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Vorwort zum Gesamtwerk.

Es ist eine in Ausbreitung begriffene Besonderheit der modernen naturwissen-
schaftlichen Literatur, groBe und wichtige Sondergebiete in einmaligem Quer-
schnitt in Handbiichern niederzulegen. Die Berechtigung dieses Verfahrens ein-
mal vorausgesetzt, ist es wohl fiir 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 Zdgern
die Zeit dazu gekommen. Eine Disziplin, die der Technik so gut wie alle ihre
beherrschenden GroBverfahren, der Biologie viele ihrer wichtigsten Leitgedanken
geschenkt hat, muBlte einmal aus der Verstreutheit der Originalliteratur und der
Teilmonographien herausgehoben werden.

Die Fruchtbarkeit eines solchen Verfahrens hat sich an den anderen groBen
Handbiichern der letzten Jahrzehnte mehrfach bewihrt, und der Herausgeber

.glaubt gerade auch fiir die Katalyse entsprechende Beobachtungen schon nach
Erscheinen seiner kleinen Monographie gemacht zu haben: Manche Gebiete, die
er damals miihsam aus teilweise widersprechenden Originalarbeiten zusammen-
stellen muflte, haben dann und eben vielleicht teilweise daraufhin vermehrte und
abschlieBende Bearbeitung erfahren.

Die Aufgabe eines solchen Handbuchs der Katalyse wire also demnach,
Material und Anreiz zur weiteren Erforschung der Katalyse zu bieten. Dadurch
ergibt sich die Beschrinkung auf die Bediirfnisse der tédtigen Forschung: Der
Verzicht auf enzyklopiddische Beschreibung aller Erscheinungsformen der Kata-
lyse, etwa in der Technik, weiter der Verzicht auf irgendwelche billige populare
Anschaulichkeit; das Handbuch muB} an der Front der vordringenden Forschung
stehen. So haben z. B. Gebiete, die fiir den Fortschritt der nachsten Zeit be-
sonders wichtig zu werden versprechen, besondere Beachtung zu finden.

Wer die Katalyse in ihrem heutigen Umfang halbwegs iiberblickt, wird sofort
sehen, daB ein derartiges Werk nicht mehr als Arbeit eines einzelnen denkbar
ist, daB es vielmehr nicht zuletzt eine Organisationsfrage ist. Da Katalyse eine
fortschreitende Wissenschaft ist, mufite ein mdoglichst gleichzeitiger Querschnitt
geschaffen, also das ganze umfangreiche Werk in moglichst kurzer Frist fertig-
gestellt werden. Dazu war die gleichzeitige Mobilisierung einer grolen Zahl von
Autoren nétig, von denen jeder sein eigenes Arbeitsgebiet darstellen muBite. Bei
Erstreckung auf alle in Betracht kommenden Nationen und Verwendung der
drei groBen Weltsprachen hofft der Herausgeber, daBl es ihm gelungen ist, fir
jedes dieser Gebiete wirklich einen ersten Fachmann zu gewinnen. Allen, die
sich als Verfasser in den Dienst der gemeinniitzigen Aufgabe gestellt haben, ge-
biihrt der Dank der wissenschaftlichen Welt.

Es ist dem Kenner klar, dafl auf diesem organisatorischen Gebiet auch die
grofiten Schwierigkeiten, Arbeiten und Kampfe 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 kénnte einwenden, dafl durch die starke Stoffaufteilung eine gewisse
Uneinbeitlichkeit und Zerrissenheit in das Buch hineinkommt. Das ist in ge-
wissem Mafle sicher auch der Fall. Aber zunichst hat natiirlich der Herausgeber
eine seiner Hauptaufgaben darin gesehen, diese Unvermeidlichkeiten zu mildern
und die einzelnen Arbeiten gegeneinander abzugleichen; und was den Rest be-
trifft, ware es gar nicht richtig gewesen, ihn auch noch auszumerzen und so eine
Einheitlichkeit der Stellungen vorzutduschen, die noch nicht erreicht ist, und
die, wenn sie erreicht wire, dieses Handbuch tberflissig machen wiirde. Bei
einem so in Entwicklung begriffenen Gebiet ist es vielmehr notwendig und
wiinschenswert, wenn die Dokumentation den aufgelockerten Charakter einer
Monographiensammlung wenigstens in etwas bewahrt.

Bei der Einteilung des Werkes wurde von geistreichen und kiinstlichen Kon-
struktionen abgesehen, damit jeder leicht finden kann, was er sucht, und die
altbewidhrte Einteilung in homogene Katalyse in Gas und Losung, mikrohetero-
gene oder Biokatalyse und heterogene Katalyse gewihlt. Die Katalyse in der
organischen Chemie als in Erscheinungsform und Interessentenkreis besonders
geartetes Gebiet wurde noch eigens herausgespalten und unter der sachverstan-
digen Fiithrung von Prof. CRIEGEE einem besonderen Band vorbehalten.

Wie schon erwihnt, ist das Niveau der Darstellung das des tatigen Forschers,
die vorausgesetzten Vorkenntnisse sind also diejenigen, die dieser mitbringen
mufB}. Das wére nun eindeutig, wenn die Katalyse nicht einen so weiten Bogen
vom Explosionsmotor und der Virusforschung bis zum Atommodell umspannen
wiirde. So aber wird vermutlich jeder auf den ihm entfernteren Gebieten die
Sprache des Handbuchautors nicht mehr restlos verstehen, da der Biologe, der
Physiker und — natiirlich ein wenig die erste Geige spielend — der Physiko-
chemiker jeder die Grundlagen seines Faches voraussetzen mufiten. Wenn man
sich aber den Zweck der Benutzung dieses Handbuchs vor Augen hilt, diirfte
dies wenig schaden.

Auf jeden Fall hofft der Herausgeber, dafl durch diese eingehende Darstellung
der Katalyse als eigener Wissenschaft ihre wissenschaftliche Durchdringung und
Erforschung einen wirksamen Anstof} erfahren mége. Ein grofler Teil des Ver-
dienstes hieran gebiihrt neben den Verfassern der Aufsitze vor allem dem Verlag
Julius Springer, der die schwierigen Arbeiten der Planung, Vorbereitung und
Durchsetzung der Aufgabe ebenso wie ihre praktische Ausfithrung jederzeit
wirksam und grofiziigig unterstiitzt hat.

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



Vorwort.

Dieser Band, der zeitlich als erster erscheint, enthélt die Katalyse in Losungen.
Thm sollen in kiirzester Zeit Band I (Allgemeines und Gaskatalyse) und Band III
(Biokatalyse) folgen, so daBl dann alles, was etwa den reinen Chemiker, den
Biologen und viele Praktiker interessieren diirfte, fertig vorliegt.

Es waren hauptsichlich drei Fragenkreise, die bei der Zusammenstellung
dieses Bandes zu beachten waren: die katalytische Rolle des Mediums selbst
zunédchst. Hier erfordert die Erforschung der nichtwiBrigen Lésungen, wie man
sehen wird, noch viel Entwicklungsarbeit, wihrend die Salzeffekte in wiBriger
Losung im wesentlichen aufgeklirt sind. Dies ist wichtige Voraussetzung fiir
den zweiten grofen Fragenkreis, die Siure-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 iiberein-
stimmenden Gesichtspunkten gelangt ist. Der dritte groBe Fragenkomplex sind
die Vorginge der Oxydation und besonders Autoxydation und ihrer Hemmung.
Hier bringt das Handbuch an Stelle eines heute notwendig noch unvollstindigen
kinetischen einen mehr chemisch orientierten Artikel, der alle einschligigen Ge-
sichtspunkte beriicksichtigt.

Die Liste der Verfasser zeigt wohl ohne weiteres an, daBl die Fertigstellung
der eingegangenen Beitrage zeitgebundene Schwierigkeiten zu tiberwinden hatte.
So konnten insbesondere die Korrekturen der auslindischen Beitrige nicht von
den Verfassern selbst erledigt werden, und der Herausgeber muf} deshalb, falls
sich Fehler durchgeschlichen haben, um Nachsicht bitten. Ebenso konnten nur
ganz wenige Nachtrige neuester Literatur angebracht werden.

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

Von
H. Scamip, Wien.
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Einleitung.

Jeder, der die Reaktion zwischen Ferrisalz und Natriumthiosulfat zu Ferrosalz
und Natriumtetrathionat ausfithrt, ist verbliifft von der augenblicklich auf- -
tretenden violetten Farbe, die in ganz kurzer Zeit wieder verschwindet.! Dieses
Experiment beweist augenfillig, daBl die Reaktion iiber eine kurzlebige Zwischen-
substanz verliuft. Die Gleichung

2 Fe " + 28,0, = 2 Fe'* -+ 8,0,”

besagt also nur, dafl aus den Ausgangsstoffen Ferriion und Thiosulfation sich
schlieflich die Endstoffe Ferroion und Tetrathionation bilden. Diese sogenannte
Bruttoreaktion setzt sich nach dem experimentellen Befund aus Teilreaktionen,
Zwischenreaktionen oder Stufenreaktionen, wie OSTWALD? sie nennt, zusammen.
Diesem Einblick in das chemische Geschehen begegnen wir schon in den Briefen
ScrONBEINS an Lirsia.? Er schreibt unter anderem, daB 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, bestitigen die Anschauungen ScHONBEINS, daB der

1 H. ScEMID: Z. physik. Chem., Abt. A 148 (1930), 321.

2 Die OsTwALDsche Stufenregel besagt, daB in einem chemischen System nicht
sogleich die besténdigsten Gebilde entstehen, sondern zuniichst die labilsten und
dann der Reihe nach die stabileren. Siehe z. B. A. M1rTAsCH: Kurze Geschichte der
Katalyse in Praxis und Theorie, S. 101. Berlin: Julius Springer, 1939.

3 A. MirrascH, E. THEIS: Von Davy und Débereiner bis Deacon. S. 144. Berlin:
Verlag Chemie, 1932.

Hdb. d. Katalyse. IT 1



2 H. ScuMID :

Grofiteil 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 Fallen in keinem unmittelbaren Zusammenhang mit der Brutto-
reaktion. So lautet die Geschwindigkeitsgleichung der Reaktion:!

3 HNO, = H- - NO,’ + 2 NO + H,0,

_ d(HNO,) _ o [HNOJ! o
de " Pyo :

[(H'][NO;')[HNO,].

Nach der Bruttogleichung recagieren 3 Molekeln salpetrige Sdure zu Salpeter-
sdure und Stickoxyd, in der Geschwindigkeitsgleichung, deren rechte Seite in zwei
Terme zerfillt, geht die Konzentration der salpetrigen Siure im Minuend in
4. Potenz, im Subtrahend in 1. Potenz ein, die Ordnung der salpetrigen Séure
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, wiahrend in der Bruttogleichung
2 Molekeln Stickoxyd als Reaktionsprodukt sich auf der rechten Seite der Gleichung
vorfinden.
Auch der Zerfall des Ammoniumnitrits in Stickstoff und Wasser:

NH,NO, = N, + 2 H,0,

oder unter Beriicksichtigung der Tatsache, dal Ammoniumnitrit in verdiinnter
Losung praktisch vollkommen ionisiert ist:

NH; + NO,’ = N, + 2 H,0,
ist in seiner Geschwindigkeitsgleichung® komplizierter:

ii_ga)m = k[NH;][NO,'][HNO,].

Setzen wir dem Ammoniumnitrit keine salpetrige Sdure zu, legen wir — wie
der Kinetiker sagt — keine salpetrige Saure vor, so geht die Konzentration der
durch Hydrolyse des Nitrits entstandenen salpetrigen Saure in die Geschwindig-
keitsgleichung ein. Salpetrige Séure, die in der Bruttogleichung gar nicht vor-
kommt, tritt also in der Geschwindigkeitsgleichung auf. Salpetrige Sdure ist
fir den Ammonnitritzerfall Katalysator, wobei wir nach der Definition von
A. Mirrascu? unter Katalysator einen Stoff verstehen, ,,der, obgleich an einer
chemischen Reaktion anscheinend nicht unmittelbar beteiligt, diesen hervorruft
oder beschleunigt oder in bestimmte Bahnen lenkt®. Fiir die zunéchst ratselhafte
Erscheinung gibt uns die Zwischenreaktionstheoric eine einfache KErklirung.
Im Sinne dicser Theorie kommt die Katalyse dadurch zustande, daB der Kata-
lysator mit Reaktionspartnern intermedidre labile Produkte bildet, die bei
weiterer Reaktion die Endprodukte unter Riickbildung des Katalysators geben.

! Siehe 8. 3.

2 Rundgeklammerte Symbole bedeuten analytische Konzentrationen, eckig-
geklammerte Symbole wirkliche Konzentrationen in Molen pro Liter.

3 E. ABEL, H. ScHMID, J. SCHAFRANIK: Z. physik. Chem., BODENSTEIN-Festband
(1931), 510.

Siehe auch E. ABer, H. Scuyip, W. Sipox: Z. Elcktrochem. angew. physik.
Chem. 39 (1933) 871.

4 A. Mirrascu: Katalyse und Determinismus, S. 10. Berlin: Julius Springer, 1938.
Siche auch A. Mittaxci: Uber katalytische Verursachung im biologischen Geschehen,
S. 1. Berlin: Julius Springer. 1935.



Zwischenreaktionen. 3

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

Diese allgemeinen Richtlinien der Zwischenreaktionstheorie fithren zu der
wichtigen Aufgabe der Kinetik, chemische Prozesse in die einfachsten, nicht mehr
teilbaren Zwischenreaktionen zu zergliedern, die nach A.SkraBaL! als Ur-
reaktionen bezeichnet werden. Die Auflésung des Bruttovorganges in seine
Urreaktionen kommt etwa der Zerlegung einer chemischen Verbindung in ihre
Elemente gleich. Wie diese ,,Atomisierung chemischer Reaktionen‘* erfolgt und
was aus dem System der Urreaktionen, dem Reaktionsmechanismus oder Chermnis-
mus? herauszulesen ist, soll nun an einigen Typen von Losungsreaktionen er-
lautert werden.

Geschwindigkeitsgleichung und Reaktionsmechanismus.

Die Auflosung eines chemischen Umsatzes in seine Urreaktionen sei an
einer besonders eingehend erforschten Reaktion erklirt, an der von E. ABEL,
H. ScaMID (unter teilweiser Mitwirkung von S. BABAD)? untersuchten Salpetrig-
sidure-Salpetersaure-Stickoxydreaktion. Salpetrige Sidure zersetzt sich in wésseriger
Losung nach der Bruttogleichung:

3 HNO, = H' + NO;' + 2NO + H,0.
Wenn zwischen Stickoxyd im Gasraum und in der Losung Gleichgewicht herrscht,

gilt nach E. Aser, H. ScumIp fiir hochverdiinnte Losungen die Geschwindig-
keitsgleichung:

d (HNO,) [HNO,]¢
—_————— “ s =, - k2

gt =k gt — R [H][NO,][HNO,)

Die Reaktion konnte in folgende Teilreaktionen aufgelost werden:
2 HNO, = N,0; +- H,0, (1)

N,0, — NO, + NO, (2)

2 NO, = N,0,, (3)

N;04 4+ H,0 = HNO, + H" + NO,'. (4)

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

3 HNO, = H* -+ NO,’ - 2 NO - H,0.

Da Stickstoffdioxyd, -trioxyd und -tetroxyd bei der Salpetrigsiurezersetzung
in wisseriger Losung kurzlebige Zwischenprodukte sind, koénnen sie nicht in
derartigen Konzentrationen auftreten, daf sie in der Bruttogleichung aufscheinen;
sie konnen sich nur bis zu entsprechend niedrigem Gehalte des ,,stationéren
Zustands® anreichern. bei dem die Bildungsgeschwindigkeit dieser Zwischen-
substanzen ihrer Verbrauchsgeschwindigkeit gleich wird. Dieses von M. BoDEN-

1 A. SkraBaL: S.-B. Akad. Wiss. Wien, Abt. IIb 137 (1928), 1045; bzw. Mh.
Chem. 81 (1929), 93.

? A. Mrtrascu: Katalyse und Determinismus; L. c., S. 19.

8 E.ABEL, H. Scuumib: Z. physik. Chem. 132 (1928), 55; 134 (1928), 279. —
E. AL, H. ScuMID, S. BABAD: Ebenda 136 (1928), 135, 419. — E. ABEL, H. SCHMID :
Ebenda 136 (1928), 430. — H. Scuwib: Ebenda, Abt. A 141 (1929), 41.

1*



4 H. SCHMID :

sTEIN! zur Berechnung der Geschwindigkeit der Gesamtreaktion eingefiihrte
Stationarititsprinzip sei an Hand des einfachen Reaktionsschemas fiir den Brutto-
vorgang 4 = B:

1

W/ (1)
ll
2

Z > B (2)
2!

des nédheren erldutert.? Die Anfangskonzentration von 4 sei a, die von B sei b;
bis zur Zeit ¢ hitten sich x; Mole A pro Liter umgesetzt und 2, Mole B gebildet.
Daher ist die Geschwindigkeit zur Zeit ¢:

ai4) dia—=z) _ | dx

I £ T + dt
baw. dB) _ db+z) _ dz
dt dt dt ’

Wenn der Zwischenstoff sich innerhalb der Zeit d ¢ nicht anhduft, muf} die stochio-
metrische Beziehung gelten:

_dl
d (B) ’
dz, _
dx, 1
bzw. dz;, _ dz
dt dt’
L d.’L‘ ’
wobei: —d;l’ =ky(a— ) — k' (z,— ),
d}'z

dt = kg (@ — 29) — ko' (b + ),

daher: kyla—ay) + k' (b 4+ %) T &y (2 — 25) + &y (2 — @),

ki [A] + ky'[B] ~ (ky + &) [Z].

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

7] ~ kLAl + ki [B]

kot k'
In Zeitintervallen, in denen die Konzentrationen [A] und [B] sich praktisch nicht

dndern, ist nach der letzten Gleichung auch die Konzentration von Z als praktisch
konstant anzusehen ; der Zustand ist in derartigen Zeitintervallen quasi stationar.

! M. BODENSTEIN: Z. physik. Chem 85 (1913), 329. Letzte Verdffentlichung:
IX. Congreso Internacional De Quimica Pura y Aplicada, Vol. IT (1934), S. 256. —
A. SKRABAL: Letzte Veroffentlichungen zur Diskussion iiber die Bedingungen fiir
die Anwendbarkeit des BODENSTEINschen Verfahrens: S.-B. Akad. Wiss. Wien,
Abt.IIb 143 (1934), 203, 619; 144 (1935), 261; bzw. Mh. Chem. 64 (1934), 289; 65 (1935),
275; 66 (1935), 129; — Z. Elektrochem. angew. physik. Chem. 42 (1936), 228. —
J. A. CHRISTIANSEN: Z. physik. Chem., Abt. B 28 (1935), 303. — H. J. SCHUMACHER:
Chemische Gasreaktionen, S. 8. Dresden u. Leipzig: Th. Steinkopff, 1938.

% Die Ziffern an den Pfeilen geben die Indizes der zugchérigen Geschwindighkeits-
konstanten an.



Zwischenreaktionen. 5

Die Stationarititsgleichung fiir Stickstofftetroxyd bei der Salpetrigsiure-
zersetzung lautet demnach:!

#3[NO,J* + 2,/ [HNO,][H"][NO,'] = #,' [N,0,] + #,[N,0,],
[N,0,] = %3 [NO,]? + »,' [HNO4] [H'][NO4'] )

g + %,

Wenn die Bildungsgeschwindigkeit des Stickstofftetroxyds aus Stickstoff-
dioxyd sehr grof} ist gegeniiber der Geschwindigkeit der Stickstofftetroxydbildung
durch die inverse Stickstofftetroxydhydrolyse

#3[NO, 2 > 2,' [HNO,][H ]1[NO,']

und der Stickstofftetroxydzerfall in Stickstoffdioxyd viel rascher erfolgt als die
Stickstofftetroxydhydrolyse 2y >
“3 4>

herrscht Gleichgewicht zwischen Stickstofftetroxyd und -dioxyd, denn die Ge-
schwindigkeit der Links-Rechts-Reaktion des Umsatzes (3) ist ebenso groBl wie
die Geschwindigkeit der Rechts-Links-Reaktion dieses Umsatzes.
(NoOa] __ #%a
NO,JF = w7 = Fs

Das Stickstoffdioxyd-tetroxydgleichgewicht ist der zeitbestimmenden Reak-
tion, der Stickstofftetroxydhydrolyse, ,,vorgelagert’“ (,,vorgelagertes Gleich-
gewicht“). Wenn wir voraussetzen, dall Stickstofftetroxyd praktisch im Gleich-
gewicht mit Stickstoffdioxyd steht, kénnen wir aus den Stationarititsgleichungen
fiir Stickstoffdioxyd und -trioxyd:?

#3[Np05] + 2 25 [N,0,] = %, [NOJ[NO,] + 2 2, [NO,?

%3 [NOo? = 3" [N,04];

und

% [HNO, P + 2, [NO][NO,] = %, [N,05] + 2,[N,05]

folgern, daf} auch Stickstofftrioxyd einerseits mit Stickoxyd und Stickstoffdioxyd
[NOJINO,) % _ g
- T 27

[Nzotx] 2
anderseits mit salpetriger Sidure
[NOs] __ =

THNO,)® — %/ — K,
im Gleichgewicht steht. Es sind somit die Gleichgewichte der Reaktionen 1 bis 3
der zeitbestimmenden Stickstofftetroxydhydrolyse vorgelagert. Daraus errechnet
sich die Stickstofftetroxydkonzentration?® zu:

N0 — [HNO,* _ o [HNO,)!
[N,04] = KKKy g =1 50

1 Die % sind Geschwindigkeitskonstanten, deren Indizes sich auf das Schema
auf 8.3 beziehen; gestrichene Groflen Riickreaktion.

? Die Geschwindigkeitskoeffizienten gelten je stochiometrische Gleichung der
Urreaktionen. Da in die stéchiometrische Gleichung (3) zwei Stickstoffdioxyd-
molekeln eingehen, sind in der Stationaritédtsgleichung fiir Stickstoffdioxyd die Ge-
schwindigkeitskoeffizienten x;" und x; mit 2 zu multiplizieren.

3 Zwischensubstanzen, die mit den Ausgangsstoffen im Gleichgewicht stehen,
nennt A. SKRABAL ARRHENIUSsche Zwischensubstanzen. Stickstofftetroxyd ist somit
ARRHENIUsscher Zwischenstoff. — A. SKrRABAL: S.-B. Akad. Wiss. Wien, Abt. IIb
137 (1928), 1045 bzw. Mh. Chem. 51 (1929), 93.

4 Nach dem HeNRyschen Gesetz gilt [NO] = const. py.
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Die Bildungsgeschwindigkeit der Salpetersaure, die nach der Stochiometrie

d(HNOy) _ 1 d(HNO,)
TR S T
ist, errechnet sich aus Gleichung 4 des Reaktionsschemas:
d(HNO 1 d(HNO , . ,
AR — — 5 A0 o N,0,1 —  [HNO,] [HI[NOy )
= s, 1 RO (HNO, () [NOy ),
P No
d (HNO HNO,}* , ’
—2ENO) _ 3,1 pzNoﬂ — 3%, [HNO,|[H'][NO, ]
HNO,J* . ,
= by L5 2 — Iy [HNO,] ('] [NOy

Der Reaktionsmechanismus oder Chemismus fithrt also tatsdchlich zu der Ge-
schwindigkeitsgleichung, die von E. ABeL, H. ScEMID gefunden wurde.

Die Reaktion:

4 HNO, “—1! N,0, +2NO + 2H,0

mit der Gleichgewichtskonstante:
r — W0dP’xo
[HNO,}*
148t sich durch die Kinetik der Salpetrigsiurezersetzung nicht mehr weiter auf-
lésen. DaB diese Reaktion sich aus den Urreaktionen 1—3 des Reaktionsschemas
zusammensetzt, kann auf nachstehende Weise gefolgert werden:

Die Existenz des Gleichgewichts

2 HNO, - — N,0; 4+ H,0
ist durch die blaue Farbe des Stickstofftrioxyds in konzentrierter Salpetrigsaure-
losung unmittelbar erwiesen. Mittelbar 148t die Kinetik von Salpetrigsaure-

reaktionen auf ein derartiges Gleichgewicht schlieflen. So ist nach E. ABEL,
H. Scuyip und J. WErss? die Geschwindigkeitsgleichung der Reaktion

2 HNO, + H;AsO, = H;AsO, + 2 NO 4 H,O:

— G500 _ [H,450,) (HNO, .

Da Losungsreaktionen hoéherer Ordnung als zwei in der Regel keine Ur-
reaktionen, sondern zusammengesetzte Prozesse sind, ist der Mechanismus
dieser Oxydation offenbar:

2 HNO, “— N,0, + H,0 Vorgelagertes Gleichgewicht. Gleichge-
wichtskonstante K.

N,O; - H;AsO; — 2 NO + H,AsO, Zeitbestimmende Reaktion. Geschwin-
digkeitskoeffizient x.

2 HNO, +H,AsO, = H,As0,+2NO+H,0
d(HzAs0,) _  d(H,AsOy)

dt = — g = #[No0y] [HydAs05] =

— % K, [HNO,J? [H;As0,] = & [HNO,]2 [H,AsO,].

1 Zeichen fiir ,,laufende‘* Gleichgewichte (Gleichgewichte von Zwischenreaktionen).
Vgl. A. SkraABAL: Z. Elektrochem. angew. physik. Chem. 10 (1934), 235.
2 E. ABeL, H. ScaHMID, J. WEIss: Z. physik. Chem., Abt. A 147 (1930), 69.
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DaB auch Stickstoffdioxyd mit salpetriger Sdure in wisseriger Lésung im
Gleichgewicht steht, kann ebenfalls auf kinetischem Wege bewiesen werden.
Nach E. ScErROER! und E. ABErL, H. Scamip und F. PorrLaxk? ist ein Term der
Geschwindigkeitsgleichung der Reaktion

Fe'" + HNO, + H* = Fe'* + NO + H,0
durch %, [Fe- -] LH%\I&P— gegeben.® Die einfachste Erklirung fiir den Chemismus
NO

dieses Weges ist
2 HNO, -~-- NO, + NO + H,0 vorgelagertes Gleichgewicht; Gleichge-
N0y
“[ENO,T *
Fe:- + NO, — Fe''* 4+ NO,’ zeitbestimmende Reaktion; Geschwindig-
keitskoeffizient x,.

NO,” + H* ~— HNO, nachgelagertes Gleichgewicht.

wichtskonstante: I'; =

Fe:*+HNO,+H'=Fe **+NO+H,0,
2 2

GO = #elFes 1IN0y = s I, (o) IO e LETO,

Die Zersetzung der salpetrigen Sdure ist ein in hohem Grade negativ auto-
katalytischer ProzeB, da nach der Geschwindigkeitsgleichung

— IR — gy, LY g, (70 (N0 (HNO,)
dt P*o0
das Reaktionsprodukt Stickoxyd die Geschwindigkeit sehr stark hemmt, und
zwar auch dann, wenn die Reaktion weit vom Salpetrigsiure-Salpetersiure-
Stickoxydgleichgewicht entfernt ist. Dies kann auf einfache Weise dadurch er-
reicht werden, dafl die Salpetrigsiurezersetzung in Gegenwart {iberschiissigen Ni-
trits vorgenommen wird. Das Uberschiissige Nitrit fingt die entstandenen
Wasserstoffionen unter Bildung von salpetriger Siure ab, so dafl das Gleich-
gewicht der Salpetrigsiure-Salpetersiure-Stickoxydreaktion ganz nach rechts
verschoben wird. Die Bruttogleichung ist dann gegeben durch
3HNO, = H* + NO," 4 2 NO - H,0,
H- 4 NO,’ == HNO,,
2HNO, 4+ NO,’ = NO;' 4+ 2 NO 4 H,0.
Die Geschwindigkeitsgleichung dieser Reaktion ist
__QIHNO,) _ 2, [HNO,p
e 37 piyo

Die Reaktionsverzégerung kommt nach dem Reaktionsmechanismus dadurch
zustande, daB3 Stickoxyd die Konzentration des kurzlebigen Zwischenstoffes
Stickstofftetroxyd, dessen Gehalt geschwindigkeitsbestimmend ist, herabsetzt.
Wird kein Stickoxyd vorgelegt, so geht die Zersetzung der salpetrigen Saure
anfangs duBerst rasch, wird aber durch das gebildete Stickoxyd sehr schnell

! . SCEROER: Z. physik. Chem., Abt. A 176 (1936), 20.

z K. ABEL, H. ScHMID, F. PoLLak: S.-B. Akad. Wiss. Wien, Abt. ITb 145 (1936),
731 bzw. Mh. Chem. 69 (1936), 125.

3 Siche S. 17.
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gehemmt, insbesondere in ruhender Losung, da Stickoxyd zu starker Ubersattigung
neigt. Entfernung des Stickoxyds durch Schiitteln, Riihren oder durch Ober-
flichenvergroBerung der Losung hat Beschleunigung der Salpetrigsiure-
zersetzung zur Folge.
Fiir die inverse Reaktion, die Bildung von salpetriger Sdure aus Stickoxyd
und Salpetersdure
H' 4+ NO," + 2 NO + H,0 = 3 HNO,

gilt der Mechanismus im entgegengesetzten Sinne. Die zeitbestimmende Reaktion
ist nun die Bildung von Stickstofftetroxyd aus salpetriger Sdure und Salpeter-

siure: H' 4+ NO, 4+ HNO, <~ N,0, + H,0,
der nun das Gleichgewicht
' N,0, + 2NO + 2 H,0 -~ 4 HNO,

nachgelagert ist.! Zweifellos besteht die zeitbestimmende Reaktion der Stick-
stofftetroxydbildung dhnlich wie der zeitbestimmende Vorgang bei der Arsenig-
sdure-Salpetrigsaurereaktion noch aus zwei einfacheren Reaktionen:

Aus dem vorgelagerten Gleichgewicht

H- 4 NO, ~— HNO,
und der zeitbestimmenden Urreaktion
HNO,; 4+ HNO, -2 N,0, + H,0.
Die Geschwindigkeit der Salpetrigsidurebildung ist die der Salpetrigsiure-
zersetzung mit entgegengesetztem Vorzeichen, also:

4(HNO,)

. HNO,]*
+ GENOD) _ 4 (1[N0 [HNO,] — &, L0,

N

Ist die Salpetrigsdurekonzentration entsprechend gering, so ist bei Vorlage von
Stickoxyd der erste Term fiir die Geschwindigkeit der Salpetrigsiurebildung
ausschlaggebend. In diesem Falle wirkt die Salpetrigsiure beschleunigend, sie
ist positiver Katalysator. Da salpetrige Siure Reaktionsprodukt ist, ist der
chemische Umsatz ein positiv autokatalytischer ProzeB. Bei hoher Salpetrig-
saurekonzentration hingegen ist der zweite Term der Geschwindigkeitsgleichung
fiir die Geschwindigkeit bestimmend, dann verringert salpetrige Sdure infolge
der VergroBerung der gegenliufigen Reaktion die Reaktionsgeschwindigkeit. Die
salpetrige Séure spielt also die Rolle eines einerseits positiven, anderseits nega-
tiven Autokatalysators. Die letztere Wirksamkeit ist infolge der hohen Potenz,
mit welcher salpetrige Siure als Autokatalysator wirkt, eine besonders charak-
teristische.

Die Geschwindigkeit kann nur unter der Einschrinkung, dal es sich um eine
unendlich verdiinnte Losung oder um nicht sehr konzentrierte Losungen gleicher
ionaler Konzentration handelt, als ausschlieBliche Funktion der Konzentrationen
der Reaktionspartner dargestellt werden, wobel wir unter ionaler Konzentration
nach BJERRUM die Summe aus den Produkten: Grammion pro Liter mal Quadrat
der Wertigkeit verstehen: j= Zc,22.
Variiert die ionale Konzentration, so ist die Reaktionsgeschwindigkeit nicht nur
eine Funktion der Konzentrationen, sondern auch der Aktivititskoeffizienten

! Zwischensubstanzen, die mit den Reaktionsprodukten im Gleichgewicht stehen,
nennt A. SKRABAL VAN 'THorrsche Zwischenstoffe. Stickstofftetroxyd ist also fiir
dic Salpetrigsdurcbildung vaAN ‘THoFFsches Zwischenprodukt. — A. SKRABAL: S.-B.
Akad. Wiss. Wien, Abt. ITb 137 (1928), 1045 bzw. Mh. Chem. 51 (1929) 93.
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der Reaktionspartner, also der Groflen, mit denen die Konzentrationen im
Massenwirkungsgesetz zu multiplizieren sind, um die ,,wirksamen Konzentra-
tionen*‘ oder Aktivititen zu erbalten (vgl. Artikel ,,Salt Effects’ in diesem
Band).

Die genaue Geschwindigkeitsgleichung fiir die Salpetrigséurezersetzung
bzw. fiir die inverse Reaktion ergibt sich nach der BronNsTEDschen Theorie auf
folgendem Wege:

[N:Ou) fy0,' = K (0] fg- [NOa]fN()a [HNO,] J J‘mqo2

__0WN.9) o el IN0 o JE

dt 4 fe f:c

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

4 HNO, -— N,0, + 2 NO + 2 H,0
£N204] szo‘ P NO
[HNO,}¢- f HNO, N
wobei die Aktivitit des Stickoxyds gleich seinem Drucke und die Aktivitit des
Wassers eins gesetzt ist. (Anm. 1.)

Einfihrung der Gleichgewichtskonstante in die Geschwindigkeitsgleichung
ergibt:

vorgelagert ist, ist

I =

__A(N,O,) _ d(HNOg) _
dt dt
_ [HNO, M- f'gno, . , (H'1/g [NOy'1fxo, (HNO,] fryo,
= %y o T Ty s <,
P N()'f:r fx
d(HNO;) _ , g d(HNOy) _
de - dt -
- [HNOz] fHN LH]I‘H [NOa Jfxo, [HNO,] fgayo,
= 3n I - - — 3% ¢ .
vo'fx fa
Da x ungeladen ist, ist f, ~ faxo,
__GMENOY) _ 5o N0, “ENO: 35/ [HNO,] . axo.n
dt p* O 3
[Hl\Oz] (]C " HI\O* —_ ]bg ag- aNOS'),
P’y
k' =38x 1,
ky = 32,

Bei hochverdiinnten Losungen (ionale Konzentration = 0) werden die Ak-

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

des Wassers im Normalzustand a = p{, , wenn p° den Dampfdruck des Wassers im

Normalzustand bedeutet. Als solcher wird das reine Lésungsmittel Wasser gewahlt.
Bei verdinnten Losungen ist daher die Aktivitit des Losungsmittels nahezu eins.
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tivititen gleich den Konzentrationen, und die Geschwindigkeitsgleichung geht
in die Beziehung:

_ d(%NQa) = &y BN 1[N0, ] [HNO,)
t P°No

iiber. Wahrend der Geschwindigkeitskoeffizient k," durch Extrapolation der bei
verschiedenen ionalen Konzentrationen erhaltenen Xoeffizienten k; auf die
ionale Konzentration O leicht zu ermitteln ist,* 148t sich k,” nicht mit Sicherheit
durch Extrapolation gewinnen; er wird durch Vergleich der Konzentrations-
formel mit der Aktivititsformel der Geschwindigkeitsgleichung zu:2

k. 3
B P2
: fa- fxo,
errechnet. Auf diese Weise ergibt sich bei 25° C
k)’ =46
k=16
(Konzentrationen in Molen pro Liter, Druck in Atmosphéren, Zeit in Minuten).
Ist |- d(%ljﬂ = 0, so herrscht Gleichgewicht; dann wird
kS _ 9w “1:0,’ P’xo _ K,
ky 2°gNo,
- 46 5o
K= —1—’6——29...20 C.

Von den auf thermodynamischem Wege gefundenen Werten* wird von LEwIS
und RANDALL’ als wahrscheinlichster K = 31 angenommen. Es besteht somit
gute Uberecinstimmung zwischen dem auf statischem und dem auf kompliziertem
kinetischem Wege gefundenen Wert. Die Salpetrigsdurezersetzung gehért zu
den wenigen Reaktionen, bei denen die thermodynamische Gleichgewichts-
konstante auf kinetischem Wege bestimmt werden konnte.®

Eine besondere Eigentiimlichkeit dieser Reaktion zeigt sich hinsichtlich der
Einstellung des Gleichgewichts. Das Gleichgewicht 3 HNO, «Z H- + NO," +
+ 2NO + H,0 kann sich wohl von der Linksseite einstellen, nicht aber von
der Rechtsseite, da Salpetersiure und Stickoxyd miteinander nicht zu reagieren
vermogen. Erst wenn salpetrige Sdure zu Salpetersdure und Stickoxyd hinzu-
gefiigt wird, kann sich auch das Gleichgewicht von der rechten Seite her ein-
stellen. Dies sei besonders im Hinblick auf die wiederholt diskutierte Frage
nach dem Bestehen einseitiger chemischer Gleichgewichte (E. BAUR und seine
Schule)? betont. Wie auch immer sich in anderen Systemen die Sache verhalten
mag, hier liegt der Fall so, daf3, obwohl eine ,,Seite‘* schnell, die andere tiberhaupt

! E. Aer, H. Scaymip: Z. physik. Chem. 134 (1928), 296.

2 E. AreL, H. ScuMin: Ebenda 136 (1928), 435.

3 Einfuhrung der aus Gleichgewichtsmessungen bekannten Aktivitétskoeffizienten
der Salpetersiure.

4 G.N.Lewis, A. EDGgar: J. Amer. chem. Soc. 33 (1911), 292. — A. W. Ssa-
POSCHNIKOFF: J. russ. physik.-chem. Ges. 32 (1900), 375.

5 G. N. Lewis, M. RaANDALL: Thermodynamik, S. 524. Ubersetzt von O. REDLICH.
Berlin: Julius Springer, 1927.

¢ Vgl. E. A. MoeLwyN-HucHEs: The kinetics of reactions in solution, S.120.
Oxford: Clarendon Press, 1933.

7 Siehe z. B. E. BAUR: Helv. chim. Acta 17 (1934), 504. — E. BAUR, G. SCHINDLER:
Biochem. Z. 273 (1934), 381; 281 (1935), 238. — A. SKRaABAL: Z. Elektrochem. angew.
physik. Chem. 43 (1937), 317.
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nicht reagiert, das Gleichgewicht ein ganz normal kinetisch eingestelltes ist.
Es ist noch bemerkenswert, da3 die Kinetik der Stickoxyd-Salpetersiurereaktion
erst dann reproduzierbar ist, wenn salpetrige Sdure in solcher Menge vorgelegt
wird, daB dieselbe groB gegeniiber der zufillig in der Salpetersiure vorhandenen
salpetrigen Saure ist.

Es wurde bereits darauf hingewiesen, dal der Geschwindigkeitskoeffizient k,’
ein zusammengesetzter ist, daB er das Produkt einer Gleichgewichtskonstante und
eines Geschwindigkeitskoeffizienten ist. Dieser Geschwindigkeitskoeffizient kann
in seine Faktoren zerlegt werden.

Aus dem Gleichgewicht von E. ABEL, H. ScHmID und M. STEIN!

3.
_PNe 400 250C,
2°mNo0,"PNO

dem oben auf kinetischem Weg ermittelten Gleichgewicht

2
2890/ PNO. _ 59 9500

a*gxo,
und dem Gleichgewicht P
N0 —70,14572...25°C
Px,0,

errechnet sich namlich das Gleichgewicht

Pxi0, Pxo — 3.54-10-9,

I =
? 2*gno,
Ferner gilt [N20,4] fx,0, = K' pyj0,- 2
Daher ist [N;0.] fy,0, P*No
= ePdino Pxo g
[HNO,]* f*gyo, T
k=37 —=3% K I,—3x,T,
fir Ry = :‘4 K/'
2 46 4-10¢...25°C.

»=3.3,5-107% —
Bei Ausschluf} der Gegenreaktion ist

_d(N,0 _ - [NOdfyo, 2. g PNO. _ %2 PNy,
SUEAUNO g g TN 2 PN

CTde TRy N
Bei verdiinnten Losungen ist f, = 1.
Daher ist d(N,O
— _(_d“‘t_‘)" T Xy PN0, = 4-10¢ PN,0,-

Das heillt: Bei einem Stickstofftetroxyddruck von einer Atmosphire setzt sich
pro Liter Losung ein Mol Stickstofftetroxyd in der Zeit

1
um. 4-10¢

Unter der Voraussetzung, dal die Loslichkeit von Stickstofftetroxyd in

Min. = 1,5-1073- Sek.

! BE. Aser, H. ScaMip, M. STEIN: Z. Elektrochem. angew. physik. Chem. 36
(1930). 692.

