experimentale 
considerable, et dont les applications sont du plus haut interet. 

Il serait premature de chercher a donner une raison de ce groupement des 
actions inhibitrices autour de 1'oxygime. Mais il est utile d'en souligner la singu­
larite aux yeux des theoriciens. N'y a-t-il pas, d'ores et deja, une certaine justifi­
cation des opinions qui rapportent la catalyse negative a une propriete specifique 
de l'inhibiteur, et non pas seulement a un mecanisme, qui pourrait, evidemment, 
etre valable pour toutes les sortes de reactions. 

Premiere partie. 

La catalyse negative d'autoxydation Oll effet antioxygime. 
Introduction. 

L'oxygime joue, dans la nature, un role esscntiel. Bien peu d'elements sont, 
comme lui, aussi abondants et doues d'affinites aussi variees. Non seulement 
il est un des facteurs primordiaux du maintien de la vie, mais il est encore, en 
tant qu'agent de toutes les combustions, une des sources les plus importantes 
<i'energie a notre usage. Cependant, lc fait qu'il baigne tous les corps qui nous 
environnent, allie a sa haute reactiviM, nous vaut aussi une contrepartie, car il 
est responsable de nombreuses deteriorations partielles ou totales telles que le 
rancissement des graisses, le vicillissement du caoutchouc, 1'alteration des surfaces 
metalliqucs par corrosion, etc .... , phenomenes dont on s'apercevrait qu'ils 
coutent enormement a 1'economie mondiale, s'il etait possiblc d'en faire 1'inven-
taire complet. . 

La combinaison de 1'oxygene moleculairc aux autres elements, ou aleurs 
composes, a re9u un nom particulier: 1'« a1ttoxydation»; nom qui n'est pas tres 
heureux par son etymologie, car le corps qui se combine a 1'oxygene ne s'oxyde 
pas a ses propres depens ainsi que le ferait par exemple I'aldehyde o-nitroben­
zoique en s'isomerisant en acide llitrosobenzoique (CLuUCIAN et SILBER). D'ailleurs, 
toute autoxydation aus sens propre du mot s'accompagne inevitablcment d'une 
autoreduction. C'est ce que traduit exactement le vocable allemand « Dispropor­
tionierung'), Mais ici, l'habitude a consacre 1'emploi du terme « autoxydation,) 
pour designer les reactions d'oxydation par 1'oxygene moleculaire. Nous nous 
y conformerons et reserverons de preference dans cet article le terme « oxydation,) 
aux reactions d'oxydation par les autres oxydants (bromate, permanganate, 
eau oxygenee, etc .... ). On peut d'ailleurs justifier partiellement le nom en 
considerant que l'autoxydation est une oxydation spontanee a l'air. 

Conditions chimiques de la reaction d'autoxydation. 
Certes, dans les conditions normales de temperature et de pressio;" qui regnent 

a la surfacc du globe, tous les corps oxydables ne sont pas attaques par 1'oxygene, 
mais ceux qui resistent absolument sont relativement rares. D'ailleurs, tel corps 
qui parait resister s'avere faiblement autoxydable si 1'observation se prolongc 
suffisamment. Il existe evidemment des degres dans les vitesses d'autoxydation 
et l'on connait des cas d'inflammation spontanee au contact de l'air: elements 
tres divises (phosphore, metaux pyrophoriques), composes tres oxydables (P 2H, 
liquide, dialcylzincs, bromoacetylene), maticres autoxydables entassees (chiffons 
gras, foin, etc .... ). 

On est ainsi amem) tout naturellement a considCrer les conditions chimiques 
de la reaction: elles sont an nombre de trois. La premiere est la condition d'affi-
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nitC; il est evident qu'elle est necessaire, mais elle n'est pas suffisante: l'hydrogene, 
qui degage cependant beaucoup de chaleur en brillant, ne se combine pas a 
l'oxygEme a la temperature ordinaire. Au reste, il n'y a aucune relation manifeste 
entre la grandeur de l'affinite et l'autoxydabilite: il arrive meme que cette 
derniere soit augmentee par une modification, par exemple, une substitution 
halogenee, qui a pourtant comme effet de diminuer l'affinite. 

Il intervient donc une seconde condition, celle de fonction chimique: un 
exemple suggestif en est donne par l'aldehyde propionique qui s'autoxyde facile­
ment, tandis que son isomere, l'acetone, ne s'autoxyde pas. De l'examen de 
nombreux cas, il ressort que seules un petit nombre de fonctions chimiques so nt 
susceptibles de subir l'autoxydation. 

Enfin, une troisieme condition, necessaire sinon suffisante, est la condition de 
structure: tous les corps a affinite positive ct renfermant. une fonction chimique 
favorable ne reagissent pas avec la meme facilite; certains meme ne reagissent 
pas du tout, ce qui montre que la condition de fonction chimique n'est pas 
suffisante. 

Importance theorique et economique de la reaction d'autoxydation. 
Malgre ces conditions qui sellblent restrictives, le nombre des corps autoxy­

dables est encore fort eleve. Ceci confere a la reaction d'autoxydation elle-meme 
une import an ce d'ailleurs accrue du fait qu'elle est, a de tres rares exceptions 
pres, irreversible, et que ses dommages, quand elle en entraine, so nt toujours 
definitifs. 

On connait certes les exemples des anthracenes et des naphthacenes qui 
fixent une molecule d'oxygene pour donner des peroxydes isolables, qu'une 
tegere elevation de temperature dissocie en regenerant, pour un grand nombre, 
l'oxygene et le carbure initial. Et l'on n'aurait garde d'oublier l'exemple de 
l'hemoglobine, vecteur d'oxygene a travers les tissus animaux. Mais de teIles 
reactions reversibles eonstituent une infime minorite dans le domaine si vaste 
de l'autoxydation. On peut dire que, le plus souvent, la substance attaquee est 
irremediablement transformce, et bien souvent, un tel resultat n'est pas recherche. 
L'inconvenient est alors d'autant plus grave que l'oxygene peut multiplier les 
effets de son intervention par des actions indesirables. C'est ainsi, par exemple, 
que le caoutchouc qui peut tMoriquement fixer 47% d'oxygene, est definitivement 
deteriore apres en avoir absorbe moins de 1 %, soit la 50e partie. Il arrive ainsi 
que des phenomenes accessoires se greffent sur la transformation primitive, 
dont ils sont la consequence; ils ont presque toujours une part preponderante 
dans la deterioration de la substance etudiee. C'est ce qu'on appelle les effets 
secondaires de l'autoxydation, declanches par l'autoxydation elle-mcme. Ce 
sont eux, par exemple, qui sont a l'origine du vieillissement premature du caout­
chouc, dont il vient d'Ctre fait mention; ce so nt encore eux qui determinent 
l'apparition de produits de polymerisation, les changements de couleur ou de 
viscosite de nombreux liquides autoxydables, ete .... Pratiquement, les effets 
secondaires de l'autoxydation ont, plus que l'autoxydation elle-mcme, une in­
fluence sur la diminution de la valeur marchande des produits manufactures. 
Et c'est en cherchant a eviter ces effets que l'on a decele leur cause veritable -
cl'ou le qualificatif « secondaire» - et que, du meme coup, on a tente de com­
battre l'autoxydation elle-meme. Les recherches systematiques publiees depuis 
1921 par CH. MOUREU et CH. DUFRAISSE n'ont pas d'autre origine.l 

1 CH. MOUREU, CH. DUFRAISSE: Chern. Reviews 3 (l926), ll3. - CIl.1IoUREU, 
CH. DUFRAISSE: Chern. and Ind. 47 (l928), 8l9. 
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Autoxydation et catalyse negative. 
Mais, avant ces travaux, des observations diverses avaient rendue manifeste 

la sensibilite de la reaction d'autoxydation aux actions exterieures. Sans vouloir 
faire ici un historique detaille de la question (voir a ce sujetl), on peut citer 
entre autres: BERTHOLLET,B qui constate en 1797l'extinction de l'oxyluminescence 
du phosphore par des traces de composes sulfures; DAVY,3 qui etablit en 1817 
que l'ethylEme ou l'oxyde de carbone empechent l'explosion du melange hydrogene­
oxygene; CHEVREUL,4 lequel constate (1856) une relation entre la vitesse de 
siccativation des huiles et la nature du bois' sur lequel on les etale, bois plus ou 
moins riche en composes pMnoliques;5 RUMP,6 (1868) qui stabilise le chloro­
formc a l'air par des traces d'alcool; BIGELOW,7 (1898) qui etudie de tres pres 
la preservation des solutions de sulfite de sodium par des substances variees, 
alcools, phenols, amines, etc .... 

Dans tous ces travaux, et dans tous ceux qui ont ete publies avant 1921, le 
mot de catalyse n'a ete que rarement prononce. La nature vraie du phenomene 
- sinon le mecanisme de l'action - n'avait guere ete reconnue que pour le 
phosphore et le sulfite de sodium. De nos jours, la notion de catalyse negative 
est devenue familiere. Mais il faut se garder de confondre le simple avec le fa­
milier: les processus des catalyses homogenes, negative et positive, de l'autoxy­
dation ne sont pas simples, comme le montrera la discussion des theories. On y 
verra que l'unanimite de conceptions n'est pas faite et est, sans doute, encore 
loin de se faire. Le point sur lequel les chercheurs "sont d'accord est le suivant: 
la reaction d'autoxydation est particulierement sensible aux actions catalytiques, 
ct le nombre des substances protegees comme celui des corps protecteurs est 
aujourd'hui tres etendu. 

Mais avant de poursuivre l'etude de la catalyse negative d'autoxydation, il 
est bon de s'arreter un instant sur la signification exacte et le choix des termes 
qui ont ete employes par divers auteurs pour designer les catalyseurs de l'autoxy­
dation. 

Terminologie. 
CH. MOUltEU et CH. DUFRAISSE ont propose le mot antioxygene, qui se COl11-

prend de lui-meme;8 l'antioxygene sera le corps protecteur et l'elfet antioxygene 
la catalyse negative elle-meme. On a critique cette terminologie et certains 
auteurs preferent employer les mots inhibiteurs 9 ou antioxydants,lO d'ailleurs 
proposes anterieurement. Le terme inhibiteur (on parIe d'action inhibitrice) ale 
defaut d'etre trop general: il convient pour tous les cas OU se manifeste une 
entrave et 11e fait de distinction ni sur la nature (physique ou ehimique) du 
phenomene sujet au ralentissement, ni sur la cause du ralentissement (catalyse 
ou autre). Neanmoins, a defaut d'une nomenclature precise generalisee, nous 
l'emploierons dans la 2e partie de cet expose pour tous les cas reconnus de catalyse 
negative autrc qu'antioxygene. 

Le mot antioxydant, manifestemcnt, ne convient pas pour les oxydations par 

1 CH. DUFRAISSE: TraiM 9-e Chimie Organique (V. GRIGNARD), T. H, p. 1147 (1936). 
2 BEltTIIOLLET: J. de l'Eeole Polyteehnique, 3e eahier, 277 (1797). 
3 H. DAVY: Ann. Chim. physiqu6 4 (1817),276. - H. DAVY: Philos. Trans. Roy. 

Soe. London 1817, 45. 
4 M. E. CHEVREUL: Ann. Chim. physiquo (3), 47 (1856), 209. 
5 CH. MOU.~EU, CH. DUFRAISSE: Chem. Reviews 3 (1926), 114. 
6 RUMP: Uber die Prüfung des Chloroforms. Hannover, 1868. 
7 S. L. BIGELOW: Z. physik. Chem. 26 (1898), 493. 
8 CII. MOUREU, CH. DUJo'RAISSE: C. R. hebd. Seanees Aead. Sei. 174 (1922), 258. 
9 S. W. YOUNG: J. Amer. ehern. Soe. 24 (1902), 297. 
10 A. L. LU)IIERE, A. SEYEWETZ: BuH. Soe. chim. Franee (3), 33 (1905), 444. 
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l'oxygEme gazeux car les substances antioxygimes n'ont, en general, pas d'action 
ralentissante sur la marche des oxydations par les oxydants, tels l'acide chro­
mique, le permanganate, etc .... (Voir aussil pour la discussion.) Cependant, on 
connait quelques cas d'action antioxydante vraie, l'empechement d'oxydation par 
l'eau oxygenee par exemple: ils seront discutes plus loin sous ce titre qui, alors, 
mais alors seulement, convient parfaitement. 

Tout rccemment, BAUR,2 apropos d'une discussion de sa theorie generale 
de la eatalyse negative, a repris cette question de la terminologie et propose le 
terme « anticatalyse»: celui-ei, comme on l'a vu dans les generalites, ne nous 
parait pas acceptable a cause de l'idee qu'il evoque. D'autre part, BA UR rejette 
le mot antioxygene comme etant restrictif, « l'anticatalyse n'etant pas limitee 
aux oxydations ». C'est exact, mais le volume des travaux relatifs aux seules 
oxydations dcpasse, et de beaucoup, celui des autres inhibitions; et meme, s'il 
fallait y inclure la liste volumineuse des brevets, la disproportion se manifesterait 
encore davantage en faveur des actions antioxygenes. Il est donc logique de 
conserver un terme qui, par ailleurs, est passe dans le langage courant, pour 
designer un phenomene aussi « gros ». 

De plus, I'avantage d'une nomenclaturc speeialisee est qu'elle est aisement 
gencralisable, ce qui evite, p~Lr I'emploi de termes precis tels que: effet « anti­
ozone », « anti brome », « antilumiere », etc .... des circonlocutions du genre « cata­
Iyse negative de l'ozonisation, catalyse negative de la fixation du brome », etc .... 
Xous en ferons usage dans la seconde partie ue l'expose. 

D'un autre point de vue, on aura parfois a opposer a la catalyse negative, 
definie au debut ue cet article, la catalyse positive ou effet accelcrateur: on en 
connait de nombreux exemples dans les reactions d'autoxydation. Pour les memes 
raisons que preccuemment, on emploiera le mot « prooxygEme» et proscrira l'us~Lge 
du mot « prooxydant». Pour la catalyse positive autre que celle d'autoxydation, 
on parlera d'effet promoteur, ou accelerateur. L'effet prooxygene ne sera etudie 
ici qu'en fonction de ses rapports avec l'effet antioxygene. 

La double generalite de l'effet antioxygene. 
Elle reside 1 ° dans la variete des substances protegees, 2° dans la varictc des 

antioxygenes. 
Il serait sans interet de dresser une liste de tous les corps autoxydables qui 

ont ete prcserves de l'attaque de l'oxygene par un antioxygene approprie; il 
suffit de savoir qu'ils appartiennent aux classes les plus diverses des corps 
organiques: hydrocarbures, alcools, aldehydes, earbures halogenes, graisses, huiles, 
aliments, caoutchouc, et memes des substances minerales eomme le phosphore, 
le fer, le magnesium, les sulfites, les hydrosulfites, etc .... 

On a rcsume cette aptitude generale a la protection dans la premiere proposition 
que voiei: 

« toute autoxydation doit pouvoir etre entravee par un antioxygene approprie ,), 
II pourrait alors paraitre plus restreint de chercher a specifier les classes 

auxquelles appartiennent les antioxygenes: mais on s'apercevrait bien vite qu'il 
faudrait alors passer toute la ehimie en revue, tant sont diverses les substances 
qui sont journellemcnt utilisees. Parmi les plus actives, on peut eiter des elements: 
l'iode, le soufre, le phosphore; des eomposes mineraux: iodures, brom ures, chlo­
rures, sulfures et corps sulfures, corps selenies, etc .... ; des derives de I'azote, 

1 A. SEYEWETZ, P. SISLEY: Bull. Soc. Chirn. France (4), 31 (1922), 672. - CH. 
::\IouREu, CIl. DUFRAISSE: Ibid. (4), 31 (1922), 1175. - A. SEYEWETZ: Ibid. (4),53 
(1933), 507. - CIl. DUFRAISSE: Ibid. (4), 53 (1933), 515. 

2 E. BAUR: Z. physik. Chern., Abt. H, 41 (1938), 179. 
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du phosphore, de l'arsenie; des derives metalliques, meme des derives du euivre 
et du fer, elements bien connus cependant pour leur tendance a fonctionner 
comme catalyseurs prooxygEmes; des corps organiques en nombre illimite, parmi 
lesquels et surtout les phenols et les amines, mais aussi les aleools, les sulfures, 
les nitriles, les amides, les urethanes, etc .... 

On a pu enoncer une deuxieme proposition, relative aux substances preser­
vatrices, qui devient inseparable de la precedente: 

« taute matiere apte a reagir chimiquement doit pouvoir, dans des conditions 
experimentales appropriees, fonctionner comme antioxygene}). 

11 est a peine besoin d'insister sur les termes: « dans des conditions experi­
mentales approprieeS}). Disons seulement que toute autoxydation n'est pas 
arretee en toute cireonstance par n'importe quelle matiere. Si cela etait, on 
n'aurait jamais observe de reaction d'autoxydation car les corps que l'on manipule, 
quelles que soient les precautions prises, sont toujours plus ou moins souilIes 
d'impuretes qui auraient du fonctionner comme antioxygenes. 

11 apparait, ceci dit, que le phenomene antioxygene, qui etait considere dans 
le passe comme exceptionnel, devient la regle. Ce qui serait exceptionnel au 
aujourd'hui serait une autoxydation insensible aux antioxygenes. 

D'ailleurs, tous les degres ont ete observes dans l'action antioxygene: depuis 
le corps qui fonctionne vis-a-vis de lui-meme comme son propre antioxygene 
(Ie self-inhibiteur de DELEPINE1), jusqu'a l'oxygime qui est parfois, en meme 
temps que le reactif oxydant, le reactif moderateur, l'inhibiteur de sa propre 
action (voir phosphore2 et, pour d'autres produits3), en passant par les moMcules, 
teIles les aldehydes a fonction phenollibre, ou renfermant des groupes dimethyl­
amino,4 qui sont autoxydables par leur fonction aldehyde et protegees par leur 
fonction phenol ou amine (voir egalement 5). 

11 est vraisemblable, en outre, que de nombreuses substanees doivent leur 
stabilite vis-a-vis de l'oxygene a un effet inhibiteur non reeonnu, ou que l'on 
n'a jamais cherche a mettre en evidenee. On sait deja que eertains produits, 
tels les huiles, le latex, et d'une maniere generale, les extraits vegctaux, renferment 
des antioxygenes appropries que la nature a prevu a point nommeS; que serait 
aujourd'hui l'industrie du caoutehouc si le produit brut n'etait pas naturellement 
protCge contre l'action de l'oxygene? Quelle serait la valeur marchande des 
aliments trop perissables? Le moins qu'on puisse dire est que l'economie generale 
du globe ne serait pas ce qu'elle est si le phenomene antioxygene n'existait pas. 

Les criteres de la catalyse negative d'autoxydation. 
Comment se manifestera l'effet antioxygene? par un abaissement de la con­

sommation d'oxygene du a la presence, en faible quantite, d'une impurete favo­
rable, spontance ou ajoutee intentionnellement. 

1 M. DELEPI:-IE: Bull. Soe. Chim. Franee (4), 31 (1922), 762. 
2 M. CZENTNERSZWER: Kosmos (Stoekholm) 35 (19lO), 526; Z. physik. Chern. S" 

(1913),99. - E. GILCIIRIST: Proe. Roy. Soe. (Edinburgh) 43 (1923),197. - RAYLEIGII: 
Proe. Roy. Soe. (London), Sero A 99 (1921), 372; Sero A 104 (1923), 322; Sero A 106 
(1924), 1. - H. J. EMELEUS: J. ehern. Soe. (London) 1926, 1336. 

3 W. MÜLLER: Ann. Physik U. Chern. (2), 141 (1870), 95. - TII. EWAN: Philos. 
Mag. J. Sei. (5), 38 (1894), 530; Z. physik. Chem. 16 (1895), 315. - J. U. NEF: Liebig» 
Ann. Chem. 298 (1897), 202. - SCHENK, MIHR, BANTHIEN: Ber. dtseh. ehern. Gt>>l. 39 
(1906), 1506. 

4 H. STAUI>I:-IGER, E. HENE, J. PRODRO~I: Ber. dtseh. ehern. Ges. 46 (1913), 3530. 
- K. BODENDORF: Ibid. 66 (1933), 1608. 

5 H. W. UNDERWOOD jun.: Proe. nato Aead. Sei. USA 11 (1925), 78. 
B Par exernple, la substanee exeitatrice des mimoses, pxtremement autoxydable, 

est protegee paJ' dt>s antioxygcnes naturf'ls; G. HESSE: Bioehern. Z. 303 (1939), 152. 
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Remarquons a ce sujet qu'il sera toujours hasardeux de parler de catalyse 
par une impurete supposee, mais non caracterisee. C'est la le defaut, et nous y 
reviendrons, de certaines theories qui ont fait jouer a la presence admise, mais 
non demontree, de catalyseurs, fer ou cuivre par exemple, un röle trop important 
et surtout trop general. 

11 serait souhaitable, de plus, qu'a chaque etude de catalyse negative fUt 
jointe la preuve irrefutable qu'il s'agit bien d'une catalyse au sens precis du 
mot: le catalyseur doit fonctionner, au moins en principe, tout en restant in­
altere et recuperable en fin d'experience. C'est la une condition parfois tres 
difficile a realiser car, le plus souvent, mais pas necessairement, les antioxygenes 
sont des substances elles-memes oxydables, sinon meme autoxydables, ou tout 
au moins qui peuvent subir, dans les conditions experimentales choisies, une 
oxydation induite par l'autoxydateur ou par les produits de la reaction. 11 
arrive ainsi frequemment que la catalyse s'emousse par « usure du catalyseur I). 
Les modalites de cette disparition progressive de l'effet catalytique seront dis­
cutees plus loin. 

11 est necessaire, d'autre part, de bien s'assurer que l'abaissement de la con· 
sommation de l'oxygene n'est pas du a une causc accessoire, telle la formation 
d'un vcrnis, d'un film protecteur, comme on presume que c'est ce qui a lieu par 
exemple, lors de certaines particularites de l'empcchement de la COITosion du fcr. 
Ce serait le cas typique d'une inhibition et non d'une catalyse. 

Enfin, il ne suffit pas, pour conc1ure a un effet antioxygene, de montrer que 
la maW~re alterable a ete « protegee) contre un des effets secondaires apparents, 
par exemple la polymerisation, car on connait des cas d'inhibition de la poly­
merisation qui sont sans aucun rapport avec un effet antioxygene: par exemple, 
la polymerisation du styrolimc en l'absence d'oxygEmc est inhibee par la benzo­
quinone1 et la photopolymerisation de l'acroleine, en l'absence d'oxygene, est 
entravee par l'hydroquinone. 2 

D'ailleurs, sous l'influence d'un catalyseur qui ne serait pas antioxygene, il 
pourrait y avoir une deviation de l'autoxydation qui se manifesterait par un 
effet de l'autoxydation autre que la polymerisation. 

11 est a signaler qu'une presomption, sinon un critere de catalyse negative, 
est offerte par l'ordre de grandeur du coefficient de temperature du coefficient 
de vitesse de la reaction. La plupart des reactions voient leurs vitesses approxima­
tivement doublees par une elevation de temperature de 10°. Mais si un catalyseur 
negatif est present, le coefficient de temperature peut etre beau coup plus grand 
(on connait iin exemple Oll il atteint 4,42). Autrement dit, l'action de l'inhibiteur 
se fait d'autant moins sentir que la temperature est plus elevee. Diverses inter­
pretations en ont ete donnees (voir en particulier theorie de TAYLOR;3 voir aussi 4). 

Parente des catalyses inverses. 
C'est une des particularites les plus saillantes qui marquent le phenomene: 

tel corps, repute etre bon antioxygene en general, se montrera soudain, vis·a-vis 
d'une substance nouvelle ou dans des circonstances experimentales differentes, 
un prooxygene marque! Bien plus, ce sont frequemment les antioxygimes puissants, 
ceux qui arretent a tres petite dose le cours de l'autoxydation, qui se revelent 
des prooxygenes egalement puissants. 

1 J. W. BREITENBACII, A. SPRINGER, K. HOREISCIIY: Ber. dtsch. ehern. Ges. 71 
(1938), 1438. 

2 CH. MOUREU, CH. DUFRAISSE: Bull. Soc. ehim. Franee (4), 3;) (1924), 1564. 
3 H. S. TAYWR: J. physie. Chern. 28 (1924), 145. 
4 N. R. DHAR: J. physie. Chern. 28 (1924), 948. 
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Quelques exemples feront mieux eomprendre les formes sous lesquelles se 
manifeste l'inversion de la eatalyse: 

1 ° Un meme catalyseur sur deux produits differents. C'est a,insi que l'oxy­
bromure de phosphore POBra est, a la dose de 1 %, un inhibiteur puissant de 
l'autoxydation de l'aldehyde benzoique et un aceeIerateur energique vis-a-vis 
du styroltme dont la vitesse de reaetion avec l'oxygene est centuplee.l 

2° Un meme catalyseur sur le meme produit, mais avec variation des con­
ditions experimentales. L'ethylxanthogenamide se comporte, vis-a-vis du sulfite 
de sodium, comme antioxygene en milieu Iegerement alcalin et eomme pro· 
oxygene en milieu legerement aeide.2 L'abietate de cobalt, a coneentration 
faible, inferieure a 0,001 % ralentit l'autoxydation de l'aeide abietique. A eon­
centration plus elevee, superieure a 0,01 %, ill'aceelere3 (au sujet de l'inversion 
de catalyse par variation de la coneentration voir aussi4 et par variation d'eclaire­
mentS). 

3° Un meme catalyseur et un meme produit, sans variation provoquee des 
conditions experimentales. L'iode retarde l'oxydation de l'aeroleine dans une 
premiere phase, puis l'aeeeiere dans la seeonde.6 Il est juste de faire remarquer 
que les solutions se sont deeolorees: l'iode a ete oxyde et ee sont vraisemblablement 
ses produits d'oxydation qui sont prooxygenes. Il en est de meme d'ailleurs, 
pour divers corps iodes7 et le sulfure de diethylene.8 Le thiophenol, au eontraire, 
stimule tout d'abord l'oxydation de l'huile de lin, puis la ralentit par la suite. 8 

On trouvera de tres nombreux exemples d'inversion de eata.lyse dans l'(X'uvre 
importante de TANAKA et NAKAlIWltA9 et dans les travaux de XAKAMUUA,IO 
DUPONT,ll l\UTTIL,12 FRANKE,la MEAD,14 WIELAND,IS WOOG18 et autres.l7 

On eonC(oit que eette incertitude d'action ait des consequenees tres importantes. 
Tout d'abord, il est impossible de eonsiderer qu'une substance, connue eomme 

1 CH. MOUREu, Cu. DUFRAlSSE, ::\1:. BADOCHE: C. R. hebd. Seanecs Aead. Sei. 187 
(1928), 157. 

2 CH. MOUREu, CH. DUFRAISSE, M. BADOCUE: lbid. 179 (1924), 237. 
3 G. DUPONT, J'. L~wy, J. ALLARD: C. R. hebd. Seanees Aead. Sei. 190 (1930), 

1302. 
4 K. 8UZUKI: J'. 80e. ehern. lnd. Japan, suppl. Bind. 40 (1937), 64. - E. BAuR, 

H. PREIS: Z. physik. Chern., Abt. B 32 (1936), 65. - E. BAuR, lL OBltECHT: lbid. 
41 (1938), 167. 

5 C. A. TUOMAS, P. E. MARLING: lnd. Engng. Chern., analyt. Edit. 24 (1932), 871. 
- P. WOOG, Mlle E. GANSTEU, J. GIVAUDON: C. R. hebd. Seanees Aead. Sei. 192 
(1931), 923. 

6 CII. MOUREu, CII. DUFRAISSE: C. R. hebd. Seanees Aead. Sei. 176 (1923), 797. 
7 CH. MOUREU, CH. Dm'RAISSE: lbid. 178 (1924), 824. 
8 CH. MOUREU, CH. DUFRAISSE, M. BADocHE: 179 (1924), 237. 
9 Y. TANAKA, M. NAKAMURA: J. Soe. ehern. lnd. Japan, supp!. Bind., Sero B, 33 

(1930) 107, 126, 127, 129; 34 (1931),405; 3;; (1932),81. 
10 M. NAKAMURA: J. Soe. ehern. lnd. Japan, suppl. Bind., SeI'. B, 36 (1933), 286, 

335, 408. 
11 G. DUPONT, J. LEVY, J.ALLARD: C.R. hebd. Seanees Aead. Sei. 190 (1930), 1302. 

- G. DUPONT, J. ALLARD: lbid. 190 (1930),1419. - G. DUPONT, J. LEVY: Bull. Soe. 
Chim. Franee (4), 47 (1930), 60, 147. - G. DUPONT, J. LEVY, J. ALLARD: lbid. (4), 
47 (1930), 942. - G. DUPONT, J. ALLARD: lbid. (4), 47 (1930), 1216. 

12 H. 8. OLCOVICH, H. A. MATTlLI.: J. biol. Chernistry 91 (1931), 105. - H. A. 
MATTILL: Ibid. 90 (1931), 141. 

13 W. FRANKE: Hoppe.Seyler's Z. physioI. Chem. 212 (1932), 234. - W. FRANKE: 
Liebigs Ann. Chern. 498 (1932), 129. 

14 B. MEAD et Collaborateurs: lnd. Engng. Chern., analyt. Edit. 19 (1927), 1240. 
15 H. WIELAND, D. RICHTER: Liebigs Ann. Chern. 486 (1931), 226. 
16 P. WOOG, Mlle E. GANSTER, J. GIVAUDON: C. R. hebd. SeaneesAead. Sei. 192 

(1931), 923. 
17 V. S. KISSELEV, V. E. KHATSET: J. ehern. lnd. 10 (1933), 31. 
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antioxygime, le sera dans toutes les circonstances: ainsi l'hydroquinone, anti­
oxygime type, est parfois prooxygEme.1 Il en est de meme pour l'acide cyan­
hydrique.2 Reciproquement il a ete trouve ades prooxygimes notoires, comme 
le cuivre3 ou le fer,4 une action moderatrice marquee. Deuxieme consequence: 
l'existence du phenomene d'inversion de catalyse n'est pas sans imposer aux 
experimentateurs une extreme prudence dans leurs conclusions. Il leur faut 
definir avec soin, non seulement les substances mises en presence, mais aussi les 
conditions experimentales choisies, sous peine de s'exposer, apres une variation 
minime en apparence et le plus souvent inobservee ou difficilement decelable, 
a un retournement inattendu de l'effet catalytique recherche: la substance que 
l'on veut proteger se detruisant plus rapidement qu'en l'absence du pretendu 
protecteur. Ainsi s'expliquent les quelques divergences d'opinion que l'on peut 
noter dans la littCrature antioxygime, tcl autcur n'ayant pas exactcment, et lc 
plus souvent a son insu, reproduit les experiences de tel autre. C'est une des 
raisons po ur lesquelles les methodes comparatives presentent, dans les etudes, 
une superiorite marquee sur les methodes absolues. On diminue d'autant plus 
les chances d'une inversion accidentelle de catalyse que les conditions experimen­
tales de comparabilite ont ete plus etroites. 

Consequcnee plus importante encore: on sent qu'a un eertain stade du pro­
cessus d'autoxydation doit se plaeer une bifurcation conduisant soit a l'effet 
prooxygene, soit a l'effet antioxygime. On devine surtout, a voir les influences 
souvent minimes qui conditionnent l'inversion de catalyse, que les deux voies 
dans lesquelles la reaction peut s'engager, comme apres avoir hesitC sur eelle 
qu'il lui faut suivre, sont etroitement Iiees par quelque pont mysterieux qu'i) 
faudra bien deeouvrir ou tout au moins expliquer si l'on veut aboutir a une 
theorie satisfaisante de l'effet antioxygime. C'est pour avoir trop souvent neglige 
cet aspect du phenomene denomme parente des eatalyses inverses, qne eertaines 
theories se sont montrees nettement insuffisantes. 

Etude experimentale de la catalyse d'autoxydation. 
Les methodes experimentales qui permettent de suivre la marehe d'une 

autoxydation et, par consequent, de conelure a un effet ralentisseur on accelElra­
teur, peuvent se classer assez faeilement en deux categories. 

1 0 Methodes directes. Ce sont les seules qui seront discutees ici avec quelque 
detail. Elles se ramenent a suivre la reaction, soit par des mesures volumetriques 
ou manometriques portant sur l'atmosphcre oxydante, soit par des mesures 
gravimetriques ou des analyses portant sur la maticre qui s'oxyde. 

2 0 Methodes indirectes. On peut, a leur tour, les subdiviser en deux groupes: 
a) Controle par les produits de la reaction. On peut suivre par dosage soit la 

disparition de la substance autoxydable (sulfite par l'iode, composes ethyleniques 
par l'indice d'iode ou de brome 5), soit l'apparition d'une substanee nouvelle, par 

I C. V. GHEORGIIIU: Bull. Soc. ehim. Franee (4), 41 (1927), 50. 
2 CIl. MOUREU, CH. DUFRAISSE, M. BADOCIlE: C. R. heb(l. Scanees Aead. Sei. 183 

(1926), 685. - M. E. ROBINSOl\: Biochemie. J. 18 (1924), 255. - H. A. SPOEHR, 
J. H. C. S~!I'l'H:.T. Amer. ehern. Soe. 48 (1926), 237. - L. AHLsTRö~r, H. VON EULER: 
Hoppe ·Seyler's Z. phYHiol. Chem. 200 (1931),233. - C. V. SlIYTHE: Bpr. dtseh. ehern. 
Ges. 65 (1932), 1268. 

3 E. BAUR, M. OBRECHT: Z. phy,;ik. Chern., Abt. B 41 (1938), 167. 
« E. BERL, K. WDfNACKER: Z. physik. ehern. 148 (1930), 261. -_. H. WIELAXD, 

D. RICHTER: Liebigs Ann. Chem. 486 (1931), 221i. - CH. DUl'RAISSE, R. HORC'LOIS: 
C. R. hebd. Seanees Aead. Sei. 191 (1930), 1126. 

5 G. WILLIAlIS: J". ehprn. Soe. (London) 193A. 241i. - D. LI.. HAlDIH'K, D. LANG· 
RISH: Ibid. 1I13i, 797. 
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exemple un acide si l'on etude un aldehyde, ou encore un peroxyde si cela est 
possible. 

Ce dernier procede n'est d'ailleurs pas. sans presenter de serieuses causes 
d'erreur, car les peroxydes d'autoxydation sont hautement reactifs et instables: 
ils se detruisent spontanement, ou bien ils sont reduits par les moleeules environ­
nantes, celles du corps autoxydable lui-meme ou celles des antioxygenes. Il 
arrive donc frequemment que la concentration des peroxydes devienne station­
naire c'est-a-dire constante - lorsque leur vitesse de formation est egale a leur 
vitesse de destruction - sans que l'autoxydation cesse pour cela: des lors, la 
grandeur par laquelle on contröle la reaction, la concentration des peroxydes, 
n'a plus aucun rapport avec la reaction elle-meme. 

Ce reproche de principe s'adresse egalement, quoique avec moins de force, 
aux deux autres methodes indirectes citees plus haut: la disparition de la substance 
initiale peut etre due en partie a une cause autre que sa reaction directe avec 
l'oxygene: elle peut, par exemple, reagir soit sur les peroxydes, soit sur tout 
autre produit de la reaction, soit encore, et c'est tres frequent, se polymeriser 
(styrolene, acetate de vinyle, acroleine). De meme, l'apparition d'un nouveau 
produit peut etre faussec par sa destruction sous une influence secondaire. Il 
est donc necessaire de faire une etude chimique poussee avant d'entreprendre 
l'etude cinetique. 

b) Contr6le par l'intermediaire de8 phenomene8 acce88oires. On peut suivre 
l'apparition et le developpement d'une couleur (amines aromatiques, fural), d'un 
precipite (disacryle de l'acroleine), d'une odeur (rancissement des graisses), ou 
encore la variation de viscosite due a la polymerisation de l'echantillon ~tudie 
(styrolene). Ces methodes peuvent etre precises et parfois meme sont plus sen­
sibles que certaines methodes directes (voir autoxydation du styrolene1); elles 
sont neanmoins incertaines dans leur principe meme, et il est necessaire d'etre 
prudent dans les conclusions qu'on en peut tirer. Il est elementaire de s'assurer, 
avant toute chose, que « l'effet secondaire» suivi est bien « secondaire », c'est-a-dire 
est bien provoque par I'autoxydation, envisagee comme processus primaire. 

Discussion des methodes directes. 
Cette discussion sera limitee a la gazometrie, car il y a peu de choscs a dire 

sur les methodes gravimetriques, dont on connait les avantages et les risques 
d'erreur. On distinguera les methodes absolues et les methodes relatives. 

A. Methodes absolues. Remarques sur le corps pur. 
On s'efforce de parvenir a la connaissance de la vitesse absolue d'autoxy­

dation: on l'exprime par la masse d'oxygene qu'absorbe, dans l'unite de temps, 
l'unite de masse de substance autoxydable. 

La vitesse absolue d'autoxydation est utile a connaitre pour les etudes cine­
tiques, mais c'est une grandeur qu'il est tres difficile d'atteindre avcc securite. 
On s'expose a commettre des erreurs importantes, depassant tres largement les 
limites etroites que la methode semble comporter en elle-meme, simplement 
parce qu'il manque aux corps que le chimiste manipule ce qu'on pourrait appeler 
le critere de la « puTete catalytique». Il est impossible de definir le « corp8 pur.) 
par excellence; c'est la une difference essentielle avec les etudes de thermochimie 
par exemple, OU l'on peut fixer avec precision lc domaine de purete du « standard 
pour combustion calorimetrique ». 

1 J. W. BREITEN BACH, A. SPRINGER, K. HOREISCHY: Ber. dtsch. ehern. Ge~. 71 
(1938), 1438. 

Hdb. d. Katalyse. 11. 
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La question qui domine toutes les etudes cinetiques, et qui revient sporadique­
ment apropos des principales matieres autoxydables, est la suivante: 1'(, autoxy­
dabilite» est-elle une qualite parasite imputable a quelque impurete prooxygenc, 
ou bien est-elle une propriete intrinseque des corps dans leur etat idealement 
pur? Dans le premier cas, une purification methodique doit faire retrograder 
l'autoxydabilite jusqu'a l'annuler. Dans le second cas, l'autoxydabilite doit 
subsister. 

Or, divers auteurs, ayant soumis certaines substances a des operations de 
purification, ont constate tantöt que l'autoxydabilite disparait, tantöt qu'elle 
subsiste. Les conclusions qu'ils en ont tirees so nt donc opposees. Il n'y a a cela 
rien d'etonnant, car l'absence complete de tout contröle precis de la presence 
d'une impurete catalytique rend l'appreciation de la puretC tres aleatoire: elle 
tient surtout du sentiment de l'operateur. Par ailleurs, la purification peut avoir 
eu pour effet soit d'eliminer une impurete prooxygene, soit de concentrer une 
impurete antioxygene ou d'en favoriser la formation. La sensibilite dcs actions 
catalytiques vis-a-vis de l'oxygene moleculaire im pose l'obligation d'envisager 
les deux hypotheses en leur attribuant, apriori, la meme probabilitC d'existence. 

S'il ctait besoin d'un exemple pour illustrer les difficultes tres reelles d'cx­
pcrimentation que le chimiste rencontre dans ce genrc d'etudes cinetiqucs, il n'y 
aurait qu'a citer les factcurs qui ont etC donnes comme determinants, c'est-a-dire 
necessaires et suffisants, pour l'autoxydation du benzaldehyde: la lumiere (MEAD 
et COCHRANE' ), les poussieres (TAUSZ 2), les surfaces actives (REIFF,3 BRUNNER4 ), 

l'eau (REIFF 3), le fer (KUHN, MEYER,5 WIELAND et RICIITEl~6), l'ozone (BmNER 
et PERROTTET7). Il est bien hasardeux de faire un choix et de dire que I'aut­
oxydation est due a unc cause plutöt qu'a une autre. Ce qui est surtout decevant, 
c'est qu'il est difficile, sinon impossible, d'apres cette liste, d'esperer trouver des 
conditions reproductibles, base essentielle de toute etude cinctique. 

C'est la le defaut des mesures absolues de vitesses de reaction, defaut qui 
explique tres facilement les ecarts que I'on peut trouver dans la litterature. Mais 
il s'estompe jusqu'a devenir negligeable dans lcs experiences par la methode com­
parative: c'est cc qui fait la force de cette derniere et ce qui justifie le parti qu'on 
en a pu tircr. 

~ canmoins, les determinations absolues ont et auront toujours leurs partisans; 
c'est la raison pour laquclle il est bon d'indiquer quelles sont les causes d'erreurs 
qui interessent la (, purete» du produit ctudie. Lcs remarques qui vont suivre 
s'adressent 1 0 au gaz oxygene, 2° aux methodes usuelles de purification, 3° aux 
solvants, 4 0 aux recipients. 

1. Le gaz oxygene. 
On doit s'assurer que le gaz oxygene utilise est de grande purete, et on doit 

tout naturelle me nt cviter les souillures accidentelles. A ce propos, iI n'est pas 
sans interet dc signaler que DGl'ONT et LE"y 8 ont rcmarque que de l'oxygene 
qui a etC vchicule par l'intermcdiaire de tubes en caoutchouc se charge d'assez 

1 B. MEAD, J. D. COCIIRA:-IE: Mceting of the Amer. chem. Soc. Baltimore, 1925. 
" J .11'..1. usz: A~semblee de I'U nion des Chimistes Allemands a N uremberg, 1 er -5 sept. 

1925. D'apres Brennstoff-Chem. 6 (1925), 296. 
" O. M. REIFF: J. Amer. ehem. Soe. 48 (1926), 2893. 
4 ?Ir. BRUNNER: Helv. chim. Acta 10 (1927), 707. 
5 R. Kum" K. MEYER: Naturwiss. 16 (1928),1028. - K.MEYER: J. bio!. Chomistry 

103 (1933), 25. 
G H. WIELAl\D, D. RICHTER: Liebigs Ann. Chem. 486 (1931), 226. 
7 E. BRIXER, E. PElmoTTET: Holv. ehim. Aeta 20 (1937), 451. 
8 G. DUPOXT, J. LEVY: Dull. Soe. ehim. Franee (4), 4i (1930), 147. 
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de vapeurs antioxygenes pour fausser tous les resultats des mesures. En eonse­
quenee, il est indique de preparer 1'oxygene et de le stoeker dans un appareil 
entierement en verre, raccorde par soudure au dispositif de mesure, et OU seront 
proscrits tous les joints en caoutchouc. La meilleure maniere de preparer 1'oxygene 
est de s'adresser a la decomposition thermique du permanganate de potassium. 
Neanmoins, il faut prendre garde de ne pas introduire de traces de manganese 
dans la substance autoxydable etudiee, car cet element est generalement doue 
de proprietes catalytiques, le plus souvent prooxygenes. 

2. Les metkodes usuelles de puri/ication. 
11 y a lieu de distinguer la distillation, la cristallisation et la dessication. 
a) Les remarques que I'on peut faire relativement a la distillation se rapportent 

cl'unc part au principe meme cle purification qui re pose sur son emploi, d'autre 
part a la techlJique utilisee. 

En ce qui concerne la purification proprement dite, il n'est pas sans intCret 
de songcr au phenomene d'azeotropisme qui rend impossible la separation de 
cleux rea,etifs par distillation fractionnee. Or on cherche a obtenir un reactif 
« pur» en partant le plus souvent d'un produit dont on ignore les impuretes. 11 
n'est pas impossible que ces dernieres accompagnent le distillat, meme apres 
phi sie urs operations et, en definitive, on se trouve dans 1'ignorance complete de 
Ja fraction OÜ elles se concentrcnt. 

D'autre part, il est bien connu que le produit que 1'on distille n'est pas sans 
~e deteriorer quelque peu: tel corps, dont un echantillon manifeste une fusion 
eorrecte, dans un intervalle de 0,5 degre par exemple, subit, apres distillation, un 
etalement de son point de fusion sur 1 ou plusieurs degres, ee qui rend manifeste 
la formation de produits secondaires, que revele deja I'odeur particuliere acquise 
souvent par le distillat. Ainsi, la distillation sous pression normale du benzaldehyde 
fait appa,raitre une impurete catalytique prooxygene (WITTIG et KRÖHNE 1). 

Done, la diHtilIation sous faible pression s'impose, non seulement pour reduirc 
au minimum les risques de deterioration, mais aussi pour eviter un eontact 
premature avee 1'oxygene atmospherique. 

Or la pratique courante de la distillation fmetionnee en atmosphere inerte 
est arejeter, pour deux raisons. Tout d'abord, le gaz inerte (Nz ou COz) peut 
n'['tre pas absolument exempt d'oxygene; d'autre part, la « rentree de gaz» que 
I'on menage generalement pour faeiliter l'ebullition n'est pas sans favoriser la 
formation de vesicules liquides qui passent dans le distillat par entrainement 
mecaniquc, en vehiculant naturellement les impuretes que 1'on cherche justement 
a eloigner. 

La technique a reconunander est done la distillation sous vide tres pousse, 
en sur/ace tranquille, sans ebullition, par simple refroidissement du recipient Oll 
cloit se eondenser lc distillat. On s'arrangera meme pour que la clistillation 
s'effectue directement clans l'appareil OU l'on a projetC d'etudier la reaction 
d'autoxydation, ce qui evite une manipulation de transvasement, et, par la, 
reduit les risques de souillures. M,tis, s'il faut avoir reeours a un scellement au 
chalumeau pour separer l'apparcil qui renferme le clistillat du corps du ballon 
oi! l'on suppose que sc so nt eoncentrees les impuretes, il faudra prendre garde 
de refroidir energiquement toutes les parties du dispositif afin de condenser pre­
alablement les moindres traees cle procluit volatil; faute d'avoir pris cette pre­
caution, on s'exposerait a produire sur les vapeurs une pyrolyse loeale qui pourrait 
avoir pour resultat d'engenclrer cles impuretes catalytiques. 

1 G. \rITTIG, H. KRÖH:-iE: Licbigs Ann. Chem. 52\) (1937), 142. 
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b) La purification par cristallisation fractionnee n'est pas non plus a l'abri 
de toute critique. Tout d'abord, elle est, comme la distillation sinon davantage, 
sujette ades causes accidentelles de souillures. De plus, il existe un phenomime, 
parallele a l'azeotropisme, dont on commence a entrevoir la generalite et qui 
diminue sensiblement la confiance que l'on pouvait avoir en cette methode, 
specialement si l'on se reiere a la sensibilite des actions catalytiques et a la 
petitesse des doses d'impuretes retenues. Ce phenomene est la (' chrysogenie I), 
ou l'aptitude que montre un corps, present en traces, de s'amalgamer aux cristaux 
qui se forment au sein d'un liquide, de teile sorte que des cristallisations repetees 
ne l'eliminent pas. Le nom vient de (, chrysogene», ancienne appellation du 
naphtacene, ou 2,3 benzanthracene, inseparable par cristallisation fractionnee 
de l'anthracene (de provenance des goudrons) auquel i! communiquait une 
Iegere teinte jaunatre qui a longtemps ete prise pour sa teinte veritable, jusqu'a 
ce qu'on ait obtenu de l'anthracene exempt de naphtacene par synthese directe. 
D'ailleurs, on a pu separer les deux produits, et identifier l'impurete, par ad­
sorption chromatographique selective sur alumine. 

On connait d'autres exemples de chrysogenie typique. Ainsi WEYGAND 1 a 
montre qu'une impurete coloree accompagne le dibenzoylmethane. Il s'est 
aper<;u de sa presence grace a une circonstance fortuite: la matierc colorante se 
fixe sur la variete polymorphique ordinaire de cristaux, et pas sur une autre, 
instable, qui cristallise ainsi incolore. 

En resume, lorsqu'on a l'intention de purifier une substance par cristallisation 
fractionnee en vue d'essais de cinetique chimique, particulieremcnt d'autoxy­
dation, on doit avoir prescnts a l'csprit ces exemples qui so nt manifestes, puisque 
l'impuretC est coloree. Comment etre sur qu'i! n'existe pas de nombreuses autres 
impurctes, incolores celles-la, donc invisibles, que la cristallisation n'elimine pas 
et qui so nt d'autant plus difficilement decelables qu'on en ignore la nature et les 
caracteres? 

Il n'est pas interdit naturellement de combiner les deux processus de puri­
fication, distillation ct cristallisation. C'est ce que MEYEH2 a pu faire avec lc 
benzaldehyde; i! a obtenu alors des echantillons dont la tenue a l'oxygene est 
legerement amelioree. Est-ce a dire qu'i! y a eu elimination d'impurete prooxy­
gene? En toute logique on peut repondre que la deuxieme hypothese, concen­
tration d'impurete antioxygene, n'cst pas a ecarter apriori. 

c) La dessication. En dehors de la distillation et de la cristallisation, on a 
fait quelquefois subir a certaines preparations des traitements speciaux, toujours 
en vue de pousser la purification a un degre soi-disant exceptionnel. C'est ainsi 
par exemple qu'on a cherche a enlever l'eau dont on soup<;onne, a juste titre, 
I'activite catalytique. Mais, si l'idce est bonne, les moyens mis en o:mvre pour la 
realiser sont souvent dCfcctueux. Que penscr d'un contact direct de la substance 
avec l'anhydride phosphorique, sinon qu'i! peut, par quelquc reaction inconnue, 
favoriser l'apparition d'un antioxygene! Doit-on ajouter que l'anhydride phos­
phorique contient souvent de l'anhydride phosphoreux, cntrainable, et surement 
doue de proprietes catalytiques, sans parler des dcrives phosphoriques, cux­
memes souvent tres actifs. 

3. Les solvants. 
Les solvants sont purifies par distillation fractionnee. Il faut donc prendre, a 

leur egard, les precautions qui ont ete indiquees precedemment. Il n'est pas mau­
vais de rappeier que l'un des solvants parmi les plus utilises, le benzene, est reste 

~ C. WEYGAKD, E. BAUER, H. HEKKIG: Ber. dtsch. ehern. Ges. 62 (1929), 562. 
2 K. MEYER: J. bio!. Chernistry 103 (1933), 25. 
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longtemps aeeompagmS d'une impurete ignoree, le thiofime. C'est un nouvel exemple, 
bien classique eelui-la, de l'imperfeetion des methodes ordinaires de purifieation. 

Aces raisons s'en ajoute une autre, speciale aux solvants: ils peuvent avoir 
ete en contact avec des bouchons de liege et ceux-ci peuvent leur avoir cede des 
impuretes inhibitrices. Ainsi, DUBRISAY et EMSCHWILLER1 se sont trouves dans 
l'impossibilite de definir le benzene pur du point de vue de son influence sur 
l'autoxydation. Ce n'est la qu'une cause tres accidentelle de souillure, mais on 
n'y a peut-etre pas toujours pris suffisamment garde. 

4. Les recipients. 
11 est bien connu que certains verres cedent progressivement une partie des 

oxydes alealins qu'ils renferment. Ils seront a rejeter comme susceptibles d'intro-
duire un element perturbateur dans le milieu reactionnel. . 

Mais, en dehors de cette cause d'erreur facile a eviter par un ehoix judicieux 
des materiaux, il en est d'autres qui meritent d'etre mentionnees: certaines subs­
tances peuvent s'adsorber dans le verre, et, a la faveur d'un changement de milieu, 
s'eluer, c'est-a-dire rcpasser en solution. Cel semble etre le cas des ions Cu++, 
qui ne sont pas denues par ailleurs d'activite catalytique, bien au contraire ; 
BAUR et OBRECHT2 ont indique tres nettement qu'un recipient qui a contenu une 
solution 10-6 N d'un seI de cuivre est a jamais contamine et ne doit plus etre utilise. 

Que dire du chrome, si souvent introduit par les melanges sulfo-ehromiques 
de lavage? A-t-on jamais songe a faire la,preuve qu'il n'y a pas contamination 
par adsorption et elution ulterieure? 

En conclusion de cette longue discussion, on doit dire que le corps (, cataly­
tiquement pur.) est une fiction; la purete limite est celle que decelent nos analyses, 
et c'est insuffisant. Le plus souvent, il est impossible d'apporter dcs arguments 
decisifs justifiant I'obtention d'un corps (' ultra-pur». 

Ces considerations restreignent fortement le domaine de validite des ex­
periences de determination des vitesses absolues de reaction. 

B. Les mesures relatives. Technique de MOUItEU et DUFRAISSE. 
L'appareil utilise par MouREu et DUFRATSSE3 eonsiste essentiellement en un 

tube barometriquc mince portant a sa partie superieure un reservoir, appele 
chambre d'autoxydation, ou 1'0n introduit la substance a etudier et le catalyseur 
choisi. L'appareil est tout d'abord rempli d'oxygcne a une pression voisine de la 
normale, puis le reservoir est porte a la temperature desiree et eclaire eonvenable­
ment s'il y a lieu. L'oxygene se rarefiant dans le tube manometrique, le mercure 
monte plus ou mains vite selon la vitesse de reaetion ct l'activite du catalyseur. 
Il suffit de noter les hauteurs barometriques a intcrvalles de temps röguliers, et 
de les comparer acelIes du tube temoin de memcs dimensions, porte a la meme 
temperature, eclaire pareillement et contenant la meme quantitö de substance 
autoxydable, mais exempt de catalyseur. Pour des raisons de cammodite, au 
lieu d'un seul tube et de son temoin, on place cöte a cöte une serie de tubes semb­
lables, dix le plus souvent, quelquefois plus. 

On peut ainsi faire des comparaisons precises entre eatalyseurs differents ou 
doses differentes d'un meme cataly~eur. 

Les mesures nc s'exprimeront plus en. unites absolues: mais on dira par 
cxemple que du benzaldehyde renfermant UlOOOOO de soufre s'oxyde 3 fois 

1 R. DUBRISAY, G. ElISCHWILLER: C. R. hebd. Seanees Aead. Sei. 195 (1932), 660; 
198 (1934), 263. 

2 E. BAUR, M. OßRECHT: Z. physik. ehern., Abt. B 41 (1938), 167. 
3 CII. MOUREU, CII. DUFRAISSE: C. R. hebd. Seanees Aead. Sei. lU (1922), 258. 
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moins vite que le meme echantillon sans soufre, toutes les autres conditions etant 
restees inchangees. L'interet d'une teIle maniere de s'exprimer reside dans le 
fait qu'eIle fait image et qu'eIle correspond parfaitement au but qu'on s'est 
propose d'atteindre: on veut comparer des grandeurs dont la valeur absolue 
importe peu. Neanmoins, il serait facile de repasser aux valeurs absolues si les 
circonstances l'exigeaient: on connait pour cela le volume de la chambre d'aut­
oxydation et celui de la matiere introduite, soit, par difference, celui de I'oxygene. 
Les lecturcs des hauteurs barometriques en fonction du temps donnent les 
pressions. Il suffit de tenir compte de la variation de volume due a la variation 
du niveau du mercure, et, s'il y a lieu, de la perturbation qu'apporte, surtout 
vers la fin des mesures, la presence d'un gaz etranger, de l'azote par exemplc, 
si l'on a utilise de l'oxygene commercial, ou encore de I'anhydride carboniqlle 
provenant eie la reaction. 