2 M. BoDENSTEIN: Z. physik. Chem. 100 (1922), 68.

3 Fur verdimnte Loésungen geht die Gleichung infolge der Beziehung fx,0, = 1
in das HEXRysche Gesetz uber.



12 H.SceMID:

derselben GroBenordnung ist wie die des Stickoxyds und der iibrigen Gase,
ergibt sich x i
2y = f", =107 bis 108.
Die Geschwindigkeit der Stickstofftetroxydhydrolyse ist also ungeheuer groS,
daher kann sie auf direktem kinetischem Wege nicht gemessen werden.
Da sich nach dem Chemismus der Geschwindigkeitskoeffizient &, als Produkt
eines ,,wirklichen Geschwindigkeitskoeffizienten (Geschwindigkeitskonstante

einer Urreaktion) %, und der Gleichgewichtskonstante I' eines endothermen
Umsatzes' ergibt, 1Bt sich folgern, daBl der Temperaturkoeffizient dieser
komplexen Geschwindigkeitskonstante? gegeniiber dem Temperaturkoeffizienten
einer wirklichen Geschwindigkeitskonstante, der pro 10°C etwa 2,5 betrigt,
abnormal grof ist. Dies ist auch nach den Untersuchungen von E. ABeL, H. ScHmMID
und E. ROMER® tatsichlich der Fall. Der Temperaturkoeffizient betrigt bei
Zimmertemperatur pro 10°C rund 6. Er ist einer der hochsten, die bekannt
sind. In der Form der ARRHENTIUSschen Gleichung

logh = — 2+ B
ist die Abhéngigkeit des Geschwindigkeitskoeffizienten k;" von der Temperatur
gegeben durch: ;
logky' = — 250 1 2265,

Zusammenfassung der Temperaturabhangigkeit und der Abhingigkeit von der
ionalen Konzentration fithrt zur Beziehung:

log by, = — 9280 9965 1 0,078 ;.
1 T

Die genauc Kenntnis der Temperaturabhiangigkeit von k,’ erméglicht es
uns, fiir die Urreaktion

N,0, (aq) + H,0 = HNO, -+ H- + NO;’

die Aktivierungswarme annidhernd zu bestimmen.
Nach ArrHENIUS? errechnet sich die Aktivierungswirme aus der Temperatur-
abhingigkeit des Geschwindigkeitskoeffizienten einer Urreaktion zu:

olnk _ 94
éeT — RT*
Die Aktivierungswiarme der Stickstofftetroxydhydrolyse gewinnen wir auf
folgendem Wege:
Nach der Rechnung von ABEL, ScHMID und ROMER ergibt sich unter der

1 Die Anderung des Wirmeinhalts 4 H der Reaktion 4 HNO,=N,0,+2NO +2H,0
olnrI AH

ist positiv. Siehe Seite 13. Van 'rHorrsche Isobare: ‘3qp = poE

al.nkl/__aln?_c, olnr
oT oT T

* E. ABeL, H. ScHMID, E. ROMER: Z. physik. Chem., Abt. A 148 (1930), 337.

4 S. ARRHENIUS: Z. physik. Chem. 4 (1889), 234. — Eingehende theoretische
Begrindung dieser Beziehung durch M. TrRAUTTz: z. B. Z. anorg. allg. Chem. 102 (1918),
81;106 (1919), 149; Lehrb. Chem., Teil III. Berlin und Leipzig: W.de Gruyter, 1924. —
Zusammenfassende Darstellung: Chemische Kinetik. Handwérterbuch der Natur-
wissenschaften, I1., S. 512. Jena: G. Fischer, 1933.

2
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Annahme, daf die Losungswirme von Stickstofftetroxyd etwa gleich derjenigen
ahnlicher Gase sei, fiir die Anderung des Wirmeinhalts der vorgelagerten Reaktion
4 HNO, — N,0, + 2 NO + 2 H,0
ein Betrag von A H = 21200 cal.!

Aus: k) =38x%TI
folgt: olnk, _ 81nx,‘+ 8]nF ,
aT :

Nun ist:

?%?i = _5%2 (ArRrHENTUSsche Gleichung fir die Aktivierungswéirme.)
und:

olmI’  AH Vaw ‘tHorrsche Isobare fiir die Abhingigkeit der Gleichge-
“eT ~ RT® wichtskonstante von der Temperatur.
also:

olnk, 94 t4H?

9T ~ RT*

oder:

Dlogky _ 9+ 21200 _ 6250
ToT T 23-1,987T: T TR

Die Aktivierungswirme der Stickstofftetroxydhydrolyse errechnet sich so zu dem
verhdltnismaBig niedrigen Betrag von

g4 = 7300 cal.

Der Temperaturkoeffizient der Geschwindigkeit der Stickstofftetroxydhydrolyse
ist dementsprechend auch niedrig:

7 25%4

1524
Die Aktivierungswirme dieser Reaktion zwischen neutralen Molekeln wird durch
Elektrolytzusatz nicht beeinflufit (Variation der ionalen Konzentration zwischen
7= 0,6 und 4,0).3

Die wirkliche Aktivierungswirme der gegenlaufigen Reaktion lafit sich nicht
angeben, da die Reaktion
HNO, + H* + NO; = N,0,/+ H,0

offenbar noch keine Urreaktion ist, sondern aus den beiden Teilvorgingen:
H: -+ NO, -~ HNO,, HNO, + HNO; -~ N,0, 4+ H,0

=15.

besteht.

Der Temperaturkoeffizient ist 2ok 2,5; die scheinbare Aktivierungs-
15/v2
wiarme errechnet sich daraus zu 15600 cal.

1 E. ABeL, H. ScuMip, E. ROMER: Z. physik. Chem., Abt. A 148 (1930), 345.

2 g4 + A H, scheinbare Aktivierungswirme der Reaktion 3 HNO, = H' + NOy" +
+ 2NO + H,0; sie ist die Summe der wirklichen Aktivierungswidrme g4 der Ur-
reaktion 1\4.,04 + H,0 = H + NO,’ + HNO, und der Anderung des Wirmeinhalts
des dieser Urrcaktmn vorgclagerten Umsatzes 4 HNO, = N,0, + 2 NO 4 2 H,O.

1

Y von der ionalen Konzentration. Siche E. A. MOEL-

3 Unabhingigkeit von
wyN-Hucnes: 1. c,, S.202.
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Aus der Geschwindigkeitsgleichung der Salpetrigsiurezersetzung und aus
Geschwindigkeitsgleichungen von Salpetrigsdurereaktionen 148t sich also nach
dem Gesagten die Bruttoreaktion

3 HNO, = H* + NO,” + 2 NO + H,0

in die Urreaktionen 2 HNO, <— N,0; + H,0 (1)
N,0, — NO, + NO (2)

2 NO, “— N,0, (3)

N,0, + H,0 £Z HNO, 4+ HNO, (4)

HNO, ~— H* + NO,’ (5)

auflésen. Weiter konnte von der zeitbestimmenden Urreaktion (4) durch Kombi-
nierung kinetischer und thermodynamischer Daten der Geschwindigkeits-
koeffizient der Links-Rechtsreaktion und aus dessen Temperaturabhéingigkeit
die Aktivierungswirme dieser Reaktion ermittelt werden.

Chemismus einer Einstoff-Katalyse.
Wie bereits eingangs dargelegt wurde, ist die Geschwindigkeitsgleichung
der Reaktion NH, + NO, = N, + 2 H,0

durch die Beziehung gegeben

%) — B[NH,][NOy][HNO,L.
Salpetrige Sdurc ist also Katalysator. Der Reaktionsmechanismus, der zu dieser
Geschwindigkeitsgleichung fiithrt, wird durch die vom Verfasser geschaffene
,,Kinetische Methode der Substitution‘‘! klargestellt. Das Verfahren macht sich
die Tatsache zunutze, dafl kurzlebige Zwischenstoffe durch Einfiihrung bestimmter
Atomgruppen weitgehend stabilisiert werden.? Diese stabilisierten Stoffe kénnen
nun in solchem MaB angereichert werden, daf3 sie mit Hilfe der iiblichen Mef-
methoden untersucht werden koénnen. Substitution in Zwischensubstanzen
erfolgt in der Weise, dall die Reaktion mit substituierten Ausgangs-
stoffen durchgefiithrt wird. Bei entsprechender Substitution und Einhaltung
gewisser Bedingungen (daB z. B. die Stoffe bei tiefer Temperatur in Reaktion
gebracht werden) ist es sogar méglich, diese Ausgangsstoffe praktisch nur bis
zum stabilisierten Zwischenprodukt reagieren zu lassen. Die ,,Zwischen‘‘substanz
ist auf diese Weise zum ,,End‘‘produkt geworden. Wir haben es in diesem Falle
mit ciner ganz anderen Bruttoreaktion wic bei den unsubstituierten Substanzen
zu 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
Zwischenstoffs bei dem chemischen Vorgang mit unsubstituierten Ausgangs-
substanzen geschlossen werden. Entsprechend der kinetischen Methode der
Substitution wird in unserem speziellen Fall auBer der kinetischen Analyse des

1 H. ScaMmip: Atti X Congr. int. Chim., Roma II (1938), 484. — Vgl. auch
H. SciMip: Z. angew. Chem. 50 (1937), 615.

2 Methyl ist beispielsweise ein sehr kurzlebiges Radikal, wiithrend Triphenylmethyl
eine verhiltnismiBig stabile Verbindung darstellt. ¥F. Paxern, W. Horepirz, Ww.
Lavutrscu: Ber. dtseh. chem. Ges. 62 (1929), 1335; 64 (1931), 2708.
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Ammoniumnitritzerfalls die Kinetik der Reaktion zwischen salpetriger Saure
und Aniliniumion (Substitution eines Wasserstoffatoms des Ammoniumions
durch Phenyl) studiert. Die Bruttoreaktion der Diazotierung ist:

CH,NH," + HNO, = C,H,N," + 2 H,0.

Die Geschwindigkeitsgleichung dieser Diazotierung ist nach den Untersuchungen
des Verfassers mit G. MUHR! in einem Bereiche gréfleren Schwefelsdureiiber-
schusses? (0,1—0,2 Mol/Liter) tatsdchlich analog dem Zeitgesetz des Ammon-
nitritzerfalles:

d(%}i{t@zl = k, [CaH,NH,] [NO,'][HNO,].

Aus diesem Zeitgesetz 1at sich der Reaktionsmechanismus ableiten:
Vorgelagertes Gleichgewicht:
C¢H,NH, + NO," - - CgH;NH;NO,
Zeitbestimmende Reaktion:
CH,NH,NO, + HNO, —> C¢H. N, - NO,” + 2 H,0.

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 iber:

Vorgelagertes Gleichgewicht:
NH, + NO, - - NH,NO,
Zeitbestimmende Reaktion:
NH,NO, + HNO, — N,H" -+ NO,” + 2 H,0.

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

N,H =N, + H-,
H' + NO,’ = HNO,.

Die salpetrige Siaure, die als Reaktionspartner in die zeitbestimmende Reaktion
eintritt, wird nach der letzten Gleichung zuriickgebildet. Da der Ammonium-
nitritzerfall — wie sich aus den obigen Darlegungen ergibt — nichts anderes als
ein Diazotierungsprozel ist, kann er nur bei Gegenwart von salpetriger Siure
erfolgen. Salpetrige Saure ist somit Katalysator, der die Reaktion hervorruft
(vgl. S.2). Die zeitbestimmende Reaktion beim Ammonnitritzerfall ist die
Bildung eines kurzlebigen Zwischenions N,H* aus undissoziiertem Ammonium-
nitrit und salpetriger Siaure. Dieses Zwischenion kénnen wir als das Kation des
Imidnitroxyls HN = NOH auffassen. Es ist sehr unbestindig und zerfillt 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

! H. Scemip, G. Muur: Ber. dtsch. chem. Ges. 70 (1937), 421.
® Vgl. H. ScuMip: Atti X Congr. int. Chim., Roma IT (1938), 486.
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wird. Nach den Untersuchungen von H. ScuMip, G. MuHR und V. SCHUBERT!
ist fiir die Diazotierung aufler Nitrition auch Chlorion und Bromion Katalysator.
Die Geschwindigkeitsgleichung der Halogenionkatalyse ist:

HOTN). _ 1, [C,H NH, ] [HNO,] [Hlg]. *

Der Mechanismus ist analog der Nitritionkatalyse:
Vorgelagertes Gleichgewicht:
CgH,NH; + Hlg' --- C.H.NH Hlg.
Zeitbestimmende Reaktion:
C¢H;NH Hlg +~ HNO, — C¢H,N,* + Hlg" + 2 H,O0.

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

_d_@%s;&i)f = k, [CgH;NH; ] [HNO,] [NO,'] + k, [CeH;NH4 '] [HNO,] [Cl'],

[HNO,J?

= kll [CGHSNHS] [H}

+ ky [CéH;NH, ] [HNO,] [CI'].
Das Wasserstoffion der Salzsiure wirkt somit verzégernd, das Chlorion der
Salzsiure hingegen beschleunigend. H. ScamMip nennt Stoffe, die in positive
und negative Katalysatoren zerfallen, katalytisch-polare Stoffe.? Salzsiure ist
also fiir die Diazotierung eine katalytisch-polare Substanz. Aus der Halogenion-
katalyse der Diazotierung ist nach der kinetischen Methode der Substitution zu
schlieBen, dafl Chlorion und Bromion auch die Reaktion zwischen Ammoniumion
und salpetriger Sdure nach demselben Zeitgesetz katalysieren, und zwar wie bei
der Nitritionkatalyse unter zwischenzeitlicher Bildung des kurzlebigen N,H *-Ions.
4 (Ng)
dt
NH, + Hlg' ~-- NH,Hlg,
NH Hlg + HNO, — N,H- 4- Hlg" 4 2 H,0,

N,H- = N, + H-.

— ¥ [NH, ] [Hlg'] [HNO,],

Die Untersuchungen von H. Scumip und R. PrerreEr? haben diese Vorhersage
tatsdchlich bestitigt. Damit ist auch der Nachweis erbracht, daB der Umsatz
zwischen Ammoniumion und salpetriger Siure ein anorganischer Diazotierungs-
prozel} ist.

Reaktionszyklen.

Die Geschwindigkeit der Reaktion:
Fe:* + HNO, + H' = Fe''* 4- NO + H,0

! H. ScuMID: Z. Elektrochem. angew. physik. Chem. 48 (1937), 626. — H. ScHMID,
G.Musr: L. c.
2 Hlg’ = Cl’ bzw. Br’.
3 H. ScuMip: Z. Elektrochem. angew. physik. Chem. 43 (1937), 626.
4 H. ScuMmip: Atti X Congr. int. Chim., Roma IT (1938), 489.
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setzt sich nach E. ABer, H. ScumMIip und F. PoLLax! aus drei Termen zusammen:

O =k, [Fe  J[HNO,] + ky [Fe J[HNO, [H] + k. [Fe-) [HNOT"

NO
ko= 047, ky, = 13,6, k, = 2,4-10%

k.* (bei Ersatz von pyo durch [NOJ]) = 0,46.
(25° C, Konzentrationen in Molen pro- Liter; Druck in Atmosphéren; Zeit in
Minuten).

Die Reaktion verlauft iiber drei verschiedene Wege zu denselben Endpro-

dukten. SkRABALZ? nennt einen derartigen Umsatz Reaktionszyklus. Alle Pro-
zesse, bei denen neben dem unkatalysierten Umsatz durch Katalysatoren hervor-

gerufene Reaktionsbahnen in Erscheinung treten, gehéren zu den Reaktions-
zyklen.

Nachstehende stochiometrische Gleichungen geben das Reaktionsbild, das
dem ersten Term entspricht:
Zeitbestimmende Reaktion:
Fe'* + HNO, — Fe'** + NO 4 OH'".
Nachgelagertes Gleichgewicht:
OH' + H'- - H,0.
Summe:

Fe- + HNO, + H* =: Fe'** 5- NO + H,0.

Der zweite Geschwindigkeitsterm ist dritter Ordnung. Die Abhingigkeit
von den Konzentrationen der Reaktionspartner entspricht der Bruttogleichung.
Zweifellos fithrt aber der Mechanismus nicht tiber eine Reaktion dritter Ordnung,
sondern iiber Teilvorgéinge niederer Ordnung, wie die des nachstehenden Reak-
tionsschemas:

Vorgelagertes Gleichgewicht:
HNO, =-H-- - NO* + H,0.
Zeitbestimmende Reaktion:
Fe'* + NO* — Fe'- 4- NO.
Summe:
Fe:» +- HNO, + H* = Fe'** 4+~ NO 4 H,0.
Dieser Chemismus setzt voraus, daf} salpetrige Siure Ampholyt ist, daB sie
nicht nur nach der Gleichung:
HNO, < H* + NO,/,
sondern auch nach der Gleichung:
HNO, 7 NO* + OH'

ionisiert, wie dies auch W. A. Noves® aus Uberlegungen iiber die Elektronen-
konfiguration der Salpetrigsiuremolekel schliet.

1 K. ABEL, H. ScuMID, F. PoLLAK: S.-B. Akad. Wiss. Wien, Abt. IIb 145 (1936),
731 bzw. Mh. Chem. 69 (1936), 125. — Siche auch E. SCHROER: Z. physik. Chem,
Abt. A 176 (1936). 20. Vgl. 8. 7.

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

3 W. A. NovEs: Mitteilung an den Verfasser. Siehe auch G. KorrtM: Z. physik.
Chem. Abt. B 43 (1939), 418.

Hdb. d. Katalyse. II. 2
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Die Gleichung:
HNO, + H* = NO" -+ H,0
ist demnach eine zusammengesetzte Reaktion, die in die beiden Urreaktionen:
HNO, = NO* + OH/,
aufzuldsen ist. OH’ -+ H* = H,0,

Wie bei der Diskussion der Salpetrigsiurekinetik bereits erliutert wurde,
kommt der dritte Geschwindigkeitsterm nach dem Chemismus zustande:

Vorgelagertes Gleichgewicht:
2 HNO, -~ - NO, + NO + H,0.
Zeitbestimmende Reaktion:
Fe': 4 NO, —> Fe'-- + NO,".
Nachgelagertes Gleichgewicht:
NO,” + H* ~-- HNO,.
Summe: Fe' 4+ HNO, ++ H: = Fe:** + NO + H,0.
Die zeitbestimmende Reaktion
Fe'r + NO, — Fe ' + NO,’
fiihrt zur Geschwindigkeitsgleichung:

d(Fe-**) = 2, [:Fe. ] [NO ] = %, Fc [1“8' ] [HN02]2 _ kc [I“e' ] [HNQ2]2’
2
dt Px Pxo
wenn
[NO,) — I, LHNO?,
NO

Die kinetische Zergliederung vermag demnach die Reaktion zwischen Ferroion
und salpetriger Saure in ihre Urreaktionen aufzulésen. Der erste Geschwindig-
keitsterm fiithrt iiberdies zum Geschwindigkeitskoeffizienten einer Urreaktion.
Aus dem dritten Term kann der Geschwindigkeitskoeffizient der Urreaktion

Fe'* + NO, = Fe'** + NO,’

ermittelt werden, wenn wir den komplexen Geschwindigkeitskoeffizienten
k, = %,I"; auf thermodynamischem Weg in seine beiden Faktoren zerlegen. Die
Gleichgewichtskonstante I, errechnet sich auf folgende Weise:

Pro PNo 79,102, 25°C.2

Nach dem HEeNRyschen Gesetz ist?
{NO,] = const. pyo,

WO const =~ 1073

! Im Sinne der Ausfithrungen 8.3 resultiert dieser Umsatz aus den beiden
Urreaktionen :
2 HNO, = N,0; + H,0; N,0,; = NO, + NO.

2

Px,0,P*No P"No

2 Errechnet aus I', = p = 3,54. 104 und * = 0,1457;siehe S.11.
2°aNO, . FNyOg |
3 Voraussetzung, daf3 die Léslichkeit von Stickstoffdioxyd in derselben GréB8en-

ordnung ist wie die des Stickoxyds und der ubrigen Gase.
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und daher: _ MNOulpno L) 10
FL' = *THT()z‘]—a> — 7'10
und k,= %, [, = 24-102 ... 25°C.

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

%, = 3-107.

Durch Kinetik und Mechanismus der Salpetrigsaurebildung aus Salpetersiure
und Stickoxyd und der Reaktion der salpetrigen Sidure mit Ferroion wird auch
die Kinetik und der Mechanismus der Oxydation des Ferroions durch Salpeter-
sdure, deren Bruttovorgang durch die stochiometrische Gleichung:

NO, +4H* +3Fe*=3Fe +NO +2H,0

dargestellt wird, bloBgelegt. Nach E. ABer, H. Scemip! verlaufen Oxydations-
vorginge mittels Salpetersiure unter Stickoxydentbindung auf folgende Weise:
Das entstehende Stickoxyd gibt mit Salpetersidure entsprechend der Brutto-

reaktion: 2NO + H* + NO, + H,0 = 3 HNO, ()

nach dem Mechanismus von E. ABer, H. ScEMID und S. BaBaD? salpetrige
Siure und diese ist es, die das Substrat nach dem Bruttoumsatz

2 HNO, + R = RO + 2NO + H,0 (B)

oxydiert. Dieser Theorie liegt die Erfahrungstatsache zugrunde, daf salpetrig-
sdurefreie Salpetersiure viele Substanzen nicht zu oxydieren vermag. Ebenso-
wenig Stickoxyd nach den Untersuchungen von ABEL und ScEMID von salpetrig-
sdurefreier Salpetersdure oxydiert wird, ebensowenig wird auch Ferrosalz von
reiner Salpetersidure angegriffen.?

Summierung der beiden stochiometrischen Gleichungen: 2 («) 4 3 (B) ergibt
den Gesamtumsatz zwischen Salpetersiure und Substrat:

2H- +2NO, +3R = 3RO +2NO + H,0.

Die Geschwindigkeit der Oxydation des Substrats durch Salpetersiure — wenn
diese an dem entwickelten Stickoxyd verfolgt wird* — ist im AnschluB an die
von E. ABeL, H. ScamID geklirte Kinetik der Reaktion «

d(NO) 2, [HNO,J*

G = gk e M % BIFIINOJI[HNO,) + @ ((HNO, [R),... ).¢

! E. ABEL, H. ScEMID: Z. physik. Chem 132 (1928), 62.

2 Siehe S.8.

3 B.C. BaANERJI, N. R. DHAR: Z. anorg. allg. Chem. 122 (1922), 73. — L. H.
MiLLIGAN, G. R. GILLETTE: J. physic. Chem. 28 (1924), 744. — N. R. DuAR: Ebenda
29 (1925), 142. — A. KLEMENC: Z. Elektrochem. angew. physik. Chem. 82 (1926), 150.
— E. ScHROER: Z. anorg. allg. Chem. 202 (1931), 382; Z. physik. Chem., Abt. A
176 (1936), 20.

4 Bei der Ferroionoxydation ist die Anlagerungsreaktion von Stickoxyd an
Ferroion zu beriicksichtigen. Siehe E. ABEL, H. ScHMID, F. PoLLAK: L. c.

5 Im Falle der Ferroionoxydation:

P (HNO,), R = (Fe  [HNO {ky + by [H] + &, 001

Ausfihrliche Diskussion der Salpetersiure-Ferro-reaktion: E. ABEL: Mh. Chem. 68
(1936), 387.

2%
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Fiir den stationdren Zustand (;) der salpetrigen Sdure ist:
d, (HNOy),  d; (HNO,),
Tde T T T de
HNO,
ol = p (HNO,L, (B ...

Setzen wir — unter Beriicksichtigung dieser Beziehung — die stationidre Kon-
zentration der salpetrigen Sidure in die obige Geschwindigkeitsgleichung der
Stickoxydbildung ein, so erhalten wir:

q%?):*éwﬁﬁNoﬁiRL“g.

Aus der Stationarititsgleichung fiir salpetrige Saure ist die Abhéingigkeit der
stationdren Salpetrigsiurekonzentration vom Stickoxyddruck bzw. der Stick-
oxydkonzentration in Loésung ersichtlich. Demzufolge ist die Geschwindigkeit
der Salpetersiurereaktionen eine Funktion der Stickoxydkonzentration. Bei der
Reaktion zwischen Ferroion und salpetriger Saure ist auch ¢ ((HNO,], [R]...)
von der Stickoxydkonzentration abhéingig, und zwar nimmt die Reaktions-
geschwindigkeit mit der VergroBerung der Stickoxydkonzentration ab. Erhohung
der Stickoxydkonzentration hat unter solchen Umstdnden zur Folge, daBl die
Geschwindigkeit des Salpetrigsdureverbrauchs nach Reaktion S verringert,
die der Salpetrigsdurebildung nach « vergroflert wird, so daB die stationire
Konzentration der salpetrigen Siure mit Vermehrung der Stickoxydkonzentration
ansteigt. Wie aus der Geschwindigkeitsgleichung der Ferroion-Salpetersiure-
reaktion ersichtlich ist,

und daher
k, (HNO, ], [H][NOy' ] — &,

d <
,(;ItO) - ;»Q)([HNOZ]S, [R],...) =

— L{Pe-7(HNO,), {ka & ko [H] -+ b, VENOeL,
’ Pxo |

kann die Geschwindigkeit mit VergroBerung des Stickoxyddruckes fallen oder
steigen, je nachdem die GroBe pyo oder [HNO,], ausschlaggebend ist. Stickoxyd
vermag also je nach den Konzentrationsverhéltnissen als negativer oder positiver
Katalysator wirksam zu sein. Im Mechanismus tritt dieser gegensitzliche Einfluf3
des Stickoxyds auf die Reaktionsgeschwindigkeit besonders klar zutage. Stick-
oxyd reagiert mit Stickstoffdioxyd zu salpetriger Siure, wodurch einerseits die
Stickstoffdioxydkonzentration, die in die zeitbestimmende Reaktion

Fe* + NO, = Fe + NO,’

eingeht, herabgedriickt und damit die Geschwindigkeit der Ferrisalzbildung
heruntergesetzt wird, anderseits die Konzentration der salpetrigen Saure, die
mit Salpetersdure zu Stickstoffdioxyd und mit Ferrosalz auf anderen Reaktions-
bahnen zu Ferrisalz reagiert, gesteigert wird. Wird nicht fir stindige Entfernung
des Stickoxyds aus der Losung gesorgt — wie dies bei den Versuchen von
E. ScEROER der Fall ist —, so ist zu erwarten, daf} diese gegensitzliche 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. SCHROER hat diesen Effekt! tatsichlich

! Diese Geschwindigkeitsumkehr wurde auch bei anderen chemischen Reaktionen
festgestellt. Siehe E. H. RIESENFELD: Z. anorg. allg. Chem. 218 (1934), 260. — L. H.
RiESENFELD, T. L. CHANG: Z. anorg. allg. Chem. 230 (1937), 239. — Uber dic Ent-
deckung von W. C. Bray und A. L. CAULKINS siehe S. 21.
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beobachtet.! Wie aus dem Reaktionsmechanismus zu ersehen ist, ist es also
moglich, daB ein negativer Katalysator zu einem positiven wird. Ebenso kann
nach den Darlegungen von E. Aser, H. ScaMip? ein Katalysator, der die f-Reak-
tion beschleunigt, die Gesamtreaktion entweder beschleunigen oder verzdgern,
da die stationdre Salpetrigsiurekonzentration mit der Beschleunigung der
p-Reaktion abnimmt. Der Katalysator bremst sich automatisch. Diese zunéichst
paradox erscheinende Umkehrung der Katalysatorwirkung ist eine unmittelbare
Folgerung aus der dargelegten Kinetik der Salpetersdure. Sie ist selbstverstind-
lich nicht nur an die Salpetersidurereaktionen gekniipft, sondern an alle Reaktionen,
denen ein dhnlicher Mechanismus zugrunde liegt.

Wihrend bei der Reaktion zwischen Ferroion und Salpetersiure entsprechender
Konzentrationen nach stetiger Geschwindigkeitsabnahme nur ein einmaliger
Geschwindigkeitsanstieg beobachtet wurde, hat nach den Untersuchungen von
W. C. Bray und A. L. CavurLkins® die Geschwindigkeit der Sauerstoffentwicklung
des Reaktionssystems, das durch die beiden Bruttogleichungen

5H,0, + J, = 2 HJO, + 4 H,0
und 5 H,0, + 2 HJO, = 50, + J, + 6 H,0

gekennzeichnet ist, bei entsprechenden Konzentrationen der Reaktionspartner
den Charakter einer periodischen Welle; die Geschwindigkeit der Sauerstoff-
entwicklung steigt und fallt abwechselnd mit der Zeit. Auch die Jodkonzentration
nimmt mit der Zeit abwechselnd zu und ab. W. C. BrRay und H. E. MiLLER?
haben die periodische Reaktion unter Bedingungen verfolgt, bei welchen der
Sauerstoff so langsam aus der Losung diffundiert, daB es zu keiner Bildung von
Gasblischen kommen konnte. Sie schlieBen aus ihren Versuchen, daB diese
periodische Reaktion homogener Natur ist. Wie theoretische Arbeiten iiber
Zwischenreaktionsschemen von A.J.Lorka,® J. HIRNIAKS und A. SKRABALS
erweisen, sind auch periodische Schwingungen der Geschwindigkeit homogener
Reaktionen durchaus moglich.

Zeitgesetzwechsel.
Mehrstoffkatalyse.

Bei den Reaktionszyklen, wie beim Umsatz des Ferroions mit salpetriger
Ssiure, tritt unter entsprechenden Versuchsbedingungen der eine oder andere
Reaktionsweg so gut wie ausschlieflich 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 Nihe des ,,Umkehrpunkts® ergaben im Sinne obiger Uber-
legungen viel salpetrige Sdure neben wenig Stickoxyd. Wihrend die Geschwindigkeits-
umkehr bei der Ferro-Salpetersiurereaktion also in erster Linie auf die homogene
Reaktion: ,,Umsatz des Stickoxyds mit Stickstoffdioxyd in Loésung zu salpetriger
Séure‘* zuriickzufiihren ist, ist fir die Geschwindigkeitsumkehr, die unter entsprechen-
den Bedingungen auch bei der Reaktion zwischen Ferroion und salpetriger Sdure in
Erscheinung tritt, ein heterogener Vorgang verantwortlich zu machen, ndmlich:
Entfernung des negativen Katalysators Stickoxyd aus der Losung durch Aufhebung
der Ubersdttigung. E. SCHROER: 1. c.

2 E. ABEL, H. SceMID: Z. physik. Chem. 132 (1928), 63.

3 W.C. Bray: J. Amer. chem. Soc. 43 (1921), 1262.

4 A.J. Lotka: Z. physik. Chem. 72 (1910), 508; 80 (1912), 159; J. Amer. chem.
Soc. 42 (1920), 1595.

5 J. HIrN1AK: Z. physik. Chem. 75 (1911), 675.

8 A. SKRABAL: Z. physik. Chem., Abt. B 6 (1929), 382.
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Einem anderen Zeitgesetztypus begegnen wir bei der Halogensdurebildung
aus unterhalogeniger Siure, der Halogenbleichlaugenreaktion. Bei entsprechend
hoher Aciditdt der Losung ist ausschlieflich Bruttoreaktion:

3HXO0 —-3H' +2X' + X0,
Nach A. SKraBAL? gilt die Geschwindigkeitsgleichung:
__GHXO0) _ % [H][X'][HXOP

d¢ Ty [H P [X']+4%, [HXO]’

Die Geschwindigkeit ist ein Quotient, dessen Nenner aus einer Summe zweier
Terme besteht. Wenn [HXO] so klein und [H*] und [X'] so gro8 sind, daB das
zweite Glied im Nenner zu vernachldssigen ist, geht aus dem ,,aligemeinen Zeit-
gesetz‘* das Grenzgestz hervor:

__4(HXO0) _ # [HXOP _ ., [HXOF

dt %, [H] [H] °
Dieses Grenzgesetz wurde unter den gegebenen Voraussetzungen seinerzeit von
F. ForrsTER und F. JorrE? fiir die Chlorsdurebildung aus unterchloriger Saure
gefunden. Ist hingegen [HXO] so hoch und [H'] und [X'] so niedrig, dall der
Term x,[H P[X'] gegeniiber »,[HXO] zu vernachldssigen ist, dann geht die
Geschwindigkeitsgleichung in das Grenzgesetz:
— d,(%?f.ol = :; [H'][X'][HXOP = k" [H'][X'][HXO]
iiber. Also gerade bei niedriger [H*]und [X'] ist die Geschwindigkeit proportional
der Wasserstoffion- und Halogenionkonzentration.* Dieses Grenzgesetz konnte
von A. SErRABAL und R. SKRABAL® bei der Bromreaktion, von E. L. C. FORSTERS
bei der Jodreaktion verifiziert werden. Die beiden Grenzgesetze gehen also
unter ,,Zeitgesetzwechsel“ ineinander iiber. Das allgemeine Zeitgesetz ergibt
sich nicht — wie bei der Salpetrigsidure-Ferrosalzreaktion — als Summe der
einzelnen Grenzzeitgesetze.
A. SkraBAL? stellt folgendes Reaktionsschema auf:

HXO + H' + X' -~ H,0 + X, I.
HXO + X, -— HX,0 IL.
1
HX,0 + H,0>2H" + 2X' + HXO, III.
2
HXO, + X, - H* 4+ X,0, V.

1 X == Halogen.

2 A. SKrRABAL: S.-B. Akad. Wiss. Wien, Abt. IIb 147 (1938), 276; Mh. Chem. 72
(1938), 200; 72 (1939), 223; Z. Elektrochem. angew. physik. Chem. 40 (1934), 232.
A. SErRABAL faBt in dieser kritischen Abhandlung alle seine Beobachtungen und
die der iibrigen Forscher, die die Halogenatbildung und Halogenatzersetzung unter-
sucht haben — wie F.FOERSTER, E.L.C.FORSTER, S.DusamaN, W.C. Bray,
S. A. LieBuarsky, E. ABEL —, zu einem ecinheitlichen Reaktionsschema zusammen.

3 F.FOERSTER, F. JORRE: J. prakt. Chem. 59 (1899), 53. — F. FOERSTER: Ebenda
63 (1901), 141; Z. Elektrochem. angew. physik. Chem. 23 (1917), 137.

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

5 A. SKrABAL, R. SERABAL: S.-B. Akad. Wiss. Wien, Abt. IIb 146 (1938), 697
bzw. Mh. Chem. 71 (1938), 251.

8 E. L. C. FORSTER: J. physic. Chem. 7 (1903), 640.

7 A.SKRABAL: S.-B.Akad.Wiss. Wien, Abt.ILb 147 (1938),279 bzw. Mh. Chem. 72
(1938), 203; Z. Elektrochem. angew. physik. Chem. 40 (1934), 246.
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3
X,0, == X,0, + X’ V.

4
X,0, + H,0 — H,X,0, VI
H,X,0;— 2 H* + X' + X0,/ VIL.

Stationaritit von HXO, und von X;0," kommt durch die beiden Gleichungen
zum Ausdruck:

k, [HX,0] + kv’ [H'}[X,0,/'1 = k, [H-P[X'P[HXO0,] -+ kv [HXO0,][X,]
kv [(HXO0,][X,] + ky [X30,][X'] = kg [X30,] + by’ [H'1[X,0,].
Die Geschwindigkeit ist:

di(H‘;}f‘Qal = IC3 [X302'] P k4 [X202] [X/]

Aus diesen Gleichungen errechnet sich:?!

d(HXOy) _ {kiks P Q [HXOT —k; by R[HT[X']*[XOy ]} (H][X']
dt by () [X'] + &y Q [HXO) '

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

d(HXO0y) __ kyks P Q[H][X'][HXO]
dt T ky [(H'P[X'] + ks Q[HXO]

Der Reaktionsmechanismus fithrt 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:
__ 4(HXO0) _,, [HXO]®

Tdt =T

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

— UBXO) _ kv [H][X'][HXOR,

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 ProzeB.

Zu einer Geschwindigkeitsgleichung mit Zeitgesetzwechsel fiihrt auch nach

1 P,Q, Rsind Konstanten der laufenden Gleichgewichte. P = K; Ky, @ = K| K1y,

1
BR= _ .
KVI KVII
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G.-M. ScawaB! und A. SKRABAL? das folgende Reaktionsschema einer Zweistoff-
katalyse.

1
A+ K 2> 2Z,
. 2

3
v+ M 2>2Z,+ K,
4

5

Zo <2 B4+ M.
6

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

A= B.
Auf Grund der Stationarititsgleichungen fiir Z, und Z, errechnet sich die Bil-
dungsgeschwindigkeit von B zu:
d(B) __ [K][M](kylkgks[A]— k,kyke[B))

de kaks (M) + ko loy [K] + ko los  °

Aus dem Reaktionsschema ist ersichtlich, daf beide Katalysatoren notwendig
sind, um die Reaktion zu ermdglichen, ein Katalysator allein ist wirkungslos.
Die Geschwindigkeit der Reaktion kann zufolge der Geschwindigkeitsgleichung —
je nachdem, was fiir 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 Additivitat der Katalysatorwirkung; es ist eine typische ,,Zweistoff-
katalyse* zum Unterschied von ,,zwei Einstoffkatalysen*,? bei denen die Wirkung
der Katalysatoren eine additive ist. Nachstehendes Reaktionsschema charakteri-
siert beispielsweise die Wirkungsweise ,,zweier Einstoffkatalysen®.

1
A+K =2,
2

3

Z, > B+ K,
4
1/

A+ M > 27,
2/

Zy o> B+ M.
47

Dazu kommt noch die unkatalysierte Reaktion, sofern dieselbe mit meBbarer
Geschwindigkeit verlauft:

5
A > B.
6

Die Summe der Urreaktionen jeder der Einstoffkatalysen ergibt die Brutto-
reaktion: 4— B

1 G.-M. Scuwab: Katalyse vom Standpunkt der chemischen Kinetik. Berlin:
Julius Springer, 1931.

2 A.SkraBAL: S.-B. Akad. Wiss. Wien, Abt. IIb 143 (1935), 647 bzw. Mh. Chem. 65
(1935), 303.

3 A.SKRABAL: S.-B. Akad. Wiss. Wien, Abt. ITb 143 (1935), 647 bzw. Mh. Chem. 65
(1935), 303.
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Unter Zuhilfenahme der Stationarititsgleichungen fir Z, und Z, und des Prinzips
der mikroskopischen Reversibilitiat,! daB im Gleichgewicht jede Teilreaktion des
Systems fiir sich im Gleichgewicht ist, daB also 2

kldlalKla = k(2]
k3[Z,]a1 = ky[Blai[Kla,
B [AlaM])a = k' [Z:] a1,
k' (Zs)er = ki [Blai[M ],
ks[A) o1 = ke[ Blar

errechnet sich die Geschwindigkeit zu:

UB) (1 4wy (K] + 2, [M]),
wobei @ die Geschwindigkeit der unkatalysierten Reaktion ist und
v — Kby
T ke (kp + k)
sowie k' &y

T g e+ )
Aus dieser Geschwindigkeitsgleichung ist die Additivitat der Katalysatorwirkung
unmittelbar ersichtlich.

Wird das besprochene Reaktionsschema der ,,Zweistoffkatalyse’ mit dem
Reaktionsschema einer ,,Einstoffkatalyse’* verkniipft, so ergibt sich folgender
Reaktionsmechanismus: A+ K. 27,

Z,<” B+ K,
7+ M7, + K
Z,<2 B+ M.

Nach diesem Chemismus wird die Reaktion 4 = B durch den Katalysator K
in Gang gesetzt; M ist hingegen nicht imstande, die Reaktion zu ermdglichen,
dieser Stoff ist ohne K unwirksam. Ist die Abreaktion von Z, geschwindigkeits-
bestimmend, so wird durch Zugabe von M zum Katalysator K die Geschwindig-
keit der Reaktion infolge einer neuen Reaktionsbahn von Z,

Zy+ M7, + K

erh6éht. M hat in diesem Falle verstirkende Wirkung und wird deshalb Ver-
starker oder Promotor genannt.3

Anschliefend an die Beobachtungen von TRAUBE* und PRrICE® iiber die super-
additive Wirkung von Mehrstoffkatalysatoren in homogener Losung untersuchte
BropE® systematisch die gleichzeitige Wirkung zweier Katalysatoren auf die

L, Prinzip der mikroskopischen Reversibilitét'‘ oder ,,Prinzip des vollstédndigen
Gleichgewichts®. “‘Principle of detailed balancing.” Literatur bei A.SKRABAL:
Z. physik. Chem., Abt. B 6 (1929), 394. — L. ONSAGER: Physic. Rev. (2), 837 (1931),
405; (2), 38 (1931), 2265. — K. BAUR: Helv. chim. Acta 17 (1934), 504.

¢ Eckige Klammer mit Index ,,Gl*“ bedeutet Gleichgewichtskonzentration.

3 A. SKRABAL: S.-B. Akad. Wiss. Wien, Abt. ITb 143 (1935), 648 bzw. Mh. Chem.
65 (1935), 304. — Weitere Reaktionsschemen von Katalysen werden von E. Spi-
TALSKY [Z. physik. Chem. 122 (1926), 257], E. SpiTALSKY, N. KOBOSEFF [Ebenda 127
(1927), 129], G.-M. ScawaB (Katalyse vom Standpunkt der chemischen Kinetik,
Berlin: Julius Springer, 1931) diskutiert.