Mais de teiles determinations absolues des vitesses so nt ici rarement utiles, 
car on a surtout en vue une comparaison dcs resultats. Or les experiences relatives 
sont reproductibles avec beaucoup plus de securite que les cxperiences absolues, 
et c'est la ce qui a fait leur succes ct ce qui justifie le parti qu'on en a tire. On a 
pu, gracc a leur emploi, explorer en lln temps rclativcment court un domain(' 
considerable, et accumuler un materiel experimental extraordinairement etendll, 
tant en ce qui concerne les sllbstances autoxydables que les c<Ltalyseurs. 

Avantages de la methode comparative. 
Pour assurer la reproductibilite des mesures, les reservoirs des chambres 

d'autoxydation so nt faits d'un verre de meme coulee. lls so nt nettoyes simul­
tanement, avant usage, avec les memes reactifs. 

Le dispositif presente, toujours du point de vue de la reproductibilite des 
mesures, un avantage incontestable, celui de la simultaneite des operations de 
remplissage. Ainsi, c'est le me me oxygene qui remplit simultanement toutes 
les chambres d'autoxydation. Si, par quelque elefaut de la technique, il vehicule 
une vapeur anti- ou prooxygene, toutes les ampoules en sero nt aJfectees pareille­
ment, ce qui n'aura qu'une influence mini me sur les conclusions qu'on espere 
tirer de la seric d'essais ainsi perturbee. De meme, la substance autoxydable, 
si elle est suffisamment volatile, sera introduite simultanement dans chacun des 
reservoirs, par distillation in situ, le vide ayant ete prealablement fait dans 
l'appareil. On diminue ainsi, jusqu'a les rendre negligeables, les risques d'in­
fluences perturbatrices exercees par des causes inconnues. 

En dehors de ce qui vient d'etre dit, la methode presente d'autres avantages 
appreciables: tout d'abord l'appareil est entierement en verre avec joints soudes, 
sans aucun raccord en caoutchouc, meme pas pour amener l'oxygene puisque 
ce gaz est prepan:' et stocke dans un appareil apart, lui-meme en verre. On evite 
ainsi au premier chef la contamination du genre de celle que signalaient DUPOl,T 
et LEVY,I D'autre part, la methode en elle-meme est simple et les mesures sont 
aisement traductibles en graphiques qui montrcnt clairement les marchcs relatives 
des autoxydations. Enfin, la simultaneite des experienccs en assure la com­
parabilite, tout en comportant une precision et une sensibilite que l'appareil 
donne a volonte, au dela meme de celles de la reaction. 

Risques d'erreurs. 
En contre partie, la methode presente certaines causes d'erreur qu'i! y a lieu 

de discuter, d'autant plus qu'elles se retrouvent plus ou moins dans d'autres 
methoc\es. 

1 G. DUPOXT, J. LEVY: BuH. Soc. chim. France (4), 4i (1930), 14i. 
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Tout d'abord - bien que le fait soit rare lorsque l'autoxydation a lieu a tem­
perature relativement basse et lorsqu'elle n'est pas poussee au delä. de quelques 
centiemes de la theorie - il arrive qu'il y ait degagement dc gaz nouveaux, 
provenant par exemple d'une combustion partielle: vapeur d'eau ou anhydride 
carbonique. Ceci a pour consequence de fausser les lectures de la consommation 
d'oxygene et de faire prendre pour une action inhibitrice un ralentissement qui 
n'est qu'apparent. 

Cette cause d'erreur se retrouve dans les methodes Oll l'on suit, non plus la 
variation de pression d'oxygene, mais la variation de volume. Bien mieux, la 
gravimetrie y est egalement sensible, puisque la destruction oxydante se traduit 
par une perte de poids. Le seul moyen d'y remedier est d'operer a une temperaturc 
qui ne soit pas trop elevee, afin de diminuer les chances d'oxydation poussee. 
Mais cette precaution n'empeche nullement de s'assurer, a la fin de l'experience, 
que l'oxygene restant ne contient pas d'anhydride carbonique. Si l'on cn trouvc, 
il faut en tenir compte. 

Dn phenomene, dc cause pourtant bien differente, se presente avec la meme 
apparence exterieure: MouREu et DUFRAISSE ont presente certaines courbes Oll 
il est tres net. Tel cst le cas de l'acroleine, et, d'une maniere generale, dcs liquides 
a tension de vapcur elevee. Lcs courbes sont descendantes au depart et simulcnt, 
par la, tm degagement de gaz qui viendrait combattre et meme surpasser la dis­
parition d'oxygene. Il n'en est rien: la cause reelle dc cet accroissement de 
pression est la diffusion lente des vapeurs d'acroleine au long du tube manome­
trique fin. D'ailleurs, si, pour une cause accidentelle ou voulue, un peu d'acroleine 
liquide est introduite dans le tube manometrique, la diffusion est realisee instan­
tanement et I'on n'observe plus que la montee reguliere du mercure, correspondante 
a la combinaison normale de l'oxygene avec l'acroleine. 

L'erreur par sursaturation de la solution en gaz oxygene est negligeable car, 
ainsi que le fait judieieusement remarquer BAILEy,l elle a vraiment peu de chances 
de se produire lorsque le gaz est introduit sur la solution. Il n'en serait pas de 
meme si le gaz s'en degageait. 

Il existe une autre cause d'erreur, a laquelle peu d'auteurs ont pris garde, 
bien qu'elle soit plus importante que les precedentes et qu'elle s'adresse egalement 
aux mesures absolues: elle a ete signalee des 1922 sous le nom de phenomene 
parasite.2 On constate, des que l'observation se prolonge quelque peu, que des 
quantites petites mais non negligeables de la substanee autoxydable distillent et 
se deposent sous forme de gouttelettes sur les parois des tubes manometriques 
(cela peut avoir lieu en quelques instants s'il y a de notables variations de tem­
perature); exemptes d'antioxygenes, ces gouttelettes s'autoxydent plus vite que 
la substance protegee. Par voie de eonsequence, la concentration des produits 
oxydes croit dans le distillat dont la tension de vapeur s'abaisse; il n'y a, alors, 
aucune raison pour que la distillation et, par suite, l'autoxydation parasite 
eessent. Au contraire, les deux phenomenes, dont l'un est la consequence directe 
de l'autre, vont s'aecelerant. Cette autoxydation seeondaire arrive parfois a 
depasserde beau coup l'autoxydation primaire de la substance protegee, surtout 
si l'on experimente des inhibiteurs puissants. De toute maniere, on mesure la 
somme des deux effets, ce qui, evidemment, ne represente pas ce que l'on desire. 

Cette cause d'erreur est aggravee par tous les facteurs qui favorisent la dis­
tillation; on a deja mentionne les variations de temperature; il y a lieu d'ajouter 
les mouvements des ma.sses gazeuses a I'interieur de l'appareil. C'est une des 

1 K. C. BAILEY: Retardation of chemical reactions, vol. I, p. H3, Londres, 1938, 
2 CH. MOUREU. CH. DUFRAISSE: C. R. hebd. Seances Acad. Sci. lU (1922), 258. 
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raisons pour lesquelles il n'est pas a recommander d'agiter le liquide qui se trouve 
dans la chambre d'autoxydation, a moins que l'agitation ne soit con<;ue de 
teile sorte que le liquide antioxygene mouille a chaque revolution toute la super­
ficie du recipient. Ce n'est pas le cas ici et cette necessite sera envisagee plus 
loin. Si 1'0n veut pouvoir suivre a chaque instant, soit volumetriquement, soit 
manometriquement, la marche de la reaction tout en agitant le reservoir ou elle 
procMe, il est necessaire d'assurer la mobilite relative des pieces par des raccords 
en caoutchouc. Or on a vu que l'emploi du caoutchouc est a proscrire integrale­
ment, en raison des dangers de contamination par les antioxygenes dont il est 
charge. Il faut donc utiliser l'appareil de BARCROFT, qui fait eviter toutes ces 
difficultes. . 

Mais, en retour, on a critique les experiences statiques en surface tranquiIle. 
On verra apropos des discussions des theories queBAILEY se fait le defenseur 
d'une opinion selon laquelle le « lieu de la reaction d'autoxydation» est la surface 
de separation liquide-gaz et qu'il n'est pas impossible que certains inhibiteurs 
agissent en surface: « S'il y a quelque justification a la theorie proposee par 
l'auteur de ce livre (BAILEy 1 ) ••• il a ete donne a l'agent ralentisseur sa meilleure 
chance dans ces experiences statiques». A l'appui de sa theorie, BAILEY cite 
des exemples d'inhibition tres interessants qui seront mentionnes plus loin. Mais 
il cst impossible de ne pas eiter en retour des experiences de DUFRAISSE et 
BADOCHE2 auxquelles il a ctc fait allusion precedemment apropos de l'agitation 
en relation avec le phenomime parasite: si l'agitation a lieu par revolution d'un 
tube sur lui-mcme de teIle sorte que la totalite de sa surface soit constamment 
lavec par la solution de l'antioxygene dans la substance autoxydable, la cause du 
phenomime parasite disparait; l'autoxydation est ralentie. Si l'inhibiteur avait 
eu une action de surface, l'agitation continuelle aurait eu pour resultat d'empecher 
l'etablissement de l'equilibre statique de surface et, a tres peu pres, l'autoxydation 
aurait dfl etre aussi rapide qu'en l'absence de tout inhibiteur. 

Cette exper.ience tres simple dcmontre du meme coup que l'action cn surface 
n'est pas generale ct que le phenomcnc parasite peut etre evitc. De plus, elle 
montre que si l'on peut ne pas agiter dans les experiences comparatives de courte 
duree, dell1 devient une necessite imperieuse des que l'observation se prolonge 
sur plusieurs mois. L'agitation doit alors etre realisee comme il vient d'etre 
dit, avec comme objectif essentiel, le lavage constant de la totalite des parois du 
recipient ou se lait la reaction. 

Les antioxygtmes ayant re<;u de nombreuses applications industrielles (voir 
plus loin), on s'est preoccupe d'introduire a l'usine une technique derivee des 
techniqucs de laboratoire pour contröler l'efficacite d'un antioxygene ou la tenue 
a l'oxygene d'une matiere autoxydable protegee. C'est pour l'industrie du 
caoutchouc que CH. DUFRAISSE3 a propose un manometre. Pour la description 
detaiIlee, le fonctionnement, la sensibilite et la discussion des causes d'erreur 
specialement dans le cas du caoutchouc voir4 • 

La periode d'induction. 
Il arrive frequemment que la vitesse d'autoxydation n'atteignc pas imme­

diatement sa valeur normale. Sensiblement nulle au debut, elle croit progressive-

1 K. C. BAII.EY: Rdal'dation of chemical reactionK, vo!. 1, p. 113. Londres, 1938. 
2 CH. DUFRAISSE: Traite de chimie Orgauique (V. URIG~ARD), T.1l (1936), II 59. 
3 CIl. DUFRAISSE: Chemistry ami Technology of Rubber, Davis-Blakc, Edrs. 

p.489 et Huivantes. Ncw York, 1937. _. CIl. DUFRAISSE: Rubber Chern. Techno!. 11 
1938), 268. 

4 CIl. DUI'RAISSE: Proc. Rubber Techno!. Couf. p.547. Londres, mai 1938. 
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ment pendant un temps plus ou moins long, puis s'accelere petit a petit jusqu'a 
sa valeur ordinaire. L'intervaile de temps utilise pour le demarrage de la reaction 
s'appelle la periode d'induction. Elle est frequemment observee lors de l'autoxy­
dation de diverses huiles siccatives, teile l'huile de lin; on la note moins souvent 
chez les substances purifiables avec plus de facilite; cependant eile y existe aussi 
(limonene l ). Pour certaines substances tres autoxydables, la question est plus 
delicate, et parfois meme, n'a pas encore re~m de reponse satisfaisante. Tel 
semble etre le cas du benzaldehyde. Les longues periodes d'induction observCe's 
fortuitement avec un produit commercial sont vraisemblablement dues ades 
impuretes inhibitrices. Par contre, dans le cas de benzaldehyde purifie a vec 
soins, ni BÄCKSTRÖM2 ni ALMQUIST et BRANCH3 n'en ont observe. Ce n'est pas 
l'avis de BERL et WINNACKER4 qui prolongent la periode d'induction par l'acide 
benzolque et la raccourcissent par le peroxyde de benzoyle. 

BAILEy5 pense que si une teIle periode existe, elle est de l'ordre des quelques 
secondes necessaires aux ajustements des appareils. BRUNNER,6 qui, on l'a vu, 
fait jouer aux surfaces actives des recipients un röle essentiel, pense que c'est 
le temps mis par l'oxygene po ur etablir sa vitesse de diffusion maximale. L'allure 
auto-catalytique des courbes d'autoxydation avec periode d'induction a suggere 
a d'autres auteurs, par exemple BERL et WINNACKER7 (voir aussi DUPoNT8), que 
c'est le temps pendant lequel s'etablit la concentration stationnaire d'un cataly­
seur positif, peroxydique ou autre. 

Car c'est la le dilemme que pose la periode d'induction: est-ce disparition 
progressive, le plus souvent par oxydation, d'un antioxygene naturel et non 
identifie ou meme ajoutC intentionnellement, ou bien est-ce apparition pro­
gressive d'un catalyseur positif, par exemple un peroxyde ? Ne serait-ce pas, 
meme, une combinaison des deux processus? On sait, en effet, que les peroxydes 
d'autoxydation sont des substances hautement reactives, ayant, en particulier, 
la proprietC d'attaquer facilement les antioxygenes, qui sont souvent des corps 
fragiles et oxydables. Or un antioxygene, meme excellent, ne stoppe jamais 
completement unc reaction: il ne fait qu'en ralentir le cours, comme on le cons­
tate experimentalement, et comme TAYLOR 9 I'a montre p:tr un calcul suggestif. 
II se formera done petit a petit des peroxydes, lesquels, au fur et a mesure de leur 
apparition et en se detruisant a leur tour, neutraliseront les antioxygcnes par 
oxydation stöehiometrique. Comme la vitesse de reaction croit en raison inverse 
de la eoncentration de I'inhibiteur, pendant cette premiere phase du processus 
la vitesse de reaction ira s'accelerant lentement. Dans une deuxieme phase, 
tous les antioxygimes ayant disparu, les peroxydes commeneeront a s'accumuler, 
et, prooxygenes marques, ils accelereront la reaction. (I1 n'est pas jusqu'a l'ozone, 
peroxyde de l'oxygene, qui n'ait etC trouve doue de proprietcs catalytiques pro­
oxygcnes ineontestables. Voir a ce sujet l'ocuvre importante de BmNER et 
colla borateurs. 10) 

1 CIl. DUFRAISSl', N. DRlSCII: C. R. du 11" Congres Chirn. lud., sept. 1931. 
~ H. L. J. B;\CKSTRÜ~[: :.'lied. F. K. Veteuskapsakad. Nobel·lnst. 6, No' 15 et lü 

(1927). 
3 H.J.ALMQUIST, G.E.K.BRA~CIl: J. Amer. ehern. i:ioc.;;4 (1932), 2293. 
• E. BERL, K. WI~~ACKER: Z. physik. ehern 148 (1930), 261. 

K. C. BAILEY: Retardation of ehernical reaetion", p. 152. Londres, 1938. 
M. BRUNNER: Helv. ehirn. Aeta 10 (1927), 707. 

1 E. HERL, K. WINKACKER: Z. physik. Chern. 148 (1930), 261. 
8 G. DUPO~T, J. ALLARD: C. R. i:icances Soc. Bio!. filiales Assoeit\l's HIli (1930), 

1419. 
9 H. 8. 'l'AYLOR: J. physic. Chern. 28 (1924), 145. 
,0 E.BRDiER, S.NICOLET, H.PAILLARD: Hel\'. chirn. Acta 14 (1931),804. -

E. BRDiER, A. DE)!OLIS, H. PAILLARD: lbi,l. 14 (1931), 794; 1;; (1932), 201; .1. Chirn. 
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Les auteurs ont discute de ces mecanismes apropos de I'huile de lin: ROGER 
et TAYLOR1 donnent des courbes OU I'acceleration progressive est manifeste. Il 
a ete note que la pente de la courbe d'autoxydation rapide, apres la periode 
d'induction, est constante, meme si l'on a prolonge la periode d'induction en 
ajoutant un inhibiteur. On a interprete ce fait en disant que les inhibiteurs 
natureis et ajoutes presents ont ete detruits et qu'on observe alors la reaction 
(' pure» de l'huile de !in sans antioxygene. De meme STEPHENS,2 qui s'occupe de 
I'action des siccatifs sur l'huile d'abrasin, explique la pente constate en deniant 
au siccatif toute activite catalytique propre et en supposant qu'il detruit simple­
ment les inhibiteurs. Mais il ne suffit pas de montrer qu'un antioxygene a dis­
paru: il faut encore prouver que ses produits de transformation - de meme 
d'ailleurs que ceux qui proviennent de la reduction du siccatif ou du peroxyde -
so nt sans activite catalytique aucune, ni prooxygene, ni antioxygene (se rappeier 
a ce propos les inversions de catalyse et specialement celle du sesquisulfure de 
phosphore vis-a-vis de l'huile de lin 3). Il n'est pas . impossible qu'a la reaction 
« pure », apres destruction des inhibiteurs, se superpose une reaction catalysee 
par les peroxydes d'autoxydation DU par les siccatifs en exces (voir d'ailleurs 
YAMAGUCm 4): la pcnte des combes, et par suite la vitesse d'autoxydation rapide, 
sera constante si la concentration du peroxyde catalyseur cst elle-memc cons· 
tante, c'est-a·dire si la vitesse de formation du peroxyde est egale a la vitesse 
de sa destruction (par exemple, par reaction sur les molecules d'huile de lin non 
oxydees). C'est d'ailleurs, a peu de ehose pres, le point de vue de BLOOMFIELD 
et FARMER,5 qui so nt d'avis oppose a STEPHENS et qui pensent que les siccatifs 
au eobalt sont des aeeeierateurs directs de I'autoxydation, plut6t que des destruc­
teurs d'antioxygenes natureis. 

En definitive, queUe est la te nd an ce actuelle? L'activite acceleratrice des 
peroxydes est reconnue. GENTHE6 raccourcit la periode d'induction de l'huile de 
!in en ajoutant du peroxyde de benzoyle, du peroxyde d'ethyle ou de I'essence 
de terebenthine a moitie oxydee. De meme, une huile dejft oxydee, donc contenant 
des peroxydes decelables, ajoutee a une huile qui en est au stade de la periode 
d'induction, raccourcit cette derniere (WAGNER et BRlER7). J usque la on ne 
peut decider si c'est par suite de I'activite prooxygene propre des peroxydes ou 
par destruction d'antioxygenes. Mais voici mieux: si la reaction a demarre, il 
faut beaucoup plus d'antioxygcnes pour I'arreter que si ces derniers sont intro­
duits avant toute oxydation: il en faut meme beaucoup plus que ce qui est 
strictement necessaire a la destruction des peroxydes accllmules. Serait-ce ft 
dire qu'a cote des peroxydes se sont form es d'autres catalyseurs positifs qui re­
sistent aux antioxygimes, ou bien est-on la precisement en presence d'un cas ty­
pique d'activite prooxygene des produits de reduction des peroxydes Oll d'oxy­
dation des antioxygencs? On ne Raurait l'affirmer. 

physiquc 29 (1932), 339. - E. 13m" ER, H. ßIEDER)IAN N : Hclv. chim. Acta 15 (1932), 
1227; 16 (1933), 213, 548. - E. BRINER, J. CARCELLER: lbid. 18 (1935), 973. -
E. ßRINER, A. GELBERT: lbid. 18 (1935), 1239. - E. BRINER, E. PERROTTET : lbid. 
20 (1937), 1207. - F. G. FISCIIER. H. DÜLL, J. L. VOLZ: Liebigs Ann. ehern. 486 
(1930), 80. . 

1 W. ROGER jun., H. S. TAYLOR: J. physic. Chern. 30 (1926), 1334. 
2 H. N. STEPlIENS: .1. Amer. chern. Soc. 50 (1928), 18!l. 
" CH. MOUREU, CH. DUFRAISSE, M. BADOCHE: C. R. hebd. Seances Acad. Sci. 179 

(1924), 237. 
4 B.Y .. DIAGUClll: J.chern. Soc.Japan51 (1930),77, 404,602. 
5 BLOO)[FIELD, FAR~lER: J. Soc. chern. lnd. 54 (1935), 125. 
6 A. GENTIlE: Z. angew. Chern. 19 (1906), 2087. 
7 A.:\1. WAGNER, J. C. BRIER: Ind. Engng. Chern., analyt. Edit. 23 (1931), 40. 
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En resume, on pense generalement que la periode d'induction est due a la 
presence d'antioxygEmes non identifies, graduellernent detruits par les peroxydes 
formes. Cependant la possibilite d'une autoeatalyse prooxygene directe n'est 
pas exclue, et elle a eertainement lieu dans plusieurs eas. 

Si la periode d'induction est parfois a considerer comme une autocatalyse 
positive, on doit mentionner le cas inverse d'autocatalyse negative (ou autoralen­
tissement, self-inhibition). La encore les deux memes causes sont possibles: iI 
peut s'agir soit d'une destruction progressive d'un catalyseur positif, soit d'une 
accumulation lente d'un eatalyseur negatif. Dans la generalite des cas, on fait 
plutöt appel a ce dernier processus (voir en particulier l'autoralentissement des 
hydrolyses d'acides halogenesl et aussi l'halogenation de derives aromatiques et 
aliphatiques.varies,2 ou I'HBr forme agit comme inhibiteur.3 

Relations entre la periode d'induction et l'usure du catalyseur. 
La protection que confere a un~ substance autoxydable un antioxygene 

meme puissant n'est pas necessairement indefinie. Elle peut certes s'etendre sur 
plusieurs annees, mais elle prend fin; la vitesse d'autoxydation atteint alors 
petit a petit sa valeur normale. Envisage sous cet aspect simplifie, le phenomime 
d'inhibition dans son ensemble nc parait etre rien d'autre qu'une periode d'in­
duction prolongee OU la protection cesserait par destruction progressive de I'in­
hibiteur. On pense que cette destruction est a rapporter la aussi a unc action des 
peroxyde8 accumules: l'usure du catalyseur serait un phenomcne accessoire, 
provoque par une reaction sccondaire indcpendante du mccanismc de l'inhibition. 
Neanmoins, on verra apropos de la theorie des chaines que d'autrcs auteurs 
admettent que le sort normal de l'inhibiteur est d'etre detruit en accomplissant 
sa fonction: le ralentissement de la vitesse d'autoxydation serait provoque par 
l'inhibiteur qui coupe les chaines de reaction et a chaque coupure une molecule 
d'inhibiteur serait oxydee et detruite. L'usure du catalyseur scrait ici, non pas 
le phenomene accessoire, mais la condition meme ,de l'inhibition. 

Les phenomimes secondaires de l'autoxydation. 
On a deja mentionne que les modifications produites par l'oxygcne ne sont 

pas dues uniqucment a la simple oxydation de la matiere: il s'y superpose d'autres 
actions dont la nature est souvent catalytique elle aussi, et qui resultent de 
l'autoxydation comme cause primaire. Pour cette raison, les phenomcnes ob­
serves ont cte qualifies de « secondaircs ».4 IIs sont parfois bien plus accentues 
que le phCnomene primaire, l'autoxydation directe, qu'ils arrivent meme a 
masquer soit par l'intensite de leurs manifestations, soit par le taux de matiere 
transformee. 

L'origine catalytique a ete demontrce pour la premiere fois par CH. MOURElT 
et CH. DL'FltAISSE dans le cas de l'acroleine.5 Cet aldehyde ethyJenique 
s'autoxyde avec facilitC et, de plus, se resinifie a l'obscurite en une matiere in­
soluble et amorphe, le disacrylc. A l'obscurite, et si l'oxygime cst rigoureusement 

1 W. ~IüLLER: Z. phy"ik. Chern. ·11 (1902), 483. - G. SENTER: J. ehern. Soe. 
(London) 9i) (1909),1827; 97 (1910),346. - G.SENTER, A. W. PORTER: Ibid. 99 (1911), 
1049. - J.ZAWlDZKI, J. G. ZAWIDZKI: Z. physik. Chern. 137 (1928), 72. 

2 R. OVA, K. TA~!URA: Sei. papcrs Inst. Chcrn. Research (Tokyo) 33 (1937), No. 
728, 129. D'apres Chern. Abstr. 32 (1938), 2516. 

3 KABEL, H. ScmIlD, F. POLLAK: Mh. Chern. 69 (1936), 125. 
4 CH. MOUREu, Cu. DUFRAISSE: C. R. hebd. Scanees Aead .. Sei. 174 (1922), 258. 
5 Cu. MouREu, CH. DUFRAISSE, M. BADOCUE: BuH. Soe. ehim. Franee (4), 35 

(1924), 1591. 
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absent, il n'y a pas de condensation en disacryle. Par contre, des traces de ce 
gaz suffisent a provoquer la transformation: la dose de seuil est de l'ordre du 
1/100000, soit une mole eule d'oxygEme pour 60000 d'acroleine. Mais ce n'est pas 
1'0xygEme gazeux qui est responsable de la catalyse, c'est un produit non volatil 
de l'autoxydation de l'aldehyde, ainsi que le prouve l'experience demonstrative 
suivante: 1 on introduit de l'acroleine recemment distilIee, mais maintenue un 
instant au contact de l'air, dans une des boules d'un appareil constitue par deux 
ballons relies entre eux par un tube etrangle (voir Fig. 1). On enleve toute trace 
d'oxygene moIeculaire en chassant la totalite des gaz par une techruque appro­
priee, puis on distille, en 8ur/ace tranquille, sans ebullition, la moitie du contenu 
du ballon dans l'autre, en refroidissant simplement le ballon video On separe 
enfin les deux recipients au chalumeau en evitant la pyrolyse locale par une 

Fig. 1. Apparcil POUI 
la dl~lllonstration du 
role 11" l'oxygencfixc. 

condensation prealable des vapeurs volatiles. On cohstate alors 
que le distillat reste indeiiniment dair, tandis que le residu 
de la distillation se trouble au contraire par apparition de 
disacryle. C'est bien l'oxygene atmospherique qui est en cause 
ici, mais pas sous forme moleculaire gazeuse. 11 a agi par 
I'intermediairc d'une forme combinee, non volatile, un peroxyde 
resultant de l'union directe d'une moleeule d'oxygime O2 avec 
une moleeule du corps autoxydable. Ce n'est pas le lieu de 
diseuter de l'existence et de la constitution de ces peroxydes 
que I'on vient deja d'entrevoir apropos de la periode d'induction 
(voir plus loin, « etude theorique»). 11 suffit de mentionner 
leur puissant pouvoir catalytique, pourtant longtemps ignore, 
mais mieux etabli de jour en jour. 

L'alteration subie par l'a.croIeine est un exemple typique d'un phenomene 
entraine et dedanche par I'autoxydation. Si I'on se reiere a la terminologie 
instauree2 a l'occasion des alterations du caoutchouc, ce sem une oxydopolymeri­
sation. 

D'ailleurs, on eonnait, en tIehors de I'acroleine, d'autres exemples d'oxydo­
polymerisation. 

Ainsi, dans le cas c1e I'isoprene, CONANT et PETERSON 3 ont montnS le role des 
peroxydes de I'olefine pour la polymerisation sous pression. Pour le caoutchoue, 
PEACHEy 4 les amis en evidenee, pnis d'autres.5 Seraient encore a eiter le buta­
diene, le styrolEme, le spinacene, ete .... 

De meme, e'est grftce i1 la presenee des peroxydes que les huilcs epaississent, 
que les carburants gomment, que les essences vegetales se resinifient, que les 
peintures se dessechent, ete.. .. toutes transformations qui so nt a elasser sous 
la rubrique oxydopolymerisation. 

Des peroxydes d'autoxydation, autres que ceux de la substance qui se poly­
merise, peuvent aussi etre la eause de la polymerisation. Le butadiene en emulsion 
aqueuse se polymerise sous I'influence du peroxyde de benzoyle, de I'essence de 

1 CH. MOUREU, CH. DUFRAISSE: Inst. int. Chirn. Solvay, 2e Cons. de Chirn. 1925, 
p. 578. Paris: Gauthier-Villars Ed. 1926. 

2 CII. DUFRAISSE: Chernistry and' Teehnology of Rubber, Davis-Blake, Ed. New 
Y ork, 1937, p. 440. 

3 J. B. CONANT, "V. R. PETERSOX: .J. Arnor. ohern. Soe. 5,1 (1932), ß28. 
• S. J. PEACIIEY: J. 80c. ehern. Ind. 32 (1913),179. 
5 F. KIRCHHOF: Kolloid-Z. 13 (1913), 49. - A. VAN ROSSE)I: Kolloid-Beih. 10 

(1918),128. - A. A. SomIERvILLE: Incl. Engng. Chern., analyt. Edit. 17 (1925), 8ß9. 
- A. VAN ROSSE)I, P. DEKKEH: Ibid. 18 (192ß), 1152. - T. R. DAWSOX, B. D. Pcm­
RITT: 1. H. 1. TranH. 2 (1927), 345. - A. R. KE)IP, W. S. BISIIOP, P. A. LASS ELLE : 
Incl. Engng. Chern., analyt. Edit. 23 (1931), 1444. - W. F. BUSSE: Ibie!. 2,1 (1932), 140. 
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terebenthine et du caoutchouc partiellement oxydes;1 et il ne serait pas impossible 
que le pouvoir catalytique du sodium vis-a-vis de !'isoprene soit a rapporter, au 
moins partiellement, a la pellicule inevitable de peroxyde qui l'entoure. 

Mais les oxydopolymerisations ne sont pas les seules consequences de l'autoxy­
dation: ainsi, sont a mentionner encore des developpements d'odeurs desagreables 
(rancissement des corps gras), des changements de couleur, soit decolorations 
(teintures, encres), soit au contraire apparition de colorations indesirables (jau­
nissement des blancs, noircissement de substances incolores, fural, aniline), etc .... 

Difficulte d'experimenter a l'abri de l'oxygEme. 

11 est survenu frequemment des desaccords entre les auteurs au sujet de la 
cause de ces effets secondaires: tel auteur montre qu'on les supprime totalement 
en supprimant l'oxygene; tel autre pense, au contraire, qu'ils persistent meme 
en absence d'oxygime. 11 y a a cette discordance deux raisons: tout d'abord, il 
ne suffit pas d'enlever l'oxygene, il faut egalement eliminer ou detruire les per­
oxydes qui ont pu se former a la faveur d'un contact meme bref avec l'oxygene. 
On y parvient soit en distillant sous vide absolu, soit, si le corps n'est pas volatil, 
mais alors au prix d'une alteration partielle inevitable, en chauffant en absence 
totale d'oxygene. La deuxieme raison des divergences entre les auteurs est que 
cette absence totale d'oxygime est une condition necessaire, mais fort difficile a 
realiser. REED 2 constate que le caoutchouc s'altere par chauffage aussi fortemE)nt 
dans l'azote commercial que dans l'air. STAUDINGER et SCHWALBACHa insistent 
sur les difficultes qu'ils ont eues a se debarrasser de l'oxygene afin d'obtenir un 
acetate de vinyle qui ne se polymerise plus par chauffage en presence d'azote ou 
d'acide carbonique. 11 est vrai, que, tout reC?emment, apropos de l'acetate de 
vinyle, CUTllBERTSON, GEE et RIDEAL' ont trouve qu'il n'y a pas polymerisation 
appreciable a 100°, meme en presence d'oxygene, si le produit est pur et, en 
particlllier, exempt d'acetaldehyde. Ce resultat ne s'oppose a celui de STAU DINGER 
et SCHWALBACH que dans la forme, car la polymerisation serait catalysee par un 
peroxyde d'autoxydation, non pas derive de l'acetate de vinyle lui-meme, mais 

/0" 
de l'ac6taldChvde, et dont la formule vraisemblable serait CHa-CH 0. 

" " / 

° Cette maniere de voir expliquerait des ecarts tres nets relatifs aux vitesses absolues 
de polymerisation: on retrouve la ce qui a ete dit apropos du « corps pur»; de 
I'acetate de vinyle humide se polymerise 100 fois plus vite que le meme produit 
sec.5 D'apres BREITENBACH,6 cela proviendrait du fait que l'eau en reagissant 
sur l'alcalinite du verre libere de l'hydroxyde de sodium. D'apres CUTHBERTSON, 
GEE et RIDEAL, l'eau et l'hydroxyde de sodium hydrolysent l'ester avec mise 
en libertC d'alcool vinylique, lequel est justement tautomere de l'acetaldehyde. 
La polymerisation de l'acetate de vinyle a donc bien pour origine une autoxy­
dation: elle serait simplement a classer dans une rubrique deja mentionnee: 
polymerisation provoquee par des peroxydes d'autoxydation autres que ceux 
de la sllbstance etudit~e. 11 existe d'autres exemples manifestes de la difficultC 

1 K. BEREZAX, A. DOBRO~lYSLOVA, B. DOGADKIN: Bull. Acad. Sei. USSR 1936, 
409. D'apres ehern. Abstr. 31 (1937), 4530. 

2 M. C. REED: lnd. Engng. Chern., analyt. Edit. 21 (1929), 316. 
" H. STAUDINGER, A. SCHWALBACH: Liebigs Ann. Chern. 488 (1931), 8. 
4 A. C. CUTHßERTSON, G. GEE, E. K. RIDEAL: Nature (London) 140 (1937),889. 
5 H. W. STARKWEATIIER, G. B. 'fAYLOR: J. Amer. ehern. Soe. 52 (1930), 4708. -

J. W. BREITEN BACH, R. RAFF: Ber. dtseh. ehern. Ges. 69 (1936), 1l07. 
6 J. W. BREITENBACII: Z. Elpktroehern. angew. physik. Chern. 43 (1937), 323. 
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qu'il y a a enlever l'oxygime: le eas du styrol/me est caracteristique. l ~on moins 
typiques sont ceux du butyraldehyde et de l'isoprene: CONANT et TONGBERC 2 

croyaient que l'oxygene n'etait pas indispensable au processus de polymerisation 
de ces deux produits. Mais reprenant ses travaux dans d'autres conditions, 
CONANT, avec PETERSON 3 a declare erronnee la conclusion precedente: malgre 
les precautions prises i! restait encore de l'oxygene. A la coneentration molecu­
laire peroxydique de 5 .10-6, e'est-a-dire 5 moleeules de peroxyde pour un million 
de moJecules d'aldehyde, on decele encore la polymerisation. On pourrait pour­
suivre longtemps encore l'enumeration des travaux qui demontrent les difficultes 
tres reelles que I'experimentateur rencontre lorsqu'il desire se mettre a l'abri de 
toute traee d'oxygene. Mais ces exemples sont assez varies pour montrer que 
s'i! est pratiquement impossible d'esperer manipuler une substanee complexe, 
le eaoutehouc par exemple, en l'absenee rigoureuse d'oxygene gazeux ou per­
oxydique, il est toujours hasardeux de proclamer y etre parvenu meme avec 
une substance a contexture beau coup plus simple, un liquide volatil par exemple. 

Protection contre les effets secondaires de l'autoxydation. 

On a constate que les antioxygenes protegent les substances alterabIes contre 
les effets secondaires: l'acroleine reste limpide, l'huile de lin ne se resinifie pas, 
le fural reste incolore, les graisses ne rancissent plus, etc .... , en prcsence d'anti­
oxygenes varies. II faut y voir une preuve de l'aptitude qu'ont les antioxygenes 
a reduire la concentration des peroxydes. Mais jusqu'a present, au seul vu de 
ces expcriences, on n'a aucun renseignement sur le mecanisme de la protection: 
les resultats seraient les memes si l'antioxygene entravait la formation des per­
oxydes, ou s'i! en deviait I'activite, par exemple en catalysant leur destruction 
ou leur evolution rapide vers une forme moins active, a proprietes catalytiques 
attCnuees ou nulles. N"canmoins, le resultat interessant est le suivant: les anti­
oxygenes qui s'opposent aux autoxydations s'opposent alcurs effets secondaires 
et les suppriment, ou tout au moins les attenuent fortement. 

II est evident qu'il faut s'assurer avant toute chose que l'effet a combattre 
par adjonction d'un antioxygene a bien pour origine l'autoxydation: on a cru 
longtemps que le brunissement des solutions alcalines de salicylate de sodium 
etait du a I'absorption de traces de gaz ammoniac. HILTON et BAILEy4 demontrent 
que c'est l'oxygene qui est responsable du brunissement et, du meme coup, font 
connaitre les alltioxygenes appropries. Inversement, MouREu et DUFHAISSE,5 
apropos d'une etude detaillee de l'acroleine, montrent que la condensation en 
resine insoluble, le disacryle, n'est pas le seul mode de polymerisation possible: 
en l'absence complM,e d'oxygene, l'acroleine irradiee peut subir une photopoly­
merisation que l'hydroquinone modere tres h3gerement: le diphenol agit la, 
non comme antioxygene, mais comme inhibiteur vrai de Ja photopolymerisation, 
comme (, antilumiere ». 

L'acroJeine se transforme encore suivant un autre mode, celui-la non gouverne 
par l'oxygene: c'est la eondensation en resine soluble sous l'influence des alcalis 

1 H. STAUDI.'\GER. L. LAUTENSCIlL;i.GER: Lipbig,; Arm. Chem. -iSS (1931), 1. -
J. W. BREITENBACII, H. RUDoRFER: Mh. Chem. iO (1937), 37. - H. DOSl'AL. 
W. JORDE: Z. physik. Chem., Abt. A 1 i9 (1937), 23. - H. SUESS, K. PILCIl, H. Ru­
I>ORFER: Ibid., Abt. A 1 iH (1937), 361. - G. V. SCIlULZ, E. HUSE)IANN: Ibid., Abt. B 
a6 (1937), 184. 

2 .T. B. CONANT, C. Ü. TONGBERG: J. Amer. ehern. Soc. ;')2 (1930), 1659. 
3 J. B. CONANT, W. R. PEl'ERSON: J. Amer. ehern. Soc. ;'-i (1932), 628. 
4 J. HILTON, K. C. BAILEY: J. ehern. Soe. (London) IH38, 631. 
5 CIl. }IoUREu, CIl. DUFR.USS~;: Bul!. Soc. chim. France (4), 3ö (1924), 1564. 
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ou des sels en general. Comme il est naturei, les antioxygenes n'y exereent 
aucune influenee. 

De meme, SUESS, PILCR et RUDORFER1 eonstatent qu'en absence d'oxygEme et 
a 100° le styrolene subit une eondensation que n'entrave pas l'hydroquinone; 
par eontre, la quinone aurait une influenee negative determinante.2 Il n'est pas 
interdit de penser qu'elle agirait, elle aussi, eomme inhibiteur vrai d'une eon­
densation qui n'a pas l'autoxydation pour origine; ces exemples seraient a 
ctudier apropos de l'inhibition autre que eelle d'autoxydation. 

Autres effets seeondaires: Lumineseenees. 

On a dcja rencontre ce phenomcne apropos du phosphore. Des vapeurs 
d'antioxygimes, qui stoppent l'autoxydation du phosphore, suppriment en meme 
temps la lumineseenee qui I'aceompagne. 

DELEPINE,3 qui a observe I'apparition de la Jumineseenee ehez divers eomposcs 
sulfures, a montrc qu 'une eertaine condition de structure est necessaire, bien 
qu'elle ne soit pas suffisante: il faut qu'un atome de S soit doubJement Jie a un 
autre atome (C ou P). De nombreux auteurs ont etudie aussi Ja lumineseenee 
des derives organohalogenomagnesiens. La aussi le phenomene est sous la de­
pendance d'une condition de strueture: le groupe MgX doit etre fixe a un carbone 
cthylenique. 

II faudrait eiter eneore hL lumineseence qlle 1'on rencontre ehez les ctres 
vivants (baet6ries, champignons, erustaees, inseetes), Jiee a l'autoxydation de 
substanccs rangees sous le nom generique de « luciferine ».4 Interessante aussi 
est la luminescence du luminol, ou umino-3-phtalhydrazide, par oxydation 
alcaline au moyen du peroxyde d'hydrogime. Bien qu'ici le phenomcne ne soit 
pas dü a une autoxydation pure, il est a remarquer qu'il ,L 1'0xygEme pour pivot, 
et qu'on a observe des exaltations, et des inhibitions,5 ee qui presente un intcrct 
eertain pour la theorie de la luminescenee d'une part, et po ur la comprehension 
de I'inversion de eatalyse d'autre part. 

Etude theorique de l'effet antioxygt:me. 
Des qlle la nature exacte du phenomene a ete pressentie, on s'est preocellpe 

d 'en donner une interpretation. De nombreuses theories ont vu le jour. Certaines 
d'entre clles tendent a expliquer la diminution de la vitesse de reaetion sans se 
soueier de son meeanisme ehimique. D'autres, au contraire, font jouer au (, chi­
misme» de Ja transformation un role primordial. nest done logique, avant 
I'examen des theories, de donner quelques renseignements sur le processus de 
l'autoxydation. 

Le mecanisme de l'autoxydatiol1; les peroxydes. 
Lorsqu'une substanee s'autoxyde, la moleeule d'oxygene se eombine d'un 

seul bloe (BACII,6 ENGLER et WILDE 7): il en resulte d'abord un peroxyde, le re­
actif deja frcquemment invoque. E~GLEg l'appelle le .:.11oloxyde pour rappeier 

1 H. SUESS, K. PILCH, H. RUDORJo'ER: Z. physik. Chern., Abt. A 179 (1937), 361. 
2 J. W. BREITE~ßACIl, A. SPRIXGER, K. HOREISCIIY: Bel'. dtseh. chem. Ge,;. 71 

(1938), 1438. 
3 :\1. DELf.;PI~E: C. R. heb<!. S('ances Acad. Sei. 174 (1922), 1291: :\1. DELI~PI~E: 

Bull. f:ioe. ehirn. Franee (4), 31 (1922), 7ti2. 
·1 J. WEISS: Trans. Faraday Soe. 35 (1938), 219. 
5 B. TA)LDIUSIII, H. AKILDIA: Z. physik. Clwrn., Abt. B 38 (1938), 400. 
6 A. Ihcn: C. R. heb(L S('anee Aead. Sei. 124 (J 897), 951. 

C. EX<iLER, W. WILDE: Her. dtsch. ehern. Ups. 30 (1897), ]titi9. 
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que l'oxygime y est entre a l'etat moleculaire. STAUDINGER conserve ce terme, 
mais l'applique uniquement aux peroxydes de constitution inconnue, reservant 
le mot peroxyde aux composes de constitution determinee. Ce souci de distinction 
correspond a la preoccupation de l'auteur de parvenir a la constitution des pro­
duits formes en premier lieu. On verra que le problElme ainsi pose offre un certain 
nombre de difficultes. Il parait meme insoluble si l'on s'en tient au mode de 
representation classique des structures moleculaires au moyen des formules 
developpees. MouREu et DUFRAISSE preferent l'expression « peroxyde primaire ,) 
afin d'indiquer 10 que c'est le tout premier terme de la reaction, 2 0 que ce peroxyde 
est capable d'evoluer tres rapidement, jusqu'au produit d'autoxydation final, en 
passant par des intermediaires dont le caractere peroxydique est plus ou moins 
marque. 

Les peroxydes primaires apparaissent comme trop labiles pour etre isolables. 
Il n'en sera pas de meme de certains de leurs produits de transformation et I'on 
connait effectivement des peroxydes d'autoxydation dont l'obtention correspond 
necessairement a un stade d'evolution deja avance. Tels sont, pour n'en citer 
que quelques uns, le peroxyde de benzoyle, ou son anhydride mixte, le peroxyde 
de benzoyle et d'acetyle (NEF,l JORISSEN 2) ou ceux que l'on a signales ou isole,3 
ou meme obtenus a l'etat cristallise, par exemple, a partir de corps divers: ether4 

corps enoliques,5 sterols,6 corps steroides,7 carbures (tetraline,8 rubenes, anthra­
cenes et, plus generalement, acenes,9 cY910hexene,1O etc .... 

Mais il est certain que tous ces produits sont tres eloignes chimiquement et 
energetiquement des peroxydes intermediaires, et, a fortiori, du peroxyde pri-

1 J. U. NE~': Liebigs Ann. Chern. 298 (1897), 284. 
2 W. P. JORISSEN, P. A. A. VAN DER BEEK: Reeueil Trav. chirn. Pays-Bas 45 

(1926), 245. 
3 W. FRANKE, D. JERCHEL: Liebigs Ann. Chern. 533 (1937), 46. - P. MONDAIN­

MONVAL, S. MARTEAU: Ann. Cornb. Liqu. 12 (1937), 923. 
~ L. LEGLER: Ber. dtseh. ehern. Ges. 18 (1885), 3343. 
S E. P. KOHLER: Amer. Chern. J. 36 (1906), 177. - MANoLEsco: C. R. hebd. 

Seances Aead. Sei. 172 (1921), 1360. - E. P. KOHLER, W. E. :\'[YDAXS: J. Amer. 
ehern. Soe. 54 (1932), 4667. 

6 A. WINDAUS, J. BRUSKES: Liebigs Ann. Chern. 460 (1928),225. 
7 E. L. SKAU, W. BERGMAN:S: J. org. Chernistry 3 (1938), 166. 
8 M. HARTMANX, M. SEIBERTII: Hel". ehirn. Aeta 10 (1932), 1390. - H. HOCK, 

W. SUSElIIIIL: Ber. dtseh. ehern. Ges. 66 (1933), 61. - T. YAMADA: J. Soe. ehern. 
lnd. Japan, suppl. Bind. 39 (1936), 452, 455; 40 (1937), 44, 422. 

• CIf. :\iOUREU, CH. DUFRAISSE, P. M. DEAN: C. R. hebd. Scanees Aead. Sei. 182 
(1926), 1584. - CH. DUFRAISSE, N. DRISCH: lbid. 191 (1930), 619. - CIf. DUFRAISSE, 
R. BURET: lbid. 192 (1931), 1389. - CII. DU~'RAISSE, N. DRIscII: lbid. 194 (1932),99. 
- CII. DUl-'RAISSE, M. LOURY: Ibid. 194 (1932), 1664. - CH. DUFRAISSE, R. HURET: 
Ibid. 195 (1932), 962. - CH. DU~'RAISSE, J. A. MONIER jun.: Ibid. 196 (1933), 1327. -
Cn. DU~'RAISSE, L. E:SDERLIN: J. Offieiel de la Rep. Franliaise 6i) (1933), 4371. _ ... 
M.UADOCIIE: C. R. hcbd. Seanees Aead. Sei. 198 (1934), 1515; 200 (1935), 750. -
Cu. DUFRAISSE, M. LOURY: Ibid. 199 (1934), 957; 200 (1935), 1673. - CII. DUFRAISSE, 
H. ROCHER: BuH. Soe. chirn. Franee (5), 2 (1935), 2235. - CH. DUFRAISSE, L. VELLUZ: 
Ibid. (5), 3 (1936), 254. -CII. DUFRAISSE: Ibid. (5),3, (1936),1847. -Cu. DUFRAISSE, 
A. ETIENXE: C. R. hebd. Seanecs Aead. Sei. 201 (1935), 280. - CII. DUFRAISSE, 
:\1. W:RARD: Ibid. 201 (1935), 428; BuH. Soe. chirn. Franee (5), 4 (1937), 2052. -
A. WILLE~IART: C. R. hcbd. Seanecs Aead. Sei. 201 (1935), 1201; 202 (1936), 140; 
203 (1936),1372; 205 (1937), 866; BuH. Soe. chirn. l!'ranec (5), 4 (1937),1447; (5), i) 
(1938), 556. - CH. DUFRAISSE, L. VELLUZ, Mille L. VELLUZ: C. R. hcbd. Seanees 
Aead. Sei. 203 (1936), 327; BuH. Soe. chirn. Franee (5), 5 (1937), 1260. -- Cn. Du­
FRAISSE, R. PRIOU: C. R. hebd. Seanees Acad. Sei. 204 (1937), 127. - CH. DUFRAISSE, 
J. LE BRAS: UuH. Soe. chirn. Franec (5), 4 (1937),349. - A. WILLE)IART: lbid., (5),4 
(1937),357,510. 

10 H. N. STEPHENS: J. Amer. ehern. Soe. 00 (1928), 568.-H. HOCK, O. HCIIRADElt: 
Naturwiss. 24 (1936), 159. 
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maire dont ils derivent. Ainsi, par exemple, on a la preuve experimentale que 
certains de ces peroxydes sont precedes par d'autres termes qui se trouvent etre 
plus reactifs, dont la capacite d'oxydation est plus marquee, ce qui a justement 
permis de les deceler: ENGLER,l puis JORISSEN et VAN DER BEEK,21'0nt montre 
en constatant que de l'aldehyde benzoique qui s'autoxyde developpe, vis-a-vis 
de substances teIles que l'indigo ou le tetrachlorure de carbone, un potentiel 
d'oxydation bien superieur a celui de l'hydroperoxyde de benzoyle, peroxyde 
isolable, considere autrefois par certains auteurs comme le premier terme de la 
reaction. En conclusion, l'hydroperoxyde de benzoyle n'est que le « successeur') 
d'un autre peroxyde plus actif que lui. 

La constitution du peroxyde primaire. 
Si le premier acte de l'autoxydation est la formation d'un peroxyde, on peut 

se demander quelle cst la nature des forces de liaison qu'echangent ainsi le corps 
autoxydable A et la moleeule 02' 

Pour prendre un exemple concret, considerons soit le diphenylCthylEme 
asymetrique, soit le diphenylcetene. STAUDINGER3 pense qu'il se fait un cycle a 
quatre chainons, soit, respectivement: . 

CeHs" 
C-CH 

/, 2 
CH i I 

e s 0-0 

et 

qui, en aucun cas, ne peut etre isoIe, et dont l'instabilite provient de la tension. 
La conception de MOUREU et DUFRAISSE s'ecarte sensiblement de ces vues 

classiques. Pour ces auteurs, le peroxyde primaire, corps extremement instable, 
doit avoir une formule Oll les valences sont assez eloignees de leur saturation 
mutuelle. On est d'autant plus enclin a lc penser qu'on connait des molt~cules 
plus stables que celles des peroxydes primaires ou cette saturation fait deja 
defaut, par exemple les triarylmethyles de GOlI'IBERG et les molecules a oxygime 
mono valent de S. GOLDSCHMIDT. Les peroxydes primaires seraient aregarder 
comme des composes moleculaires ou la substance autoxydable A et l'oxygcne O2 
sont unis par l'ensemble du champ de force emanant de chacun d'eux plutöt 
que d'echanger les valences que l'on considere generalement en chimie classique. 
Il en resulte que l'energie liberee par cette union est faible, plus faible que ne 
le suggerent les formules a chaine tetragonale citees plus haut et qui, de ce fait, 
representent, non pas les peroxydes primaires, mais des termes evolues, bien 
qu'assez voisins sans doute, resultant d'une transformation spontanee. 

Caracteres generaux . des peroxydes. Potentiel d'oxydation et reactivite. 
Le peroxyde primaire est caracterise, ai1l.8i que certai1l.8 de ses produits de 

tra1l.8formation, par un pouvoir oxydant qui, tres souvent, depasse de loin, en 
activite, celui de l'oxygene moleculaire. 

Ace propos, il y a lieu d'entrer quelque peu dans le detail des echanges d'energie 
qui se manifeste nt lors de ces reactions d'« oxydation,) par les peroxydes. 

Selon les idees d'ARRHENIUS, une moIecule autoxydable A, pour reagir avec 
une molecule d'oxygene 02' doit prealablement etre « activee '), c'est-a-dire doit 

1 C. ENGLER: Z. Elektroehern. angew. physik. Chern. 18 (1912), 945. 
2 W. P. JORISSEN, P. A. A. VAX DER BEEK: Recueil Trav. chirn. Pavs-Bas 4;) 

(1926), 245; 46 (1927), 42. • 
3 H. STAUDINGER: 2" Conseil de Chirnie Solvay, Discussion du rapport de Cu. 

MOUREU et CH. DUFRAISSE, p. 593. 1925 . 
• Hdb. d. Katalyse. 11. 
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recevoir un compIement critique d'energie E, ou energie d'activation,1 qu'elle 
emprunte soit aux chocs, soit a une radiation incidente de frequence convenable. 
Le systeme A + O2 passe donc (voir fig. 2) en s'activant a l'etat A * + 02' c'est­
a-dire d'un niveau d'energie donne 1 (mconnu en valeur abso1u, mais reperable 
par rapport a d'autres) a un niveau d'energie superieur 2. C'est ce que l'on peut 
representer par 1e schema fig. 2. 

Le premier acte de l'autoxydation sera la combinaison lache, plutöt l'attraction 
mutuelle et 1e maintien reciproque a l'interieur de 1eurs spheres d'influence 
respectives, des moIecules A * et O2 pour former le peroxyde primaire A[02J. 
Ce processus s'accompagne inevitablement d'un degagement d'energie q, minime 
en verite, qui fait passer 1e systeme du niveau 2 a un niveau 31egerement inferieur. 

L'oxygene (, s'accrochant» de mieux en Inieux au substrat, le systeme passera 
par des niveau x 3', 3", etc .... , dont chacun correspond a l'existence d'un per­

oxyde intermediaire, et parviendra au produit 

"'-, 

I 
-

P,roxl/d, pnm3,re 
A[O;] 

2 final d'autoxydation dont le niveau 5, le plus bas, 
3 est inferieur au niveau initial I d'une quantite Q 

egale a la chaleur de reaction. 
3' Un peroxyde d'autoxydation isolable se place 

'" 1 
necessairement entre le niveau 3 et le niveau 5. 
Le plus generalement, commc sa formation est 

3 d ! I 
P,roxjJd,s 
inle/'me'dia/res 

exothermique, il sera meme a un niveau 4 inferieur 
.:'j au niveau initial l. , 

'" n ne fait pas de doute qu'au cours de cette 
descente du niveau 2 au niveau 5, l'oxygene voit 
graduellement son potentiel d'oxydation diminuer, 

1 puisqu'il s'engage de plus en plus dans des 
f/. combinaisons stables. Dans le peroxyde primaire 

A[02J, le potentiel de l'oxygcnc est, a tres peu 

! 
1 A+Oz 

~ Peroxgtlelsol3b1e 

! AO; 
"" Protlu,1 (;/131 5 pres, celui de l'oxygime libre; au contraire, il en 

est fort eloignc dans un peroxyde isolable tel que 
Fi~. 2. celui qui est situe au niveau 4. En d 'autres terme, 

Schema d'encrgie de I'autoxydation. la chute de potentiel accompagne la chute d'energie, 
ce qui est evident. 

Et, cependant, les peroxydes, intermediaires (essen ce dc tCrebenthine oxydee, 
aldehyde benzolque qui s'autoxyde) ou isoles (hydroperoxyde de benzoyle, per­
oxyde de tetraline), so nt souvent capables d'oxyder des substances vis-a-vis des­
quelles l'oxygene moJeculaire est indifferent. Ces corps sembleraient ainsi avoir un 
potentiel d'oxydatiofl. superieur a celui de l'oxygime. Y aurait-il donc la un paradoxe? 

La reponse a cette question est qu'il faut se garder de confondre IJotentiel 
et reactivitC. L'oxygene est engage dans les peroxydes sous une forme qui convient 
mieux aux oxydations, qui est plus ('reactive» que la forme moleculaire, bien que 
son potentiel y soit interieur. La reactivite se trouve ainsi placee sous la dependance 
de conditions de structure encore indeterminees. 

1 Dans taut ce qui va suivre, on trOllYera 2 signes distincts * et [ ] pour indiquer 
l'etat d'activation. C'est que, par suite d'une tros mauvaise terminologie, ce mot 
d'activation a deux sens differents. Tout d'abord celui qu'ARRIIE;s;ruS a introduit 
ct qui fait appel preeisement a l'etat energetique intrinsoque de la moleeule. Dans 
notre notation, lIDe molceule A qui s'active au sens d'ARRIIENIUS devient A*. 

slais k mot aetivation designc aussi l'ctat de plus grande reaetivitC qu'a pris 
l'oxygone dans ecrtains peroxydes A02. Comme il n'y a pas de raison de maintenir 
dans les notations une eonfusion qui s'est ctablie dans le langage, l'etat special OU 
l'oxygone eombine jouit de proprietes partieuliores sera note A[02], par opposition 
a ]',~tat non peroxydique des oxyde8 ordinaires AO ou A02. 
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C'est une eonstatation et non une explieation; d'ailleurs on eonnait apropos, 
non plus de l'oxydation, mais de la reduetion, des phenomtmes analogues. Ainsi, 
il n'est pas douteux que l'anhydride sulfureux 802 a perdu pär rapport au soufre 8 
une partie de son potentiel de reduction. Cependant il est capable de produire 
des reductions que le soufre est impuissant a provoquer. 

Pour en revenir a l'oxydation par les peroxydes, il semble donc que le peroxyde 
primaire A[021 ne doive plus etre credite de la reactivite speciale qu'on lui a 
longtemps attribuee. En passant du peroxyde primaire au produit final d'autoxy­
dation, la reactivite oxydante des divers termes intermediaires croitrait, passerait 
vraisemblablement pour l'un d'eux par un maximum et decroitrait pour s'annuler, 
en meme temps d'ailleurs que le potentiel d'oxydation. 

Proprietes et reactions diverses des peroxydes. 
a) Dissociabilite du peroxyde primaire. 

Le fait que la combinaison A * + O2 -> A[02] soit realisee avec un degagement 
tres faible d'energie suggere, a l'image de ce qui a lieu pour les photooxydes des 
des aeenes et pour l'oxyhemoglobine, que I'oxygene, qui n'est pas encore solide­
ment fixe a A puisse s'en degager spontanement, autrement 
dit, que l'acte primairc d'autoxydation soit une reaction 
reversible: 

1 0 On peut examiner avec un pen plus d'attention eette 
reversibilitc inattendue. Puisque A * est eapable de s'unir 
a 02' c'est qu'il existe entre ces deux particules une force 

Fig. 3. Force d'attrac­
tion entre une moIecu Ie 

:let-ivee et l"oxygenc. 

d'attraction F] qui depend de la distance l des particules (voir Fig. 3). 
Supposons A * fixe dans l'espace, et approchons tres lentement O2 depuis l'infini, 
jusqu'a ce que A * et O2 soient dans les positions relatives qu'ils occupent dans 
le complexe A[02]' c'est-a-dire a la distance e. On recueillera un travail 

qni mesure pn\cis6nent I'abaissement du potentiel q resultant de la combinaison 
primaire. 

La dissociation de A[02]' po ur etre spontanee, doit se faire sans intervention 
exterieure d'aucune sorte. Il n'est done pas possible que A soit regenere dans 
son etat active A *, car il manque preeisement au complexe A[02] l'energie q 
po ur que eela soit possible. Le complexe explosera, et les particules A et O2 

se partageront l'energie disponible, E - q (c'est-a-dire l'energie de formation 
du complexe A[02])' en acquerant des vitesses et des directions teiles que 
le principe de la eonservation de la quantite de mouvement soit satisfait. 

2° II n'est pas sans interet de noter que l'apparente indifferenee a l'oxygene 
des substances qui pourtant so nt oxydables de par leur eomposition, pourrait 
tenir au fait que la dissociation du peroxyde primaire se produirait plus vite 
que son rearrangement interieur en oxydes stables: par suite, il n'y aurait pas de 
reaction visible. 

3° Naturellement, la dissoeiation du peroxyde primaire peut etre concurrencee 
par un <,aecrochage» plus solide de l'oxygene au substrat. C'est l'evolution 
stabilisante normale. Cette transformation spontanee est d'ailleurs aeeompagnee 
parfois de changements importants dans l'architecture des produits intermedi-

24' 
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aires: ce sont des migrations, comme dans le cas de l' IX-bromostyrolEme aboutissant 
par autoxydation a l'w-bromoacetophenone (DUFRAISSEI) 

C6H.-CBr=CH2[02] ->- C6H 5 ·CO·CH2Br 

ou des scissions comme dans le cas du peroxyde de cetime (STAUDINGER2) 

R~ R~ 
/C=C=O[02] ->- /C=O + CO2. 

R' R' 

b) Influence du milieu sur les peroxydes. 
Les moleeules qui entourent les peroxydes sont susceptibles de reagir sur eux. 

La reaction sera d'autant plus probable que la reactivite du peroxyde sera plus 
elevee. D'apres ce qui vient d'etre dit, il est vraisemblable que les moMcules 
interessees ne seront pas celles du peroxyde primaire, mais celles d'un quelconque 
produit de transformation, plus reactif que lui. 

Deux cas sont a signaler selon que la reaction porte sur A ou sur un corps 
etranger B. 

r Action sur A. 
Un peroxyde actif A[02] peut reagir sur A en donnant deux moleeules d'un 

peroxyde moins richc en oxygime, mais encore active, A[O], qui, a son tour, 
evoluera rapidement vers AO stable: 

A[02] + A -> 2 A[O] -> 2 AO (stable). (1) 

Ainsi le benzaldehyde C6H.· CHO s'autoxyde en donnant de l'acide benzorque 
C6H 5-C02H. Il est a remarquer ici, qu'il est possible que ce soit l'hydroperoxyde 

/,0 
de benzoyle, peroxyde intermediaire iso16 C6H s-CO' OH, qui reagisse sur le 
benzaldehyde pour donner l'acide, car ce corps a effectivement cette propriete. 

2 0 Action sur un corps etranger B present au sein des molecules A. 
ex) Il peut y avoir partage de la moleeule d'oxygime entre A et B. 

A[02] + B -> A[O] + B[O] -> AO (stable) + BO (stable). (2) 

C'est !'image des tres nombreuses reactions coup lees ou induites (l'autoxy­
dation de Best induite par celle, prealable, de A). Les exemples en so nt nom­
breux: un des plus suggestifs est celui des sels cereux en presence d'arsenite 
(JOB, en 1898). 

ß) B peut prendre a A [02] tout son oxygene: B s'oxyde donc en laissant A 
dans son etat primitif. C'est une veritable catalyse, catalyse de l'oxydation de B 
par l'autoxydation prealable de A: 

A[02] + B ->- B[02] + A -> B02 (stable) + A (3a) 

ou bien { 
A[02] + B ->- B[02] + A 

B[02] + B ->- 2 B[O] ->- 2 BO (stable). (3 b) 

Ainsi les sels cereux catalysent l'autoxydation complete du glucose, en 
restant a l'etat cereux. Il est a remarquer que dans certaines reactions couplees, 
des reactions parasites, soit (1) ou (3a) ou (3b), ou d'autres encore, peuvent se 
superposer a la reaction ('pure» (2). Le rapport des moleeules oxydees d'autoxy-

1 CH. DUFRAISSE: C. R. hebd. Seances Aead. Sei. 172 (1921), 162. 
2 H. STAUDINGER, K. DYCKERliOFF, H. V\'. KLEVER, L. RUZICKA: Ber. dtseh. 

ehern. Ges. ö8 (1925), lOi9. 



La eatalyse negative en phase liquide et eventuellement solide. 373 

dateur A et d'aeeepteur B n'est done pas neeessairement egal a1. Des influenees 
exterieures peuvent regler le partage, par exemple le PR des solutions, ou la 
presenee d'iinpuretes catalytiques (voir a ce sujet les donnee.s experimentales 
de JORISSEN et de ses eli~ves,l et la theorie de REINDERS et VLES2). 

Observations sur la caracterisation et le dosage de l'oxygime peroxydique. 
Il resulte de ce qui preeede que l'on doit conserver peu d'espoir de doser le 

peroxyde primaire a l'exclusion des autres produits a caractere peroxydique 
presents dans le milieu. Les methodes de caracterisation et de dosage s'adressent 
en effet a l'oxygene peroxydique qu'une mauvaise terminologie qualifie «d'actif» 
(a ne pas confondre avec l'activation d'ARRHENIUS) et, comme telles, englobent 
tous les peroxydes dont la reaetivite n'est pas nulle. 

Voici, a titre d'indication, quelques methodes de detection et de dosage de 
!'oxygene «aetif»: 

Detection. Liberation d'iode de I'iodure de potassium; oxydation d'un sei ferreux 
en presenee de thioeyanate d'ammonium (CONANT et PETERSON,3 KHARASCH et 
MAY04); deeomposition du fer pentaearbonyle (MITTASCH 6); emploi de reaetifs 
speeiaux, par exemple la bisE dimethyl-2-4-N -pyrryl]-2-5-dibromo-3-6-hydroquinone, 
qui donne une eoloration bleue intense (P. PRATESI et R. CELEGHINI 6); emploi de la 
plaque photographique (KEENAN,7 VAN ROSSEM et DEKKER,8 RUSSEL,' ete .... ). 

Dosage. Liberation d'iode et dosage an thiosulfate (CLOVER10). Il faut eependant 
prendre garde que l'iode peut se fixer aux liaisons non saturees, ce qui entraine des 
erreurs parfois eonsiderables (YOUNG, VOGT et NIEUWLAND ll); eolorimetrie du thio­
cyanate ferrique (YOUNG, VOGT et NIEUWLAND I. e., voir aussi YULE et WILSON I2 ); 

oxydation du chlor ure stanneux (v. PECHMANN et VANINO,13 HOCK et SCHRADER 14); 

reduetion par I'hydrogene naissant (BAEYER et VILLIGERI6); methode a I'indigo 
(ENGLER I6), au trichlorure de titane,!7 ete .... 

La migration aerobie de )'hydrogi'me. 
Ces considerations necessairement limitees renferment cependant l'essentiel 

de ce qui permet dc comprendre les theories de la catalyse negative d'autoxydation. 
~eanmoins, il faut signaler que d'autres mecanismes d'autoxydation ont ete 
proposes. Le plus important est celui de WIELAND pour qui l'autoxydation est 
a envisager, tout au moins pour certaines substances, comme un processus de 

1 W. P. JORISSEN: Z. physik. Chern. 23 (1897), 667. - W. P. JORISSEN, C. VAN DEN 
POL: Reeueil Trav. chirn. Pays-Bas 43 (1924), 582; 44 (1925), 805. 

2 W. REINDERS, S. 1. VLES: Reeueil Trav. chirn. Pays-Bas 44 (1925), 29. -
S. I. VLEs: Ibid. 46 (1927), 743. 

3 J. B. CONANT, W. R. PETERSOK: J. Amer. ehern. Soe. ;')4 (1932), 628. 
4 M. S. KIIARASCH, F. R. MAYO: J. Amer. ehern. Soe. ;');') (1933), 2468. 
6 A. MITTASCn: Angew. Chern. 41 (1928), 829. 
6 P. PRATESI, R. CELEGIIINI: Gazz. ehirn. ital. 66 (1936), 365. 
7 C. L. KEENAN: Chern. Reviews 3 (1926), 95. 
8 A. VAN ROSSEM, P. DEKKER: lnd. Engng. Chem., analyt. Edit. 18 (1926), 1152. 
• W. J. RUSSEL: Proe. Roy. Soe. (London) 64 (1899), 409. 
10 A.M. CLOVER, C. F. RICIDIOND: Amer. ehern. J. 29 (1903),184. -A.M. CLOVER, 

A. C. HOUGToN: Ibid. 32 (1904), 45. 
11 CH. A. YOUNG, R.R. VOGT, J.A.NIEUWLAND: lnd. Engng. Chem., analyt. Edit. 

8 (1936), 198. 
12 J. A. C. YULE, C. P. WILSON: lnd. Engng. Chern., analyt. Edit. 23 (1931),1254. 
13 H. V. PECHMANN, L. VANINO: Ber. dtseh. ehern. Ces. 27 (1894), 1510. 
14 H. HOCK, O. SCHRADER: Brennstoff-Chern. 18 (1937), 6. 
16 A. B.,,-EYER, V. VILLIGER: Ber. dtseh. ehern. Ces. 33 (1900), 3390. 
16 C. ENGLER: Ber. dtseh. ehern. Ces. 33 (1900), 1090. 
17 H. SCIIILDWÄCHTER: Brennstoff-Chern. 19 (1938), 117. 
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deshydrogenation, cas particulier d'un principe plus general, le principe de 
migration de l'hydrogime. L'oxydation par «migration aerobie de l'hydrogime.) 
s'accompagnerait souvent de la formation de peroxyde d'hydrogene, soit aux 
depens de l'hydrogEme de la substance qui s'autoxyde, soit aux depens de l'hydro­
gene de l'eau, en reaction couplee : 

ou 

AH2 + O2 --+ A + H20 2 

A + H 20 + O2 --+ AO + H20 2• 

(1) 

(2) 

«Levifinteret que nous portons a l'oxygene moleculaire reste intact si nous 
»considerons de plus pres la transformation qui se produit dans la premiere phase 
•• de cette reaction et quivade pair avec la formation de peroxyde d'hydrogene . 
•• Ce premier produit de l'hydrogenation de la moleeule d'oxygene doit se manifester 
•• dans toutes les autoxydations et deshydrogenations. . .. Parmi les composes 
•• organiques, ce sont surtout les polyphenols, les dienols et les diamines aromatiques 
•• qui sont justiciables des processus de reactions traites ici. .)1 

Cependant il y a lieu de mentionner que le processus imagine par WIELAND 
ne s'applique pas aux milieux anhydres. L'autoxydation d'un aldehyde, tel 
I'aldehyde benzoique, ne se con90it ni selon (1), ni, si le milieu est prive d'eau, 
selon (2). 

Classification des theories de l'action antioxygime. 
11 est difficile de classer commodement les theories proposees. Neanmoins, 

une premiere classification separera les theories qui ne se preoccupent pas du 
chimisme de l'autoxydation de celles qui lui font jouer un röle quelconque. 

Parmi les premieres, on peut eiter toutes les explications qui se rattachent 
a un «effet de vernis.) et que l'on ne mentionnera que pour memoire. 

On y trouvera encore l'importante theorie des reactions en chaines et enfin, 
toutes les theories que l'on peut grouper sous le nom general de neutralisation: 
neutralisation d'un catalyseur positif connu ou inconnu. 

La deuxieme partie de la classification, qui englobe les tMories faisant appel 
au mecanisme chimique de la reaction, se rapporte d'une maniere generale aux 
tMories de la desactivation. Les moleeules de A, pour reagir avec 02' doi­
vent etre activees prealablement. Le peroxyde primaire A[02]' immediatement 
apres avoir pris naissance, est encore active. Selon les theories envisagees, 
l'action antioxygene par desactivation se place soit immediatement avant 
l'union dc A * et de 02' soit immediatcment apres. 

Enfin, certaines theories, qui ne prescntent pas un caractere suffisamment 
general, ne seront pas examinees. 

La plupa,rt des tMories emises sont basees sur des mecanismes manifestement 
non catalytiques et, en toute logique, n'auraient pas leur place dans un chapitre 
dc catalyse. EUes seront discutees indifferemment, toutefois, comme on l'a 
annonce dans le preambule: en raison du doute qui regne encore sur la nature 
vraie de l'effet antioxygene, aucune interpretation raisonnable n'a lieu d'etrc 
ecartee. 

11 va meme etre procede a une discussion approfondie des plus importantes, 
parce que les idees enoncees seront valables le plus souvent pour les pMnomenes 
d'inhibition en general et, ainsi, n'auront pas a ctrc reeditees po ur chaque cas 
particulier de ralentissement de reaction. 

1 H. WIELAND: Bull. Soc. chim. France (5), 6 (1938), 1233. 
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Discussion des theories de l'action antioxygtme. 
A. Theories Oll n'intervient pas le chimisme de la reaction 

d'autoxydation. 
10 L'effet de vernis. 

Les theories se rapportant a l'effet de vernis tendent a expliquer le röle 
ralentisseur de certaines substances par une separation des reactifs, le plus souvent 
d'ailleurs, a la surface du recipient; il en resulte qu'il ne s'agit pas la, en verite, 
de catalyse negative proprement dite, et, a fortiori, de catalyse homogime: c'est 
l'ancienne conception de TURNER,l selon la quelle les gaz qui empechent le melange 
tonant de bruler au contact du platine agiraient en entourant le catalyseur d'une 
gaine inerte protectrice. Pour DIXON2 qui etudie la phosphorescence des melanges 
air (ou oxygene) + sulfure de carbone, le CS produit par la combustion partielle 
constituerait des <<lloyaux d'action» a partir desquels se propagerait la flamme 
froide. Les gaz etrangers, en isolant ces noyaux d'action, inhiberaient le processus. 

Selon JOLIBOIS et NORMAND,3Ies aretes vives des cylindres de moteurs jouent 
un röle determinant dans la production du phenomene de choc. Les antideto­
nants, du genre tetrethylplomb, formeraient un vernis isolant sur ces aretes. 
Par contre, selon CALLENDAR4 le vernis serait forme non plus sur les aretes, mais 
a la surface des <'gouttes nucleaires» du carburant. 

Enfin, d'apres les idees de RIDEAL5 adoptees par BRUNNER6 et REIFF,' lcs 
reactions, en particulier les reactions d'autoxydation, prendraient naissance au 
contact des parois des recipients, et plus specialement, aux <,taches actives». 
Ainsi, selon REIFF, le benzaldehyde reagit plus vite avec l'oxygene, si on y intro­
duit du sable, en vue d'augmenter la surface; BRUNNER8 trouve une propor­
tionalite entre la vitesse de reaction et la quantite de poudre de ponce introduite. 
Mais BAILEY,9 en doublant la surface avec du verre afin d'eviter l'inconvenient 
d'avoir une surface additionnelle d'un caractere totalement different de la surface 
initiale, n'observe pas de variation sensible de la vitesse de reaction (photo­
chimique ou thermique). Il manque donc encore les experiences decisives sur 
lesquclles pourrait se baser une theorie correcte de l'action des parois tout an 
moins en tant que facteur exclusif de la reaction. 

L'hypothese etant admise, le ralentissement resulterait dc l'isolement dcs 
<,taches actives» par formation d'une couche monomoleculaire protectrice, soit 
a la faveur d'un phenomene d'adsorption, soit encore par suite d'une polarite des 
molecules qui se rangent cöte a cöte, avec la meme extremite en regard de la 
paroi. On verra plus loin la theorie proposee par BAILEY, qui fait intervenir non 
plus la surface liquide-solide, mais la surface liquide-gaz. D'ailleurs, d'autres 
auteurs, tels BERL et WINNACKER,lO WIELAND et RrcHTER,11 se sont aussi pro­
non ces contre la theorie de la surface solide, de telle sorte qu'il apparait difficile 
de se faire une opinion a son egard. 

1 E. TURKER: Edinburgh philos. J. 11 (1824), 99. 
2 H. B. DIXON: Recueil Trav. chim. Pays·Bas 44 (1925), 305. 
3 P. JOLIBOIS, G. NORMAND: C. R. hebd. Seances Aead. Sei. li9 (1924), 27. 
• H. L. CALLEKDAR, R. O. KING, C. J. SIMS: Engineering 121 (1926), 145, 475, 

509, 542, 575. 
5 E. K. RIDEAL: 2e Conseil de Chirnie Solvay (Bruxelles, 1925), p. 586. 
6 M. BRUN~ER, E. K. RIDEAL: J. '>ehern. Soe. (London) 1928, 1162. 
7 O. M. REIFF: J. Amer. ehern. Soe. 48 (1926), 2893. 
8 M. BRUNNER: Helv. ehim. Aeta 10 (1927), 707. 
• K. C. BAILEY: J. ehern. Soe. (London) 1930, 104. 
10 E. BERL, K. WINNACKER: Z. physik. Chem. 148 (1930), 261. 
11 H. WIELAKD, D. RICHTER: Liebigs Ann. Chem. 486 (1931), 226. 
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2° La theorie des chaines. 
Generali tes. 

Il ne nous appartient pas de refaire ici la theorie complete des reactions en 
chaine, theorie que le lecteur trouvera dans le Tome leT de ce Manuel de Catalyse, 
et dans les manuels specialises.1 

Tout au plus pouvons-nous nous borner aretracer tres brievement son 
historique en indiquant sortout ce qui interesse la phase liquide. 

En 1913, dans une communication intitulee «Photochemische Kinetik des 
Chlorknallgases », BODENSTEIN et Dux2 indiquaient que la reaction de com­
binaison du chlore et de l'hydrogene sous l'influence de la lumiere n'obeissait 
pas a la loi d'equivalence photochimique d'EINSTEIN. Autrement dit, po ur chaque 
photon absorbe, le nombre de moleeules de chlore ayant reagi etait bien plus 
grand que 1, atteignant meme 106 dans certains cas. 

La premiere explication donnee par BODENSTEIN3 reposait sur une ionisation 
des particules absorbantcs, avec reaction ulterieure des residus charges positive­
ment (reaction primaire). Les electrons liberes, se fixant sur les moIecules neutres, 
les amcnaient a reagir a leur tour (reaction secondaire). On avait ainsi une 
premiere image des chaines de reaction, image qui fUt d'ailleurs abandonnee 
dans sa forme, mais non dans son principe, lorsqu'on s'aper'lut que l'irradiation 
du chlore n'entraine en realite aucune ionisation. 

BODENSTEIN4 proposa alors en 1916, un mecanisme de chaines d'energie: une 
moIecule de chlore activee par un quantum lumineux reagit avec une molecule 
d'hydrogene cn donnant deux molecules d'acide chlorhydrique, dont l'une au 
moins est encore activee. Par coIlision, l'energie d'activation portee par la mole­
cule d'acide chlorhydriquc se trans met a une nouvelle molecule dc chlore, per­
mettant ainsi a un nouveau cyde de reactions dc se produire. NERNST5 a pro pose 
en 1918 non plus une chaine d'energie, mais une chaine d'atomes, l'irradiation 
ayant pour effet de scindre la molecule de chlore en deux atomes. Dn atome de 
chlore reagira sur une molecule d'hydrogene en formant une moIecule d'acide 
chlorhydrique et un atome d'hydrogime; cet atome d'hydrogene pourra reagir 
a son tour sur une moIecule de chlore etc .... 

Ainsi, des sa naissance, la theorie voit dcux interpretations s'offrir a elle. 
Aujourd'hui encore on trouve en nombres equivalents des explications s'appuyant 
tantöt sur les chaines d'energie, tantöt sur les chaines d'atomes ou de radicaux. 
Par des mesures cinctiqucs on peut constater l'existence d'une reaction a chaine 
et l'ordre des reactions des corps intermediaires ; mais la nature chimique de ces 
corps intermediaires reste inconnue par principe. Voila le champ libre pour 
nos considcrations chimiques. L'exemple du benzaldehyde est caractcristique 
a cet egard. En 1931, HABER et WILLSTXTTER,6 a l'occasion d'un travail sur lcs 
processus des reactions organiques et enzymatiques, indiquent comme possible 
une chaine d'oxydation Oll interviennent deux radicaux, notamment R-G-- et 

11 

o 
HO- (dans l'exemple theorique cite R=CH3 ; mais en discutant de l'existence 

1 C. N. HINSHELWOOD: The Kinetics of ehernieal change in gaseous systems, Oxford 
Univ. Press (1933). - N. SE~IENOFF: Chern. Reviews 6 (1929),347. - N. SE)IENOFF: 
Chernieal Kineties and Chain Reaetions, Oxford Univ. Press (1935). - K. C. BAILEY: 
Retardation of ehernieal reaetions, Londres, 19G8. 

2 M. BODENSTEI:\, W. Dux: Z. physik. Chern. 8ö (1913), 297. 
3 M. BODEKSTEIN: Ibid. 85 (1913), 329. 
• M. BODENSTEIN : Z. Elektroehern. angcw. physik. Chern. 22 (1916), 53. 
ö W. NERNST: Z. Elektroehern. angew. physik. Chern. 24 (1918), 335. 
• F. HABER, R. \VILLSTÄTTER: Bel'. dtseh. ehern. Ges. 64 (1931), 2844. 
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des peroxydes, les auteurs citent le cas du benzaldehyde). A la meme epoque, et 
independamment, BÄCKSTRÖM et BEATTY,1 apropos d'une interessante recherche 
sur l'inhibition de l'autoxydation du benzaldehyde par l'anthracene, indiquent 
un mecanisme en chaine par transmission d'energie: la moMeule de benzaldehyde 
aetivee reagit sur une moMeule d'oxygene en donnant un peroxyde aetive. Ce 
peroxyde transmet son energie d'aetivation a une nouvelle moMeule d'aldehyde 
qui devient ainsi apte a reagir.2 

Un peu plus tard, en 1934, BÄCKSTRÖM3 donne cette fois une ehaine de radi­
eaux, parmi lesquels 

R-C-
11 

° 
et R-C-O-O-. 

11 

° 
Enfin, tout reeemment, WITTIG et LANGE,' en etudiant a leur tour le me­

eanisme de l'inhibition de l'autoxydation de l'aldehyde benzoique par des ear­
bures insatures, tels le dibiphenylene-ethyltme, en arrivent a la eoncIusion que 
I'hypothese aneienne de HABER et WILLSTÄTTER est insoutenable. Ils proposent, 
sous le nom de «Moladdukt-Theorie», ou «theorie du produit d'addition mole­
eulaire », une chaine qui ne dilfere pas essentiellement de eelle de BÄCKSTRÖM et 
BEATTY et OU intervient un peroxyde primaire du type 

H 
I 

R-C ... 0=0, 
11 

° 
Iequel, en reagissant sur une molecule d'aldehyde R-CHO, conduit a la formation 
de deux moleeules d'aeide benzoique. L'energie liberee par eette reaction active 
une nouvelle molEleule d'aldehyde et le proeessus se poursuit ainsi grit.ce a une 
chaine d'energie. 

Justifieations et objeetions. 

Quels sont les arguments les plus importants par lesquels, apres avoir connu 
une epoque de flottement, la theorie des reactions en chaine a gagne beaucoup de 
terrain 1 On peut en developper 3 principaux. 

a) Le rendement quantique eleve. 
Le fait, pour une reaction photochimique, de ne pas suivre la loi d'equivalence 

d'EINSTEIN et d'avoir un rendement quantique superieur a 1 est interpretC tres 
generalement comme l'indiee d'un proeessus de chaines. Cela parait evident, mais 
neanmoins nous allons donner aussi, a titre d'exemple, deux eategories d'hypo-

1 H. L. J. BÄCKSTRÖM, H. A. BEATTY: J. physic. Chern. 35 (1931), 2530. 
2 Il est irnportant dc faire rernarquer qu'il n'y a iei aucune impossibilite a ce que 

I'evolution desaetivante du peroxyde A[02] aetive une nouvelle rnolCeule A, a I'on· 
eontre de eo qui a ete vu pour le proeessus de dissoeiation. En 
effet, si A[02] passo diroeternent (voir Fig. 4), sans inter-
mediaires d'aueune sorte, a une moleeule A02 relativernent 
stable, I'energie liberee par cette transformation, soit E', peut 
etre Huperieuro a E, I'energie d'aetivation de A, puisque A02 
stable est surernent a un niveau energetique inferieur au niveau 
du systeme A + 02' Il suffit done que le niveau de A02 
soit inferieur a eelui do A + O2 d'une quantite superieure a 
l'energie q liber(~e par la eornbinaison primaire de A * avee 02 
pour former A[02]' 

3 H.L. J. BXCKSTRÖM: Z.physik. Chern., Abt. B25 (1934), 99. 
4 G. WITTIG, \V. LAXGE: Liebigs Ann. Chern. 536 (1938), 266. 

.... A[021 

AOz 

Fig.4. 
Schema d'energio pour 
l'nutoxydation on chaine. 
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theses, cherchant a expliquer des rendements quantiques eleves, sans recours 
a UD mecanisme de chaines. 

Ainsi RICE,l etudiant, apres bien d'autres, l'autoxydation des solutions de 
suHite de sodium, a decouvert qu'une solution exempte de poussieres, ne s'aut­
oxyde que tres lentement, meme si elle renferme des corps, teIs les sels de cuivre, 
reconnus cependant pour etre des prooxygenes puissants; la conclusion s'impose: 
les particules de poussiere jouent un role important dans la reaction. RICE 

suppose qu'elles adsorbent de nombreuses molecules de suHite, qu'elles s'en­
tourent en quelque sorte d'une «croute) de molecules. Si l'une d'entre elles ab­
sorbe un photon, toute la croute explosera. Mais comme cette explosion, 
macroscopique par rapport aux molecules, n'est rien d'autre qu'une reaction a 
chaine,2 cette conception n'est pasun argument effectif. 

On peut encore supposer que l'absorption d'un quantum de lumiere par une 
molecule autoxydable ait pour effet de creer un catalyseur dont la vie aurait une 
duree moyenne determinee. Il en resulterait par quantum une serie limitee de 
reactions independantes, serie que l'observateur ne saurait pas distinguer ex­
terieurement d'une chaine. 

Quant aux catalyseurs invoques, rien n'est plus facile que d'en imaginer de 
vraisemblables. Nous allons en indiquer deux: moIecule activee et peroxyde. 

Voyons d'abord la moIecule activee comme catalyseur. Pour nous en faire 
idee, reportons nous a l'autoxydation photochimique du tetraphenylnaphtacene. 
On amis en evidence ce detail curieux que deux molecules de carbure, l'une 
activee, A*, l'autre ordinaire A, concourent a la formation d'une moIecule de 
peroxyde A02.3 On peut s'imaginer que la molecule activee A* attire dans son 
sillage et maintienne a son contact pendant un certain temps une molecule nor­
male A et une molecule 02. Si le temps de contact se prolonge, la probabilite 
pour qu'il y ait reaction croit. Lorsque A et O2 auront reagi, le complexe inter­
mediaire (A, A*, 02) se dissociera en A[02] et A*. Le sort ulterieur de A* ainsi 
libere dependra evidemment du milieu: il pourra etre la destruction pure et 
simple et alors une seule moIecule aura rcagi par quantum, comme on l'a con­
state en fait pour le tetraphenylnaphtaeene. Mais rien n'cmpeche de supposer 
que la molecule A* regeneree dans son etat d'activation initiale ne soit capable 
de reeommencer son office d'inducteur de reaction, auquel eas ce sera de la cata­
lyse. Mais en meme tem ps ce sera aussi une reaction a chaine; puisque on ne peut 
pas discerner l'individualite des deux molecules A engagees dans le complexe, 
le resultat n'est rien d'autre qu'une chaine d'energie. La duree de vie de A* 
est hachee par des periodes de stabilisation sous la forme du complexe (A, A *, 02)' 
pendant lesquelles la moIecule activee disparait en tant que reactif individuel, 
pour ne renaitre qu'apres dissociation du complexe en A* + A[02]. L'objection 
est donc sans fondement. 

Un deuxieme genre de eatalyseur pourrait etre un photoperoxyde. Cette 
hypothese n'est differente de la prceedante qu'en ee point, qu'elle resulte 
dans une chaine de peroxydes. Mais elle a, en plus, l'avantage de s'appuyer sur 
un fait d'experience, savoir: l'activite catalytique effective des peroxydes vis­
a-vis de l'autoxydation. 

1 F. O. RICE: J. Amer. chem. 80c., 48 (1926), 2099. 
2 C. N. HINSHELWOOD: The Kineties of ehemieal change in gaseous systems, 

Oxford Univ. Press (1933). - N. SEMENOFF: Chemieal Kineties and Chain Reae­
tions, Oxford Univ. Press (1935). 

3 H. GAFFRON: Biochem. Z. 264, (1933), 251. - E. J. BOWEN, F. STEADMAX: 
J. ehem. Soe. (London), 1984, 1098. - W. KOBLlTZ, H. J. SCHUMACIIER: Z. physik. 
Chem., Abt. B SI) (1937), 11. 
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Sous cette forme il ne faut pas rejeter la theorie des chaines pour maintenir 
le point de vue chimique des peroxydes. Il faut seulement remplir le scheme 
cinetique vide de corps intermediaires, dont la nature chimique doit etre 
determinee par des observations chimiques de nature qualitative. 

b) La theorie des chalnes et l'inhibition. 
Un autre argument en faveur de la theorie des chaines est l'explication 

elegante de la catalyse negative. La maniere la plus generale de concevoir 
l'action de l'inhibiteur consiste a admettre qu'il provoque une rupture de la 
chaine. En l'absence d'inhibiteur, une chaine de reactions n'a pas une longueur 
infinie; la chaine se rornpt d'elle-meme, soit au contact des parois,' soit par la 
recornbinaison ou desactivation des corps intermediaires. Donc, en l'absence 
d'inhibiteur, chaque chaine a, en moyenne, N maillons, Si un inhibiteur est 
present, et s'il atteint, en rnoyenne, la chaine au maillon de rang n, il y aura un 
ralentissement de la reaction qui se chiffrera par le coefficient N In, en supposant 
bien entendu que l'inhibiteur n'ait aucune action sur l'initiation des chaines, 
c'est-a-dire sur le nombre de chaines qui demarrent par unite de temps. 

BAUR,l apropos d'une theorie generale de la catalyse negative, a fait re­
marquer qu'il n'est pas impossible que l'inhibiteur ait une action sur l'initiation 
des chaines. En essayant d'adapter la theorie de MOUREU et DUFRAISSE a cette 
conception (pour les rapports entre la theorie de MOUREU et DUFRAISSE et la 
theorie des chaines, voir encore GEE et RIDEAL2), il dit, d'une maniere imagee, 
que l'inhibiteur peut «mordre» soit la «queue», soit la «tete» des chaines.3 

On n'a peut etre pas assez pris garde qu'admettre une diminution du nombre 
des chaines initiees, c'est, purement et simplement saper les fondements de la 
theorie des chaines, du moins dans son application a la catalyse negative. En 
effet, on verra plus loin que l'on a fait a certaines autres theories le reproche que 
l'inhibiteur doit ehereher la molecule activee ou le peroxyde primaire, les trouver 
et les atteindre a la maniere d'un boulet de canon avant que rien d'irreparable 
se soit produit, c'est-a-dire avant que la combinaison avec O2 ait eu le temps de 
s'effectuer, ou, si elle est deja faite, de se stabiliser. Admettre que l'inhibiteur 
«mord la tete des ehaines I), c'est revenir a la meme difficulte et faire dependre l'in­
hibition d'un mecanisme dont la theorie des chaines pretend justement s'affranchir. 

On verra d'ailleurs un peu plus loin, que certaines particularites d'inhibitions 
a coefficient tres eleve de ralentissement imposent justement la necessite d'ad­
mettre que l'inhibiteur empeche l'initiation de la chaine. On ne voit plus tres 
bien, dans ce cas, la superiorite, sur les autres, d'une «theorie de chaines ou les 
chaines seraient sans maillons I). Alors le seul postulat possible mais necessaire 
est que l'inhibiteur n'exercc pas son influence sur l'equilibre d'activation, mais 
sur le developpement du premier maillon. 

BAILEY,4 acependant defendu cette rnaniere de voir (diminution du nombre 
de chaines initiees) en supposant que les chaines sont mises en train le plus 
generalement a la surface de separation liquide-gaz, et que les inhibiteurs typiques 
agissent en surface. Aussi interessantes qu'elles soient, ses experiences (en col­
laboration avec FRENCH5) sur l'aUure des courbes de vitesse d'oxydation en 
fonction de la quantite d'inhibiteur prcsent n'entrainent pas cependant la con-

1 E. BAUR: Z. physik. ehern., Abt. B 41 (1938), 179. 
2 G. GEE, E. K. RIDEAL: J. chern. 80e. (London) 1937, 772. 
3 Vok egalernent H. L. J. BÄCKSTRÖM: Medd. F. K. Vetenskapsakad. Nobel·lnst. 6 

(1927), Nos 15 et 16. 
t K. C. BAILEY: J. 80e. ehem. lnd. 48 (1929), 35; J. ehern. Soe. (London) 1930,104. 
5 K. C. BAILEY, Mi~s V. H. FRENCH: J. ehem. Soc. (London) 1931,420. 
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viction. Selon ces auteurs, il doit yavoir pour une certaine concentration de l'inhibi­
teur une cassure des courbes, qui reveIe la formation d'une couche unimoIeculaire 
d'inhibiteur a la surface liquide-gaz. Au dela de cette concentration critique, 
l'inhibiteur doit, en effet, avoir pour une action moins marquee. Cette cassure a ete 
trouvee pour l'autoxydation du benzaldehyde inhibee par le soufte, mais n'ap­
parait pas avec le systeme sulfite de sodium-mannitol, ni avec les systemes 
sulfite-alcool isopropylique ou sulfite.alcool butylique secondaire, bien qu'il ait 
ete demontre, par des experiences directes, que ces deux inhibiteurs sont ad· 
sorbes preferentiellement a la surface d'une solution aqueuse.1 11 est permis de 
faire observer qu'une teIle cassure des courbes, meme si on l'avait decelCe dans 
tous les cas, n'aurait pas du entrainer comme conclusion ineluctable que l'inhibi. 
teur agit a la surface liquide.gaz. Si la conception de BRUNNER, RIDEAL et 
autres, que BAILEY cherche justement a combattre etait exacte, en d'autres 
termes si les chaines s'initiaient aux taches actives de la surface liquide.solide, 
et s'i! fallait une couche monomoleculaire d'inhibiteur pour isoler ces taches 
actives, on devrait trouver les memes cassures. D'ailleurs, BAILEY et BOYD2 en 
cherchant a etayer leur hypothese par des mesures de tension superficielle ne 
sont pas parvenus, de leur propre aveu, a des resultats concluants. 

c) Les deductions mathematiques de la theorie des cha'ines. 
Enfin, plus que toute autre, la theorie des chaines se prete aux calculs et l'on 

n'a pas manque de les confronter avec l'experience. 
11 parait interessant, a ce propos, de faire remarquer qu'il y a lieu d'etre 

prudent dans les conclusions que l'on peut tirer des comparaisons entre les for­
mules theoriques et les formules deduites empiriquement. Ainsi l'inhibition, dans 
la theorie des chaines, se traduit assez souvent par l'apparition, au denominateur 
de l'expression de la vitesse de reaction, d'un terme renfermant Ja concentration 
de l'inhibiteur. 

Or il arrive qu'on puisse trouver, dans certains cas particuliers, des me· 
canismes d'inhibition qui n'ont aucun rapport avec le deveJoppement des chaines, 
et qui, cependant, conduisent cinetiquement ades expressions mathematiques 
Oll la concentration de l'inhibiteur est au denominateur. L'cxemplc le plus 
suggestif a cet egard est fourni par la theorie de TITOFF qui sera developpee 
uJterieurement. BAILEY et CALCUTT3 egalement, apropos d'une etude sur l'ab­
sorption de l'ethylcne par l'acide sulfurique, inliibee par l'cther et le nitrobenzene, 
montrent, pour ce dernier produit, qu'un mode de calcul base sur l'hypothese de la 
formation d'un compose intermediaire a concentration statistiquement constante 
conduit ades expressions du meme genre, bien qu'il n'y ait pas de vraies chaines. 

Pour ces raisons, le critere propre pour une chaine dans la physico. 
chimie moderne (voir BODENSTEIN, SCHUMACIIER) n'est pas la forme de l'equation 
de velocite, mais la grandeur absolue des constantes qui y apparaissent. Mal­
heureusement, pour des rcactions thermiques, c' est difficile de les savoir exactement. 4 

Domaine de validite. A vantages et lacunes de la theorie 
des chaines. 

La theorie des chaines a deja rendu de grands services. C'est surtout d'ailleurs 
dans le domaine des reactions en phase gazeuse et particulierement des reactions 
rapides, explosives, qu'elle donne toute sa mesure. 

1 W. S. E. HICKSON, K. C. BAILEY: Sei. Proe. Roy. Dublin Soe. 20 (1932), 267. 
2 K. C. BAILEY: Retardation of ehemieal reaetions (I. e., p. 361), p. 151. 
3 K. C. BAILEY, W. E. CALCUTT: Sei. Proe. Roy. Dublin Soe. 21 (1936),309. 
• ){ais voir H. L .. J. BXCKSTRÖM: J. Amer. ehern. Soe. 49 (1927), 1460. 
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Elle semble moins faeile a adapter en phase liquide aux reaetions lentes, 
malgre les nombreux efforts qui lui ont eM eonsacres et les retouches successives 
qui y ont eM apportees (voir CHRISTIANSEN et KRAMERS1 et autres2). Recemment, 
elle a eu de grand sucees pour les reaetions de polymerisation (voir tome VII). 

Il Y a encore des aspects de son developpement qui sont insuffisants et qui 
n'expliquent pas, ou pas mieux qu'une autre, certaines particulariMs de la re­
action d'autoxydation, qui dependent du mecanisme ehimique. 

a) Generalite de Zu catalyse negative. 
Ainsi, par exemple, la generaliM du phenomene d'inhibition n'est pas claire­

ment exposee par la theorie; dans le domaine restreint de l'autoxydation, la 
theorie pretend que les antioxygenes interrompent les ehaines en s'oxydant: rien 
n'explique alors que des corps comme les sulfates, les phosphates, qui ne sont 
pas recuperes a l'etat de sels peroxygenes apres leurs fonctions d'inhibiteurs, 
puissent agir eomme tels. D'autre part, a moins d'une raison qui est encore a 
trouver, on ne saurait admettre que l'autoxydation est la seule reaction a se 
propager en chaines. La generalite de la conception de l'inhibition est alors en 
conflit avee l'experience, car les reactions autres que celles d'autoxydation sont 
peu sujettes a l'inhibition, ou le sont d'une maniere peu nette. 

Enfin, si l'on ne fait pas de distinction cntre les actions groupees autour de 
l'oxygene et eelles qui s'en ecartent, on ne voit plus du tout quel est le caractere 
qui vaut ades inhibiteurs varies de reactions parfois tres dissemblables la pro­
prieM commune de couper les chaines. Cela veut dire que la theorie des chaines 
ne sait pas expliquer la speeifite ou la generalite des inhibitions sans connaitre 
la nature chimique des maillons de la chaine regardce. 

On a admis, et nous y reviendrons, qu'une reaction qui photochimiquement, 
d'apres la mesure du rendement quantique, a lieu en chaines, peut se propager 
de meme a l'obscurite, c'est-a-dire dans le processus purement thermique. Cette 
conception de l'identiM des etats d'activation thermiquc et photochimique ne 
doit pas d'ailleurs etre etendue, car il existe suffisamment d'exemples qui prou­
vent le contraire. Ainsi, BÄCKSTRÖM,3 qui a compare les deux proeessus avec 
succcs en plusieurs cas, constate pour le benzaldehyde que la reaction thermique 
est plus sensible aux antioxygenes (diphenylamine, anthracene, phenol) que la 
reaetion photochimique. Vis-a-vis de l'huile de pied de mouton (utilisee en hor­
logerie fine), le ß-naphtol est antioxygene a l'obscuriM, prooxygene a la lumiere.' 
Lcs alcalis accelerent la decomposition thermique de l'eau oxygenee5 et en 
ralentissent fortement la decomposition photochimique.6 

II est inutile de multiplier les citations; e\les suffisent a montrer, par contre, 
qu'il est risquc d'infcrer qu'une reaction thermique sc developpe en chaines si 
l'on n'a d'autres preuves qu'un rendement quantique eleve du processus photo-

1 J. A. CIIRISTIANSEN, H. A. KRAMERS: Z. physik. Chern. 104 (1923), 451. 
2 M. BRUNNER: Helv. ehirn. Aeta 10 (1927), 707. - H. L. J. BÄCKSTRÖM: Medd. 

F. K. Vetenskapsakad. Nobel-lnst. 6 (1927), Nos 15 et 16; J. Amer. ehern. Soe. 49 
(1927), 1460. - H. S. TAYLOR: Proe. Amer. Soe. Test. Mater. 32 (1932), 9. - R. 
SPENCE, H. S. TAYLOR: J. Amer. ehern. Soe. 52 (1930), 2399. - K. K. JEU, H. N. 
AI.YEA: lbid. uu (1933), 575. - G. E. BRANCH, H. J. ALMQUIST, E. C. GOLDSWORTHY: 
lbid. uu (1933), 4052. 

3 H. L. J. BÄCKSTRÖM: J. Arner. ehern. Soe. 49 (1927), 1460. 
4 P. WOOG, Mll. E. GANSTER, J. GIVAUDON: C. R. hebd. Seanees Aead. Sei. 192 

(1931), 923. 
5 M. BERTHELOT: Bull. Soe. ehirn. Franee (2), 34 (1880), 78. - G. LE)IOINE: 

C. R. hebd. Seanees Aead. Sei. 161 (1915), 47. - R. SCHENK, F. VORLÄNDER, W. Dux: 
Z. angew. Chern. 27 (1914), 291. 

6 V. HENRI, R. WURMSER: C. R. hebd. Seanees Aead. Sei. lui (1913), 284. 
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chimique correspondant. Le vrai critere serait I'identite quantitative de 1a 
sensibilite pour Ies inhibitions. 

ür, precisement, il manque a Ia plupart des reactions thermiques un tel critere; 
et ce n'en est pas un, ainsi qu'il a deja ete dit, que d'avoir trouve un inhibiteur 
qualitativement. 

b) La parente des catalyses inverses. 
Il existe un aspect particulier de I'inhibition de Ia reaction d'autoxydation 

que Ies theoriciens des chaines ont presque toujours neglige, bien que MOUREU 

et DUFRAISSE aient a diverses reprises attire l'attention sur sa generalite d'une 
part, et sur I'importanee theorique qu'on doit y attacher d'autre part. Il s'agit 
de Ia parente des cata1yses inverses, phenomene decrit precedemment.1 Il est bien 
evident que, pour etre satisfaisante, toute theorie de l'effet antioxygene doit 
expliquer ces retournements imprevus de l'effet catalytique. BAILEy2 1e premier 
et le seul jusqu'a present, semble s'etre preoceupe, pour la theorie des chaines, de 
l'objeetion de principe si souvent formuIee. Il a donne une explication selon 
la quelle l'antioxygene, si on le change de milieu oxydable, pourrait devenir 
maillon de la chaine et, par consequent, contribuer au transfert de l'energie de 
la reaction. Il faut remarquer que cette hypothese demanderait une analyse 
speciale probablement assez ardue. 

c) La periode d'induction. 
Enfin, il est eneore un point qui merite l'attention, c'est eelui qui conecrne 

la periode d'induction. La theorie l'interprete le plus generalement comme 
la periode d'etablissement des chaines. Pour ce qui va suivre, il importe de 
rcmarquer qu'iI €t deja ete donne une interpretation de toutes les partieularites 
de la periode d'induction basee soit sur un enrichissement en catalyseur positif, 
soit Bur une destruction de catalyseur negatif preexistant; d'autre part, il est 
necessaire de souligncr que la theorie des chaines ne peut pas expliquer les memcs 
faits sans faire appel aces considerations. ür, precisement, c'est ce qui sembIe 
impossible. En effet, si la periode d'induction est uniquement la periode d'etablis­
sement des chaines, on ne comprend pas que de l'huile de lin qui a commence 
a s'oxyder sans toutefois depasser le stade de Ia periode d'induction, soit capable, 
apres un certain temps de conservation a l'abri de l'oxygene, d'acceIerer I'autoxy­
dation d'un autre eehantillon qui en est encore au stade d'oxydation lente. 
Que seraient devenues les ehaines pendant la suppression de I'un des partenaires 
de la reaetion? Quelle serait la nature de la sorte de «levain)} que garde ainsi 
une substance partiellement oxydee? Pourquoi des chaines arretees par suppres­
sion de la reaction, et en quelque sorte figees, auraient·elles la propriete de se 
ranimer par la suite et d'acceIerer une reaetion normale? 

Ce so nt des questions auxquelles il est malaise de repondre ,wec la seule 
aide des chaines. Il en est d'autres d'ailleurs, teIles que celle·ci: pourquoi cst·i! 
impossible de maitriser avee un antioxygene, quelle qu'en soit la dose, l'autoxy­
dation deja fortement avancee d'un eehantillon d'huile de Iin? lei, il est a 
pcine besoin de faire remarquer que la conception des peroxydes reste muette 
egalement, si ce n'est qu'il s'est fait un catalyseur, peroxydique ou non, qui 
n'est pas detruit par Ies antioxygenes. Il faut remarquer, que Ia theorie des 
chaines aussi n'exclue pas Ie developpement des catalyseurs positifs, initiant 
les chaines, ou Ia destruction des, catalyseurs negatifs, interrompant les chaines, 
pendant Ia periode d'induetion. A ce point de vue eneore eomme nous l'avons 
vu plus haut, le mot «chaine)) n'est pas utile sans la connaissance du ehimisme. 

1 Cil. MOUREU, CH. DUFRAISSE: C. R. hebel. Scanees Acad. Sei. 176 (1923), 624,797. 
" K. C. B.ULEY: Retardation of ehemieal reaetions, p. 125. Lonc\res, 1938. 
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d) L'usure du catalyseur. 
La question s'est posee de savoir quel est le sort de l'antioxygime pendant 

qu'il exeree sa fonetion. Dans la theorie de MOUREU et DUFRAISSE,ll'antioxygime 
ne doit pas etre detruit du fait de Bon fonctionnement comme inhibiteur. Si 
l'on constate experimentalement qu'il s'oxyde, c'est par suite de reactions 
secondaires, par exemple avec les peroxydes qui prennent naissance inevitablement. 
La theorie des chaines, sous sa forme la plus generalement admise, n'a pas retenu 
cette conception et postule que toute rupture de chaine s'accompagne de l'oxy­
dation inevitable de l'antioxygime, le produit ainsi forme accidentellement 
n'etant pas capable de continuer la chaine. Ainsi, pour WITTIG et LANGE2 par 
exemple, qui constatent que les dipheny1polyimes sont, vis-a-vis du benzaldehyde, 
des antioxygenes d'autant plus efficaces que 1eur nombre de liaisons C=C est 
plus eleve, l'inhibition de l'autoxydation et l'oxydation de l'inhibiteur sont deux 
processus couples chimiquement. 

Si cette hypothese est exacte, il doit exister des relations numeriques entre 
la disparition de l'inhibiteur et 1a progression de l'autoxydation. Ces relations 
prennent une forme particuW:lrement simple aux concentrations elevees d'inhibi­
teur; c'est ce qui a ete etudie, dans le cas des solutions de sulfite de sodium par 
BIcKSTRÖM,3 et par ALYEA et BÄcKs'rRÖM4 qui utilisent, comme inhibiteurs, 
les alcools isopropylique, butyliquc secondaire et benzylique, et qui, grace a 
des reactions de colorimetrie, peuvent suivre la formation des cetones corres­
pondantes. ThCoriquement, on doit s'attendre a ce que 1e produit de la vitesse 
de reaction v par la concentration de l'inhibiteur C devienne sensiblement constant 
quand C croit. C'est ce qui a eM trouve experirnentalement, quoique avec une 
precision assez reduite pour ne rendre l'experienee que rnodesternent demonstra­
tive. L'inhibition de l'autoxydation du benzaldehyde par l'anthraeene etudiee 
deux ans plus tard par BÄCKSTRÖM et BEATTYs a d'ailleurs mis en lumiere une 
difficulte de la theorie; alors que Ia vitesse d'oxydation de l'inhibiteur doit 
etre independante de sa eoneentration, si elle est suffisamment elevee, les auteurs 
ont trouve «que la vitesse d'oxydation de l'anthraeene est d'autant plus grande 
» que sa concentration est plus petite. La raison est sans nul doute que I'anthracene 
I) absorbe tres fortement la Iu miere ultra-violette, au point que meme dans nos 
I) dilutions plutöt grandes une proportion considerable de la lumiere excitatrice 
I) est absorbee par I'anthracene et non par l'aldehyde ». BllANCH, ALMQUIST et 
GOLDSWORTHY6 ont repris le travail de BÄCKSTRÖM et BEATTY et en ont eontesM 
la conclusion. Pour eux, l'anthracene ne s'oxyde pas seulement en brisant les 
chaines, mais encore, ct surtout aux basses concentrations, en reagissant avec 
les peroxydes. 

Mais il y a plus grave! BXCKSTRÖM et BEATTY avaient pris la precaution 
de s'assurer, afin d'etayer leur raisonnement, que l'anthracene ne subit pas 
de photooxydation (,directe ». Ils ont irradie des solutions du carbure dans 
1e benzene et le 1,4-dioxane et n'ont constate que la formation du polymere, 
le dianthracene, avec une photooxydation insignifiante. Ils ont note que ces 
solutions sont fluorescentes alors que la solution benzaldehydique ne l'est pas, 

1 CH. MOUREU, CH. DUFRAISSE: Imst. int. Chim. Solvay, 2c Cons. Chirn., p. 524,1925. 
PariH: Gauthier·Villars, Ed. 1926; C. R. hebd. Seances Acad. Sei. 174 (1922), 258. 