4 M. TRAUBE: Ber. dtsch. chem. Ges. 17 (1884), 1062.

5 TH. S. PRICE: Z. physik. Chem. 27 (1898), 474.

¢ J. BrRoDE: Z. physik. Chem. 37 (1901), 275.
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Wasserstoffsuperoxyd-Jodwasserstoffsiurereaktion. Wihrend Ferroion und
Molybdansdure additive katalytische Wirkung besitzen, verstirkt Cupriion, das
allein so gut wie keinen katalytischen Einfluf} entfaltet, die katalytische Wirkung
des Ferroions auBlergewohnlich. Der gleiche Effekt zeigt sich bei der katalytischen
Zersetzung von Wasserstoffsuperoxyd durch Ferrosalz, dem eine Spur Kupfer-
sulfat zugesetzt wird.! BRODE? gibt bereits eine Erklirung dieser Erscheinung,
die den dargelegten Reaktionsschemen entspricht, indem er sie auf Zwischen-
reaktionen zuriickfiihrt, die ,,bei beiden Katalysatoren das einemal bei additivem
Verhalten als nebeneinander geordnet, dagegen bei verstirkender Wirkung als
hintereinander geordnet zu betrachten sind.*®

Zu den Mehrstoffkatalysen in homogener Losung zahlen auch die zahlreichen
Saure-Basenkatalysen, wie die Mutarotation der Zuckerarten, Enolisierungs-
Ketisierungsreaktionen, Hydratisierung der Carbonsdureanhydride, Hydrolyse
der Siureamide, Verseifung vieler Ester, die durch das Zusammenwirken von
Protongeber* und Protonnehmer? bzw. durch Zusammenwirken von Deuton-
geber® und Deutonnehmer zustande kommen.

Eine Fiille von Arbeiten? liegt iiber 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 kann. Sie werden
in dem Kapitel ,Isotopenkatalysen im gleichen Bande des Handbuchs von
O. RE1rz gesondert beschrieben.

Reaktionslenkung, selektive Katalyse.

Wie am Anfang dieser Abhandlung bereits ausgesprochen wurde,® wird die
Reaktionslenkung oder selektive Katalyse von MirTascH als fiir die Katalyse-
erscheinung wesentlich in die Definition des Katalysatorbegriffs einbezogen.
Was fiir eine hervorragende Rolle die Reaktionslenkung spielt, 14Bt sich schon
aus der Unzahl enzymatischer Prozesse, die alle selektiven Charakter haben,
ermessen.’ Nach MirTascH!® handelt es sich bei organischen Katalysen so gut
wie immer um in bestimmte Richtungen gelenkte Reaktionslaufe. Kein Wunder,
daB sich auch die technische Chemie dieser ,,Reaktionsauslese in besonderem

! Neuerliche Untersuchungen von v. L. BoENSON und A. C. ROBERTSON: J. Amer.
chem. Soc. 45 (1923), 2512.

2 J. BRODE: Z. physik. Chem. 87 (1901), 304.

3 Uber Mischkatalysen der homogenen und heterogenen Katalyse siche insbesondere
A. MitTascH: Ber. dtsch. chem. Ges. §9 (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 Sdure nach J.N. BRONSTED: Recueil Trav. chim. Pays-Bas 42 (1923),
718; zusammenfassende Darstellung: Z. physik. Chem., Abt. A 169 (1934), 52

5 Begriff der Base nach J.N. BRONSTED. Siehe Anmerkung 4.

8 Deuton das Ion des schweren Wasscrstoffs.

7 Sie sind insbesondere an die Namen gekniipft: S. ARRIENIUS, H. GOLDSCHMIDT,
T. M. Lowry, H. v. EULER, J. N. BRONSTED, A. SKRABAL, H. M. DawsoN, H. S. Tay-
LOR, S. F. ACREE, S. HARNED G. ARERLOF, V. K. LAM_ER A. HaNTzsCH, G. BREDIG,
H. S. SNETHLAGE, R. KUHN, A OLANDER, K. J. PEDERSEN, W. F. K. WYNNE-JONES,
J. W.BAKER, M. KILPATRICK K. F. BONHOEFFER, E. A. MoELWYN-HUGHES, R. P.
BzLr, O. REITZ.

8 Siehe S. 2,

9 Vgl. W. LANGENBECK: Die organischen Katalysatoren und ihre Beziehungen zu
den Fermenten. Berlin: Julius Springer, 1935.

10 A, MirTascH: Ber. dtsch. chem. Ges. 59 (1926), 29.
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MafBe bedient.!: 2 Die Zwischenreaktionstheorie gibt auch fiir diese Erscheinung
eine befriedigende Erklirung, ndmlich, ,,da der Katalysator, indem er aus der
Fille thermodynamisch mdoglicher Teilreaktionen einzelne fordert, andere nicht,
ohne weiteres zu einer Reaktionslenkung oder Reaktionsauslese und damit zu
ganz bestimmten Produkten oder Produktgemischen zu fithren vermag*
(A. MirTascH).® Zur ndheren Erlduterung diene — entsprechend dem hier zu
erorternden Teilgebiete — als Beispiel eine homogene Losungsreaktion, und zwar
die durch Molybdéinsture katalysierte Wasserstoffsuperoxyd-Thiosulfatreaktion,
die ‘'von E. ABEL und G. Baum? untersucht wurde. Wahrend die Wasserstofi-
superoxyd-Thiosulfatreaktion unkatalysiert in (essig-)saurer Losung ausschlief3-
lich Tetrathionat liefert:

H,0, + 2 8,0, + 2 H = §,0," + 2 H,0,

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

4 H,0, + S,0,” = 2 80,” + 2 H- + 3 H,0.

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

— ) _ (1,5:10 + 3,5:107 [H-]) (MoO,") [,04"]5 ... 25°C.

Aus der Unabhingigkeit der Geschwindigkeit von der Wasserstoffsuperoxyd-
konzentration 148t sich im Einklang mit der praparativen Chemie® und mit den
Beobachtungen BropES? folgern, daB Molybdation durch Wasserstoffsuperoxyd
unmeBbar rasch und nahezu quantitativ in Permolybdation iibergefithrt wird.
Die zeitbestimmende Reaktion ist der Umsatz zwischen dem Permolybdation
und dem Thiosulfation. Die Wasserstoffionenkatalyse 148t sich auf die Weise
interpretieren, daB auBler Permolybdation (MoO;") auch Hydropermolybdation
(HMoOy;') mit Thiosulfation zeitbestimmend reagiert, wobei das Gleichgewicht
(H + MoO,"’ «” HMoO;') — nachdem die Geschwindigkeit proportional der
analytischen Konzentration des Molybdats ist — weitgehend auf Seite des

1 Siehe Anm. 10, S.46.

2 Vgl. E. K. RipEAL, H. 8. TaYLOR: Catalysis in theory and practice. London:
Macmillan, 1926. — P. SaBATIER: Die Katalyse in der organischen Chemie. Deutsch
von B. FINKELSTEIN, H. HAUBER. Leipzig: Akad. Verlagsges., 1927. — H. BRUCKNER:
Katalytische Reaktionen in der organisch-chemischen Industrie. I. Teil. Dresden und
Leipzig: Th. Steinkopff, 1930. — T. P. HiLpircH, C. C. HaLL: Catalytic processes in
applied chemistry. London: Chapman, 1937.

3 A. MirTAascH: Ber. dtsch. chem. Ges. 59 (1926), 31.

4 E. AneL: Z. Elektrochem. angew. physik. Chem. 18 (1912), 705. — E. ABEL,
G. Bavy: Mh. Chem. 84 (1913), 425. — E. ABeL: Ebenda 34 (1913), 821.

% Konzentrationen: (MoO,”),[S,05”], [H'] in Grammionen pro Liter, (H,0,) in

Aquivalenten H:0, pro Liter, Zeit in Minuten.

¢ E. PECHARD konnte bereits Verbindungen von Molybdinsiure mit Wasserstoff-
superoxyd auf priparativem Wege herstellen. E. PEcHARD: C. R. hebd. Séances
Acad. Sei. 112 (1892), 720, 1060; Ann. Chim. physique (6), 28 (1892), 573. — Vgl.
W. Macuu: Das Wasserstoffperoxyd und die Perverbindungen. Wien: Julius
Springer, 1937.

7 J. BRODE erbrachte den Nachweis, da Permolybdate auch in groBer Verdiinnung
kaum in Molybdénséure und Wasserstoffsuperoxyd zerfallen. J. BRoDE: Z. physik.
Chem. 87 (1901), 299.
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Permolybdations gelegen ist. Neben der katalysierten Sulfatbildung lauft die
unkatalysierte Tetrathionatbildung nach der Geschwindigkeitsgleichung:

_ﬂ%ﬁﬁ = 1,53 [H,0,] [S,0,"]...25°C!

ab. Die aus den beiden Geschwindigkeitsgleichungen — der Sulfatbildung und
Tetrathionatbildung — fiir verschiedene Ausgangskonzentrationen errechneten
Ausbeuten an Sulfat stehen in befriedigender Ubereinstimmung mit den Ver-
suchsergebnissen. )

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, kénnen wir chemische
Reaktionen derart kombinieren, daB reine Katalyse zustande kommt. Der
Geschwindigkeitskoeffizient der Katalyse 148t sich aus den Geschwindigkeits-
koeffizienten der ,kompensierenden’“ Reaktionen bestimmen. Eine derart
vorausberechenbare Katalyse ist z. B. die durch Brom-Bromwasserstoffsiure
katalysierte Wasserstoffsuperoxydzersetzung.? Nach W. C. Bray und R. S.
LiviNgsToN?® 1dft sich diese Katalyse durch Kombinierung der beiden Reak-

tionen: H,0, + 2 Br’ +2H' — Br, + 2 H,0, (1)
H,0, + Br, > 0, + 2Br + 2 H- @)

realisieren. Sobald beide Reaktionen im gleichen Tempo verlaufen, erfolgt der
rein katalytische Zerfall von Wasserstoffsuperoxyd in Sauerstoff und Wasser.
Die Reaktion 1 geht bei h6herem Gehalt an Bromion, Wasserstoffion und bei
moglichst niederer Bromkonzentration so gut wie ausschlieBlich vor sich; daher
wird das Geschwindigkeitsgesetz unter den genannten Bedingungen durch
Bestimmung der Anfangsgeschwindigkeit der Wasserstoffsuperoxyd-Bromwasser-
stoffsdurereaktion, also zu einer Zeit, bei der die Bromkonzentration noch

1 E. ABeL: Z. Elcktrochem. angew. physik. Chem. 18 (1907), 555; S.-B. Akad.
Wiss. Wien, Abt. ITb 116 (1907), 1145. Die Geschwindigkeitsgleichung der unkataly-
sierten Wasserstoffsuperoxyd-Thiosulfatreaktion legt folgenden Mechanismus nahe:

Zeitbest. Reaktion: H,0, + 8,0, — S,0, + 2 O0H’
5,05 + 8,03 < 8,0,4”

Nachgelagerte Gleichgewichte: { S OH' + 2 H- ~— 2 H,0

H,0, + 2 8,0, + 2 H- = 8,0, + 2 H,0

? Sie ist das Analogon der von ABEL in diesem Sinne aufgeklérten Jodjodion-
katalyse des Wasserstoffsuperoxydzerfalls. E. ABEL: Z. Elektrochem. angew. physik.
Chem. 14 (1908), 598; Z. physik. Chem. 136 (1928), 161. Die erste vorausberechenbare
Katalyse haben R. LUTHER und W. FEDERLIN in der Reaktion zwischen Kaliumper-
sulfat, Jodwasserstoffsdure und phosphoriger Siure gefunden. — W. FEDERLIN: Z.
physik. Chem. 41 (1902), 565. — Weitere vorausberechenbare Katalysen: Jodionen-
katalyse der Hydroperoxyd-Thiosulfat-Reaktion und der Perjodat-Arsenigsiurereak-
tion. E. ABEL: Z. Elektrochem. angew. physik. Chem. 18 (1907), 555. — E. ABEL,
A.FUrRTH: Z. physik. Chem. 107 (1923), 313.

3 W. C. Bray, R. S. LIvINGSTON: J. Amer. chem. Soc. 45 (1923), 1251; 50 (1928),
1654. — R. S. LiviNesToN, W. C. BrRaY: Ebenda 45 (1923), 2048. — R. S. LiI-
VINGSTON : Ebenda 48 (1926), 53. — BariNT:Thesis. Universitdt Budapest, 1910.
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unerheblich ist, in Abhdngigkeit von den Reaktionspartnern ermittelt. Reaktion 2
verlduft bei hoher Bromkonzentration und niederem Gehalt an Bromion und
Wasserstoffion sehr rasch zu Ende. Bray und Livineston konnten die Ge-
schwindigkeit dieser Reaktion mit Hilfe der Stromungsmethode nach HARTRIDGE
und RouGHTON! messen.

Sie fanden folgende Geschwindigkeitsgesetze fiir beide Reaktionen:

Reaktion 1: d(;;:g) =k, [H,0,]{Br'j[H"],2
. . d(Bry) _ , [H;0,][Brg]
Reaktion 2: —- Tit'z = 2“"[‘];:] o

Bei entsprechenden mittleren Konzentrationen an Bromion, Wasserstoffion
und Brom ist es nun méglich, daB beide Reaktionen in ein und demselben System
ablaufen. Die Konzentrationen, bei denen gerade reine Katalyse der H,0,-
Zersetzung herrscht, koénnen durch Gleichsetzung der beiden Geschwindigkeiten
leicht errechnet werden. Es muf in diesem ,,Grenzzustand‘‘, wie ihn SKRABAL®
nennt (nach W.C. Bray: steady state), die Beziehung herrschen

ky _ [Bra]

ky (Br']*[H-]*’
die Bray und LiviNgsTON bei reinem katalytischen Zerfall von Wasserstoff-
superoxyd auch tatsdchlich gefunden haben. Das Geschwindigkeitsgesetz fiir

die Reaktion 2 H,0, = 2H,0 + 0,

ergab die gleiche Abhingigkeit der Geschwindigkeit von der Konzentration des
Wasserstoffsuperoxyds, des Bromions und des Wasserstoffions wie das der

Reaktion 1: - d (H,0. ’
— LS ) _ % [H,0,][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 £ doppelt so grof3 wie der Geschwindig-
keitskoeffizient der Reaktion 1. Diese SchluBfolgerung wird durch die Messungen
des Katalysekoeffizienten und der Geschwindigkeitskoeffizienten der beiden
kompensierenden Reaktionen von Bray und LIvINGSTON bestdtigt. Nach den
Untersuchungen von R. O. GrirriTE und A. McKEOowN* ist die Bromkonzentra-
tion in dem von BRAY und L1vINGsTON bezeichneten steady state (Grenzzustand)
nicht konstant, sondern steigt langsam an; diese Pseudostationaritit, wie sie
GrrrriTH und A. McCKEOWN nennen, ist zweifellos auf Nebenreaktionen zuriick-
zufithren, die das Gesamtbild des Bray-LivingsToN-Mechanismus nicht be-

1 Siehe S.42. -
2 Nach A. Momammap, H. A. LIEBHAFSKY: J. Amer. chem. Soc. 56 (1934), 1680,
ist die Geschwindigkeitsgleichung der Reaktion 1:

d(H,0 . R , ey —1,4-10-2
— P = (L0, (B ) [H]+ A (H,0,)(Br'T 2 T 1

Bei hoherer Wasserstoffionkonzentration, wie sic BRAY und LIVINGSTON angewendet
haben, kann der zweite Term gegeniiber dem ersten vernachldssigt werden.

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

4 R. O. GriFiTil, A. McCKEOWN: J. Amer. chem. Soc. 38 (1936), 2555. — Vgl.
auch A. E. Carrow, R. O. Gri¥FITH, A. MCKEOWX: Trans. Faraday Soc. 35 (1939)
412.

25°C.
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eintrachtigen diirften. Wir kénnen also die durch Brom-Bromwasserstoffsiure
katalysierte Wasserstoffsuperoxydzersetzung zu den vorausberechenbaren Kata-
lysen zihlen. Aus den Geschwindigkeitsgleichungen 148t sich ein Mechanismus
ableiten, der iiber unterbromige Siure verlduft:

Reaktion 1: H,0, + H* + Br’ -~ H,0 4+ HBrO
HBrO + H' + Br' < Br, + H,0

Summe: H,0, + 2 H' + 2 Br' = Br, + 2 H,O0.

Reaktion 2: Br, + H,0 ~— HBrO + H* + Br’

HBrO + H,0, — O, + H- + Br' + H,0

Summe: Br, + H,0, = 0, + 2 H- + 2 Br'.

Der Mechanismus der Katalyse ist sonach
H,0, + H' + Br' — H,0 + HBrO
H,0, 4+ HBrO — H,0 + O, + H* + Br’

2 H,0, = 2 H,0 + 0,.

Dabei stehen unterbromige Sdure mit Bromwasserstoffsiure und Brom sténdig
im Gleichgewicht:
HBrO 4 H* + Br' -— Br, + H,0.

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.! Es kann dabei eine Bruttoreaktion,
die mangels freier Energie nicht stattfinden kann, durch den gleichzeitigen Ver-
lauf des anderen Bruttovorganges erméglicht werden.2 Das vorliegende System
148t sich in drei verschiedene ,,Einzelsysteme‘ mit den Bruttoreaktionen auflésen:

H,0, +2H' + 2 Br’ — Br, + 2 H,0, (1)

Br, + H,0, -2 H' 4 2 Br' + O,, (2)

2 H,0, - 2H,0 + 0,3 (3)

Die an sich langsam verlaufende Wasserstoffsuperoxydzersetzung wird — je

nachdem, was fiir eine der beiden ersten Bruttoreaktionen iiberwiegt — 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 miindet hier in reinc Katalyse.t

Ein anderer Typus induzierter Reaktionen ist dadurch gekennzeichnet, daf3
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.
Chem. 66 (1935), 129.

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

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

4 Diese und andere Induktionsreaktionen werden von A. SKRABAL in seiner Ab-
handlung ,,Die chemische Induktion‘‘ einer cingehenden Diskussion unterzogen (siehe
Anm. 1).
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abhingigen Verhdltnis zum Umsatz der induzierenden Reaktion steht. Ein
Beispiel fiir diesen Reaktionstypus ist die von H. SKRAUP! untersuchte Um-
wandlung des Cinchonins in «-Isocinchonin. Nach dem Befunde von SEKrAUP
wird Cinchonin durch Halogenwasserstoffsiuren bei niedriger Temperatur im
wesentlichen in ein Isomeres des Cinchonins (x-Isocinchonin) umgelagert, wobei
sich daneben auch das Additionsprodukt des Cinchonins mit dem Halogen-
wasserstoff bildet. Die Menge des entstandenen «-Isocinchonins steht zur Menge
des gebildeten Additionsprodukts in einem von der Zeit, der Konzentration der
Sdure und der Temperatur unabhangigen, von der Natur der Halogenwasserstoff-
sdure abhéngigen Verhidltnis. SERAUP nennt diese Beziehung Umwandlungs-

verhiltnis. CyoH,,0N, -2 HCl + HCl — C,yH,,CION, -2 HCl
Ci-2 HCl — Ci’ 2 HCI
C;sH2,0N, = Cinchonin (Ci); C;yH,,CION, = Hydrochlorcinchonin; Ci’ = «-Iso-

cinchonin.

R. WEGSCHEIDER? interpretiert in seiner klassischen Arbeit ,,Uber die Um-
lagerung des Cinchonins* die SkraUPschen Ergebnisse in der Weise, dal Salz-
sdure, die nach der ersten Reaktion angelagert wird, die Umlagerung des Cin-
chonins katalysiert. Die Geschwindigkeit der Bildung des Additionsprodukts 4
ist durch die Gleichung gegeben:

. — 1, o (HOY, °
die Geschwindigkeit der Umlagerung des Cinchonins (Ci) in x-Isocinchonin (Ci')
durch die Gleichung: d(Ci') )
= k, [Ci][HCL].
Das Umwandlungsverhaltnis ist sonach:
ad) kg
aiy Tk, T

Ein Umlagerungsvorgang, der ebenfalls von einer Anlagerungsreaktion begleitet
ist, ist die Umwandlung von Maleinsdure in die stereoisomere Fumarsidure durch
Salzsdure, wobei sich auBler Fumarsiure das Additionsprodukt Chlorbernstein-
saure bildet.

H—C—COOH HOOC -C—H
— |
H—C —-COOH H—C—COOH
Cis-Form, Maleinsiiure, Trans-Form, Fumarsiure.
Cl
|
H—C—COOH H-—-C—COOH
il + HC — |
H—-C—COOH H,C—COOH

Chlorbernsteinséure.

- WEGSCHEIDER bringt auf Grund molekulartheoretischer und thermodynami-
scher Vorstellungen diese stereochemische Umlagerung in urséchlichem Zusammen-
hang mit der Anlagerungsreaktion. Wenn die Voraussetzung auch zutrifft, daB
die Umlagerung der Cis-Form (Maleinsdure) in die Trans-Form (Fumarsiure)

! H. SKRAUP: Mh. Chem. 20 (1899), 585.
* R. WEGSCHEIDER: Z. physik. Chem. 34 (1900), 290.
3 [CHCI] ist die Konzentration der undissoziierten Halogenwasserstoffmolekel.
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mit Abnahme der freien Energie verkniipft ist, daB 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 Umlagerung wegen der nicht freien Drehbarkeit der doppelt gebundenen
Kohlenstoffatome ein derartiges Hindernis entgegen, daB die Reaktion von selbst
nicht einsetzen kann. Machen wir uns die Vorstellung zu eigen, die Umlagerung
erfolge in den Teilprozessen: Lésung einer der beiden Bindungen zwischen den
Kohlenstoffatomen, Drehung um die Verbindungslinie der Kohlenstoffatome
und neuerliche SchlieBung der Doppelbindung, so erkennen wir, dafl der erste
Akt des Prozesses infolge Bildung betrichtlicher Mengen der héchst unbestéandigen
freien Radikale bei gewohnlicher Temperatur! mit Vermehrung der freien Energie
verkniipft 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 aber
durch eine Anlagerungsreaktion ermdglicht werden. Die Anlagerung besteht
aus folgenden Elementarprozessen: Aufrichtung der Doppelbindung (Um-
wandlung in eine einfache Bindung), Dissoziation der sich anlagernden Molekel,
Absittigung der freien Valenzen. Die beiden ersten Einzelvorginge sind unter
den gegebenen Umstinden mit Zunahme der freien Energie, der dritte Einzel-
vorgang mit Abnahme der freien Energie verkniipft. Da die Anlagerungsreak-
tionen von selbst verlaufen, mu vom Anfang bis zum Ende der Reaktion die
freie Energie stindig absinken. Es miissen daher die obigen Einzelvorgénge sich
gleichzeitig abspielen. Durch die aliméhliche Losung der Doppelbindung sinkt der
Widerstand gegen die Drehung der Kohlenstoffatome kontinuierlich ab, bis
dieselbe unter Abnahme der freien Energie erfolgen kann. Nach den jeweiligen
Bewegungszustinden der Atome wird in einem Teil der reagierenden Molekeln
leichter Umlagerung, im anderen Teil leichter Anlagerung erfolgen. Es werden
daher beide Reaktionen nebeneinander ablaufen. Aus der SchluBfolgerung,
daB die Wahrscheinlichkeit der einzelnen Atombewegungen von der Konzentra-
tion und von der Zeit unabhingig ist, ergibt sich das konstante Umwandlungs-
verhiltnis dieser Reaktionen. Solange die Temperaturerhohung nicht so grof3
ist, daB infolge Lésung der Kohlenstoffbindung direkte Umlagerung ermoglicht
wird, wird die Wahrscheinlichkeit, ob Umlagerung oder Anlagerung erfolgt,
nicht gedindert. Das Umwandlungsverhéltnis ist daher auch innerhalb eines
groBen Temperaturintervalls konstant. Von diesen speziell fir Umlagerung
und Anlagerung entwickelten Vorstellungen kommt WEGSCHEIDER zu einer
allgemeinen Formulierung der homogenen Katalyse.

,,Katalytische Beschleunigungen in homogener Losung lassen sich durch die
Annahme erkliren, daB bei jeder chemischen Reaktion eine kontinuierliche
Folge von Zwischenzustinden durchlaufen wird, und dafl der Katalysator, indem
er mit den reagierenden Kérpern in Wechselwirkung tritt, die Art der Zwischen-
zustinde derart verindert, dafl die Reaktion erméglicht oder beschleunigt wird.*
A. MirTascH schreibt in ,,Kurze Geschichte der Katalyse in Praxis und Theorie* :2
,,Hier ist nicht nur eine kurze Zusammenfassung des im 19. Jahrhundert beziig-
lich der Theorie der Katalyse Vollbrachten gegeben, sondern es ist zugleich —
mit der Betonung der kontinuierlichen Folge von Zwischenzustinden in Wechsel-
wirkung zwischen Katalysator und Substrat — gewissermaflen auch das Arbeits-

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

2 A. MitTascH: Kurze Geschichte der Katalyse in Praxis und Theorie, S. 108.
Berlin: Julius Springer, 1939.
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programm firr die kiinftige Katalyseforschung aufgestellt.” In den Rahmen
dieses Arbeitsprogramms fallt in neuester Zeit auch die reaktionskinetische
Theorie, die die Quantenmechanik, im besonderen die HEITLER-LoNDONsche
Valenztheorie zur Grundlage hat,! da wir mit ihrer Hilfe einen tieferen Einblick
in die Zwischenzustinde, 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:

@ — \mgesetzter Akzeptor in Aquiv. pro Liter
" umgesetzter Induktor in Aquiv. pro Liter ’

Beispielsweise wird die Ausbleichung eines Farbstoffs, Indigokarmin (Akzeptor),

mittels Chlorsiure (Aktor) durch schweflige Saure (Induktor) induziert. Bei

diesem Vorgang nahert sich der Induktionsfaktor mit wachsendem Konzentra-

tionsverhéltnis: Akzeptor zu Induktor einem Grenzwert. Dieser Befund 148t

sich aus dem von A. SkraBaL?® entworfenen Modell fiir den Chemismus dieser
Reaktion leicht ableiten:

H,S0, + Cloy — Clo, +2H" - S0, * (1

2 H,80; + ClO,’ — Cl' + 4 H- + 2 80,” 2

A 4 ClOy" — AO + Cl10,'3 3

2A 4 ClO, -2 A0 + CI (4)

=

Vom Vorgang (3) als sehr langsamer Reaktion kann abgesehen werden. Wenn nun
das Verhiltnis Akzeptor zu Induktor sehr groB wird, tritt Reaktion (2) gegen-
iiber (4) vollstdndig zuriick. Es kommen dann nur die Teilreaktionen in Betracht:

H,80, 4 CI0," =2 H' + SO, + ClO,’ (1)
2 A 4 ClO, —2 A0 + CI (4)
Nach der Stationarititsbedingung fiir ClO,’ ergibt sich:
k, [H80,] [Cl04') = k, [AJ?[CIO;],

= B HS0JI00, 1 (_ d(H.S0)
[CI0,'1= ky[A)? 3= L TAT ( dzt 3 )’
o _‘?;‘?) =2k, [APR[CI0, ] = — 2@;?03) ’
 —d@A)
¢= —d(H,80,) 2.

1 Siehe beispielsweise die einfithrende Abhandlung von M. PoLaNyi: Naturwiss.
20 (1932), 289, die Ubersicht tiber theoretische und praktische Probleme auf dem
Gebiete der Reaktionskinetik von A.EUCKEN: Abh. Ges. Wiss. Gottingen, math.-
physik. K1. (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.

3 A. SKRABAL: l. c.

1 A. C. NixoN, K. B. KRAUSKOPF: J. Amer. chem. Soc. 54 (1932), 4606.

® A = Farbstoff Indigokarmin.

Hdb. d. Katalyse. II. 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 stochio-
metrische Gleichung:

2 A + Cl0, + H,80, =2 A0 + 2H- + SO,” + (V.

Diese Bruttoreaktion ergibt sich durch stéchiometrische Kopplung des indu-
zierenden Vorganges:

3 H,S0, + Cl0,’ -6 H- 4+ 3 SO,” + CI' (I)
mit der induzierten Reaktion:
3 A 4 ClO, -3 A0 + CI'. (IT)
5 @11+ 1).

Es gibt auch induzierte Reaktionen, deren Induktionsfaktor bei steigendem
Konzentrationsverhiltnis Akzeptor zu Induktor unbegrenzt wichst. W.C.
Bray! nennt einen solchen’ Vorgang ,induzierte Katalyse“. Eine derartige
Reaktion ist beispielsweise die durch Wasserstoffsuperoxyd oder Kaliumper-
sulfat induzierte Autoxydation? von Natriumsulfit, deren Chemismus im nach-
folgenden Kapitel erlautert wird.

Katalytische Auslosung von Radikalketten.

Nach dem aufschlufireichen Befunde TiTorrs® wird dic Autoxydation des
Natriumsulfits: 2 Na,S0, + 0, — 2 Na,S0,

durch Schwermetallsalze katalysiert. Als besonders wirksamer Katalysator
erwies sich das Cupriion. TITOFF folgerte aus seinen Versuchsergebnissen, daB3
Sulfitlésungen, die vollkommen frei von positiven Katalysatoren — wie Cupri-
ion — sind, mit Sauerstoff iiberhaupt nicht reagieren, daf also die Autoxydation
des Natriumsulfits durch Katalysatoren erst ausgelost wird. Einen besonders
tiefen Einblick in das Wesen dieser Katalyse haben wir durch die Untersuchungen
BicksTROMs? gewonnen. BAcksTrOM fand, daf die Reaktion auch durch ultra-
violettes Licht der Wellenlinge von weniger als 2600 A ausgelost wird, und zwar
werden auf ein einziges absorbiertes Lichtquant Zehntausende von Sulfitmolekeln
oxydiert. Seit NERNST> den Mechanismus der photochemischen Chlorknall-
gasreaktion aufgestellt hat, ist uns die Deutung einer derartigen Erscheinung
geldufig. Bekanntlich nimmt NErNST folgenden Chemismus fiir die Chlorknall-
gasreaktion an:

Die Chlormolekel wird durch ein Lichtquant in zwei Chloratome gespalten:

. Cl, -2Cl
Chloratom reagiert mit der Wasserstoffmolekel zu Chlorwasserstoff und Wasser-
stoffatom : Cl + H2 — HQ + H,

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

H -+ Cl, - HCl + CL

1 W. C. Bray, J. B. RAMSEY: J. Amer. chem. Soc. 56 (1933), 2279.

2 Unter Autoxydation versteht man die Einwirkung elementaren Sauerstoffs
auf oxydable Stoffe.

3 A. T1ToFF: Z. physik. Chem. 45 (1903), 641.

4 H.L. J. BACKSTROM: J. Amer. chem. Soc. 49 (1927), 1460.

5 W. NERNST: Z. Elektrochem. angew. physik. Chem. 24 (1918), 335.
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Reaktionen, die dadurch gekennzeichnet sind, dafl mit dem Verschwinden
einer besonders reaktionsfihigen Zwischensubstanz das Auftreten eines anderen
hochaktiven Zwischenprodukts zwangsliufig verkniipft ist, werden als Ketten-
reaktionen! bezeichnet. Die durch ein Lichtquant ausgeléste Bildung von Chlor-
wasserstoffmolekeln kommt erst dann zum Stillstand, wenn die freien Atome
an der GefiBwand rekombinieren. Der ,,Abbruch der Kette‘ kann auch durch
zugefiigte Inhibitoren erfolgen, das sind Stoffe, die mit den hochaktiven Zwischen-
substanzen zu fiir die Kettenfortpflanzung ungeeigneten Gebilden zusammen-
treten und dadurch die Reaktion verzégern.?

Die hohe Quantenausbeute® beim photochemischen Umsatz des Natrium-
sulfits mit Sauerstoff ist nach dem Vorhergesagten das Kriterium dafiir, daB3
auch diese Reaktion eine Kettenreaktion ist. Des weiteren ergeben die Unter-
suchungen BicksTrOMs? iiber den EinfluB von Inhibitoren,® daB 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 Cupriionen ausgelost wird. BACKSTROM schlieBt
aus diesem Befunde, dafl auch die Cupriionkatalyse der Autoxydation von
Natriumsulfit eine Kettenreaktion ist. BACKSTROM nahm urspriinglich an, daB
die Reaktion eine Energiekette sei, dafl 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, daf diese angeregten Molekeln
bei den zahlreichen Zusammensto6fen mit den Lésungsmittelmolekeln nicht
vor dem Zusammentreffen mit den entsprechenden Reaktionspartnern ihre
Energie verlieren. Die Frage, warum in Ermangelung eines geeigneten Reaktions-
partners diecse 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 nachstehender
Verdffentlichung BODENSTEINs: M. BODENSTEIN: Z. physik. Chem. 85 (1913), 329. —
Erstes Schema ciner Atomkette: W. NERNsST: Z. Elektrochem. angew. physik. Chem.
24 (1918), 335. — Theorie der Kettenreaktionen: J. A. CHRISTIANSEN, H. A. KRAMERS:
Z. physik. Chem. 104 (1923), 451. — N. SEMENOW: Chemical kinetics and chain
reactions. Oxford, U.P. 1935. — Zusammenfassende Darstellungen: Z. B. K. CLUsIUS :
Kettenreaktionen. Fortschr. Chem., Physik physik. Chem., herausgegeben von A.
EvuckeN, Ser. B. 21, Nr. 5 (1932), 1. — Vgl. insbesondere Bd. I dieses Handbuches,
Artikel E. SCHROER, J.A.CHRISTIANSEN. — Siehe auch folgende Werke iiber
Reaktionskinetik: C.N. HINSHELW0OD (deutsch von E.PierscH, G. WILCKE):
Reaktionskinetik gasférmiger Systeme. Leipzig: Akad. Verlagsges., 1928. — G.-M.
ScawaB: Katalyse vom Standpunkt der chemischen Kinetik. Berlin: Julius Springer,
1931; New York: van Nostrand, 1937. — L. S. KasseL: The kinetics of homogenous
gas reactions. New York: Chemical Catalog Co., 1932. — H. J. SCHUMACHER:
Chemische Gasrcaktionen. Dresden u. Leipzig: Th. Steinkopff, 1938. — W. Josr:
Explosions- und Verbrennungsvorginge in Gasen. Berlin: Julius Springer, 1939.

2 J. A. CHRISTIANSEN: J. physic. Chem. 28 (1924), 145. — Zusammenfassende
Darstellungen siehe Anmerkung 1, auBlerdem K. WEBER: Inhibitorwirkungen.
Stuttgart: F. Enke, 1938.

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

4 H.L.J. BAcksTROM: 1. c¢.; Medd. K. Vetenskapsakad. Nobelinst. 6, Nr. 16
(1927), 1. — H. L. J. BAcksTrOM, H.N. ALvEA: Trans. Faraday Soc. 24 (1928),
601. — H.N. ArLYEAs, H. L. J. BACKSTROM: J. Amer. chem. Soc. 51 (1929), 90.

5 Die ersten eingehenden Veréffentlichungen iiber dic Hemmung der Autoxyda-
tionen CH. MOUREU, CH. DUFRAISSE: C. R. hebd. Séances Acad. Seci. 174 (1922),
258; 176 (1923), 624, 797. — Siehe den Artikel DUFRAISSE im vorliegenden Band
dieses Handbuches.
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tion — durch ungesittigte Partikeln, freie Radikale, aufrechterhalten wird.
Tritt eine solche ungesittigte Partikel auch mit dem Losungsmittel in Wechsel-
wirkung, so verschwindet sie wohl, aber unter Bildung einer neuen ungesittigten
Partikel, die sich ihrerseits mit Reaktionskomponenten zu Radikalen umzu-
setzen vermag.

Bausieny! war bereits der Ansicht, daB der Umsatz von Cupriion mit Sulfit-
ion zu Cuproion und Dithionation in den Teilvorgingen:

Cu* + 80, — Cu* + SO
2 80, — 8,0,

2 Cur + 2 S0, — 2 Cu* + S,04"

verliuft, daB also primdr Cupriion mit Sulfition das freie Radikal Mono-
thionation SO,  gibt und daB das Endprodukt Dithionat durch Dimerisierung
des Monothionations entsteht. HaBER und Franck® greifen die Auffassung
BausieNys wieder auf, indem sie bei der Cupriionenkatalyse der Autoxydation
des Natriumsulfits als PrimérprozeB die Bildung des Radikals Monothionation
durch Ladungsaustausch zwischen Cupriion und Sulfition annehmen.?

Was den photochemischen Prozell betrifft, so fitlhren FrRanck und HaBER
das Kontinuum der Lichtabsorption von Sulfitlésungen unter 2600 A auf den
photochemischen Primérakt:

SO, 'H,0 + hy = SO, + OH' + H

zuriick. Nach dieser Interpretation springt ein Elektron des hydratisierten
Sulfitions auf die Hydroxylgruppe der mit dem Ion gekoppelten Wassermolekel
iber, wobei das freie Radikal Monothionation entsteht. Im Einklange mit der
Deutung des Absorptionsspektrums steht die Beobachtung, dafl durch intensive
Quecksilberbestrahlung einer sauerstofffreien Sulfitldsung neben elementarem
Wasserstoff Dithionat entsteht.* Nach BicksTrOMs Befund® vermodgen auch
einige Oxydationsmittel, die der sauerstoffhaltigen Sulfitlosung zugefiigt werden
— wie Wasserstoffsuperoxyd und Kaliumpersulfat —, die Reaktionskette in
Gang zu setzen.® Bei dem Umsatz dieser Oxydationsmittel mit Sulfit zu Sulfat
unter Ausschlufl von Sauerstoff konnte demgeméafl Dithionat als Nebenprodukt
nachgewiesen werden.” A.FRIESSNER® zeigte, daBl bei der Elektrolyse einer
Sulfitlssung an der Anode Dithionsiure in reichlicher Menge erhalten wird.

1 H. BauBigNY: C. R. hebd. Séances Acad. Sci. 154 (1912), 701; Ann. chim.
phys. (9), 1 (1914), 201.

2 ¥. HABER: Naturwiss. 19 (1931), 450. -—— J. Fraxck, F. HaBER: S.-B. preuS.
Akad. Wiss., physik.-math. Kl. 1931, 250.

3 Nach Ansicht HABERs entstcht dabei die Valenzlicke am Schwefel. Baum-
GARTEN u. ERBE schlieBen hingegen aus den Reaktionsprodukten, die sich bei der
Cupriionenkatalyse der Sulfitautoxydation in Gegenwart von Pyridin ergeben, auf
primére Bildung eines ,,Jsomonothionats‘* mit der Valenzlicke am Saucrstoff. —
F. HABER, O. H. WANSBROUGH-JONES: Z. physik. Chem., Abt. B 18 (1932), 112. —
P. BAUMGARTEN, H. ERBE: Ber. dtsch. chem. Ges. 70 (1937), 2241.

4 F. HABER, O. H. WANSBROUGH-JONES: 1. c.

5 H. L. J. BickstrOM: Medd. K. Vetenskapsakad. Nobelinst. 6, Nr. 15 (1927), 1.

¢ In analoger Weise werden durch chemische Vorbehandlung mit unterschiissigem
Permanganat und anderen Oxydationsmitteln oxalsaure Losungen viel rcaktions-
fahiger gemacht. Diese ,,aktive Oxalséure** diirfte auf das einfach geladene Oxalato-
ion. (COO),” zuriickzufithren sein, das zum Oxalation (COO),” in der gleichen Be-
ziehung stcht wie das Monothionation SO3’ zum Sulfition 8O,”. E. ABEL, H. ScHMID:
Naturwiss. 23 (1935), 501. — Literatur tUber die aktive Oxalsdure K. WEBER: In-
hibitorwirkungen, S.163. Stuttgart: F. Enke, 1938.

7 H. W. Ausu, H. D. v. SCHWEINITZ: Ber. dtsch. chem. Ges. 65 (1932), 729.

8 A. FriEssNER: Z. Elektrochem. angew. physik. Chem. 10 (1904), 265.
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Es war daher zu erwarten, dal Sauerstoffgas, durch den Anodenraum eines
derartigen Systems geleitet, erheblich rascher als bei Stromlosigkeit verbraucht
wird. Dies konnte von HABER und Mitarbeitern! in der Tat bestitigt werden.
Alle diese Untersuchungen, denen — wie besonders betont sei — in erster Linie
der Charakter reiner Experimentalchemie zukommt, brachten den iiberzeugenden
Beweis, daB der PrimérprozeB der Autoxydation von Natriumsulfit in dem Uber-
gang des Sulfitions in Monothionsidureion unter Verlust eines Elektrons besteht,
der durch Cupriion, Wasserstoffsuperoxyd, Kaliumpersulfat oder durch ultra-
violettes Licht hervorgerufen wird.

Die dem Primérprozel folgenden Teilreaktionen kénnen hingegen nur mit
Vorbehalt angegeben werden, da die bis jetzt vorliegenden Untersuchungen —
wie BACKSTROM ausdriicklich hervorhob — nur den Charakter von Stichproben
haben, die noch kein zusammenhiangendes Bild der Verhiltnisse geben. HABER
hat folgendes Gesamtbild der Reaktion entworfen:

Cu + 80" — Cu* + SO, (1)

SO, + H- < SO,H, @)

SOH + 0, + SO + H,0 —2S0,” -+ OH + 2 H-, (3)
OH + SO, — 80, - OH/, )

H* + OH'-—H,0. (5)

Nach diesem Mechanismus reagiert die schwache Monothionsiure als freies
Radikal? mit Sauerstoff und Sulfit unter Bildung von Sulfation und ungeladenem
Hydroxyl,® das sich seinerseits mit Sulfition zu dem Radikalion der Monothion-
sdure umsetzt. Das Bruttoergebnis der Reaktionen 2 bis 5, deren einmalige
Folge als Kettenglied bezeichnet wird, ist
2 80," + 0, =280,".

Die Einfiuhrung undissoziierter Monothionsidure in das Schema der Reaktions-
kette tragt der Erfahrung Rechnung, dafi der Umsatz zwischen Natriumsulfit
und Sauerstoff im stark alkalischen Gebiete (iiber px = 13) ausbleibt.t Die
Annahme, daf3 Sulfit als Ton an dem Reaktionsablauf beteiligt ist, griindet sich
hingegen auf das Versagen der Autoxydation im erheblich sauren Gebiete (unter
pu = 3).°

Daf3 die Teilreaktion 3 zusammengesetzter Natur ist, ist augenscheinlich.
In Analogie zu der von ENcLER, WiLD, BacH, MANCHOT vertretenen Primir-
oxydtheorie, nach der der Primarakt der Autoxydation in der Vereinigung der
Sanerstoffmolekel mit der oxydablen Substanz besteht,® zerlegen Franck und
Haser die Reaktion 3 in die Zwischenvorginge:

HSO, + 0, = HSO,,
_ HSO; + 80, + H,0 =280, + 2H" + OH.

1 F. HaBER: Naturwiss. 19 (1931), 452. — P. GOLDFINGER, H. D. v. SCHWEINITZ,
siehe H. W. ALsu, H. D. v. SCHWEINITZ: Ber. dtsch. chem. Ges. 65 (1932), 729.

2 Sie hat um ein Wasserstoffatom weniger als schweflige Saure.

3 Hydroxyl als Kettentriger der Knallgasreaktion: K. F. BONHOEFFER, F. HABER:
Z. physik. Chem. 137 (1928), 263. — Weitere Literatur siehe die auf S. 35, Anmer-
kung 1 angefuhrten Werke iiber Gasrcaktionen. .

¢ Tirorr, REINDERS, VLES fithren den Reaktionsstillstand auf die Ausfillung
der Cupriionen infolge Uberschreitung des Léslichkeitsproduktes zuriick. Diese
Erklirung erweist sich aber als unzureichend, da auch die Lichtketten im stark
alkalischen Gebiete nicht abzulaufen vermégen. A. TiTOFF: 1. ¢. — W. REINDERS,
S.I. VLEs: Recueil Trav. chim. Pays-Bas 44 (1925), 251.

® Im Einklange mit REINDERS u. VLES, 1. c.

8 Vgl. Artikel DUFRAISSE im vorliegenden Band dieses Handbuches.
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Ihre Mitarbeiter P. GoLpFINGER und H. D. v. ScHWEINITZ! teilen hingegen
Reaktion 3 in'die Zwischenstufen:

HSO, + 0, + H,0 = S0,” + 0,H + 2 H-,
0,H + S0,” = OH + S0,”

in Anlehnung an den von HaBER und WILLSTATTER aufgestellten Mechanismus
der Riickoxydation des Cuproions, der iber den Anionenkomplex [CuSO,]’

fithren soll: Cu’ + SO,” — CuSOy,
CuS0; + 0, + H,0 — CuSO, + O,H + OH'.2

Unter der Voraussetzung, dafl der Kettenabbruch proportional der Konzen-
tration eines Kettentrigers ist, filhrt obiger Mechanismus — einschlieBlich der
Riickoxydation des Cuproions — im Einklange mit den bisherigen Ergebnissen
zu linearer Abhingigkeit der Reaktionsgeschwindigkeit von den Konzentrationen
des Sulfitions,® Sauerstoffs? und Kupfersalzes.

Vorliegender Mechanismus unterscheidet sich wesentlich von dem einer
einfachen Katalyse; bei der einfachen Beschleunigung tritt bei einmaliger Re-
duktion und Riickoxydation des Katalysators eine einzige Sauerstoffmolekel
in Reaktion, bei der katalytischen Auslosung von Ketten werden hingegen unter
dem gleichen Umstande zahlreiche Sauerstoffmolekeln umgesetzt. Freilich ist,
wie wir sahen und wie besonders DUFRAISSE® betont, die experimentelle Unter-
scheidung beider Typen so schwierig und auf den Einzelfall beschrinkt, daB
diese Fille einfach als Katalysen einzuordnen sind.

Wahrend im Mechanismus von Franck und HaBEr die Reaktionsstoppung
in stark alkalischer Losung ihre Erklirung dadurch findet, daB undissoziierte
Monothionsdure (H* + SO;" <2 HSO,) notwendiger Kettentriger ist, 1iBt sie
sich in dem nachstehenden Reaktionsbild von BicksTROM? auf die Beteiligung
des Bisulfitions HSO;" am Kettenmechanismus zuriickfiihren.

BicksTroMm schuf folgendes Reaktionsschema fiir die Kette:

SOy + 0, — SOy,
SO, + HSO, — HSO, + 80,
HSO, + 80,” — HS0,' + 80,”.

Die Reaktion des Sauerstoffs mit Monothionation entspricht dem Umsatze mit
Monothionsédure nach Franck und HaBER. Da die Empfindlichkeit der Reaktion
gegeniiber Inhibitoren bei hoher Bisulfitkonzentration verschwindet, tritt offen-
bar das Bisulfit mit den Inhibitoren in Konkurrenz. ArLyEa und BAickstrOm®
haben festgestellt, daB3 die hemmende Wirkung der Alkohole mit ihrer Oxydation
zu den entsprechenden Aldehyden oder Ketonen urséchlich zusammenhingt.
Nachdem der betreffende Alkohol bei diesem Vorgange zwei Wasserstoffatome

1 P. GOLDFINGER, H. D. v. SCHWEINITZ: Z. physik. Chem., Abt. B 22 (1933), 241.
2 Das Radikal O,H wird auch bei vielen Wasserstoffsuperoxydreaktionen als
Zwischensubstanz angenommen. F.HABER, R. WILLSTATTER: Ber. dtsch. chem.
Ges. 64 (1931), 2844. — F. HABER, J. WEiss: Naturwiss. 20 (1932), 948. — Ebenso
als Glied der Knallgaskette und der sauerstoffgehemmten Chlorknallgaskette. Hieriiber
vgl. Artikel SCHROER in Bd. I dieses Handbuches.
A. TiToFF: 1 c.
F. HABER, O. H. WANSBROUGH-JONES: . c.
A. TiTtorFr, W. REINDERS, S.I. VLES: l. c.
Artikel im vorliegenden Band dieses Handbuches.
H. L. J. BACESTROM: Z. physik. Chem., Abt. B 25 (1934), 122.
H.N. ALYEa, H. L. J. BACKSTROM: J. Amer. chem. Soc. 51 (1929), 90.
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verliert, also im Sinne der WigLaNDschen Theorie! dehydriert wird, nimmt
BAcksTROM auch Dehydrierung des Bisulfitions an.

Zum Unterschied von der durch Cupriion ausgeldsten Autoxydation des
Natriumsulfits, die infolge der Riickoxydation des Cuproions zu Cupriion 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 jhrem Verlaufe
beeinflussende Vorginge, 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 -

Q = umgesetzter Akzeptor (Aquiv. pro Liter)

umgesetzter Induktor (Aquiv. pro Liter)

wichst bei VergroBerung des Konzentrationsverhéltnisses Akzeptor zu Induktor
unbegrenzt. In diesem Falle spricht man nach der Nomenklatur von W.C.
Bray? von ,,induzierter Katalyse*, nachdem sich durch VergréBerung des Kon-
zentrationsverhiltnisses Akzeptor zu Induktor die Induktion mehr und mehr
der reinen Katalyse ndhert. Der Kettenmechanismus der Autoxydation von
Natriumsulfit macht es ohne weiteres verstindlich, dafl der Induktionsfaktor
bei stindiger Vermehrung des Konzentrationsverhaltnisses Akzeptor zu Induk-
tor unbegrenzt ansteigt. AuBer vom Konzentrationsverhiltnis des Akzeptors
zum Induktor hangt der Induktionsfaktor auch von den GréBen der Geschwindig-
keitskoeffizienten der Urreaktionen ab. Je langsamer die durch die induzierende
Reaktion entstandenen freien Radikale dimerisieren, um so mehr Gelegenheit
haben sie, mit dem Akzeptor die Reaktionskette einzuleiten, um so groBer wird
der Induktionsfaktor.

Der katalytischen Sulfitautoxydation analog verlauft die durch Schwer-
metallsalze ausgeldste* Autoxydation von Aldehyden. HaBER und WILLSTATTER?
nehmen an, dafl die Reaktionskette durch den Prozef}

H

/ s
RC + [Fe"] — RC + [Fe'] + H-°
(0] 0]
in Gang gesetzt wird. Wie BACKSTROM’ aus dem photochemischen Ablauf der

! Bekanntlich hat WIELAND nachgewiesen, da zahlreiche Oxydationsreaktionen
reine Dehydrierungen sind. Siehe beispielsweise den zusammenfassenden Bericht
von H. WIELAND: Uber den Verlauf der Oxydationsvorginge. Stuttgart: F. Enke,
1933.

2 A. SgraBAL: S.-B. Akad. Wiss. Wien, Abt. IIb 144 (1935), 286; bzw. Mh.
Chem. 66 (1935), 154. — Uber die dltere Literatur siche A. SKRABAL: Die induzierten
Reaktionen, ihre Geschichte und Theoric. Sammlung chemischer Vortrage 13, 321.
Stuttgart, 1908.

3 W. C. Bray, J. B. RAMSEY: J. Amer. chem. Soc. 55 (1933), 2279.

4 R. Kunn, K. MEYER: Naturwiss. 16 (1928), 1028. — Siehe auch E. RAYMOND:
J. Chim. physique 28 (1931), 316, 421. — H. WIELAND u. D. RICHTER fanden, dal}
extrem ‘geremnigter Benzaldehyd wohl in unverdiinntem Zustand durch Sauerstoff
oxydiert wird, daB er aber ohne Schwermetallsalze in benzolischer und wisseriger
Lésung mit Sauerstoff nicht zu reagieren vermag. H. WIELAND, D. RI1cuTER: Liebigs
Ann. Chem. 486 (1931), 226.

5 F. HABER, R. WILLSTATTER: l. c.

8 [Fe':'] und [Fe '] bedeuten hier Ferri- bzw. Ferroverbindungen.

? H. L. J. BAcKSTROM: Z. physik. Chem., Abt. B 25 (1934), 99.
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Aldehydoxydation ableitete,. entspricht das Kettenglied véllig dem von ihm
angegebenen Mechanismus der Sulfitautoxydation:!

p 0—0— 2
RO + 0, — RO
0 o}
0—0— H OOH
% ./ / %
RO + RO — RO + RC
0 o} o} o

Von ihrer Vorstellung iiber den Verlauf der Natriumsulfitautoxydation aus-
gehend, schufen nun HaBER und WiLLsTATTER? ihre Theorie iber den Mechanis-
mus enzymatischer Prozesse. Sie libertragen das Bild von dem Radikalketten-
mechanismus dieses chemischen Vorganges auf Enzymreaktionen: monovalente
Reduktion des Enzyms (Ferri-Ferro),* monovalente Oxydation des Substrats
durch Dehydrierung zu einem freien Radikal

H

%

bei dem Beispiel der Aldehydoxydation RC = — RC\/\/\
0 0

Ehe zwei freie Radikale, deren Konzentration auBerst klein ist, zusammen-
treffen und sich zu einer paarigen, dimeren Verbindung vereinigen, haben sie
unvergleichlich haufiger Gelegenheit, mit anderen (paarigen) Stoffen der Losung
zusammenzutreffen und einen Umsatz zu einem anderen paarigen Stoff und
einem anderen Radikal herbeizufiihren. Dieses Schema diirfte wohl der Schliissel
zum Verstindnis der komplizierten Induktions- und Verzogerungserscheinungen
sein, wie sic WIELAND und FRANKE in zahlreichen Fillen an organischen Reak-
tionen beobachtet haben.® Inwieweit diese Theorie der Radikalketten fir die
Enzymologie noch abzuwandeln ist, wird sich erst in spéterer Zeit erweisen.
Jedenfalls hat die Verkniipfung der Vorstellung von der Autoxydation des
Natriumsulfits mit den Erscheinungen enzymatischer Prozesse neue Anregung
zu Arbeiten auf dem Grenzgebiete der physikalischen Chemie und Biologie
gegeben.$

1 Zufolge den Ausfiihrungen BAcCKsSTROMs centspricht der von HABER u. WILL-
STATTER aufgestellte Kettenmechanismus der Aldehydautoxydation nicht den Tat-
sachen, da in diesem Reaktionsbilde Perséure als primires Reaktionsprodukt nicht
aufscheint. H. L. J. BAcKSTROM: Z. physik. Chem., Abt. B 25 (1934), 118. — Auch
G. WirTic u. Mitarbeiter lehnen auf Grund ihrer Erfahrungen tber die Inhibitor-
wirkung ungeséttigter Kohlenwasserstoffe auf die Autoxydation des Benzaldehyds
den Haber-Willstatter-Mechanismus ab. G. Wirtic, W. LANGE: Liebigs Ann. Chem.
536 (1938), 274. — G. WirTIG, K. HENKEL: Ebenda 542 (1939), 130.

2 Nach M. BopENSTEIN gelten diese Gleichungen auch fiir die Kette der langsamen
Verbrennung des Acetaldchyds. M. BobeENsTEIN: Ber. 5. Solvay-Kongr., 8.78.
Paris, 1934.

3 F. HaBER, R. WILLSTATTER: L. c.

1 Beispielsweise die Ferriform der Sauerstoff iibertragenden Fermente der Atmung,
die Gegenstand der Untersuchungen von O. WARBURG waren. Siehe O. WARBURG:
Angew. Chem. 45 (1932), 1; ,,Katalytische Wirkung der lebendigen Substanz.‘* Berlin:
Julius Springer, 1928; Naturwiss. 22 (1934), 441.

5 Vgl. K. NERz, C. WAGNER: Ber. dtsch. chem. Ges. 70 (1937), 446.

8 Siehe z. B. G.-M. Scuwas, B. ROsENFELD, L. RuporLpH: Ber. dtsch. chem.
Ges. 66 (1933), 661. — H. S. TAYLOR, A. J. GouLp: J. Amer. chem. Soc. 55 (1933),
859. — H.FREDENHAGEN, K. F. BONHOEFFER: Z. physik. Chem., Abt. A 181 (1938),
386. — K.F. BONHOEFFER, 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 Universitit am
18. Februar 1935! und bei der Tagung der Deutschen Bunsengesellschaft in
Diisseldorf? darlegte, filhrt uns die systematische Verkniipfung der Kinetik
mit der klassischen Thermodynamik zu neuen Aufgaben, firr die der Verfasser
den Namen ,,Thermodynamik der Zwischenreaktionen pragte. Dadurch be-
kommt die bereits ,,abgeklirte klassische Thermodynamik neue Impulse. Das
wichtigste Problem dieses neuen Forschungsgebietes ist, die Anderung der freien
Energie bzw. des thermodynamischen Potentials eines chemischen Vorganges
in die Betrige 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 verfiigen insbesondere iiber zwei Methoden, die zur Bestimmung dieser
GroBen geeignet sind, tiber ein rein thermodynamisches und iber 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 muf3 man die Anfangs- und Endprodukte bei so groen
Konzentrationen und bei einer derartigen Temperatur sich ins chemische Gleich-
gewicht setzen lassen, daBl die Zwischenverbindung im Gleichgewichte in
analytisch faBbarer Konzentration vorhanden ist. Da bei der Untersuchung
das Gleichgewicht nicht gestort werden darf, miissen die Untersuchungsmethoden
physikalischer Natur sein, z. B. optische oder elektrochemische Methoden.
Wenn beispielsweise zu salpetriger Saure Salpetersiure entsprechender Konzen-
tration in Stickoxydatmosphire zugefiigt wird, ist es mdglich, die Zwischen-
verbindung Stickstofftetroxyd bzw. Stickstoffdioxyd im Gleichgewichte in der-
artigem AusmaBe zu erhalten, daBl das Gleichgewicht zwischen gasformigem
Stickstoffdioxyd bzw. -tetroxyd und wisseriger Salpetersiure- und Salpetrig-
saurelosung auf spektroskopischem Wege bestimmbar ist.® Dieser statischen
Methode bedienten sich auch BoNHOEFFER und REICHARDT* bei der spektro-
skopischen Untersuchung des Hydroxyls im Knallgas-Wasserdampf-Gemisch.
Die Anwendung dieses Verfahrens ist natiirlich auf solche Reaktionen beschrankt,
bei denen es moglich ist, analytisch fafbare Mengen der Zwischenstoffe im
chemischen Gleichgewichte zu erreichen und wo eine Herausschalung der Eigen-
schaften der Zwischenverbindungen neben den Eigenschaften aller Reaktions-
komponenten und Endprodukte moglich 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 unmefBbar klein, im vorgelagerten Gleichgewichte aber
analytisch faBbar ist, ist die Messung vorgelagerter Gleichgewichte zur Ermittlung
der freien Bildungsenergie des Zwischenstoffes unerliBlich. Der groBe Vorteil
des statischen Verfahrens, daBl die Zeit der Messung, die ja am Ende der Reaktion
(thermodynamisches Gleichgewicht) erfolgt, beliebig groB sein kann, scheint
zunichst der dynamischen Methode zu fehlen, bei der ja die Messung wahrend

1 H. SceMID: Angew. Chem. 48 (1935), 604.

2 H. ScaMIp: Z. Elektrochem. angew. physik. Chem. 42 (1936), 579. — Vgl.
auch H. ScaMID: Ebenda 40 (1934), 274.

3 E. Aser, H. Scumip, M. StEIN: Z. Elektrochem. angew. physik. Chem. 36
(1930), 692.

4 K. F. BoXHOEFFER, H. REICHARDT: Z. physik. Chem. 139 (1928), 75.
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der chemischen Reaktion vorgenommen wird. Doch liBt sich dieser Vorteil
auch mit der dynamischen Methode verbinden, wenn die Messungen an stromenden
Reaktionssystemen vorgenommen werden. Diese Stromungsmethode wurde
seinerzeit von H.HARTRIDGE und F.J. W. RoucTHON! fiir Geschwindigkeits-
messungen an chemischen Reaktionen in den Dienst gestellt und vom Ver-
fasser? 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-
flieBen zweier Fliissigkeits- (Gas-) Strome konstanter Geschwindigkeit stindig
erzeugt und der resultierende, durch das MeBrohr flieBende Strom der Zwischen-
substanz an der MeBstelle mit unverdnderter Geschwindigkeit vorbeigefiihrt,
so daB am Orte der Messung immer der gleiche Zustand des Zwischenstoffes
herrscht. Auf diese Weise wird der Vorteil: ,,Unabhéingigkeit der Mefresultate
von der MeBdauer** erzielt. Die Reaktionszeit ist bei bekannter Strémungs-
geschwindigkeit durch die Entfernung der MeBstelle von der Mischstelle der
beiden Reaktionskomponenten gegeben. Da die Messung prinzipiell an jeder
Stelle des MefBrohres erfolgen kann, ist der Zustand der Zwischenverbindung
in jedem Moment bekannt. Mit dieser Stromungsmethode kann eine Reihe
physikalischer MefB3verfahren verkniipft werden.

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

2 Fe + 2 8,0,” =2 Fe + 8,0,

intermediar entsteht und die sich — wie zu Beginn der Abhandlung erwihnt

1 H. HARTRIDGE, F.J. W.RoUGTHON: Proc. Roy. Soc. (London), Ser. A 104
(1923), 376, 395; Ser. A 107 (1925), 654; Proc. Cambridge philos. Soc. 22 (1924), 426;
23 (1926), 450. — Anwendung der Strémungsmethode, bevor sie von H. HARTRIDGE
u. F. J. W. RoueTHON fiir Geschwindigkeitsmessungen an Losungsreaktionen syste-
matisch ausgearbeitet wurde, bei Gasen: F. RascHIG: Z. angew. Chem. 18 (1905),
1284, 1297. — E. BRINER, E. FrRIDORI: J. Chim. physique 16 (1918), 279. — T. D.
STEwART, K. R. EDLUND: J. Amer. chem. Soc. 45 (1923), 1014. — Bei Flussigkeiten:
W. A.NoYEs, TH. A. WiLsoN: Ebenda 44 (1922), 1630. — Woeitere Arbeiten: N.
SASAKI: Z. anorg. allg. Chem. 137 (1924), 292. — N. Sasaxi, K. NAKAMURA: The
Sexagint Kyoto 1927, S. 241. — R. N. J. SaarL: Recueil Trav. chim. Pays-Bas 47
(1928), 73, 264, 385. — W.C. Bray, R. S. LIvINGSTON: J. Amer. chem. Soc. 50
(1928), 1655. — H. ScHMID: Z. physik. Chem., Abt. A 141 (1929), 41 und die in der
Anmerkung 2 angefithrten Arbeiten. — F. J. W. RougTaHON: Proc. Roy. Soec.
(London), Ser. A 126 (1930), 439, 470. — V. K.LA MER, CH. L. READ: J. Amer.
chem. Soc. 32 (1930), 3098. — E.G.BaLL, W. M. CLARK: Proc. nat. Acad. Sci. USA.
17 (1931), 347. — E. G.BaLr, T.T. CHEN, W. M. CLaRK: J. biol. Chemistry 102
(1933), 691. — G. A. MILLIKAN : J. Physiology 79 (1933), 152, 158. — R. BRINKMAN,
R. MARGARIA, F.J. W. RouerHON: Philos. Trans. Roy. Soc. London, Ser. A 232
(1933), 65. — A. THIEL, A. LOGEMANN: S.-B. Ges. Beford. ges. Naturwiss. Marburg
69 (1934), 50. — H.v. HaLBAN, H. EIsNER: Helv. chim. Acta 18 (1935), 724; 19
(1936), 915. — F.J. W. RougTHON, G. A.MILLIKAN: Proc. Roy. Soc. (London),
Ser. A 155 (1936), 258. — F. J. W. RouctHoN: Ebenda, Ser. A 155 (1936), 269. —
G. A. MILLIKAN : Ebenda, Ser. A 155 (1936), 277. — E. A. S1Lov, S. M. SOLODUSEN-
xov: C.R. (Doklady) Acad. Sci. URSS. 1936, III, 15. — K. G. STERN, DELAFIELD
pU Bois: J. biol. Chemistry 116 (1936), 575.

2 H. ScHMID: Z. physik. Chem., Abt. A 148 (1930), 321; Z. Elektrochem. angew.
physik. Chem. 86 (1930), 769. — H. SceHMID, E. GASTINGER : Ebenda 39 (1933), 573. —
H. ScoMip: Ebenda 42 (1936), 579. — H. ScHMID, R. MARCHGRABER, F. DUNKL:
Ebenda 43 (1937), 337.
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wurde — durch eine wenige Sekunden dauernde Violettfirbung verrit. Die
Ermittlung der Zusammensetzung dieses labilen Komplexes geschah auf dhn-
lichem Wege, wie ihn seinerzeit G. BoDLANDER! zur Analyse stabiler Komplexe
beschritten hatte. Ist der in Ionen A und B dissoziierende Komplex A,,B,,
so ist bei konstanter ionaler Konzentration:
(A)—{A]
= [AuBn] _  m
- [AP"B]" [AT"[B}*’

wobei wieder die rundgeklammerten Symbole analytische Konzentrationen,
die eckiggeklammerten Symbole wirkliche Konzentrationen bedeuten. Durch
Variation der Gehalte von A und B konnen nun die stéchiometrischen Koeffi-
zienten m und n berechnet werden, wenn die wirklichen Konzentrationen von A
und B bekannt sind, wenn also z. B. A2 elektromotorisch wirksam ist, [A] sich
also durch Potentialmessungen ermitteln it und [B]3 bei hinreichendem Uber-
schuBl iber den Gehalt an Komplex mit (B) identifiziert werden kann. Die
Stromungsgeschwindigkeit und die Konzentrationen beider Reaktionskomponen-
ten (salzsaure Ferri-Ferrochlorid®-Losung einerseits, Natriumthiosulfatlosung
anderseits) sind so bemessen, da8 die Intensitdt der Violettfarbung (bzw. der
Wert der gemessenen Potentiale) von der Mischstelle an das ganze Mefrohr
hindurch nahezu gleich bleibt. Die Bedingungen sind demnach so gewihlt,
daf rasche Bildung und langsamer Zerfall des Komplexes erfolgt. Es wird also
auf diesc Weise das Gleichgewicht:

m Fe - 4 n 8203” PR Fem (Szoa)n(3m_ 2n)H
gemessen, das der zeitbestimmenden zu Ferroion und Tetrathionation fiihrenden
Reaktion vorgelagert ist, die ihrerseits im untersuchten Konzentrationsbereiche
so schnell ablduft, dal sie mit den gewéhnlichen Mitteln der Kinetik nicht erfafit
werden kann. Die Auswertung der MeBresultate nach dem geschilderten Ver-
fahren ergibt fiir m und = je eins. Die Zwischensubstanz hat somit die Zusammen-
setzung Ipe (8203)
Ihre Bildung erfolgt durch die Primérreaktion

Fe'rr 4+ 8,0,” = FeS,0,°,
deren Gleichgewichtskonstante sich zu
__[FoS,0,°]

— [Fe---][8,0,"]

=15(18°C, j=21) 3
ergab.

Auch die Kombinierung der Stromungsmethode mit der Leitfahigkeitsmessung
erweist sich als brauchbares Hilfsmittel fiir die Thermodynamik der Zwischen-
reaktionen.® Daf sich die beschriebene Methode nicht nur fiir die Bestimmung

! G. BODLANDER: Die Untersuchungen von komplexen Verbindungen. Festschrift
zur Feier des 70. Geburtstages von R. DEDEKIND, S.153. Braunschweig: Vieweg
u. Sohn, 1901.

2 In dem speziellen Falle Ferriion.

3 In vorliegendem Falle Thiosulfation.

4 Ferroion diente zur Schaffung definierter Ferri-Ferro-Potentiale, die in diesem
lIf‘s,}llle Gegenstand der Messung waren. Néhere Erlduterung siehe Originalversffent-
ichung. .

5 j = ionale Konzentration. .

¢ H. Scamip: Z. Elektrochem. angew. physik. Chem. 42 (1936), 581. — Uber die
apparativen und meBtechnischen Einzelheiten der Leitfdhigkeitsmessung zur exakten
Bestimmung von Zwischenstoffgleichgewichten siehe H. SCEMID, R. MARCHGRABER,
F. Duxkyr: Ebenda 48 (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. ScEMID und E. GASTINGER.! Durch Ermittlung
der Extinktionskurve des unbestindigen HS,0,-Ions im Ultraviolett wurde
der Beweis erbracht, daB auf diesem Wege die Spektralphotometrie kurzlebiger
Zwischenprodukte ermdoglicht wird.

Diese Untersuchungen sind als ,,Keime‘ einer Forschungsrichtung gedacht,
die sich im allgemeinen durch die Bezeichnung. ,,Physikalische Chemie der
Zwischenstoffe’? und im besonderen durch den Begriff , Thermodynamik der
Zwischenreaktionen‘ charakterisieren 1aBt. Nach Ansicht des Verfassers wird
sie sich in absehbarer Zeit immer mehr und mehr zur chemischen Kinetik ge-
sellen, denn mit Hilfe physikalischer Untersuchungen der Zwischenprodukte
wird es moglich sein, Zusammenhinge zwischen physikalischen Eigenschaften
labiler Zwischensubstanzen und deren Reaktionsfahigkeit aufzudecken.? In
Ubereinstimmung damit stehen spitere Ausfithrungen W.FRANKENBURGERs?
iiber das Programm, das von H. ScEMID aufgestellt und mit der Bezeichnung
,»Thermodynamik der Zwischenreaktionen‘ umrissen wurde. FRANKENBURGER
schreibt dariiber:

,,Es wire ein kaum zu iiberschitzender Fortschritt auf dem noch so stark
von der reinen Empirie beherrschten Gebiet der chemischen Dynamik, wenn es
kiinftigen Forschungen gelinge, eine Thermodynamik und eine damit quantitativ
verkniipfte Ableitung der kinetischen Daten fir die Einzelstufen chemischer
Umsetzungen, insbesondere auch der katalytischen Prozesse systematisch
auszubauen.

,,Besonders wertvoll sind in diesem Zusammenhange alle Ansitze dazu,
die Konzentrationen sowie die thermodynamischen und sonstigen Eigenschaften
der Zwischenstoffc auf experimentellem Wege messend zu erfassen (Anmerkung
iiber die Arbeiten von H. ScHMID).* :

Aus den vorliegenden Ausfilhrungen geht zweifellos hervor, was fir eine
hervorragende Bedeutung der Zwischenreaktionstheorie fir die Erklarung
katalytischer Erscheinungen zukommt und daB es daher von groBler Wichtigkeit
ist, die chemischen Reaktionen in alle Teilvorgénge aufzulosen, die den chemischen
Umsitzen zugeordneten Eigenschaftswerte in die der Urreaktionen zu zerlegen
und die physikalisch-chemischen Eigenschaften der Zwischensubstanzen zu
ergriinden.

1 H. ScHMID, E. GASTINGER: Z. Elektrochem. angew. physik. Chem. 39 (1933), 573.

2 H. ScuMIp: Z. Elektrochem. angew. physik. Chem. 40 (1934), 274.

3 W. FRANKENBURGER: Katalytische Umsetzungen in homogenen und enzymati-
schen Systemen, 8.205. Leipzig: Akad. Verlagsges., 1937.

4 H. ScHMID:, Angew. Chem. 48 (1935), 604; Z. Elektrochem. angew. physik.
Chem. 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 Cf. for example the catalytic action of concentrated acids in the dehydration of

alcohol to ether and ethylene (DEIMAN, 1795), of dilute acids and alkali in the hydro-
lysis of starch (PARMENTIER, 1781) and in esterification and hydrolysis (SCHEELE,

1792).



Phenomena of acid-base catalysis. 47

The development of the ARREENTUS-OsTWALD theory of electrolytic dissocia-
tion led to the early recognition of a direct proportionality between the catalytic
activity of acids and bases and the concentration of the hydrogen and hydroxyl
ions, respectively, the velocity of the reaction being denoted by the sum of
the velocities separately promoted by each ion; v = vg -+ vogm.

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 JoENSON! on the rearrangement of acyl-
halogenoaminobenzene derivatives, SENTER,? on the hydrolysis of halogenoacetic
acids, LapworTH® and GoLDscEMIDT? on esterification, BREDIG, MILLER and
BraUNE’ and SNETHLAGE® on the decomposition of ethyl diazoacetate and of
Dawson, Powis, and REmMAN? on the iodination of acetone, and gave rise to
the “dual” theory of catalysis (v = vg + vor + vu). 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 BrONsTED® and
Lowry.? This now well known, and generally accepted, view regards -an acid
simply as a donator of protons and a base as an acceptor of protons, the two
entities being inter-related thus: Acid — 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

o+
either a positive ion (e.g. NH,, H;0), a neutral molecule (e.g. H-CO,H), or an

anion (e.g. CO,H-CO-0), and similar charge differences may be superimposed
upon the general character of proton-acceptor which constitutes basic character.
Incidentally, it may be noted that the same fundamental distinction occurs
in INcOLD’s classification!? 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.

BrONSTED’s enlarged conception of acids and bases led him to the recognition
of the catalytic activity of the anions of weak acids in the base catalysed de-
composition of nitramide!! and a similar demonstration by Dawson!2of their
activity in the iodination of acetone and in the hydrolysis of x-halogeno fatty
acids (v = vg + voE + v, + V,).

It is evident that, on BRONSTED’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,

1 Amer. chem. J. 37 (1907), 410; 38 (1907), 258.

2 J. chem. Soc. (London) 91 (1907), 460.

3 Ibid. 97 (1910), 19.

4 Z. physik. Chem. 70 (1910), 627; 81 (1912), 30; Z. Elektrochem. angew. physik.
Chem. 17 (1911), 684.

5 Z. Elektrochem. angew. physik. Chem. 18 (1912), 535.

8 Ibid. 18 (1912), 539; cf. TaYLOR: Ibid. 20 (1914), 201.

7 J. chem. Soc. (London) 103 (1913), 2135; 107 (1915), 1426.

8 Recueil Trav. chim. Pays-Bas 42 (1923), 718.

9 Chem. Industries 42 (1923), 43.

10 J. chem. Soc. (London) 1933, 1120.

11 BRONSTED, PEDERSEN, DUUS: Z. physik. Chem. 108 (1924), 185; 117 (1925), 299.

12 DAwsoN, CARTER: J. chem. Soc. (London) 1926, 2282 and subsequent papers.
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+ +
H + H,0 — OH,. Since free protons cannot exist in appreciable concentration
such dual function is more correctly represented as the protolytic reaction!

H,0 + H-OH — H,0 + OH.

Thus, as Lowry? has emphasised, the amphoteric character of the water molecule
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 include the
mutarotation of glucose,® the iodination of acetone,* and the decomposition of
nitroamide® (v = vg + vog + Vm + vo + vH,0)-

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 Dawson,8
in particular, has shown that the reaction velocity calculated by summation
of the separate velocities, determined from a knowledge of the catalytic cocfficients
and concentrations of the various catalytic entities concerned, agrees very closely
with the value determined experimentally.

The greatly extended circle of substances which, on the basis of BRONSTED’s
concept, are now included in the category of acids and bases covers an enormous
range of varying acid and basic strength and the correlation of catalytic efficiency
with the strength of the catalyst acid or base is of obvious importance.

In their paper referred to above, BRONSTED and GUGGENHEIM’ determined
the catalytic coefficients of a large number of acids and their conjugate bases®
in the mutarotation of glucose. The following table gives a typical selection
of the results obtained: K, is the acid dissociation constant of the acid and k4
and kg are the catalytic coefficients of the acid and of its conjugate base, re-
spectively. ’

The various acid catalysts, which include positively charged ions, neutral
molecules 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, cover a range of 10'® and those of kg a range of 108
it is at once obvious that, in complete parallelism, the catalytic activity coefficient
of the acid (k) continuously decreases, whilst that of the base (k) shows a

successive increase. When log k4 for all the acid catalysts, including OH,, is
plotted against log K, 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 kg for all bascs, including OH’, against log Ky (Fig. 1). A similar bilinear

! In this the article catalyst hydrion is often denoted as H: this symbol is used me-
rely for simplicity and is not intended to imply action by an unsolvated proton.

2 J. chem. Soc. (London) 127 (1925), 1371.

3 HupsoN: J. Amer. chem. Soc. 29 (1907), 1571. — BRONSTED, GUGGENHEIM:
Ibid. 49 (1927), 2554.

4 DawsoN, KEy: J. chem. Soc. (London) 1928, 543.

5 Cf. PEDERSEN: J. physic. Chem. 88 (1934), 581 for summary.

¢ E. g. J. chem. Soc. (London) 1933, 49, 291.

7 J. Amer. chem. Soc. 49 (1927), 2554.
8 Tn the BRONSTED relationship A ~—~B -+ H+, B is the conjugate base of the
acid A. '
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Relation between Strength and Catalytic Effect of Acids and Bases.

Acid ‘ Conjugate Base E Ky ' ky . kg
+
OH, } OH, \5,6 % 10 i 1,4 x 10~ | 9,5 x 10-3
HSO,’ S0,” 1,2 x 10— | — 4 x 10-3
Ph-CH(OH)-CO,H Ph-CH(OH)-CO,” 4,3 x 104 I 6 x 103 1,1 x 10~2
CH,-CO,H 5 CH,-CO,’ | L8 x 1078 “ 2 x 1073 | 2,7 x 10-2
C,H,NH ' C,H,N E3,6 x 10 1 — 8,3 x 102
[Co(NH,);OH,]+++ | [Co(NH,);-OH]++ |1,6 x 10~ | — 7,8 x 107
NH, 1 NH, i3,2 % 10710 3,2
OH, oH’ 11,0 x 10 | 9,5 x 105 | 6 x 10°
plot is obtained with the L I e e e
results of Dawson for the gk o = Bases |
catalysed iodination of ace- Q = Acids
tone,! for the hydrolysis 1S 4
of ethyl acetate? and for
the decomposition of ni- 7r —
tramide.?

09
Results such as these &&
are indicative of the &
existence of two different

mechanisms for acid and ¥ B
basic catalysis and consti-
tute the experimental basis

[Cotmty)s-08] ™"

o PACHIOK)-COH

for BRONSTED’s general 2 QCH; COH i
theory of acid-base cata-

lysis,* which visualises the s .
mechanism of such catalysis 0 e

as being essentially a trans- -2 0 2z ¥ & 8 i % B
fer of a proton from the /,,yy o

ca‘t’a‘lySt to the substrate Fig. 1. Relation between acid dissociation constants and catalytic
(acid catalysis) or from the activity coefricients.

substrate to the catalyst

(basic catalysis). On this view the velocity of the catalysed change will be de-
termined 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 velocity of the
protolytic reaction) leads to the reaction examined.> Thus acid catalysis of a
basic substrate would be represented by the general scheme,

R+A >RI4B
whereas RH+-B - R + BH

! M. KiLPATRICK, M. L. KiLPATRICK : Chem. Reviews 10 (1932), 213.

2 DawsoN, LowsoN: J. chem. Soc. (London) 1927, 2444 ; 1929, 393.

3 BRONSTED, PEDERSEN: Z. physik. Chem. 108 (1924), 185.

4 BRONSTED, PEDERSEN: Z. physik. Chem. 108 (1924), 185. — BRONSTED, GUGGEN-
HEIM: l.c. — BRONSTED : Chem. Reviews 5 (1928), 231 ; Trans. Faraday Soc. 24(1928), 630.

5 PEDERSEN: J. physic. Chem. 38 (1934), 581; Trans. Faraday Soc. 34 (1938), 237.
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would represent the basic catalysis of an acidic substrate. Detailed consideration
of BRONSTED’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, BRONSTED’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 workers! 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 possess only basic properties,
is catalysed only by acids,® whereas esters, which exhibit both acidic and basic
properties forming compounds with either bases (e. g. Ph-CO,Et, NaOMe)?
or acids (e.g. Me-CO,Et, HBr),’ are readily hydrolysed by either of these reagents.
SKRABAL® therefore concludes that the intermediate complex must partake
of the nature of a salt or anion. He points out that, from a kinetic standpoint,
the intermediate may be one of two types. The first type, which he designates
as the ARRHENIUS type? 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. EULER’s “reactive ion intermediate’ is of this type.®

The second kind, designated as the van’t HoFF type,? is concerned when the
velocity of decomposition of the intermediate is large relative to its velocity of
formation, so that the intermediate is never present in appreciable concentration
and the velocity of the reaction is determined by the speed of formation of the
complex. Of this type are the “critica lcomplexes” of MARCELIN,!® BRONSTED,!!
and MULLER.!2

This kinetic distinction with regard to the intermediate has been clearly
summarised by PEDERSEN.13

1 Cf. MitTascH; Ber. dtsch. chem. Ges. 59 (1926), 13.

2 VoN EULER, OLANDER: Z. physik. Chem. 134 (1928), 381; 137 (1928), 393;
131 (1927), 107. —— MEERWEIN: Liebigs Ann. Chem. 435 (1927), 227. — MEERWEIN,
vaN EMSTER: Ber. dtsch. chem. Ges. 53 (1920), 1815; 55 (1922), 2500. — MEERWEIN,
MonNTroRT: Licbigs Ann. Chem. 435 (1923), 207. — MEERWEIN, BURNELEIT: Ber.
dtsch. chem. Ges. 61 (1928), 1840. — BOESEKEN: Trans. Faraday Soc. 24 (1928), 611.

3 SKRABAL, RINGER: Mh. Chem. 42 (1921), 9. — SKRABAL, SCHIFFER: Z. physik.
Chem. 99 (1921), 290. — SERABAL, AIRILDI: Mh. Chem. 45 (1924), 13.

Vox PEcuMANN: Ibid. 31 (1898), 501.

Maas, McINTOsH: J. Amer. chem. Soc. 34 (1922), 1273.

Trans. Faraday Soc. 24 (1928), 687.

Z. physik. Chem. 4 (1889), 226.

Trans. Faraday Soc. 24 (1928), 651.

Cf. vaN'THoFF, COHEN : Chemische Dynamik, p. 104. Amsterdam and Leipzig, 1896.
1 Ann. Physique (IX), 8 (1915), 120.

11 Z. physik. Chem. 102 (1922), 169; 115 (1925), 337.

12 Thid. 134 (1928), 190.

13 Trans. Faraday Soc. 84 (1938), 239.
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In a reaction R — X the first step is the proton transfer R + A — RH+* + B;
this is followed by the reaction RH* + B — X 4 A which is assumed to be
kinetically determined by a unimolecular reaction of RH+*. R is presumed to be

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

where, according to the relationship [R] ) ) [RH*], &3[B] >> k,[A]. Two special
cases may be analysed.

I. If &, >)k;[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 = k,[A]. Its velocity 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, k,{< k;[B] the equilibrium R s RH+ will be
attained all the time. The velocity of the reaction R — X will then be determined
by k, 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.

A reaction will thus show general acid or basic catalysis if the substrate mole-
cule 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 reaction examined.
Thus general acid catalysis has been 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 definitely established in the case of the inversion of
sucrose, or in the hydrolysis of ethyl acctate, palmityl chloride,! etc. The experi-
mental differentiation between specific and general acid catalysis is a problem
of great difficulty and, as Wy~xNE-JONES? has pointed out, no single test can be
regarded as crucial because there is probably no sharp dividing line.