2 G. WITTIG, W. LANGE: Liebigs Ann. Chern. ö3ß (1938), 266. 
3 H. L. J. BÄCKSTRÖll: Medd. F. K. Vetenskapsakad. Nobel·lnst. ß (1927), Nes 15 

et 16; Trans. Faraday Soc. 24 (1928), 601. 
• H. N. ALYEA, H. L. J. BÄCKSTRÖM: J. Amer. ehern. Soe. öl (1929), 90. 
5 H. L. J. BÄCKSTRÖM, H. A. BEATTY: J. physie. Chern. 36 (1931), 2530. 
6 G. E. BRANCII, H. J. ALMQUIST, E. C. GOLD;;WORTIIY: J. Amer. elwrn. Soe. l)ö 

(1933), 4052. 
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et ils en ont conclu que eette eireonstanee est favorable, le benzaldehyde ayant 
ainsi' la propriete de desactiver les moMcules d'anthracime. Ür, recemment, a 
l'occasion d'une recherche sur la photooxydation, DUFRAISSE et GERARD1 ont 
montre que l'anthracime, en solution sulfoearbonique, dorine rapidement un 
photooxyde eristallise. Il se trouve que, par un hasard faeheux pour les eon­
clusions de BXCKSTRÖM et BEATTY, l'anthracime n'est presque pas photooxydable 
dans ses solutions fluoreseentes, c'est-a-dire dans les solvants du genre de eeux, 
benzime ou dioxane, que les auteurs ont utilises pour leur eontre-epreuve de 
stabilite de l'hydroearbure a la lumiere. Done l'anthracene est capable de se 
photooxyder rapidement en solutions non fluorescentes, en sulfure de carbone 
par exemple. Par suite, il ne peut pas etre considere comme non photooxydable 
en solution benzaldehydique, egalement depourvue de fluorescence, ce qui explique 
- particulierement aux fortes dilutions - les ecarts observes par BIcKSTRÖM 
et BEATTY. D'ailleurs, cette hypothese n'exclut pas celle qu'ont suggeree BRANCH, 
ALMQUIST et GOLDSWORTHY, les deux phenomenes pouvant aller de pair. De 
toute maniere, il semble que la base experimentale du raisonnement de BÄCKS­
TRÖM et BEATTY soit atteinte par la decouverte de la photooxydation direete 
de l'anthracene, ce qui re met en question le sort de l'inhibiteur pendant l'aete 
d'inhibition. 

e) L'autocatalyse. 
Enfin, la theorie des ehaines ne tient aueun eompte d'un fait experimental 

pourtant maintes fois verifie, savoir: la eatalyse par les peroxydes, done la 
possibilite d'une autoeatalyse. Il s'agit la d'un phenomene de eatalyse pure 
qui n'est pas a distinguer d'un simple branchement des chaines. En effet, si 
ehaque moleeule de peroxyde formee initiait deux ehaines, par exemple, l'allure 
autocatalytique de la reaetion aboutirait rapidement a une explosion, g'il n'y avait 
pas des eassures de ehaines assez rapides. Mais avee ces cassures la reaction ne 
serait pas essentiellement differente de celle que l'on observe experimentalement. 
En ce cas, aussi, tout depend non pas de la conception des chaines ou des 
reactions simples, mais du mecanisme chimique, dont la connaissance est la 
condition necessaire pour chaque discussion des aspects particuliers. 

3° Tbeories de la neutralisation d'un catalyseur positif. 
a) Theorie de TITOFF. 

La theorie de TIT01<'F a longtemps ete consideree comme serrant de pres la realite 
des faits. Il n'est pas douteux que le mecanisme propose s'applique dans certains 
eas, mais il n'apparait plus aujourd'hui comme ayant une generalite suffisante. 

TrToFF2 s'cst occupe principalement de l'autoxydation des solutions de 
sulfite de sodium. Mais, avant lui, BWELOW,3 puis YOUNG,4 avaient observe 
de nombreux exemples d'inhibition par des substances variees, tant minerales 
qu'organiques. TITOFF a remarque que les sels de cuivre, meme a une dilution 
extreme (10-9 N) ont une influence profonde sur la vitesse d'oxydation purement 
thermique qu'ils aecelerent puissamment. L'autoxydation sensibilisee par les 
ions euivre est ralentie par les substanees etudiees par BIGELOW et YOUNG. 
TITOFF, reprenant en eela une idee ancienne emise par LUTHER,5 en eonelut 
que le role de l'antioxygene est de neutraliser un catalyseur positif et qll'il en 

1 CH. DUFRAISSE, M. GERARD: C. R. hebd. Seances Aead. Sei. 201 (1935), 428; 
BuH. Soe. Chirn. (5), 4 (1937), 2052. 

2 A. TITon-: Z. physik. Chern. 45 (1903), 641. 
3 S. L. BIGELOW: Z. physik. ehern. 26 (1898), 493. 
4 S. W. YOUNG: J. Amer. ehern. 80c. 24 (1902), 297. 
S R. LUTllIm: Z. physik. Chern. 45 (1903), 662. 
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est ainsi meme dans le cas des substances soi-disant <epures,) qui renfermeraient 
alors un catalyseur positif inconnu. Une teIle conception a l'avantage de doimer 
une explication satisfaisante des quantites minimes de substances requises 
pour produire un effet antioxygene marque. Elle se prete, par un calcul simple, 
a l'etablissement d'une formule de cinetique ou la concentration de l'antioxygene 
apparait au denominateur: il y aurait, entre le catalyseur positif C et l'antioxygene 
B un equilibre chimique justiciable de la loi d'action de masse: 

d'ou 

B+C ~ BC, 
(BO) 

(C) = k-(B)--; 

la vitesse d'autoxydation etant proportionnelle a la concentration en catalyseur 
positif, devient inversement proportionnelle a celle de l'antioxygene, pour autant 
que (BC) puisse etre considere comme constant. 

Neanmoins, specialement en ce qui concerne le suHite, il est indispensable 
de rappeier lcs experiences de RICEl qui trouve qu'en eliminant les poussieres, 
et, entre autres procedes, par une methode due a SPRING2 qui consiste justement 
a precipiter de l'hydroxyde de cuivre au sein de la solution, que celle-ci ne s'oxyde 
plus que tres lentement. Cette experience tres curieuse est a rapproeher d'une 
autre, semblablc, effectuee apropos de l'eau oxygenee, tres stable en l'absencc 
de poussiere, meme si sont presents les acceterateurs usuels de sa decomposition. 
De toute maniere ces observations montrent que notre connaissance du processus 
exact de ces diverses reactions n'est pas tres avancee, et qu'il y a peut-etre une 
veritable catalyse heterogene avec empoisonnement dc catalyseur la ou nous 
ne percevons qu'une catalyse homogene. 

D'autres auteurs ont etudie l'action catalytique du cuivre et sa neutralisation 
par certains inhibiteurs. Dans le cas des solutions d'arsenite, l'inhibition a ete 
attribuee egalement a la formation de complexes inactifs.3 

b) Theorie de WARBURG. 
Pour WARBURG,4 le fer doit jouer le röle que TITOFF attribue au cuivre. 

Ses experiences ont porte en particulier sur l'autoxydation destructive de la 
cystine, avec du charbon comme catalyseur. Il s'agit donc vraisemblablement 
d'une catalyse heterogene. L'acide cyanhydrique arrete l'oxydation provoquec 
par Ic charbon de sang, ce qui a ete interprete comme le resultat d'une action 
neutralisante, avec formation de complexe inactif, sur le fer necessairement 
present. L'autoxydation de la cysteine exigerait egalement la presence du fer. 5 

Un echantillon purifie voit sa vitesse d'oxydation s'abaisser alors qu'une addition 
intentionnelle de fer l'eleve a nouveau.6 

Il est possible que le fer sc comporte en prooxygenc, que son action soit 
entravee par I'acidc cyanhydrique, mais certains auteurs contestent la necessite 
de sa presence.7 Une controverse s'est meme instituee au sujet du degre de 

1 F. O. RIeE: J. Amer. ehern Soc. 48 (1926), 2099. 
2 SPRI~G: Recueil Trav. chirn. Pays.Bas 18 (1899), 153. 
3 W. REINDERE, S. J. VLES: Recueil Trav. chim. Pays.Bas 44 (1925), 29. -

S. J. VLES: Ibid. 46 (1927), 743. Voir egalment E. WERTHEIlIIER: Fermentforsch. S 
(1926), 497. 

4 O. WARBURG: Biochern. Z. 119 (1921), 134. 
5 O. WARBURG, S. SAKUlIA: Pflügers Areh. ges. Physiol. Menschen Tiere 200 

(1923), 203. 
8 S. SAKUMA: Bioehern. Z. 142 (1923), 68. 
7 E. ABDERHALDEN, E. \VERTHEIlIER: Pflügers Arch. ges. Physiol. Menschen Tiere 

197 (1923),131; 198 (1923),122; 199 (1923),336; 200 (1923), 649. 
Hdb. d. Katalyse. Ir. 25 
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purification des echantillons de cysteine (voir le paragraphe anterieur sur la 
notion de «corps pur,»). 

D'ailleurs, WIELAND et FRANKEl qui purifient avec soin les solutions aqueuses 
d'acide dihydroxymaIeique, constatent qu'elles s'oxydent encore lorsque le fer 
en est absent et que HCN, qui retarde la reaction catalysee par le fer, I'accelere 
si ce metal est absent. 

Neanmoins, bien que l'accord ne soit pas realise en ce qui concerne l'autoxy­
dabilite des substances exemptes de catalyseurs, un certain nombre d'observations 
confirment les vues de WARBURG et de TITOFF quant au röle catalytique du fer, 
du cuivre, et, plus generalement, des metaux lourds, et quant a I'action d'un 
certain nombre d'inhibiteurs, tels l'acide cyanhydrique, les phosphates, les 
polyols, qui formeraient avec les metaux lourds des complexes inactifs. Ainsi, 
KREBS2 montre que la vitesse d'oxydation des solutions legerement alcalines 
de fructose, glucose, mannose, galactose, maltose, est acc616ree par des sels 
de manganese et de cuivre et est ralentie par HCN, H2S et les pyrophosphates. 
De meme, SZENT-GYÖRGYI3 observe une catalyse positive de l'oxydation de 
l'acide aseorbique par le euivre4 et une stabilisation des solutions par HCN.5 
Pour cet auteur, l'inhibition est a ramener a la formation de complexes de 
coordination et il est suggere que l'oxygeme lui-meme est coordonne.6 

Par eontre, on s'est quelquefois appuye sur la theorie sans apporter d'ex­
perience demonstrative. 

Pour avoir une presomption seulement en faveur d'une action de neutrali­
sation, il faut montrer au moins, d'une part, que les catalyseurs metalliqucs 
usuels accelerent bien l'autoxydation etudiec et, d'autre part, que les inhibiteurs 
ralentissent effectivement l'autoxydation catalysee. 

Il n'est pas douteux que la theorie de la neutralisation d'un catalyseur positif 
donne une explieation satisfaisante de eertains eas typiques d'inhibition. Mais 
on peut faire a son sujet un certain nombre de remarques qui en diminuent 
la portee generale. Ainsi, bien qu'il soit reconnu que le cuivre est un 6lement 
generalemcnt prooxygene, il n'est pas sans interet de noter qu'il a ete trouve 
antioxygene pour son propre compte (BAUR et OBRECH'l,7); de meme DUFRAISSE 
et HORCLOIs8 ont montre que le fer, introduit sous form ed'acetylacetonate 
ferrique, a une activite antioxygeme marquee. 

En dehors de ces cas typiques d'inversion de catalyse, il est permis de se 
demander pourquoi les complexes dont on invoque si frequemmcnt la formation 
seraient tous denues d'activite catalytique. En fait, comme il fallait s'y attendre, 
ils sont tantöt antioxygenes, tantöt prooxygenes, surpassant parfois en pouvoir 
accelerateur les formes du fer reputees comme tres actives (MouREu, DUFRAISSE 
et BADOCHE,9 :FRANKElO). 

1 H. WlELAND, W. FRANKE: Liebigs Ann. Chern. 46-1 (1928), 101. 
2 H. A. KREBS: Bioehern. Z. 180 (1927), 377. 
3 A. SZENT-GYÖRGYI: Biochemie. J. 22 (1928), 1387. 
~ Voir egalernent J. ETTORI, R. GRANGA UD: C. R. Seanees Soe. Biol. Filiales 

Associees 124 (1937), 557. 
5 Voir cncore C. M. LnIAN, M. ü. SCHULTZE, C. G. KING: J. biol. Chernistry 118 

(1937),757. - K. WATANABE: J. Taihoku Soe. Trop. Agrie., Irnp. Univ. 8 (1937), 
381. D'apres ehern. Abstr. 31 (1937), 5765. 

6 A. SZENT-GYÖRGYI: Hoppe-Seyler's Z. physiol. Chern. 254 (1938), 147. 
7 E. BAUR, M. ünREcIIT: Z. physik. Chern., Abt. B 41 (1938), 167. 
8 CH. DUFRAISSE, R. HORCLOIS: C. R. hebd. Seanees Aead. Sei. 191 (1930), 1126. 
9 CIl. MOUREU, CH. DUFRAISSE, M. BADOCHE: C. R. hebd. Seanees Aead. Sei. 183 

(1926), 685. 
10 W. FRANKE: Liebigs Ann. Chern. -198 (1932), 129. 
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L'aeide eyanhydrique lui·meme n'est pas toujours antagoniste du fer (ROBIN­
SONI ), ni du cuivre (GERENDAS2). 

On pourrait d'ailleurs repondre a cette objection en pretendant qu'une 
substance ne serait denuee d'activite antioxygime, dans le sens de la theorie 
de TITOFF-WARBURG, que parce qu'elle formerait avec l'ion metallique antagoniste 
un nouveau compose de meme pouvoir catalytique positif que l'ancien. On 
tomberait alors la dans l'exageration manifeste qui caracterise, d'ailleurs a un 
degre moindre, la theorie elle-meme: on con~oit mal l'etendue de l'affinite du 
catalyseur positif hypothetique qui l'engagerait dans des combinaisons inactives 
avec les corps inhibiteurs les plus dissemblables par leurs fonctions chimiques. 

On ne con~oit pas mieux la proposition reciproque, c'est-a-dire la capacite 
de combinaison d'un antioxygime tel l'hydroquinone, avec des catalyseurs 
positifs, eux aussi tres dissemblables (fer, cuivre, etc .... ). 

Enfin, certaines observations semblent montrer que le mecanisme est in­
suffisant et qu'il intervient surement une action inhibitrice plus puissante que 
celle qui correspond a la formation d'un complexe: l'autoxydation des solutions 
de benzaldehyde, catalysee par le chlorure ferrique, est arretee par des quantites 
d'iode, de diphenylamine ou d'hydroquinone de 40 a 80 fois plus petites que ce 
qui serait necessaire pour former un complexe ou le fer et l'antioxygene seraient 
dans le rapport stöchiometriquc. Autrement dit, une moleeule de diphenylamine 
previcndrait l'action de 80 equivalents de fer (WIELAND et RICHTER3 ). De meme, 
une mole eule de phenol semble neutraliser 15 a 20 atomes de fcr (M.EYER;4 
voir aussi TAYLOR5). 

Il n'est donc pas possible dc parler a coup sur d'elimination stöchiometrique 
de catalyseur. Les theories de la neutralisation perdent ainsi toute generalite 
et leur domaine se restreint ades cas particuliers. 

c) Theorie de DUPONT, ou theorie de l'autocatalyse. 

Dl:PONT et ses collaboratcurs6 font jouer aux peroxydes un röle important: 
ils seraient lcs catalyseurs prooxygenes gracc auxquels la reaction se propagerait. 
Cette maniere de voir cxplique bien l'aUure autocatalytique souvent observee 
des courbes de vitesse: la periode d'induction serait le temps pendant lequel 
la concentration normale stationnaire de peroxyde catalyseur s'etablit. Il est 
a remarquer toutefois qu'on obticnt le meme profil des courbes en ajoutant 
une petite quantite d'un antioxygene a un corps qui s'oxyde normalement a 
vitesse uniforme. On connait d'ailleurs de nombreuses substances ou la prescnce 
demontree d'antioxygenes natureIs confere a l'absorption d'oxygene le type 
autocatalytique; il en resulte que 1e principe sur lequel repose la theorie de 
l'autocatalyse n'a pas une generalite incontestable. 

S'appuyant sur l'6tude de l'autoxydation de l'acide iX-abietique, l'un des 
constituants les mieux connus de la colophane, DUPONT et ALLARD7 supposent que 
l'oxyde intermediaire actif (AO) - catalyseur fourni par la reaction ellememe -
est capable de s'associer a l'antioxygene B pour donner un terme inactif B, (AO). 

1 M. E. ROBl}l~oN: Biochemie. J. 18 (1924), 255. 
2 M. GERENDAS: Hoppe·Seyler's Z. physio!. Chern. 254 (1938), 184. 
3 H. WIELAND, D. RICHTER: Liebigs Ann. Chern. 486 (1931), 226. 
• K. MEYER: J. bio!. Chernistry 103 (1933), 25. 
5 H. S. TAYLOR: J. physie. Chem. 28 (1924), 145. 
6 G. DUPONT, J. LEVY, J. ALLARD: C. R. hebd. SeaneesAead. Sei. 190 (1930),1302. 

- G. DUPONT, J. ALLARD: Ibid. 190 (1930), 1419. - G. DUPONT, J. LEVY: Bull. 
Soe. chirn. Franee (4), 47 (1930), 60, 147. - G. DUPONT, J. LEVY, J. ALLARD: Ibid. 
(4),47 (1930), 942. - G. DUPONT, J.ALLARD: Ibid. (4),47 (1930), 1216. 

7 G. DUPONT, J. ALLARD: C. R. hebd. Seanecs Aead. Sei. 190 (1930), 1419. 
25· 
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C'est en cela que la theorie de DUPONT se rattache aux conceptions prece­
dentes de TITOFF et de WARBURG. DUPONT la rattache lui-meme aux phenomimes 
d'empoisonnement de catalyseur positif. D'ailleurs il y a une relation de pro­
portionalite entre la teneur en oxyde catalyseur (AO) et la quantite d'antioxygEme 
necessaire pour arreter l'oxydation. Cette relation est encore plus nette si la 
reaction est catalysee positivement par l'abietate de cobalt. L'etude spectro­
scopique, paralleIement a l'etude chimique, montre que le catalyseur actif est 
un complexe colore abietate de cobalt-acide abietique oxyde que l'hydroquinone 
detruit en liberant l'abietate de cobalt et en s'associant a l'acide abietique 
oxyde. 

DUPONT, LEVY et ALLARD1 ont observe une inversion caracteristique de 
catalyse: aux faibles concentrations l'abietate de cobalt devient antioxygene. 
DUPONT et ALLARD se sont preoccupe de donner une interpretation de la catalyse 
positive: ils admettent que le complexe resultant de l'association de AO et de B 
est actif. Mais la parente des catalyses inverses qu'ils signalent tient plus a 
la forme qu'au fond, car on ne voit pas, en dehors de l'analogie des formules, 
ce qui peut relier entre elles les deux sortes de combinaisons active et inactive 
toutes deux, s'ecrivent B, (AO) ni comment le fait d'augmenter la concentration 
de l'inhibiteur, par exemple, peut realiser le passage de l'une a l'autre. 

B. Tbeories de la desactivation. 
10 Theorie de H. S. TAYLOR. 

Avant de se rallier a la theorie des chaines, TAYLOR2 avait emis une theorie 
fort seduisante, selon laquelle l'inhibiteur contracterait une union passagere 
avec les molecules «actives ), c'est-a-dire avec celles qui sont aptes a s'autoxyder. 
Le complexe forme se dissocierait ulterieurement en regenerant la molecule 
de reactif a l'etat de repos, desactivee, donc en ayant perdu son aptitude a s'unir 
a l'oxygene. 

1'AYLOR, a l'appui de sa theorie, etablit un parallelc entre le pouvoir anti­
oxygene et l'aptitude a former des composes d'addition. Pour cela, il etablit 
avcc ABBOTT, un tableau en deux colonnes en inscrivant d'un cöte les antioxygenes 
cites jusqu'en 1923 par MouREu et D"C"FRAISSE comme actifs vis-a-vis du benz­
aldehyde, et, de l'autre cöte, les substances qui, d'apres Chemical Abstracts 
sont capables de se condenser avcc le benzaldehyde: la plupart des substances 
citees se retrouvent dans les deux colonnes. Comme d'apres KENDALL et BOOGE3 

et SCHMIDLIN et LANG' de teIles condensations sont precedees de la formation 
de complexes d'addition, le parallelisme entre pouvoir inhibiteur et tendance 
a formation de complexes devient, pour TAYLOR, manifeste; il trouve effective­
ment le pouvoir antioxygene chez des corps dont lui-meme ou d'autres chercheurs 
avaient constate la tendance a former des complexes moIeculaires avec l'aldehyde 
benzoique.5 

TAYLOR discute avec beaucoup de clarte le mecanisme de l'action inhibitrice: 
l'inhibiteur s'unit passagerement aux «molecules actives), c'est-a-dire a quelques 
unes seulement de toutes les molecules de reactif presentes; il montre, par un 
calcul simple, que le nombre de molecules d'inhibiteur (hydroquinone) est 

1 G. DUPONT, J. LEVY, J. ALLARD: C.R. hebd. SeaneesAead. Sei.1S0 (1930),1302. 
a H. S. TAYLOR: J. physie. Chern. 28 (1924), 145. 
8 J. KENDALL, J. E. BOOGE: J. Amer. ehern. Soe. 38, (1916) 1719. 
4 J. SCHMIDLIN, R. LANG: Ber. dtseh. ehern. Ges. 43 (1906), 2806. 
6 E. K. RIDEAL, H. S. TAYLOR: Catalysis in Theory and Praetiee, p. 146. Londres: 

MeMillan et Cie., Ed., 1926. 
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precisement du meme ordre de grandeur que celui des molecules de substance 
autoxydable (benzaldehyde) qui, normalement, en l'absence d'antioxygene, 
reagiraient avec l'oxygene en une demi-minute. Le rapport entre la grandeur 
de l'effet par rapport 0. la petitesse de la cause n'est donc pas absurde. TAYLOR 
explique ainsi, tout en rejetant la theorie de TITOFF, la sensibiliM de l'autoxydation 
0. l'action antioxygene Sur laquelle deja MouREu et DUFRAISSE avaient attire 
l'attention.1 

TAYLOR s'est aide d'une comparaison: le systeme inhibe ressemble 0. un 
asile ou 100 dements, qui n'ont pas tous leur acces de folie furieuse au meme 
moment, sont sous la surveillance d'un seul gardien. Quand, 0. l'occasion, un 
dement a son acces, le gardien le «desactive» en cellule et revient s'occuper des 
99 autres qui, pendant ce temps, sont resMs calmes. 

Cette comparaison ingenieuse et demonstrative a eM critiquee par CHRIS­
TIANSEN2 dans un memoire ou il attaque la theorie de TAYLOR. «Cette comparaison 
') est fausse car nous ne pouvons supposer que les moMcules du gaz inhibiteur 
,) sont douees d'intelligence et se combinent justement avec les moMcules qui 
,) sont Sur le point de reagir.» 

Acela, MOUREU et DUFltAISSE3 ont repondu que l'intelligence des moMcules 
est l'affiniM chimique resultant du champ de force qui emane precisement des 
moMcules aetives invoquees par TAYLOR. Par cette intelligence, le gardien peut 
discerner le dement qui va avoir son acces au prochain instant. Mais se 
trouvera-t-il toujours pres de lui 0. ce moment critique 1 Pour quitter la compa­
raison, il est difficil de comprendre, comment le mecanisme dc TAYLOR peut 
s'effectuer sans displacer l'equilibre d'activation. Nous y retournerons 
plus bas. 

On ne peut pas, d'autre part, invalider la theorie de TAYLOR apropos de la 
necessiM d'admettre que la formation du complexe doit etre beaueoup plus 
rapide que la reaction normale d'autoxydation, ce qui entraine l'existence d'un 
pouvoir d'attraction selective sur lequel on reviendra: nulle theoric n'echappe 
0. cette diffieulte, pas meme la theorie des chaines. 

Plus serieuses sont les objections suivantes: la verification experimentale 
du principe meme de la theorie est delicate, et se beurte au dilemme sur lequel 
TAYLOR lui-memc, tres justement, a insisM: d'une part, si les complexes invoques 
et recherches experimentalement sont trop stables, c'est-a-dire s'il leur manque 
precisement la condition essentielle d'etre facilement dissociables, teIle la com­
binaison acide trichloracetique-benzaldehyde, lc catalyseur sera rapidement 
« neutralise» et la catalyse cessera faute de catalyseur. 

D'autre part, si les memes complexes sont trop laches, plus laches meme 
que eeux que peuvent mettre en evidence les eourbes de point de fusion de melange 
(voir ß-naphtol-benzaldehyde) ils seront difficiles 0. deceler et 0. caracMriser, 
et l'experimentateur n'aura meme pas la faculte de rapporter avec securite 
l'effet protecteur observe 0. la formation supposee d'un complexe trop fugace. 

Enfin, la simple desactivation de la substance autoxydable ne permet pas 
d'entrevoir de mecanisme sat.isfaisant de l'inversion de catalyse. Et c'est 10. 
surtout un vi ce redhibitoirc pour une theorie des actions antioxygEmes, 
de teIle sorte qu'il est difficile d'accepter sans modifications l'ancienne theorie 
de TAYLOR. 

1 CH. MOUREU, CH. DUFRAJ88E: C. R. hebd. Seanees Aead. Sei. 17-1 (1922), 258; 175 
(1922), 127. 

2 J. A. CHRISTIA~SEN: J. physie. Chern. 28 (1924), 145. 
3 CH. MOUREU, CH. DUFRAISSE: Inst. int. Chirn. Solvay, 2' Cons. Chirn, p.554, 

1925. Paris: Gauthier-Villars, Ed., 1926. 
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2° Theorie de F. PERRIN. 
F. PERRIN1 distingue les deux sortes d'activation: photochimique et thermique. 

Les moMcules activees photochimiquement seraient desactivees a distance (chocs 
de deuxieme espece) par l'approche d'une moMcule etrangere ou encore d'un elec. 
tron peu lie: l'energie d'activation se transmettrait par induction a l'electron qui 
acquerrait ainsi un supplement d'energie cinetique. Or les antioxygenes, en tant 
que corps facilement oxydables, possedent de tels electrons: ils seraient alors 
des desactiveurs universels de la matiere. F. PERRIN avait d'ailleurs rnontre 
auparavant2 qu'un tel mecanisme, qui se ramene en definitive a une diminution 
de la duree moyenne de l'etat excite, rend compte de l'extinction de la fluorescence, 
et avait trouve cette propriete aux antioxygenes typiques (voir aussi VITTE,3 
BOUTARIC,4 BOUCHARD,5 WEBER,6 OUELLET,7 PRIVAULT8). 

En somme, la theorie photochimique de F. PERRIN se rapproche de celle de 
TAYLOR en ce sens qu'elle prevoit une desactivation prealable de la moMcule 
reagissante. Seul le mecanisme invoque dilfere. 

L'interpretation de la desactivation des moMcules activees therrniquement 
fait naitre une dilficulte d'ordre thermodynamique sur laquelle on aura l'oc. 
casion de revenir: le processus de desactivation par un catalyseur theorique en 
solution diluee se rarnene a un deplacement d'equilibre (celui qui est etabli entre 
les formes actives et inactives) sans depense d'energie, ce qui est cn contra· 
diction avec les principes de la therrnodynamique. Pour tourner 111, düficulte, 
F. PERRIN rattache sa conception a celle de CHRISTIANSEN, donc au processus 
des reactions en chaine. 

Cette theorie, seduisante, a pourtant le dCfaut d'ctre trop generale: si les 
antioxygenes sont doues d'un pouvoir desactivant universei, ils doivent etre des 
inhibiteurs des toutes les rtlactions, ce qui n'a pas ete constate; ils ne sont meme 
pas des antioxydants, e'est-a·dire des ralentisseurs de la fixation de l'oxygene 
par des reactils oxydants. 11 faut donc ajouter que les antioxydants rcagissent 
scleetivement avec les corps intermediaires des chaines d'autoxydation, corps 
qui sont probablement des peroxydes ou certainement des oxydants. Mais, sous 
cette forme, la theorie de PERRIN n'est plus rien d'autre que celle de MOUREU et 
DUFRAISSE. 

De plus, l'ancienne theorie de PERRIN ne donne aucune explication de la 
parente des catalyses inverses. 

3° Theorie de BAUR. 
Tout recemment, BAuR' a donne une theorie de (,l'anticatalyse.) qui se 

rattache forternent aux precedentes, donc qui partage leurs qualites comme leurs 
faiblesses. Selon BAUB, une molecule phototrope passe de l'etat de repos dans 
l'obscurite, a l'etat d'activation par la lurniere par une (,electrolyse interne.) 
a lIiquelle en principe tout eompose redox est susceptible de prendre part et qui 

1 F. PERRI~: C. R. hebd. Seanees Aead. Sei. 184 (1927), 1121. 
2 F. PERRIN: J. Physique RaditUD 7 (1926), 390; Ann. Physique (10), 12 (1929), 

169. 
3 F. VITTE: J. Chim. physique 26 (1929), 276. 
• A. BOUTARIC, J. BOUCHARD: C. R. hebd. Seanees Aead. Sei. 192 (1931),357. -

A. BOUTARIC, J. A. GAUTIER: Bul!. Soe. ehirn. bio!. 19 (1937), 938. 
5 J. BOUCHARD: C. R. hebd. Seanees Aead. Sei. 196 (1933), 485, 1317. 
8 K. WEBER: Z. physik. Chern. 15 (1931), 18. 
7 C. OUELLET: Canad. Chern. Metallurgy 16 (1932), 168. 
8 PRIVAULT: C. R. hebd. Seanees Aead. Sei. 184 (1927), 1120. 
9 E. BAUR: Z. physik. Chern., Abt. B 41 (1938), 179. 



La catalyse negative en phase liquide et eventuellement solide. 391 

se joue entre l'espace exterieur negatif et l'espace interieur positif; en adoptant 
la notation de BAUR, on ecrit: 

Aobsc. + hv - ALum. {: ; 

l'inhibiteur redox ra~ene l'etat lumiere a l'etat obscurite par oscillation entre 
deux echelons de valence: 

A {EB + valence inferieure = valence superieure} A 
Lum. + 1 .< • 1 inf' . + obsc. e va ence sup"neure = va ence erleure 

BAUR fait remarquer d'ailleurs que sa theorie se heurte a ladifficulte thermo­
dynamique deja signaIee. Il est permis de faire remarquer en outre qu'elle est, 
d'une part, trop generale en ce sens que tous les composes redox devraient in­
hiber tous les processus photochimiques, et, d'autre part, trop particuliere en 
ce sens que tous les inhibiteurs ne sont pas des composes redox. Enfin la theorie 
repose sur la supposition que les etats d'activation photochimique et thermique 
sont des etats moIeculaires essentiellement identiques, ce qui cst loin d'etre 
evident, ainsi qu'on l'a vu. 

40 Theorie de MOUREU et DUFRAISSE. 

(,Peroxydabilite») et action antioxygene. 
La diversite des antioxygtmes et des substances protegees d'une part, et le 

fait que les exemplcs typiques dc catalyse negative puissante sont l'apanage 
a peu pres exclusif des reactions d'autoxydation d'autre part) ont suggere a 
MOUREU et DUFRAISSE que la cause des actions antioxygenes est a rechercher 
aupres des seuls elements communs a toutes les oxydations: l'oxygime (voir aussi 
JOB) ou encore ses combinaisons, les peroxydcs primaires. 

Toute «desactivation) de l'oxygene expliquerait bien, apriori, l'action des 
antioxygencs, mais ne donnerait aucune representation correcte du phenomene 
de l'inversion de catalyse. De plus, une teIle hypothese tombcrait sous le coup 
des difficultes signalees et discutees apropos de la theorie de TAYLoR. On doit 
donc l'abandonner. 

MOUREU et DUFRAISSE se sont alors attaches a montrer que l'action anti­
oxygime se place, non pas avant la combinaison de l'oxygene et de la substance 
autoxydable, mais immediatement apres, lorsque le stade «peroxyde primaire ) 
n'est pas encore depasse, c'est·a·dire avant que toute evolution stabilisante ait 
eu le temps de se produire. C'est ce qui distingue leur theorie de toutes les theories 
de la' desactivation precedemment etudiees (TITOFF, PERRIN, BAL'R). 

Pour MOUREU et DUFRAISSE, l'antioxygene catalyse la dissociation du per­
oxyde primaire A[02]' selon un mecanisme qui, comme on le verra plus loin, fait 
intervenir une union temporaire entre l'oxygene et l'antioxygene, ou, en d'autres 
termes, qui prevoit la formation d'un peroxyde transitoire de l'antioxygene. 
A la base de la theorie se trouve donc le concept fondamental suivant: la faculte 
d'agir en tant qu'antioxygene est en relation avec la peroxydabilite. 

C'est la une idee ancienne que divers auteurs, a l'occasion d'etudes tres parti­
culieres, avaient deja emise de faQon plus ou moins nette (voir, par exemple, 
DOTT,l BASKERVILLE et HAMOR,2 SCHOEN,3 MrTTRA et DHAR4, etc .... ). 

1 D. B. DOTT: Pharrnac. J. (4),2 (1896), 249 (cite par BAILEY, 1. c., p. 361; p. 119). 
Z C. BASKERVILLE, W. A. HAlIIOR: lnd. Engng. Chern. Ind., analyt. Edit. 4 (1912),278. 
3 C. SCHOEN: Bul!. Soc. ind. Mulhouse 62 (1892), 590. 
4 N. N. MITTRA, N. R. DIIAR: Z. anorg. allg. ehern. 122 (1922), 146. - N. R. DUAR: 

Proc., Kon. Akad. Wetensch. Arnfltcrdarn 23 (1921), 1074 [Verfliag. Akad. \Vetcn­
schappen 29 (1921), 1023]. 
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Mais MOUREU et DUFRAISSE l'ont generalisee et, surtout, precisee. Ainsi, il 
est necessaire de bien faire remarquer, acepropos, qu'll n'a jamais ete pretendu, 
comme certains l'ont ecrit par erreur, que l'antioxygEme avait l'obligation d'etre 
oxydable ou meme reducteur. Au contraire, une trop grande fragilite vis-a-vis 
de l'oxygene est un defaut: le catalyseur, en se transformant de maniere stable, 
peut perdre son pouvoir catalytique. On a dit d'autre part que des corps comme 
les acides sulfurique et phosphorique par exemple, dont on a observe souvent le 
pouvoir antioxygene, surtout chez le dernier, constituaient des exceptions a la 
theorie parce que repondant difficilement au criterium de peroxydabilite. C'est 
la un argument experimentalement insoutenable, puisqu'on connait les acides 
persulfurique et perphosphorique, peracides dont l'existence suffit a temoigner, 
chez les acides, d'une tendance tres nette a s'unir a l'oxygene. 

Par contre, les peroxydes des antioxygenes invoques par la theorie sont 
surement a distinguer soit des peroxydes isolables, tels que ceux dont il vient 
d'etre fait mention, soit, d'une maniere plus generale, des corps dont le degre 
d'oxydation est plus eleve que celui de l'antioxygene considere (par exemple, un 
sulfate par rapport au sulfitc, la quinone par rapport a l'hydroquinone). Tous 
ces produits sont en effet bien trop stables. Ceux que la theorie prevoit doivent 
etre le resultat d'une union passagere entre l'antioxygene et l'oxygene, union 
bicn vite dissoute avec regeneration de l'antioxygene, qui peut ainsi poursuivre 
son röle eatalytique. 

La generaIite de la catalyse antioxygene s'explique alors facilement si I'on 
songe que la peroxydabilite - au sens restreint qui vient d'etre discutC - est 
a considerer comme une des proprietes les plus repandues parmi les corps de la 
chimie, a condition qu'lls soient soumis a un potentiel d'oxydation suffisamment 
eleve. Or, on sait precisement que les peroxydes primaires developpent de tels 
potentieis. 

Bien apres que ces considerations sur le parallelisme entre pouvoir anti. 
oxygene et peroxydabilite eurent ete formulees, d'autres observations sont venues 
confirmer cette these: pour BERL et WINNACKER,l le pouvoir antioxygene doit 
s'exercer par voie chimique, et, selon BOEsEKEN,2 WHITl<J,3 etc .... , il semble lic 
a une certaine affinite du catalyseur pour l'oxygene. 

Schema de la catalyse negative d'autoxydation. 
La theorie de MOUREU et DUFUAISSE a ete emise en 1923 4 et devcloppee 

ulterieurement en 1925 au Conseil de Chimie SOLVAY." Elle est connue sous le 
nom de theorie des peroxydes. Les travaux sur lesquels elle s'appuie ou qu'elle 
a suggeres sont deja tres etendus.6 Sa simplicite, de meme que l'etendue des 

1 E. Blo;RL, K. WINNACKER: Z. physik. Chern. 148 (1930), 261. 
2 J. BÖESEKEN: Inst. int. Chirn. 80lvay, 2' Cons. Chirn., p. 611, 1925. Paris: 

Gauthier-Villars, Ed. 1926. 
3 A. G. WHITE: J. ehern. 80e. (London) 1927, 793. 
1 CH. MOUREU, Cu DUFRAISSE: C. R. hebel. 86anees Aead. Sei. 176 (1923), 624. 
2 CII. MOUREU, CII. DUFRAISSE: Inst. int. Chim. 801vay, 2' Cons. Chirn., p. 524, 

1925. Pari,,;: Gauthier-Villars, Ed. 1926. 
3 Cu. MOUREU, CH. DUFRAISSE, A. LEPAPE, P. ROßlN, J. POUGNET, A. BOUTARIC, 

ET. BOISlIfENU: Ann. Chimie (9), 15 (1921), 158. - CH. MOUREU, CH. Dm'RAIssE: 
C. R. hebel.. 8eanees Aead. Sei. 174 (1922), 258; 175 (1922), 127; BuH. 80e. ehim. Franee 
(4), 31 (1922), 1152; Rev. sei. 60 (1922), 120; C. R. hebd. 8eanecs Aead. Sei. 174 
(1922), 258; An. Soe. eHpaii. Fisiea Quirn. 20 (1922), 383; C. R. hebd. 8eanees Aead. 
Sei. 176 (1923), 624, 797; 178 (1924), 824. - CII. MOUREU, CII. Dm'RAIssE, J". PANIER 
DES TOUCHES: Ibid. 178 (1924), 1497. - CH. MOUREU, eH. DUFRAIS8E: Ibid. 178 
(1924), 1861. - eH. MOUREU, CH. DumAISSE, M. BADOCHE: Ibid. 179 (1924), 237, 
1229. - CIl. MOUREU, eH. DUFRAISSE: BuH. Soe. ehirn. Franee (4), 3ö (1924), 1564. 
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phenomimes qu'elle embrasse et qu'elle explique sans lacune l'ont fait preferer 
a d'autres par de nombreux auteurs.1 

Elle a eu comme point de depart une observation classique: deux peroxydes 
antagonistes AO et BO peuvent se reduire mutuellement en regenerant les corps 
A et B et en liMrant 1'0xygEme a l'etat moleculaire. Ainsi en est-il par exemple 
pour les couples: eau oxygenee et bioxyde de plomb (THENARD); eau oxyg@nee 
et permanganate (WÖHLER); eau oxygenee et acide chromique, ou peroxyde 
d'argent, ou oxyde de fer, etc .... (SCHÖNBEIN2). 

D'apres cela, on peut faire jouer aAle röle de la substance autoxydable et 
aB celui de l'antioxygene qui n'a besoin que d'etre peroxydable, mais pas neces­
sairement autoxydable. Pour y parvenir, on suppose que la moMcule activee A 
reagit d'abord sur O2 pour donner A[02], puis partage son oxygene avec B en 
formant A[O] et B[O]. S'il y areaction entre A[O] et B[O] selon le schema de 
la destruction mutuelle des peroxydes antagonistes: 

A[O] + B[O] -> A + B + O( 

il Y aura catalysc negative puisque A et B se retrouveront dans leur etat initial 
non active. 

- Cu. MOUREU, CH. DUFRAISSE, M. BADOCHE: Bull. Soe. ehim. Franee (4), 35 (1924), 
1572, 1591. - CH. MOUREU, Cll. Dm'RAISSE: Reeueil Trav. ehim. Pays-Bas -13 (1924), 
645; J. ehern. Soe. (London) 127 (1925),1. - CH. MOUREU, Cll. DUFRAISSE, P.LOTTE: 
C. R. hebd. Seanees Aead. Sei. 180 (1925), 993. - Cll. MOUREU, Cll. DUFRAISSE, 
M. BADOCUE: lbid. 183 (1926), 685. - Cll. MOUREU, CII. DUl>'RAISSE: lbid. 182 
(1926), 949. - CH. MOUREU, CII. DUFRAISSE, M. BADOCHE: lbid. 183 (1926), 408, 
823. - Cu. MOUREU, Cu. DUFRAISSE: Chern. Reviews 3 (1926), 114. - Cu. MOUREU, 
CII. DUl<'RAISSE, R. CUAUX: Chim. et Ind. 17 (1927), 531; 18 (1927), 3; C. R. hebd. 
Seanees Aead. Sei. 184 (1927), 413; Ann. Office nato Combustibles liquides 2 (1927), 
233. - CH. MOUREU, Cu. DUFRAISSE: C. R. hebd. Seanees Aead. Sei. 185 (1927), 
1545; Rev. gen. Caoutehoue 32 (1927), 3. - CII. MOUREU, CII. DUJiRAISSE, J. R. 
JOIlNSON: Bull. Soe. ehim. Franee (4), 43 (1928), 586. - Cu. MOUREU, CII. DUI>'RAISSE, 
M. BADocuE: C. R. hebd. Seanees Aead. Sei. 186 (1928), 1673. - CII. MOUREU, 
CH. DUFRAISSE: Chern. and lnd. 47 (1928), 819. - Cu. MOUREU, CII. Dm'RAIssE, 
:\1:. ßADOCHE: C. R. hebd. Seanees Aead. Sei. 187 (1928), 157. - Cu. MOUREU, CH. 
Dm'RAISSE, G. BERCIIET: BuH. Soe. ehim. Franee (4), 43 (1928), 942, 957. - CU. 
:MOUREU, Cu. DUFRAISSE, M. BADOCHE: C. R. hebd. Seanees Aead. Sei. 187 (1928), 
917, 1092. - CH. MOUREU, ClI. DUFRAISSE, P. LAPLAGNE: lbid. 187 (1928), 1266. -
Cu. MOUREU, CH. DUFRAISSE, P. LOTTE: lnd. Engng. Chern., analyt. Edit. 22 (1930), 
549; Rev. gen. Caoutehoue n° 63, juillet 1930. - CII. DUFRAISSE: Rev. sei. 26 juillet 
1930, p. 417. - CH. DUFRAISSE, R. HORCLOIS: C. R. hebd. Seanees Aead. Sei. 191 
(1930), 1126. -- ClI. DUFRAISSE, R. CHAUX: I" Congres de la Seeurite Aerienne Paris 
(1930), p. 55. - CH. DUFRAISSE, R. HORCLOIS: C. R. hebd. Seanees Aead. Sei. 192 
(1931), 564. - Cu. DUFRAISSE, N. DRISCH: Congres des Teehnieiens du Caoutehoue, 
Paris, juin 1931; Rev. gen. Caoutehoue n° 77, dee. 1931; C. R. du !I' Congres Chirn. 
lnd. sept. 1931. - Cu. Dm'RAIssE: Le Monde Ind. dee. 1931. - Cu. DUFRAISSE, 
R. VIEILL'lWOSSE: C. R. hebd. Seanees Aead. Sei. 194 (1932), 2068. - CH. DUFRAISSE: 
Rev. gen. Caoutehoue nO' 85 et 86, oet. nov. 1932. - CH. DUFRAISSE, R. CHAUX: 
C. R. hebd. Seanees Aead. Sei. 197 [(1933), 672. - CH. Dm'RAISSE, N. DRISCH, 
M'" PRADIER·GIBELLO: Rev. gen. Caoutehoue n° 94 (1933); Rubber Chern. Teehnol. 
7 (1934), 167. - CII. DUFRAISSE: La seienee aerienne 3 (1934), 127; Bull. Soe. En­
eouragernent lnd. nato 1934,107. - CH. DUFRAISSE, R. VIEILLEFOSSE: Rubber Chern. 
Teehnol. 7 (1934), 213; Rev. gen. Caoutehoue n° 102 (1934). 

1 Y. TANAKA, M. NAKAMURA: J. Soe. ehern. lnd. Japan, suppl. Bind. 34 B (1931), 
405. - A. G. WIIITE: J. ehern. Soe. (London) 1927, 793. - U. J. THUAU: 4' Congres 
de Chirn. lnd. 1924, 525. - S. E. SHEPPARD: Nature (London) 116 (1925), 608. -
J. J. M. FERNANDEZ: Afinidad 11 (1931), 313. - P. RONA, R. ASMUS, H. STEINECK: 
Bioehern. Z. 250 (1932), 149. - G. R. GREENBANK, G. E. HOLM: lnd. Engng. Chern., 
analyt. Edit. 26 (1934), 243. 

2 C. F. SCHÖNBEBI: .J. prakt. Chern. 77 (1859), 129. 
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On reconnait la un mecanisme de catalyse negative veritable, tel qu'il a ete 
defini precedemment: il prevoit en effet qu'une petite dose de catalyseur est 
suffisante, que ce catalyseur ne subit aucune transformation definitive et il 
ecarte toutes les actions qui se ramiment a une neutralisation de catalyse positive. 

Mais il peut arriver que, des sa formation, B[O], par suite des chocs des 
moMcules environnantes non activitees A, ou pour tout autre raison, soit eloignee 
de la sphere d'action de la molecule activee A[O]. Elle finira par rencontrer une 
moMcule acti vee A * a vec la quelle elle reagira: 

B[O] + A* ~ A[O] + B 

et l'oxyde A[O] forme se stabilisera en AO. C'est Li le schema d'une catalyse 
positive possible. 

En resume, le schema general de la theorie de MOUREU et DUFRAISSE peut 
se figurer de la maniere suivante: 

A + E -> A* (E = energie d'activation). 

A* + O2 ~ Al02l. 

A[02] + B -> AlO] + B[O] 

A + B + O2 (catalyse negative). 

B + A[O]; A[O] ~ AO (stable) 
(catalyse positive). 

La theorie precedente nc pretend pas expliquer l'inversion de la catalyse; elle 
montre simplement que les deux phenomencs de catalyse positive et negative 
sont cn etroite parente puisqu'ils ont en commun les deux tiers du processus 
global. On comprend que la direction de la catalyse reste indecise jusqu'au dernier 
moment et qu'il doive suffire d'une influence bien faible (elevation de la tempera­
ture, variation des concentrations, etc .... ) po ur en decider. D'autre part, il est 
interessant de remarqucr qu'on doit interpreter comme un argument en faveur 
de la theorie precedente le fait que les actions de catalyse negative vraiment 
nettes se groupent pricipalement autour de l'oxygene (soit comme reactif inhibe, 
soit comme inhibiteur), car la theorie de MOUREU et DUFRAISSE re pose essen­
tiellement sur une specificite d'action autour de l'oxygene. 

L'attraction selective. 

Rien dans ce schema n'empeche de rendre compte des enormes coefficients de 
ralentissements observes, a condition bien entendu d'admettre que la reaction 
entre A[02l et Best plus rapide que la reaction normale d'autoxydation c'est­
a-dire soit la stabilisation de A02 en A02 soit sa reaction sur A *: 

A[02l + A* -> 2 A[O] ~ 2AO (stable). 

Or, precisement, aucune des theories qui ont ete proposees depuis 1923 
n'echappe a l'objection, qui bien avant qu'elle fUt formulee, avait retenu l'atten­
tion de MOUREl; et DUFRAISSE: ces deux auteurs en etaient arrives a la necessite 
d'invoquer une puissance d'attraction selective de la moMcule A[02] pour la 
moMcule d'inhibiteur. 
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En effet, entrons, avec BAILEY, dans le detail du mecanisme de l'inhibition. 
Si Best present au sein de 40000 molecules A, la distance moyenne qui separe 
A[02J et Best representee par l'epaisseur de 20 a 30 couches de motecules environ. 
Lorsque A[02J vient de se former, il faut necessairement que la motecule d'anti­
oxygime B la plus proche l'atteigne tel un «boulet de canon» (BAILEy1) et s'y 
combine, avant que rien d'irreparable ne se soit produit (reaction sur A* ou stabili­
sation spontanee). 

Le temps qui est laisse a B pour atteindre A[02J depend naturellement de la 
vie moyenne de A[02J et varie dans le meme sens. Il devra etre tres petit si l'on 
admet que cette vie moyenne est courte, ainsi que le suggere l'autoxydation 
normale de A en l'absence d'inhibiteur. 

La theorie de TAYLOR presente exactement la meme difficulte: l'attraction 
selective doit avoir lieu entre B et A*, et B doit ehereher A* comme precedemment 
il cherchait A[02J. 

D'ailleurs, en pOllrsuivant le raisonnement, on peut mettre en evidence une 
difficulte tres serieuse de la theorie des chaines, qui ne se resout qu'en ayal1t 
recours aux mccanismes qu'on a reproches aux autres theories, en particulier 
a celles de TAYLOR, et, plus particulierement, a celle de MouREu et DUFRAISSE: 
d'apres BÄCKSTRÖM,l le nombre de molecules de benzaldehyde oxydees par 
quantum absorbe est de 5000 a 10000. Supposons, dans ce qui va suivre que c'est 
10000. D'autre part, le meme auteur admet l'identite des chaines photochimiques 
et thermiques: donc la longueur de la chainc photochimique ou thermique est en 
moyenne de 10000 maillons. TAYLOR2 montre qu'avec de l'hydroquinone 0,001 M, 
il y a un coefficient de ralentissement de 400: la longueur moyenne des chaines 
n'est donc plus que de 25 maillons. Avec un peu plus d'hydroquinone on doit 
arriver a la raccourcir encore, a 1 maillon par cxemple. Et au dela 1 DUFRAISSE 
et BADOCHE3 avec un peu moins de 1 % d'hydroquinone (c'est-a-dire 0,1 M) ont 
observe a l'obscurite un coefficient de ralentissement de 500000: la longueur des 
chaines est alors 0,02, c'est-a-dire en moyenne bien inferieure a un maillon. Ce 
resultat s'interprete de la maniere suivante: sur 100 chaines initiees normalement, 
98 sont coupees avant le premier maillon sans donner licu a oxydation du benz­
aldehyde et 2 immediatement apresle premier maillon. Une coupure avant le prcmier 
maillon n'est pas autre chose qu'un empechement d'initiation des chaines et ne 
peut avoir lieu que par un des trois mccanismes dcja etudies: desactivation de A* 
selon TAYLOR ou selon F. PERRIN, ou dissociation de A[02J selon MOUREU et 
DU}·RAISSE. On est ainsi ramene directement aux autres theories et, pour des 
coefficients de ralentissements importants, cgau.x ou superieurs au nombre de 
maillons de la chaine, on n'evite pas la nccessiM d'invoquer une puissante affiniM 
selcctive. 

Le raisonnement precedent reste valable, tout au moins en ce qui concerne 
la difficulte d'expliquer la sensibiliM de l'action antioxygene, si l'on differencie, 
a l'encontre de BÄCKSTRÖM, les chaines thermiques des chaines photochimiques. 
Les arguments qui font penser qu'elles ne sont pas identiques ont deja eM exposes. 
On eviterait l'inconvenient de recourir a un mecanisme d'empechement d'initia­
tion de chaines en supposant que la longueur des chaines thermiques est superieure 
a 500000 maillons. Ce n'est pas demontre d'une part, et d'autre part, l'anti­
oxygene doit malgre tout se comporter toujours (Ccomme un boulet de canon'). 

1 K. C. BAILEY: Retardation of chemical reactions, p. 124. Londres, 1938. 
1 H.L.J. BÄCKSTRÖM: Medd. F.K. Vetenskapsakad. Nobel-lnst. 6, n"' 15 et 16 

(1927). J. Amer. ehern. 80c. 49 (1927),1460. 
2 H. 8. TAYLOR: J. physic. Chern. 28 (1924),145. 
3 CH. DUFRAI88E: Traite d<:, chirnie Organique (V. GRIGNARD), T. H, p. 1159 (1936). 
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Mais ce boulet de canon manquera son but quelquefois ou bien il atteindra 
A[02] trop tard; par suite, la molecule A s'autoxydera normalement: ce qui fait 
comprendre que meme avec un coefficient de ralentissement de 10000, il y a 
encore 2,7 1015 moIecules de benzaldehyde qui reagissent par minute (TAYLOR). 

La theorie de MOUREu et DUFRAISSE a provoque un echange d'idees entre 
ses auteurs et F. PERRIN, apropos d'un de ses a-cötes qui n'est pas essentiel pour 
le mecanisme de l'action antioxygene. L'antioxygene B realise en quelque sorte 
la dissociation de A[02] en A desactive et O2, Comme A[02J est forme a partir 
de A * active, il en avait ete conclu a un processus de desactivation indirecte 
de A *, donc a une rarefaction des molecules A *. Comme les moIecules normales 
inactive8 et les molecules activees sont en equilibre, le catalyseur aurait eu pour 
effet de deplacer un equilibre, ce qui tomberait sous la difficulte thermodynamique 
exposee plus haut. Mais DUBRISAy1 a etabli que le catalyseur reel, present en 
quantite finie, et parfois me me en ex ces par rapport aux molecules actives (voir 
1e calcul de 1'AYLOR), s'eloigne du catalyseur theorique tel qu'on le definit a la 
base des raisonnements, et que, dans ces conditions ce n'est plus le principe de 
CARNOT qu'i! faut opposer a la catalyse, mais plutöt les theoremes sur les systemes 
dilues. Il ne faut pas oublier cette possibilite, etant donne la complexite des 
phenomenes de catalyse, des differences entre catalyseurs theoriques et cataly­
se urs reels, presents en quantite linie dans le milieu; on sait dcja l'influence 
considerable exercce par de petites quantites de vapeur d'eau sur l'etat d'equilibre 

Mo/ecu/es A • 
entre un liquide et sa vapeur (BARER, LEWIS, 
SlIUTS, DIXON) ou entre un solide et ses so­
lutions (COHEN), ce qui prouve incontestable­
ment que le "catalyseur" reel peut ne pas 
etre sans action sur certains facteurs de 
l'equilibre. 

Il n'est pas vraisemblable, mais en cer­
tains cas possible, que les antioxygenes aussi 
ne peuvent etre öte du systeme qu'avec une 
depense d'energie. Alors, il y a un champ 
limite pour l'application des theories de des­
activation primaire. 