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

to give the complex R—C¢ 0 . This step can in no sense be regarded as the
N
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
M

—C'0— —6—0, it is simpler and more direct to regard it as the introduction
of an anion. BRONSTED’s general theory could, it seems, be broadened to cover
acid-base catalysis in general if it is assumed that the essential function of the
catalyst is, if an acid, to introduce a proton or a positive charge at a suitable centre

1 Cf. WYNNE-JONES: Chem. Reviews 17 (1935), 115.
2 Trans. Faraday Soc. 34 (1938), 245, where a discussion of the various methods
is to be found.
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in the substrate or, if a base, to remove a proton from or to introduce an anton into
the substrate: the charged complex so formed is in an unstable state and either reacts
with other molecules or breaks down to give the reaction products 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 INcoLD! 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 inductive 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 I and is regarded as positive (+ I)
when the resulting displacement causes an increase in electron density in the
attached system, and negative (— I) when it causes a decrease in electron availa-
bility in the attached system. Thus the symbol Cl « CH, « CH, «— CH, denotes
an inductive electron attraction (— I effect) of the chlorine atom on the system
—CH,-CH,-CH,, and an inductive electron repulsion (+ I effect) of the methyl
group on the system -CH,-CH,-Cl. The displaced electrons remain bound in
their original octets and the mechanism represents a permanent molecular con-
dition, i.e. a state 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 called into play
by the demands of a reagent, it is termed the electromeric effect and is symbolised
by a curved arrow pointing from the duplet to the situation towards which dis-
placement is assumed to occur. It is denoted by the symbol E, and is positive
(+ E) when it results in an ¢ncrease, and negative (— E) when it causes a decrease
in the electron availability of the attached system. Thus the arrows contained in

NNy
the symbol R,N-¥ C LCX.C—O connote duplet displacements which could lead

to the formation of the dipole szY =(C—C=C—O0 and symbolise a + E effect
of the R,N group and a — E effect of the C=0 group. In such systems where
the molecule may be represented by two structures differing only in the electron
distribution and not in the position of the atomic nuclei, the phenomenon of
resonance necessitates an electron distribution intermediate between 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 in 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-
manently under the control, not of two atomic nuclei, but of three. This perma-
nent polarisation effect is termed the mesomeric effect and is denoted by the
symbol M (positive or negative signs being determined by the same conditions

1 Cf. Chem. Reviews 15 (1934), 225.
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as those laid down for the electromeric effect). The distributed duplets are
represented by a curved bond sign thus:

M
R._,NLC—(?}] oflo.

When there is no necessity to distinguish between the timevariable electronic
displacements (polarisability) and the permanent mesomeric displacements
(polarisation), the two effects jointly are designated as the tautomeric effect,
denoted by the symbol T'.

In conclusion it should be noted (1) that the ordinary literal symbols for the
elements denote atomic kernals, that is, atoms without the electrons of their
valency shells: (2) that the conventional bond signs represent a shared electron
duplet or covalency: (3) unshared electrons (such as those on tervalent nitrogen
in the above structures) are not explicitly symbolised and (4) that ionic centres
are labelled + and —, and free neutral radical centres are labelled n. The
notation & + and § — is used to represent the acquisition of polarity through
electron displacement.

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

Before attempting to deal with the function of catalysts in promoting tauto-
meric change it is necessary to state briefly the ideas which underlie the modern
ionic theory of such isomerisations.

It is a striking tribute to the insight of GorpscumIDT, CLAISEN, KNORR,
WIsLICENUS and other pioneer investigators in the field of tautomerism that
they early recognised the importance of the ionisation of hydrogen in such
reversible isomeric changes.! WISLICENUS? in particular expressed the ionic
theory of tautomeric change in terms which are applicable, with but slight modi-
fication, to the present position of the theory. He clearly stated that, in the
interconversion of tautomeric forms the mobile hydrogen first separated as a
cation leaving an anion in which, by the movement of the bonds, the position
of free valency is displaced, the hydrogen then recombining in the new position.
Examples of tautomeric changes known to those early workers were restricted
almost exclusively to those which involved the migration of a hydrogen atom,
and the modern ionic mechanism of tautomeric change simply extends such
views to all types of tautomeric systems no matter whether the mobile group
is a positive hydrogen ion or some other cation (e.g. a metal), or whether it is
an anion. On this view tautomeric change involves the separation of either a
cation or an anion leaving an ion (anion or cation, respectively) in which electro-
meric displacements bring about a distribution of the charge (negative or posi-
tive, respectively) so that the eliminated ion has two possible points of recombi-
nation. The general term “ionotropy”’ was introduced by Lowry® to cover all
such changes, the reversible interconversion of isomerides differing from one
another only in the position of a Aydrogen atom being designated as ‘‘prototropy” .4
On the basis of this nomenclature INcoLD® applied the term ‘‘cationotropy’ to

! For a summary of the carly development of such theorctical conceptions see
Bakgr: Tautomerism, p. 30. London, 1934.
Uber Tautomerie, AHRENS’ Sammlung, vol. 2, p. 187. Stuttgart, 1898.
Report of the Second Solvay Conference 1925, 182,
Lowry: J. chem. Soc. (London) 123 (1923), 822.
5 Ann. Rep. chem. Soc. (London) 24 (1927), 106.
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all cases of tautomerism which involve the separation of a cation (including the
special case of prototropy when the cation is a hydrogen ion), whereas the
corresponding term ‘‘anionotropy’” was suggested for tautomeric changes in
which the migrating group separates as an anion. The changes involved are simply
represented by the following schemes, all of which refer to triad systems.

L N0

Cationotropy x=y—z—M==>M4+x—y—2z (Prototropy,

M =H).
+ !
M—x—y=z ,;‘M+xr}~y"-»§
- i v+
Anionotropy a=b—c—A=—A+4+a b-c
-+
A—a—b=c¢c == A4+a"b. ¢

It is now generally recognised that resonance occurs between the structures which
represent the ions derived from each tautomeride. An intermediate ion of a lower
energy state is formed and this (termed a ‘“mesomeric’ ion?') is consequently more
stable than either of the individual structures. For the generalised cationotropic
and anionotropic systems given above such mesomeric ions would, on INGOLD’s
M ~ '

symbolism,? be denoted as x | 'y -z and a-—b ¢ 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 isomeric acids correspond to one and the same base (the
mesomeric ion) with an electronic configuration intermediate between those of
the two acids. The velocity of prototropic changes is thus controlled 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 which would be
expected to be most effective in assisting hydrogen ionisation. There is clear
experimental evidence that the velocity of tautomeric interconversion is reduced
to quite a small order of magnitude by the careful exclusion of all possible
catalytic impurities. Thus by non-ebullioscopic distillation, Rick and SuLLivan?®
obtained a sample 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 1075 increased the velocity of isomerisation of this sample 11400 times.
The most striking evidence, however, is that due to LowRry who was able to
effect the “arrest’” of the mutarotation of nitrocamphor? in chloroform for
16 days, and of tetramethyl- and tetra-acetyl-glucose® in ethyl acetate and even
in dry pyridine® for prolonged periods. In such cases addition of a drop of acid
brought about immediate and rapid mutarotation. Such results constitute strong
evidence for the view that a catalyst is necessary to effect isomerisation, but it
must not be overlooked that, from its very nature as a weak acid, a tautomeric

1 INGOLD: J. chem. Soc. (London) 1933, 1120.

2 Chem. Reviews 15 (1934), 253.

3 J. Amer. chem. Soc. 50 (1928), 3048.

4 J. chem. Soc. (London) 75 (1899), 211. — LowRry, Macsox: Ibid. 93 (1908), 119.

5 Lowry, RicuarDps: Ibid. 127 (1925), 1385. — Lowry, OWEN: Proc. Roy. Soc.
(London) 119 (1928), 505.

8 LowRrY, FAULKNER: J. chem. Soc. (London) 127 (1925), 2883.
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compound might, at least theoretically, catalyse its own isomerisation. Thus
glucose is a definite although very weak acid (k32 = 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.! It is perhaps significant that BARER? observed that specimens of tetra-
methyl- and tetraacetyl-glucose which exhibited arrests in purified solvents at
the ordinary temperature or even at 44°, mutarotated rapidly when fused in
the same apparatus in which the arrest was originally obtained. As Lowry and
Smite® have pointed out, however, the activity of any minute, unsuspected
traces of catalysts would be enormously increased at the much higher tempera-
ture 4

LinsTEAD® 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 isomeric di-tsobutylenes observed by BuTLEROV® 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.” It is found that the A=-8f8-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 Af-acids. The
corresponding unsubstituted 4%-acids are, however, unchanged under these con-
ditions although under conditions of alkaline catalysis they are much more mobile
than are the f8-dialkylated derivatives. The known increased additive power of an
ethylenic linking to which a gem-dialkyl group is attached? is invoked to explain
these results, the formation of the lactone being represented by the following
scheme:

R CH- COLH + H,;S0, R e — H,80,
poi C:CH: COH <= .50, R'CH;,(, CH,-COH = .60,
HSO0,
R’ R'-CH:CH,_
_C-CH,"CO,H ~ ~co,
R-CH . R-CH—O"

the irreversibility of the last reaction determining the general direction of the

! EULER, OLANDER: Z. anorg. allg. Chem. 152 (1926), 113. — Saiti: J. chem. Soc.
(London) 1936, 1824; 1937, 1413.

2 Ibid. 1928, 1583, 1979.

3 “Mutarotation” Union Internationale de Chemie, p. 35. Paris, 1931.

4 The conclusions of LINSTEAD and NOBLE: J. chem. Soc. (London) 1934, 610,
614, are open to the same objection. — Cf. also LinsteEaDp: Ihid. 1980, 1603.

5 LiNSTEAD, NOBLE: 1. c.

8 Liebigs Ann. Chem. 189 (1877), 76.

7 Such mechanisms are especially pertinent in the consideration of the isomerisa-
tion and eyclisation of hydrocarbons effected by acid reagents, often under fairly
drastic conditions. Although such changes involve hydrogen migration with con-
comitant valency redistribution they have not been included in this section on proto-
tropic change but are dealt with separately on p. 94. The more drastic conditions ne-
cessitated by the absence of any activating groups in the molecule open up possi-
bilities of different mechanisms and justifie this otherwise arbitrary distinction.

8 C. K. Ingorp, E. H. INGoLD: J. chem. Soc. (London) 1931, 2354.
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change from left to right. Kox and NARGUND! found similarly that esters of the
BB-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 4f- into the A*-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 separation 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? found that the order of
catalytic efficiency (for ketones) is HCl > H,S0, > H;PO,. 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 considered.

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
convert it into the isomeric molecule being regarded as consecutive molecular
processes. 1t is catalysed by both acids and bases. The function of a basic catalyst
is direct attack at the proton in the substrate, whereas that of an acid is to
donate a proton to the substrate, but in either case the ultimate effect is to assist
the removal of the mobile hydrogen from the tautomeric substance. It seems
probable, therefore, that the mechanism of catalytic action would be different
in the two types of catalysis. BAKER® has emphasised that catalysts might there-
fore be expected to be of two kinds:

1. Those which, because of their high proton affinity, attack the ionising
proton directly, such as anions of weak acids, water, and all other bases:

Y ( 3 _
X'yvz' HOH .

2. Those which facilitate the liberation of the proton indirectly by electro-
striction or addition to the substrate in such a way as to augment the positive
field, and hence the internal attraction on its shared electrons, around the atom
from which the hydrogen separates as a positive ion. Such catalysts are the
cations of weak bases, water and all other acids.

' -
b X viz ' ®m

The direct mechanism would be expected to be the more effective and it is
well 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 efficiency should

1 J. chem. Soc. (London) 1934, 623.

2 J. chem. Soc. (London) 1931, 248.

3 Cf. KON, LINSTEAD, MACLENNAN: J. chem. Soc. (London) 1932, 2454. — KON,
LiINSTEAD: Ibid. 1929, 1269. — Ko~ : Ann. Rep. chem. Soc. (London) 29 (1932), 138.

1 INGOLD, SHOPPEE, THORPE: J. chem. Soc. (London) 1926, 1477.

5 J. chem. Soc. (London) 1928, 1583; 1979. — Cf. Lowry: Ibid. 127 (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
the attached oxygen for a negative charge. The series

Me < — Me\ — — .
Me —» C — O, CH—»> O, Me > CH,—> O, Me > O
Me 7 Me -7

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

OMe-C,H,-CH:CY-CH,Ph :-= OMe -C¢H,-CH,-CY:CHPh
(Y =H, CO,H, or CO,R)

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 order? OPr? >
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 LowRry,? 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 mixture 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 theory
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 neglects
the presence of the very highly catalytic cresoxide ion resulting from the formation
of pyridinium cresoxide which is almost certainly present under such conditions.
Lowry’s theory postulates a termolecular mechanism in which the two catalytic
entities attack the substrate simultaneously, one, the proton acceptor (the base),
removing a proton from one point in the molecule, whilst the other, the proton-
donator, simultaneously adds a proton at another point, the resulting electrical
charges being neutralised by a flow of valency electrons through the molecule,
prototropic change thus being figured as a sort of electrolysis of the molecule.
On this view the 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. Representing the two prototropic isomerides as HS and
SH, respectively, the combined action of the acid HA and the base B may be
represented by the scheme

B+ H—S-+H—A <~ BH+SH< A

1 INGOLD, SHOPPEE: J. chem. Soc. (London) 1929, 447; 1930, 968.
2 Kon, LINSTEAD: Ibid. (1929), 1269.

3 Ibid. 127 (1925), 1371.

4 Ibid. 127 (1925), 2883.
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and the change in pure water by the scheme
+ -_—
HOH + HS 4+ HOH == H,0 4+ 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.! Applied to this
isomerisation LowRrY’s mechanism for the simultaneous attack of an acid and
water may be represented as follows:

HO ' Cl H;00 ) 0
0 ClH HOl o }6“\ (;; H—O (”:H
N HO N/ T ETEN
(C)4 (C)4 (C)4

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-CO,H or R-OH and, for the groups R which were investi-
gated, should be as follows:

-CeHBr(Cl)-p > -CeH; > -CeH Me-p > - CgH,(OMe)-p.

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

o+ + - +
H--NR H H NR NR
(h\ e —> _ Il — I
H
6 cH 6 CH HO  ¢©
(©) el (©)s

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 RNH, as bases should determine
the relative velocities of mutarotation, a sequence which is the reverse of that
given above.

-CgH4-OMe-p > -CgHMe-p > -CiH, > -C,H,Cl-p > -C.H,-Br-p.

The following table summarises the results obtained for the velocities of mutaro-
tation of a series of tetra-acetyl- and tetramethyl-glucosidylanilides.

The velocity sequence is obviously that required by the 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 the 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. PEDERSENZ

1 BAKER: l.c. and J. chem. Soc. (London) 1929, 1205.
z J. physic. Chem. 38 (1934), 581.
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has used DaAwson’s
experiments on the pro-
totropy of acetone as
the basis of a simple
and convincing proof
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Velocity coefficients of a series of tetra-acetyl-(I) and tetra-
methyl-(I11) glucosidylamines of the type

o—-

— CH-NH-CeH, X-p

:—{cmom}a—J

under standard conditions of acid (HCI) catalysis.

that the bimolecular
mechanism applies in Dissoclation const, | Vel coefFicient Ratio
this case also. It is x of p-X+CeHy-NH, | F B k[Ep > 101
: 1010 |———— - -
pointed out that the as base Kp - 10 ’ w | o } am
experimental results on- |
ly agree with LowrY’s By ........ 1,0 2,00 1 0,39 | 2,00 | 0,39
termolecular mechanism Cl......... 1,5 2,74 ' 0,46 | 1,83 | 0,31
if water, in constant H......... 4,6 7,76 | 1,30 | 1,69 ' 0,28
concentration, is a.lwa.ys Me ........ 11,0 29,60 ! 4,12 | 1,97 i 0,38
one of the two catalytic OMe ...... 15,0 45,90 i12,10 3,06 } 0,77

entities. Thus in 0,1

acetic acid—O0,1 M sodium acetate solutions the catalysis by the water
molecule, the acetate ion, and the acetic acid molecule, must be represented
as follows. ’

Proton Proton Rel.

Donator Acceptor | velocity
1. Water molecule........... H,O0 + RH + H,0 1
2. Acetate lon .............. H,0 + RH + AcO’ 61
3. Acetic acid molecule ...... AcOH 4+ RH + H,0 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 reaction 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 indicate that Lowry’s termolecular mechanism has a certain range
of validity. Appreciation of this evidence requires an understanding of the inter-
relationships between prototropic change 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 exccllently summarised by WiLso~,! but the present purpose is to
review the subject more especially from the standpoint of the function of acid
and basic catalysts and to indicate the correlation of catalytic activity in these
superficially diverse reactions on the basis of the fundamental mechanism of
hydrogen ionisation.

2. Racemisation.

The relationships between the velocity of tautomeric 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 attached to the asymmetric centre is a

! Trans. Faraday Soc. 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)(SO,H)-CO,H, acids
of the type CMe(Hal)(SO,H)-CO,H are not racemised.! IN¢oLD and WILsON?
found that in the prototropic system

Me\é e Ph R Me\C . _Ph
/[] N T e []\

Ph C¢H,-Cl-p Ph C¢H,-Cl-p
(A). (B).

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

A = ions == B
active. active. inactive.
and not with the scheme
A = ijons == B

active, inactive. inactive.

Thus the intermediate ion, if it is ever kinctically free, must retain asymmetry.
This point will be considered further later. WILSON* 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 well known that amino-
acids formed by alkaline hydrolysis of natural proteins are much more extensively
racemised than are those which result when acid hydrolysing agents are employed.
FrrzeeraLp and PAcKER® studied the velocity of racemisation of I-trans-x-, y-
dimethylglutaconic acid under conditions of both acid (HCl, H,80,) and basic
catalysis (KOH, H,O) and found that the catalytic catenary was represented

+

by the equation k = 1,56 X 10-2 4 4 X 10°[{OH’] 4- 4 X 10-(H;0]. The first
term includes catalysis by water and glutaconic acid molecules (any catalysis
by the glutaconate ion being neglected), and the equation shows clearly the

relationship OH’ }> H,0>H,0 for catalytic efficiency, the ratio of the catalytic
coefficients of hydroxyl and hydrogen ions being approx. 101:1. McKENzIE
and WREN® found that the racemisation of I-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 the same concentration and similar results
were obtained in the case of I-phenylanilinoacetic acid.? d-Mandelonitrile racemises
only slowly in the presence of methyl alcohol but does so instantly under the

! BACKER, MoOK: Recueil Trav. chim. Pays-Bas 47 (1928), 464.

2 J. chem. Soc. (London) 1933, 1493.

3 Idem ibid. 1934, 93.

4 Ibid. 1934, 98.

5 Tbid. 1983, 595. — Cf. McCoMBs, PACKER, THORPE: Ibid. 1931, 547.
6 Ibid. 115 (1919), 602. .

" McKEexzig, BaTe: Ibid. 107 (1915), 1681.
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influence of a trace of potassium ethoxide.! AHLBERG? found that the acid
catalysed racemisation of d-«,x’-sulpho-di-n-butyric acid is at a maximum
in 0,1 M hydrochloric acid, corresponding to approximately 289, 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 CO,H-CHEt-SO,-CHEt-CO’, is greater than

is that of the H36 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
R'R2CHX, should affect prototropic mobility is CO’, << CO-NH, < CO,H <
< CO,R < COCI < COR << CN.3 This series may be compared with the following
data concerning speeds of racemisation. The position of the group CO’, is shown
by the observations of BuLL, F11zGERALD, PACKER and THORPE? that the speed
of racemisation of l-frans-«,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 converted into the normal salt, .the rate
of change of the undissociated glutaconic acid being 4-5 X 10° times as great
as that of the doubly ionised normal salt ions. AHLBERG® similarly found that
the velocity of racemisation of d-ux,x’-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 which
becomes 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, McKEe~zIE
and SmiTe® found that in the partial hydrolysis of I-mandelamide by alkalis the
residual amide is much more strongly racemised than is the mandelic acid
recovered from the potassium salt formed. The position of the CO,R group in
the above series is similarly illustrated by the observation that in the partial
(alkaline) hydrolysis of ethyl l-mandelate the unhydrolysed ester has undergone
more extensive racemisation than the acid resulting from the hydrolysis.? Accor-
ding to GapamEer® ethyl d-tropate is racemised by alkalis, whereas sodium d-
tropate is optically stable. ASHELEY and SHRINER? have shown that the period
of half-change of l-x-benzenesulphonylbutyric acid in alcohol at 27° is 1350 hours,

1 SMmiTH: Ber. dtsch. chem. Ges. 64 (1931), 427.

2 Ber. dtsch. chem. Ges. 61 (1928), 817.

3 Cf. IngoLD, SHOPPEE, THORPE: J. chem. Soc. (London) 1926, 1477. — BAKER:
Tautomerism, p. 44 et sequ. London, 1934.

4 J. chem. Soc. (London) 1934, 1653.

5 1. ¢. Incidentally the author assumes that racemisation occurs through the
intermediate enol CO,H-CHEt-SO,H : CEt-CO,H, but this is improbable on the
0
basis of the known dipolar structure —b of the sulphonyl group. The reaction
more probably involves the direct removal of the mobile hydrogen to give the meso-

N
meric ion CO,H-CHEt-S0,-C--C- O.
l
OH
J. chem. Soc. (London), 121 (1922), 1348.
McKENzIE, WREN: Ibid. 115 (1919), 602.

Chemiker-Ztg. 34 (1910), 1004.
J. Amer. chem. Soc. 34 (1932), 4410.
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whereas the corresponding time for the ester of this acid is 80 hours. Again
KippiNng and HUNTER! 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-mandelonitrile? (Ph-CH(OH)-CN) with the ‘well known optical
stability of the benzoins (e.g. PhCH(OH)-CO-Ph).?

The same parallelism occurs in the polar effects of the groups R* and R?
on the velocity of tautomeric 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 asymmetric 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 R1R2. Conversely racemisation will be facilitated when the groups
RIR? are of the electron-attracting type.

H HO H—OH
" \*‘g—c 0 Rl\éqcmf)
<N R 0
R? R?
OH OH

AHLBERG? found that under comparable conditions of basic catalysis the half-
life periods in the racemisation of a series of acids of the type SO,(CHR-CO,H),
are:
R = Me Et prf
Half-life (hours)........... 1,3 2,75 50

which shows the sequence of facilitation to be Me > Et > Prf. The results
of LEveNE and STEIGLER,” who found the following values for the degree of
racemisation of monosubstituted diketopiperazines in the presence of alkali,—

(-substituent Ph  CH,Ph  CO-NH, 2-0-CeH,-CH,
Racemisation 9% ...... 100 92 82 10

are intelligible on the same basis, and FITcEr® has recorded data for the racemi-
sation of acids of the type HO,C-CHR?-SR? from which it is possible to derive
the sequence Ph > -CH,-CO,H > Me > -CH,-CO’, > Et representing the
influence of groups in facilitating racemisation by the basic mechanism. The
effect of the introduction of an electron-repelling alkyl group at a point relatively
distant from the asymmetric centre is illustrated by the 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.”

The following examples illustrate the anticipated effect of electron-attracting
substituents. The action of an ammonium pole is exemplified by FISCHER’s

J. chem. Soc. (London) 83 (1903), 1009.

McKENzIE, SMITH: 1. c.

Cf. McKeNzIE, ROGER, WiILLS: Ibid. 1926, 779.

l.c. .

J. biol. Chemistry 86 (1931), 703.
Racemisicrungserscheinungen. Lund, 1924.

McKENZIE, SMITH: J. chem. Soc. (London) 121 (1922), 1348.
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observation! of the very rapid racemisation of the salts of ethyl I-x-trimethyl
ammoniumpropionate. Dihydrocarbostyril-g-carboxylic acid,? ethanesulphonyl-
acetic acid, and «-cyanopropionic acid® 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 SmiTa?
which establish the order X = Cl > Br »» OH for the effect of these groups
on the velocity of racemisation of esters of the type PhCHX-CO,R. In acid-
catalysed hydrogen-ionisations and racemisation the function of the catalyst
is presumed to be indirect and to assist the polarisation of the carbonyl group
by electro-striction at carbonyl oxygen

H

R' — C}C_Q'y H --» RI—C=C—OH + H
[ I
R* OH R® OH

Such polarisation of the carbonyl group will be facilitated by the electron-release
character of the substituents R, R? and, under the influence of acid catalysis,
the facilitating effect of substituent groups upon racemisation should be greater
the greater is their capacity for electron release. BAckEr and MULDER,’ in an
investigation of the acid-catalysed racemisation of the compounds AsO,H,-CHR -
.CO,H, found the anticipated sequence R = Pr* > Et > Me for the facilitation
of racemisation, the reverse of that noted above for base-catalysed reactions.

The dual polar character (4- T') of aryl groups, to which their unique capacity
to promote both prototropy and anionotropy is due, should also be traceable
in a capacity to facilitate racemisation by either the acid- or base-catalysed
mechanism. McCKENZzIE® has often asserted that for facile racemisation the system
Aryl-CH-CO must be present, as witness, for example, the much greater optical
stability of active lactates and tartrates than of active mandelates. I-Phenyl-
sulphoacetic acid CHPh(SO;H)-CO,H is easily racemised at the ordinary tem-
perature? whereas x-sulphopropionic acid, CHMe(SO,H)-CO,H, is stable.® Active
phenyl-p-tolyacetic acid is extremely labile® and the high activating power
of phenyl is also illustrated by the results of LEVENE and STEIGLER quoted above.
These authors also provided evidence of the facilitating effect of phenyl in the
acid catalysed racemisation.

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

In the interconversion &

A =~ Z .~ B
o active inactive
Ber. dtsch. chem. Ges. 40 (1907), 5005.
LevucHs: Ibid. 54 (1921), 830.
FITGER: op. cit.
Ber. dtsch. chem. Ges. 58 (1925), 906: J. chem. Soc. (London) 123 (1923), 1964.
Proc., Kon. Akad. Wetensch. Amsterdam 31 (1928), 301.

8 J. chem. Soc. (London) 117 (1920), 680; Chem. and Ind. 50 (1931), 928; Ber.
dtsch. chem. Ges. 58 (1925), 894.

7 BruUsT: Recueil Trav. chim. Pays-Bas 47 (1928), 153.

8 FRANCHIMONT, BACKER: Ibid. 89 (1920), 751.

? McKENzIE, WIDDOWS: J. chem. Soc. (London) 115 (1919), 602.

PER ST RS



64 J.W.BAKER and E.ROTHSTEIN:

it is possible to determine, independently of the loss of optical activity, the

rate of conversion of A — B and B — A (inactive). If no optical activity is lost
at any intermediate 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, some 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 conversion of Z — B is exceedingly great compared with the rate
Z — A. The velocity of interconversion of the following pairs of methylenazo-
methines, so chosen to make the incidence of the last condition extremely impro-
bable 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.®  RiRaCH.N:CRSR* — R'R2C:N-CHRSR!.

R!=R:—Ph, R®=Me, Ri=p-CIC¢H,. (a)
R!=R3—R4=Ph, R2=Me. (b)
R2—R3—=Ph, R!=p.Ph-C,H,-, R2=H.’ (©)

With sodium ethoxide as the catalyst it was found that, in all cases, the rate

of racemisation is the same as that calculated from the rate of tautomeric inter-

conversion. Hence in none of the cases studied is the mechanism of tautomeric

interchange such that optical activity is lost in any reversibly formed inter-

mediate state. On the basis of accepted views the mesomeric ion, if kinetically

free, could not retain asymmetry, since it possesses the symmetrical configuration
NN aYs

NI ¢
/ AN

It follows, therefore, that at no stage in the tautomeric interconversion is the
mesomeric ion set free, but that in these cases Lowry’s termolecular catalytic
mechanism must apply. Restoration of the proton to the new position is commenced
before the removal of the proton from the original position is completed.

r= + + —~
| OEt Na  OEt OEt Na OEt
< \ |

H H — H H
\C»E N f_;/ \C N C/
v TN AN

In a series of triad prototropic systems of decreasing acidity there is thus some
point at which the acid or basic catalyst ceases to function by the bimolecular
mechanism and at which Lowry’s termolecular mechanism comes into play. In
the more acidic portion of such a series the intermediate ions have kinetic in-
dependence, but after the mechanistic transition this is no longer the case. Ex-
perimental evidence gives some indication of the position of this mechanistic
transition in the series of triad prototropic systems. The separate existence of
the carboxylate anion is axiomatic and the similar kinetic independence of

1 Hsi, INgoLD, WiLson: Ibid. 1935, 1778.
2 Cf. also LINSTEAD, NOBLE: J. chem. Soc. (London) 1934, 610.
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the mesomeric enolate ion is further established by the fact that no pair of
isomeric metal enolates have ever been discovered. Interesting evidence of the
kinetic independence of the enol ion has recently been obtained by KrmBaril
from a study of the relative rates of racemisation and enolisation of I-menthyl
d-a-phenylaceto-acetate MeCO-CHPh-COy(l-menthyl). This system represcnts
one in which the thermodynamic stability of the enol is comparable with that
of the keto-form and hence only a fraction of the ion formed by the slow ioni-
sation of the y-acid will be converted into the enol. If the intermediate ion has
kinetic independence the velocity of racemisation should be greater than
that of enolisation. KimBaLL found that under conditions of basic cata-
lysis the asymmetry of the «-carbon is lost three times as fast as the enol is
produced.

An interesting case arises when enolisation may occur by ionisation of hy-
drogen from either of two carbon atoms adjacent to the carbonyl group, only
one of which is an asymmetric centre, i.e. in active ketones of the type

CHR'R2-CO-CH,R?. In such cases ionisation of the hydrogen attached to C
must involve racemisation but halogenation may occur either by ionisation of
this hydrogen or of the one attached to the non-asymmetric carbon. The velocity
of halogenation may then exceed that of racemisation. This was established by
BarTLETT and VINCENT? in the case of Il-menthone.

Me,CH Me,CH Me,CH
| l |
*C *CH 0
VAR /AN /(,{I
H,C COH -—_-—=.—-~ H,Cs sCO _.— ___-_ -~ HC C-OH
| | Todination | | Iodm&tlon | i
H,C CH and H,Cs :CH without H,C  CH
AN racemisation "N1/7%  racemisation N
CH (?H CH
| |
Me Me Me

Under conditions of nitric acid catalysis in glacial acetic acid the value of kp,,,
is 0,00872 whereas kj,q, has the value 0,01105. It is not correct, as these authors
assume, to regard the ratio 872/1105 as a measure of the proportion of hydrogen
which ionises from C, since, as has been shown above, racemisation may occur
at a faster rate than enolisation. Further examples are provided by BARTLETT
and STAUFFER® who obtained the followmg results for the racemisation and

iodination of ketones of the type R-CO- CHMeEt with 1,19 N nitric acid in
glacial acetic acid.

R = Me Et +CH,Ph eyclohexyl
Kiod,« e v v v 1,41 0,852 0,324 0,0260
Krag. e vvven. 0,248 0,103 0,0118 0,0183

In these systems, therefore, the bimolecular mechanism functions. In the
methylene-azomethines and, probably also in the three carbon system, it has

1 J. Amer. chem. Soe. 58 (1936), 1963.
2 Thid. 55 (1933), 4992.
3 Ibid. 37 (1935), 2580.

Hdb. d. Katalyse. IT.
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been proved that the termolecular mechanism is in operation and hence the
transition must occur at some intermediate point in the series:

decreasing acidity >
[H}—0-C:0 ... [H}—O0-C:C ... ... [H}—C-C:C, [H]—C-C:N
anions have kinetic indepence. anions have no kinetic independence.
Bimolecular mechanism. Termolecular mechanism.

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 -CH,-C:0
was first shown by LAPwORTH! to be proportional to the concentration of the
carbonyl compound, but independent of the concentration of the bromine. The
reaction is catalysed by both acids and bases. LAPWORTH’s conclusion that the
observed velocity is actually that of enolisation (or, more correctly, as is pointed
out below, ionisation of the hydrogen) has since been abundantly confirmed by
the extensive work of DawsoN and his collaborators? on the iodination of acetone,
by WEsT? for the bromination of malonic acid, by PEDERSEN? for the bromination
of ethyl acetoacetate and ethyl monobromoacetoacetate, and by the extensive
investigations of Warsox and co-workers on the kinetics of the bromination of
pyruvic and laevulic acids® and of substituted acetones and acetophenones, to
which further reference will be made. The subsequent interaction of the inter-
mediate ion with the halogen is very rapid compared with that of the slow ionisa-
tion of the hydrogen from the y-acid. An exception is provided by some work
of BARTLETT® who found that although the rates of bromination and iodination
of acetone in strongly alkaline solution are identical and are proportional to the
OH’ ion concentration (the measured velocity being that of ionisation), chlorina-
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 y-acidic ketones to be in a peculiar position with regard
to the relation between the rates of ionisation and enolisation.” Whilst the true
acid (the enol) is converted into and regenerated from its ions practically instan-
tancously, the y-acid (the ketone) yields the ions, and is reformed from them
only slowly. Hence a pair of ions, once formed from the y-acid, has a very much
greater chance of associating to form the true acid than of regenerating the
w-acid. It follows, therefore, that the rate of enolisation is effectively measured
by the rate of ionisation. Reagents which, like the halogens, have been assumed
to remove the enol are always those whose behaviour, in organic chemistry
generally, supports the assumption that they act by accepting the electrons of

1 J. chem. Soc. (London) 85 (1904), 30.

¢ Dawson, CARTER: Ibid. 1926, 2282; et sequ.

3 Ibid. 125 (1924), 1277. — Cf. MEYER: Ber. dtsch. chem. Ges. 45 (1912), 2864,
1 J. chem. Physics 87 (1933), 751.

5 Warson, HuGHES: J. chem. Soc. (London) 1929, 1945.

¢ J. Amer. chem. Soc. 56 (1934), 967.

7 Cf. WiLsox: Trans. Faraday Soc. 34 (1938), 179.
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the material attacked, i.e. they are much more likely to attack the anion than
to require the preliminary production of the enol.

N

=N+
CHy=—C->0} H CH,-C:0 H
—/ — | + 1
8+ Br——- - Bré— Br Br
. J

Substitutions, such as halogenation, which 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 y-acids, the rate
of enolisation happens to be identical. It follows, therefore, that data relating
to the speeds of halogenation under different catalytic conditions, really apply
to the effect of the catalyst upon the velocity of the initial ionisation of the
hydrogen from the y-acidic ketone,

It was pointed out by LarworTH and HaNN! in 1902 that catalysis by acids
and bases must proceed by two distinct mechanisms and the two series of changes
they suggested have, in their essentials, been generally accepted. Adapted to
modern ideas they may be represented as follows:?

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

| | '
B+ H-C-C:0 -~ BH —{—[-C-C:O ~~ B4 -C:C-OH
Il || [

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 attraction
on the hydrogen bonding electrons to permit the removal of the tautomeric
proton by a base which was previously too weak to effect such removal.

| _
H-C-C:0 + HB <= H-C-C:0HB?®
[

v

[ _ _
B + H-C-C:O0H)B <= B'H + C-C-OH\B .~ B'H + C C—OH + B.

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

1 J. chem. Soc. (London) 81 (1902), 1512. — Cf. also p. 56.

2 Cf. IngoLp, WiLson: Ibid 1934, 773.

3 The capacity of carbonyl oxygen to co-ordinatec with a proton (to form an
oxonium ion) is established by the isolation of the compounds of acetone with halogen
acids [ArcHIBALD, McINTOSH: J. chem. Soc. (London) 85 (1904), 924], REDDELIEN’S
addition compound of ketones with nitric acid and picric acid [Ber. dtsch. chem. Ges.
45 (1912), 2904; J. prakt. Chem. 91 (1915), 213], and the investigations of BAKER
and his collaborators on complex formation of benzaldehyde, acetophenone and
ethyl benzoate with sulpburic and phosphoric acids [J. chem. Soc. (London) 1931,
307, 314; 1932, 1226, 2917). Cf. KExpALL, BooGE [J. Amer. chem. Soc. 38 (1916),
1712). It is of intcrest to note that FLEXNER, HaMMmETT, DINGWALL (ibid. 57 (1935),
2103] found the —pk’ value for acetophenone == 6,03, which means that in 0,1 M

5
aqueous hydrochloric acid it would be converted into the cation PhCMe : OH to the
extent of only one 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 SuLLivan! found that the rate of isomerisation of a very pure sample
of ethyl acetoacetate (containing about 409, of the enol form) was greatly
accelerated by piperidine (11400 times), ammonia (4000) and pyridine (264), but
less so by oxalic acid (3,2) or phthalic anhydride (6). ConanT and CARLTON? 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 follows:

Catalyst ~ H,80,—McOH  H,80,—AcOH  HCI—MeOH  NaOBu”
ke ool <1 27 ) 650 145000 x 10—

The efficiency of a basic catalyst should run parallel to its proton affinity
and that of an acid molecule 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 Dawson and CarTER? found the following values for the catalytic
coefficients of the various entities concerned:

+
Catalyst ~ OHy;  AcOH  OA¢  CH.I-CO,H  CHCl-CO; OH’
108 X k.... 442 1,5 4,5 24 0,12 ca. 10000000

The results of PEDERSEN? 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
provide another example. In each case the velocity 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 which &, and
kp are the catalytic coefficients for the reaction with acetoacetic ester and its
monobromo derivative, respectively, at 25°:

Catalyst pair (H-X—X) kp "
CH, COH—CH, COy v .. 12,70 210
CH,-OH-CO,H—CH,0H-CO, ..... 3,48 53,4
CH,Cl-CO,H—CH,Cl-COy’ ........ 0,983 12,0
H,PO,—H,PO, ......coccvvn... 0,876 | 11,2
NaHSO0,—80," .\ eevrerarnnn.. 0096 15

(H,0: 5,62 x 10~* resp. 6,92 x 1072%)

The diminution in the catalytic coefficient as the proton affinity of the anion X’
decreases (i.e. as the 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. Amer. chem. Soc. 50 (1928), 3048.
2 Ibid. 54 (1932), 4048.

3 J. chem. Soc. (London) 1926, 2282.

4 J. physic. Chem. 37 (1933), 751.
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increased by the introduction of an electron-attracting substituent at the methy-
lene carbon, o

W)
Br «— CH:-C:0
@t |
XI

and the electron-attracting inductive effect (— I) of the bromine is clearly
evident in the consistently greater values of the catalytic coefficients (kg) for
the further bromination of the ethyl monobromoacetate relative to those (k)
for the unsubstituted parent.!

Similar data are given by MorcanN and WaTson? who found that the velocity
of bromination of p-substituted acetophenones, under standard conditions of
catalysis by acetate ions in 75%, acetic acid, decreased in the order p-NOQ, > p-
halogen > unsubstituted acetophenone. Again the introduction of electron-
attracting substituents increases the velocity.

Not only the velocity of enolisation but also the position of equilibrium will
be affected by the 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) molecule
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 RO}Na
N N ~ Ny,
—(lzl» 0 — —(]3—(]3 Lo}Na + ROH.

PrpERSEN® observed that if an excess of bromine and hydrochloric acid is sud-
denly added to a solution of ethyl acetoacetate in strong alkali (i.e. under condi-
tions in which it is completely ionised) and the excess of bromine is at once
removed by allyl alcohol, then titration in the usual manner always indicates
the addition of exactly one molecule of bromine to the ketonic ester.

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

H-C-C:0, HB or its ion C-C:0, HB may be the reactive intermediate, and the
velocity of halogenation may be controlled either by the formation of the complex
or by its ionisation, or both.* Unlike the conditions in the base-catalysed mech-
anism, the effect of substitution on the velocity of the acid-catalysed change is
complex. The degree of co-ordination of the acid with the carbonyl oxygen (i.e.
of the formation of the complex) will be partly dependent upon the facility of

the polarisation -C g O 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. Naturforskermode (18. Kongr.-Ber.), p. 451.
Copenhagen, 1929.

2 J. chem. Soc. (London) 1935, 1173.

3 lc.

4 INgoLD, WILsox: J. chem. Soc. (London) 1934, 773.
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at the methylene carbon, render the subsequent separation of the mobile hydrogen
proton (ionisation of the complex) more difficult.

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 botk 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 i.e. it should decrease the kaeiq/kpase
ratio. This conclusion is substantiated by the investigations of WaTson and
YaTES! on the velocities of bromination of halogenoacetones under varying condi-
tions of (hydrochloric) acid catalysis in 509, acetic acid as a solvent. The curves
obtained by plotting the logarithm of the velocity coefficient against the negative
logarithm of the acid (i.e. hydrion) concentration pass through a minimum, the
isocatalytic point, at the pr value when the velocity of the acid and base cat-
alysed reactions are identical. If ‘the efficiency of acid catalysis is diminished,
higher hydrion concentrations will be required to produce the same effects and
hence the fall in the kgeq/kpase ratio will be expressed by a displacement of the
minimum in the direction of higher hydrion concentration. For acetone itself the
minimum (at pux = 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 M, i.e. at greater hydrion concentration than in the case of the unsub-
stituted 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 M,
respectively, so that in this case ionisation proceeds by the ¢“basic”’ mechanism
even in moderately acid media, whereas the minima for xxwx-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 deduction that electron-attracting substituents will increase the velocity
of enolisation (by increasing the incipient ionisation of the mobile hydrogen)
and, at the same time, render the carbonyl compound less sensitive to catalysis
by acids, is in accord 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.® The effect of introducing
electron-attracting CO,Et groups into acetone is shown by the bromination
velocity order?

EtO,C-CH,CO-CH, CO,Et > CH,-CO-CH,-C0,Et Y>> CH,-CO-CH,

1 J. chem. Soc. (London) 1932, 1207.

2 Ibid. 1926, 2873.

3 HuGHES, WATSON, YATES: J. chem. Soc. (London) 1931, 3318.
4 WaATSON, YATEs: Ibid 1933, 220.
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but the ketonic esters are much less powerfully catalysed by acids. PEDERSEN!
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. Dawsox and WHEATLEY? found that the ratio
of the relative velocities of bromination of acetone and acetophenone under
constant conditions of acid catalysis (0,1 M-H,S0,) is 1: 0,37 and NaTHAN and
WaTtson® found that for para-substituted acetophenones CH,-CO-CzH, X-p the
bromination velocity decreased in the series X = Me > H > J > Br > Cl > NO,,
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-C¢H,-CH, - N:CHPh, catalysed by sodium ethoxide. This series
confirms the earlier results of Dawson and Ark? which also include the p-amino-
acetophenone. In the acid solution this would exist largely in the form of the

electron-attracting ammonium pole lirIHﬁ, and it appears in its expected 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
reaction 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 Dawsox®
that in the presence of the same acid concentration the velocity of enolisation
of acctone 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 decreases the velocity
of the acid-catalysed halogenation. This is illustrated by the following data
which refer to the velocities of iodination of the ketone in unit concentration
and catalysed by 0,1 M -sulphuric acid.®

Ketone: (CH;3);CO (Me—>CHy),CO  (Me—>CH,-> CH,),CO
kx 108.... 288 236 202

The greater retarding effect of the branched chain alkyl groups is illustrated
below:
Ketone: MeCOPr®  MeCOPrf  MeCOBu®  MeCOBu’  MeCOBuY
kX 108..... 270 200 318 247 132

Attempts have been made by several investigators to analyse the mechanism
of propotropic change on the basis of the effects of substituents on the £ and P

1 J. physic. Chem. 37 (1933), 751.

2 J. chem. Soc. (London) 97 (1910), 2048.

3 Ibid. 1933, 217.

4 Tbid. 99 (1911), 1740.

5 DAWSON, LESLIE: J. chem. Soc. (London) 95 (1909), 1860. — DawsoN, BURTON,
ARk: Ibid. 105 (1914), 1275.

8 DawSON, ARK: Lbid. 99 (1911), 1740.
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terms in the usual ARRHENIUS equation k = PZe~E/RT. 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 10* in the base-catalysed
mutarotation of glucose) give rise to suspicions regarding the validity of the
assumptions usually made in such computations, It is felt, 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,! and the article on ‘“heats of activation of acid-base-catalysis”” by M. KrL-
PATRICK in this volume.

The mechanisms 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,?
which attempts to correlate within a single mechanism 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 I
—C Q) — —C—0 .

! e

i : + =
B B c—0
-r /
| ) N —

+ + .
—C=0 H - C—0—H
¢ - :

)

The mechanism is thus similar to that of the addition of a nucleophilic reagent,
e.g. cyanide ion, to a double bond:

“elo c—0
e T
CN CN

The activated semipolar structure may then be transformed into a 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 a reagent
such as halogen
H H
Ny N
/

= AN
C—C=0 <« CLC™-0 —» C=C—0
/ [ /

— ot

According to this view the velocity of prototropic change will depend on two
factors: (1) the rate of reaction of ketone and catalyst, and (2) the proportion

! NataaN, Warsox: Ibid. 1933, 217. — Evaxs, MorGaN, Watson: Ibid 1935,
1167. — IngoLDp, WiLsoN: Ibid. 1936, 222. — WarsoN: Trans. Faraday Soc. 84
(1938), 165. — Sari: J. chem. Soc. (London) 1934, 1744, — Evaxs: Ibid. 1936, 785.

* J. chem. Physics 3 (1935), 170. — Cf. WaTsoN: Modern Theories of Organic
Chemistry, pp. 110, 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 BOESEREN.! It is evident
that the known facts regarding base-catalysed prototropy and the 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 mechanism
or the removal of the proton as in that given on p. 67 and thus direct experimen-
tal confirmation is difficult and has not yet been achieved. It appears to
the 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 well 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
)

dependent upon the tendency of the carbonyl group to polarise C O must not
be extended to aliphatic monocarboxylic acids and esters. The absence of char-
acteristic ketonic properties in the latter classes itself suggests that it is unsafe to
force an analogy between the two types of compounds. Although LapworTH
originally made a tentative suggestion that the enolisation mechanism might be
applicable to the «-bromination of aliphatic acids, the extensive investigations
of OrTON, WATSON and their collaborators have made it untenable.

It was early recognised by HELL and UrEgcn? 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-
lished by Warsox® who also showed that the catalytic effect of halogen acids is
specific and is not common to acids in general. Investigations of the kinetics?
revealed the catalytic order {HBr > HCl} {{{ AcBr, the really effective catalyst
being acetyl bromide, and in this case the velocity is now proportional to the
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 the reaction R-CO,H 4+ HX ==~ R-CO-X + H,0. Acetyl chloride
and acetic anhydride also function as catalysts because of their conversion into
the acid bromide. The anticatalytic effect of small quantities of water is evidently
due to the resulting increase in the reverse reaction, with decomposition of the
acyl bromide. The addition of increasing amounts of acetyl bromide to
acetic acid containing 0,1%, of water gives rise to a continuous increase
in the bromination velocity whereas similar addition of acetic anhydride causes
a sudden increase in the velocity when the amount of acetic anhydride
added is exactly equivalent to the water present. The acyl bromide is thus the
effective catalyst, the added acetic anhydride first reacting with all the water
present before any conversion into acetyl bromide occurs. In the absence of
added catalyst the bromination of acetic acid is autocatalytic, and reveals an
initial period of increasing velocity as the hydrogen bromide formed reacts with
the acetic acid to produce the equilibrium concentration of acetyl bromide. The

1 Trans. Faraday Soc. 24 (1928), 611.

2 Ber. dtsch. chem. Ges. 13 (1880), 531.

3 J. chem. Soc. (London) 127 (1925), 2067; Chem. Reviews 7 (1930), 173.

4 WaTsox: L. c. and ibid. 1928, 1137. — WaTso~N, GREGORY : Ihid 1929, 1373.
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following mechanism, suggested by WATSON, is in harmony with the experimen-
tal data:

R-CH,-CO-X + X, —» R-CHX-CO-X + HX (X = halogen)
RCHX-CO-X + R-CH,-CO-OH — R-CHX-CO,H + R-CH,-CO-X.

The second reaction actually occurs in two stages, the mixed anhydride
R-CHX-CO-0-CO-CH,R being first formed as an intermediate. Chlorination
has been shown to follow a similar course.! The function of all known accelerators,
phosphorus, hydrogen halides, acetic acid, etc. is thus to produce the active
catalyst, the acyl bromide. WaTsoN 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:

CH,-CO-X + X, — CH,X-CO-X + HX

1
Ac,0 + CH,X-CO-X = CH,X-CO-0Ac + AcX | 0

CH,-CO-0-CO-CH, = CH,:C0-0-CO-CH, + H a
CH,:C0-0-CO-CH, + X, % CH,X-C0-0-CO-CH, + HX

(Ac = CO-CH;; X = halogen).

It is presumably mechanism (II) which is catalysed by mineral acids other than
hydrogen halides, the catalyst facilitating the primary ionisation in the manner
alrcady 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:

CHS'CO\6+
O H —» CH;-CO-OH + CH,;-CO-Br.
S
CH,-CO A

v Br
CH,-CO-OH + CH,X-C0-0-CO-CH, <~ CH,X-CO,H + (CH,-C0),0.

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 tautomeric interconversion,

1 WarsoN, RoserTs: 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 RaAMBERG! found that the velocities of racemisation
and of bromination of x-ethylsulphonyl- and «-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-1-one, CO,H-C¢H,-CH-CO-C¢H,-CH,, INcoLD and WiLson® found
| . .

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 909, acetic acid (16 V), 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 (ky, = 0,0438; kg, = 0,0471 hrs.-1)
under conditions of basic catalysis by the acetate ion.4

4. Deuterium Exchange.’

It is now generally accepted that the use of deuterium provides a method
of studying hydrogen-ionisation and it has been demonstrated 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,®
acetone takes up deuterium slowly at ordinary temperatures in neutral aqueous
solution, more rapidly in acid solution, and still more rapidly in the presence
of strongly basic catalysts.” Quantitative data have been obtained by Hs,
Incorp and WiLson® who found identical rates of racemisation and of deuterium
uptake by d-phenyl f-n-butyl ketone in a mixture of dioxan and pure deuterium
oxide using 0,13 V-sodium deuteroxide as the catalyst. Quantitative correlation
between the velocities of prototropic interconversion and deuterium exchange
has been established by DE Savas and WiLsox® in the case of the azomethine
system,

p-MeO-C¢H,-CH,-N:CHPh == p-MeO-C¢H,-CH:N-CH,Ph.

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 mechanism of exchange which

1 RAMBERG, MELLANDER, HEALUND: Ark. Kem., Mineral. Geol., Ser. B 11 (1934),
Nos. 31, 41; 12 (1936), Ser. A, No. 1.
2 J. Amer. chem. Soc. 57 (1935), 2580.
J. chem. Soc. (London) 1934, 773.
Hst, Winson: Ibid. 1936, 623.
Sce the article of REITz in this volume.
Krar: Z. physik. Chem., Abt. B 26 (1934), 335. — BONHOEFFER, KLAR: Natur-
wiss. 22 (1934), 45. — GOLDFINGER, LASEREFF: C. R. hebd. Séances Acad. Sci. 200
(1935), 1671. — L10TA, LA MER: J. Amer. chem. Soc. 59 (1937), 946.
7 KLAR: 1. c. — HALFORD, ANDERSON, BATES: J. Amer. chem. Soc. 56 (1934), 491.
8 J. chem. Soc. (London) 1938, 78.
9 Ibid 1938, 319.
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does not involve isomerisation. One way in which this might possibly occur

is indicated below:
m
D—OEt
o nLle/ /
e C —N:=C
r\l/ |JA N (\| /N ,\\
EtO+v H EtO—D « H, OEt
exchange + interconversion. exchange without interconversion.

5. Epimerisation.

The epimerisation of the sugars, involving the reversal of the spatial conflgura-
tion of the hydrogen and hydroxyl groups about the carbon atom adjacent
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, well known catalysts for proto-
tropic change, is evident, since they can remove the ionising proton by direct
attack as bases.

OH OH OH
| f\v PN |
¢ 0 = CY-0—H~<«  NR; _-~ C=0
A |
HO—C—H< - NR, Go—on H—<|3~0H
|
T Oxidation i Reduction
H H
| I
C=0 C=0
I I
HO—C—H H—-C—-OH

| I

The effect of alkalis such as sodium, barium, calcium, lead and zinc hydroxides
or even guanidine? in producing the complicated isomeric changes in sugar
molecules is also best regarded as a consecutive series of enolisations catalysed
by hydroxyl ion.

N
CH--0 (~CH-OH CH,-OH CH,-OH CH,-OH
B — e | |
HO—C-—-H += CX0-H == C-0 = C-OH .= CH-OH et
| | e BAOR |
HO—C—H  HO—C—H HO—C—H Clo-H ?——«0

Thus glucose, mannose or fructose are each converted into a mixture of all three
sugars by the prolonged action (5 days) of cold concentrated caustic potash,

1 Cf. inter alia. Fiscuer: Ber. dtsch. chem. Ges. 23 (1890), 801. — FISCHER,
PiLoty: Ibid. 24 (1891), 4216. — FISCHER, MORELL: Ibid. 27 (1894), 387. — FISCHUER,
BrROMBERG: Ibid. 29 (1896), 584.

2 MORRELL, BELLARS: J. chem. Soc. (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,! and gulose or idose give sorbose when
heated with baryta solution.?

6. Mutarotation.

The acceleration of mutarotation by acids seems first to have been noticed
by ErRpMANN?® and the catalytic activity of both acids and bases was recognised
by UrecH? in 1882. The first systematic quantitative investigations of the catalysis
of mutarotation of glucose in aqueous solution were due to LEvy® who found
that the accelerations produced by various acids run parallel to their affinity
constants as deduced from conductivity measurements. Although the catalytic
activity of hydrogen and hydroxyl ions was thus early recognised it was not
until later® that the catalytic efficiency of the water molecule was realized and
the correct relationship was first given by Hupson? 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.
The 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
been referred to (p. 49) and examples of the parallelism between acid or basic
strength and catalytic efficiency have been given. Further data which substantiate
this conclusion are given below, and refer to the mutarotation of glucose by
acid molecules and acid anions at 18°8

Dissociation 1 Acid catalytic Basic c:mf:alytic
Acid const. of acid ‘ coefficient (cg:f;:il;:;
Kj x10% ; kp x10° ; kg X 109
i
]

Trimethylacetic . ....... 0,10 [ 2,0 31,4
< Propionic ............. 0,14 2,1 28,1
%0 Acetic ... vvvian.. 0,18 2,4 | 26,5 =9
® Phenylacetie. .......... 0,5 2.8 i 20,0 %05
% Benzoic . .ooneinn. ... 0,6 — . 15,2 ¢ e
g o-Toluic .............. 1,3 — 12,2 %
€ Glyeolic .............. 1,4 5,6 13,7 <=
o Formic ............... 2,1 4,6 16,5 ;3 g
& Mandelic.............. 4,3 5,7 108 8¢
§ Salicylic .............. 10 — 46 £°
& o-chlorobenzoic ........ 13 i — 6,4 AT
¥ Chloroacetic ........... 15 ' 6,8 5,4 i
i Cyanoacetic ........... 35 I l 3,8 g

Cf. H*;O .............. L 145,0 i

Pyridine .............. : 82,2

! LOBRY DE BRUYN, VAN EcCKENSTEIN: Recueil Trav. chim. Pays-Bas 14 (1895),
203; 15 (1896), 92.
VaN ECKENSTEIN, Branksya: Ibid. 27 (1908), 1.
Cf. Jahresbericht fiir 1885, p. 671.
Ber. dtsch. chem. Ges. 15 (1882), 2130.
Z. physik. Chem. 17 (1895), 301.
Lowry: J. chem. Soc. (London) 83 (1903), 1314.
J. Amer. chem. Soc. 29 (1907), 1572.
BRONSTED, GUGGENHEIM: J. Amer. chem. Soc. 49 (1927), 2554.
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There is some slight evidence that the catalytic efficiency of a basic catalyst
is also dependent upon the acid strength of the sugar molecule since Lowry
and WiLsoN! have found that the values of kog 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 10-13, 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 simultaneous, as in LowRry’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.

BH 0
x H 6 CI({ ’ X  HO H
¢ <« - ] D, C
SN N
()4 (C)y

In conclusion it may be noted that certain data are now available regarding
the velocity of mutarotation in deuterium oxide. The catalytic constant for the

H36 ion in Hy,0—D,0 mixtures varies linearly with the proportion of deuterium
oxide? and the change caused by the replacement of water by deuterium oxide
on the catalytic coefficient of hydrion is much less than is that for the catalytic
coefficient of the water molecule, the values of kg,o/kp,0 being 1,33 and 3,8
respectively.

7. Lactonisation of unsaturated acids.

It is well known that unsaturated carboxylic acids with a double bond in
the By- or yd-position are converted into saturated lactones when heated with
sulphuric acid.® The general relationships between Sy-acids and y-lactones were
established mainly by F1rTic¢ and his school during the period 1880-1894, but
a re-investigation by LINSTEAD and his collaborators has shown the incorrectness
of certain of FITTI¢’s earlier observations. LINSTEAD? has shown that all acid-
lactone systems of this type can be fitted into the general scheme:

| I |
—CH—C=C-C0-OH .~ —C=C—CH-CO-OH -» —C—CH—CH
| |
0-——CO

af-acid. Br-acid. y-lactone.

the variations in the different systems being attributed to differences in the ratio
of the velocity of the tautomeric interconversion to that of the ring-closure.

! Trans. Faraday Soc. 24 (1928), 681.

? HaMir, A MER: J. chem. Physics 2 (1934), 891. — Cf. WYNNE-JONES: Chem.
Reviews 17 (1935), 115.

2 Cf. Frrric: Ber. dtsch. chem. Ges. 16 (1883), 373.

1 J. chem. Soc. (London) 1932, 115.
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With «B-acids the actual velocity of lactonisation may, of course, be determined
by either of these changes.

The function of acid catalysts in promoting the tautomeric interconversion
of «f-,fy-unsaturated acids has already been discussed (p.55). The facility of
the actual lactonisation, 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 the 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
molecule itself. A simple and adequate view represents the lactonisation thus:

3?8_ o }|I | }II
—C— .C— v v
N L | =60 | o, —c—C—C
N N

y B « | : Vo
g —p—C0 0 00 0——CO

although the dipolar intermediate (included only for clarity) probably has no
real existence. Polarisation of the double linking in the direction shown may
be effected by the attraction of the carbonyl group, by the electron-repelling
character of alkyl groups attached to C,, or by both these factors. That due to
y-alkyl substituents is likely to be the more important. Increased electron density
is thus produced at Cs which initiates the addition of the positive hydrogen ion,
leaving the carbonyl anion to complete the addition and charge neutralisation
at C,. 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, either by
oxonium salt formation at the very weakly basic carboxyl group, thus increasing
the electron-attraction of this group, or by the direct approach of a proton at Cs.
At the same time water, as a weak base, could assist the ionisation of the hydrogen
from the carboxyl group:

N

H H
e 'FE} ¢ = o (lj—c/
/2 TN ’ /I— N\
H,0 H-'-0 CO H,0 O-- CO

In the uncatalysed change it is evident that one acid molecule might quite readily
act as a proton donator to a second molecule. Since the «f-acids can only be
converted into the lactones through the By-acids as intermediates it is to be
expected that the latter will be more readily lactonised than are the former,
unless the tautomeric interconversion xf — fy—is very rapid. Thus 4 8-hexenoic
acid CHEt:CH-CH,-CO,H is converted into the lactone

CHEt-CH,-CH,
|
0———CO

by 609, sulphuric acid at room temperature whereas the corresponding A4%-acid
is unchanged under such conditions. Neither the 4% nor Af-acid is lactonised
by heating alone but both readily form the lactone when boiled with 509,
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sulphuric acid. The much greater facility with which pyroterebic acid Me,C:CH-
-CH,-CO,H is lactonised (boiling alone or treatment with cold 509, 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 BAxER and NATHAN’s mesomeric
mechanism! be assumed:

| v
H—CH,’ CH, - CH, ~
N . " v
Czé— compared with /C '
/ |
H CH,, - u”
.S
pyroterebic acid. n-hexenoic acid.

The corresponding A%-isohexenoic acid CHMe,-CH:CH-CO,H is lactonised
rather more readily than the A*-n-hexenoic isomeride. The pentenoic? closely
resemble the hexenoic acids; the Af.acid CHMe:CH-CH,-CO,H is slowly
lactonised with cold 60Y%, sulphuric acid (activation of dcuble bond by only

I
a single methyl substituent CH, — CH=C—), a reagent which has no action
on the A*.acid. Both are lactonised by boiling 509, sulphuric acid. The inter-
mediate formation of saturated acids of the type

\C C C/
/| —l AN
X H |

H —0—CO

which then form the lactone by elimination of HX, is a plausible hypothesis
especially in view of the suggested mechanism of interconversion of the A4*-
and AA-isomerides by acid catalysts (p.55). It cannot, however, be maintained.
It is obvious that it could not apply to the pure dry acids, and HsgrLT® has shown
that the formation of the lactones from y-hydroxy-n- and -ischexoic acids
occurs at approximately the same rate, in contrast to the extraordinarily facile
lactonisation of the APf-iso-hexenoic acid (pyroterebic acid).

The importance of the polarisation of the ethylenic bond is further revealed in
the butenoic acids. The addition of hydrogen bromide to vinylacetic acid to give
only the 8-bromo-acid shows that polarisation of the double bond occurs exclusively

H\ M
in the sense /é "CH-CH,-CO,H (electron repulsion of CO,H-CH, > H)
H

and tautomeric change occurs entirely in the direction vinylacetic — crotonic
acid CH;-CH:CH-CO,H, which is the stable isomeride. Moreover the polarisation
of the double bond in the 4f-acid is in the dircction required for the formation
of a §- not a y-lactone, and so it is not surprising that boiling 509, sulphuric
acid merely converts vinylacetic into crotonic acid and gives no trace of the
lactone. Similarly in A?-unsaturated acids of the type R,C = CH-CH,-CH,-CO,H,
when R, == H, the direction of polarisation of the double bond is determined

1 Ibid. 1935, 1844.
2 BoorMAN, LINsTEAD: Ibid. 1933, 577.
3 Ber. dtsch. chem. Ges. 24 (1891), 1236.
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by the greater electron repulsion of the -CH,-CH,-CO,H group, and ay-lactone
is formed, the proton being added to Cs:

)

G0l « cn, CH,—CH—CH,_
B | [ — I CH,
H;0 - H —0—C0—CH, H.0 0——CO

Allylacetic acid, for example, is converted by either cold or hot dilute sul-
phuric acid into y-valerolactone free from the d-isomeride. When R, = Me,,
this gem-dimethyl group controls the polarisation of the ethylenic bond and
a d-lactone is formed, A7-isoheptenoic acid giving an equilibrium mixture with
its d-lactone either when heated alone or with dilute sulphuric acid:

ti
Me M
SO ve—
N C i CH —CH2 (le[ez . CHz * CH2
Me (—7 ~- + |
'H,0 - H--0—CO—CH, H,0 0—CO— CH,
vvvvvv 0% 60%

PrarTNER and ST. Prau! have observed that ketones are always formed
when unsaturated acids or the corresponding lactones are heated with strong
acids, such as toluene- or B-naphthalene-sulphonic acid. Undecyclenic acid,
for example, gives a mixture of 2-n-hexyl-4%- and -43%-cyclopentenone and (prob-
ably) some 2-n-amyl-A%cyclohexenone. A*-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 being reversible.2 Internal addition to the activated
(polansed) cthy]emc linking must also occur with fission of the carbonyl group

3

thus ——CO——OH

o OH H
\v | AN ! N
CH CH, C—CH—CH —H,0 /C—OH:CH
e
5~ o+ - ‘ | - ! !
HO—{CO—CH, CO- ——CH, CO--- - —CH,

Since, in ketone formation, the negatively polarised hydroxyl adds to the same
carbon which receives the carboxyl anion in lactone formation, it would be
expected that a y-lactone (5ring) would be accompanied by the formation of
a cyclopentenone, and a d-lactone by a cyclohexenone. This, however, awaits
experimental verification.

Pinacolic electron displacement.

In ring-chain tautomeric changes, such as those which are involved in the
mutarotation of the sugars, the valency distribution consequent on the ionisation

1 Helv. chim. Acta 20 (1937), 1474.
2 This conclusion is opposed to that given by LINsTEAD: J. chem. Soc. (L.ondon)
1932, 115.

Hdb. d. Katalyse., 1I. 6
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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,
or R, migrates to the adjacent carbon atom (II, full arrows).

L g

AN ¥ ! AN |
CH—C—» c . C v C+H CH—C Cc—
N\ / LORYNWDY, N S
“- . C — R, ¢
/N N AN
R, R, R, R, R,
L II.

This second method, which involves the complete transference of a duplet of
electrons from one octet to another, may be represented by the general scheme

R R
I | :
X ~A—B—C=Y A=B—C—Y— X
! i
R R

A N A RPN I

X A'BZc v=A'B ¢’y X
and has been termed pinacolic electron displacement by INcoLD and SHOPPEE.!
X is an atom, like hydrogen, which readily separates as a cation, and Y is one
like carbonyl oxygen, (= O) which, by its tendency to decrease its covalency,
provides an additional seat for the negative charge. A similar type of rearrang-
ement is possible when Y, united by a single instead of a double bond to C, is
an atom or group (OH, Cl, etc.) which forms a stable anion, but in this case
the reaction involves elimination of the compound XY:
R R
f ﬂ 1\ > f\ | Lo -
| ;
x larB_ C—~Y > A=B—C+ X}y
The tendency of X to relinquish and of Y to retain its bond electrons during
ionisation or combination with a reagent provides the driving force of the
mechanism. The concomitant migration of the group R, with its pair of bond
electrons, from B to C is essential in order to maintain the octets around each
of the atoms A, B and C and so regain electrical stability.

This type of electron displacement permits the correlation of such super-
ficially diverse charges as the pinacol-pinacolin, WAGNER-MEERWEIN, benzil-
benzilic acid, HormanN, LosseN, and CuRTIUS rearrangements, on the basis
of a unified mechanism and throws considerable light on the function of catalysts
in such changes.

Pinacol-pinacolin change.
In the 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:

R
H'O0YXC0—ClLO—H
f : ‘< . f :
! J.chem. Soc. (London) 1928, 365. — SHOPPEE: Proc. Leeds philos. lit. Soc.,

sci. Sect. 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,! 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.? 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 H36 ion which will assist the ionisation of the 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
|
0=C—C—R’

R R . |

! RI

r\. |\—> m R A
H—0"C—C—-OH + H—HSO, i
I R R

RR Yy,

H-0Y C—C-0-S0,H
|
R R

The reason 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 R!. 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 attached 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 '
[ B RN R
b Y Gy |

H—O—C—?—OH - |HL0 i(\:;g ' OH —0 ?—?*'RI'*‘HzOs H,S0,.
i i |

R R’ H,S0, R R H, HSO,. R K

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

! Tonisation of X, as a cation, will not of itself determine migration since it does
not disrupt the electron octet.

2 Cf. INGoLD: Ann. Rep. chem. 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.

6*
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alcohol, this is not the case. Such rearrangements have been classified! as semi-
hydrobenzoinic, when the tertiary hydroxyl group is lost;

CRR!R2-CHO
CRR!(OH)- CHR?(OH) —H0
N
CHRR!-CO-R?

and semipinacolinic when the secondary hydroxyl group is eliminated.
R-CO-CHR'R?

o

CRR!(OH)- CHR¥0H) 20 <

" R1.CO-CHRR?

In such cases the dehydration product could be formed either by pinacolic electron
displacement (a) or by vinyl dehydration (b) followed by ketonisation of the
resulting enol. Thus the conversion of diphenyl-«-naphthyl glycol into «-naphthyl
ketone? may be formulated as either (a) or (b):

H Ph ~ (a) H migrates \
Ml 7

| x ~A

H'0XC——C-0H ) Oz(ll‘-CHth
| I >

-C;oH, Ph (b) ®-CyoH,+C(OH): CPh, o-CyoH,

The semihydrobenzoinic and semipinacolinic changes are usually brought about
under the influence of concentrated sulphuric acid, a reagent theoretically capable
of effecting the change by either mechanism. Another complication is introduced
in these cases by the observation that the same reagent catalyses the conversion
of aldehydes of the type CR;-CHO into the isomeric ketones CHR,-COR 3 and
hence it is not always possible to exclude a mechanism which involves the
primary formation of the aldehyde followed by its subsequent isomerisation
into the ketone:
R H
I, N
H—‘oL(I: '(lze(')q{ -» 0= CR-CHRR’
R R
T |
HO—C--C, O—H - CRRR'-CH:0
UL
R R’

or

There is evidence, however, that intervention of an aldehyde is not necessary
in such transformations since it has been shown? that the conversion of d-§-

1 TIFFENEAU, Mlle Lfvy: Bull. Soc. chim. France (4) 33 (1923), 735.

2 McKENzIE, DENNLER: J. chem. Soc. (London) 1926, 1596.

3 DanmLov: Ber. dtsch. chem. Ges. 60 (B) (1927), 2390. — DaNILOV, VENUS-
Dantvov: Ibid. 59 (B) (1926), 377, 1032; 60 (B) (1927), 1050;: 61 (B) (1928), 1954;
J. russ. physik.-chem. Ges. 61 (1929), 53. — Gobcnor, CauQuIL: C. R. hebd. Acad.
Sci. 186 (1928), 767. — Mle Livy, WEILL: Ibid. 185 (1927), 135. — OREKOFF, TIFFE-
NEAU: Ibid. 182 (1926), 67. — DANILOV: J. russ. physik.-chem. Ges. 51 (1919), 97.

4 ROGER, MCKENZzIE: Ber. dtsch. chem. Ges. 62 (B) (1929), 272. — Cf. McCKENZIE,
DENNLER: Ibid. 60 (B) (1927), 220.
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hydroxy-fS-phenyl-« x-dibenzylethanol into benzyl «g-diphenylethyl ketone by
boiling dilute sulphuric acid does not involve complete loss of optical activity.

CH,Ph H
(v e—b 0y
dH-0Y0-——C—OH — CH,Ph-CO-CHPh-CH,Ph.

l l
CH,Ph Ph

The retention of asymmetry would be impossible if the aldehyde CPh(CH,Ph),-
.CHO were an intermediate product. On the other hand $-hydroxy-g-phenyl-x x-
dimethylethanol is converted either by dilute sulphuric acid or 50% oxalic
acid (a) into o«-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 obtainéd when the rearrangement
of the glycol is effected with concentrated sulphuric acid (b).

Ph
PR D
H O0- CH—CMe,—OH —5 0O:CH-CMe,Ph
Me ! conc.
Ne  J 7 4H280,
HO- CHPh——C\/Ic O -H a) CHMePh-CO-CH,

DaviLov and VENUs-DaNILov! 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 isomeric ketones, are formed, 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 40-609, 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 SHOPPEE? has suggested, the function of cold,
concentrated sulphuric acid is probably to convert the carbonyl group into
an oxonium salt® and thus to introduce the electron-attracting positive charge
which initiates the pinacolic electron displacements in the cation in some such
manner as the following:

R . .
e + | N
CR,_CH _OH —> CR2 C*0 “H |HSO,’ —> CHR,'CO'R + H,S0,
Hso,, Ml
. H il

An essentially similar mechanism could apply when more dilute sulphuric acid
is used since the anionising tendency of the - O-SO;H group in the y-salt formed
1 Tbid. 59 (1926), 377.
2 Thesis, London, 1929.
3 Cf. BAKER: J. chem. Soe. (London) 1931, 307 and subsequent 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 H

‘\_ o+ 4_/“ D .
CR,-CH:0 + H,SO, — CRz—CH—OH — | tR=cr 0 m

COSO,,H 0S0,H
- CHR,-COR + H,S0,.

The necessity for higher temperatures and the partial character of the isomerisation
is understandable in view of the much smaller 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?

Ph H H
[ le+ _Ji ’\
Cth—C—O —PCl, — CPh,—CPh"0--PCl, —» CHPh, CO-Ph + PCl,

’Cl C"Cl

and the observed production of triphenylchloroethylene at higher temperatures
would result from the decomposition of the same complex thus:

H Ci

(o

.
(511 CPh, ¥ CPh__O_PCl; - » CPh,:CPhCl + POCI, + HCL
U

A similar scheme can be applied in the case of mercuric chloride, the intermediate
complex then being of the type CR,-CHCl(OHgCl).

The isomerisation of ethylene oxides to ketones is closely related to the
pinacolinic change, is controlled by the same factors and is effected by the same
type of acid catalysts. The direction of fission of the oxide linkings will be determ-
ined by the relative electron release capacities of the groups R and R!

i e
HPIRRG

R—C— C—R!
S

@f

fission and migration taking place in the direction of the full arrows if the
capacity for electron release of R! > R, and of the dotted arrows, if the rela-
tive order is R > R1. 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 rupture of this bond, and thus to the production of a system,
R
Ta RN
A

1 Cf. ANscHUTZ: Liebigs Ann. Chem. 454 (1927), 71, for evidence of the formation
of complexes of this type.
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in which pinaco]ic electron displacement will give rise to the isomeric ketone.
R R

| il I

A\
CR-———CR, — CR—A——CRZ — | cR=CR, — R-CO-CR, + H,SO,.
ANV AN 974 l~ HSO,
0" H,80, OH}HSO,, O——H

Pinacolic deamination.

Closely related to the pinacol-pinacolin change is the process whereby an
o f-amino-alcohol is converted into a pinacolin under the influence of nitrous
acid.! In this case the positive pole of the diazonium ion created by the action
of the nitrous acid on the amino-group assumes the functions of the group Y
in the general scheme given on p. 82.2

R R
HNO, __{ ) oo
H—O—CR—_CR, ~—NH, ——~3% H.OYCR_CR, N, - - 0:CR—CR; + N,.

+ oW’ + H

The action of the nitrous acid is thus specific; it is an essential reagent and not
simply a catalyst, but it introduces into the molecule 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.?

WaGNER-MEERWEIN change.

The complex changes in carbon skeleton which the terpenes undergo in many
reactions may also be regarded as a special case of the general phenomenon of
pinacolic electron displacement. These systems, however, involve the ionisation
of hydrogen from a C-H bond and, because of the attendant difficulty, the
anionisation of the group may occur unaccompanied by cationisation of hydrogen,
thus giving rise to isomeric change without elimination.

R Y
LN T
H—C-C-C-Y HC—C—C—R
LN N VN
Thus the action of hydrogen chloride on pinene gives pinene hydrochloride only
below —10°, whereas at higher temperatures isomerisation to bornyl chloride
occurs.?

M
Ch& CMe —Cl CMe
HCT CCH . HC NCH  HC | CHa
CMey| -~ CMe,| - | CMe2
H,C__ _CH, H,C__| CH, ch\ , /
cH cH

A similar change is involved in the conversmn of camphene hydrate esters into
zsobornyl esters.

1 McKENzIE, ROGER, WILLs: J. chem. Soc. (London) 1926, 779, and other papers.
2 INcoLD: Ann. Rep. chem. Soc. (London) 25 (1928), 124.

3 McKENZIE, MILLs: Ber. dtsch. chem. Ges. 62 (B) (1929), 1784.

4 AscuaN: Ofvers Finska Vet. Soc. 57 (A) (1914), No. 1.
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In WacNER-MEERWEIN changes which accompany elimination (of water or
hydrogen halide) ionisation of hydrogen from carbon must be assumed. The
reconversion of camphene hydrochloride into bornyl chloride by the action of

cold alcoholic hydrogen cloride probably involves the intermediate formation of
bornylene:

M
CMB;CI CMe CMe
H,C— |- "—E{i\ —Hal HzC!/ : \“CH +HC Hzci/ ~ \CHal
H CI (?Mez(JHLH H C;‘ CMG:[ CH H,C CMe, CH
N S 2N ' e 20 ’ CH,
N N/ N
CH CH CH

because, in the analogous transformation of 2:2-dichlorocamphane into «-chloro-
camphene by the action of potassium acetate in phenol solution, no hydrogen
chloride is present and the final product is the unsaturated chlorohydrocarbon.l

CH,—H CH,
o
D! ™
Hzc/kj ")\CCI Cl K+ H,C— ‘ “'\"\‘CCI }
e Sas \ Moy + { }:C&H
c i c
HzC\ /CH2 'H2C\ /CH2

i R

In isomeric changes of unsaturated acids which are effected by means of dilute
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-
plified by the isomerisation of x-campholytic acid to isolauronolic acid:?

I

<~ N0+ +
CH. - CMe "CH, - CMe ~ CH,—CMe,
! \ Me ! i
[ 4 |
CMe, | o > CMe
! ' . Me
CH,—C-CO,H (31{2’T C-CO,H CH,—C-CO,H
i A
H H

and in the similar conversion of the higher homologues, x- into f-campholenic
acid.

Dehydration of tertiary alcohols, effected by dilute or concentrated sulphuric
acid, oxalic acid, acetyl chloride, p-toluenesulphonic acid and similar acid
reagents, must involve the ionisation of hydrogen from a carbon atom as, for

MEERWEIN, WORTMANN: Liebigs Ann. Chem. 435 (1924), 190.
PerkiIN, THORPE: J. chem. Soc. (London) 85 (1904), 128.

1
2
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example, in the production of yy-diphenyl-8-methyl-4%-butene from diphenyl
tert-butyl carbinol:1
Me
H—(CH —vCMe——Cth QOH HO CH,: CMe-CMePh,
and a similar mechanism is doubtless applicable to primary and secondary
alcohols, many examples of which are available:2

R H OH H
N I
CR,—CH OH -— | CR,—CHR] —» CR,:CHR.

In such cases the function of the acid catalyst is probably to convert 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 changes involving group migration is effected
in the presence of alkalis, in particular the hydroxylion. 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 benzilic acid, effected only by means of alkali, is a rapid
and 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 ~ Ph
‘] om o o L
OtC—(IJ=O —> 0 (|3—C|‘ O - -» O=C—CPh,-OH.
Ph OH Ph OH

A precisely similar initial attack by hydroxyl ion is necessary in the conversion
of x-ketonic aldehydes into glycollic acids,

£ OH' ~, w» {) mr

0O C—CR=0 - - 0~ (IJ—CRV‘ o - O:|C—CHR-OH

OH OH
of cyclohexanediones into x-hydroxycyclopentanecarboxylic acids,?
/032 : CH, M cH, OH
H,C Cc-0 H,C. \o ) H,C~ (]
2 oY o 2] ; Ht \ .
N = e " Co,H
H,C ' 0 H,C._~ C* 0 H, ¢ - CHR
CHR HRC |
OH

! Mme RaMART-Lucas: Ann. Chim. physique (8), 30 (1913), 349. — BATEMAN,
MARVEL: J. Amer. chem. Soc. 49 (1927), 2914.

* E.g. Mlle Lvy : Bull. Soc. chim. France (4), 29 (1921), 878. — C. R. hebd. Acad.
Sci. 1(2 (1921) 384.

3 IngoLp: Ann. Rep. chem. Soc. (London) 25 (1928), 124.

1 WarLacn et al: Nachr. Ges. Wiss. Géttingen 1915, 244; Liebigs Ann. Chem.
414 (1918), 296. .
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and in the transformation of cyclic «-chloroketones into cyclic carboxylic acids
of the next lower ring homologue.l

CH, CH, CH, o CHyCHyCH, () & CH,CH,CH,
CHCl —— | —CH-C !
CH, - CH, - C CH,- HLC\ CH,CH,-CH-CO,H
& g o

\.

All these changes are brought about under the influence of alkali.

HormanN 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 ¢socyanate, which involves a migration of the
alkyl group from carbon to nitrogen.? 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 revealed 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
usual manner:

H ~ Ili
4 L I 1\ q
0:CR-NH, —» (Q CR-(NBr OH 5Yc=x!Br — 0:0:NR + Br.

Hydrolysis of the isocyanate then affords the primary amine. An ingenious proof
that the whole change is intramolecular and does not involve even the temporary
existence of the radical R has been given by WaLris and Moygr.®

A similar mechanism can be applied to the conversion of hydroxamic acids
into isocyanates and hence into primary amines.?

H R
oo o VI N

Y

0:CR'N-OH - — O—_C=N-OH - » 0:C:NR + OH'.

REeENFREW and HaUsER® have found that in the decomposition of the potassium

salts of m- and p-substituted dibenzhydroxamic acids K{O—CR N-0-0C-R’
a qualitative inverse relationship exists between the dissociation constants of the
acids R-CO,H and the rates of decomposition when R’ is constant, and a quan-
titative direct relationship between the decomposition rate and the ionisation
constants of the acids R’-CO,H when R .is constant.

1 FAvoRrskIl, BosHovski: J. russ. physik.-chem. Ges. 46 (1914), 1097; 52 (1920),
582.

2 HorMaNN: Ber. dtsch. chem. Ges. 15 (1882), 407. — Tiemann: Ibid. 24 (1891),
4162. — MauaGUIN: C. R. hebd. Acad. Sci. 149 (1909, 790. — SCHROETER: Ber. dtsch.
chem. Ges. 42 (1909), 2336, 3356. — FORSTER: J. chem. Soc. (London) 95 (1909), 433.

3 J. Amer. chem. Soc. 55 (1933), 2598.

4 LossEN: Liebigs Ann. Chem. 186 (1877), 1; 252 (1889), 170; 281 (1894), 169.

5 J. Amer. chem. Soc. 59 (1937), 2308.
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The stronger the acid R’-CO,H the greater is the anionic stability of the
group O-OCR’. There is considerable evidence that the migratory tendencies
of groups in pinacolic electron displacement is closely related to their capacity
for electron-release,! 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-CO,H.
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
0-80-Cl or Cl.

Curtius rearrangement.

The similar decomposition of the azides of carboxylic acids into nitrogen and
an isocyanate is not, strictly speaking, an example of catalytic action, since the
change 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 <C
rearranges immediately to the ¢socyanate by a purely intramolecular mechanism
and all attempts to detect it before rearrangement have failed.® 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:

TN

Il LY

~
vy=- o+ — v N
O ' CR- N—N=N — O0—C=N—--N=N —» 0=C=NR + N,.

The essential factor in promoting the decomposition is once again the ncutralisa-
tion of the positive charge on the nitrogen to form the stable, electrically neutral,
nitrogen molecule.

Anionotropic Changes.

In anionotropic systems the mobile group X separates as a negative ion
X X
N PR
—CXQ- ¢ = —C.' ¢cC
Lo Lo

and hence 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 INcoLD* 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 covalent or molecular combination with
the catalyst, to be subsequently returned to another molecule in one of the two

! The reason for this is not yet understood. Cf. BAKER: Tautomerism, p. 308.
London, 1934.

¢ E.g. the diazide of phthalic acid. Cf. LINDEMANN, SCHULTEIS : Liebigs Ann. Chem.
464 (1928), 237.