50 Theorie de DUJo'ltAISSE. 

A la verite, si, a un certain moment, 
l'idee d'une diminution de concentration 

Mo/ecu/esAOzstil/J/es des molecules actives avait paru essentielle 
Fig. 5. Represelltatloll hydroclynamiquc clu a la theorie de MOUltEU et DUFRAISSE, il 

schema cle l'effet antioxygime. ne semble pas qu'on doive aujourd'hui 
lui porter grand credit. On peut meme 

l'abandonner, ce qui supprime du meme coup toute objection d'ordre thermo­
dynamique. Pour le voir commodement, on peut avoir recours a la comparaison 
suivante: assimilons les moMcules inactives A a un liquide contenu dans un 
recipient I (Fig. 5). L'activation, dans cette hypothese, peut se representer par le 
passage d'une certaine quantite de liquide dans un recipient 2 situe a un niveau 
plus eleve, l'energie d'activation etant fournie par une pompe P. En l'absence 
de toute reaction, dans le milieu isotherme, il s'active, dans un temps donne, 
autant de molecules qu'i! s'en desactive: i! faut donc representer la desactivation 
par une conduite descendante qui per met un retour du liquide du re ci pie nt 2 au 

1 R. DUBRISAY: J. Chim. physique 25 (1928), 581. 
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recipient 1. Dans ces conditions, statistiquement, le niveau du liquide s'etablit 
en a dans le recipient superieur. Il faut remarquer que l'impossibilite dans laquelle 
on se trouve de modifier la courbe de repartition statistique des energies (lois de 
MAXWELL-BoLTZMANN) impose la necessit6 d'adjoindre a la pompe un regulateur 
qui en augmente ou diminue le debit si une cause accidentelle vient a faire varier 
le niveau du liquide dans le recipient superieur. Autrement dit, l'equilibre entre 
les moleeules actives et inactives n'echappe pas aux lois generales: si on eherehe 
ale modifier, le systeme, de lui-meme, evoluera dans le sens qui tendra a s'op­
poser a la modification. Faisons reagir l'oxygene sans inhibiteur: cela revient 
a creer une derivation supplementaire qui fait passer une partie du liquide (mole­
eules actives A *) dans un autre recipient 3, a niveau legerement inferieur a celui 
de 2 et ou s'accumuleront les moleeules A[02J. Cette derivation fera baisser le niveau 
en b, mais le systeme regulateur de la pompe le fera remonter en c, presque confondu 
avec a. En l'absence d'inhibiteur, les moleeules A[02J se stabilisent: cela revient 
a faire passer le liquide du recipient 3 dans un 4e situe plus bas que le premier. 

L'inhibiteur, dans le sens de la theorie de MOUREu et DUFRAISSE, catalyse 
la dissociation de A[02J: il faut creer une nouvelle derivation qui fait passer le 
liquide de 3 en 1 (la derivation de 3 a 4 n'etant pas supprimee, l'inhibition n'est 
jamais totale). Mais ce processus, s'il perturbe le debit de la conduite 3-4, 
n'exerce aucune influence sur les autres derivations 2-1,2-3 et 1-2: le niveau c 
ne variera pas par l'introduction d'un antioxygene. En d'autres termes, puisque 
l'action de l'antioxygene est post6rieure a la combinaison de A* avec O2, le 
nombre de moleeules A qui reagissent dans l'unite de temps n'est pas modifie 
et Ia concentration des moleeules actives ne varie pas. 

Le mecanisme de l'action antioxygene se ramene a une catalyse par B de la 
dissociation du peroxyde primaire A[02]. Cette dissociation, normalement, est 
possible puisque, ainsi qu'on l'a vu, A* et O2 ne s'unissent, dans le processus 
primaire, qu'en liberant une portion tres faible de l'energie globale de la reaction; 
si elle se trouve acceleree, il en resultera, de toute evidence, une inhibition. 

Nouveau schema de l'action antioxygene. 
Cette remarque, et egalement une difficulte d'un autre ordre soulevee par Ia 

theorie de MOUREu et DUFltAISSE ont amene ce dernier a modifier l'ancienne 
eonception.1 En effet, Ie mecanisme du partage de Ia moleeule d'oxygene de 
A[02J entre A et B pour former A[O] et B[O] suppose I'absorption transitoire 
d'une quantite d'energie considerable dont on ne voit pas Ia source dans le milieu 
isotherme. Il ne faut pas oublier que l'on a finalement en vue la recombinaison 
des deux atomes, avec reemission d'oxygene libre, ce qui est essentiellement 
different de Ia fixation definitive que l'on rencontre dans les reactions coupJees. 
La, effectivement, on constate bien une coupure de la molecule d'oxygene dans 
la reaction globale: A[02] + B -~ AO + BO (stables) 

mais I'energie de cette seission est fournie surtout par la chaleur de reaction et 
n'est pas recuperable pour reconstituer et liberer finalement Ia molecule d'oxygime. 

Au eontraire, Ie peroxyde primaire A[02J, gräce a son potentiel eleve, pourra 
ceder d'un bloc a B son oxygene, dans un etat encore liberable. Cette reaction 
aura lieu, par exemple, par l'intermediaire d'un complexe trimoI6culaire transitoire 
A[02]B instable. A[02J + B -+ A[02JB -+ A + [02JB. 

Mais bien que B puisse se peroxyder (conditionde la catalyse negative), il 
ne s'ensuit pasneeessairement que le peroxyde forme [02JB soit stable; s'il se 

1 eH. DUFRAISSE: Traite dc chimie Organique (v. GRIGNARD), T. II, p. 1147 (1936). 
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dissocie en O2 et B, il determine la catalyse negative, Accessoirement, si un 
certain nombre de molecules [02]B echappent a la dissociation et se stabilisent, 
ce sera l'usure du catalyseur par oxydation induite. 

Ce mecanisme de catalyse negative se ramene a une dissociation du complexe 
A[02]B en deux temps; mais, bien entendu, il ne faut pas exclure la possibilite 
d'une dissociation directe: 

A[02]B -+ A + O2 + B. 

D'autre part, il peut arriver egalement qu'a la faveur de l'existence du com­
pIe xe A[02]B la moIecule d'oxygene s'accroche plus energiquement a A et qu'il 
y ait liberation, non plus de A + [02]B, mais de A02 (stable) + B: cette even­
tualite correspond a la catalyse positive. En effet, en l'absence de catalyseur, les 
molecules de peroxyde primaire A[02] n'evoluent pas toutes vers A02; il Y en 
a un certain nombre qui se dissocient spontanement. La presence du catalyseur 
positif B a pour effet de diminuer le nombre de celles qui se dissocient au profit 
de celles qui se stabilisent. 

On peut eomprendre le meeanisme intime de cette acceleration en se referant 
a une interpretation quantique de la eatalyse positive heterogene donne par BORN. l 

Selon eet auteur, si, bien qu'elles aient l'une pour l'autre de l'affinite, deux mole­
eules differentes ne reagissent pas, e'est qu'elles sont separees par lIDe «barriere 
d 'activation» que les choes normaux sont impuissants a faire franehir: la probabiliM 
de reaction sera nulle ou tres faible. Mais si un eatalyseur maintient les deux mole· 
eules en eontaet intime pendant un temps tres superieur a la duree normale du ehoe, 
la barriere d'aetivation n'apparait plus eomme un obstaele infranehissable: e'est 
(,l'effet de tunnel» gnlee auquel, theoriquement, eroit la probabilite d'eehange d'elee· 
trons entre les deux reaetifs et graee auquel, par suite, augmente la probabiliM de 
reaetion. 

Cette explieation de la eatalyse heterogene se transpose faeilement a la eato,lyse 
de l'autoxydation en phase homogene: e'est a la faveur de la formation du eomplexe 
trimolCeulaire qn'augmentera ou que diminuera l'('effet de tunnel» entre A et °2, Si 
la duree de vie moyenne du eomploxe A[02]B ost superieure a eelle de 10, molCeule 
de peroxyde primaire A[02]' la probabilito pour que l'oxygime (Is'aeeroehe» plus 
intimement a A eroitra: e'est la eo,talyse positive. Au contraire, si la vie moyenne 
du eomplexe est inforioure a eelle du peroxyde, la probo,bilite de reaetion diminuera: 
e'est la eatalyse negative. 

On retrouve bien ainsi la parenM des eatalyses inverses. On pressent qu'il faille 
peu de chose pour inverser le sens d'tme eatalyse, s'il suffit simplement d'agir sur la 
duree de vie d'un corps intermediaire. 

A vec cette retouche, lc schema general devient: 

1 0 A + E -,. A* (E = energie d'activation). 

2° .A.* + O2 ~ A[02]. 

e~' { A + °2B } -+ A + O2 + B 
C9>'I.. ~ ....----~.. ou directement 

-~---
A[02] + B -,. A[02]B Ollt 

----.::.~08. 
'-----.. A02 (stable) + B 

Il evite les difficultes de l'ancien et en conserve tous les avantages. 

Puisque l'«effet de tunnel» n'a ete demonstre dans aucun cas experimentalement, 
ct pnisqu'il n'est vraisemblable theoriquement que pour des particules tres legeres, 

1 M. BORN: Ann. Inst. Henri Poincare 1, 305. 
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il faut remarquer iei que sa eitation n'est pas du tout un part essentiel de la theorie. 
La eatalyse positive et negative peut etre eomprise aussi bien, et d'aeeord avee les 
faits experimentaux de la eatalyse heterogime (v. tome V), si la moleeule B diminue 
l'energie d'aetivation soit de la stabilisation, soit de la dissoeiation de A[Oa]' 

Conclusion. 
L'impression dominante qui doit ressortir de l'examen des theories de l'effet 

antioxygene est que leur diversite suggere deja une. eomplleation insoupQonnee 
de la reaetion d'autoxydation. D'autre part, il faut bien avouer qu'aueune d'entre 
elles ne donne une explieation entierement satisfaisante de l'ensemble imposant 
des faits eonnus et que pour aueune n'existe de preuve experimentale probante. 
Selon toute vraisemblance, les grandes reussites d'action antioxygime, celles qui 
se chiffrent par des coefficients de ralentissement de l'ordre de plusieurs centaines 
de mille, sont dues a la convergence heureuse de plusieurs mecanismes simultanes 
d'inhibition. 

Il est a remarquer que, contrairement aux vues de BAUR,l la catalyse negative 
d'autoxydation tient une place a part dans l'etude generale de l'inhibition, ne 
serait·ce que par la diversite, la nettete et l'importance des effets observes. Les 
autres catalyses negatives, telles que eelles qui seront etudiees ulterieurement, 
ont egalement ete expliquees par les theories les plus diverses. 

Notons, en outre, que les theories qui rendent le mieux eompte de la eatalyse 
negative de l'autoxydation ne s'adaptent que tres mal, sinon pas du tout, aux 
autres inhibitions. En retour, les theories qui, par leurs generalites, semblent 
expliquer tous les ralentissements, quelle qu'en soit la nature, se heurtent, dans 
le eas de l'autoxydation, ades diffieultes serieuses. 

La seule eonclusion qui s'impose, e'est que l'etude de la eatalyse negative, 
bien qu'entreprise au debut de ce siecle, et plus systematiquement depuis une 
quinzaine d'annees, en est eneore a l'aube de son developpement. On doit esperer 
que l'aeeumulation des observations experimentales permettra un jour de grouper 
toutes les inhibitions en une seule synthese harmonieuse. 

Applications des antioxygimes. 
Le domaine d'application des antioxyglmes est a l'image du domaine OU se 

font sentir les exees et les mefaits de l'oxygime. Aussi la plaee nous manque-t-elle 
pour presenter en detail les nombreux travaux que la nouvelle teehnique de 
protection a fait eelore. Les indications qui vont suivre seront neeessairement 
breves et viseront surtout a donner une vue sommaire (pour des renseignements 
plus detailles2). 

Biologie. 
La vie est, avant tout, une eonsequenee de l'autoxydation (pour les rapports 

entre vie et autoxydation, voir HOPKINS,3 MEYERHOF,4 WARBURG,5 WILLSTÄTTER,6 

1 E. BAUR: Z. physik. Chern., Abt. B 41 (1938), 179. 
2 K. C. BAILEY: Retardation of ehcmieal reactions, Londres, 1938. - CIl. Du­

jo·RAISSE: Traite de ehirnie Organique (V. GRIGNARD), T. II, p. 1147 (1936); Chernistry 
and Teehnology of Rubber, p.440. New York: Davis.Blakc, Ed. 1937; Rev. sei., 
26 juillet 1930, p. 417; Le Monde lnd., dee. 1931; Rev. gen. Caoutchoue n"' 85 ct 86, 
oet. nov. 1932; La seienee aerienne 3 (1934), 127; BuH. Soe. Eneouragernent lnd. nato 
1934, 107. 

3 F. G. HOPKINS: Chern. and lud. 42 (1923), 676. 
4 O. MEYERIlOF: Ber. dtseh. ehern. Gcs. 58 (1925), 991. 
5 O. WARBURG: Bar. dtseh. ehern. Gas. 58 (1925), 1001. 
6 R. WILLSTÄTTER: Ber. dtsch. ehern. Gcs. 51) (1926), 1871. 
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ROSENMUND,l WIELAND,2 FRANKE,3 KEILIN,' SZENT-GYÖRGYI,5 etc .... ), car 
l'energie qui lui permet de se manifester provient, en derniere analyse, de l'oxy­
dation par l'oxygene atmospherique des hydrates de carbone crees par la fonction 
chlorophyllienne. Rien d'etonnant, par suite, a constater que les antioxygenes 
y interviennent, comme vont le montrer quelques exemples. 

On notera tout d'abord une difference marquee entre les plantes, ou les anti­
oxygenes phenoliques, tanins entre autres, se trouvent abondamment, et les 
animaux qui en sont generalement pauvres: ne serait-ce pas en relation avec 
l'intensite des manifestations vitales dans les deux regnes? Dans le premier, la 
vie est ralentie et demande plutöt a etre protegee contre la trop grande activite 
de l'oxygene, alors que les animaux, au contraire, ont besoin de stimuler leurs 
oxydations. 

Neanmoins, meme chez les etres a vie intense, la combustion ne peut pas etre 
abandonnee a elle-meme sans frein: elle doit etre modulee, ce qui fait soup9onner 
une intervention frequente de ralentisseurs. Effectivement, il a ete trouve des 
propriet6s antioxygenes - et quelquefois prooxygenes - ade nombreuses subs­
tances tir6es de l'economie animale.6 

Inversement, les antioxygenes ont une action directe sur la vie.? D'ailleurs 
celles des intoxications qui ressemblent aux asphyxies sont provoquees par 
des corps doues de propri6t6s antioxygenes, au preInier rang desquels l'acide 
cyanhydrique (CLAUDE BERNARD8 ) et le pyrogallol, qui entrame une augmen­
tation de la lipemie par diminution du pouvoir oxydant du sang (FRANKE9). 

De meme, il a et6 trouve des rapports entre action bact6ricide et pouvoir anti­
oxygime.10 

Par ailleurs, il a et6 suggere que les antithermiques agiraient plus ou moins 
directement par leur pouvoir antioxygene (MOUREU et DUFRAISSE,ll AMAH,12 

1 K. W. ROSENl11UND: Arch. Pharmaz. Ber. dtsch. pharmaz. Ges. 269 (1931), 126. 
2 H. WIELAND: Bul!. Soc. chim. France (5), 5 (1938),1233.; J. chem. Soc. (London) 

1931, 1055. 
3 W. FRANKE: Liebigs Ann. Chem. 498 (1932), 129. 
4 D. KEILIN: Ergebn. Enzymforsch. 2 (1933), 239. 
5 A. SZENT-GYÖRGYI: Bul!. Soc. Chim. bio!. 20 (1938), 846. 
6 O. MEYERHOF: Pflügers Arch. ges. Physio!. Menschen Tiere 199 (1923), 531. -

A. HOTTINGER: Schweiz. med. Wschr. 53 (1923), 429. -A. SZENT·GyÖRGYI: Biochem. 
Z. 146 (1924), 254. - E. C. KENDALL, F. F. NORD: J. bio!. Chemistry 69 (1926), 295. 
- A. SClIÖBERL: Hoppe-Seyler's Z. physio!. Chem. 201 (1931),167; Ber. dtsch. chem. 
Ges. 64 (1931), 546. - G. BLIX: Skand. Arch. Physio!. 56 (1929), 131. - M. YAMA­
MOTO: Hoppe-Seyler's Z. physio!. Chem. 243 (1936), 266. 

7 J. Ai\IAR: C. R. hebd. Seances Acad. Sci. 176 (1923), 921. - A. PISSAVY, R. MON­
CEAUX: J. Pharmac. Chim. 30 (1924), 295. 

8 CL. BERN ARD: LeQons sur les effets des substances toxique et medicamenteuses, 
Paris, 1857. - Voir aussi: E. ABDERHALDEN, E. WERTHEIlIIER: Pflügers Arch. ges. 
Physio!. Menschen Tiere 197 (1923),131; 198 (1923), 122; 199 (1923),336; 200 (1923), 
649. - F. BATELLI, L. STERN: Biochcm. Z. 30 (1911),172; 31 (1911), 478. - O. WAR­
nURG: Ibid. 119 (1921), 134; 136 (1923), 266. - O. WARBURG, S. SAKUMA: Pflügers 
Arch. ges. Physiol. Menschen Tiere 200 (1923), 203. - S. SAKUMA: Biochem. Z. 142 
(1923),68. - O. WARBURG, W. BREFELD: Ibid. 145 (1924), 461. - O. MEYERHOF: 
Pflügers Arch. ges. Physio!. Menschen Tiere 200 (1923), 1. - P. ELLINGER: Hoppe­
Seyler's Z. physiol. Chem. 136 (1924), 19. - H. A. KREBS: Biochem. Z. 180 (1927), 
377. - L. AHLSTRÖM, H. v. EULER: Hoppe.Seyler's Z. physio!. Chem.200 (1931),233. 
-D. C. HARRISON: Biochemic. J.18 (1924),1009. -E. G. GERWE: J. biol. Chemistry 
92 (1931), 525. - E. S. HILL: Ibid. 92 (1931), 471. - E. J. BIGWOOD, J. TIIOMAS, 
H. HERBo: Bull. Soc. Chim. bio!. 18 (1936), 176. 

9 W. FRANKE: Liebigs Ann. Chem. 498 (1932), 129. 
10 R. S. HILPEltT, CL. NIEllAUS: Angew. Chem. 47 (1934), 86. 
11 CH. MOUREU, ClI. DUFRAISSE: C. R. hebd. Seances Acad. Sci. 174 (1922), 258. 
12 J. A)[AR: C. R. hebd. Seances Acad. Sci. 176 (1923), 921. 
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ARTAUX DE VEVEY,1 ACHARD, BOUTARIC et BOUCHARD2). Les hyperthermisants, 
tels le bleu de methylime, le dinitro 2.4-naphtol-l, le dinitro 2.4-phenol (thermoi), 
au contraire, agiraient grace aleurs proprieMs prooxygimes (CAZENEUVE,3 
MATHEWS,4 J. F. et C. HEYMANS, BOUCKAERT,5 MAYER, MAGNE, PLANTEFOL,6 
CUTTING,7 HEYMANS, BOUCKAERT,8 DODDS, POPE,9 BONNET, JACQUOT10). 

Les vitamines dont l'importance est determinante pour l'entretien de la 
vie sont parfois des corps autoxydables susceptibles d'etre proteges par des 
antioxygimes appropries;l1 la Conference Internationale pour l' etalonnage des 
vitamines, Londres 1931,12 s'est meme preoccupee de definir des substances 
stabilisantes (voir encore, apropos des vitaminesI3). 

Aliments, corps gras, savons. 
Ce chapitre tres important comprend d'abord la stabilisation des huiles 

et graisses comestibles. Les antioxygenes ordinaires phenoliques sont actifs, 
mais toxiques: leur emploi est donc a eviter. On cherche a tourner la difficulte 
soit en etudiant et identifiant - si possible - les antioxygenes natureIs presents 
dans les graisses (voir en particulier HILDITCH et PAUL14), soit en s'adressant a 
des produits natureIs non toxiques tels la lecithine15 (le catalyseur veritable de 
la lecithine commerciale est la cephaline), les sMrols16 (voir les <dnhibitols,) de 
ÜLCO'fT et MATTILL17) Ie tissu de foie,18 et, plus recemment, la farine de cereales.19 

1 ARTAULT DE VEVEY: Bull. Soe. Therap., avril 1927. 
2 CH. ACHARD, A. BOUTARIC, J. BOUCHARD: C. R. hebd. Seanees Aead. Sei. 196 

(1933), 1757. 
3 CAZENEUVE, LEPINE: C. R. hebd. Seanees Aead. Sei. 101 (1885), 1167. 
4 MATHEWS, LONGJo'ELLOW: J. Pharmaco!. exp. Therapeut. 2 (1910), 200. 
5 J. F. HEYlIfANS, C. HEYlIfANS: Areh. int. Pharmacodynam. ThCrap. 26 (1922), 

443. - C. HEYMANS, J. J. BoucKAERT: C. R. Seanees Soe. Bio!. Filiales AssoeiE~cs 99 
(1928), 626. 

8 H. MAGNE, A. MAYER, L. PLANTEFOL: Ann. Physio!. Physocochim. bio!. 8 (1932), 
1,51,70, 157. - M. GUERBET: Ibid. 8 (1932), 92. - M. GUERBET, A. MAYER: Ibid. 
8 (1932),117. - J. GEORGESCU: Ibid. 8 (1932),122. - L. PLANTEFOL: Ibid. 8 (1932), 
127. - A. MAYER, F. VLES: Ibid. 8 (1932), 176. 

1 W. C. CUTTING, H. G. MEHRTENS, M. L. TAINTER: J. Amer. med. Assoe. 101 
(1933), 193. 

8 C. HEY:llANS, J. J. BOUCKAERT: C. R. Seanees Soe. Bio!. Filiales Assoeiees 114 
(1933), 39. 

9 E. C. DODDS, W. J. POPE: Lancet 211) (1933), 352. 
10 R. BONNET, R. JACQUOT: C. R. hebd. Seanees Aead. Sei. 200 (1935), 1968; 

201 (1935), 1213. 
11 R. C. HUSTON, H. D. LIGHTBODY: J. bio!. Chemistry 76 (1928), 547. - R. C. 

HUSTON, H. D. LIGHTBODY, C. D. BAI.!. jun.: Ibid. 79 (1928), 507. - H. A. MATTILL: 
J. Amer. med. Assoe. 89 (1927), 1505; J. bio!. Chemistry 90 (1931), 141. - H. S. OL­
COVICII, H. A. MATTILL: J. bio!. Chomistry 91 (1931), 105; Proe. Soe. exp. Bio!. Med. 
28 (1930), 240; Proe. IowaAead. Sei. 88 (1931),172. -H. S. OLCOTT, H. A. MATTILL: 
J. bio!. Chemistry 98 (1931), 59, 65. - CH. L. SHREWSBURY, H. R. KRAYßILJ.: 
Ibid. 101 (1933), 701. - M. NAKA:llURA: J. Soe. ehern. Ind. Japan, supp!. Bind. 
86 B (1933), 286. 

12 BuH. Soe. Chim. bio!. 18 (1931), 1284. 
IS A. SZENT-GYÖRGYI: Biochemie. J. 22 (1928),1387. - J. ETTORI, R. GRANGAUD: 

C. R. Seanees Soe. Bio!. Filiales Assoeiees 124 (1937), 557. - C. M. LYlIfAN, M. O. 
SCIIULTZE, C. G. KING: J. bio!. Chemistry 118 (1937), 757. - K. WATANABE: J. Tai­
hoku Soe. Agrie. Forestry 8 (1937), 381. (D'apres Amer. Chem. Abstr. 81 (1937), 5765. 

14 T. P. HILDITCH, S. PAUL: J. Soe. ehern. Ind. 08 (1939), 21. 
15 H. S. OLCOTT, H. A. MATTILL: Oil and Soap 18 (1936), 98. - F. WITTKA: 

Chemiker-Ztg. 61 (1937), 386. 
18 H. A. MATTILL, BL. CRAW~'ORD: Ind. Engng. Chem., analyt. Edit. 22 (1930),341. 
11 H. S. OLCOTT, H. A. MATTILL: J. Amer. ehern. Soc. 08 (1936), 1627. 
18 A. LUND: Tidsskr. Kjemi Bergves. 0 (1925), 102. 
19 H. A. MATTILL: J. Amer. med. Assoe. 89 (1927), 1505. - F. N. PETERS jun., 
Hdb. d. Katalyse. H. 26 
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Les recherches sur la stabilisation des corps gras se sont tellement developpees 
dans ces dernieres annees qu'il faut renoncer ä. les resumer.l On doit surtout 
retenir de cette accumulation considerable de documents que l'emploi des anti· 
oxygenes permet d'eviter la devalorisation par rancissement, les pertes par 
oxydation, les deficits en vitamine et quelquefois meme les incendies spontanes. 
L'amelioration des qualiMs organoleptiques des aliments permettra leur transport 
plus aise, et, par voie de consequence, une extension appreciable de leur commerce. 

HuHes de transformateurs, lubrifiants. 
Le vieillissement des hydrocarbures employes comme isolants dans les 

transformateurs se manifeste par des depots de boues qu'il faut eviter. L'alteration 
a bien l'oxygene pour origine ainsi que le montrent les mesures de vitesse d'ab· 
sorption de"ce gaz (BUTKOW,2 HASLAM et FRÖLICH,3 MEAD et MCCABE,' YAMADA,5 

MIZUSHIMA et YAMADA6). Les antioxygenes protegent efficacement contre 
l'oxydovieillissement des huiles de transformateur. 

S. MUSIIER: Ind. Engng. Chern., analyt. E(lit. 29 (1937),146. - L. LOWEN, L. ANDER­
SON, R. W. HARRISON: Ibid. 29 (1937), 151. - V. L. KOENIG, Dairy Inds. 3 (1938), 
20. - A. ROCIIAIX, A. TAPERNOUX: 2' Congres Sei. Intern. alimentation 1937, F. 3. 

I P. WOOG, M"" E. GANSTER, J. GIVAUDON: C. R. hebd. Seanees Aead. Sei. 192 
(1931), 923. - Y. TANAKA, M. NAKAMURA: J. Soe. ehem. Ind. Japan, supp!. Bind. 
33B (1930),107,126,127,129; 34B (1931), 405; 35B (1932), 81; 36B (1933), 286, 408. 
- A. M. WAGNER, J. C. BRIER: Ind. Engng. Chern., analyt. Edit. 23 (1931), 40. -
G. R. GREENBANK, G. E. HOLM: Ibid. 26 (1934), 243. - W. FRANKE: Liebigs Ann. 
Chern. 498 (1932), 129. - H. A. MATTILL: J. Amer. rned. Assoe. 89 (1927), 1505; 
J. bio!. Chernistry 90 (1931), 141. - H. S. ÜWOVICH, H. A. MATTILL: Ibid. 91 (1931), 
105. - H. A. MATTILL, BL. CRAWFORD: Ind. Engng. Chern., analyt. Edit. 22 (1930), 
341. - A. LUND: Tidsskr. Kjerni Bergves. 5 (1925),102. - F. TARADOIRE: C. R. hebd. 
Seanees Aead. Sei. 182 (1926), 61; 183 (1926), 507. - O. M. SMITII, H. E. WOOD: 
Ind. Engng. Chern., analyt. Edit. 18 (1926), 691. - W. ROGERS, H. S. TAYLOR: 
J. physie. Chern. 30 (1926), 1334. - J. JANY: Z. angew. Chem. 44 (1931), 348. -
1':. DE CONNO, E. GOFFREDI, C. DRAGONI: Ann. Chirn. applieata 15 (1925), 475. -
E. N. ALLOTT: Biochemie. J. 20 (1926), 957. - V. NOVIKOW: Oil Fat Ind. USSR 2 
(1927), 17; Seifensieder-Ztg. 54 (1927), 321. - R. S. MORRELL: J. Oil Colonr Chemists' 
Assoe. 10 (1927), 278. - G. K HOUI, G. R. GREENßANK, 1':. F. DEYSHER: Ind. Engng. 
Chern., analyt. Edit. 11) (1927), 156. - .J. S. LOKG, W. S. EGGE: Ibid. 20 (1928), 809. 
- H. PO)IERANZ: Scifensieder-Ztg. 55 (1928), 207. - W. J. HUSA, L. M. HUSA: 
J. Amer. pharrnae. Assoe. 17 (1928), 243. - W .• T. HUSA: Ibicl. 19 (1930), 825. - E. 
:\:lONTIGNIE: BuH. Soe. ehim. Franee (4), 45 (1929), 709. - S. R. TROTlIIAK: Text. 
Recorder 47 (1930), 65. - R. B. TRUSLER: Text. \Vld. 77 (1930),1513. - G. W. FIERO: 
Amer. J. Pharrnae., Sei. support. pub!. Health 102 (1930),146. - J. PEPIN-LEHALLEUR: 
Ann. Aead. brasi!. Sei. 2 (1930), 49. - 1':. ANDRE: Arm. Corno Liqu. 5 (1930), 845. -
B. Y. RIGAKUSI: BuH. Mat. grasses Inst. Colon. (Marseille) 15 (1931), 65. - A. M. 
WAGNER, J. C. BRIER: lnd. Engng. Chern., analyt. Edit. 23 (1931), 662. - SEI-ICHI, 
"C"ENO, TEI-JI SAIDA: J. Soe. ehem. lnd. Japan, supp!. Bind. 34B (1931), 448. - F. C. 
YIBRANS: Oil Fat Ind. 8 (1931), 223, 263, 277. - K. OGAWA: J. Soe. ehern. lnd. Japan, 
,mpp!. Bind. 34B (1932), 449. - J. S. LONG, H. D. CHATAWAY: Ind. Engng. Chern., 
analyt. Eclit. 23 (1931), 53. - A. H. GILL, F. EBERSOLE: lbid. 23 (1931), 1304. -
A. BANKs, T. P. HILDITCH: J. Soe. ehern. lnd. 51 (1932), 411 T. - W. FRANKE: 
Hoppe-Seyler's Z. physio!. Chern. 212 (1932), 234. - T. YA)IADA: J. Soe. ehern. lnd . 
• Japan, supp!. Bind. 3GB (1933),176. - V. S. KISSELEV, V. E. KIIATSET: J. ehim. lnd. 
USSR 10 (1933),31. - H. D. ROYCE, F. A. LINDSEY jun.: lnd. Engng. ehern., analyt. 
Edit. 25 (1917), 1047. - B. F. CIIOW: J. Amer. ehern. Soe. 56 (1934),894. 

2 N. A. BUTKow: Erdöl 11. Teer 3 (1927), 267, 551; Bull. lnst. Rech. Cornbustiblcs 
eSSR 4 (1927), 37. 

3 HASLAM, FRÖLICH: lnd. Engng. Chern., analyt. Edit. 11) (1927), 292. 
4 B. MEAD, W. L. MCCABE: Ind. Engng. ehern., analyt. Edit. 19 (1927), 1244. 
5 T. YA~IADA: J. Soe. ehern. lnd. Japan, supp!. Bind. SSß (1930), 318, 319. 
6 S. MIZUSIInIA, T. YA)IADA: J. Soe. ehern. lnd. Japan, supp!. Bind. 32B (1929), 

250,3111; R.,f;. elpetroteehn. Lab. (Tokyo) n" 291 (1930). 
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11 en est de meme pour les lubrifiants, qu'ils soient de veritables corps gras, 
des hydrocarbures ou toute autre matiere.1 

Fonctionnement des moteurs ii combustion interne. 
L'une des moins previsibles parmi les applications des antioxygenes est 

l'extension qu'a pris leur usage dans le fonctionnement des moteurs a combustion 
interne. 

Sta bilisa tion des car burants. 
Les carburants renferment comme constituants des corps mono- et poly­

olefiniques, aptes a s'autoxyder au contact de l'air et apresenter la resinification, 
l'un des phenomenes seeondaires de l'autoxydation decrits plus haut: c'est 
le ('gommage,) des carburants (voir, en particulier, les travaux de EGLOFF, 
LOWRY, MORRELL, DRYER2). 

On a le plus grand interet a eviter la gomme, qui forme des enduits indesirables 
et arrive meme a arreter le moteur, soit en obstruant les conduits, soit en engluant 
les pieccs mobiles du carburateur ou de la chambre de combustion. 

Anterieurement, on evitait la gomme par une operation de raffinage qui 
revenait simplement a eliminer les eonstituants les plus polymerisables, en 
l'espece les polyolefines. Malheureusement, il en resultait des pertes pouvant 
atteindre et depasser le quart, voire meme le tiers, principalement avec les essenc(;s 
de cracking. De plus, comme la portion rejetee se trouvait douee de proprietes 
antidetonantes, le carburant traite diminuait de valeur. Ce raffinage etait donc 
une operation desastreuse puisqu'il entralllait trois sortes de pertes: le cout 
du traitement (reactifs, appareillage et main d'ceuvre), la destruction d'une 
proportion importante de matiere, la devalorisation du produit resultant. 
Aujourd'hui, on se contente d'ajout0r des traces d'antioxygcne au produit 
initial: l'economie ainsi realisee prend une signification d'autant plus grande 
que la consommation mondiale eroissante oblige a produire surtout des essences 
de eracking. 

Le choc. 
Ce phenomene limite le taux de compression du moteur et, par la, diminue 

le rendement energetique de la combustion du carburant. Comme il est expose 
dans un ehapitre special (voir Tome I), on n'en fera qu'une breve mention 
ici pour souligner un aspect du sujet en relation avec la catalyse negative en 
phase liquide. 

Malf:,rre un nombre considerable de travaux sur le choe et les questions qui 
s'y rattachent (voir, entre autres, le resurne de CH. DUFRAISSE3 ), l'accord ne 
semble pas pres de se faire entre les auteurs sur la nature de ce singulier des­
agn\ment. Ce qui reste surtout dans l'ombre, c'est la raison veritable de sa nocivite. 
Quelle que soit l'hypothese adoptee pour expliquer le bruit revelateur du choc, 
on n'y trouve pas Ja cause des principaux degats constates, c'est-a-dire la chute 
de puissance, la corrosion des surfaces metalliques, etc .... 

1 N. CIIAMPSAUR: Chim. et lnd. 24 (1930),519. - N. A. BUTKOW: Erdöl u. Teer 
3 (1927), 823. - F. FRA~K Braunkohle 21) (1926), 61; Petroleum 26 (1930). 10. -
E. ANDRt: Chim. et lnd. 24 (1930), 263. - E. ANDRE, CL. BESSI:~: Ann. Combo liqu . 
.. (1930), 463. - M. VAN RYSSELRERGE: Chirn. et lnd., 10" Congn3s, 1930, 427; 
C. R. Congres Gmissage (Strasbourg), 1931,270; lnd. chim. belg. (2),4 (1933), 237, 283. 
-.1. DAmAK: Chim. ct lnd., ll" Congres, 1931,323. - J. DVORAK: Chern. Obzor. 8 
(1933), 5. - L. R. LEIBENSO!\: Automobilteehn. Z. 36 (1933), 367. 

2 G. EGLOFF, ,J. C. MORRELL, C. D. LOWRY jun., C. G. DRYER: lnd. Engng. Chem., 
analyt. Edit. 24 (1932), 1375. - C. D. LOWRY jun., G. EGLOFF, J. C. :\fORRELL, C. G. 
DRYER: lbid. 2 .. (1933), 804. - J. C. MORRELL, C. G. DRYER, C. D. LOWRY, G. EGLOFF: 
lbid. 26 (1934), 497. 

3 CII. nUFRAI~~E: Trait,\ de chimie Organique (v. GRIGNARD), T. H, p. 1178 (1936). 
26* 
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Un palliatif effieace a ete deeouvert en 1922 par MIDGLEY et BOYD:1 il eonsiste 
a ajouter aux earburants une traee de corps determines, le tetrethylplomb par 
exemple, qui, par suite, ont relim le nom d'antidetonants ou antichoes. Ce proeede 
revient a attenuer une eertaine evolution au moyen d'une minime impurete 
eonvenablement ehoisie: il evoque invinciblement l'idee d'une eatalyse negative. 
L'hypothese en a ete emise en 1925 par MOUREU et DUFRAISSE,2 etant speeifie 
que eette eatalyse negative devait etre de nature antioxygene. Le point de 
vue fut preeise par la suite avee R. CHAUX3 et aboutit a la theorie peroxydique 
du ehoe, les antiehocs agissant eomme antioxygenes par freinage sur la produetion 
des peroxydes, agents du ehoe. Une theorie similaire etait formulee independam­
ment, par CALLENDAR,4 voir a ce sujet.5 

Cette assimilation des antidetonants ades antioxygenes a subi, depuis, des 
fortunes diverses, sans parvenir ni a etre eonfirmee, ni a etre infirmee. Toutefois, 
il est important pour le developpement de notre connaissance du ehoe de noter 
les frappantes analogies, dans leurs singularites, de l'effet antiehoe et de l'effet 
antioxygeme en phase liquide. Bornons-nous a mentionner, parmi ces analogies, 
celles qui tiennent a la parente des catalyses inverses, particularite si caracteris­
tique de l'effet antioxygene. 

Un antiehoe etant donne, le plomb tetrethyle par exemple, son efficaeite 
n'est pas eonstante pour tous les earburants: ceux-ei manifestent une «suscepti­
bilite au plomb,) variable d'apres leurs eonstituants.6 Il arrive meme que cette 
suseeptibilite s'inverse (cyeUmes, aryloIefines) ; le plomb tetrethyle fonetionne 
alors eomme prodetonant7 : le paralletisme est parfait avec les antioxygenes 
devenant parfois prooxygcnes. 

Il y a done de serieuses presomptions que l'effet antidetonant soit une eatalyse 
negative et se rattache a Ja elasse des effets antioxygenes. 

19nifuges et extincteurs. 
La eombustion est a eonsiderer comme une autoxydation aceeJeree,8 dont 

les phases se suecederaient a grande vitesse. C'est ce que tendent a confirmer 
les nombreux travaux modernes effectues soit apropos des earburants, soit 
apropos des flammes en general. Il faut eneonelure que Ja eombustion doit 
etre sensible a l'effet antioxygene. 

Il est a peine besoin de souligner l'interet pratique de l'extinction par des 
inhibiteurs pour l'efficaeite de la lutte eontre l'incendie, ainsi que contre les 
coups de grisou et les coups de poussieres. 

Etroitement liee a l'extinetion est l'ignifugation, qui a pour objet d'empeeher 
la naissanee et Ja propagation du feu. 

Remarquons a ce propos que des aetions ineontestablement antioxygenes, 

1 TH. MIDGLEY, T. A. BOYD: lnd. Engng. Chem., analyt. Edit. 14 (1922), 894. 
2 CII. MOUREU, CH. DUFltAISSE: 5' Congres de Chirnie lndu~tl'. Paris, 1925; 

Chem. Reviews 3 (1926), 114. 
3 Cu. MOUREU, Cu. DUFRAISSE, R. CHAUX: Chim. et lnd. 17 (1927), 531; 18 (1927), 

3; C. R. hebd. Seanees Aead. Sei. 184 (1927), 413; Ann. Offiee nato Combustibles li­
quides 2 (1927), 233. 

• H. L. CALLENDAR: Engineering 123 (1927), 147, 182, 210. 
5 E. BERL, K. HEISE, K. WINNACKER: Z. physik. Chem 141 (1929), 22:1. 
6 L. E. HEBL, T. B. RENDEL, F. L. GARTON : lnd. Engng. Chem., analyt. Edit. 2ö 

(1933), 187. 
7 S. F. BIRCH, R. STANSFIELD: lnd. Engng. Chem. 28 (1936), 668. - J. M. C.UIP­

BELL, F. K. SIGNAlGO, W. G. LOVELL, T. A. BOYD: lbid. 27 (1935), 593. 
6 A. SlHTHELLS: Brit. Assoe. Advanecmcnt Sei., Rep. annu. Meet. 1907, 469. -

CH. MOUREU, CH. DUFRAISSE: lnst. int. Chim. Solvay, 2' Com;<,il d<, Chirnie 1925, 
p.542. Paris: Gauthier-Villars, Ed. 1926. 
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au sens defini plus haut, ont des consequences nettement ignifuges. Ainsi en 
est-il pour les corps 'qui s'opposent aux inflammations spontanees des matieres 
autoxydables: corps gras, caoutchouc, houille, hydrocarbures, foin, etc.. .. Par 
exemple, des phenols se comportent comme ignifuges des huiles siccatives.1 

D'un autre cote, les ignifuges courants, c'est-a-dire les substances qui empechent 
les matieres inflammables de flamber, sont souvent d'actifs ralentisseurs des 
autoxydations, teile phosphate d'ammonium par exemple. 

L'ignifugation apparait ainsi comme formant la transition progressive entre 
l'effet antioxygime ordinaire et l'extinction proprement dite. 

On doit d'ailleurs distinguer deux modalites d'extinction, suivant qu'il 
s'agit d'une flamme ou de l'ignition d'un solide. 

Depuis l'epoque Oll DAVY inaugurait ses celebres recherches, les flammes ont ete 
etudü~es bien souvent en vue de leur extinction. La plupart des extincteurs gazeux 
connus agissent par action massive, mais certains paraissent exercer une action 
inhibitrice veritable.2 Le fait est encore plus net avec les extincteurs pulverulents.3 

Quant a l'ignition des solides, la realite d'un empechement par des doses 
catalytiques (CCI4, POCI3, etc .... ) ne peut plus faire de doute.' 

Dans un proehe avenir peut-etre, les inccndies, de meme que les explosions 
dans les mines, seront maitrises par effet antioxygene; il en resultera un immense 
progres sur les anciennes methodes compliquecs, couteuses et inefficaces. 

Caoutchouc. 
Le caoutchouc, pour sa partie essentielle, est forme d'hydrocarbures oIe­

finiques, ou polyprenes : a ce titre il est sujet a l'autoxydation. En fait, plus 
ou moins vite suivant les circonstances, il est attaque par l'air ambiant et subit 
de la une serie de transformations qui le mettent hors d'usage: c'est l'«oxydo­
vieillissemenh (pour des details sur le phenomene voir CH. DUlfRAISSE6). Il 
en resulte que la duree de cette matiere doit pouvoir etre prolongee par addition 
d'antioxygenes appropries, comme on l'a effectivement constate (historique 
de l'application des antioxygenes au caoutchouc 1. c.6). Cette application a meme 
pris un developpement tel qu'elle est consideree comme ayant constitue, avec 
la vulcanisation et l'usage des accelCrateurs, l'un des trois progres les plus saillants 
realises depuis un siecle dans l'industrie du caoutchouc (SHEPARD7 ; pour dcs 
renseignements sur l'etat actuel de la question voir SEMON8). 

Il faut ajouter que le produit naturel est deja pourvu originellement d'inhibi­
teurs. Sans leur presence si opportune, le caoutchouc eut ete trop alterable po ur 
que ses exceptionelles qualites aient jamais pu parvenir a la connaissance de 
l'homme (pour les antioxygenes natureIs voir SEMON,9 DUFRAISSE).lO 

1 F. TARADOIRE: C. R. hebd. Seances Aead. Sei. 182 (1926), 61. 
2 CH. DUFRAISSE, R. VIEILLEFOSSE, J. LE BRAZ: C. R. hebd. Seances Aead. Sei. 

197 (1933),162. - CIl. DUFRAISSE, J. LE BRAZ: Ibid. 199 (1934), 75; 202 (1936), 227; 
201) (1937), 562. 

3 CH. DUFRAISSE, M. GERlIIAN: C. R. hebd. Seanees acad. Sei. 20i (1938), 122l. 
• CH. DUFRAISSE, R. HORCLOIS: C. R. Hebd. Seances Aead. Sei. 192 (1931), 564. -

CIl. DUFRAISSE, R. VIEILLEFOSSE: Ibid. 194 (1932), 2068. 
5 CH. DUI<'RAISSE: Chernistry and Teehnology of Rubber. New York: Davis Blake, 

Ed. 1937, p.440. 
6 CIl. DUFRAISSE: Ibid., p. 503. 
7 N. A. SHEPARD: Ind. Engng. Chern., analyt. Edit. 21) (1933), 35. 
8 W. L. SElIION: Chernistry and Teehnology of Rubber. New York: Davis-Blake, 

Ed. 1937, p.414. 
9 W. L. SEMON: Chernistry and Teehnology of Rubber. New York: Davis-Blake 

Ed. 1937, p.421. 
10 CH. DUFRAISSE: Chernistry and Teehnology of Rubber. New York: Davis­

Blake, Ed. 1937, p. 505. 



406 CH.DUFRAISSE et P.CHOVIN: 

En relation etroite avec la protection de la gomme naturelle, est l'anti­
oxygenation des matieres elastiques artificielles, improprement appelees «caout­
choucs synthetiques I). Mais ici l'adjonction d'antioxygimes est d'une necessite 
vitale, car cette industrie n'aurait pas pu se developper sans un moyen efficace 
de ralentir l'oxydation. 

Prevention contre la corrosion metallique. 
Dn sujet aussi vaste que la corrosion metallique et son empechement ne 

peut qu'etre ebauche sommairement: nous renvoyons le lecteur aux ouvrages 
specialises (POLLIT,l EVANs,2 VERNON,3 HEDGES,4 SPELLER,5 M'KAy et WORTH­
INGTON6). On s'accorde generalement a considerer que le processus d'attaque 
revient a une electrolyse dans laquelle de l'oxygime et de l'eau sont necessaires 
et ou le metal se dissout et de l'hydrogene se degage. L'oxyde forme peut cons­
tituer une couche protectrice naturelle. On a songe de tout temps a recouvrir 
le metal d'une couche isolante artificielle. Il est bien evident qu'une teIle couche, 
peinture par exemple, ne saurait etre «absolument» etanche, et que le mecanisme 
de la protection dans ce cas doit etre recherche egalement dans une action 
inhibitrice specifique des pigments ou des adjuvants de la peinture: ainsi la 
lithargc, le minium, le zinc en poudre et l'oxyde de zinc (LEWIS et EVANs7) 

protegeraient en agissant dircctement sur le processus d'electrolyse rapporte 
precedemment. Il n'cst pas interdit de faire remarquer que le support organique 
des peintures n'est pas a considerer comme inerte du point de vue de l'inhibition: 
il ne scrait donc pas impossible que la protection, dans ce cas, soit a ramener a 
une action antioxygene pure. 

D'ailleurs la resistance remarquable de certains alliages a l'oxydation pourrait 
aussi s'expliquer par le fait que chaque metal jouerait, par rapport aux autres, 
le röle d'antioxygenc. 

Proteetions diverses. 
Il y a lieu de eiter, en tout premier lieu, les aldehydes, si sensibles a l'autoxy­

dation et si faciles a proMger. Le probleme est interessant du point de vue 
theorique, mais n'est pas a negliger non plus du point de vue commercial, etant 
donnee la place qu'occupe cette classe de corps dans l'industrie, celle des parfums 
en particulier (pour divers aldehydes voir8). 

1 A. A. POLUTT: Thc Causes and Prevention of Corrosion. E. Benn Edr. (1923). 
2 U. R. EVANS: The Corrosion of Metals; 2" Ed. E. Arnold et Cie. Edr. (1926). 

- Traduetion allemande: Korrosion, Passivität und Oberflächenschutz der Metalle, 
trad. par E. PIETSCH: Berlin: Julius Springer Ed. (1939). 

S W. H. J. VERNON: A bibliography of metallic eorrosion; E. Arnold et Cie. Edr. 
(1928). 

• E. S. HEDGES: Proteetive Films on metals; Chaprnan and Hall Edr. (1932). 
6 F. N. SPELLER: Corrosion; Causes and prevention; MeGraw·Hill Book Cie. Edr. 

( 1935). 
6 R. J. M'KAY, R. WORTHINGTON: Amer. ehern. Soe. Monograph, n° 71 (1936). 
7 K. G. LEWIS, U. R. EVANS: J. Soe. ehern. Ind. 53 (1934), 25. 
8 H. WIELAND, D. RICHTER: Liebigs Ann. Chern. 486 (1931), 226. - E. BERL, 

K. WINNACKER: Z. physik. Chern. 148 (1930), 261. - O. M. REIFF: J. Amer. ehern. 
Soe. 48 (1926), 2893. - M. BRUNNER: Helv. chim. Acta 10 (1927), 707. - R. KUHN, 
K. MEYER: Naturwiss. 16 (1928),1028. - K. MEYER: J. bio!. Chernistry 103 (1933),25. 
W. P. JORISSEN, P. A. A. VAN DER BEEK: Reeueil Trav. chirn. Pays-Bas 45 (1926), 
345; 46 (1927), 42. - K. C. BAILEY: J. ehern. Soe. (London) 1930, 104. - H. L. J. 
BÄCKSTRÖM, H. A. BEAT1'Y: J. physie. Chern. 35 (1931), 2530. - K. C. BAILEY, 
V. H. FRENcH: J. Chern. Soe. (London) 1931, 420. - H. L. J. BÄCKSTRÖM: J. Amer. 
ehern. Soe. 49 (1927), 1460. - W. W. PIGULEvsKII: J. Gen. Chern. Russia 4 (1934), 
616; d'apres Amer. Chern. Abstr. 29 (1935), 2145. - J. BAUDRENGHIEN: Bull. Soe. 
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Enfin, des applieations tres diverses sont chaque jour signalEles. Sans pretendre 
les passer toutes en revue, en voici simplement quelques unes, parmi les plus 
typiques, ou les plus curieuses: protection des matieres colorantes1 du trichlor­
ethylene,2 des fibres et textiles natureIs et artificieis, des papiers, des encres etc ... .a 

De meme, des avantages imprevus se sont manifestes: augmentation du ren­
dement en vinylcarbinols par l'action du reactif de GRIGNARD sur l'acroIeine;4 
amelioration du procede de noircissement du cuivre: les antioxygenes Mitent 
la formation des piqfues.s 

Ce bref aper~m montre combien sont deja variees et etendues les applications 
des antioxygenes. Cela ne represente pourtant qu'un debut si l'on en juge par 
le developpement prodigieux que prend journellement l'utilisation de ces singuliers 
catalyseurs. 

Phenomimes se rattachant a la catalyse antioxygene. 
Action orientante sur les additions d'acides halohydriques aux 

composes insatures. 
L'addition d'un acide halohydrique H-X a une double liaison se fait generale­

ment dans le sens prevu par la regle de MARKOVNIKOFF: l'atome d'halogene 
se fixe au carbone le plus charge, donc de preference au carbone tertiaire, ou a 
defaut, au carbone secondaire. Cette addition est dite normale. L'addition cn 
sens contraire est dite anormale. 

n arrive que, pour certains composes, tels le propylene, le butadiene, le brom ure 
de vinyle, le bromure d'allyle, les acides LI"' ethyleniques, l'addition normale 
n'a lieu qu'en absence d'oxygene. Elle est tres lente: En presence d'oxygene ou 
d'un peroxyde, soit d'un peroxyde preforme (peroxyde de benzoyle ou ascaridol), 
soit du peroxyde d'autoxydation de la substance etudiee, l'addition anormale 
est preponderante, et rapide. n semble qu'il y ait a la fois ralentissement de 
l'addition normale et acceleration de l'addition anormale. C'est ce que l'on 
nomme l'effet d'oxygene ou de peroxydes. nest net surtout avec l'acidc brom­
hydrique. 

Si l'on effectue maintenant la reaction cn presence d'oxygene, mais en 
adjoignant un antioxygene (diphenylamine, hydroquinone, thiophenol, etc .... ), 

ehirn. Belgique 31 (1922), 160. - W. P. JORISSEN: Rceueil Trav. ehim. Pays-Bas 42 
(1923), 855. - ,P. A. A. VAN DER BEEK: Ibid. 47 (1928), 286. - W. P. JORISSEN, 
P. A. A. VAN DER BEEK: Ibid. 49 (1930), 138. - J. TAUSZ: Assemblee de I'Union des 
Chirnistes AIlemands a Nuremberg 1"-5 sept. 1925. - M. T. BOGERT, D. DAVIDSON: 
Amer. Perfumer essent. Oil Rev. 24 (1929), 587. - E. RAYMOND: J. Chirn. physique 
28 (1931), 316. - H. J. ALMQUIST, G. E. K. BRANCH: J. Amer. ehern. Soe. 04 (1932), 
2293. - M. T. BOGERT, E. G. McDoNOUGlI: Drug Cosrnet. Ind. 32 (1933), 332, 514, 
533. - E. J. BOWEN, E. L. TIETZ: Nature (London) 124 (1929), 914; J". ehern. Soe. 
(London) 1930, 234. 

1 A. GILLET: C. R. hebd. Seanees Aead. Sei. 176 (1923), 1402: Bull.Soe. ehirn. 
Franee (4), 33 (1923), 1602; 6' Congres de Chirn. Industrielle 17 (1926), 449. -
A. GILLET, F. GIOT: C. R. hebd. Seances Aead. Sei. 176 (1923), 1558, 1894. 

2 P. J. CABLISLE, A. A. LEVINE: Ind. Engng. Chern., analyt. Edit. 24 (1932), 
1164. - G. C.: Rev. Prod. ehirn. Aetual sei. reun. 36 (1933), 614. 

3 E. C. GILBERT: J. Amer. ehern. Soc. 61 (1929), 2744. - R. H. HAMILTON: 
Ibid. 56 (1934), 487. - A. C. CHAPMANN: J. ehern. Soe. (London) 123 (1923), 769.­
M. G. RAO: Indian Forest Ree., Chern. 11 (1925), 197. - E. MONTiGNIE: Bull. Soe. 
ehirn. Franee (4), 46 (1929), 709. - M. BOURGUEL: Ibid. (4), 41 (1927), 192. 

4 J. BAUDRENGIIIEN: BuB. Soe. ehirn. Belgique 31 (1922), 160. - voir aussi 
F. C. WHITMORE, D. E. BADERTscHER: J. Amer. ehern. Soe. 55 (1933), 4158. 

5 S. K SIIEPPARD: Nature (London) 116 (1925), 608. 
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on observe a nouveau l'addition normale. L'antioxygtme combat donc l'action 
orientante de l'oxygene et des peroxydes. 

Ce chapitre curieux des proprietes accessoires des antioxygenes a vu surtout 
se concentrer les efforts de K1IARA.SCH, de URUSHIBARA, de SMITH et de leurs 
collaborateurs respectifs (voir aussP et pour une mise au point2). 

Les corps ethyIeniques et acetyleniques les plus varies ont ete etudies: des 
carbures comme le propylene3 l'isobutylene,4 le butene-I,5 le butadiene,6 le 
methylacetylene,? le butylacetylene,S les olefines elevees;9 certains de leurs 
derives halogenes: le bromure de vinylelO, le chlorure de vinyle,u le bromure 
d'allyle,12 les 1- et 2-bromo- et chloroprenes,l3 le trichlorethylene;14 des acides: 
les acid es vinyl- et allylacetiquesl5 (voir aussp6 pour les acides penteniques); 
les acides heptenolque et noneolque a double liaison terminalel? et l'acide 
undecenolque.ls ' 

Dans le cas des acides, les phenomenes sont d'autant moins nets que la chainc 
est plus courte; l'importance de l'effet de peroxyde est variable et diminue si 
la double liaison se rapproche du groupe carboxyle. Les antioxygenes n'inversent 
pas toujours le sens de l'addition. Enfin l'acide isoundecenoiquc (L19-l0), a double 
liaison non terminale, n'est pas sensible a l'effet de peroxydel9 • Les solvants 
compliquent parfois l'interpretation des experiences. 

L'acide brornhydrique n'est d'ailleurs pas le seul reactif dont l'addition 
aux cornposes insatures soit influencee ou catalysee par l'oxygene et les 
peroxydes ; ainsi sont a citer: l'acide thioglycolique20 (dans le vide et en 
presence d'hydroquinone, la reaction n'a pas lieu), le bisulfitc21 , H 2S ct les 
rnereaptans22, ete .... 