3 Cf. LINDEMANN, SCHULTEIS: . c.

4 J. chem. Soc. (London) 1928, 904. — Cf. BakEr: Tautomerism, 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

(—> Br HI—Br Br—H Br
— | . |
CHR-CH=CH, — CHR=CH—CH,

At the present time experimental evidence relating to the mechanism of aniono-
tropic change is in an unsatisfactory state. Burron! showed that, in some
systems, the anion actually does leave the molecule since it was found that if
the anionotropic interconversion of «-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 PHILLIPS? claim that anionotropic
conversion of I-(—)x-phenyl-y-methylallyl alcohol and its esters into the cor-
responding d-(-+ )y-phenyl-x-methylallyl derivatives occurs with considerable
retention of optical activity the configuration around the new asymmetric 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 the change and suggest that the migrating group must become
attached to the new carbon atom before the rupture of the original link is com-
plete. KExyoN and his co-workers postulate a pseudocyclic structure for the
a-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 (produced by polarisation of the ethylenic bond) before those which
form the link with the «-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 OMe’, and in such cascs
the configuration around the new asymmetric centre is the same as that originally
present. The above slightly modified mechanism of KENYON may be represented
thus:3

H cg H
X | 0Me’ > I-(—)Ph-CH: CH(OMe)Me
l-(—) C N— C- by
E»OM | |DMO0H
Ph Me ’
X - d-(+)Ph-CH:CH(OX)Me

Such suggestions, although differing from those of Burrox and INcoLD, do bring
the mechanism of three-carbon anionotropic changes more into harmony with
the findings of Hst, INcoLDp 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 they 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 organic
compounds such as acid anhydrides. Actually, when the anionotropic inter-

1 Tbid. 1928, 1650; 1934, 1268.

2 Thid. 1937, 207.

3 Cf. HucHEs: Trans. Faraday Soc. 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,

- H-0A HO—
C_OH H--OAc 0—H COAC COAC

| Y ﬂ Iy
—C —C= ¢, = —ct c = —Cr o=

N ||\ 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 << 0-0C-OCl; < halogens,
established by various data in the literature,! 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

2 ) HX  _ 0
R,N ¥ CR,~0OH < —7 X{R,N-—CRy}*
KOH

or in the extended systems such as those present in the dyes of the magenta
group,

. (_\ P __
H OH- { \>~NMc2 ¢l — H—OH + {CR2—< B >=NMe2}+Cl’.

The stability of anions such as chloride, perchlorate, etc. constrated with the
great tendency of hydroxyl to form a co-valent link with positive carbon, 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 «-phenylallyl alcohol gives only the
cinnamyl halide, CHPh:CH-CH,X, treatment of cinnamyl chloride with 709,
aqueous alcoholic potassium hydroxide affords 20-259%, of x-phenylallyl ethyl
ether, OEt-CPhH -CH:CH,.2 The tertiary alcohol linalol readily affords a mix-
ture of the acetates of the isomeric primary alcohols, geraniol (cis) and nerol
(trans) by the action of acetic anhydride® and other acidic reagents, but the

1 MoUREU, GALLAGHER: Bull. Soc. chim. France 29 (1921), 1059. — BAUDRENG-
HEIM : Bull. Soc. chim. Belgique 31 (1922), 160. — Cf. BurTON: J. chem. Soc. (London)
(1929), 455.

2 MEISENHEIMER, LINK: Liebigs Ann. Chem. 479 (1930), 211. — Cf. GILMAN,
Harris: J. Amer. chem. Soc. 53 (1931), 3541.

3 BarBIER: C. R. hebd. Acad. Séances Sci. 114 (1892), 674; 116 (1893), 883, 993,
1062, 1459, 2100; Bull. Soc. chim. France (3), 9 (1893), 802, 810, 914, 1002; 11 (1894),
361. — BOUCHARDAT: Ibid. 116 (1893), 1253. — BERTRAM, GILDMEISTER: J. prakt.
Chem. (2), 49 (1894), 192. — StEPHAN: Ibid. 58 (1898), 109; 62 (1900), 529. — ZE1T-
SCHEL: Ber. dtsch. chem. Ges. 89 (1906), 1780.
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partial reconversion of geraniol to linalol is brought about by heating with water
at 200° in an autoclave,! or by steam distillation of the sodium salt of geranyl
hydrogen phthalate.2 The detailed study of DuroNT and LABAUNE? is summarised

as follows:
Geraniol

“HCI
HCl—PhMe at 100° M NaOEt

Linalol ———— - = - ~~— (eranyl chloride -» Geranyl ethyl ether
PCl;—K,CO; at 0° [
Ag,0 iKOAc in
! PhMe

Y
Linalyl acetate

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, i.e. 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 consequent isomerisa-
tion to the more stable geraniol.

Mf p ~ Me
CeH,,—C--CHY CH, OH — CgH,—C—CH=CH,
s+
t OH HO—H
HO H

Precisely similar conditions are encountered in the interconversion of nerolidol
and farnesol, the sesquiterpene 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 trichloride
are equally effective catalysts.? It is difficult to ascertain whether such reactions
are homogeneous and the function of the acid catalyst is almost certainly of

1 ScHMMEL’s Report 1 (1898), 25.

2 STEPHAN: J. prakt. Chem. (2), 60 (1899), 252.

3 Sci. Ind. Rep. Rouse-Bertrand Fils (2), 10 (1909), 19; (3), 1 (1911), 42; 2 (1912) 1.
— Cf. FORSTER, CARDWELL: J. chem. Soc. (London) 103 (1913), 1339.

4 A full account and detailed bibliography of such isomerisations is given by EGLOFF:
‘“‘Reactions of Pure Hydrocarbons”, Amer. chem. Soc. Monograph No. 73 (1937),
New York. '
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a character different form that which is under consideration in such an article
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 molecule,
fragment or ion.! 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 HumpHREY? found that addition of ice to solutions of alkylenes
in cold 859, 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 1009, 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 reason 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:?

R-CH,-CH=CHR' + HX +* RCH,CH—CHR' +~ R-CH=CH—CH,R' + HX

X H
(X = HSO,, H,PO,, CIO,, PhSO,, etc.)

The function of the acid catalyst may be regarded essentially as effecting
in some manner, the polarisation of the ethylenic bond, possibly by the incipient
addition of a proton, a process which, by thus introducing a positive centre into
the molecule, 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 be with the ions of the alkyl salt and the undissociated molecule:

H HX H H H X H
R R g S
O — o V% - oo
Fr N Fr L
y B «
I (I1)

Since the alkyl salt (II) has been shown not to function in the same manner as
does the original olefine, it is probable that the subsequent changes which give
rise to the alcohol, the isomeric olefine, or the polymeride, are initiated before
complete co-ordination of the proton, to give (I) is effected. The close approach
of the acid catalyst will greatly increase the polarisation of the double bond with
the production of a § + change on Csz. 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 molecule of olefine, to form

! BircH, DUNSTAN, FIDLER, PiM, Tarr: J. Instn. Petrol. Technologists 24 (1938),
305.

2 J. Amer. chem. Soc. 40 (1918), 822.

3 Cf. p.21.
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a polymeride, or 3. by ionisation of the hydrogen on C, to give the isomeric
olefine:

H OHH H i H
é (Il (Iz/ O —-(’3\' Rl —H c=C (I)/
R T R B S N C R S RN
y B o
(2) | \CH—‘S&Q}/
,’/ [ AN

Y

N | /

CH—C— CH

/ TN
C—C—CH ete.
N

In the case of sulphuric acid (and of polybasic acids in general) the alkyl hydrogen
sulphate (II, X = O-SOzH) can itself function as an acid and further catalyse
the isomerisation.

Cyeclisations.

The well 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 displacement type involving group migration. In these
sesquiterpene derivatives there are several ethylenic bonds at which, theoretically,
the initial polarising attack of the acid catalyst might occur. The well established
activating effect of gem-dialkyl groups on an ethylenic linking! suggests that the
initial proton addition would occur at a double bond to which a gem-dimethyl
group is attached

Me ~n (\v/

Me -7 C AN

in preference to one activated only by a single methyl group or by hydrogen,

’1
CH, — C==CH—
[

Examination of the available data shows that the electron displacements which
would be initiated by proton addition at such points are usually 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 609%, sulphuric acid may be cited as an example.2

1 Cf. INcoLD, INGOLD: J. Chem. Soc. (London) 1931, 2354.

2 TIEMANN, SEMMLER: Ber. dtsch. chem. Ges. 26 (1893), 2724. — WALLACH,
FRANKE: Liebigs Ann. Chem. 824 (1902), 114. — EscoUrrRoU: Bull. Soc. chim.
France (4), 39 (1926), 1460; 43 (1928), 1277.
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Me Me Me Me Me Me

N ¥ N ¥ N ¥
C . C
A P ) T
H---HC CH— - HC CH--H H - HC LCHZ
[ [ M
H,C C-CH, H,C C-CH, H,C CXCH, H
N 7 NS
HC'} CcH, CH,
[ |
! |
, : |
CMe, CMe, CMe,
/N RN VAN
H,C CH, H,C CH H,C CH,
H,C C-CH H,C C-CH H,C C:CH,
2 \\ / 3 2 \ / 3 2 \\ //
CH, cH,
«-tgogeraniolene. B-isogeraniolene. y-isogeraniolene.

Other examples are very briefly summarised below. Dihydromyrcene is converted
by a mixture of acetic acid and dilute sulphuric acid into cyclodihydromyrcene:!
geranyl acetate with sulphuric acid affords mainly - and with phosphoric acid,
mainly «-cyclogeranyl acetate.? y-Ionone with sulphuric acid gives mainly §-
ionone, whereas with phosphoric acid or formic acid «-ionone is the chief product.?
In the conversion of citral into p-cymene with dilute sulphuric acid and potassium
hydrogen sulphate? 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 «-cyclocitral, together with its product
of isomerisation §-cyclocitral.® Farnesene is converted by digestion with formic
acid into a mixture of «-, f-, and yp-bisabolene,® and farnesol, with either formic
acid or a mixture of acetic and sulphuric acids, affords bisabolol formate or
acetate.” Isomerisation of zingiberene to isozingiberene occurs under the influence
of an acetic-sulphuric acid mixture at 60°.

The suggested mechanism of acid catalysis thus broadly correlates these
cyclisations in a simple manner, but it does not, of course, give any information
regarding the 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 knowledge of the nature of the intramolecular electronic
rearrangements involved in such changes.

I SEMMLER: Ber. dtsch. chem. Ges. 27 (1894), 2520; 34 (1901), 3126.

2 HasrMANN, REIMER: D. R. P. 138141.

3 HisBERT, CANNON: J. Amer. chem. Soc. 46 (1924), 127.

4 SEMMLER: Ber. dtsch. chem. Ges. 24 (1891), 202. — VERLEY: Bull. Soc. chim.
France (3), 21 (1899), 408.

5 HAARMANN, REmMER: D. R. P. 123747,

6 Ruzicka, CaraTO: Helv. chim. Acta 8 (1925), 259.

7 SEMMLER, BECKER: Ber. dtsch. chem. Ges. 46 (1913), 1918.

Hdb. d. Katalyse. II.
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Interconversion of 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,!
and of erucic into brassidic acid.? Fumaric acid is converted into maleic acid by
hot concentrated hydriodic, hydrobromic® or hydrochloric acids and by dilute
nitric acid,* 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 definite interme-
diate or whether it is formed in a side-reaction. Wgiss and Dowxs’ found
that at low temperatures an equilibrium between malic, fumaric and maleic acid
is established, the proportion of maleic acid decreasing with increasing reaction
temperature, and at 140° the same equilibrium between malic and fumaric acids
is established starting from either maleic or fumaric acids. 1t is evident that for
interconversion to occur the double bond must be activated in some manner
which permits free rotation, but the fact that interconversion may be brought
about by a variety of reagents, such as bromine or iodine, colloidal sulphur,
ultraviolet light, and even by heat alone, suggests that such activation may be
effected by various mechanisms. Certain evidence relating to the function of
acid and basic catalysts is available.

TERRY and EICHBERGER® in a kinetic study 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
maleic acid.The catalysts studied included hydrochloric and hydrobromic acids
in concentrations varying from 2 N to 4 N, and potassium thiocyanate in con-
centrations of 0,06 to 0,22 N, and this salt was by far the most effective catalyst
used. The value of the velocity coefficient of the reaction is independent of the
catalyst concentration except in the case of hydrobromic acid, in which case it
increases with increasing concentration of the acid catalyst. TERRY and Eich-
BERGER suggest that the establishment of the equilibrium with the double molecule
of maleic acid and the combination of this with a proton, are fast reactions, the
measured velocity being the slow 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 complex. With slight modification this hypothesis provides
quite a plausible explanation of the function of acid and alkaline catalysts. The
addition of either hydroxyl ion or of the maleic acid anion could convert one of
the carboxyl groups in the original maleic acid molecule from an electron-
attracting into an electron-release group. If the other carboxyl group, as a weak
base, then reacts with a proton to form a salt-like complex the electron-attraction
of this carboxyl group would be greatly increased, and conditions extremely
favourable for the polarisation of the double bond and the consequent reduction
in its torsional rigidity would be produced.

! BOUDET: Ann. Chim. physique (2), 50 (1832), 391. — LAURENT: Ibid. 65 (1837),
149.

2 HAusSSKNECHT: Liebigs Ann. Chem. 143 (1867), 54.

3 KEKULE: Liebigs Ann. Chem., Suppl.-Bd. 1 (1861), 133.

4 KEKULE, STRECKER: Ibid., Suppl.-Bd. 2 (1862), 93; 223 (1884), 186.

5 J. Amer. chem. Soc. 44 (1922), 1118.

8 Ibid. 47 (1925), 1402.
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CH-CO-OH CH-CO-OH  ~CH. CO,H, CH-CO,H,
I = i :
H X H _ - i -
CH-C=0 —» CH<« C—0 ——» CH<« CX(OH)-0 - |CH-CX(OH)-O
| PN ot ¥
OH oH X .
(X — OH’, 0,C-CH:CH-CO,H).

MEeerwEIN and WEBER! 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 complex? and this point of view is strengthened by the
investigations of TAYLOR and ROBERTS® on the catalysed stercoisomeric change
of «- into B-benzil monoxime in ethyl alcohol. They found that the rate of change
is of first order with respect to the oxime. Catalysis by hydrogen chloride is
inappreciable when the acid concentration 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
aleohol 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 49, of water. 1t 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 acctate) are more efficient catalysts than hydrogen chloride itself.
The authors came to the conclusion that the effective agent is the ion-pair, the
close approach of which to the C = N bond gives rise to interaction which brings
about a decrease in the torsional rigidity of the double bond. The concentration
of the ion-pair would only be appreciable in the more concentrated solutions of
clectrolytes. In agreement with this theory quaternary ammonium salts show
the maximum deviation from the theoretical ONSAGER 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 electrical con-
ductivity but it catalyses the change-from the «- to the f-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. It should be noted that, in the free oximes, the x- is the more stable
form and hence lithium chloride, although catalysing the conversion of the f§-
into the x-form, has no effect on the more stable x-oxime. Hydrogen chloride
effects the conversion of the «- into the f-oxime because the stabilities of the
hydrochlorides of the oximes are reversed, that of the f-oxime being the more stable.

1 Ber. dtsch. chem. Ges. 58 (1925), 1266.

2 HorreX: Trans. Faraday Soc. 83 (1937), 570, has also shown that no addition
of deuterium to the double bond occurs when the isomerisation of maleic to fumaric
acid is effected by hydrochloric acid which contains a large concentration of DCL.

3 J. chem. Soc. (London) 1933, 1439.
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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 MoHR! have assumed that
in such cases the change is effected through the enol form, and the presence of
a hydrogen atom on the carbon which bears the carboxyl group is essential.
SceEIBLER? found that cis-hexahydrophthalic ester is converted by potassium
in ether into the potassium enolate from which sulphuric acid subsequently
liberates the tranms-ester, and HickEL and Gorm® found that hydrolysis of the
cis-ester with alcoholic sodium ethoxide affords the tranms-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 which
the spatial arrangement is destroyed and the formation of the more stable iso-
meride thus permitted.

OH ~0 0
% Y v/
CO.R € CO.R € COR €
L OR [l or L__ i or
// \ H // < ¢\\ OEt // N\ )
Q <= H> — < > + HOEt.
NS NS S

The Beckmann Change.

The change whereby ketoximes are converted into isomeric acid amides? 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
account of the historical development of the subject since an excellent summary
of the position up to 1933 is available elsewhere.

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 cyclic
oximes®), hydrogen chloride, oxime hydrochlorides, benzenesulphonyl chloride
in aqueous alkaline medium or in pyridine,” and also antimony tri- and penta-
chloride or metallic chlorides, but not sulphates, oxides or hydroxides. In addit-
ion to ketoximes, the N-alkyl ethers of aldoximes have also been shown to
undergo the change.®

1 AscHAN: Liebigs Ann. Chem. 387 (1912), 16. — Mour: J. prakt. Chem. (2), 85
(1912), 334.

2 Ber. dtsch. chem. Ges. 53 (1920), 389.

3 1bid. 58 (1925), 447.

4 BECKMANN: Ber. dtsch. chem. Ges. 19 (1886), 988.

5 Bratr: Chem. Reviews 12 (1933), 215. — Cf. WaTsox: Modern Theories of
Organic Chemistry, p. 139 et seq. Oxford, 1937.

¢ WarLacH: Liebigs Ann. Chem. 309 (1899), 3.

7 WEGE: Ber. dtsch. chem. Ges. 24 (1891), 3537. — WERNER, PIGUET: Ibid.
37 (1904), 4295. — WERNER, DETSCHEFF: Ibid. 88 (1905), 69.

8 BECKMANN: Ber. dtsch. chem. Ges. 26 (1893), 2272; 37 (1904), 4136. — BRADY,
Duxx: J. chem. Soc. (London) 129 (1926), 2411.
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The earliest information relating to the function of the acid catalyst occurs
in the work of SLurTER! who found that when acetophenone oxime undergoes
the BECKMANN change in concentrated sulphuric acid (as both solvent and
catalyst) the reaction is of the first order: the velocity is proportional only to
the amount of oxime present, and is increased by increase in the strength of
the sulphuric acid used. LacEmann,? like HeNrIcH,? and LEEMANN? 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 Kunara® revealed the fact that the acyl deriva-
tives of the oximes undergo rearrangement and that the velocity of the change
is greater the greater is the anionic stability of the acyloxy group. This was
verified for benzophenone® and acetophenone? oximes, the velocity in the presence
of various acyl chlorides increasing in the order CH,-CO-Cl << CH,CI-CO-Cl <
< PhSO,Cl. 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 oil PhC(: NPh)-OSO,Ph,
hydrolysed by water to benzanilide and benzenesulphonic acid.® 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 Kunara was open to many of the objections common
to other theories, in particular that it offered no explanation of the ¢rans-inter-
change of groups, the generality of which had been established largely by MEISEN-
HEIMER.® The whole position has been clarified by the recent investigations
of CHaPMAN and his co-workers.l® They have confirmed the spontaneous trans-
formation of derivatives of the oximes with strong acids, the picryl ethers
R,C:NO-CgH,(NO,); rearranging when heated alone without the intervention
of catalysts and by a unimolecular mechanism. Solvents of high dipole moment
increase the speed, the velocity of rearrangement of the picryl ether of benzo-
phenoneoxime in various solvents increasing in the order CCl, << CHCl; < C,H,Cl,,
and the addition of various solvents to carbon tetrachloride increases the velocity

in the order
cyclo-CgH,, < PhCl < CoH4Clyp < COMe, < MeNO, < MeCN
for which u= 0 1,55 1,8 2,8 3 3,2

Compounds which contain equal and opposite dipoles, such as trans-dichloro-
ethylene, p-dichlorobenzene or 1:4-dibromocyclo hexane, are also effective as
catalysts, thus indicating that their efficacy must be due to the action of the

! Recueil Trav. chim. Pays-Bas 24 (1905), 372.

2 J. Amer. chem. Soc. 46 (1924), 1477; 47 (1925), 260.

3 Ber. dtsch. chem. Ges. 44 (1911), 1533.

4 Z. angew. Chem. 36 (1923), 360.

5 Published collectively in a monograph “On the BECKMANN Rearrangement”,
Imp. Univ. of Kyoto, Tokio, 1926.

¢ KuHARA, Topo: Mem. Coll. Engng., Kyoto Imp. Univ. 2 (1910), 387.

7 Kunara, WATANABE: Mem. Coll. Sci., Kyoto Imp. Univ., Ser. A 1 (1914), 349.

8 KUHARA, MATSUMIYA, MaTsuNaMmI: Ibid. p. 105.

® Ber. dtsch. chem. Ges. 54 (1921), 3206 and subsequent papers.

10 CHAPMAN: J. chem. Soc. (London) 1933, 806; 1934, 1550; 1935, 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 CEHAPMAN and
FipLer! 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 case is much greater when the substituent is present in the migrating
group. p-Nitrobenzophenone «-oxime (substituent in the non-migrating group)
isomerises less readily than does the chloro-compound but the B-oxime (NO,
in migrating group) is unchanged under the same conditions. On the other hand
di-p-anisylketoxime picryl ether rearranges so readily that all attempts to
prepare it give only p-anisoyl-p-anisidide. Introduction of electron-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,C:N-OX to dissociate as an
anion, but the effect of hydrogen chloride was difficult to reconcile with this
since STIEGLITZ and PETERSON? had shown that the ester CR,:NCI does not
rearrange. This discrepancy has been explained by CHAPMAN’s study of the
rearrangement of benzophenone oxime catalysed by hydrogen chloride in ethylene
dichloride as a solvent.? He found that an initial period of low velocity 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 completely removed by introduction of the iminochloride of the
anilide PhCCl: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 4+ HCl — PhCCI:NPh + H,O:

which then condenses with the oxime thus:
Ph,C:NOH -+ PhCCl:NPh — Ph,C:N-O-CPh:NPh + HCL

Conversion of this oxime ether into the cation of its salt
H+ +
Ph,C:N-O-CPh:NPh — Ph,C: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 quantitatively 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. chem. Soc. (London) 1936, 448.

2 Ber. dtsch. chem. Ges. 43 (1910), 782. — PETERSON: Amer. chem. J. 46 (1911),
325.

3 J. chem. Soc. (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 BCCHERER, Brurz, MEISENHEIMER, RAMART-
Lucas, and CHAPMAN into a detailed electronic mechanism has been made by
WaTtson! and is expressed as follows:—

R R’ R R’
S~ ~_ —
[dLC‘—\ Idl C‘_"\
WU Rt
— N« . |
S NS
e’> 0X H<«~ > OH
Ester. Salt.

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 re-
presented by (b) (facilitated by electron release in the groups RR’). Before the
displacements (b) are completed,? rearrangement of the thus activated 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 the migrating group R.
Meanwhile the OX or OH group comes under the influence of the carbon atom (e)
and continues the process of breaking away from the nitrogen and migrates
with its bonding electrons. Completion of these processes gives rise to

XO-CR:NR or HO-CR:f\IHR, respectively, 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 experimental facts, and readily explains on a common basis
the functions of the various catalytic agents which may be emploved in bringing
about the BrckmanN change.

Migrations from Side-Chain to Aromatic Nucleus.

There arc a number of well known isomerisations in which a group in the
side-chain of an aromatic compound migrates into the benzene nucleus
C¢H; NXR — (0- or p-)X-C¢H,-NHR (X = Cl, OH, NH,, NO,, SO,H, alkyl,
NHAr, N,Ar, ete.). Although superficially similar, closer examination of the
course of such reactions reveals a differentiation into two fundamentally distinct
types according 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 electrophilic aromatic substitution.
In true intramolecular changes the migrating group never leaves the sphere
of influence of the field of the rearranging molecule, changes in structure being
internal. In such cases the mechanism must involve the simultaneous production
of a positive (electrophilic) centre in the side-chain and activating op-orienting

! ““Modern Theories of Organic Chemistry”, p. 145. Oxford, 1937.

2 If the changes (b) were completed before migration of R began, free rotation
about the single bond so created would give rise to an identical product from stereo-
izsomeric oximes; this is not the case. Cf. MONTAGNE: Ber. dtsch. chem. Ges. 43 (1910,

014.
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electron displacements in the nucleus which provide the necessary centres of
attraction for the migrating group.! Since, on the basis of modern electronic
theory, me-orientation involves a deactivation (decreased electron-availability)
at all positions in the benzene nucleus (the op-positions being more deactivated
than the m-positions)? it follows that true intramolecular migration to the meta-
position is impossible. This distinction between inter- and intra-molecular
migrations is well illustrated by the somewhat complex changes which phenyl-
bromocyanonitromethane undergoes in the presence of moderately concentrated
nitric acid. A detailed study® 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 o- and p-nitrophenylbromo-
cyanomethane which undergoes further oxidative change to the nitrobenzoyl
cyanide. BAKER and INgOLD 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)-NO, being strongly meta-directing).
The production of p-nitrobenzoyl cyanide, however, depends on an internal
change involving group migration which may be formulated thus
NO, M N (0]

NEE N ¥ -—
¢ SCBr(NO,)-CN — A > GeNy-LBr > N02<__\>CO'CN.

— HBr

Such differentiation in mechanism is sometimes dependent upon the experimen-
tal conditions under which isomerisation is effected and in the following discussion
of such changes it will be seen that the same isomerisation may, under different
conditions, be either inter- or intramolecular.

Hydrazobenzene-benzidine change.

The rearrangement of a hydrazobenzene to a derivative of 4:4’-diamino-
diphenyl may, in rare cases, be effected by heating alone, but more usually an
acid catalyst is necessary. A dilute aqueous solution of a mineral acid, hydrogen
halide acids in an inert solvent, or even acetic acid alone may be employed.
As is well known, the isomerisation to the 4:4’-diaminodiphenyl compound
may be accompanied or replaced by semidine and ortho-semidine changes and
the proportion of the various products formed has been found to depend on (1)
the conditions under which rearrangement takes place and (2) the nature and
positions of substituents in the phenyl rings. An excellent summary of the data
has been compiled by JACOBSEN.:

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 which are effective in bringing about the conversion of the hydrazo-
benzene itself into benzidine.® The mechanism which postulates peliminary

! BAKER, INGOLD: J. chem. Soc. (London) 1929, 423.

2 Cf. IncoLp, SmitH: Ibid. 1938, 905.

3 BAKER, INGOLD: L. c.

4 Liebigs Ann. Chem. 428 (1922), 76.

5 R. RoBINsoN, G. M. RoBiNsoN: J. chem. Soc. (London) 113 (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 NPh, radicals.* 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-C¢H,-NH-), and (B-C¢H,-NH-),, so chosen
that they both undergo the benzidine change at closely comparable speeds
and without appreciable simultaneous semidine change, are allowed to rearrange
together in the same homogeneous medium, then, if two molecules of either
are concerned in the production of a molecule of the corresponding benzidine,
(NH,-C{H;A—), and (NH,-C¢H,B—), respectively, similar interaction between
two differently substituted hydrazobenzene molecules should give rise to a
third benzidine of the type NH,-C{H,A—B-C¢H,-NH,. INcoLp and Kipp?
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. It must be concluded that before the nitrogen link is severed (a)
the 4- and 4'-positions come within each other’s sphere of influence in a molecule
activated during the formation or decomposition of the corresponding hydrazinium
kation.

PZE N TR i
a+\\> D NH '\j:m D Vo —.
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Inconp has suggested a mechanism for such intramolecular migrations which
makes clear the reason why the side-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 give the cation of the salt, the positive charge
so introduced exerting an attraction on the electrons of the aromatic nucleus.

AR " TN
< N_NR-X 4 1T — </ >Yﬁ}m—x.

electron attraction
The sccond stage is the removal of the proton (salt hydrolysis) and the electronic
system, released from the attraction of the positive charge in the side 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:

AT N~ 4 - _ __j;‘. ’
73 Nedmrex =5 565G N QR x4

electron recoil
« o :

I WIELAND, GAMBARJAN: Ber. dtsch. chem. Ges. 39 (1906), 1503.
2 J. chem. Soc. (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
V7 N\ Yrox o N N\
Q\:/q&x H/\ O=NR.

The final stage is the prototropic change which converts the quinonoid into
the more stable benzenoid structure.

X\ P \ p

¥R - x< ) _NHR.

H);/\L»/' S/

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,! since the acid concentration will determine
essentially the original equilibrium between the weak base and its salt. It also
provides a plausible explanation why some p-substituents such as -Cl, -SOzH,
-CO,H, -OAc(Y) are ejected during conversion into the benzidine whereas
others such as OMe or NH, are not so displaced. In the activated molecule the
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 o- or p-position to an electron attracting nitro-group in the
halogenonitrobenzenes:

Y N s
NI N
- X
X

In external attack A = NO, etc., Y = Cl etc., X =O0H’, NH,’, SH’ etc.

1A M
In internal attack A =Jd—v 7 k\\\,LNHVNH—-, Y =Cl, SO;H etc.,

N

The ejected group must thus be an electron-attracting group i.e. one which
is stable as a negative ion, and hence electron-repelling groups such as OMe
or NH, cannot fulfil this role.

Rearrangement of phenylhydroxylamine.

The decomposition of phenylhydroxylamine in acid solution is a somewhat
complex change and gives rise to a variety of products according to the conditions
chosen. In dilute sulphuric acid p-aminophenol is practically the sole product
and there are indications that this rearrangement also belongs to the intra-
molecular category since INcoLD, SmiTH, and Vass? despite many attempts,

! BriLMANYN, BroMm: J. chem. Soc. (London) 125 (1924), 1719.
2 J. chem. Soc. (London) 1927, 1245.
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failed to realise the transference of the hydroxyl group from an arylhydroxyl-
amine to the aromatic nucleus 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.! Thus with hydrogen chloride in ethyl alcohol
o- and p-chloroaniline, o- 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
close parallelism with those of phenylazide and it has been suggested? that
phenylhydroxylamine is an intermediate in the decomposition of this substance:
PhN,; + H,0 — PhNH-OH + H,. 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.

HCl + 7 S>—N< — O S—NH,.
EtOH + ¢ >—N< — Et0/__S—NH,.

Azoxybenzene would thus 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 4 PhNH,,
PhNO + PhN << — PhNO:NPh.

The function of the acid catalyst in facilitating the formation of the free radical
is, however, not clear. In the closely allied decompositions of hydrazoic acid
which occur under the influence of concentrated sulphuric acid in the presence
of organic compounds the primary formation of the radical NH< is again
assumed :3

N;H - NH< + N,

PhH + NH< — PhNH,
H,0 + NH< —» NH,-OH
R,CO + NH< — R-CO-NHR etc.

Tn 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. dtsch. chem. Ges. 31 (1898), 1503; summarising
papers, Liebigs Ann. Chem. 424 (1921), 233, 297; 441 (1925), 207.

2 FRIEDLANDER, ZEITLIN: Ber. dtsch. chem. Ges. 27 (1894), 197.

3 ScumipT: Ber. dtsch. chem. Ges. 57 (1924), 704. — Cf. HEY, WATERS: Chem.
Reviews 21 (1937), 197. .

4 For evidence of the structure cf. SIpGwick: Trans. Faraday Soc. 30 (1934), 801.
The actual state of the molecule is best represented as a resonance hybrid of the two

structures H—ﬁ—ﬂ* -N and H—N:ﬁ:ﬂ'.
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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 molecule:

- + ﬁ 3 +
H—N—N=N -5 H—N-2-N=N --» HN + N,

l |
H H

!
+
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:

SO A
<_ (>—N£N:N —» PhN< + N,.

Rearrangement of phenyl nitroamine.

The isomerisation of phenylnitroamine to p-nitroaniline has been the subject
of a long series of investigations,! but the mechanism is still uncertain. BRAD-
FIELD and Orron? found that in water or aqueous acetic acid the change is
catalysed by all acids, the velocity in 989, acctic acid with a 2 N-acid catalyst
decreasing in the order HCI (¢ = 0,011) > PhSO,H (0,00788) > H,SO, (0,00501).
At least one by-product, capable of coupling with phenol to give an azo-compound,
is formed. The ratio, nitroaniline/by-products, varies with the nature of the
nitroamine, the dilution of the acetic acid medium, and with the concentration,
but not the nature, of the catalysing acid. Nitric acid is anomalous in that it
is as effective a catalyst as hydrochloric acid in 509, acetic acid, but in 989,
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 INcoLp and Kipp? point out that, in the presence 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 intramolecular process plays an important
role, and the rearrangement can, therefore, be brought within the scope of the
general mechanism set out on p. 105.

Rearrangement of 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 a rearrangement, the mechanism of which
varies with the experimental conditions. The change may be accelerated by

! BAMBERGER: Ber. dtsch. chem. Ges. 26 (1893), 471; 27 (1894), 359; 30 (1897),
1248. — ORTON: J. chem. Soc. (London) 81 (1902), 807. — OrroN, Smitu: Ibid.
87 (1905), 389; 91 (1907), 146. — ORrTON, PEARsON: Ibid. 93 (1908), 725. — ORTON,
REED: Brit. Assoc. Advencement Sci., Rep. annu. Meet. 101 (1907), 101; 1909, 147.

2 J. chem. Soc. (London) 1929, 915.

3 J. chem. Soc. (London) 1933, 984.
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direct sunlight! 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 investigations? 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 Dawson and MimLeTT® found that the ratio k/Cgq? passes
through a definite minimum value at 0,5 M concentration of hydrochloric acid.
Extensive investigations, mainly by OrToN and his collaborators,* have shown
conclusively that in aqueous or 409, 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 o- or p-chloroacetanilide, the general direction of the change
from left to right being-determined by the irreversibility of this final substitution.

Y
¢ H—NAe—Cl + HCl = @_}?Ac_‘m o= SNHAe + d
o
g cl

s Cl<:>NHAc + HOL

SoprER® considers that the original decomposition to chlorine and acetanilide
is a bimolecular reaction involving attack by the unionised hydrogen chloride
molecule and carious attempts to explain the minimum value observed for the
ratio k/Cgg® by the introduction of activities in place of concentrations have
been made.® These have been shown to be unsatisfactory by BELTON? 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 MrmLET® using 0,2 N HCl — x NaNO,;, 0,2 N
HCl — x NaCl, and pure HCl as catalysts found that in all these cases where

the total concentration of electrolyte varies continuously the value of k/[fI] [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 molecule 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 media® may be due

I MATTHEWS, WILLIAMSON: J. Amer. chem. Soc. 45 (1923), 2574.
2 Recueil Trav. chim. Pays-Bas 21 (1902), 366; 22 (1903), 290.

3 J. chem. Soc. (London) 1932, 1920. .

4 WEGSCHEIDER: Mh. Chem. 18 (1897), 329. — OrroN, JONES: J. chem. Soc.
(London) 95 (1909), 1456. — OrToN, KiNG: Ibid. 99 (1911), 1369. — ORTON, SOPER,
WirLiaxs: Ibid. 1928, 998. — OrToN: Brit. Assoc. Advencement Seci., Rep. annu.
Meet. 1904, 85.

5 J. physic. Chem. 31 (1927), 1192.

6 HARNED, SELTZ: J. Amer. chem. Soc. 44 (1922), 1475. — SOPER, PRYDE:
J. chem. Soc. (London) 1927, 2761.

7 Ibid. 1930, 116.

8 Le.

% FoNTEIN: Recueil Trav. chim. Pays-Bas 47 (1928), 635.
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to the decrease in the concentration of hydrogen chloride molecules 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 positive ion, since it must
separate without its bonding electrons. Evidence in support of these deductions
is provided by the investigations of FoNTEIN.! Because of the greatly reduced
basic character of the nitrogen due to conjugation with the attached carbonyl

AN
group —N-_C_L 0 variation in the nature of the acyl group should have little
effect on the velocity, a conclusion substantiated by the following data:

Chloroamine PhNCIX, X = - HCO -CO-Me  CO-Et CO-Pr*  CO-Ph
10%3° in H,O...... 27 37 25 28 134

The rather higher value for benzanilide is understandable since the phenyl
group provides an alternate path by which the polarisation of the carbonyl
group can be satisfied

CO

o - r/_ L.\
—N-.CY ¢
\- /

thus leaving the unshared nitrogen electrons more available for salt formation.
Nuclear substitution which would increase the basic character of the nitrogen
will also decrease the ease of separation of the halogen and vice versa. It is not
surprising, therefore, to find that substituents of opposite polar types increase
the velocity of rearrangement, a minimum velocity being observed with the
unsubstituted XN-chloroacetanilide:

Electron repulsion Electron attraction
Chloroamine R+ CgHg*NAcCl, R = m-Me u m-Cl m-Br

10%%° in HO .......... 61 37 183 105

The important factor determining the velocity is the nature of the halogen
atom, the greater stability of bromine as a positive ion providing a ready explana-
tion of the observation that N-bromacetanilide undergoes rearrangement
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 been studied
by Berr.2 Although N-bromoacetanilide is stable in solution in benzene, toluene,
chlorobenzene, bromobenzene, carbon tetrachloride 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 molecule. In chlorobenzene 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:0--H-0,C-CCl, (R =H or Br) with
the catalyst acid.® Rearrangement of N-iodoformanilide in anisole, catalysed

Il e.
2 Proc. Roy. Soc. (London), Ser. A 143 (1934), 377.
3 BerL, Sir R. V. H. LEVINGE: Ibid. 151 (1935), 211.
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by either chloroacetic or benzoic acids, follows a similar course and, although
some free iodine is formed, it is conclusively shown that any direct iodination
of acetanilide is quite inadequate to account for the observed velocity of the
rearrangement.! 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,
@ - — - (B
X ©) PE)

Y Y

X:C¢H,;*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 halogen. In more concentrated acetic acid and under conditions
of catalysis with the hydrogen halide acid in non-aqueous media equilibration
between (A) and (B) is established rapidly relative to the rate of formation
of the p-halogenoacylanilide and the mechanism is doubtful, but in non-aqueous
media with catalysis by organic acids the change proceeds by the path (¢) and
is intramolecular. Recent investigations,? in which rearrangement of .N-chloro-
acetanilide has been studied in the presence of radioactive hydrogen chloride
in aqueous 209, alcohol (containing sulphuric acid to give a hydrion concentra-
tion 1,43 ¥) have shown that the change in concentration of the radioactive
chlorine is completely accounted for by assuming that all the chloroacetanilides
are produced by the intermediate 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 aromatic base as a solvent in the presence
of the base hydrochloride. The presence of the base hydrochloride or hydro-
bromide or of some readily hydrolysable salt such as zinc chloride is essential
since ROSENHAUER® has shown that the claim of Yokosmma® that conversion
can be effected 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-CH,-NMe,,5 an observation impossible to explain
on the basis of any intramolecular mechanism.

The change has been investigated by Kipp® who discusses and shows the
inadequacy of other mechanisms which have been suggested. When a solution

! BELL, BRowN: J. chem. Soc. (London) 1936, 1520.

2 OLsON, HALFORD, HORNEL: J. Amer. chem. Soc. 59 (1937), 1613. This paper
corrects the earlier conclusions of OLsoN, PORTER, LoNG, HaLrorD: Ibid. 58 (1936),
2467.

3 Ber. dtsch. chem. Ges. 63 (1930), 1056.

1 J. Soc. chem. Ind. 1927, Suppl. 31—34.

5 ROSENHAUER, UNGER: Ber. dtsch. chem. Ges. 61 (1928), 392.

§ J. org. Chemistry 2 (1937), 198.
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of diazoaminobenzene in concentrated hydrochloric acid is kept at 0°, then
91 mol.-9, of the benzenediazonium chloride formed can be recovered in the
form of 2-naphthol-1-azobenzene, and more than 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.!

+4—~ '('\
PhN:N-NHPh + HCl == PhNH:N Y NHPh}Cl'
[
< 7| ’ pu>"T
fast | ’very fast
{

'—PhN:N-Cl + NH,Ph

. . pr<T| PH<7!PH>7
PhN:N-NH-C,H, N:NPh « - =" me PR
|

‘ Y

\—PhN:N-CeH4'NH2 + HCI

The ultimate formation of the aminoazobenzene is determined by the irreversibil-
ity of the formation of the aminoazo compound assisted by the mass action
effect 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 from incipient salt formation
g
Ar-N=N —NHAr’ — ArN:N-Cl + NH,Ar'".
am
Cl—H

The benzenediazoaminoazobenzene, regarded by EARL? 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 tautomeric mobility of the system,
promoted by the acid catalyst by the indirect mechanism (see p. 56).

R A Tt
Cl' ArN ' N7 NHAr = ArNH "N/=NAr' Cl

+ o

{ { H
ArN,Cl + Ar'NH, ArNH, + Ar'N,Cl

Thus with benzenediazoaminotoluene
/oA ~ N 5 N
Me 7 N\YNEH'NLRPh o~ Me—?” N\ _N—N_NHPh
NS N

l N

(. H an. H

1 J. chem. Soc. (London) 47 (1885), 917; 49 (1886), 746.
2 J. Soc. chem. Ind. 55 (1936), 192.
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the electron-release effect 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
molecules would suppress this reversible decomposition so that preferential
fission into benzenediazonium chloride (from I) occurs with the formation of
PhN:N-C¢H,-NH, and not Me-C¢H,-N:N-C;H,-NH,. In aniline MeC¢H,-
‘N:N-NH:C¢H,Me affords MeC¢H,-N:N-NHPh and MeC H,-N:N-C¢H,-NH,,
no PhN:N-NHPh being formed. This example shows the incorrectness of GoLD-
scHMIDT’s mechanism,! which postulates an interchange of radicals between
the salt of the diazoamino-compound (or its cation) and the solvent base: i.c.
in aniline

(Me-CgH,-NH),NCI + PhNH, - (Me-C.H, NH), N-C.H, NH,
|

v

| Me-CH, N:N-CH,"NH, + Me-C;H, NH,
i PhNH, (Formed.}

1(Exchange.) PhN:N-C.H, -NH, + Me-C¢H,-NH,
I (Not formed.)