1 R. P. LINSTEAD, H. N. RYDON: J. ehern. Soe. (London) 1934, 2001. - P. GAU· 
BERT, R. P. LINSTEAD, H. N. RYDON: Ibid. 1937, 1974. - F. KRAFFT: Ber. dtseh. 
ehern. Ces. 29 (1896), 2232. - E. SCIIJÄNBERG: Ibid. 70 (1937), 2385. 

2 J. C. SMITH: Chern. ami Ind. 1937, 833. 
3 M. S. KIIARASCH, McNAB, F. R. MAYO: J. Amer. ehern. Soe. i>i> (1933), 2531. 
4 M. S. KIIARASCII, W. M. POTTS: J. Amer. ehern. Soe. i>8 (1936),57. 
5 M. S. KHARASCH, J. A. HINCKLEY: J. Amer. ehern. Soe. i>6 (1934), 1212. 
6 M. S. KIIARASCH, E. T. MARGOLIS, F. R. MAYO: Chem. and Ind. 1936, 663; 

.J. org. Chemistry 1 (1936), 393. - M. S. KIIARASCH, J. KRITCIlEVSKY, F. R. MAYO: 
Ibid. 2 (1937), 489. 

7 M. S. KHARASCH, J. G. McNAB, M. C. McNAB: J. Amer. ehern. SOl'. 57 (1935), 
2463. 

8 C. A. Yomw, R. R. VOGT, J. A. NIEUWLAND: J.Amer. ehern. 80e. i>8 (1936), 180f\. 
9 M. S. KIIARASCH, WM. H. POTTS: J. org. Chemistry 2 (1937), 195. 
10 M. S. KHARASCH, McNAB, F. R. MAYO: J. Amer. ehern. Soe. 55 (1933), 2531. 
11 M. S. KHARASCH, C. W. HANNUM: J. Amer. ehern. Soe. 56 (1934),712. 
12 M. S.KIIARASCH, F. R.MAYO: J. Amer. ehern. Soe. 55 (1933), 2468. - Y.URU­

SIIIBARA, M. TAKEBAYASIII: BuH. ehern. Soe. Japan 11 (1936), 692, 754, 798; 12 (193i), 
51. 138, 173; 13 (1938), 400. 

13 M. 8. KARAHSCH, H. ENGELMANN, F. R. MAYO: J. org. Chemistry 2 (1937), 288. 
14 1\-1. S. KHARASCH, J. A. NORTON, F. R. MAYO: J. org. Chemistry 3 (1938), 48. 
15 R. P. LINSTEAD, H. N. RYDON: J. ehern. Soe. (London) 1934, 2001. 
16 E. SCIIJÄNBERG: Ber. dtseh. ehern. Ges. 70 (1937), 2385. 
17 P. GAUBERT, R. P. LINSTEAD, H. N. RYDON: J. ehern. Soe. (London), 193i, 1974. 
18 R. ASHTON, J. C. SIIIITH: J. ehern. Soe. (London) 1934,435. - Y. URUSHIßARA, 

M. TAKEBAYASHI: Bul!. ehern. Soe. Japan 13 (1938), 331, 404. - P. L. HARRr~, 
.J. C. SlIlITH: J. ehern. Soe. (London) 1\)35, 1572. - E. P. ABRAHAM, J. C. SMITH: 
Ibid.1936, 1605. - Y. URUSIIIBARA: J. Soe. ehern. Ind. 52 (1933), 219. - Y. URUSHI· 
BARA, M. TAKEBAYASHI: BuH. ehern. 80e. Japan 11 (1936), 692; 13 (1938), 574. 

19 P. L. HARRIS, J. C. 8MITH: J. ehern. Soe. (London) 1935, 1l08. 
20 M. 8. KUARASCH, A. T. READ, F. R. MAYO: Chem. and Ind. 1938, 752. 
21 M. S.KHARASCII, E.M.M.H, F.R.MAYO: Chem. and Ind. 1938,774; J,org. 

Chemistry 3 (1938), 175. 
22 S. O. JmlEs, E. EMMET REID: J. Amer. ehern. Soe. 60 (1938), 2452. 
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On peut rattacher a cette categorie de phenomtmes l'isomerisation de l'iso­
stilbene en stilbene par HBr, isomerisation empechee par les antioxygenes.1 

Diverses interpretations ont ete donnees de reffet de (voir2) peroxyde. 

Deuxieme partie. 

Les catalyses negatives autres que celle d'autoxydation. 
La catalyse negative d'autoxydation tient une place a part dans les pheno­

menes de catalyse negative, tant par la nettete et l'etendue des observations 
qui la concernent que par les coefficients eleves de ralentissement obtenus. 
Si 1'on considere l'ensemble de la catalyse negative autre que celle d'autoxydation, 
on reste surpris de voir que seules, a de rares exceptions pres,3 sont fortement 
freinees les reactions ou intervient l'oxygene, soit comme partenaire (stabilisation 
de l'eau oxygenee), soit comme catalyseur (inhibition de la fixation des halogenes 
aux composes insatures). Les autres exemples d'inhibition, quand ils ne sont 
pas a rapporter ades causes etrangeres a la catalyse, se chüfrent par des coefficients 
de ralentissement qui depassent rarement quelques dizaines d'unitCs. 

Neanmoins, en dehors des cas cites precedemment, on etudiera quelques 
cxemples d'action antioxydante vraie, l'eau envisagce comme catalyseur negatü, 
l'inhibition de quelques rcactions photochimiques et quelques rcactions isolees 
ne sc rattachant pas aux classes preccdentes. 

L'oxygEme envisage comme inhibiteur de reactions. 
10 L'oxygime, antioxygene. 

Ce premier paragraphe paraitrait peut-etre mieux a sa place dans la premiere 
partie de cet article, relative a l'action antioxygene. Neanmoins, pour conserver 
l'unite de presentation du caractere inhibiteur de l'oxygene, il a etC jugc preferable 
de le traiter ici. 

11 est connu depuis fort longtemps que la phosphorescence du phosphore 
qui accompagne son oxydation a l'air, est empechee, non seulement par des 
vapeurs antioxygenes, mais encore par l'oxygene lui-mcme, pour peu que l'on 
augmente sa pression au dessus de sa pression partielle dans l'air. Ainsi le phos­
phore ne luit pas dans l'oxygene pur a la pression atmospherique. BAILEy4 

mentionne a ce sujet des observations remontant a I'annee 1680 et qui constituent 
sans nul doute les plus anciennes references de catalyse negative.5 

Ce resultat est contraire a ce qu'on aurait pu attendre et a suscite un nombre 
tres etendu de travaux6 ainsi que quelques theories particulieres. DELEPINE7 

a fait remarquer qu'il s'agit la d'une veritable catalyse antioxygEme par 1'oxygene 

1 M. 8. KUARASCH, J. V. MANSFIELD, F. R. MAYo: J. Amer. ehern. 80e. MI (1937). 
1155. - Y. URUSHIBARA, O. SIlIIAMURA: BuH. ehern. 80e. Japan 12 (1937), 507. 

2 M. 8. KIIARASCH, H. ENGELMANN, F. R. MAYo: J.org. Chernistry 2 (1937), 288. 
- Y. URUSHIßARA, M. TAKEBAYASHI: BuH. ehern. 80e. Japan 12 (1937), 51. -
Y. URUSUlBARA, O. 8IMAlIIURA: Ibid. 13 (19::J8), 407. 

3 voir K. C. BAILEY: J. ehern. 80e. (London) 1928, 1204, 3256. 
4 K. C. BAILEY: Retardation of ehernieal reactions, p. 7. Londres, 1938. 
5 HON. R. BOYLE: "'rhe Aerial N oetiluea", 1680, p. 80 (eite par BAILEY: Retar­

dation of ehernieal Reaetions, p. 10). 
6 M. CZENTNERSZWER: Kosmos (8toekholm) 35 (1910), 526; Z. physik. Chern. 86 

(1913), 99. - E. GILCIIRIST: Proe. Roy. 80c. Edinburgh 43 (1923), 197. - L. RAY­
LEIGII: Proc. Roy. 80e. (London), 8er. A 99 (1921), 372; 104 (1923), 322; 106 (1924),1. 
H. J. ElIIELEUS: J. Chern. 80c. (London) 1926, 1336. 

7 M. DELEPINE: BuH. 800. chirn. Franee (4), 31 (1922), 787. 
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lui-meme; effectivement, l'oxygime etant capable de se peroxyder en ozone 
n'echappe pas au critere de catalyse negative et peut, par consequent, etre son 
propre antioxygene (MOUREU et DUFRAISSE1). 

D'ailleurs, il faut voir une confirmation de l'interpretation donnee dans le 
fait que si l'on abaisse par dessication le pouvoir inhibiteur de l'oxygene (du 
phosphore desseche moderemment luit dans de l'oxygene sec: RUSSEL,2 L. RAIY­
LEIGH3), la production d'ozone cesse (SCHÖNBEIN,4 SCHMIDT,5 RUSSEL, 1. c.). 

Aux termes de la theorie des chaines on parle d'une (,limite superieure de l'ex­
plosioll» (SEMENOFF) qui n'a jamais trouve d'expliquation satisfaisante. Peut etre 
une rupture des chaines par l'oxygene antioxygene offre une teIle expliquation. 

Le cas du phosphore n'est pas le seul exemple d'action antioxygene de l'oxy­
gene. Ainsi l'oxyluminescence du bromacetylene, qui s'accompagne egalement 
de la production d'ozone, est inhibee par un exces d'oxygene (FONTAlNE,6 NEF,7 
voir aussi SCHENK, MmR, BANTffiEN8). 

Pour MÜLLER9, l'action empechante exercee par l'oxygene, a une pression 
suffisamment elevee, vis-a-vis de l'oxydation du phosphore parait etre generale 
pour beau coup d'autres oxydations. L'oxygene dilue parait etre plutöt plus 
actif que l'oxygene pur pour le soufre, le charbon, l'acide arsenieux, l'antimoine, 
le potassium, le plomb, le cuivre, le fer, le sulfure de fer. 

De meme, d'apres EWAN,lO l'acetaldehyde ne s'oxyderait pas a l'obscurite 
Iorsque, a 20°6, la pression de l'oxygene est superieure a 530 mm. (voir aussill). 

Certaines oxydations photochimiques sont entravees par l'oxygene : notamment 
celles de la quinine et de l'erythrosine (WEIGERT et SAVEANU12) de Ia fIuoresceine, 
de l'eosine, et du sulfite de sodium sensibilise a l'eosine,13 de l'alcool ethylique 
(BEltTHOun14). 

De meme que les antioxygenes protegent eontre les effets secondaires de 
l'autoxydation, il a ete trouve que «l'oxygEme antioxygene» cmpeche certaines 
polymerisations, par exemple eelles de l'acetate de vinyle,15 du butadiene en 
presence de sodium,16 de l'ether acryliquep de l'acroIeine a la Iumiere.l8 

Enfin l'oxygene s'est reveIe antifluorescent.19 

1 OH. MOUREU, OH. DUFRAISSE: O. R. hebd. Seanees Aead. Sei. 176 (1923), 624. 
2 E. J. RUSSEL: J. ehern. Soe. (London) 83 (1903), 1263. 
3 L. RAYLEIGH: Proe. Roy. Soe. (London), Sero A 99 (1921),372; 104 (1923),322; 

106 (1924), I. 
4 O. F. SCHÖN DEIN : Pogg. Ann. 60 (1845), 69, 161. 
5 W. SCHlIIIDT: J. prakt. Ohern. 98 (1866), 414. 
6 FONTAINE: Liebigs Ann. Ohern. 156 (1870), 260. 
7 J. U. NEF: Liebigs Ann. Ohern. 298 (1897), 202. 
8 R. SCHENK, F. MIIIR, H. BANTHIEN: Ber. dtseh. ehern. Ges. 39 (1906), 150G. 
9 W. MÜLLER: Alm. Physik u. Ohern. (5), 141 (1870), 95. 
10 TH. EWAN: Philos. Mag. J. Sei. (5),38 (1894), 530; Z. physik. Ohern.16(1895), 315. 
~1 W. W. PIGULEVSKIi: J. Gen. Ohern. Russia 4 (1934), 616; d'apres Amer. Ohern. 

Abstr. 29 (1935), 2145. 
12 F. WEIGERT, D. SAVEANU: Festschrift W. NERNST, Halle, 1912, 494. 
13 H. F. BLUlII, O. R. SPEALlIIAN: J. Physie. Ohern. 37 (1933), 1123. 
14 A. BERTHOUD: Hclv. ehirn. Acta 16 (1933), 592. 
15 H. S. TAYLOR, A. A. VERNON: J. Amer. ehern. Soe. 63 (1931),2527. - L. MEU­

NIER, G. VAlSSIERE: O. R. hebd. Seanees Aead. Sei. 206 (1938), 677. - H. STAU­
DINGER, A. SCHWALBACH: Liebigs Ann. Ohern. 488 (1931), 8. - W. H. OAROTHERS: 
Ohern. Reviews 8.(1931), 353. 

16 A. ABKIN, S. MEDvEDEv: Trans. Faraday Soe. 32 (1935), 286. 
17 KOHLSCHÜTTER: eitEl par STAUDINGER et SCIIWALBACH, 1. e., Arun. 15. 
18 OH. MOUREU, OH. DUFRAISSE, M. BADOCHE: BuH. Soe. Ohirn. Franee (4), 35 

(1924), 1591. 
19 H. KAUTSKY, A. HIRSCH: Ber. dtseh. ehern. Ges.64(1931), 2677. - H. KAUTSKY: 

Tram;. ·Faraday Soe. 35 (1938), 216. 
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2° L'oxygime, inhibiteur de reactions photochimiques et 
de reaction thermiques. 

a) Reaction d'EnER. 

On nomme ainsi la reaction entre le chlorure mercurique et l'oxalate d'ammo-
~m. ~ 

2 HgC12 + C20 4-- -+ Hg2C12 + 2 Cl- + 2 CO2• 

Le CO2 se degage et le chlorure mercureux precipite lorsque la solution est 
illuminee. On a pu songer a se servir de cette reaction pour mesurer des energies 
lumineuses, mais on s'est aperlilU que l'influence de l'oxygene est telle qu'il faut 
renoncer a cet espoir:1 en effet la vitesse de la reaction decroit si la pression 
d'oxygene augmente, ce qui caracterise une action inhibitrice. 

La reaction purement thermique, a 100° et 120°, est aussi sous la dependance 
de la pression d'oxygEme.2 

Un mecanisme de chaines a ete propose pour la reaction photochimique 
normale et pour la reaction aux rayons X (rendement quantique dans ce dernier 
cas: 6·IOS).3 . 

Il existe un autre type de reaction d'EnER, c'est la reaction sensibilisee au 
pcrmanganate. 

Le permanganate de potassium, en reagissant a 70° sur de l'acide oxalique 
en exces, confere a cet exces une «activite» speciale qui se maintient pendant un 
certain temps et qui, en particulier, le rend apte a reagir, des la temperature 
ordinaire, sur le chlorure mercurique. Cette «activjM» serait d'ordre catalytique 
et reliee a la presence de Mn++.4 

L'oxyglme est egalement un inhibiteur de la reaction sensibilisee au perman­
ganate (WEBER5). Il en est de meme pour la reaction d'EnER sensibilisee a l'aide 
de cobaltioxalate de potassium.6 

b) Photolyses. 

Le cobaltioxalate de potassium subit une photolyse qui est ralentie par 
l'oxygene.5 Il en est de meme pour la photolyse du cuprioxalate de potassium, 
sensibilisee par les sels ferriques et les sels d'uranium.7 L'explication proposee 
repose sur le fait que le processus primaire de la photolyse serait la reduction du 
metal sensibilisateur, processus qui serait combattu par la presence d'oxygene. 
Mais cette maniere de .voir ne rend pas compte de l'action inhibitrice que I'an­
hydride carbonique montre egalement. 

Enfin, la photolyse du formiate d'uranyle est aussi fortement freinee par 
l'oxygene. 

c) Effet antihalogene. 

Certaines reactions photochimiques de substitution ou d'addition des halogenes 
sont fortement inhiMes par la presence d'oxygene moleculaire. Il en est de meme 
pour un certain nombre de reactions purement thermiques, de telle sorte que le 

1 C. WINTHER: Z. wiss. Photogr., Photophysik Photoehern. 7 (1909),409; 8 (1910), 
197, 237. 

2 W. E. ROSEVEARE, A. R. OLSON: J. Amer. ehem. 80e. 51 (1929), 1716. 
3 W. E. ROSEVEARE: J. Amer. ehern. 80e. 52 (1930), 2612. 
4 H. WIELAND, W. ZILG: Liebigs Ann. Chern. 530 (1937), 257. 
fi K. WEBER: Z. physik. Chern., Abt. B 20 (1934), 363; A 169 (1934), 224; A 172 

(1935), 459. 
B G. H. CARTLEDGE, T. G. DJANG: J. Amer. ehern. 80e. 55 (1933), 3214. 
? H. L. DUBE, N. R. DHAR: J. physie. Chern. 36 (1932), 626. 
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phenomime a une generalite remarquable. En consequence, il en resulte bien 
souvent une gene pour les determinations analytiques. 

IX) Reactions photochimiques. 

Les exemples les plus classiques d'inhibition de ce type par l'oxygime se 
rapportent aux reactions hydrogene-chlorel et oxyde de carbone-chlore,2 mention­
nees ici uniquement pour memoire puisque, ayant lieu en phase gazeuse, elles 
sont traitees ailleurs. Il y a lieu de eiter de meme les reactions photochimiques 
en phase gazeuse, methane-chlore,3 propane-, butane- ou pentane-chlore4 et 
tetrachlorethylene-chlore.5 Cette derniere reaction a ete etudiee en phase liquide, 
en presence d'un solvant, le tetrachlorure de carbone;6 de meme en phase liquide 
egalement, est a noter la reaction benzene-chlore7 qui, d'apres son rendement 
quantique, se developpe en chaines.8 La photobromuration du toluene est sensible 
a la presence d'oxygene.9 

En phase liquide, on a etudie l'addition du brome aux dichlorures d'acetylene 
stereoisomeres;IO l'oxygene ralentit plus fortement la bromuration du compose 
cis que celle du trans. 

De mt'me l'addition du brome au tetrachlorethylene liquidell est digno d'in­
terCt: on y note un retournement de l'effet oatalytique de l'oxygene qui acceiere 
si sa pression est comprise entre 20 et 50 mm et qui ralentit a la pression atmo­
spherique. 

ß) Reactions thermiques. 

Parmi los reactions purement thermiques, on trouve, en phase gazeuse, la 
reaction hydrogene-chlore,12 la' chloruration du methanel3 et la fixation du chlore 
a l'ethylene; dans ce dernier cas, la reaction d'addition est suivie d'une reaction 
de substitution conduisant du dichlorethane forme en premier Heu au trichlor­
ethane.34 Ce dernier processus est fortement inhihe par l'oxygime. 

En phase liquide, on a remarque l'influence empechante de l'oxygene sur la 

1 M. BODENSTEIN, Dux: Z. physik. Chem. 8ö (1913), 297. - E. CREMER: Ibid. 
128 (1927) 285. - M. C. C. CHAPMAN: J. ehern. Soe. (London) 123 (1923), 3062. -
D. L. CHAP~[AN, P. P. GRJGG: Ibid. 1929, 2426. - H. C. CRAGGS, A. J. ALLMAKD: 
Ibid. 1936, 241. - W. H. RODEBUSII, W. C. KLINGELIIOEFER jun.: J. Amer. ehern. 
Soe. ö5 (1933), 130. 

2 M. WILDERlIIANN: Proe. Roy. Soc. (London) 70 (1902), 66. - G. DYSON, 
A. HARDEN: J. ehern. Soe. (London) 83 (1903), 201. - D. L. CHAPMAN, F. H. GEE: 
Ibid. 99 (1911), 1726. - J. CATlIALA: BuH. Soe. ehirn. Franee (4), 33 (1923), 576.­
M. BODENSTEIN: Z. physik. Chern. 130 (1927), 422. - H. J. SCHUMACIIER: Ibid. 129 
(1927),241. -M. BODENSTEIN, S. LENHER, C. WAGNER: Ibid., B 3 (1929), 459. 

3 A. COEIIN, H. CORDES: Z. physik. Chern., Abt. B 9 (1930), 1. - R. N. PEASE, 
G. F. WALZ: J. Amor. ehern. Soe. ö3 (1931), 3728. - L. T. JONES, J. R. BATES: Ibid. 
56 (1934), 2282. 

4 R. M. DEANESLY: J. Amer. ehern. Soc. 56 (1934), 2501. 
5 R. G. DICKINSON, J. L. CARRICO: J. Amer. ehern. Soe. 56 (1934), 1473. 
6 R. G. DICKINSON, J. A. LEERlIIAKERS: J. Amer. ehern. Soe. 54 (1932), 3852. 
7 R. LUTHER, F. GOLDBERG: Z. physik. Chern. 56 (1906), 43. 
8 H. N. ALYEA: J. Amer. ehern. Soe. ö2 (1930), 2743. 
9 L. BRUNER, S. CZARRECKI: Anz. Akad. Wiss. Krakau 1910, 516. 
10 M"'. D. VERHOOGEN: BuH. Soe. chim. Bclgique 34 (1925), 434. 
11 J. WILLARD, F. DANIELS: J. Amer. ehern. Soe. 57 (1935), 2240. 
12 K. SACIITJ.EBEN: These. Hanover, 1914 reite par J. A. CHRISTJANSEN: Trans. 

Faraday Soe. 24 (1928), 596]. - J. A. CURJSTJANSEN: Z. physik. Chern., Abt. B 2 
(1929), 405. - R. N. PEASE: J. Amer. ehern. Soe. ö6 (1934), 2388. 

13 R. N. PEASE, G. F. WALZ: J. Amer. ehern. Soe. 53 (1931), 3728. 
14 T. D. STEWART, D. M. S:lllTH: .J. Amer. ehern. Soe. 51 (1929), 3082; ö2 (1930), 

2869. 
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fixation du brome a l'acetylene1 (acetylene et melange bromate-bromure), au 
butadiene,2 au cyclo et dicyclopentadiEme,3 au toluene,4 et au stilbene. 5 

Les cas de l'acide cinnamique et du phenanthrene meritent, ades titres 
divers, de retenir l'attention: la fixation du brome a l'acide cinnamique6 est tres 
rapide dans le vide, a tel point qu'il est difficile de faire des mesures precises, 
et tres lente en presence d'air. Si l'on ajoute un peroxyde7 (peroxyde de benzoyle), 
il y a, en presence d'air, un effet qui compense le ralentissement du a l'oxygene. 
Mais il est difficile de conclure a une acce16ration specifique car en l'absence d'air, 
le peroxyde semble n'avoir aucune action. 

En ce qui concerne le phenanthrene, PRICE8 n'observe pas d'action empechante 
de l'oxygene vis-a-vis de sa bromuration. Ce n'est pas l'avis de KHARASCH, WHITE 

et MAyo9 qui trouvent au contraire que les reactions dans le vide et dans l'air 
sont essentiellement differentes, meme si sont presentes les substances indiquees 
par PRICE (diphenylamine en particulier) comme inhibant le processus. Ces 
auteurs incriminent la methode de PRICE qui comporte de courts instants da 
forte illumination. I1s trouvent que le peroxyde de benzoyle facilite la rcaction. 

Dn effet accelerateur a et6 observe lors de la bromuration en chaine laterale 
2-2' -ditolyle.1o 

Deux theories principales ont ete mises en avant pour expliquer l'effet anti­
halogene de l'oxyg/me. D'une part la theorie des chaines:ll l'oxygene coupe une 
chaine d'halogenation en formant un peroxyde avec la substance a halogener 
et puis quelquefois un oxyde d'halog/me instable avec un atome de l'halogene; 
d'autre .part, des theories de desactivation pure reposant sur l'hypothese que 
l'oxyglme formerait avec les memes composes des peroxydes dissociables.l2 On 
a donne egalement, en d'autres cas, des arguments en faveur de la supposition 
que le catalyseur actif n'est pas l'oxygene mo16culaire, mais un peroxyde 
d'autoxydation.13 

La stabilisation du peroxyde d'hydrogene. 
Generalites. 

Le peroxyde d'hydroglme subit a l'obscuritc une decomposition en eau et 
oxyglme, decomposition qui est accelCree par la lumiere. 11 y aura donc lieu d'etudier 
separement les deux processus photochimique et thermique. D'autre part, l'int6ret 
de la stabilisation du produit est evident, etant donnee son importanee comrnerciale. 

Comme preambule aux recherehes sur l'inhibition de la deeomposition du 

1 H. 8. DAVIS, G. 8. CRA~DALL, \V. E. HIGJlEE jun.: Ind. Engng. ehern., analyt. 
Edit. 3 (1931), 108. 

2 G. B. HEISIG, H. M. DAVIS: .J. Amer. ehern. 80e. jj8 (1936), 1095. 
3 G. R. 8CHULTZE: J. Amer. ehern. Soe. jj6 (1934), 1552. 
4 M. 8. KIIARASCH, P. C. WHITE, F. R. MAYO: J. org. Chernistry 3 (1938), 33. 
5 R. M. PURKAYASTIIA: J. Indian ehern. 80e. Ö (1928), 721. 
6 W. H. BAUER, F. DANIELS: J. Amer. ehern. 80c. ö6 (1934),2014. - Y. URUSHI-

BARA, M. TAKEBAYASHI: BuH. ehern. 80e. Japan 12 (1937), 356. 
7 Y. URUSHIßARA, M. TAKEBAYASHI: Bull. ehern. 80e. Japan. 12 (1937), 499. 
6 C. C. PRICE: J. Amer. ehern. 80e. 68 (1936), 1834, 2101. 
9 M. 8_ KHARAscH, P. C. WHITE, F. R. MAYo: J.org. Chernistry 2 (1937), 574. 
10 J. HANNON, J. KENNER: J. ehorn. 80e. (London) 1934, 138. 
n G. B. HEISIG, H. M. DAVIS: J. Amer. ohern. 80e. 68 (1936),1095. - C.C.PRlCE: 

Ibid. 68 (1936), 1834,2101. - H. N. ALYEA: Ibid. ö2 (1930), 2743. - R. G. DICKIN­
SON, J. A. LEERlIAKERS: Ibid. 64 (1932), 3852. - Pour l'elaboration quantitative 
voir: M. BODENSTEIN, P. W. 8CHENK: Z. physik. Chern., Abt. B 20 (1933), 420. 

12 Mn, D. VERHOOGEN: Bull. 80e. ehim. Belgique 34 (1925),434. -T. D. 8TEWART, 
D. M. 8M1TIf: J. Amer. ehern. 800. 61 (1929), 3082; ö2 (1930), 2869. 

13 G. R. 8CIIULTZE: J. Amer. ohern. 800.66 (1934), 1552. 
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peroxyde d'hydrogime, il est interessant de noter que l'opinion la plus generale, 
a la suite des travaux de RWE et de ses collaborateurs,l de WILLIAMS,2 de BAILEY,3 
prevaut en faveur d'une catalyse heterogime. Deja des travaux anterieurs avaient 
attire l'attention sur l'influence, soit des parois du recipient,4 soit des substances 
solides etrangeres.s Donc, a part ces travaux qui mentionnent tout specialement 
cette catalyse heterogene, il plane sur les autres un doute inevitable, et l'on 
ignore si les facteurs stabilisants indiques comme determinants agissent par 
l'intermediaire d'un empoisonnement de catalyse en surface, ou par un processus 
de catalyse negative homogene veritable. 

Avant d'aborder l'etude particuliere de la stabilisation, il est encore a signaler 
que l'activation photochimique des molecules semble differente de l'activation 
thermique car les alcalis, par exemple, ralentisseurs puissants du premier pro­
cessus de decomposition, sont des accelerateurs non moins puissants du second. 

10 Inhibition de la decomposition photochimique. 
Le rendement quantique de la reaction de decomposition est superieur a 1. 

11 oscille, selon les conditions experimentales, entre 24 et IOD (HENRI et 
WURMSER6). Mais on a deja vu que RWE,7 n'en conclut pas necessairement a un 
mecanisme en chaines: du peroxyde d'hydrogene exempt de poussieres (voir pour 
sa preparation8 et pour l'elimination des poussieres9) se decompose 18 fois plus 
lentement que les solutions de contröle. RWE suppose que les molecules d'eau 
oxygenee s'adsorbent a la surface des poussieres et que la «croute» formee reagit 
d'un bloc, comme un explosif, si l'une des moleeules absorbe un quantum d'energie 
lumineuse. On a vu que e'est une autre forme de reaction a ehaine. 

Quoiqu'il en soit, on note, parmi les inhibiteurs de la decomposition photo­
chimique: des alcalis forts KOH, NaOH, Ca(OH)2' NH40H, C2H sNH2 (HENRI et 
WURMSER10), qui sont ici bien plus actifs que les acides forts S04H2' P04H3, 
C6H s·C02H (cf.les references precedentes etll ) et une foule de substances dont 
A~DERSON et TAYLOR12 en particulier dressent une liste detaillee : voir aussi ;13 on 

1 F. O. RICE: J. Amer. ehern. Soe. 48 (1926), 2099. - F. O. RIcE, O. M. REIFF: 
J. physie. Chem. 31 (1927), 1352.-F. O. RICE, M. L. KÜ.PATRICK: Ibid. 31 (1927), 1507. 

2 B. H. WILLIAMS: Trans. Faraday Soe. 24 (1928), 245. 
3 K. C. BAILEY: Sei. Proe. Roy. Dublin Soe. 21 (1935), 153. 
• G. LEMOINE: J. Chim. physique 12 (1914), 1. 
5 M. BERTHELOT: Bul!. Soe. ehim. Franee (2), 34 (1880), 78. - FILIPPI: Areh. 

Farmaeol. sperim. Sei. affini 6 (1907), 363 (d'apres BAILEY, l. e. p. 361, 274). -
G. TA~{MANN: Z. physik. Chem. 4 (1889), 441. - W. CLAYTON: Trans. Faraday Soe. 
11 (1916), 164. 

6 V. HENRI, R. WUR)ISER: C. R. hebd. S6anees Aead. ::lei. 157 (1913), 284. -
G. KORNFELD: Z. wiss. Photogr., Photophysik Photoehem. 21 (1921), 66. -D.RICH'l'ER: 
J. ehem. Soe. (London) 1934, 1219. 

7 F. O. RlCE: J. Amer. ehem. Soc. 48 (1926), 2099. - F. O. RICE, M. L. KIL· 
PATRICK: J. physie. Chem. 31 (1927), 1507. 

8 M. L. KILPATRICK, O. M. REIFF, F. O. RICE: J. Amer. ehem. Soe. 48 (1926), 
3019. 

9 W. H. MARTIN: J. physie. ehern. 24 (1920), 478. 
10 V. HENRl, R. WUR){SER: C. R. hebd. S6anees Aead. Sei. 15i (1913), 284. -

Voir ftllssi G. KORNFELD: Z. wiss. Photogr., Photophysik Photoehern. 21 (1921), 
66. - J. H. MATHEWS, H. C. CURTIS: J. physie. Chem. 18 (1914),166. - W. T. AN· 
DERSON jun., H. S. TAYLOR: J. Amer. ehern. Soe. 45 (1923), 650. 

11 A. KAILAN: Z. physik. Chem. 98 (1921), 474. 
12 W. T. ANDERSON jlill., H. S. TAYLOR: J. Amer. ehem. Soe. 45 (1923), 650. 
13 D. RICHTER: J. ehem. Soe. (London) 1934, 1219. - K. K. JEU, H. N. Ar.YEA: 

J. Amer. ehern. Soe. 55 (1933), 575. - B. YA. DAIN, A. SnvAHTz: Aeta physieochim. 
US::lR 3 (1935),291; d'apres Amer. Chem. Abstr. 30 (1936), 2109. - l3. YA. DAIN, 
K. "'1. EpSHTEIN: .J. physic. Clwm. USSR 8 (1936), 896; rI'apres Amcr. CIH'm. Ahstr. 
31 (1937), 2077. 
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y trouve l'iode, le chlorure mercurique, les alcools methyliques et ethylique, les 
acides salicylique, phtalique, sulfanilique, benztme-sulfonique, barbiturique, l'acet­
anilide, la phenacetine, la benzamide, la succinimide, la phtalimide, la cinchoni­
dine, le phenol, le resorcinol, l'hydroquinone, le pyrocatechol, l'alcool benzylique, 
la pyridine, l'acetone, la methylethylcetone, la diethylcetone, etc .... 

En presence d'une serie aussi variee d'inhibiteurs il est bien difficile de leur 
trouver un caractere commun sur lequel on puisse baser une explication de la 
stabilisation. La suggestion de l'empoisonnement de catalyseur proposee par 
HENRI et WURMSER est difficile a retenir, car elle se heurte aux difficultes dis­
cuMes pour l'autoxydation apropos de la theorie de TITOFF. Pas davantage n'est 
pleinement satisfaisante l'hypothese d'ANDERsoN et TAYLORI selon laquelle les 
inhibiteurs en solution absorbent la lumiere necessaire a l'activation des mole­
cules, car, d'une part, l'inhibiteur est plus actif dans la solution de peroxyde 
d'hydrogene que dans une solution-ecran de meme concentration, et, d'autre 
part, on connait de bons inhibiteurs (alcalis, alcool ethylique) qui n'ont pas de 
bande d'absorption commune avec les solutions de peroxyde d'hydrogene. 11 
faut adjoindre a ce processus, pour autant qu'il puisse intervenir, un mecanisme 
developpant des chaines. C'est ce que pensent d'autrcs auteurs, notamment JEU 
et ALYEA,2 RICHTER3 sans qu'il soit possible de suggerer clairement un modele 
de chaine et de cassure de chaine. 

2° Inhibition de la decomposition thermique. 

C'est, de beaueoup, la nlaction commercialement la plus importante, car on 
peut toujours se proteger contre l'action de la lumiere par un conditionnement 
appropric. 

Ce qui caractcrise surtout la decomposition thermique, e'est sa sensibilitC 
aux alcalis. lei, ce sont des accelerateurs certains (BERTHELoT;4 voir egalement;5 
voir cependant6). Mais les poussieres interviennent egalement pOUf modifier les 
resultats et les rendre peu eoneordants. Bien plus, BAILEY,7 qui a fait une etude 
attentive de la reaction, montrc que des solutions exemptes de poussieres sont 
Rtables, meme en presence d'alcali. 

Au contraire, en presence de particules solides (lainc de verre), il y a une 
relation ctroite entre la vitesse de dccomposition et la concentration en ions OH­
La, reaction suit la relation 

.. =~JH202) =k (H 0) + k (H 0 )(OH-) dt 1 2 2 2 2 2 

avec k 2 ) )kl , ce qui suggere que l'action stabilisante des acides est a ramener 
a leur faculte de reduire la concentration des ions OH-

1 \V. T. ANDERSON jlill., H. S. TAYLOR: .T. Amer. ehern. Soe. 45 (1923), 650. 
2 K. K. JEU, H. N. ALYEA: J. Amer. ehern. Soe. 55 (1933), 575. 
3 D. RICHTER: J. ehern. Soe. (London) 1934, 1219. - voir aussi: B. YA. DAIN, 

A. SlIVARTZ: Aeta physicoehim. USSR 3 (1935), 291; d'apres Arner. Chern. Abstr. 30 
(1936),2109. - B. 1.'1.. DAIN, K. M. EpSHTEIN: J. physie. Chern. USSR S (1936), 896; 
cl'apres Arner. ehern. Abstr. 31 (1937), 2077. 

4 M. ßERTIIELOT: BuH Soc. ehirn. Franee (2), 34 (1880), 78. 
5 R. SCIIE"IK, F. VORLXNDER, W. Dux: Z. angew. Chern. 27 (1914), 291. -

W. CU.YTON: Trans. Faraday Soe. 11 (1916), 164. - J. H. WALTON jun., R. C. JUDD: 
Z. physik. Chern. 83 (1913), 315. - G.PuRAmIEN: Nleclcl. F. K. Vetenskapsakacl. 
Nobel·lnst. 5, 11° 22 (1919), 1. 

6 G. TAmIANN: Z. physik. Chern. 4 (1889), 441. 
7 K. C. RULEY: Sei. Proe. Roy. Duhlin Soc. 21 (19.35), 153. 
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Cette OpmlOn est tres ancienne [BERTHELOTI (1880)] et les premieres ex­
periences de stabilisation par les acides plus anciennes encore [THENARD2 (1818), 
SPRING3 (1895), SUNDER4 (1897)]. 

Elles ont eM repeMes maintes fois. i Il semble cependant que l'acide chlor­
hydrique ait une action promotrice.6 

Une autre maniere de comprendre la stabilisation par les acides est a rap­
procher de la catalyse positive par les metaux colloidaux (voir en particulier7): 

l'acide, en dissolvant les centres actifs, supprimerait les catalyseurs. 
Cependant on connait des substances dont le pouvoir inhibiteur n'est cer­

tainement pas a ramener a un caractere acide ou a une faculM de regression des 
ions OH-, teIles l'alcool, l'ether, la glycerine, le naphtalene, la gelatine, des 
amides, imides, urees, la phenacetine, etc .... 

En resume, la reaction de decomposition des solutions de peroxyde d'hydrogene 
est tres sensible a la catalyse positive comme a la catalyse negative, mais le 
mecanisme des deux processus inverses n'est pas clair; les explications donnees 
ne suffisent pas, prises separement, atout expliquer. Il est possible que plusieurs 
mecanismes agissent simultanement et cooperent a une bonne stabilisation. 

Reactions inhibees Oll intervient le peroxyde d'hydrogime. 
10 On a deja vu que l'acide oxalique reagissant avec du permanganate de 

potassium en quantiM inferieure a la theorie reste «active), et est capable de 
reduire lc chlorure mercurique a la temperature ordinaire (reaction d'EuER 
sensibilisee). La memc «activation) est conferee a I'acide oxalique par l'eall 
oxygenee en presence de fer fcrreux.8 La reaction d'EDER sensibilisee au peroxydc 
d'hydrogene cst inhibee par l'hydroquinone, et plus faiblement par le pyrogallol, 
le resorcinol, et seulement legerement par l'acide cyanhydrique. 

La reaction d'EDER normale (chlorure mercurique·oxalate d'ammonium a la 
lumiere) qui est inhibee par l'oxygene, l'est davantage par l'ozonc et l'cau oxy­
genee.9 

2 0 L'eau oxygenee concentree semblc etre un inhibiteur de sa propre action 
sur le permanganate dc potassium.l° Pour les details d'une inhibition qui s'ecarte 
du sujet traitC ici, voir BAILEy.ll 

Action antioxydante vraie 
ou empechement de l'oxydation par les oxydants. 

La reaction d'oxydation par les oxydants est essentiellement differente de 
l'autoxydation par l'oxygene molCculaire. Les antioxygenes, qui protegent contre 

1 M. BERTIIELOT: Bull. Soc. chim. France (2), 34 (1880), 78. 
2 L. J. THENARD: Ann. Chimie I) (1818), 314. 
3 W. SPRING: Z. anorg. allg. Chem. 10 (1895), 161. 
4 SUNDER: Bull. Soc. ind. Mulhouse 1897, 95. 
5 J. H. WALTON jun., R. O. JUDD: Z. physik. Chem. 83 (1913), 315. - G.LEMOINE: 

C. R. hebd. Seances Aead. Sei. 161 (1915), 47. - A. M. CLOVER: Amer. J. Pharmac., 
Sei. support. pub!. Health 85 (1913), 538. - O. MAASS, P. G. HIEBERT: J. Amer. ehern. 
Soe. 46 (1924), 290. 

6 O. MAASS, P. G. HIEBERT: J. Amer. ehern. Soe. 46 (1924), 290. - R. S. LIVIKG-
STONE, W. C. BRAY: Ibid. 47 (1925), 2069. - E. A. BUDGE: Ibid. 54 (1932), 1769. 

7 J. CI,ARENS: Bull. Soe. ehim. Franee (4), 33 (1923), 280. 
8 H. WIELAND: W. ZILG: Licbigs Ann. Chem. 530 (1937), 257. 
9 H. B. DUNNICLIFF, J. N. JOSIII: J. Indian ehern. Soc. 6 (1929), 121. 
10 W. LnIANoWSKI: RoeznikiChem.12 (1932), 519. - E.H. RIESENFELD : Z.anorg. 

Ohem. 218 (1934), 257. 
11 K. C. BAILEY, G. T. TAYLOR: J. ehern. Soc. (London) 1937, 994. 
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ce dernier reactif, sont generalement impuissants a prevenir l'action des oxydants. 
Aussi ne trouve-t-on que quelques rares cas d'action antioxydante vraie. Encore 
sont-ils presque tous a ramener au chapitre «destruction ou modilication d'un 
catalyseur positif), de teIle sorte qu'il ne s'agit pas, a proprement parler, d'une 
catalyse negative veritable. 

1° Ainsi, on connait un certain nombre d'oxydations par l'eau oxygenee, 
catalysees par la presence de metaux (cysMine et glutathion,l acide hypophos­
phoreux,2 hydrazine,3 iodure de potassium;4 voir aussi;5 pMnolphtaleine, pyra­
midon6), qui sont inhibCes par la presence de phosphates ou d'acide cyanhydrique, 
d'acides varies, de sels d'autres metaux, etc .... 

2° Un cas d'action antioxydante vraie qui retient davantage l'attention est 
celui qui concerne l'arret du pouvoir oxydant de l'acide iodique. Mn.LON,7 en 
etudiant la reaction de l'acide iodique sur les acides formique ou oxalique et sur 
le sucre, a montre que l'acide cyanhydrique est un paralysant energique. LE­
MOINE,8 trouve que la reaction est autocatalytique sous l'influence de l'iode libCre 
et pense, ainsi que Mn.I,ON, que l'acide cyanhydrique agit en fixant l'iode sous 
forme d'iodure de cyanoglme. Ce fait est confirme par FISCHER et WAGNER:9 

les substances qui reagissent avec l'iode, teIles l'argent metallique, 10 nitrate 
d'argent, etc .... , ont la meme action que l'a<lide oyanhydrique (voir aussilO). On 
avait pense que le fer jouait un röle dans la catalyse de la reaction, oc qui expli­
querait facilement l' action de l' acide eyanhydrique.ll H. WIELAND et}i~. G. FISCHER12 
ont montre qu'il n'en etait rien, et W ARBUltG13 lui-meme a roconnu que le röle de 
l'acide eyanhydrique est bien de blaquer un catalyseur positif, mais ici l'iode et 
non le fer. 

3° L'oxydation des derives de l'anthraquinone offre un exemple de catalyse 
negative qui ne serait pas, semble-t-il, a ramener a la suppression d'un eventuel 
catalyseur positif. Ainsi, l'oxydation de l'alizarone (1,2-dihydroxyanthraquinone) 
par l'acide sulfurique conduit au bordeaux d'alizarone (1,2,5,8-tetrahydroxy); 
mais en ajoutant de l'acide borique, on peut moderer l'action et obtenir un inter­
mediaire, le derive 1,2,3-trihydroxyle. De meme, a partir de la chrysazone 
(1,8-dihydroxy), on aboutit au derive 1,2,4,5,6,8-hexahydroxylc, en passant par 
l'intermCdiaire du 1,4,8-trihydroxyle. Une action moderatrico semblable se fait 
sentir, toujours graco a l'acido borique, dans l'oxydation en chinizarone (1,4-di­
hydroxYl de l'anthraquinono ou de son derivc I-hydroxyle par le nitrite de soude 
(oxemples citCs par DIMROTH et }i'AUST14). 

L'explication d'une teIle action antioxydanto est a rechercher dans la pro­
prieM qu'ont les hydroxyanthraquinones d'entrainer le bore dans des comploxes 
ou intervient non seulement le groupe OH, mais aussi, par ohelation, 10 carbonyle 

1 N. W. PIRIE: Biochemie. J. 20 (1931), 1565. 
2 H. WIELAND, W. FRANKE: Liebigs Ann. Chern. 470 (1929), 1, 19. 
3 D. P. GRAHAM: J. Amer. Chern. Soe. 02 (1930), 3035. 
4 C. F. SCHÖNßEIN: J. prakt. Chern. 79 (1860), 65. 
S J. BRODE: Z. physik. Chern. 37 (1901), 257. 
6 P. THOMAS, C. KAJ.l\IAN: C. R. hebd. Seanees Aead. Sei. 202 (1936), 1436. 
7 E. MILLON: C. R. hebd. Seanees Aead. Sei. 19 (1844), 270. 
8 G. LE~IOINE: C. R. hebd. Seanees Aead. Sei. 171 (1920),1094; 173 (1921),7,192. 
9 F. G. FISCHER, C. WAGNER: Ber. dtseh. ehern. Ges. u9 (1926), 2384. 
10 E. AßEL, K. HILFERDING, O. SMETANA: Z. physik. Chern., Abt. B 32 (1936), 85. 
11 O. WARBURG, S. TODA: Naturwiss. 13 (1925), 442. - S. TODA: Bioehern. Z. 

171 (1926), 231. 
12 H. \VrELA!oID, F. G. FISCHER: Ber. dtseh. ehern. Ges. u9 (1926), 1171. 
13 O. WARBURG: Bioehern. z. 174 (1926), 497. 
14 O. DIMROTH, T. FAUST: Ber. dtseh. ehern. Ges. 04 (1921),3020. 
Hdb. d. Katnlyse. H. 27 
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cetonique, ce qui comere a la molecule une solidite accrue, du fait du blocage de 
la fonction phenol: 

H H 

.... " /" . 
0. 0. 0. 0. 

IV I 11 

000 " V"'-
I ~ I! 11 /! 

--+ 1 [' --+ +-- +--
~ ~ 

11 11 11 11 

0. 0. 0. 0. 

Une comirmation de cette maniere de voir est a noter dans les experiences 
de DIMROTH et FAUST (1. c., voir aussi DIMROTH1) avec l'anhydride borico­
acetique (CHa'CüOhB-ü-B(üCüCHa)2 qui donne facilement avec les (X­

hydroxyanthraquinones, des complexes du type R-ü-B(üCüCHah. 
4° Un cas d'action antioxydante vraie - ou plutöt d'empechement de 

phenomene lie a l'oxydation - qui semble egalement ne pas faire intervenir 
concurremment un quelconque catalyseur positif, est la suppression, par I'essence 
de terebenthine, I'hydroquinone, le sulfite de sodium, la brucine, etc .... , de 
la lueur qui accompagne le passage d'oxygene ozone au travers d'une solution 
aqueuse de colorants tels que bleu de methylene, uranine, eosine, safranine, 
etc .... 2 

5° Pour ctre complet, il faudrait encore signaler quelques exemples d'oxydation 
par les halogenes OU I'on a pu mettre en evidence des phenomenes d'autoralentisse­
ment sous l'influence des produits de la reaction (ions halogenes, ions hydrogene3). 

L'eau, catalyseur negatif. 
1 ° Decomposition des acides organiques par l'acide sulfurique. 

La vitesse de decomposition des acides formique,4 oxalique,5 malique,6 
citrique7 et autres,8 par l'acide sulfurique concentre depend grandement de la 
teneur en eau de ce reactif. En general, il y a une relation exponentielle entre 
la vitesse de la reaction, et la concentration de l'eau. 

L'interpretation de ces ph6nomenes n'est pas aussi simple que I'on pourrait 
le croire au premier abord. Il n'est pas douteux qu'ajouter de l'eau a de l'acide 
sulfurique concentre a 100% revient a modifier la concentration de certains 
composants qui s'y trouvent en equilibre (80.3 , acide pyrosulfurique, etc .... ), 

1 Ü. DmROTH: Liebigs Ann. Ohern. 446 (1926), 97. 
2 N. N. BISWAS, N. R. DIIAR: Z. anorg. allg. Ohern. 173 (1928), 125. 
3 G. BOGNAR: Z. physik. Ohern. 71 (1910), 529. - A. F. JOSEPH: Ibid. 76 

(1911), 156. - D. L. HAMMICK, W. K. HUTCHISON, F. R. 8NELL: J. ehern. 80e. 
(London) 127 (1925), 2715. - M. ROLOFF: Z. physik. Ohem. 13 (1894), 327. - R. Ü. 
GRIFFITH, A. McKEOWN: Trans. Faraday 80e. 28 (1932), 518, 752. - R. Ü. GRIFFITH, 
A. McKEOWN, A. G. WINN: Ibid.28 (1932),107; 29 (1933), 369, 386. - B. F. OHOW: 
J. Amer. ehern. 80e. 57 (1935), 1440. - A. BERTHOUD, H. BELLENOT: Helv. chim. 
Acta 7 (1924), 307; J. Ohim. physique 21 (1924), 308. 

4 E. R. 8CHIERZ: J. Amer. ehern. 80c. 45 (1923),447. - E. R. 8CHIERZ, H. T. WARD: 
J. Amer. ehern. 80e. 50 (1928), 3240. - R. E. DERIGHT: Ibid. 55 (1933), 4761. 

• G. BREDIG, D. M. LICHTY: Z. Elektroehern. angew. physik. Ohern. 12 (1906), 459. 
- D. M. LICHTY: J. physie. Ohern. 11 (1907), 225. 

6 E. L. WHITFORD: J. Amer. ehern. 80e. 47 (1925), 953. - H. R. DITHIAR: Ibid. 
52 (1930), 2746. 

7 E. Ü. WIIG: J. Amer. ehern. 80e. 52 (l930), 4729. 
8 H. R. DITTMAR: J. physie. Ohern. 33 (1929), 533. - A. H. GLEASON, G. Dou­

GHERTY: J. Amer. ehern. 80e. 51 (1929), 310. 
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et qui seraient a considerer eomme les agents actifs de la reaction. Une confir­
mation de cette maniere de voir serait a noter dans le fait qu'un leger exces 
de SOa a un effet catalytique direct (voir aussil). Malheureusement pour la 
theorie, un exees important de SOa a un effet ralentisseur indubitable.2 

WnGa suggere que SOa et H 20 en equilibre dans l'acide coneentre sont 
tous deux des inhibiteurs. Si l'on observe un maximum de vitesse autour d'une 
eertaine eoneentration en H 20 et SOa, c'est qu'iI y a compensation entre deux 
effets inverses: la diminution de vitesse due a l'augmentation de la concentration 
de SOa est combattue par l'augmentation de vitesse due a la diminution de la 
eoncentration de H 20. De part et d'autre de ce point (acide sulfurique riche 
en H 20 ou tres riche en SOa), on n'observerait plus qu'un seul effet inhibiteur 
vrai (celui de H 20 ou celui de S03)' A l'appui de sa theorie, et pour rendre compte 
des differences de sensibilite a SOa qui se manifestent entre les acides oxalique 
d'une part, citrique et malique d'autre part, WnG a calcule la teneur en SOa 
de l'acide a 100% et aadmis que de l'acide sulfurique, meme s'il contient 2 moles 
d'anhydride par litre, renferme encore des traces non negIigeables d'eau. Cette 
hypothese demanderait evidemment des verification experimentales directes, 
tres deIicates on le con90it. 

En dehors de l'eau, d'autres composes sont capables de former des complexes 
avec l'acide sulfurique, par exemple les sulfates alcaIins,4 l'acide acetique, la 
dimethylpyrone,5 le phenol, le p-cresol, la coumarine, la benzophenone,6 etc ..... 
S'appuyant sur le fait que les mcmes corps sont, en meme temps, des ralentisseurs 
des reactions de decomposition precedemment etudiees, TAYLOR7 a emis sa 
theorie generale de la catalyse negative, selon laquelle l'inhibiteur est susceptible 
de contracter une union passagere desactivante avec les moleeules qui sont 
sur le point de reagir, c'est-a-dire avec les moIecules actives. Dans le cas present, 
cette desactivation interesserait les moIecules d'acide sulfurique. Les vues de 
TAYLOR ayant ete discutees en detail apropos des theories de la catalyse anti­
oxygene, il n'y a pas Iieu de les examiner a nouveau ici. 

2° Autres reactions en milieu anhydre, influencees par l'eau. 
a) Esterification. 

On sait depuis tres longtemps que le ralentissement de la vitesse d'esterification 
provoque par une quantite determinee d'eau est superieur a ce qu'on est en droit 
d'attendre de l'application de la loi d'action de masse. Ce resultat doit s'inter­
preter normalement comme une catalyse negative. On trouve dans ce domaine 
particulierement les travaux de GOLDSCHMIDT et de ses collaborateurs8 et ceux de 
LAPwoRTH;9 voir aussPo Ces deux auteurs ont propose des theories qui, bien que 

J. A. CHRISTIANSEN: J. physic. Chern. 28 (1924), 145. 
E. L. WHITEFORD: J. Amer. ehern. Soe. 47 (1925), 953. 

3 E. O. WUG: J. Amer. ehern. Soe. 52 (1930), 4729, voir aussi 4737. 
4 D. M. LICHTY: J. physic. Chern. 11 (1907), 225. 
5 E. K. RIDEAL, H. S. TAYLOR: Catalysis in Theory and Praetiee. p. 146. Londres: 

McMillan et Cie., Ed. 1926. 
6 H. R. DITTMAR: J. Amer. ehern. Soe. 52 (1930), 2746. 
1 H. S. TAYLOR: J. physie. Chern. 28 (1924), 145. 
8 H. GOLDSCHMIDT: Ber. dtseh. ehern. Ges. 28 (1895), 3218; 29 (1896), 2208. -

H. GOLDSCHMIDT, E. SUNDE: Ibid. 39 (1906), 711. - H. GOLDSCIUUDT, O. UDBY: 
Z. physik. Chern. 60 (1907), 728. - H. GOLDSCHMIDT, R. S. MELBYE: Ibid. 143 (1929), 
139. 

9 E. FITZGERALD, A. LAPWORTII: J. ehern. Soe. (London) 93 (1908), 2163. 
A. LAPWORTH: Ibid. 93 (1908), 2187. 

10 R. WEGSCHEIDER (A. KAILAN): Ber. dtseh. ehern. Ges. 39 (1906), 1054. 
A. KAILA~: Mh. ehern. 27 (1906), 543. 

27* 
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differentes, opposees memes, se rattachent neanmoins a la conception de destruc­
tion du catalyseur positif. Pour GOLDSCHMIDT et UDBY,' ce catalyseur positif 
serait, non pas l'ion H+, mais une association du type (02H50H, H+), par exemple, 
qui serait detruite par l'eau avec regeneration de l'alcool et d'un ion hydrate 
sans pouvoir catalytique (H' OH· H +). Pour LAPwoRTH, au contraire, le catalyseur 
serait bien H+, mais l'eau le transformerait simplement en un complexe H30+ 
qui, comme GOLDSCHMIDT l'a deja suggere, serait inactif catalytiquement. La 
discussion entre ces auteurs, et d'autres, s'est poursuivie2 po ur essayer de mettre 
en lumiere les röles des catalyseurs et des inhibiteurs. Manifestement, les theories 
ne sont pas beau coup differentes. (Voir l'article de M. BELL, tome 11.) 

Du point de vue de la chimie analytique, ces etudes ne sont pas sans interet, 
car elies ont conduit ades methodes d'estimation de la quantite d'eau pn)sente 
dans un solvant anhydre, soit un alcool,3 soit l'acide sulfurique.4 

b) Rcactions diverses. 

1 0 L'importance de I'cau dans la technique de la sulfonation et de la nitration 
est bien connue. Ainsi, en presence d'eau, les proprietes de l'acide nitrique sont 
plutöt oxydantes que nitrantes. Quant a l'acide sulfurique, ses proprietes sulfonantes 
sont en rapport direct avec sa tcneur en eau. Pour une proportion qui n'cst 
pas tres elevee (et qui, simple cOlncidence peut-ctre, correspond, pour le benzene, 
a la composition 804H 2, 1,5 H 20), la sulfonation s'arr6te totalement. La teneur 
centCsimale en 803 qui correspond a cette limite est appelee n de sulfonation. 
L'existence de ce n de sulfonation est en contradiction avec I'hypothese d'un 
simple equilibre obeissant a la loi d'action de masse. GUYOT s'affranchit du n 
de sulfonation en entrainant l'eau formee par un courant du carbure a sulfoner;5 
OOURTOT et BONNET sulfonent par de l'anhydride sulfurique pur.6 Il s'ensuit 
que l'inhibition par l'eau est peut-ctre due a la destruction d'un catalyseur 
positif, lequel serait le 803' 

2° D'autres actions- inhibitrices sont plus nettes: ainsi, par exemple, l'eau 
ralentit la bromuration des cetones,7 la dccomposition du bromure de triethylsulfine 
Br8(02H5)3,8 la decomposition photochimique de l'oxyde de chlore ClO2 en solu­
tion 0014 ,9 la saponification du bromure d'ethylene par les alcalis alcooliques,'O 
la polymerisation du styrolene catalysee par le tetrachlorure d'etain,l1 etc .... 

Mais, bien que les inhibitions par l'eau soient nombreuses, il y a lieu de re­
marquer qu'elles sont loin d'atteindre les coefficients de ralentissement que 
1'0n rencontre avec les antioxygenes. 

1 H. GOLDSCIiMIDT, O. UDBY: Z. physik. Chern. 60 (1907), 728. 
2 E. K. RIDEAL, H. S. TAYLOR: Catalysis in Theory and Practiee, p.370-373. 

Londres: MeMillan et Cie., Ed. 1926. 
3 H. GOLDSCHlIIIDT, E. SUNDE: Ber. dtsch. ehern. Ges. 39 (1906), 711. - H. GOLD­

SCHMIDT, O. UDBY: Z. physik. Chern. 60 (1907), 728. - J. GYR: Ber. dtsch. ehern. Ges. 
41 (1908), 4308. - G. BREDIG, W. FRAENKEL: Ibid. 39 (1906),1756. 

4 D. M. LICIITY: J. physie. Chern. 11 (1907), 225. 
5 GUYOT: Chim. et Ind. 2 (1919), 879. 
6 COURTOT, BONNET: C. R. hebd. Seances Acacl. Sei. 182 (1926), 855. 
7 A. LAPWORTII: J. ehern. Soc. (London) 93 (1908), 2187. - 1. COIIEN: J. Amer. 

ehern. Soc. 52 (1930), 2827. 
8 H. VON HALBAN: Z. physik. Chern. 67 (1909),129. 
9 J. W. T. SPINKS, H. TAUBE: Canad. J. Res., Sect. B 15 (1937), 499. 
10 A. L. BERNOULLl, J. KASPAR: Helv. chim. Acta 20 (1937), 462. 
11 G. WILLI..ßrs: Nature (London) HO (1937), 363. 
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Quelques inhibitions de reactions diverses. 
a) Reactions photochimiques. 

10 On a deja vu 1'inbibition de la decomposition photochimique de l'eau oxygenee, 
l'arret, par l'oxygtme, de la reaction d'EDER et des decolorations de colorants 
de cuve en presence d'un accepteur. Ces deux dernieres reactions sont sensibles 
aux inbibiteurs autres que 1'oxygime; ainsi la premiere est sensible aux sels 
ferriques (les sels ferreux 1'accelerent1), aux corps phenoliques: phenol, o-cresol, 
pyrocatechol, etc .... 2 Il en est de meme si 1'on s'adresse a la reaction sensibilisee 
a l'eosine ou au permanganate de potassium (acide oxalique «active»). La seconde 
(decoloration des cuves) est fortement ralentie par les antioxygenes typiques, 
bydroquinone, pyrogallol, pMno1.3 

2 0 Le formiate d'uranyle subit une photolyse qui conduit a la reduction de 
1'oxyde de 1'uranium et a l'oxydation de 1'acide formique:4 

Cette photolyse est fortement entravee par l'oxygime et par KCI, KI, FeS04' 
:FeCI3 , MgCI2, V20 5 , Na2S03 , hydroquinone, plus faiblement par MnS04, CoS04, 
CuS04, NaN03 , Cr2(S04la et KF. D'autres corps agissent non seulement par 
un effet inhibiteur pur, mais egalement a la maniere d'un filtre des radiations 
activantes: tels sont K 2Cr20 7, NaN02, KCN, AgN03 et HgS04. Des actions 
chimiques pures ne sont pas exclues (pour d'autres photolyses5). 

b) Reactions thermiques diverses. 
1 0 L'interversion du sucre sous l'influence des acides est susceptible d'etre 

ralentie. Les premiers resultats en ce sens ont ete obtenus parCoLIN et CHAUDUN6, 

voir aussi7 • Mais plus recemment, BERLINGOZZI et TESTONI,8 montrent que 
des coIIoides ont une action ralentissante. L'effct n'est pas du a une soustrac­
tion d'eau par le collolde lyophile, car des coIIoides metalliques, non lyophiles 
ont la meme action. BAl:R et PltEIS9 ont trouve une action ralentissante nette, 
m,Lis faible, aux ions Co++ et Mn++. 

2 0 La fixation de 802 aux olefines est accelCree par l'oxygime, lesperoxydes 
organiques, l'eau oxygenee et le nitrate d'argent; les acides nitrique et sulfhydrique 
sont des inhibiteurs. Il n'est pas sans interet de souligner que les olCfines semblent 
se gener mutuellement: ainsi, l'isobutene, present a plus de 2% est un inhibiteur 
tres efficace. La reaction, de meme, est ralentie par la presence du methyIethyl­
ethylime aso et du trimethyh~thylime.1° Il a ete observe egalement que l'ascaridol 
et le peroxyde de benzoyle se comportent comme des ralentisseurs de la 

1 C. WINTHER: Z. wiss. Photogr., Photophysik Photochem. 7 (1909), 409; 8 (1910), 
197, 237. 

2 K. WEBER: Z. physik. Chem., B 21) (1934), 363; A 169 (1934), 224; A 172 
(1935), 459. 

3 K. WEBER: lbid. B 11) (1931), 18. 
4 E. C. HATT: Z. physik. Chern. 92 (1918), 513. - G. BERGER: Recueil Trav. chim. 

Pays-ßas 44 (1925), 47. - C. ÜUELLET: Helv. chim. Acta 14 (1931), 936. 
5 E. BAUR: Helv. chirn. Acta 20 (1937), 974. 
6 H. COLIN, A. CIIAUDUN: Bull. Assoe. Chimistcs Sucr., Distill. lnd. agric. France 

Colonics 48 (1931), 369. 
7 J. SPOHR: J. prakt. Chern. (2),32 (1885), 32. - J. LÖWENTHAL, E. LENSSEN: 

lbid. 81) (1862), 321, 401. 
8 S. BERLINGOZZI, M. TESTONI: Ann. Chim. applicata 21) (1935), 489; 26 (1936), 366. 
9 E. BAUR, H. PREIS: Helv. chim. Acta 21 (1938),437. 
10 R. D. SNOW, F. E. FREY: lnd. Engng. Chern., analyt. Edit. 30 (1938),176. 
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fixation de SOz au chlorure de vinyle, fixation acceleree par ailleurs par raeide 
peracetique.1 

3° L'oxydation, par HzOz, de 1'ami1w-3-phtalhydrazide, ou luminol, produit 
une luminescence bleue marquee,Z que certains derives, dont l'hemine cristallisee, 
exaltent particulierement. La benzoquinone diminue la luminescence sensibilisee 
par l'hemine.3 

4 ° La preparation, ainsi que 1'emploi, des solutions de Reactif de GRIGNARD 

ont donne lieu a quelques observations d'actions inhibitrices. 
Ainsi, il est bien connu que certaines substances, en particulier celles qui 

reagissent avec le Reactif de GRIGNARD, par exemple, reau, l'alcool, les cetones, 
etc ... , empechent le demarrage de la reaction du magnesium sur 1'halogenure 
organique. 

L'action du sulfure de carbone CSz a etC particulierement etudiee (WHITMORE 

et BADERTSCHER;4 Il en suffit de traces infimes pour stopper completement la 
reaction. 

Par contre, si 1'on fait demarrer une reaction normalement, avec un melange 
halogenure-ether I; 1, et si 1'on ajoute une trace de CSz au reste du melange 
dilue d'ether, on constate d'une part une diminution du volume de gaz degage 
pendant la preparation et une diminution de 1'importance des reactions secon­
daires, telles qu'elimination de HX par exemple. Par ailIcurs, ct c'est ce 
qui est le plus important, non seulement le rendement de la preparation 
du Reactif de GRIGNARD est augmente, mais egalement celui des produits 
obtenus par reaction sur des composes carbonyles (WHITMORE et BADERT­

SCHER, 1. c.). 

Il est a noter, d'un tout autre point de vue, que BAUDRENGHIEN5 a constate 
que le rendement en vinylcarbinol par action du reactif de GRIGNARD sur l'acro­
leine est ameliore par la presence des antioxygenes utilises pour stabiliser cette 
derniere. 

5° Nous terminerons cet expose par un exemple tres particulier de catalyse 
negative, decouvert par BAILEy;6 il s'agit du ralentissement, provoque par 
des traces de base organique, sur 1'esterification de l'alcool ethylique par 1'acide 
acetique.Le coefficient de ralentissement n'est pas tres eleve, mais la dose 
d'inhibiteur a la quelle l'action inhibitrice se fait sentir est, par contre, tres faible; 
3 parties de pyridine pour un million. Si 1'on augmente la quantite de base au 
dela d'une certaine limite, reffet inhibiteur ne croit plus notablement. BAILEY 

y voit, pour une part du moins, 1'indice d'une catalyse heterogene a la surface 
du recipient et donne une interpretation du phenomene qu'il serait facile de 
faire cadrer avec les vues recentes sur la catalyse heterogene, telles qu'elles ont 
ete dis cu tees dans le present manuel. 

Certes, on pourrait continuer a detailler des reactions signalees comme inhibees. 
On ne saurait mieux faire que dc renvoyer le lecteur aux ouvrages specialises, 
au tout premier rang desquels il y a lieu de placer BAILEY « Retardation of 

1 C. S. MARVEL, F. J. GLAVIS: J. Amer. ehern. Soe. 60 (1938), 2622. 
2 H. O. ALB RECHT : Z. physik. ehern., Abt. A 136 (1938), 321. -K. GLEU, K.Pl'AN­

NENSTIEL: J. prakt. Chern. (2), 146 (1936), 137. -,- W. SPECHT: Angew. Chern. 50 
(1937), 155. 

3 B. TAMAMUSIII, H. AKIYAMA: Z. physik. Chern., B 38 (1938), 400. 
• F. C. WIIITMORE, D. E. BADERTSCHER: J. Amer. ehern. Soe. 55 (1933), 4158. 
5 J. BAUDRENGHIEN: Bul!. Soe. ehirn. Belgique 31 (1922), 160. 
6 K. C. BAILEY: J. ehern. Soe. (London) 1928, 1204. 
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chemical reactions ,)1 (voir aussi RIDEAL et TAYLOR,2 WOKER, 3 WEBER,' SCHW AB,5 

etc ... ). 
Mais a la verite, l'etendue du domaine OU n'intervient pas l'oxygene, sous 

quelque forme que ce soit, est tres restreinte et, bien souvent, l'analyse fait 
ressortir soit un empoisonnemeut de catalyse en surface, soit une destruction 
de catalyse homogene. 

n n'apparait donc pas comme possible, pour le temps present, de grouper 
tous les phenomenes de catalyse negative en une meme synthese satisfaisante. 
Peut-etre meme n'y parviendra-t-on jamais. La domaine encore inconnu de la 
catalyse negative est vraisemblablement si vaste, que de nouvelles experiences 
susciteront, a n'en pas douter, de nouvelles explications. L'effort des chercheurs 
sera de les faire rentrer dans le cadre des theories anciennes, ou d'en imaginer 
d'autres, a moins qu'il ne s'avere, a la lumiere des donnees nouvelles, qu'aucune 
cause de ralentissement n'est de nature catalytique. 

Au demeurant, il ne faut pas oublier que le tresor de la Science est plutöt 
fait de resultats experimentaux que de theories: celles-ci passent, alors que les 
premiers demeurent. 

1 K. C. BAILEY: Retardation of chemical reactions. Londres, 1938. 
2 E. K. RIDEAL, H. S. TAYLOR: Catalysisin TheoryandPractice. Londres: McMillan 

et Cie., Ed. 1926. 
3 G. WOKER: Die Katalyse. - Die Rolle der Katalyse in der analytischen Chemie. 

2 vol. Stuttgart: F. Encke, Ed. 1910-1915. 
4 K. WEBER: Inhibitorwirkungen. Stuttgart: F. Encke, Ed. 1938. 
5 G.-M. SCHWAB: Katalyse vom Standpunkt der chemischcn Kinetik. Berlin: 

Julius Springer, Ed. 1931. 
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DANIELS, JOIINSTON 322f. DEYRUP 239. 
-, S. BAUER. -, S. HAMlIIETT. 

-, S. EYRING. DEYSHER, S. HOLM. 

-, S. HUNT. DHAR 19, 350., 391. 
-, s. WrLLARD. -, s. BANERJI. 

DANILOV 84f. -, S. BISWAS. 

DATTA, DAY, INGOLD 291. -, S. DUBE. 

DAVIDSON, S. BOGERT. 

DAVIS 148. 
-,Cox 335. 
-, CRANDALL, HIGBEE 

413. 
-, s. HEISIG. 

DAVY 347, 40.5. 

-, S. MITTRA. 

DICKINSON, CARRICO 412. 
-, LEERlIIAKERS 412f. 
DIECKMANN 172. 
-, CLAISEN 173. 
-, KRON 176. 
DIETZ, S. HAMMETT. 
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DIMBAR, s. ADK.INS. 
DIMROTH 324, 332, 418. 
-, FAUST 417. 
DINGLINGER, SCHRÖER 253. 
DINGWALL, S. FLEXNER. 
DITTMAR 418 f. 
DIXON 375, 396. 
DJANG, S. CARTLEDGE. 
DOBROMYSLOVA, S. BERE-

ZAN. 
DODDS, POPE 401. 
DOGADKIN, S. BEREZAN. 
DÖRKEN, s. WEISSBERGER. 
DOTT 391. 
DOUGHERTY, S. CLEASON. 
DOWNES, S. LAMER. 
-,8. WEISS. 
DRAGONI, S. DE CONNO. 
DRISCH, S. DUFRAISSE. 
DRY ER, s. EGLOFF. 
DUBE, DHAR 411. 
DUBOUX 260. 
DUBRISAY 348, 396. 
-, E~ISCHWILLER 357. 
DU1'F, IN GOLD 151. 

DUFRAIssE 35, 3if., 347f., 
360, 364, 372, 395, 
397, 399, 405. 

-, BADOCIIE 395. 
-, BURET 368. 
-, CHAUX 393. 

-, DRISCH 361, 368, 393.1 
-, ENDERLIN 368. 

-, ETIENNE 368. I 
-, G.ERARD 368, 384. I 
-, GERMAN 405. 
-', HORCLOIS 352, 386, 

393, 405. 
-, LE BltAS 368. 
-, LE BRAZ 405. 
-, LOURY 368. 
-, MONIER 368. 
-, -, Mme PRADIER-Gr-

BEI_LO 393. 

-, PRIOU 368. 
-, RocHER 368. 
-, VELLUZ 368. 
-, VIEILLEFOSSE 393, 405. 
-, -, LE BRAZ 405. 
-, s. MouREu. 

DÜLL, S. FISCHER. 

DUNKL, S. SCIDIlD. 

DUNN, S. BRADY. 

DUNNICLIFF, JOSI!I 416. 

DUNSTAN, S. BIRCH. 

DUPONT 388. 
-, ALLARD 351, 361, 387f. I 

Namenverzeichnis. 

DUPO~T, LABAUNE 94. I 
-, LEVY 351, 354, 358, I 

387. I 
-, -, ALLARD 351, 387f. I 
DUSHMAN 22. 
DUTT, S. DALAY. 
Duus, s. BRÖNSTED. 
Dux, s. BODENSTEIN • 
-, s. SCHENK. 
DVORAK 403. 
DYCKERHOFF, s. STAUDIN-I 

GER. 
DYlII, s. \VEISSBERGER. ! 

DYlIIOCK, S. STANLEY. 
DYSON, s. DA WSON. 
-, HARDEN 412. 

ETIENNE, S. DUFRAISSE. 
ETTORI, GRANGAUD 386, 

401. 
EUCKEN 33, 35. 
EUCKEN, J AACKS 335. 
V. EULER 26, 50, 198, 215. 
-, HEDELIUS 123. 
-, ÜLANDER 50, 55, 131, 

300, 305. 
-, S. AHLSTRÖllI. 
EVANS 72, 186, 301, 406. 
-, MORGAN, W ATSON 72. 
-, POLANYl 269, 328, 332f. 
-, RYDON 27i. 
-, S. LEWIS. 
EVERETT, WYNNE·JONES 

256. 
EWAN 349, 410. EAGLE, '''ARNER 266. 

EARL 112. I EYRING 328f. 
EBERSOLE, s. GILL. 
EBERY, S. LUCAS. 
VACS' ECKENSTEIN, BLACS'KS- : 

~IA ii. 
-, s. LOBRY DE BRUYN. 
EDGAR, $. LEWIS. 
EDLUND, S. STEWARD. 
EGER, s. SKRABAL. 
-,so LONG. 

-, DANIELS 322f. 
-, S. HIRSCHFELDER. 
-, S. WYNNE-JONES. 

F AIRCLOUGH, HINSHEL-
WOOD 266, 324ff., 33U. 

FAJANS 205. 
FALES, MORELL 200. 
FARINACCI, HA:lBIETT 118. 

EGLOFl' 94. I F ARKAS, SACIJSSE 322. 
-, l\IORRELL, LOWRY, 

DRYER 403. 
EICIIllERGER, S. TERRY. 
EICHELlIERGER, LA MER 

237. 
EISNER, s. HALBAN. 
EISTERT, s. ARNDT. 
ELLINGER 400. 
EMEL};US 349, 409. 
EMMET-REID, s. JONES. 
E:lISCHWILLER, s. DUBRI-: 

i SAY. ' 
V AN E:lISTER, S. )!EER- I 

WEIN. 
ENDERLIN, s. DUFRAISSE. : 

F AR:lIER, GHOSAL, KON 
15lf., 156. 

-; MEHTA 151. 
--, S. BLOO:lIl'IEI,D. 
-, S. INGOLD. 
FAULKNER, S. LOWRY. 
FAUST, s. DIMROTH. 
FAVORSKY, BOSIlOV~KI 90. 
FEDERLIN 28. 
FENTON, IN GOLD 161. 
FERNANDEZ 393. 
FIDLER, S. BIRCH. 
-, S. CIlAP:lIAN. 
FIERO 402. 
FILIPPI 414. 

ENGELBRECHT, R. KOHLER •. FINKELSTEIN, HIuBER 27. 
ENGELMAXN, S. KHARAl'cH. i FISCEMAN, S. BAKUNIN. 
ENGLER 37, 269, 373. i FISCHER 76. 
---, WILDE 367. -, BRO:lrnEI~G 76. 
EpPRECHT, s. ERLEN:lIEYER : -, DÜLL, VOI.Z 362. 
-, s. SCIIWARZENBACH. ' -, GIEBE 169. 

EpSHTEIN, s. DAIN. --, HULTzscH, FLAIG 
EItBE 36. -, MARSCHALL 168. 
ERD:lIACS'N 77. 
ERLENlIEYER 136, 273. i 
-, SCHENKEL, EpPRECHT' 

-, MORELL 76. 
-, PILOTY 76. 
-, WAGNER 417. 

138. 

317. 
ESCOURROU 96. I 
EssEx,GELoRmNI326,335. , 

-, S. WIELAND. 
FISHER, )IcELVAIN 176. 

FISKE, S. BREDIG. 



FITGER 62f. 
FITTIG 78, 179f. 
-, SLOCUM 179. 
FITZGERALD, s. BULL. 

-, LAPWORTH 419. 
-, PACKER 60. 
FLAIG, s. FISCHER. 

FLEISCHMANN ,S.LöBERING. 
FLEXSER, HAMMETT, DING-

WALL 67, 238, 247. 
FOERSTER 22. 
-, JORE 22. 
FONTAINE 410. 
FONTEIN 109f. 
FORD, s. BURKHARDT. 

FORSTER 22, 90. 
-, CARDWELL 94. 
FowiER 266, 268, 328, 330. 
-, SLATER 331. 
FRAENKEL 225, 256.· 
-, s. BREDIG. 

FRANCHIMONT, BACKER 63. 
FRANCIS 147, 226. 
-, GEAKE 226. 
-, -, ROCHE 226. 
-, s. CLIBBENS. 
FRANCK 38. 
-, HABER 36f. 
FRANKE 40, 351, 368, 386, 

400, 402f. 
-, s. WALLACH. 

-, s. WIELAND. 

FRANKENBURGER 44. 
FREDENHAGEN, BONHOEF-

FER 40. 
FRENCH 228, 262. 
-, BAILEY 379. 
-, MURPHY 193. 
-, s. BAILEY. 

FREUDEN BERG, s. HAMILL. 

FREY, s. SNOW. 

FRIDÖRI, S. BRINER. 
FRIEDLÄNDER, ZEITLIN 

107. 
FRIEDMANN, S. KAIJ,AN. 

FRIESE, S. SCHEIBLER. 

FRIESSNER 36. 
FRISWELL, GREEN 112. 
FRÖLICH, S. HASLAM. 

FURCHT, s. WEGSCHEIDER. 

FURTH, S. ABEr.. 

GADAMER 61. 
GAFFRON 378. 
GALLAGHER, s. MOUREU. 
GAMBARJAN, S. WIELAND. 

Mlle GANSTER, S. WOOG. 

GARDNER, RYDON 15lf. 

Namenverzeichnis. 

GARTON, s. HEBL. 

GASTINGER, S. SCHMID. 
GATTY, S. BELL. 

(}AUBERT, LINSTEAD, Ry-

DON 408. 
GAUVIN, S. RISI. 

GAWLICK, s. MÜLLER. 

GEAKE, S. FRANCIS. 
GEFFEKEN 198. 
GEE, RIDEAL 379. 
-, S. CHAPMAN. 
-, s. CUTHBERTSON. 

GEIB 187, 273f., 277, 
285ff., 298. 

-,So BOK. 

-, S. BONHOEFFER. 

GELBERT; S. BRINER 362. 
GELORMINI, S. ESSEX. 

GENTHE 362. 
GEORGESCU 401. 
GERARD, S. DUFRAISSE. 

GERENDAS 387. 
GERMAN, S. DUFRAISSE. 

GERWE 400. 
GETZ, RICE 322. 
GHEORGHIN 352. 
GHOSAL, S. FARMER. 

GIDVANI, KON 151. 
GIEBE, S. FISCHER. 

GILBERT 407. 
GILCHRIST 349, 409. 
GILDMEISTER, S. BERTRAM. 

GILL, EBERSOLE 402. 
GILLESPIE, S. REYERSON. 
GILLET 407. 
-, GIOT 407. 
GILLETTE, S. MILLIGAN. 

GILLIS, S. JACKSON. 

GILMAN, HABBIS 93. 
GIOT, S. GILLET. 

GIVAUDON, S. WOOG. 

GLADISHEV, SYRKIN 334. 
GLEASON, DOUGHERTY 165, 

418. 
GLEAVE, HUGHEs, IN GOLD 

U5, U8. 
GLEU, PFANNEN STIEL 422. 
GODCHOT, CAUQUIL 84. 
GOEHRING, s. STAMM. 

GOFFREDI, s. DE CONNO. 

GOLDBERG, s. LUTHER. 

GOLFINGER, LASEREFF 75. 
-, V. SCHWEINITZ 37f. 
GOLDSCHMIDT 26, 47, 53, 

U3, 183, 205, 212, 239, 
240, 369, 419. 

-, BAKSCHT 238. 
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GOLDLCHMIDT, BARDACH 

U3. 
-, BRÄUER 240. 
-, GöRBITZ, HONGEN, 

PAHLE 244. 
-, HAALAND 183f. 
-, J OHNSEN, OVERWIEN 

240. 
-, MELBYE 183, 419. 
-, OVERWIEN 240. 
-, REINDERS U3, 238, 240. 
-, SALCHER 238. 
-, SUNDE 212, 419f. 
-, THuEsEN 212. 
-, UDBY 183, 205, 419f. 
-, WACHS 240. \ 
GOLDSTERN, S. GROSS. 

GOLDSWORTHY, S. BRANCH. 

GOMBERG 148, 369. 
GÖRBITZ, S. GOLDSCHMIDT. 

GORE, S. BONNER. 
GORSLINE, S. TINGLE. 

GOTH, S. HÜCKEL. 

GOTO, S. TITANI. 
GOULD, S. STANLEY. 

-, S. TAYLOR. 
GRAHAM 417. 
GRAN GAUD , S. ETTORI. 

GRANT, HINSHELWOOD U5. 
GRAUSTEIN , S. KOHLER. 

GREEN, S. FRISWELL. 

GREENBANK, HOLM 393, 
402. 

-,So HOLM. 
GREENSPAN, S. LA MER. 

GREGORY, S. W ATSON. 

GRIFFITH, McKEOWN 29, 
418. 

-, -, WINN 418. 
~,s. BELTON • 

-, S. CALLON. 

GRIFFITHS 244. 
GRIGG, S. CHAPMAN. 

GRIGNARD 172, 395, 399. 
GRIMM, RUF, WOLF 324. 
GROCOCK, INGOLD, J ACK-

SON 125. 
-, -, -, Mrs KELLY 126. 
GROSS, GOLDSTERN 213. 
-, STEINER, KRAUS 256, 

300f., 306. 
-, -, SUESS 301, 309f. 
-, SUESS, STEINER 30lf. 
GROVE 211. 
-; S. BRÖNSTED. 

GRUBE, SCHMID 200. 
GRUNDMAN, S. KUHN. 
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GUBAREV A, s. SYRKIN. 

GUERBET 401. 
~,MAYER 401. 
GUGGENHEIlII 200, 203, 232, 

243. 
-, WEISS 329. 
-'-, s. BRÖNSTED. 

GUYOT 420. 
GYR 420. 

HAALAND, s. GOLD-

SCHlIIIDT. 

HAARlIIANN, REIlIIER 97. 
HAAS, s. KAILAN. 
HABER 36, 38. 
-, WANSBROUGH-JONES 

36. 38. -
-, WEISS 38. 
-, WILLSTÄTTER 38ff., 

187, 376. 
-, s. BONHOEFFER. 

-, s. FRANCK. 

HABERlIIANN, s. KURTEN­

ACKER. 
HAGEN, s. KOHLER. 

VON HALBAN 241, 326, 332, 
420. 

-, EISNER 42. 
HALFORD 118, 244. 
~, ANDERS ON , BATES 75. 
-, s. ÜLSIN. 

HALL, VOGE 237. 
-, WERNER 237. 
-, s. CONANT. 
-, s. DAWSON. 

-, s. HILDITCH. 

HAlIIILL, FREUDENBERG 

313. 
-, LA MER 78, 301, 303, 

313. 
HAlIIILTON 407. 
HAlIIlIIETT 203, 238, 243, 

247, 269. 
-, DEYRUP 203, 237. 
-, DIETZ 237. 
-, P AUL 203, 207. 
-, s. FARINACCI. 

-, s. FLEXNER. 

HAlIIlIIICK, LANGRISH 352. 
-, HUTCHINSON, SNELL 

418. 
HAlIIOR, s. BASKERVILLE. 
HANHART; IN"GOLD 122. 
HANN, LAPWORTH 177. 
-, s. LAPWORTH. 
HANNON, KENNER 413~ 
HANNUM, s. KHARASCH. 
HANSON, WILLIAlIIS 149. 

Namenverzeichnis. 

HANTZSCH 26, 192, 241, 
250. 

-, LANGBEIN 237. 
-, VEIT 223, 250. 
-, VOIGT 244. 
-, WEISSBERGER 227. 
HARADA, TITANI 285. 
HARDEN, s. DYSON. 
HARNED 26, 198,200,260. 
-, AKERLÖF 200, 203. 
-, PFANSTIEL 200. 
-, SAlIIARAS 127. 
-, SELTZ 109, 200. 
HARRIS, s. GILMAN. 

-, SlIIITH 408. 
HARRISON 400. 
-, s. KENDALL. 

-,So LOWEN. 

HARTECK, s. BONHOEFFER. 

HARTLEY, s. WOOLCOCK. 

HARTlIIANN, SEIBERTH 368. 
-, s. MICHAEL. 

HARTRIDGE 29. 
-, ROUGTHON 42, 249. 
HARTUNG, s. ADKINS. 

HASLAM, FRÖLICH 402. 
HATCHER 138. 
-, BRODlE 138. 
-, KAY 138. 
HATT 421. 
HÄUBER, s. FINKELSTEIN. 
HAUSER, s. RENFREW. 

HAUSSKNECHT 98. 
REALUND, s. RAlIIBERG. 

REBL, RENDEL, GARTON 

404. 
HEDELIUS, s. EULER. 

HEDGES 406. 
HEISIG, DAVIS 413. 
REISE, s. BERL. 

HELL, URECH 73. 
HENE, s. STAUDINGER. 

HENKEL, s. WITTIG. 

HENNIG, s. WEYGAND. 
HENRI, WURlIISER 381, 414. 
RENRICH 101. 
HERBERT, s. BLUlIIENTHAL. 

HERBO, s. BIGWOOD. 

HERTERT, LAUDER 289. 
HESSE 349. 
HEY, INGOLD 161. 
-, WATERS 107. 
-,So BAKER. 

HEYMANS 401. 
-, BOUCKAERT 401. 
HEYROTH, s. COHN. 

HIBBEN 322. 

HIBBERT, CANNON 97. 
HICKSON, BAILEY 380. 
HIEBERT, s. MASS. 

HIGBEE, s. CRANDAL. 

HIGLEY 172. 
HILDITCH, HALL 27. 
-, PAUL 401. 
-, RIGG 186. 
-,So BANKS. 

HILFERDING, s. ABEL. 

HILL 400. 
HILPERT, NIEHAUS 400. 
HILTON, BAILEY 366. 
HINCKLEY, s. KHARASCH. 

HINSHELWOOD 35, 185, 
252, 267, 326f., 329f., 
333, 335f., 376, 378. 

-, HUGHES 321. 
-, LEGARD 184, 239, 264. 
-, PruCHARD 321. 
-, WINKLER 266. 
-,So BOWEN. 

-, s. F AIRCLOUGH. 
-,So GRANT. 

-, s. MOELWYN -HUGHES. 

-, s. NEWLING. 

-, s. PtCKLES. 

-, s. RAINE. 

-, s. ROLFE. 
-, s. TIlIIM. 

-, s. WILLIAMSON. 

HINTEN, NIEUWLAND 183. 
HIRNIAK 21. 
HIRSCH, s. KAUTSKY. 
HIRSCHFELDER, EYRING, 

TOPLEY 329. 
HIRST 322. 
-, RIDEAL 322. 
HOCHBERG, BONHOEFFER 

277. 
HOCK, SCHRADER 368, 373. 
-, SUSEMIHL 368. 
HODGES, LINHORST 322. 
HOFENDITZ, s. P ANETH. 
VAN T'HoFF 251. 
-, COHEN 50. 
HOFMANN 82, 90. 
HOLDEN, LAPWORTH 151, 

153. 
HOLM, GREENBANK, 

DEYSHER 402. 
-, s. GREENBANK. 

HONGEN, s. GOLD-

SCHlIUDT. 

HOOK, s. READ. 

HOPKINS 399. 
HORCLOIS, s. DUFRAISSE. 



HOREISCHY, S. BREITEN -
BACH. 

HORIUTI, POLANYI 122, 
247. 

HORNEL, BUTLER 260, 297, 
301, 303, 313. 

-, S. ÜLSON. 
HORNY, S. KAILAN. 
HORREX 99. 
HOSKINS, S. DAWSON. 
HOTTINGER 400. 
HOUGTON, S. CLOVER. 
Hsü 92. 
-,INGOLD, WILSON 64, 75, 

277. 
-, WILSON 75, 243. 
HÜCKEL, GOTH 100. 
-, S. DEBYE. 
HUDSON 48, 77, 219f. 
-, S. PURVES. 
HUGHES 92, 113f., 117f., 

157, 163. 
-,INGOLD 115, 160, 162. 
-, -, PATEL 160. 

-, -, SCOTT 159f. 'I 

-, -, SHAPIRO 114, 115, 

158. I 
-, JULIUSBERGER, : 

MAsTERMANN , TOPLEY, I 
WEISs318. 

-, -, SCOTT, TOPLEY, 
WEISS 318. 

-, McNuLTY 115, 159. 
-, SIIAPmo 115, 158. 
-, WATSON, YATES· 70. 
-, S. BATEMAN. 
-, S. COOPER. 
-, S. COWDREY. 
-.S. GHARE. 
-, s. GLEA VE. 
-, s. HINSIIELWOOD. 
-, S. INGOLD. 
-, S. WATSON. 
HULTZSCH, S. FISCHER. 
HUMPHRF;Y, S. BROOKS. 
HUNT, DANIELS 322. 
HUNTER, s. KIPPING. 
HURST, s. READ. 
HUSA 402. 
HUSTON, LIGHTBODY 401. 
-, -, BALL 401. 
HUTCIIINSON, s. HA)r:\ncK 

418. 
-, S. WEIDNER. 

INGOLD 47, 52 f., 55, 83, 87, 
89, 92, 96. 113, 118, 
122ff., 147, 150, 152, 
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157,163,169,174,178, 
282f., 291, 298. 

INGOLD, BURTON 147. 
-, FARMER 175. 
-, HUGHES 123, 129. 
-,INGOLD 55, 120. 
--, JACKSON, MT •• KELLY 

125. 
-, JESSOP 162. 
-, KIDD 105, 108. 
-, NATHAN 124, 126. 
-,PERREN 151. 
-, PINES 136. 
-, POWELL 151. 
-, RAISIN,WILSONI74,178. 
-, DE SALAS, "VILSON 277, 

280. 
-, SHOPPEE 57, 61. 
-, S~IlTH 104. 
-, VASS 175. 
-, THORPE 175. 
-, WILSON 60, 67, 72, 188, 

243. 
-, S. ANANTAKRISHNAN. 
-,So BAKER. 
-, S. BATEMAN. 
-, S. BLOOM. 
-, S. BURTON . 
-, S. COOPER. 
-, S. COWDREY. 
-,S.DATH. 
-, S. DUFF. 
-, S. FENTON. 
-, S. GLEA VE. 
-, s. GROCOCK. 
-, S. HANHART. 
-, S. HEY. 
-,s.Hsü. 

-, S. HUGHES. [' 
IPATIEV 136. 
ISBELL, WOYCIK, ADKINS, 

131. 
ISHIKAWA, KOJDU 181. 
-,So KUIÜr. 
IVEs 277f. 
-, WILKS 277, 313. 

JAACKS, S. EUCKEN. 
JACKSON 147. 
-, GILLIS 256. 
-, S. GROCOCK. 
JACOB, s. KING. 
-, S. KUHN. 
JACOBSEN 104. 
JACQUOT, S. BONNET. 
JA)IES, "VEISSBERGER 189. 
JANY 402. 
JENKINS 269. 

JERCHEL, S. FRANKE. 
JESSOP, S. INGOLD. 
JEU, ALYEA 381, 414f. 
JOB 391. 
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JOHANSSON, SEBELIUS 119. 
JOHNSEN, s. GOLDSCHMIDT. 
JOHNSON 47. 
-,S.ACREE. 
-, S. MouREAu. 
JOHNSTON, S. DANIELS. 
JONES, BATES 412. 
-, EMMET-REID. 
-, LEWIS 134, 200. 
-, S. ÜRTON. 
JORISSEN 373, 407. 
-, v AN DER BEEK 269, 

368, 406f. 
-, VAN DEN POL 373. 
JORRE, S. FOERsTER. 
JOSEPH 418. 
JOSHI, S. DUNNICLIFF. 
JOUBERT, S. NORRIS. 
JOWETT 331. 
Juim, S. WALTON. 
JULIUSBERGER, S. HUGHEs. 
JUNELL 223. 
JUNG, S. LÖBERING. 
JDNGERMANN, S. KAILAN. 

KAILAN 184, 414, 419. 
-, ADLER 184. 
-, FRIEDMANN 184. 
-, HAAS 184. 
-, HORNY 184. 
-, JUNGERMANN 184. 
-, KIRCHNER 184. 
-, RAFF 184. 
-, ROSENBLATT 184. 
-, SCHWEBEL 184. 
KALMAN, S. THOMAS. 
KALNIN 180f., 183. 
KASPAR, S. BERNOULLI. 
KASSEL 35, 327. 
KASTLE 170. 
KATOH 18lf. 
KAUTSKY 410. 
-, HIRSCH 410. 
KAY, S. HATCHER. 
KEARTON, S. THOMPSON. 

KEENAN 373. 
KEKULE 98. 
-, STRECKER 98. 
Mrs. KELLY, S. GROCOCK. 

KElIP, BISIIOP, LASSELLE 
364. 

KENDALL, BOOGE 67, 121, 

388. 
-, -, A~mREws 121. 
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KENDALL, HARRISON 

-, KING 121. 
-,NORD 400. 
KENNER, s. HANNON. 

KENYON, PARTRIDGE, 
PHlLJ,IPS 92. 

KESSLER 33 .. 

121. 

KEY, s. DAWSON. 

KHAMBOTER, WASSER· 
MANN 323. 

-, s. BENFORD. 
KHARASCH 2H8, 408. 
-, BROWN, McNAB 285f. 
-, ENGELMANN, MAYO 

408f. 

Namenverzeichnis. 

KISTIAKOWSKY, NELLEs 

328. 
-, SMITH 323. 
-, s. ARNOLD. 

KLAR 75. 
-, s. BLANCHARD. 
-, s. BONHOEFFER. 

-, s. MOELwy:s·HuGIIES. 

-, s. PINNER. 
KLEMENC 19 .. 
KLEVER, s. STAUDINGER. 
KLINGELIIOEFER, s. RODE-

BUSII. 
KNOEVENAGEL 176f. 
KNORR 53. 

-, HANNUM 408. KNY-JONES, WARD 116. 
-, HINCKLEY 408. KOBLIANSKY, s. LEBEDEV. 
-, KRITCHEVSKY, :\IAYO KOBLITZ, SCHUMACHEU. 

408. KOBOSEFF, s. SPITAI_SKY. 

-, McNAB 408. KOELICHEN 193, 198, 261. 
-, MANSFIEI_D, MAYO 409. KOENIG 402. 
-, MARGOLIS, MAYO 408. KOHLER 151, 368. 
-, MAY, MAYO 408. -, BUTLER 151. 
-, MAYO 373, 408. -. CORSON 177. 
-, NOUTON, :\IAYO 408. -, ENGELBRECHT 151. 
-, POTTS 408. -, GRAUSTEIN , MERRIL 

-, READ, M.-\Yo 408. 151, 155. 
-, WHlTE, MAYO 413. -, HAGEN, TnmIAs 177. 
KHATSET, s. KISSELER. -, MYDANS 368. 
KIDD 111. KOHLscnüTTER 410. 
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183f., 239. 
ROLLOFF 418. 
RÖ)!ER, S. ABEL. 

RONA, ASl\!Us, STEIN ECK I 

393. 
ROSENBLATT, S. KAILAN. 

ROSENFELD, S. SCHWAll. 

SACHTLEBEN 412. 
SACHSSE, S. F ARKAS. 

SAGUTT, S. BAMBERGER. 
SAKUlIIA 385. 
-, S. WARBURG. 

DE SALOS, WILSON 75, 277. 
-, S. INGOLD. 
SALCHER, S. GOLDSCIBUDT. 
SA)IARAS, S. HARNED. 

SAPIRO, S. NEWITT. 

-, S. RAISTRICK. 

SASAKI 42. 
-, NAKA)IURA 42. 
SAVEANU, S. WEIGERT. 

SCATCHARD 134, 200. 
-, BERGlIIAN 135. 
SCHAFRANIK, S. ABEL. 

SCHEELE 46. 
SCHEFFER 252. 
-, BRANDSMA 252, 267. 
-, S. "VEITZ. 
SCHEIBLER 173. 
-, DEP~mR 173. 
-, FRIESE 172. 
-, ::\IARHENKEL 173. 
-, -, NICOLIC 173. 



SCHENK, MIHR, BANTHIEN 

349, 410. 

-, VORLÄNDER, Dux 381, 
415. 

-, s. BODENSTEIN . 
SCHENKEL, s. ERLEN-

MEYER. 
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SCHWARZENBACH243,296f., I 
300, 309. 

_, EpPRECHT, ERLEN- I 

MEYER 297, 299. i 

VON SCHWEBEL, S. KAILAN. ; 
VON SCHWEINITZ, S. MBU. ' 

-, S. GOLDFINGER. 

SCHIERZ 418. I SCHWEIZER, S. BOESEKEN. 

-, WARD 418. 
SCHILDWÄCHTER 373. 

SCHIFFER, S. SKRABAL. 
SCllILDISKY, S. BREJ:SEV A. 

SCHILOW, s. LUTHER. 

SCHIMMEL 94. 
SCHINDLER, S. BAUR. 

SCHJA:NBERG 408. 

SCIIMID I, 14ff., 4lff. 
-, GASTINGER 42, 44. , 

-, J\fARCHGRABER, DUNKL ! 
42. ' 

-, J\IuHR 15f. 

-, -, SCHUBERT 16. 
-, ÜLSEN 260. 

-, PFEIFER 16. 
-,So ABEL. 

-,So GRUBE. 

SCHMIDLIN, LANG 388. 

ScmuDT 107, 410. 
-, S. MEERWEIN • 

-, S. SPIELlI1AN:S. 

ScnöBERL 400. 
SCHOEX 391. 

ScnöNBEIN H., 30, 393, 
410, 417. 

SCHRADER, S. HOCK. 
SCIIRÖER 7, 17, 19ff., 3.'5, 

38, 90. 
-, S. DIXGLINGER. 
SCHUl-lERT, s. SCHMID. 

SCHULTEIS, S. LINDE;\IAXN. 

SCllULTZE 413. 
-, S. LY)lAN. 

SC!IU)L\CHER 4, 35, 322, 

412. 

-, SPRENGER 322. 
-, S. BODENSTEIN . 

-, S. KOBLITZ. 

SCnUTZ, S. LEWIS. 

SCHWAll 24ff., 35, 271, 423. 
-, ROSEN FELD, RUDOLPIl 

40. 

-, TAYLOR, SPEXCE 202. 

SC!IWALll.-I.CII, S. STAUDIX­
GER. 

SCIlWARZ 300f. 

SCHWARZE, S. \VEISSBER­

GER. 

SCOTT, S. HUGllES. 
SEABORG, S. LEWIS. 

SEBELIUS, S. JOHANSSON. 
SEGALLER 253. 

SEIBERTH, S. HARDIANN. 
SEI-ICHI, UENO, TEI-JI 

SAIDA 402. 

SELTZ, S. HARNED. 

SEMB, s. ADKINS. 
SEMEN OFF 35, 376, 

SE1IMLER 97. 
-, BECKER 97. 

-, S. TIElI1ANN. 

SEMON 405. 
SENDERENS 163f. 

378. 

-, ABouLENC 183. 

SENKUS, BROWN 289. 

SENTER 47, 117, 363. 
-, PORTER 363. 

-, WOOD 117. 
SEYEWETZ 348. 

-, SISLEY 348. 

-, s. LUMIJ~RE. 
SHAPIRO, S. HUGIIES. 

SHEDLOVSKY, S. McINNEs. 

SHEPARD 405. 
SIlEPPARD 393. 

SHILOV 169. 

-, YAIlBIOV 167. 
SHOPPEE 82, 85. 

-, S. INGOLD. 
SHREWSBURY, KRAYBILL 

401. 

SIIRIXER, S. ASHLEY. 
SIIvAInz, S. DAIN. 

SIDGWICK 107. 

-, s. RIVETT. 

-, S. WILSDOX. 
SIDON, S. ABEL. 

SIGNAIGO, S. CA11PBELL. 
SILBER, S. CIA1UCIAN, 

SILOV, SOLODUSEXKOV 42. 

SDIA1!URA, S. URUSHIBARA. 

SIMONS 238. 

SINGLETOX, S. I3URKIIARDT. 

I SISLEY, S. SEYEWETZ. 

SKAU, BERG)IANN 368. 

SKRABAL 3ff., 10, 17, 2Iff., 

29f., 33, 39, 50, 124, 
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128, 144, 214, 226, 250, 

253, 255. 
SKRABAL, AIRILDI 50. 

-, EGER 128. 

-, RINGER 50. 
-, SCHIFFER 50. 

SKRAUP 31. 

SLATER, S. FOWLER. 
SLAVINA, S. BATALIN. 

SLOCUM, S. FITTIG. 

SLUITER 101. 
SMETANA, S. ABEL. 

SlI1ITH 55, 61, 72, 253, 

263f., 269, 323, 408. 
-, WELCH 177. 

-, S. ABRAHAM. 

-, S. ASHTON. 
-, S. DAWSON. 

-, S. HARRIS. 

-, S. INGOLD. 
-, S. KISTIAKOWSKY. 

-,So LOWRY. 

-, S. McKENZIE. 
-, S. MOWAT. 

-, S. ÜRTON. 

I -, S. SOPER. 
-, S. SPOEHR. 

-, S. STEWART. 
S~UTHELLS 404. 

S)UTS 396. 
S)IOLUCHOWSKY 331. 

S)IYTHE 352. 

S:SELL, S. HA1nucK. 
SXETHLAGE 26, 47, 209, 

212f. 
SNOW, FREY 421. 
SOLODUSENKOV, S. SILOV. 

SmDIERvILLE 364. 

SOPER, PRYDE 109. 

-, S~UTII 147. 
-, S. ÜRTON. 

SOSKI:SA, S. KRAUZE. 

SPEAL1IAN, S. BLU1L 
SPECHT 422. 

SPELLER 406. 
381. SPENCE, TAYLOR 

-, S. SCIlWAB. 

SPIEUIANN, SCIDIIDT 

172ff. 

SPIXKS, TAUBE 420. 

SPITALSKY 225. 

-, KOBOSEFF 25. 

SPIVEY, S. DAWSO:S. 

SPOEIIR, S1iITIl 352. 

SPOHR 253, 421. 

SPRAGUE, BECKIlA1I, AD­

KINS 172. 
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SPRENGER, s. SCHU~IACHER. 

SPRING 385, 416. 
SPRINGER, S. BREITEN BACH. 

SSAPOSCHNIKOFF 10. I 

STAlnI, GOEHRING301,307. I 
STANLEY, GOULD, DnIOcK ~ 

328. 

STANSFIELD, s. BIRcn. 
STARKWEATHER, TAYLOR' 

365. 
STAUDINGER 135, 137,269. 

-, DYCKERHOH', KLEvER, 

RUZICKA 372. 
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TAHER 117. 
TAINTER, s. CUTTING. 

TAIT, S. BIRCH. 
TAKEBAY AHm, s. URusm­

BARD. 

TAMA~lUSIII, AKIYAMA 367, 
422. 

TAMMANN 414f. 

TA~IURA, S. ÜDA. 
TANAKA, NAKAllURA 351, 

393, 402. 
TAPERNOUX, S. ROCHAIX. I 
T ARADOIRE 402, 405. 

-, HENE, PRODRO~I 349. I TAUSZ 354, 407. 

-, LAUTEN SCHLÄGER 366. 

-, SCHWALI\ACII 365, 410. 
STAUFlo'ER, R. BARTLETT. 

STEAD:lIAN, S. BOWEN. 

STEGER, S. BRUYK. 
STEIGLER, S. LEVENE. 

STEIN, S. ABEL. 
STEINECK, S. ROSA. 

RTEINER, S. GROH~. 

STEPANENKO, S. RT~:PIIA· 
NOV. 

STEPIIAN 93f. 
STEPHANOV, STEPAX~:XKO 

149. 

TAUBE, S. SPINKS. . 

TAYLOR 26, 99, 115, 131, i 
198, 200, 208f., 228f., i 
350, 361, 381, 387ff., i 
395f., 419. . 

-, CLOSE 166. 

-, GOULD 40. 
-, VERNON 410. 

--, s. ANDERSON. 

-, s. BAILEY. 
-, S. RIDEAL. 

-, s. ROGERS. 

-, s. SCHWAB. 

-, S. SPENCE. 
-, S. STARKWEATIIER. 

TIEMANN 90. 

-, SE~nILER 96. 

TIETZ, S. BOWEN. 

TUIM, HINSIIELWOOD 122. 
TINGLE, GORSLINE 174. 

TITAN I, GOTO 29lf. 

-, MORITA, GOTO 291. 
-, S. HARADA. 

-, S. KOIZUMI. 

TITOFF 34, 38, 384ff., 391. 
-, REINDERS, VLES 37f. 

TODA 417. 
-, S. WARBURG. 

TODO, S. KunoRA. 

TOLlIAN 252, 327. 
-, S. RAMSPERGER. 
-,So WHITE. 

-,So WUL]:'. 

TONGBERG, S. CONANT. 
TOPLEY, S. HIRSCIIFELDEIt. 

-, S. HUGHES. 

TOVBORG-JENSEX, 

BRÖNSTED. 
TRAUBE 25. 

TRAUTZ 12, 332. 
TROTMAN 402. 

TItUSLER 402. 

TSCHELINCEV 172f. 
TUBANDT 239. 

H. 

STEPHENS 362, 368. 
STERN, DELA]:'IELI>, 

BOIS 42. 
DU TEETER, S. BRÖNSTED. i TURNER 375. 

-, s. BATELLI. 
STEVENS 162. 

-, S. THOMPSON. 
STEWART, EDLUND 42. 

-, SIIIITII 412f. 

STIEGLITZ, PETERSON 102. 
STOBBE 136. 

-, POSNJAK 136. 

STOERMER, TIIIER 136. 

STRASSER,S. WEISSBERGER. 
STRECKER 131. 
-, s. KEKur,j.:. 

STREET, s. ADKIXS. 

SGESS, s. GROSS. 

-, PILCH, RUDORFER 36tH. 
SULLIVAN, s. RICE. 

SUNDE, S. GOLDSCIIMIDT. 

SUNDER 416. 

SUSEMIIIL, s. HOCK. 

SUZUKI 351. 

SVIRBELY, s. I..AXDElt. 

SWARTS 172. 

SYRKIN, GUBAREVA 335. 
-, s. GLADISHEY. 

SZABO, S. POLANYI. 

SZENT-GYÖRGYI 386, 400f. 

TEI-JI-SAIDA, s. SEI-

SCHI. 

TERRY, EICHBERGER 98. 
TESTONI, s. BERLINGOZZI. 

TIIEIS, S. MITTASCH. 

THENARD 393, 416. 
THIEL, LOGEMANN 42. 

TIIIELE, LACIIMANN 218. 

THIER, S. STOERMER. 

THO:lIAS, KALMAN 417. 
-, MARLING 351. 
-,So BELL. 

-, S. BIGWOOD. 

-, S. KOHLER. 

-, S. PEARCE. 

THOMPSON, STEVEN:; 
-, KEARTON, LAMB 

THORPE 152. 

-,So BULL. 

-, S. INGOLD. 
-, S. McCoMBs. 

-, S. PERKIN . 

TnuAu 393. 

162. 

322. 

TnUESEN, s. GOLDSCIUIIDT. 

TIFFENEAU 135. 
-, Melle LEVY 84. 

-, S. ÜREKOFl>'. 

UDBY, S. GOLDSCIBIlDT. 

DENO, S. SEI-Scm. 
ULTEE 149. 

UNDERWOOD 349. 
UNGER, S. ROSENIIAUER. 

UN:lIACK, S. BJERRUM. 

URECH 77. 
-,So HELL. 

lJREY, S. COHN. 

-, S. RICE. 
-, S. ROBERTS. 

URUSIIIBARA 408. 

-, SmAJlIURA 409. 
-, TAKEBAYOSIII 408f., 

413. 

USHERWOOD 167, 169. 

V AUGHAN -J ACKSON, 

BELL. 
VIBRANS 402. 

V IEILLEFOSSE, 
FRAISSE. 

VILLIERS 164. 

S. 

s. 

Du-

VII.LIGER, S. BAEYEIt. 
VINCENT, S. IhRTLETT. 

! VI1'TE 390. 
VLES 385. 



VLES, S. MAYER. 
-, S. REINDERS. 
-, S. TITOFF. 
VOGE, S. HALL. 
VOGT, NIEUWLAND 141. 
-,so YOUNG. 
VOIGT, S. HANTZSCH. 
VORLÄNDER 151. 
-, S. SCHENK. 
VOLQVARTZ, S. BRÖNSTED. 
VOLZ, S. FISCIIER. 

WACHS, S. GOLDSCHlIIDT. 
\V AGNER, BRIER 362, 402. 
-, S. BODENSTEIN . 
-, S. FISCHER. 
\V ALLACII 89, 100. 
-, FRANKE 96. 
\VALLIS, MOYER 90. 
\VALTERS 137. 
-, BONHOEFFER 277. 
-, S. BONIIOEFFER. 
WALTON 415. 
-, JUDD 416. 
WALZ, S. PEASE. 
\VANSBROUGH-JO~ES, S. 

HABER. 
VAN DER WANT, S. BOESE­

KEN. 
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WEBER 35f.,.390, 411, 421, I 
423. 

-, S. MEERWEIN • 
-, S. ÜLIVIER. 
WEGE 100. 
WEGLER 186. 
WEGSCHElDER 31, 109, 119, 

419. 
-, FURCHT 119. 
WElDTNER, HUTCHINSON, 

CIIANDLEE 237. 
WEIGERT, SAVEANU 410. 
WEILL, s. Mlle Ltvy. 
WEISS 367. 
-,DOWNS 98. 
-,So ABEL. 
-, S. GUGGENHEDI. 
-,So HABER. 
-, S. HUGHES. 
\VEISSBERGER 189. 
-, DÖRKEN,SCHWARZEI89. 