A
'

1
|
i ;
Me-CH, - NH Me-CH,-NH
X N-C;H,NH,
Ph-NH Ph-NH

Aminobenzene, an expected product on GoLDSCHMIDT's mechanism, is not
detected in this decomposition.

Hydrolysis.

The process whereby a molecule undergoes fission into two simpler molecules
consequent upon the addition of water has long been known to be sensitive 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 this case the
attacking reagent is the hydroxyl ion and such hydrolyses constitute a particular
case of the more general problem of substitution at a saturated carbon atom, the
mechanism of which has recently been put on a sound theoretical basis by the
work of INcoLD, HugHES and their collaborators.2 The essential feature of these

L Ber. dtsch. chem. Ges. 24 (1891), 2317. — GOLDSCHMIDT, BARDACH: Ibid. 25
(1892), 1347. — GorpscEMIDT, REINDERS: Ibid. 29 (1896), 1369, 1899. — Cf. also
GoLpscHMIDT: Z. Elektrochem. angew. physik. Chem. 36 (1930), 662.

2 For an excellent summary of this work cf. HuGHES: Trans. Faraday Soc. 34
(1938), 185.

Hdb. d. Katalyse. II. Y
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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 Sy. 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: NMe, + RBr — RNMe, + Br

3. Decomposition of onium salts: Br + qu\lhIMe3 — RBr + NMe,

It has been shown that there are two possible mechanisms of this form,
characterised by distinctive dynamics, which may be formulated as follows:
7

Y

Bimolecular: ¥ +VR -1 X — Y—R + X designated (S 2).

™
i L RAX W R Lx
Unimolecular: R X » R+ X designated (Sy 1).
7N+ fast

Y4+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
(Sx1) will be favoured relative to the bimolecular mechanism (Syx2) by

1. 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 jonisation capacity of the solvent,

5. changes in temperature.

All these predictions have been verified expel“imentally.1r2

1. Variation in the group R.

In the region of the bimolecular mechanism, increasing electron-release capac-
ity by the group R will render the approach of the nucleophilic 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 group. 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 (Sy2) will
be superseded by the mechanism (Sy 1). Beyond this point electron release will
unconditionally favour ionisation of the group X and so increase the velocity.
This is illustrated in the accompanying diagram (Fig. 2). The point at which

! Cf. HuGHES: L c.
2 BAKER, NATHAN: J. chem. Soc. (London) 1935, 1842. — HuGHES, INGOLD,
SHAPIRO: Ibid. 1936, 225.
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the mechanistic change over occurs may not, therefore, necessarily coincide with
that of minimal velocity.

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.
CH, < CH, — CH, < Gbs ™% CH < CH, > 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/;, that of the methyl halides.
Hydrolysis of the isopropyl halides in
aqueous alcohol occurs simultaneously by

Jnereasing Veloerly

the bi- and the uni-molecular mecha- AN

nisms.2 The bimolecular substitution is w SN

§IOW'er (abgut 1/,5) than fo'r cthyl halides. Mechanism (Sy2) Mechamismity) ]
The velocity of hydrolysis of tert-butyl 77 Y 77 rL
halides in aqueous alcohol or aqueous Jncreasing Electron-release by group R —=

acetone is the same in acid, neutral, or
moderately concentrated alkali solutions.?
It thus occurs by the unimolecular
mechanism and is quite independent of the hydroxide ion concentration. Moreover
the rate is increased by increasing the proportion of water in the solvent, i.e. by
increasing its ionising power. Under comparable conditions the unimolecular rates
for the tertiary halides are greater than for the corresponding secondary halides
by factors of the order of 10%. The unimolecular hydrolysis of fert-butyl chloride
has been confirmed by a direct kinetic method since 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.! The mechanistic change
from bimolecular to unimolecular kinetics in this series thus occurs at the ¢so-
propyl halides and, in general, similar relationship may be expected to hold for
all primary, secondary and tertiary halides. This has been verified in the hydro-
lysis of §-n-hexyl bromide,? §-n-octyl bromide® (both similar to ¢sopropyl bromide)
and of fert-amyl halides? (similar to terf-butyl halides). A similar mechanistic
transition is observed .in the thermal decomposition of sulphonium hydroxides
(reaction type 3)8

Fig. 2. Nucleophilic reactionY : R—X—>Y R+ X.

OH + AlkSR, - > AIkOH + SR,.

Elimination of methyl and ethyl alcohols occurs by the bimolecular mechanism,
the reaction leading to the formation of ethyl alcohol being the slower. In dilute

1 BRUYN, STEGER: Recueil Trav. chim. Pays-Bas 18 (1899), 41, 311. — GRANT,
Hixsuerwoobn: J. chem. Soc. (London) 1933, 258.
Huenes, INcoLp, SHAPIRO: l. c., 225. — HUGHES, SHAPIRO: Ibid. 1987, 1177.
HucHEs: Ibid. 1935, 225. — CooPER, Hucuges: Ibid. 1987, 1183.
BaTEMaN, HUuGHEs: Ibid. 1937, 1187. — Cf. however TAYLOR: Ibid. 1938, 840.
OLIviER: Recueil Trav. chim. Pays-Bas 56 (1937), 247..
HuGHESs, SuaPIRO: J. Chem. Soc. (London) 1937, 1192.
Hucnes, MacNurry: Ibid., p. 1283.
Hucues, IncorLp: Ihid. 1933, 1571. — GLEAVE, HUGHES, INGoLD : Ibid. 1985,236.

8*
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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 CH,;, CH,Ph, CHPh,, CHPh,, 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 (Sy2) mechanism. OLIVIER and
WeBER! 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 the concentration of hydroxide ion and one which is independent of
this reagent. The benzyl group is therefore on the borderline of the (Sy2)-(Sy1)
mechanisms. Electron-release substituents favour (Sy 1) at the expense of (Sx2),
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 former class than it has in the latter. At 30° the ratio k,/k, of the velocity
coefficients in specific basic and acidic solutions has the values:

Substituent p-Me H p-Br p-CN
kb/ka ..... 2,2 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.? The comparative rates recorded by Nixon and Brancr?® for the
alcoholysis of the chlorides of the last three members of the series,

PhCH,-: Ph,CH-: Ph,C- = approx. 1:10%: 107,

demonstrate the marked enhancing effect of the phenyl substituent upon the
velocity of the unimolecular hydrolysis. The retarding effect 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 Dawsox? on the hydrolysis
of bromoacetic acid in aqueous solution. Kinetic analysis showed that six reac-
tions are involved in the elimination of the bromine, the speeds of which,
calculated as second order rate-constants for 25° (units: 10-¢ min.~1 g.-mol-! 1.)
are summarised below:

Reagent CH,(0H)-CO,  CH,Br-CO;  H,0
. CH, Br-CO,H 136 .72 0,041
Compound substituted { CH,-Br-CO,’ 35 19,3 0,059
The reactions with the glycolate and bromoacetate ions are, of course, bimol-
ecular and the much smaller 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 OLIVIER: Recueil Trav. chim. Pays-Bas 56 (1937), 247. — OLIVIER, WEBER:
Ibid. 58 (1934), 869, 891.
2 WARD: J. chem. Soc. (London) 1927, 2285. — Cf. KNY-JONES, WARD: J. Amer.
chem Soc. 57 (1935), 2394.
3 Ibid. 58 (1936), 393.
4 DAwsoN, DysoN: J. chem. Soc. (London) 1933, 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(CO,’), the introduction of the
second electron-repelling -CO," group favours hydrolysis by the unimolecular
mechanism which is exclusive in dilute solutions of alkali, the bimolecular
mechanism being just detectable in concentrated solutions.! Hydrolysis of the
oc-bromopropionate and «-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 accord with theoretical predictions:

Increasing electron release

s
BrCH,-COy  Br-CHMe-CO,;  BrCHEt-COy

First order (10%;,) ..... 1 14 26

Second order (10%,) ... 65 9 8

Introduction of halogen substituents into the group R at the site of the reaction
~
! P ] ¢
will increase electron-release by a tautomeric mechanism Cl- Ci—Cl and so
|
favour unimolecular kinetics. Both benzylidene chloride PhCHCIl, and benzo-
trichloride PhCCl, have been shown to belong to the (Sy1) class, the velocity of
hydrolysis being independent of the concentration of hydroxide ion.?

2. Variation of X.

The relative velocity order iodide > bromide ) chloride is found in the hydro-
lysis of all alkyl halides irrespective of whether they belong to the (Sx1) or (Syx2)
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 there 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

— M
s Y
of the electrons of the nucleophilic reagent Y with the group R, Y ﬁ)vR ,_I— X

and the (Sx2) mechanism should thus be favoured by increased facility of this
process, i.e. by increase in the basic character of Y. In a series of reagents such
as OH', OPh’, CO,"’, OAc’, Cl' of decreasing basicity the reaction velocity by
the (Sy2) mechanism should continuously decrease up to a critical point at which
transition to the (Sy1) type occurs. After this the velocity should be independent
of the nature of the group Y since it is no longer concerned in that reaction which
occurs with measurable 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

! TAnER: unpublished results. — Cf. HUGHES : Trans. Faraday Soc. 34 (1938), 192.

2 SENTER: J. chem. Soc. (London) 95 (1909), 1827. — MADSEN: Ibid. 103 (1913),
965. — SENTER, Woob: Ibid. 107 (1915), 1070; 109 (1916), 681. — CowDpREY, HUGHES,
IxgoLp: Ibid. 1938, 1208.

3 OLIVIER, WEBER: L. c.
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thermal decomposition of various trimethylsulphonium salts in ethyl alcoholic
solution.! The results may be summarised as follows:

Anion................. OH’ OPh’ CO,” Br cr
Substance eliminated ...MeOH MeOPh Me,CO; MeBr MeCl
Mechanism ............ Sn2 Syl
Velocity............... — decrease —> constant velocity

The effect of decreasing nucleophilic activity of Y upon the velocity of the (Sy2)
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 CH,(OH)-CO,’ > CH,Br-CO,’ >»H,0, i.e. in the order
of decreasing basicity of the reagent.

The fertility of the theory of substitution elaborated by HuauEs and INcoLD
in elucidating hydrolytic reactions in general is very apparent, more especially
when 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 BaTeEMAN, HuGHES and INngorLD? have recently indicated a further criterion
to distinguish between these two mechanisms. Use is made of OLsox and HaL-
ForD’s relationship,® rate = (k;p, + k,Pw)Pra1 (Where k, and k, are the specific
rate constants for the hydrolysis of RCl in pure alcohol and pure water, respec-
tively, and p,, p, and pga are the partial vapour pressures of the alcohol, water
and alkyl chloride in the reaction mixture) to calculate the relative proportions
of alcohol, ROH, and 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 velocity is that of the initial slow

ionisation and the actual products are formed in the subsequent reaction of ﬁ
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 Farimwaccr and HamMETT* for the hydrolysis of benzhydryl
chloride in aqueous-ethanol mixtures and their own data for fert-butyl chloride,
BatemaN, HucBES 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 water molecules:

e m
|v

u 3 OH +-"R'X -» R—OH -+ HX,y,

1 GLEAVE, HuGHES, INGOLD: 1. c.

2 J. chem. Soc. (London) 1938, 881, and private communication from Professor
INGOLD.

3 J. Amer. chem. Soc. 59 (1937), 2644.

4 Tbid. 59 (1937), 2544.
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a mechanism which makes it clear why the change is not susceptible to acid
catalysis. »

The incursion of uni- and bi-molecular mechanism is probable in the hydro-
lysis of esters of all 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.! Contrary to LAPWORTH’s

suggestion? that fission of such esters occurs thus R-S0,-O—R, it seems probable
that hydrolysis by water molecules or hydroxide ions is best represented thus:

(_ N +-1»/6 ++/
H' O0H +7 S\ — HOR + HO—S\
0 I 6

C’ORO R

The double positive charge on the central atom acts as a strong centre of attraction
for the nucleophilic reagent thus rendering the introduction of such a charge by
electrostriction of an acid catalyst unnecessary.

Hydrolysis of carboxylic esters.
In the absence of catalysts the velocity with which the equilibrium
R-CO,H -+ R'OH —= R-CO,R’ 4- H,0O

is established is exceedingly small. The position of equilibrium may be thrown
largely to one side or the other by the application of mass action effects: the
presence of a large excess of alcohol or removal of water will promote esterifi-
cation, whereas excess of water or continuous removal of aleohol by volatilisation
will favour the hydrolytic reaction. The speed at which the equilibrium is attained
can only be increased by the use of catalysts and it is well 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 the ester undergoes fission since, a priori, two
possibilities may be envisaged:

—C0-0—R 4+ HO—H — CO-OH - ROH «- HO»:~-HRO%OC—7.

This question has been definitely decided by Porany1 and SzaBo® who cffected
the hydrolysis of n-amyl acetate with water which contained an excess of oxygen
isotope O'8. They found that the isotopic ratio of the oxygen in the liberated amyl
alcohol was normal and contained no excess of the Q2 isotope. Fission must
therefore have occurred thus

CH,-CO——OC4H,; + H—O0%H — CH,-CO-0%H + C;H,,0H

1 CAVALIER: Ann. Chim. physique 18 (1899), 449. — WEGSCHEIDER: Ber. dtsch.
chem. Ges. 52 (1919), 235; Z. physik. Chem. 41 (1902), 52. — WEGSCHEIDER, FURCHT:
Mh. Chem. 238 (1902), 1093. — PrRACTORIUS : Ibid. 26 (1905), 1. — JOHANSSON, SEBELIUS :
Ber. dtsch. chem. Ges. 51 (1918), 480. — OLIVIER, BERGER: Recucil Trav. chim.
Pays-Bas 41 (1922), 637.

2 J. chem. Soc. (London) 101 (1912), 273.

3 Trans. Faraday Soc. 80 (1934), 508.
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and not in accordance with the scheme

CH,- CO0—C,H,, + HO¥—H — CH,-CO,H -+ C,H,;01H.

IncoLp and INGoLD! 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 rdle 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 {OR 62.r 0
/ + / Vi Va +
A —C\\ +H — ——C\_)+ — ———C\ — —C\ + R.
(0] OH OH OH
fast

R + H,0 % 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:

O : o o)
7 - ¥ 3
—C_ + H —» —C_ — —C\ + R
R OH

\OR \+<-\
B. l

H
R + H,0 — ROH + H
o 0

—C_ +H >
OR OR

—» —0=0 + HOR

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,
N N
CHA'CH:CHB .~ CHA:CHTCHB, will be the electromeric cation of an
anionotropic system and the 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 isomeric alcohols from the pure ester of either would indicate that

the cation R is set free at some stage in the hydrolysis. Crotyl and «-methylallyl
accetates are esters which fulfil the requisite conditions and it was found that

1 J. chem. Soc. (London) 1932, 756.
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hydrolysis of each ester gives only the corresponding 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 briefly on p. 50, and have been studied
in some detail by KENDALL and his collaborators.! The formation of complexes
of the type R-CO,R'—HX with acids was established by KExparL and Boogg?
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 R and R’. Such complexes are almost 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-CO,R'—HX—H,O are present only in minute
quantity, if at all, in such dilute aqueous solutions, but the presence of water-
acid complexes H,0—HX, and water-ester complexes R-CO,R'—H,0 has
been established.® 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 affected by the character of the alcohol constituent of the ester. Since
the velocity of acid-catalysed hydrolysis of esters is affected in the same manner
by these same two factors? it seems probable that an ester-water complex plays
an important réle in the acid-catalysed hydrolysis of esters. The hydrolysis
is subject to general acid catalysis which renders it probable that the réle of
the catalyst is to donate a proton either to the ester or to the ester-water complex.
Lowry® has formulated a mechanism, exactly analogous to his ter-molecular
mechanism for the mutarotation of glucose,® which takes cognizance of these
observations, and which is again formulated as a kind of internal electrolysis
of the ester molecule:

~0 H,0 {0 H H0 o H
i A I .
R-C—OR’ —» R-C OR' — R-C + OR + H,0.
— Ll *
H-OH H OH OH

It does not, however, seem either necessary or desirable, to regard the attack
of the acid and the (basic) water as simultaneous.” NEwWLING and HINSHELWO0OD?®
consider that the addition of the proton to alkoxyl oxygen would require 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

1 Cf. KENDALL, HARRISON: Trans. Faraday Soc. 24 (1928), 588.
2 J. Amer. chem. Soc. 38 (1916), 1712. — Cf. BAKER, HEY: J. chem. Soc. (London)
1932, 1226.
3 KENDALL, BOOGE, ANDREWS: J. Amer. chem. Soc. 39 (1917), 2303. — KENDALL,
King: J. chem. Soc. (London) 127 (1925), 1778.
Cf. also OLssoN: Z. physik. Chem. 133 (1928), 233.
J. chem. Soe. (London) 127 (1925), 1379.
Cf. p. 26.
Cf. also DawsonN, Lowson: Ibid. 1928, 3218.
J. chem. Soc. (London) 1936, 1357.

LIRS I O R
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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:

o) 0 0

I SN o
R-C—OR’ — R-C—OR — R-C + OR’

+ | l

OH OH OH

OR’' + H,0 — ROH -+ OH.

In acid hydrolysis the hydroxyl group has to be torn from the water molecule
and this fact, according to these authors, accounts for the greater energy of
activation observed in the acid-catalysed reaction.

TmmM and HINsHELWOOD! 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 molecules would thus seem to.be an important process in the
mechanism. There is also evidence 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,? for example, has found that the rate of the
autocatalysed hydrolysis of ethyl formate in water = k (¢ — x) 2'/s where a2
is the concentration of the hydrion. Moreover, addition of sodium formate,
which will lower the hydrion concentration, reduces the velocity. The known
stability of ester-water complexes does not necessarily mean that these play
any direct part in the mechanism of ester hydrolysis and it would seem that
LowRry’s mechanism at present provides the best representation for the acid
hydrolysis of esters, with the provision that the attack of the water molecules
and of the acid hydrion are not necessarily regarded as simultaneous processes.
The reaction may well be represented as a sequence of equilibria the displacement
of which is determined by the final fission into acid and alcohol, a process which
is practically irreversible under the conditions of hydrolysis.

~0 0 0 H 0

— >N l
R-C-OR’ <> R-C-OR’ 4+ H+ <+~ R-C OR --> R-C -+ R'OH.
~ l [+ l

H -OH OH OH OH

It is interesting to notice that the final fission of the complex is closely
analogous to that whereby olefines are formed in the decomposition of onium
salts.?

In a general survey of proton transfer reactions HoriuTi and Poranyr?
have advanced the suggestion that ester hydrolysis is essentially an electrolytic
dissociation of the ester catalysed by hydrogen ions:

! J. chem. Soc. (London) 1938, 862.

2 Ber. dtsch. chem. Ges. 68 (1935), 1031.

3 Cf. inter alia, HANHART, INGOLD: J. chem. Soc. (London) 1927, 997, and sub-
sequent papers by INGOLD and his collaborators.

4 Acta physicochim. USSR 2 (1935), 505.
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0 o H
Il -
H,0 + RC—OR' — H,0 + R-C—OR’
0 H 0
[1— I
H,0 + RC—OR’ —» |H,0—CR
|

+

+ R'OH

'
HO—C-R + H
Il

(0]

The essential differences between these views are kinetic, depending upon which
is the stage the rate of which is measured 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 INcoLD
and HUGHES in which, given suitable substitution and experimental conditions,
the unimolecular mechanism (Sy 1) might apply, viz:

slow

8 . _
R-CO--OR’ > R-CO + OR’,

R-CO + HO-H + OR % R.COH + HOR.

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 ion! at the carbonyl group.

Any discussion of the effects of substituents upon the velocity 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 little value much of the early work on the
effect of substituent groups upon the speed of ester hydrolysis.2 A general discussion
of these effects is given in a paper by INcoLD?, who has also devised a method
whereby the polar influences of substituent groups may, to a large extent, be
isolated from other factors. Wiss* first observed that the v — pa isotherm
(v = velocity of hydrolysis) for the hydrolysis of methyl acetate passes through
a minimum at the isocatalytic point (pr = pf), and the symmetry of the curve
was first shown by EULER and HEDELIUS? for the mutarotation of glucose.
Dawsoxn and his collaborators® in extensive investigations showed that the
v — pu curve, at any particular temperature, takes the form of a catenary and
deduced the relationship — 2 p% —log k,, = log kog/kn, where pf is the

! DawsoN, Pycock, Spivey: J. chem. Soc. (London) 1983, 291, have shown,
for example, that the bisulphate ion HSO,” has a intrinsic catalytic activity in the
hydrolysis of ethyl acetate when its repression of the ionisation of sulphuric acid
leads to the complete removal of hydrion.

2 Cf. OLssON: Z. physik. Chem. 183 (1928), 233, where a summary of data relating
to the speeds of hydrolysis of eighty-five esters, relative to that of ethyl acetate as
standard, is given.

3 J. chem. Soc. (London) 1930, 1375.

4 Z. physik. Chem. 11 (1893), 492; 12 (1893), 514.

5 Cf. inter alia Biochem. Z. 107 (1920), 150.

8 DAwsON et al: J. chem. Soc. (London) 1926, 2872, 3166; 1927, 213, 1148, 1290.
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isocatalytic point, k,, = ionic product for water and kog and kg are the velocity

coefficients for the hydrolysis catalysed by OH and ﬁ 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, INcoLD! has shown that, within wide limits, the value of
kom/kx is probably a function of polarity only, and is untrammelled by complica-
tions due to steric hindrance which affect kog and kg separately. Dawson’s
method, which permits the ready determination of the values of kog/kg, thus
provides a means of festing 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 nucleophilic hydroxide ion at the carbon of the C:O group.
This should be facilitated by electron-attraction away from this group, i.e. 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-CO,H, would increase the acid strength, it follows that the 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

groups which should de-
Velocity of alkaline hydrolysis of esters R-CO,Et by crease both acidic strength

aqueous sodium hydroxide at 25° (Vel. for and the velocity of alkaline
CH,-CO,Et = 100). hydrolysis. This is in good
R Relative velocity | 10k, of R - CO;E  accord with general ex-
perience and may be
H.o.o............. 21300 ; 21,4 illustrated by the following
CHy—........... 100 : 1,8 typical exa,mp]es taken
Pre —. . ......... 52,5 1,5 frOm the work of PALODIA.A,
BuY —»> .......... 23,2 0,98 SkRABAL and others ta-
MeO <« CHp«— ... 1945 29,4 bulated in Orssox’s sum-
CHy CO < ...... 1,7 X 108 560 A
CH,-CO-CH, «.. 436 31,6 mary.”
PhCH, < ........ 191 5,3 Steric factors are not

negligible in these examples
but they do not affect the general trend of the results. KiNDLER? 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-NH, < OMe << Me Pl < Br,J < NO,
<H
m- Me < (l < Br,J < NO,

——Acid strength of R-CyH,-CO,H increases—- -~ - - - -

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 presence of

1 Tbid. 1930, 1033.
2 le.
 Licbigs Ann. Chem. 450 (1926), 1. — Cf. also INGOLD, NATHAN: J. chem. Soc.
(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 velocity of alkaline
hydrolysis and facilitates the acid-mechanism should cause a continuous fall
in the value of the kog/kg 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:!

Polar effects of substituents in the ester series.

R | R’ | 241 | 1073 x (kou/ku)

1.2 R-CH,-CO-0-CH,-CH,-R’.

H | H 5,36 2
H — OH ‘ 5,0 10
Cl «— H i 4,8 32
MeCO « H | 44 160
+
NH, « H 35 12000
II.2 R-CO-0O-CH,-R'.

H ' H b (large)
H : « CH, | 465 63
CHy— | H 5,15 5

CH,—» | <-CH, " 5,36 | 1,9

CH; —>  «CH,<-CH,<CH; 5,65 0,5

I11.% di-OH-CH,-CH(OH)-CO-0O-R".

<« CH,4 | : 27,5

«—CH,<«CH, j 13,5

<« CH, <« CH, <« CH, : 11,8

< CH < CHg ; 0 5.8

_ . CH, ! ’

<« CH,<-CH, < CH,<«CH;, E ; 11,5

« CH ! ’

«CH,«-CH {_ CH: . i 10,7

n-CyH,, { : 11,2

is0-CgH,, : : 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 studied by INcoLD, JacksoN, and (Mrs.) KELLy,? using dihydroxypropyl
esters. In this series the plot of log kg against the number of carbon atoms in R
(where kg in the fundamental equation

v =kg[H*] + kog[OH'] + k, [HA] + k,[A"] + k,[H,0]

! For further tabulated data illustrating this point cf. OLIVIER: Recueil Trav.
chim. Pays-Bas 53 (1934), 891.

2 INGOLD: J. chem. Soc. (London) 1930, 1032.

3 GROCOCK, INGOLD, JAcksoN: Ibid. 1930, 1039.

4 Ibid. 1931, 2035.
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is determined either directly or from »,— [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 kog/kg is dependent only on polar effects
the corresponding p¥ values exhibit no such anomaly:

Polar effects of substituents in the ester series
R-CO-0-CH,-CH(OH)-CH,-OH.

R | on Eqy, by x 1072 104k, 25°

CH, — ‘ 4,910 8,90 L 4,10

CH, —>CH, — | 4,960 | 7,10 4,79
CH,—>CH,—>CH,—> | 4,970 6,85 | 2,93

CH, u ‘ I -

it 3 CH— 5005 5,75 —
n-C,H, — | 4,970 6,85 2,24
i50-C H, —> | 4,975 6,60 S

Graphical analysis of all these results shows! that two methyl groups in the
same relative situation to the —C:0(-O—) group in R-CO,R’ displace pf
by approximately equal amounts and that such displacement decreases in an
approximately geometrical progression as successive carbon atoms are inter-
calated normally between the methyl substituent and the carboxyl nucleus.
Moreover, the displacement of pf caused by any group in R’ bears a nearly
constant ratio to the displacement caused by the same group in R, and such
displacement is thus given by the product of two numerical factors separately
dependent 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 substantiating these conclusions, is available in the literature and
is given in the summarising papers by OrLssoN and OLIVIER to which reference
has alrecady been made. Sufficient examples have, however, been quoted to
show that the observed effects 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 the attached system it is found that the velocity differences
produced by substitution are, in the main, accounted for by corresponding
changes in the energy of activation of the hydrolytic reaction.?

In conclusion brief reference may be made to the recent attempts to simulate
esterase activity by LANGENBECK,® who has claimed that keto-alcohols such
as PhCO-CH,-OH, or NHPh-CO-CH,-OH, like esterasc, greatly accelerate the
hydrolysis of esters, and moreover, that they are specific in action. OLIVIER,
however, has been unable to confirm these accelerations.

Hydrolysis of acetals and ortho-esters.

In striking contrast to the great acceleration effected by hydroxide ions
in the hyvdrolysis of carboxylic esters, the hydrolysis of compounds of the type

1 GrococCk, INGgoLD, JacksoN, Mrs. KeLry: Ibid. 1931, 2043.

2 INGOLD, NATHAN: J. chem. Soc. (London) 1936, 222. — NEWLING, HINSHEL-
woobn: Ibid. 1936, 1357.

3 LANGENBECK, BaLTIs: Ber. dtsch. chem. Ges. 67 (1934), 387, 1204. — LANGEN-
BECK, BACHREN: Ibid. 69 (1936), 514.

4 Recueil Trav. chim. Pays-Bas 54 (1935), 322.
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R,yC(OR’),_p is quite insensitive to alkaline catalysis, but is greatly facilitated
by hydrion catalysis. BRONSTED and WyNNE-JONEs! have shown that the un-
dissociated acid molecules have no detectable effect, the catalytic activity
depending upon the ability of the acid to donate a proton. In accordance with
BRrRONSTED’s views the velocity of hydrolysis, under otherwise comparable
conditions, runs parallel to the acid strength of the catalyst, a conclusion which
is illustrated by the following data for the catalytic coefficients (k,) in the
hydrolysis of various acetals and ortho-esters:

Dissociation kg

Acid Catalyst Constant K,

CHMe(OEt);| CH(OEt); | MeC(OBt)s | EtC(OEt)y | C(OEb)

HRS ............ 56 19 ; 1,4 x 104 ‘ 5,4 X 105 ’ 3,4 X 108 12,35><103
CH,-CO,H ...... 1,7 X 1078 — — | = =022
p-NO,-CH,-OH .| 6,2 x10-8 — . — ] 018 R 175 U T —
m-NO,-CsH,-OH .| 3,4 x 10-° — = 0045 1 - 1 —
H,O ............ 1x10-16 < 10~° | <107 ;2,7x107% 1,7x 107 1,8x10~¢

Moreover, HARNED and Samaras® have found that the decreased velocity
observed in the hydrolysis of ethyl orthoformate, as the aqueous solvent is
gradually replaced by alcohols, is directly dependent upon the lowering of the
dielectric constant (i.e. the ionising power) of the medium.

This catalytic efficiency of hydrions, coupled with the failure of hydroxide
ions to catalyse these hydrolyses, provides confirmation of the methods of attack
ascribed to these two catalytic entities in ester hydrolysis and, at the same
time is a clear indication of the most probable mechanism of the acid-catalysed
hydrolysis of acetals. In ester hydrolysis the attack of the hydroxide ion is at
the carbonyl group, the concomitant polarisation

i) '
Y OH -
>Ccl!0 =5 €¢—0
|

OH

of which is an obvious essential. The inapplicability of this mechanism in the
case of acetals is obvious. On the other hand in acid-catalysed ester hydrolysis
the essential feature has been shown to be the addition of a proton to the alkoxy-
oxygen, a mechanism which is equally applicable in both types of compound.
LoBERING and FLEISCHMANN,? from a study of the effect of variation in R upon
the temperaturc coefficient for the hydrolysis of the compounds CH,(OR),
have concluded that the acetal first yields one molecule of alcohol and a molecule
of the semiacetal which immediately (possibly by a very rapid intramolecular
process) gives formaldehyde and a seccond molecule of the alcohol. Unlike esters,
the acetals cannot form complexes with water and it seems likely, therefore,
that the first, slow, stage in the hydrolysis is the bimolecular reaction (of first
order because the solvent is present in large excess) between a water molecule
and the oxonium salt complex of the acetal and the acid catalyst. The resulting

! Trans. Faraday Soc. 25 (1929), 59.
2 J. Amer. chem. Soc. 54 (1932), 1.
3 Ber. dtsch. chem. Ges. 70 (1937), 1713.
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molecule, further activated by the acid catalyst, could then readily decompose
to give the final products:—

.
H,0 H H
| |
OEt ~OEt ~+OEt HOEt
/ slow
R-COEt —» R-CTOEt --> |R-CC—OBt | — R-C—OEt
OEt + OEt O H l
N (6] (6] o ﬁ

HO-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 molecule 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
CH,;-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-
orators! which are tabulated below, k, being the first order coefficient for hydrolysis
by acids (in unit concentration), time being in minutes:

Compound hydrolysed ka Compound hydrolysed kg
CH;-OEt ............. 6 x10~7 | CMe,-OEt ........... >6 x 10~7
CH,(OEt)y ...ovvnnnn.. 4,68 x 103 | CMe,(OEt); .......... 7,5 x 104
CH(OEt)g +.vvvvnenn.n. 2,3 x 10¢ CMe(OEt)y «vvvvvvvnns 3,3 x 105
COEt)y «evvnrvnnnn.. 3,0 x 10° CHMe(OEt)y ..vvvv. .- 30

The slight decrease in velocity observed when the fourth hydrogen is replaced
by OEt [to give C(OEt),] is probably due to steric hindrance and to the stability
associated with the symmetry of the molecule. 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 following data, calculated from the results of SKrRABAL
and EcER? for the relative velocities of the acid-catalysed hydrolysis of the
formals CH,(OR),:

R= CH3- CH;g- CH;- Et - CHy- -CHMe,g Pr*CH,- «CHy - CHMe; -CHMeEt
Rel. velocity = 1 8,5 9,4 47,2 9,4 13 64,8

Further examples are found in the hydrolysis of cyclic acetals® 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.

! SkrABAL: Z. Elcktrochem. angew. physik. Chem. 33 (1927), 322. This paper
summarises much of the data obtained, and gives full references to the earlier
individual papers covering the investigations.

2 7. physik. Chem. 122 (1926), 349.

3 LEUTNER: Mh. Chem. 60 (1932), 317; 66 (1935), 222.
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Hydrolysis of acid chlorides.

The well known fact that the hydrolysis of acid chlorides is not catalysed
by hydrion,! 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 carbony! 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 Panomaa and
Liemu,? and VaLEsco and OLLERO® 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
OL1viEr* who found that p-nitro, m-chloro-, and m-bromo-benzoyl chlorides
are hydrolysed more rapidly in 509, 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 «-position
greatly increases the speed of reaction, a much smaller effect resulting from
similar substitution in the 8- or y-positions. An ethoxyl group has the opposite
effect.’

The function of the alkaline catalyst would thus seem to be identical with
that which applies in ester hydrolysis,

R-—gi 0 - R—?LO — R-(ljzo + Qo
OH . OH | OH

the negative charge so introduced bringing about a rapid decomposition of the
active complex with ejection of a chloride ion. In neutral or acid solution the
attack must be by a water molecule and is a particular case of the (Sy 2) mech-
anism of INcoLp and HucHES:*—
cl e
Ne Sl
R—C O — R—C—O — R-C=0 + HCL
ke | |
H—OH ! OH OH

Again it seems possible that, under favourable conditions, the (Sy 1) mechanism
might apply, the slow reaction
N

R-CO—Cl — R-CO + CI',

1 VeLasco, OLLERO: Anal. Soc. estran. fis. quim. 84 (1936), 179; 35 (1937), 76,
who showed that the velocity is independent of the pm of the medium, and is the
same in D,0 as in H,0.

2 Ber. dtsch. chem. Ges. 66 (1933), 813.

3le.

4 Recueil Trav. chim. Pays-Bas 46 (1927), 516.

5 LieMU: Ber. dtsch. chem. Ges. 70 (B), (1937), 1040. — Paromaa, Liemu: L c.

8 See p. 113.

Hdb. d. Katalyse. IL.' 9
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being followed by the rapid sequel
R-CO + HOH — R-CO,H -+ 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 pu of the solution has been studied by BorLin? who found that
the value of the velocity coefficient 10%k decreased continuously from 3,8 to
0,054 as the pn of the medium was increased from 0,54 to 2,20, and increased
from 0,061 to 10,0 as the py increased from 9,42 to 11,22; the calculated value
of the isocatalytic point is pu = 5,8.

The structure of acid amides, which contain a carbonyl group for the attack
of hydroxide ion, and a weakly basic -NH, 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 water than do esters. Since the velocity of hydrolysis of amides
in dilute aqueous solutions of acids is dependent both on the concentration of
the amide and of the hydrion,? the acid-catalysed reaction may be formulated:

OH {0 u
fast v 4+ slow
R—C=0 + H,0 > R~C\OH + H - R-C<OH -
L\11H2 NH, GNHs
0
. RC\/ + NH, + H.
"OH

By analogy with ester hydrolysis the alkaline catalysis would be represented as
NH, NH, -
! /\v C: fi_ — — -
R-C=0 -» |R-CO| — R-(|3=0 + NH, (NH, + H,0 — XH, + OH).
! |
OH OH OH

All that has previously been said concerning the complications introduced
by steric and other factors in the effect of substitution on the velocity of cster
hydrolysis® would apply equally to the hydrolysis of amides. Reliable data of
the effects of such substitution are much more scanty in the case of amide
hydrolysis, but that which is available supports the above views regarding
mechanism. In general, introduction of electron-attracting substituents into
the group R will favour alkaline hydrolysis and retard the acid catalysed reaction,
the effect of electron-repelling substituents being the reverse. The following
data substantiate these conclusions, and it is significant that observed irregularities
in the values of either the acid k,, or basic k,, velocity coefficients vanish when
the ratio k,/k, is calculated on the basis of the given results. As in ester hydrolysis
this ratio decreases uniformly with increase in the clectron-release capacity
of substituents in R.

L Z. anorg. allg. Chem. 143 (1925), 210.

z gf.]{;zéer alia, ACREE, NIRDLINGER: Amer. chem. J. 38 (1907), 489.
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A p-amino group exerts an expected Hydrolysis of aliphatic acid amides
retarding action in alkaline hydrolysis £:CO:NH, in dilute aqueous hydrochloric
(k, = 178) due to its electron-release acid (kg) and sodzumohyd'rom,de (k) at
(+ M) effect, but it also retards the acid 63,2°
catalysed reaction (k, = 198). This is R= E | cH ‘ C.H, \ n-CyH,
readily understood since in the acid me- | ’
dium it will be partly converted into the 10%, | 346,2 | 21,0 | 25,67 | 11,84

+ 10%%, | 1776 : 47,2 & 41,2 16,9
cation NH,-C,H,-CO-NH, and so kyfleg 51, 2,2 [ 1,6 1,4
exhibit the normal retardation of an ! ‘
electron-attracting group.

TAYLOR? has studied the hydrolysis of acetamide in moderately concentrated
acid solution and his data, combined with those of PESkoFF and MEYER? (at 25°)
and of EuLEr and OLANDER? (at 50°) show that the velocity of hydrolysis with

Hydrolysis of substituted benzamides R-CiH ,-CO-NH, tn dilute aqueous hydrochloric
acid k, and barium hydroxide (k,).5

R= H | p-NO, p-Cl m-Br | p-Br m-J | p-J © p-OMe f p-Me
i ! ' ' ' ?
108k, | 217 ‘ 245 208 218 '\ (146) :‘ 189 . 164 ' 131 | 183
10%, | 994 6300 1800 [ 2820 | 1800 ‘ 2450 [ 1590 462 623
kylkey 4,5 26 8,6 13 l (12) | 15 ‘ 9,7 1 3,6 3,4

|

hydrochloric (and hydrobromic) acid increases with increasing acid concentration
up to a maximum at 3 N and then again decreases. TAYLOR shows that the
results are adequately explained if it is assumed that the stable complex®
2 CH,-CO-NH,, HCl is formed in solution, and that this complex fails to undergo
hydrolysis. It is significant that hydrogen bromide forms a similar complex,’
but that sulphuric acid does not, and the latter acid shows no hydrolytic maximum
up to concentrations of 5.V, the limit of the investigations.

Hydrolysis of B-ketonic esters and f-diketones.

The superimposition of polar, steric and statistical factors, noted in the discus-
sion of the hydrolysis of simple esters, will also be significant in the hydrolysis
of B-ketonic esters and of B-diketones, and, in these cases, there is the added
complication that fission may occur in either of two directions. Failure to
disentangle these factors renders the interpretation of the mass of data available®
a very complicated process. The following suggestions relating to mechanism
and to the function of acid and alkaline catalysts are based on the assumption
that the method of attack of the catalyst is essentially the same as that which
appears to be involved in the hydrolysis of simple esters. There is gencral

1 CROCKER: J. chem. Soc. (London) 91 (1907), 593. — CROCKER, LowEg: Ibid.
91 (1907), 952. — Cf. KiLpi: Z. physik. Chem. 80 (1912), 165.

J. chem. Soc. (London) 1930, 2741.
Z. physik. Chem. 82 (1913), 129.
Ihid. 131 (1928), 107.
REID: Amer. chem. J. 21 (1899), 284; 24 (1900), 397.

6§ STRECKER: Liebigs Ann. Chem. 103 (1857), 322. — PINNER, KLEIN: Ber. dtsch.
chem. Ges. 10 (1887), 1896.

7 WERNER: Ibid. 36 (1903), 154.

8 BrRADLEY, RoOBINSON: J. chem. Soc. (London) 129 (1926), 2556. — Kury,
ADKINS: J. Amer. chem. Soc. 52 (1930), 4036, 4391. — CoXNNOR, ADKINS: Ibid. 54
(1932), 3421. — IssELL, WoJCIK, ApKINS: Ibid. 54 (1932), 3678. — BECKIIAN, ADKINS:
Ibid. 56 (1934), 1119.

IO Y
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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 enel. 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 (0 o 0 0

I I S G I |
R-C—CH,—C—R’' — R-(IZ—CHz *.C—R'| - R-C + CH,=CR’

A

1

- |

OH OH OH JH0

CH,-CO-R’ + OH

In B-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
2
29
—C_

OR’

(i.e. the group will be a resonance hybrid of the structures
0 )
ll [ :
—C-OR and —C=OR).

Hence 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-CO,H and CH;-CO,H, in accordance with common experience. If
R = alkyl, as in f-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 R and R’. Such electron-attraction will increase the
acid strength (dissociation constant) of the acid R-CO,H or R’CO,H and hence,
in accordance with the conclusions of BrRaDLEY and RoBINSON! 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:—

0 0 o} OH
] I ks i |
R:-C—CH,—C—R’ 5 > R-C—CH=C—R'
[N 4 N
+ OH +OH
ky ey ks ks
0 0 o OH
| Il ks | [
R- C——CHZ—C—-Rl "»c -~ R:C—CH=C—R’
| s [
OH OH

(Undergoes fission.)

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 f-ketonic esters
(R’ = O alkyl) this probably occurs directly at the carbalkoxyl group: in

tle.
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p-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: :
(0] (0] OH (0]

i i ko i
R-C—CH,~C—R' == R-C=CH—C—R'
4
HOE|
kgl kg
i
0 OH OH OH
I I k, I |
R-C—CH,~C—R’ =% R-C=CH—C—R’
| 8 |
OEt OEt

(Undergoes fission.)
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