! -,DYM 189. 
-, MAINZ, STRASSER 188. 
-, STRASSER, MAINZ, 

SCHWARZE 189. 
-, S. HANTZSCII. 
-,So JAMES. 

WARBURG 40, 385ff., 399f., . 

WEITZ, SCHEFFER 188. 
WELCH, S. SMITH. 
WERNER 131. 

417. 
-, BREFELD 400. 

-, DETSCHEFF 100. 
-, PIGUET 100. 

WUG 253, 418f. 
WIJS 123, 214. 
WILCKE, S. PIETSCH. 
WILD 37. 
WILDE, S. ENGLER. 
WILDERMAN 412. 
WILHELMY 250. 
WILKS, S. IVEs. 
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WILLAN, s. KOLTHOF~'. 
\VILLARD, DANIELS 412. 
WILLEl\IART 368. 
WILLIAMS 138, 148, 352, 

414, 420. 
-, S. HANSON. 
-,so ÜRTON. 
-,so READ. 
WILLIAMSON 164, 185. 
-, HINSHELWOOD 184. 
-, S. MATTHEWS. 
WILLS, S. McKENZIE. 
WILLSTÄTTER 399. 
-,So HABER. 
WILSDON, SIDGWICK 143. 
WILSON 59, 60, 66, 78, 92, 

313, 411. 
-,So Hsü. 
-, S. INGOLD. 
-,So LOWRY. 
-, S. NOYES. 
-, S. RAISIN. 
-, S. DE SALAS. 
-,So YULE. 

-, SAKU~IA 385, 400. 
-, TODA 417. 

-, S. CONANT. i WINDAUS, BRUNKEN 368. 

V,ARD 116. 
-, S. KEy-JONES. 
-, S. SCHIERZ. 
\VARNER, S. EAGLE. 
-, S. WINSTROlI. 
\VASSERlIAXK 323, 

328, 336. 
-, S. BENFORD. 
-, S. KHAlIBATA. 

325f., ; 
i 

WATANABE 386, 401. 
-, S. KUlIARA. 
W ATERS, S. HEY. 
WATSON 72f., 74,100,103,. 

179. 
-, GREGORY 73. 
-, HUGIIES 66. 
-, NATHAN, LAURIE 72. 
-, ROBERTS 74. 
-, YATES 70. 
-,So EVANs. 
-, S. HUGHES. 
-, S. l\'[ORGAX. 
-, S. NATIIAN. 
\\'EATLEY, s. DAWSON. 

-,So HALL. 
WERTHEUlER 385. 
-, S. ABDERHALDEN. 
WEST 66. 

WESTHEIMER 221, 234, 262. 
-, COHEN 262. 

WEYGAND, BAUER, HENNIG 
356. 

WlIITE 392f. 
-, S. TOLMAN 322. 
-, S. KHARASCH. 

WHITFORD 418f. 

WHITl\IORE 135. 
-, BADERTSCHER 407,422. 

WlDDOWS, S. McKENZIE. . 

WIELAND 39f., 187, 374, I 
400, 411. 

-, FISCHER 417. 
-, FRANKE 386, 417. I 
-, GAl\IBARJAN 105. 
-, RICHTER 39, 187, 35lf., 

354, 387, 406. 
-, ZILG 416. 
-, S. POLANYI. 

WINKLER, S. HINSHEL-
WOOD. 

WINN, S. GRIFFITH. 
WINNACKER, s. RERL. 
WINSTEIN, LUCAS 140. 
WINSTROlI, W ARNER 21>6. 
WINTIIER 411, 421. 
\\I'IRTZ, S. BONIIOEFFER. 
WISLICENUS 53. 
\VITTIG 40. 
-, HENKEL 40. 
-, KRÖIINE 355. 
-, LANGE 40, 377, 383. 

WITTKA 401. 

WÖHLER 393. 

W OJCIK, S. ISBELL. 

WOKER 423. 

WOLF, S. GRIlII1\[. 

WOOG, Mlle GANSTER, GI-
VAUDON 351, 381, 402. 

-, S. SENTER 117. 
-, S. S~IITII. 

\VOOLCOCK, HARTLEY 213. 
WORTIIINGTON, S. M'KAY. 
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WORTMANN, s. MEER· WYNNE·JONES, s. BRöN- YOKOJIMA 111. 
WEIN. STED. YOST, s. BONNER. 

WREN, s. MCKENZIE. 

WRIGHT, s. BELL. 
-, s. EVERETT. YOUNG 384. 

WULF, TOLMAN 321. YAHIMOV, s. SHILOV. 
WURMSER, s. HENRI. YAMADA 368, 402. 
WYNNE-JONES 26, 51, 78, -, s. MIZUSHIMA. 

238,244,269,297,313, I YAMAGUCm 362. 
315. YAMAMOTO 400. 

-, EYRING 201, 268f., I YAN-Pu·LUl, s. LUCAS. 
332f. YATES, s. WATSON. 

-, KILPATRICK 269. I -, s. HUGHES. 

-, VOGT, NIEUWLAND 373, 
408. 

YULE, WILSON 373. 

, ZAWIDZKI 363. 
! ZEITLlN , s. FRIED-

LÄNDER. 
ZEITSCHELL 93. 
ZILG, s. WIELAND. 



Sachverzeichnis. 
Jedes Stichwort wurde in der Sprache in das Verzeichnis aufgenommen, ;'1 der es im Text auftriJt • .AuPerdem 
u)urde die deutsche IJberselzung aller engli8ch ... und franzö8ischcn und die englische IJber8etzllng aller deutsche .. 
und franzö8i8chen Stichwörter eingereiht, auPer in den Fällen, wo die IJbe,.etzung faBt all die.elbe Stelle de • 

.Alphabet8 zu 8tehe .. ktlme. 

Abspaltung, s. elimination. 
Acceptor, s. Akzeptor. 
Acetal, formation from aldehydes amI 

alcohols 169. 
-, hydrolysis of -, velocity constants 

197. 
Acetale, Hydrolyse, Isotopenverschie-

bung 303. 
Acetals, hydrolysis 126, 226. 
-, -, energy of activation 258. 
Acetamid, Hydrolyse, Isotopenversehie-

blmg 304f. 
Acetessig-, s. acetoacetic. 
Acctoacetic acid, bromination 222. 
- ester, bromination 222. 
Aceton, Dcuteriumaustausch 310. 
-, Enolisierung, Isotopenversehiebung 

305, 316. 
Acetone, enilisation, BRÖXSTED relation 

235. 
-, halogenation 222. 
-, -, aetivation encrgy 263f. 
-, iodination, velocity coefficients 210. 
Acetylenes, hydration 14l. 
Acid, s. a. Säure. 

amides, HOF:lIA:SN reaction 90. 
-, hydrolysis 130 .. 
-, -, energy of activation 256. 
anhydrides, bromination 74. 
-, hydration 143. 
-, PERKINS reaction 179. 
azides, CURTIUS rearrangement 9l. 

Acid-base catalysis, s. a. Säure-Basen­
Katalyse. 
-, activation energy 249. 
-, bimolecular reaction 245. 
-, by particular acids or bases 265. 
-, elassification of reaetions 255. 
-, development of knowledge 47. 
-, dual theory 207. 

Acid-base, general 204. 
-, - methods of investigation 214. 
-, in gas phase 338. 
-, in non-aqueous solvents 237. 
-, - -, examples 239. 
-, influence of PR 214f. 
-, mechanism of BRÖNSTED 49. 
-,of deuterium exchange 75. 
-, phenomena 45. 
-, possibility of detection 236. 
-, solvent effects 337. 
strength, of the substrate, role 247. 
-, relation to catalytic power 229. 

Acid chlorides, hydrolysis 129. 
- molecules, catalytic power 207 ff., 211. 
- strength in non aqueous solvents 243. 
Acide sulftU"ique, action inhibee par l'eau 

418f. 
- iodique, pouvoir oxydant inhibe 417. 
Acides halohydriques, addition aux corps 

insatures 407. 
- organiques, decomposition, inhibees 

par l'eau 418. 
Acids, definition 47. 
-, - generalisation 5l. 
-, in non-aqueous solvents 237. 
-, modern concept 206. 
-, primary and secondary -, definition 

270. 
-, reactions catalysed by -, activation 

energy 262. 
Aci-Nitroäthan, Isomerisierung, Isotopen­

verschiebtmg 307. 
Action constant, s. Aktionskonstante. 
Activation, s. a. Aktivierung. 

energy, concept 250. 
-, different signification 270. 
-, effect of electrolyte concentration 
258f. 
- of acid-basis catalysis 249. 
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Activation energy of bimolecular reac· 
tions 327. 

-, first theoretical treatment 251. 
Activity, s. Aktivität. 

coefficients in secondary sal t effects 
195. 
- of single ions 200. 
-, theory 194. 
factor, kinetic, in acid·base cataly;;is 
201. 

Actor, s. Aktor. 
Addition as intermediate step of isomeri· 

sation 55. 
des acides halohydriques aux corps 
insaturEls 407. 
of cyclopentadiene to benzoquinone, 
solvent effect 325f. 
of halogens to organic compounds 147. 
of water 139. 
rpactions, acid·base catalysis 135. 

Aldehyde, Autoxydation 39. 
-, Sauerstoffaustausch 290. 
Aldehydes, Acetal formation 169. 
-, Aldol condensation 167. 
-, CANNIZARO reaction 187. 
-, KNOEVENAGEL condensation 176. 
-, PERKI~"S reaction 179. 
-, polymerisation 136. 
Aldol condcnsation 167. 
Aliments et antooxyg€mes 401. 
Alkohol, elimination 161. 
Alkohole, Sauerstoffaustausch 289f. 
Alkolyse des Acetamids, Isotopem'er-

schiebung 305. 
Alkoxonium ion in esterification 205. 
Alkyl halides, hydrolysis 113. 

--, -, activation energy 265f. 
-, - as nucleophilic rcaction 115. 
-, -, influence of substituents 115. 
-, -, variation in the alkyl 114. 
-, -, - in the halogen 115. 

Allgemein, s. general. 
Aluminium alkoxides, action in reduction 

reactions 189. 
Aluminiumhalogenid, Katalysator des 

isotopen Halogenaustausches 282. 
Aktionskonstante bei Löslmgsrcaktionen 

333. 
Aktivienmg, s. a. activation. 
-, Vorstellung WEGSCHEIDERS 32. 
Aktivierungswärme von Teilvorgängen 

13. 
Aktivität, s. activity. 
Aktivitätskoeffizienten und Gesehwindig­

keitsgleichung 8f. 
Aktor bei chemischer Induktion 33. 
Akzeptor bei chemischer Induktion 33. 

Ameisensäure, s. formic acid. 
Ammoniumnitrit, Zerfall 2, 14. 
Ammonium salts, formation, solvent 

effect 324f. 
- -, quaternary -, STEVENS rearrange­

rnent 162. 
Anilide formation in aniline as solvent 

240. 
Anionotröpic changes 91. 

-, function of catalysts 93. 
- -, generalities 91. 
- -, mcchanism 92. 
Anionotropy in acid-base catalysis 54. 
Anticatalyse, terminologie 348. 
Antichoc 404. 
Anthrac€me, autoxydation photochimique 

384. 
Anthraquinone, oxydation inhibee des 

derives du -, 417. 
Anthraquinones, formation by deilydra-

tion 165. 
Antiklopfmittel, s. Antichoc. 
Antiknock, s. Antichoe. 
Antioxydante, action - vraie 416ff. 
Antioxydants, terminologie 347. 
Antioxyg€me, action, nouveau scheme 

397. 
-, -, theorie dc I' - 375ff. 
-, -, et peroxydabilite 391. 
-, effet 339. 
-. -, criteres 349. 
-, - de l'oxygene 411 ff. 
-, -, double gem\ralite 348. 
-. -, etude tMorique 367. 
-. s. Applications 399. 
- orientant I'addition des aeides halo-

hydriques 407. 
-, terminologie 347. 
Anwendlmgen, s. applications. 
Anziehung, s. attraction. 
Application des antioxygenes 399. 
Aprotie solvents, definition 238. 
- -, reactions in 240f. 
Aromaten, Dcutcriumaustauseh 280. 
ARRIIENIUS equation and BRÖNSTED 

equation, relations in solution 332. 
-, classical derivation 251. 
-. range of validity 266. 
-, relation between constants m 
solution 335 f. 
-, statistieal derivation 252. 
-, temperature dependence of para-
meters 253. 
-, validity in solution 334f. 

A.rHenige Säure, Reaktion mit salpetriger 
Säure 6. 

Äthyl, s. Ethyle. 
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Attraction selective entre inhibiteurs 
peroxydes primaires 394. 

et I Bromination of carbonyl compounds 66. 
carboxylic acids 73. 

Austauschreaktionen 272f. 
Autocatalyse et la theorie des chaines 

384. 
-, theorie de 1'- par DUPONT 387. 
Autoxydation, definition 345. 

der Aldehyde, Radikalkettentheorie 
39. 
des Sulfits 35 ff. 

-, conditions chimiques 345. 
- et catalyse negative 347. 
-, etude experimentale 352. 
-, importance 346. 
-, mecanisme 367, 370. 
-, scheme d'energie 370. 
-, Theorie 37. 

Back exchange, s. Rückaustausch. 
Basenkatalyse, Isotopenverschiebung 

311ff. 
Bases, definition 47. 
-, -, generalisation 51. 
- in non aqueous solvents 238. 
-, modern concept 206. 
-, reactions catalysed by - 264. 
BAuR, theorie de - 390. 
ß .diketones, hydrolysis of 131. 
BECKMANN change 100. 
Begegnungen, s. encounters. 
Benzaldehyde, autoxydation 383. 
-, -, inhibition de 1'- 395. 
Benzidine change 104. 
Benzil·benzilic acid change 89. 
Benzilsäure·Umlagerung, Aufklärlmg 

durch Sauerstoffaustausch 318. 
Benzoquinone, addition to cyclopenta· 

diene, solvent cffect 325 f. 
Benzoylation of m·Nitraniline, soh-ent 

effect 324. 
Benzyl.hydroxyl.triazole.carboxylic me· 

thyl ester, decomposition, soh-ent 
cffect 326. 

Bimolecular reaction, acid· base catalysis 
as - - 245. 
reactions, collision theorie 327. 
-, solvent effects 321 f., 324ff. 
-, - -, theory 330ff. 

Biologie, importance de l'action anti· 
oxygene dans la - 399. 

Bleichlaugenreaktion 22. 
ß·Naphthol, acetylation in acetic acid 

240. 
Brom, katalytische \Virkung auf Hydro· 

peroxyd 28. 
Bromination of acetoacctic acid and ester 

222. 
- - acid anhydrides 74,. 

ketones 66. 
-, different mechanisms 67. 
-, influence of proton affinity 68. 
-, - - substitution 69. 
-, intermediate state 72. 

- nitromethane 223. 
I BRÖNSTED equation and transition state 

theory in solution 332. 
relation 229. 
- and possibility of detection of 
general catalysis 236. 
-, derivation 246. 
- and transition state theory 269. 
- in non aqueous solvents 243, 245. 

-, theory of activity 201. 
Bruttoreaktion, Auflösung in Tcilreak· 

tionen H. 
Buffer solutions, catalysis of their con· 

stituents 216. 
- -, secondary salt effects in - - 196. 

Cane sugar, inversion of 227. 
CAXNIZARO reaction 187. 
Caoutchouc et antioxygenes 405. 
Carbonyl sulphide, hydrolysis, solvent 

effcct 322. 
Carboxylic acids, bromination 73. 
- esters, hydrolysis 119. 
Catalyse negative (s. a. bes. negative -) 

339. 
Catalytic, s. katalytisch. 

constant, effect of solvent 337. 
- power, relation to acid·base strength 

229. 
Cationotropy in acid base catalysis 54. 
Chain, Chains, Chaine, Chaines, s. a. 

Ketten, Radikalketten. 
- mechanism of CANNIZARO rcaction 

187. 
Chaine, autoxydation en scheme 

d'energie 377. 
Chaines d'energie 376. 
- de radicaux 377. 
-, reaction de - 376. 
-, - -, criteres 380. 
-, theorie des -, avantages ct lacunes 

380ff. 
-, - -, deductions mathematiques 

380. 
-, - -, domainc de validiM 380. 
-, - et autocatalyse 384. 
-, - et la periode d'induction 382. 
-, - et l'usure du catalyseur 383. 
-, - pour la catalyse negative. 

Justifications et objections 377. 
Charge type of catalysts in solution 247f. 
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Chemismus und Geschwindigkeitsglei­
chung einer Einstoffkatalyse 3, 14. 

Chlorine, catalyst of ozone decomposi­
tion, solvent effect 321. 

- monoxide, decomposition, solvent 
effect 321. 

Chlorure mercurique, reaction sur l'oxa· 
late 411. 

Choc dans le moteur de combustion 403. 
Cinchonin, katalytische Umwandlung 31. 
CLAISEN condensation 171. 
CLAISEN -DIECKMANN -condensation 171. 
Classical theory of salt effects 191. 
Collision frequency in ARRHENIUS equa-

tion 266. 
- theory, modifications in solution 331. 
- - of bimolecular gas reactions 327. 
Collisions in solution 330. 
Combustion, moteurs a - et antioxyg€mes 

403. 
Compensation, s. Kompensation. 
Complex, critical - of catalysis 201. 
Complexe intermediaire avec l'inhibiteur 

398. 
Concentrated solutions, salt effects in 

- - 203. 
Condensation reactions 167. 
Conversion of para-hydrogen by oxygen, 

solvent effect 322. 
Corrosion metallique, prevention 406. 
Covering layers, s. Deckschichten. 
Cracking et le choc dans le moteur 403. 
Cristallisation, critique des methodes 356. 
Critical complex 50. 
- - in acid base catalysis 201. 
- - in solution reactions 333. 
Cupriion, katalytische Wirkung auf Sulfit 

36. 
CURTIUS rearrangement 91. 
Cyanohydrine formation, acid base cata­

lysis 149. 
Cyclisations 96. 
Cyclopentadiene, addition to benzoqui­

none, solvent effect 325f. 
-, dimerisation equilibrium, solvent 

cffect 323. 

Deamination, pinacolic 87. 
Deckschichten als negative Katalysatoren 

375. 
Decomposition, s. Zerfall. 
Decomposition des acides organiques par 

l'acide sulfurique 418. 
- du peroxyde d'hydrogene 414ff. 
Decomposition of chlorine monoxide, 

solvent effect 321. 
of diacetone alkohol 228. 
of diazoacetate ion 224. 

Decomposition of diazoacetic ester 225. 
of ethylene di-iodide, solvent effect 
322. 
of nitramid, BRöNsTED relation 23lf. 
- -, solvent effect 337. 
of nitrogen pentoxide, solvent effect 
322f. 
of nitroso triacetone amine 226. 
of ozone, solvent effect 321. 
reactions, unimolecular, solvent 
effects, Benzyl hydroxyl triazole 
carboxylic methyl ester 326. 
-, -, - -, Triethyl sulfonium 
bromide 326. 
-, -, - -, Trinitrobenzoic acid 326. 

Deduction, s. Vorausberechnung. 
Degrees of freedom, occurrence in colli­

sion factor 267. 
Dehydration, acid base catalysis 162. 

of fonnie acid 166. 
- - y-hydroxy acids to form lactones 

166. 
Dehydratisierung, s. Dehydration. 
Dehydrierungstheorie 374. 
Dehydrogenisation, s. Dehydrierung. 
Dements, comme modele des molecules 

actives 389. 
Depolymerisation of dihydroxyacetone 

221. 
- of paraldehyde in aprotic solvents 242. 
Desactivation, theorie de la - pour la 

catalyse negative 388. 
Desaminierung, s. Deamination. 
Destillation, s. Distillation. 
Deuteriumaustausch 273. 

aliphatischer Verbindungen 274. 
- -, Bedeutung der Geschwindig­
keit 274. 

-, Einfluß von Substituenten 275. 
- -, Einzelfälle 276f. 
- -, Mechanismus 274. 
anorganischer Verbindungen 273. 
des Acetons 316. 
dcr Hcterocyklen 288. 
des Resorcins 283. 
zwischen Säurcn und Aromaten 280. 
- - - -, Einfluß von Substitu­
pnten 281. 
- - - -, - von verschiedenen 
Deuterierungsmitteln 282. 

-, Einzelfälle 284ff. 
- in Stufcn 287. 
-, Mechanismus 287. 
-, Reaktionsteilnehmer 

282f. 
-, Richtwirkung 

gierung) 287. 
(Diri-
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Deuterium exchange, acid base catalysis 
75. 

Deuterium, Verteilungsquotienten 298. 
Diacetonalkohol, Hydrolyse, Isotopen-

DUPONT, theorie de - 387. 
Dynamicalmethod,s. Strömungsmethode. 

, Dynamische Methode zur Untersuchung 
von Zwischenreaktionen 42. 

verschiebung 316. 
_, decomposition 193, 228. Eau, 1'- comme catalyseur negatif 418. 
_, _, activation energy 261. -, -, inhibition de reactions diverses 
2,2'-diamino-6,6'-dimethylbiphenyl, race- par - 420. 

misation, solvent effect 323. EDER, reaction de - 411. 
Diazoacetate ion, decomposition 224. Eisen, s. Ferro(i). 
Diazoacetic ester, alkoholysis, velocity Einstoffkatalyse, Chemismus 14_ 

coefficients 213. Electromeric effect in acid-base catalysis 
-, decomposition 196, 225_ 52. 
-, _, energy of activation 256. Electrolyse interne comme explication 
-, reactions in benzene 241. des inhibitions 390f. 

Diazoamino-Aminoazobenzol-conversion Electrolyt~ concentration, effect on 
111. energy of activation 258f. 

Diazoessigester, Zcrfall, Isotopenverschie- Electrolytes, strong -, application of 
bung 307. theory on catalysis 202. 

Diazotierung, katalytische Beeinflussung -, - -, complete dissociation 192. 
16. -, weak, in catalytic systems 193. 

-, Mechanismus als Modellreaktion 15. Electrophilic reagents 47. 
DIECKMANN reaction 172, 175. Electrostatic energy, influence on colli-
Dielectric constant, effect on acids and, sions in solutions 267. 

bases 238. Elementary reactions, s. Urreaktionen. 
Dihydroxyacetone, depolymerisation 221. Elimination of alkohol 161. 
Diketones, po, hydrolysis 131. of hydrogen halide and related phe-
Dimerisation, equilibrium of cyclo- nomena 157. 

pentadiene, solvent effect 323. of paraffin hydrocarbon 161. 
Dioxyaceton, s. Dihydroxyacetone. of water 162. 
Dipoles, reaction velocity betwcen - 267. reactions, acid-base catalysis 157. 
Directive effect, s. Reaktionslenkung. Encounters and collisions in solution 331. 
Dislocation theory in bromination of I Energieketten 376. 

ketones 73. i Energy distribution in reacting gas 328. 
Dismutation, s. Disproportionierung. Entropy of activation 267. 
- of aldehydes (CANNIZARO) 187. - - - in solutions 333. 
Disproportionierung 345. - of decomposition (activation) 252. 
_, s. Dismutation. Enolisation of acetone, BRÖNSTED re· 
Disruption theory in bromination of lation 235. 

ketones 73. , - of ketones, as first step of bromination 

Distillation, critique des methodes 355. 
Dissociation, eomplete of strong electro· 

lytes 192. 

. 66ff. 

- constant, adequate definition for 
catalysis 231. , 

- -, classical and in terms of activities i 
194. 

Dissoziationskonstanten in leichtem und 
schwerem Wasser 296f. 

Druck, s. pressure. 
Dual theory of acid·base catalysis 207. 

- in non aqueous solvents 
212. 

-, objections to 
mental basis 211 f. 
- - - -, summary 214. 

DUFRAISSE, theorie de - 396. 

experi-

Enolisations in aprotic solvcnts, methods 
of observation, order of reaction 243. 

Enolisierung des Acetons, Isotopenvcr. 
schiebung 305, 316. 

Enzymatische Reaktionen, Radikal· 
kettentheorie 40. 

Epimerisation of sugars, acid-base cata­
lysis 76. 

EquiIibrimn, s. Gleichgewicht. 
Erreurs dans la mesure de l'autoxydation 

358. 
Erscheinungen, s. Phenomena. 
Ester, Bildung und Hydrolyse, Auf-

klärung durch Sauerstoffisotope 317. 
-, Hydrolyse, Isotopenverschiebung 303. 
Esterification, acid-base catalysis 183. 
-, alkoxonium ion in - 205. 
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Esterification in alkohol solution 212. 
- inhibee par l'eau 419. 
-, kinetic data 185f. 
-, mechanism 185. 
-. nature of cata1yst 183. 
Esters, ß-ketonic -, formation by DIECK­

MANN reaction 175. 
-, - -, hydrolysis 131. 
-, carboxylic -, CLAISEN condensation 

171. 
-, - -, hydrolysis 119. 
-, - -, -, catenary 123. 
-, - -, -, influcnce of substituents 

125f. 
-, - -, -, mechanism 124. 
-, - -, -, point of fission 121. 
-, - -, -, rate determining step 122. 
-, catalytic formation 183. 
-, hydrolysis 228. 
-, -, activation energy 256, 261, 265. 
-, - by acid moleeules 208. 
-, - of ß-ketonic - 131. 
-, -- of ortho - 126. 

, of ortho acetate 224. 
Ethers, formation by dchydration 164. 
Ethyl benzoate, hydrolysis, solvent effl'et 

326. 
Ethylal, hydrolysis, activation energy 257. 
-, -, - -, effcct of electrolyte con­

centration 259. 
Ethylene di-iodide, decomposition, sol­

vent effect 322. 

Gas reactions, comparison with solution 
reactions 320. 
-, theoretical treatment 327. 

Gefäß, s. recipient. 
General acid-base catalysis 204. 
- - -, possibility of detection 236. 
- catalysis, examples 218. 
Geometrical isomerides, interconversion 

98. 
Geschwindigkeitsgleichung und Reak-

tionsmechanismus 3. 
Gleichgewicht, s. Vorgleichgewicht. 
-, kinetisch bestimmt 10. 
-, vorgelagertes, lmd Isotopenverschie-

bung 307. 
Glucose, mutarotation 219. 

i -, -, activation energy 263. 
-, -, BRÖ~STED relation 231, 233f. 
Glucosides, hydro lysis of 133. 
Glukose, lVlutarotation, Isotopenverschie­

bung 313. 
Gras, corps -, et antioxygenes 401. 
Grenzzustand bei chemischer Induktion 

29. 
GRIGNARD, reactif de -, prcparation 

inhibce 422. 

Halogenation of acetone 222. 
Halogenaustausch unter Aluminium­

halogenidkatalyse 292. 
Halogenisotope zur Aufklärung von Ra­

zemisierungen 318. 
Halogenoacylanilides (N -), rearrangement 

108. 
- oxides, isomerisation 86. 
Exchange, s. Austausch. 
Extincteurs (extinguishers) de 

oxygones comme - 404. 
feu, anti- ! Halogens, addition to organic compounds 

147. 

Fats, s. corps gras. 
Fehlerquellen, s. erreurR. 
Fermentativ, s. enzymatisch. 
Ferrisalz, Reaktion mit Thiosulfat 42 f. 
Ferroion, katalytische "Virkung auf 

H 2ü 2 + HJ 26. 
-, lVlischkatalyse mit CU" bzw.Moü," 27. 
-, Reaktion mit Stickstoffdioxyd 19. 
Ferrosalz, Reaktion mit Salpetersäure 19. 
-, - mit salpetriger Säure 7, 16. 
Fette, s. corps gras. 
Feuerlöschmittel, s. Extincteurs. 
Feuerverhütlmg, s. Ignifuges. 
Firc prevention, s. 19nifuges. 
Firniß, s. Vernis. 
Foods, s. Aliments. 
Formiate d'uranyle, photolyse inhibee 421. 
Formic acid, dehydration 166. 
Freiheitsgrade, s. degrees of freedom. 
Frequency factor in unimolecular solution 

reactions 337. 

Halogenwasserstoff, s. Hydrogen halide. 
Halogenwasserstoffsäuren, s. acides halo-

hydriques. 
Halohydriques, s. acideR. 
Heavy hydrogen, s. Deuterium. 
Hemmlmgs-, s. a. inhibitor u. ä. 
Heterocyklen, Deuteriumaustausch 288. 
HOl'MA"NN reaction 90. 
Hyelration, acid base catalysis 139. 

of acid anhydrides 143. 
- of nitriles 142. 
- of olcfines anel acetylenes 139. 
Hyelratisierung, s. Hydration. 

, Hydrazobenzene-benzieline change 104. 
Hydrocarbon, paraffin- -, elimination 

161. 
Hydrocarbons, s. Kohlenwasserstoffe. 
-, isomerisation 94. 
-, polymerisation 135. 
Hydroelynamique, moelelc - de l'autoxy­

e1ation 396. 
Hydrogen, s. a. para-Hyclrogcn. 
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Hydrogen, heavy, s. Deuterium. 
ion, catalysis by -, position in 
BRÖNSTED relation 235. 
-, reactions eatalysed by -, energies 
of activation 255. 
-, solvation 204. 
-, specifie eatalysis 225. 
halide elimination 157. 
- -, velocity coefficients 159. 
peroxide, s. Hydrogene, peroxyde 
d'- und Hydroperoxyd. 

Hydrogene, migration aerobie 373. 
-, peroxyde d' -, s. a. Hydroperoxyd. 
-, - -, catalyse des metaux inhibee 

417. 
-, - -, inhibition de la decomposition 

photochimique 414. 
-, - -, - - thermique 415. 
-, - -,reactions inhibees 416. 
--, - -, stabilisation 413. 
Hydrohalogenic acids, s. Acides halo· 

hydriques. 
Hydrolyse, Isotopenverschiebung 303. 
-, - von Diacetonalkohol 316. 
Hydrolysis, acid-base catalysis 113ff. 

of acctals 226. 
-- - and ortho esters 126. 
-' -, velocity eoefficients 197. 
of acid amides 130. 
- - ehloridc" 129. 
of alkyl halides 113. 
of ß-kdoniccsters and ß-diketones 131. 
of carbonyl sulfide, soh'cnt effect 322. 
of carboxylic esters 119. 
of esters 228. 
-- - by acid moleeules 208. 
of ethyl acetate 192. 
- - benzoate 326. 
- - ortho acetate 224. 
of glueosides 133. 

Hydrolytic reactions, general remal'ks 
224. 

Hydroperoxyd, s. a. Hydrogene, per­
oxyde d'-. 

-, Brom-Bromionenkatalyse der Zer­
setzung 28. 

-, Jod-Jodionenkatalyse der Zersetzung 
28. 

-, Reaktion mit Jod lIDd Jodat 21. 
-, - mit Jodwasserstoff 26. 
-, - mit Thiosulfat 27. 
Hydroxamic acids, LOSSE:)! rearrangement 

90. 
Hydroxyl ion, catalysis by, position in 

BRÖNSTED relation 235. 
-,reactions catalysed by -, activa­
tion energy 261. 

Hydroxyl ion, specific eatalysis 225. 
Hydroxylic solvents 239. 
Hypohalogenic acid, s. a. Bleichlaugen-

reaktion. 
Hypohalogenit, Disproportionierung 22. 

Ignifuges, antioxygenes eomme - 404. 
Indigokarmin, Ausbleiehung durch 

Chlorsäure 33. 
Indikatorfunktion der Isotopen 316ff. 
Indl1ction, periode de - 360. 
-, - d'-, eauses 36lf. 
-, - -, et la theorie des ehaines 382. 
-, - - et l'usure du catalyseur 363. 
Inductive effect in acid-base catalysis 52. 
Induktion, chemische 30. 
- der Sulfit-Autoxydation durch H 2ü 2 

und S208" 39. 
Induktionsfaktor 33. 

i Induktor bei chemischer Reaktion 33. 
Induzierte Reaktionen in LÖSlIDg 28. 
Inert salts, s. Neutral salts, Ncutralsalzc. 
- -, effect on eatalysis 193. 
Inhibition, definition 343. 
-, delimitation 344. 
- et Ja theorie des ehaines 3i9. 
Inhibitions diverses 421 f. 
Inhibitoren bei Kettenreaktionen 1Il 

LöslIDg 35. 
Insatures, corps -, addition des acides 

halohydriques 407. 
Intereonversion of geomet,ricnl isomerides 

98. 
Intermediate, s. Zwischen-. 

eomplex 50. 
-, eonccntration 51. 
ions in racemisation 60. 
state of c~talysis 201. 

Intervel'sion du sucre, s. Inversion. 
- - -, inhibiteurs 421. 
Inverses, eatalyses - 350. 
Inversion, s. a. Interversion. 

de la catalyse, types clifferents 351. 
des Rohrzuckers, IsotoponverRehie­
bung 302. 
of sucrosc 227. 
- -, velocity coefficients 209. 

Iodic acid, s. acide iodique. 
Iodino, s. Jod. 
Ionic strength, influenee on acid base 

eatalysis 201. 
Ionotropy in acid base eatalysis 53. 
Iron, s. Ferro(i) -. 
Isohydric solutions, method of - - 217., 

! Isomeridos, geometrical, Interconversion 
98. 

Isomerisation, classifieation of eatalysts 
56. 
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Isomerisation dependent on prototropic 
change 53. 

- of ethylene oxides 86. 
- of hydrocarbons 94. 
-, mechanism of LoWRY 57. 
Isomerisierung der Nitroparaffine, Iso­

topenverschiebung 315. 
Isotopenkatalyse in Lösungen 272. 
Isotopenverschiebung als Mittel zur Auf­

klärung von Mechanismen 316ff. 
von Reaktionsgeschwindigkeiten 293. 
- -, allgemeine Ursachen 293. 
- -, - -, Austausch im Katalysa-
tor 296. 
--,- -, - im Partner 294f. 
--,- -, Löstmgsmitteleffekt 
294. 
- -, - -, resultierende Verschie­
blmg 297. 
- -, basenkatalysierte Reaktionen 
311. 
- -; säurekatalysierte Reaktionen 
300ff. 
- -, Vorgleichgewicht 307. 

Jod, katalytische Wirkung auf H 20 2 28. 
Jodsäure, s. Acide iodique. 
J onen, s. Ion -. 

Karbonsäure(ester), s. carboxylic acids-
(esters). 

Katalyse, s. a. catalyse. 
Katalytisch, s. catalytic. 
Katalytisch-polare Stoffe 16. 
Kationotropie, s. Cationotropy. 
Kautschuk, s. Caoutchouc. 
Ketone, SauerstoffaustausQh 290. 
Ketones, bromination 66. 
-, KNOEVENAGEL condensation 176. 
Ketonic esters, ß-, formation by DIECK-

MANN reaction 172, 175. 
- -, -, hydrolysis 131. 
Ketten, s. Chain(s), Chaine(s). 
Kettenreaktionen in Lösung 34. 
Kettentheorie der negativen Katalyse 376. 
Kern, s. nucleus. 
Kinetic activity factor in acid base 

catalysis 201. 
Klassisch, s. classical. 
Klopfen (des Motors), s. Choc. 
Knocking (of motors), s. Choc. 
KNOEVENAGEL condcnsation 176. 
Kohlenoxysulfid, s. carbonyl sulfide. 
-Kohlenwasserstoffe, s. Hydrocarbons. 
-, Deuteriumaustausch 274. 
Kompensation zweier Reaktionen 28. 
Komplex, s. Complex(e). 
Kondensation, s. Condensation. 

Konzentriert, s. Concentrated. 
Korrosion, s. _ Corrosion. 
Kracken, s. Cracking. 
Kristallisation, s. Cristallisation. 
Kritisch, s. Critical. 
Kupfer, s. Cupri-. 

Lackierung, s. Vernis. 
Lactone formation 166. 
Lactonisation, mechanism 79. 
- of unsaturated acids 78. 
Ladung, s. charge. 
Lenkung, s. Orientation. 
Limiting state, s. Grenzzustand. 
Lösungsmittel, s. solvents. 
-, Einfluß auf Isotopenverschiebung von 

Reaktionsgeschwindigkeiten 294. 
LOSSEN rearrangement 90. 
Lubrüiants et antioxygenes 402. 
Luminescence, accompagnant l' autoxyda-

tion 367. 
Lunatics, s. Dements. 

lIaleinsäure, katalytische Umwandlung 
31. 

-, Umlagerung 98. 
Mass action, law of - -, 198f. 
Mecanisme de l'autoxydation 367. 
Mechanismus von Katalysen, Aufklärung 

durch Isotope 316ff. 
Medium, s. Milieu. 
- effect of aprotic solvents 241. 
Mehrstoffkatalyse in Lösungen 21, 26. 
MENSCHUTKIN reaction 324f. 
Mercury chloride, s. chlorure mercurique. 
Mesomerie effect in acid base catalysis 52. 
- ions in isomerisation 54. 
Methodes experimentales de l'6tude de 

1'autoxydation 352ff. 
- - - - - -, directes 353. 
- - - - - -, relative 357. 
MICHAEL reaction 151. 

-, normal and abnormal products 
153. 
-, retrograde 153. 

Migration from side chain to aromatic 
nucleus 103. 

Milieu, influence sur les peroxydes 372. 
Mixed catalysts, s. Mehrstoffkatalyse. 
m-Nitraniline, benzoylation, solvent 

effect 324. 
Moloxydes dans 1'autoxydation 367. 
Molybdänsäure, katalytische Wirkung 

auf H 20 2 + HJ 26. 
-, - - auf H 20 2 + S203" 27. 
Monomolekular, s. unimolecular. 
Monothionsäure als Zwischenstoff der 

Sulfit-Autoxydation 36f. 
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Moteurs a combustion interne 403. 
MOUREU·DuFRAISSE, theorie de - 391. 
Mutarotation, arrest in non aqueous 

solvents 54f. 
- der Glukose, Isotopenverschiebung 

303, 313. 
-, influence of derivatives 58. 
-, mechanism 78. 

of glucose 219. 
-, acid base catalysis 220. 
-, anion catalysis 22l. 
-, BRÖNSTED relation 231, 233f. 
-, definition 219. 
-, general catalysis 220. 

of sugars, acid base catalysis 77. 
-, velocity coefficients 59, 77. 

N.bromacetanilide, rearrangcment in 
aprotic solvents 242. 

-, - in chlorobenzenc, BRÖXSTED re· 
lation 245. 

N .halogenoacylanilides, rearrangement 
108. 

N ·iodoformanilide, rearrangement in 
aprotic solve.nts 242. 

Nahrungsmittel, s. aliments. 
Negative, catalyse 339. 
-, - -, s. antioxygcne, effet -. 
-, - - de l'autoxydation, schema 

392ff. 
, -, definition 343. 

-, - - et autoxydation 347. 
-, - -, generalites 341. 
-, generaliM de la catalyse et la 

theorie des chaines 381. 
Neutral salts, s. Inert salts. 
- -, cffect on acid·base cRtalysis 19l. 
Neutralisation, activation energy 271. 
- d'un catalyseur positif 384. 
-, velocity of 249f. 
Nitramid, Zerfall, Isotopenverschiebung 

314. 
Nitramide, decomposition 218. 
-, -, activation energy 264f. 
-, -, - -, discussion 269. 
-, -, BRÖNSTED relation 231 f. 
-, - in iso amyl alkohol 230. 
-, - in m·cresol 240. 
-, - - -, BRÖNSTED relation 245. 
-, -, solvent effects 337. 
Nitric acid, s. Salpetersäure. 
Nitriles, hydration 142. 
Nitroäthan, aci·, Isomerisierung, Iso· 

topenverschiebung 307. 
Nitrogen, s. Stickstoff. 
- pentoxide, decomposition, solvent 

effect 322 f. 
Nitromethane, bromination 223. 

Hdb. d. Katalyse. 11. 

Nitroparaffine, Isomerisierung, Isotopen. 
verschiebung 315. 

Nitroso·triacetonamine, decomposition 
226. 

-, -, activation energy 262. 
-, -, secondary salt effect 197. 
Nitrous acid, s. salpetrige Säure. 
Nomenclature in electron formulas 52f. 
N ucleophilic reaction in the hydrolysis 

of alkyl halides 115. 
- reagents 47. 
Nucleus, aromatic, migration from side 

chain to - - 103. 

Oils, lubrificants, s. lubrifiants. 
Olefines, fixation de S02 inhibee 421.· 
Olefines, formation by dehydration 162. 
-, - by elimination of hydrogen halides 

157. 
-, hydration 139. 
One.substance.catalysis, s. Einstoffkata· 

lyse. 
Order of reaction in different solvents 320. 
- - - in non aqueous solvents 244. 

. Organic acids, Organische Säure, s. acides 
organiques. • 

Orientation de l'addition des acides 
halohydriques 407. 

- of moleeules, expression in ARRIIE· 
NlUS equation 266. 

Ortho esters, hydrolysis 126. 
Oxalate, reaction sur le chlorure mercu· 

rique 411. 
Oxidation reactions 188. 
- reduction reactions, acid base cata· 

lysis 186. 
Oxime, (X·(ß) -, Umlagerung 99. 
Oxy acids, dehydration into lactones 166. 
Oxydationspotential, s. Potential. 
Oxydopolymerisation 364. 
Oxygen, Oxygtme, s. Sauerstoff. 
Oxyg€me antioxyg€me 409. 
-, experiments a l'abri de I' - 365. 
-, forme dans les peroxydes 370. 
- inhibiteur 411. 
- peroxydique, analyse 373. 
-, pnrification 354. 
Ozone, decomposition, solvent effect 321. 

P·factor in reaction velocity 267, 327. 
- - -, thermodynamical signifi. 
cation 268. 
in solution reactions 331. 

Paraffin hydrocarbon, elimination 161. 
Para· hydrogen, convcrsion by oxygen, 

solvent effect 322. 
Paraldehyde, depolymerisation in aprotic 

solvents 242. 
Partition, s. Verteilung. 
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Periodische Reaktion des H 20 2 21. 
PERKINS reaction 179. 
Peroxydabilite, condition de !'action 

antioxygene 391. 
Peroxydes, caracteres generaux 369. 
- dans !'autoxydation 367. 
-, detection, dosage 373. 
-, influence du milieu 372. 
-, proprietes 371. 
-, reactions chimiques dans !'autoxy-

Jation 372. 
primaires dans !'autoxyJation 368. 
-, energie d{·) formation 371. 
-, constitution 369. 

PEHRIX, Theorie de - 390. 
PH, influence on acid-base catalvsis 21-H. 
--, practical definition 216. • 
Phenomcna of acid·base catalvsi~ 4;'5. 
Phenyl hydroxyl amino, real'l:angen1l'nt 

106, 108. 
Photolyscs inhibees par l' oxygEme 411. 
Pinacol·pinacolino ohange 82. 
Pinaoolio deamination 87. 
- elootron clisplaoement 81. 
Pürcne, isomerisation, solvent cffect 323. 
Polarisation pfket in acid-base oatalysis 52. 
-, influencc on solution reaotions 333f., 

338. 
Polarität, katalvtisclw 16. 
Polymerisation: accompagnant I'autoxy. 

dation 36-i. 
Polymerisation, acid-base catal~-~i~ 135. 
- of alddlvclps 136. 
- of hydr~oarbon~ 135. 
Potential d'oxydation et reaotivitt; des 

peroxydes 369. 
Pressure, effeet on reaction vclocity in 

solution 269. 
Primary salt effcct 197. 
- - -, general rulcs 199, 201. 
- - -, theOI'Y 199f., 202. 
Prooxydants, terminologip 348. 
Protect.iorl oontrc les effets spcondairps 

de !'autoxydation 366. 
- dc oorps divers par les antioxygenes406. 
Protolytic equilibria, role of solvpnt 23i. 
Proton mpchanism of aoid·base oatalysis 

51f. 
-, occurence in solution 205. 
-, transfer 246, 249. 
-, -- in catalvsis 229. 
-, -, velocity' constantc; 248. 
Prototropic change in isomerisation 53. 
Puffer, s. Duffer. 
Pur, le corps - 353. 
Purification dps substances po ur l'etudp 

de !'autoxydation 355. 

Quantenausbeute, s. rendement. 
Quantum yield, s. rendement. 
Quaternary ammonium salt, formation, 

solvent effeot 324f. 
- - -, STEVENS rearrangement 162. 

: Quecksilber(II)-chlorid, s. chlorure mer­
eurique. 

Racemisation, s. Razemisierung. 
Raeemisation 59. 
- and tautomeric change 62f. 
- by ionisation 65. 
-. influence of derivatives 61 ff. 
- of 2,2'-diamino-6,6'·dimethyl hiphp-

nyl, soh'ent effect 323. ' 
Radikalketten in Lö,nmgen 34ff. 
Rate Imv, s. Zeitgesetz. 
Razelnisierung, s. Racen1isation. 
-, Aufklärung durch HalogPlHlIlstauseh 

318. 
-, katalytische, Aufklärung durch Iso­

tope 3li. 
React.ionordor in non aqueoussolvents 24040. 
Reactivite et potential d'oxyclation des 

peroxydes 369. 
Reaktion, periodische des H 20 2 21. 
Reaktionslenkung bei Lösungskatal~'se 26. 
Reaktionsordnung, s. Reaetion order. 
- und Druttovorgang 2. 
Reaktionszyklus 16. 
-, Begriff 'I i. 
Rearrangenwnt of X .halogeno acianilides 

242. 
R('cipients dc reaetion, purification pour 

I'etude de I'autoxydation 3;37. 
Reflox, s. a. Oxidation·reduction. 
Reclox reaetions, acid-base catah'sis 180. 
Reduction·oxidation reaotions, ~('id-basc 

catalysis 186. 
Rcduction r0aetions with aluminium 

alkoxides 189. 
Reibung, innere, R. Yiscosity. 
Rein-, s. pur·. 
Rendement quantique cl0s autoxyclations 

photochimiques 377 f. 
Rp\,('rsibilität, Prinzip cl"r mikroc;kopi. 

sehen - 25. 
Residual yclocity of acid eatah'sis in 

prpsenee of isoionic salts 213: 
Resorcin, Deuteriumaustausch 283. 
Restgeschwindigkeit, s. residual Yelocity. 
Hingschluß, s. Cyclisation. 
Rohrzucker, s. Cane sugar, sucrp, sucro;,;e. 
Rüekaustausch 279. 

Salpetcrsä ure, Oxydationc;nwchanismus 19. 
-, Reaktion mit Ferrosalz 19. 
Salpotrige SÜlll'P, Hydrolyse 2f. 



Sachverzeichnis. 451 

Salpetrige Säure, Reaktion mit arseniger ' Solvents, hydroxylic - for acid-base 
Säure 6. catalysis 239. 

- -, - mit Ferrosalz 7, 16. 
Salt effeet, classical theory 191. 
- -, primal'Y 197. 
- -, secondary 193. 
Säure(n), s. Acid(e) (s). 
Säure-Basen-Katalyse, s. a. acid-base 

catalysis. 
-, Vorgleichgewicht und Isotopenver­

schiebung 307. 
Säure-Basen-Stärke, s. acid-base strength. 
Säurelmtalyse, Isotopenverschieblmg 

300ff. 
Säuren, organische, Sauerstoffaustausch 

289f. 
-, Stärke in leichtem und schwerem 

'Wasser 297. 
Sauerstoff, s. OxygEme. 
Sauerstoffaustausch anorganischer Ver­

bimhmgen 290ff. 
-, Aufklärung der EsteneaktionC'n durch 

- 317. 
- organischer' Verbindungen 289. 
SauC'rstoffisotopc, Austausch 289. 
~ayon et antioxyglme 401. 
Scheme d'energie de l'autoxydation 370. 
Schmieröle, s. lubrifiants. 
Schwach (Säuren u. dgl.), s. weak. 
Schwefelsiim'l', s. acide sulfurique. 
Schweflige Säure, s. a. Sulfit. 
- -, induzierende Wirlnmg aufHCI03 3:l. 
Schwerer "'asserstoff, s. Deuterium. 
~chutzwirkung, s. protection. 
Secondary salt effects 193. 
- - -, equation 196. 
Seife, s. BaYOn. 

SC'itenkette, s. Side chain. 
Selektive KatalysC' in Lö~ullgen 26. 
Selectivite cle I'attraction de I'inhibiteur 

394. 
Semihyclrobcnzoinic changl' 84. 
Semipinacolinic change 84. 
Sidc chain, migration from -- to aro-

matic nuclcus 103. 
Soap, s. sayon. 
Soh'ants, purification 356. 
Soh'at,ion of hydrogen ions 204. 
~olvent, s. Lösungsmittel, medium. 

eff"et 319 ff. 
-, eomparison between different sol­
vents 324. 
-, - with gas reaetions 320. 
- in acid-basl' catalysis 337. 
-, theory 327. 

Sol\'ents, aprotic, definition 238. 
-, -, rPHctions in - 240f. 

i _, modifications of theory of reaction 
velocity 330. 

-, non aqueous, acid-base cataly~is 237. 
-, - -, BRöNsTED relation 243. 

i _, role in protolytic equilibria 237. 
-, strongly acid -, in acid-base cata­

lysis 240. 
-, - basic 240. 
~pecific acid-base catalysis 265. 
- catalysis by hydrogen and hydroxyl 

ions 225. 
Spontaneous reaction, catalytieal cha­

racter 319. 
~tabilisation du peroxyde d'h~'drogene 

413. 
Starke Elektrolyte, s. strong. 
Stärke (Säure-). s. strength. 
ßtational'itätsprinzipder Intermediären 3f. 
Statistical effect in BRÖXSTED relation 230. 
~lereoisompric change 98 f. 
~tl'ric factor in bimolecular l'eactions 327. 
STEVEXS rearrangement of quaternary 

ammonium salts 162. 
Stickstoff-, s. nitrogen. 
Stickstoffdioxyd, R"aktion mitFeIToion 19. 
Stickstofftetroxyd als Zwischenstoff der 

salpetrigen Säure-Hydrolyse 5. 
Stoß, s. collision. 
Strength of acids and bases, relation 10 

catalysis 49, 229. 
- - - -, - - - in non aquc­
ous soh'enis 243. 
- - aud mutarotation 77. 
of the substratp aß acid or base 247. 

Strömungsmethode zur rntersuchung 
\-on Zwischenreaktionen 42. 

Strong dectrolytcs, complete dissociation 
192. 

Substituenten, Einfluß auf Deutl'riull1-
austausch 275. 

Suhstitution. kinetische l\kthode dl'r -
in Zwischenstoffen 14. 

, Substrate, roll' of its acid-base strength 
247. 

Sucre, inten-ersion inhibee 421. 
Sucrose, hydrolysis, effeet of electrolyte 

concentration on energy of actinltion 
259f. 

-, ir1\'crsion 227. 
-, -, encrgy of aeti\"ation 256. 
-, -, yelocity col'fficients 209. 
Sulfit, katalytische Oxydation 3()ff. 
Sulphm'ic acid, sulphurous acid, 

Schwefplsäure, schweflige Säure. 
i Superoxyde, s. Peroxydes. 
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Tautomerie change and racemisation 62 f. 
TAYLOR theorie de - 388. 
Temperature, effect on catalysis 252. 
Temperaturkoeffizient, anomaler 12. 
Terpenes, WAGNER-MEERWEIN -change 

87. 
Tetrethylplomb comme antichoc 404. 
'fhermodynamik der Zwischenreaktionen 

41. 
Thermodynamique et les theorie de 

desactivation 390. 
-, reconciliation avec la theorie de la 

desactivation 396f. 
Thiosulfat, Reaktion mit Ferrisalz 42f. 
-, - mit H 2ü 2 27. 
TITOFF, theorie de - 384. 
Transformateurs, huiles de et anti-

oxyg€mes 402. 
Transition Htate 201. 

- theory, modifications in solution 
331. 
- - of activation energy in solu­
tion 268. 
- - of bimolecular gas reactions 
328. 

Triethy Isulphoniumbromide, dccomposi­
tion, solvent effect 326. 

Trinitrobenzoic acid, decomposition, sol­
vpnt effect 326. 

Trinitrophenylmethidc ion, neutralisa­
tion, mechanism 270. 

Tunnel effect 247. 
-, pffet de - et inhibition 398. 

Vbergangszustand, s. transition state. 
Umgekehrte Katalyse, s. inverse, eata-

lyse -. 
Umkehrbarkeit, s. Reversibilität. 
Umkehnmg, s. Inversion. 
Umlagerung, s. Isomerisation, Rearrange­

ment. 
Umwandlung, s. Conversion, interconver­

sion_ 
Unbuffered solutions, method of 

217. 
Undissociated acids, catalytic power 

207ff. 
Ungcpuffert, s. unbuffered. 
Ungesättigt, s. insature. 
Unimolecular gaR reactions, theory 329. 
- reactions, solvent effect 322, 326. 
- -, - -, theory 336f. 
Unsaturated, s. inRature. 
Unterhalogenige Säuren, s. Hypohalo-

genit. 
Uranyl( -)formiat(e), s. Formiate d'ur­

anyle. 

Urreaktionen, Begriff 3. 
Usure du catalyseur 350. 

et la theorie des chaines 383. 
et periode d'induction 363. 

Varnish, s. Vernis. 
Velocity, s. Geschwindigkeit. 
Verbrennung, s. combustion. 
Verestenmg, s. Esterification. 
Vernis, effet de -, explication de la 

catalyse negative 375. 
Verrückte, s. dements. 
Verteihmgsquotient des Deuteriums 298. 
Vessel, s. recipient. 
Viscosity, role played in solution reac­

tions 331. 
Vorausbereclmung der Katalyse in Lö­

sungen 28. 
Y orgleichgewicht und Isotopenverschie-

bLmg 307. 

"-AGNER-~IEERWEIN change 87. 
\Vanderung, s. migration. 
WARBURG, theorie dc - 385. 
"Tassel', s. Eau, water. 
\VasRerstoff, s. Hydrogen, hydrogene. 
-, schwerer, s. Deuterium. 
\'I'asserRtoffperoxyd, s. Hydrogene, per-

oxyde d'-, Hydroperoxyd. 
\Vater, addition, acid-base catalysis 139. 

as catalyst 48. 
- - -, position in BRöNsTED relation 

235_ 
-, elimination 162. 
\Veak acids, dual theory of catalysis 211. 
- electrolytes in catalytic system 193. 

Yield, s. Rendement. 

Zeitgesetzwechsel bei Lösungskatalysen 
21. 

Zerfall, s. deeomposition. 
des Diazoessigesters, Isotopenver­
schiebung 307. 
des Nitramids, Isotopenversehiebullg 
314. 

Zersetzung, s. decomposition. 
Zusammenstoß, s. eollision. 
Zweistoffkatalyse, allgemeines Schema 24. 
Zwischen-, s. intermediate. 
Zwischenreaktionen, Thermodynamik 41. 
- bei Lösungskatalysen I. 
-, Untersucillmg nach dynamischer 1Ie-

thode 42. 
-, - nach statischer Methode 41. 
Zwisehenstoffe, Bildung und Verbrauch 4. 
Zwischenzustände bei homogener Kata-

lyse 32. 
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