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tamine at a rate which suggests that activated glutamic 
acid may be bound to the enzyme in a 7-ester link. 
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Introduction 

Numerous studies have established that imines, par
ticularly when present in cationic form > C = N + < , 
readily undergo reaction with a variety of nucleophilic 
reagents.3-8 By their apparent involvement in numer
ous biochemical processes, attention has been focused 
on two classes of such reactions, those involving water 
and amines, as nucleophilic reagents. Enzymatic 
aldolization,9-12 enzymatic decarboxylation,13"-15 and, 
perhaps, the visual process16'17 all appear to involve 
Schiff base formation and hydrolysis. In addition, 
pyridoxal phosphate-dependent enzymatic reactions 
very probably involve both the hydrolytic and amino-
lytic cleavage of Schiff bases.18-20 
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The formation and hydrolysis of Schiff bases, par
ticularly those involving benzaldehydes as carbonyl 
components, have received considerable study and, in 

[ consequence, the basic features of the mechanism and 
catalysis of these reactions are reasonably well under-

. stood.21-27 On the other hand, the mechanism and 
catalysis of transimination reactions, the reactions of 
Schiff bases with amines, are considerably less well un
derstood although such reactions have received some 

I study.3'4-7'28 

Results reported herein are concerned principally 
' with the mechanism of the reactions of Schiff bases de

rived from benzophenone with water and with weakly 
basic amines. The reaction of these Schiff bases with 
water was studied for two reasons: first, to extend pre
vious investigations of the mechanism of hydrolysis of 
Schiff bases to substrates involving benzophenone as the 
carbonyl component; second, to establish relationships 
between structure and reactivity for a reaction with 
these substrates which is reasonably well understood. 
T h i s r eac t i on , t h e n , will s e rve as a s t a n d a r d of c o m 
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Concerning the Mechanism of the Hydrolysis and Aminolysis of Schiff Bases1 

BY K. KOEHLER,2 W. SANDSTROM, AND E. H. CORDES 

RECEIVED JANUARY 17, 1964 

The pH-ra te profiles and the effect of structure on reactivity for the hydrolysis of Schiff bases derived from 
benzophenone and aliphatic amines are similar to those previously obtained for the hydrolysis of benzylidene-
1,1-dimethylethylamines. The second-order rate constant for the attack of hydroxide ion on the cationic 
Schiff base, benzhydrylidenedimethylammonium ion, is similar to those calculated from the first-order rate 
constants for the pH-independent reaction above pH 9 for the attack of hydroxide ion on protonated benz-
hydrylideneamines. This finding, together with the observed lack of dependence of the first-order rate con
stants for the pH-independent reaction on the nature of polar substituents, strongly suggests that this reaction 
does involve the attack of hydroxide ion on the protonated substrates rather than the attack of water on the 
free base of the substrate. The attack of water on benzhydrylidenedimethylammonium ion is subject to 
general base catalysis by carboxylate ions. The Br0nsted 0-value for this reaction is 0.27. Under conditions 
in which the Schiff bases exist as the conjugate acids, the reactivity of Schiff bases derived from benzophenone 
and ammonia, methylamine, and dimethylamine, toward hydroxylamine, methoxyamine, semicarbazide, and 
water decreases with increasing methyl substitution on nitrogen. Values of o+ for the reaction of water, hy
droxylamine, and methoxyamine with the conjugate acids of a series of substituted benzhydrylidenemethylamines 
are 1.1, 0.92, and 0.96, respectively. The similarity of the effect of structural alteration in either the amine or 
carbonyl component of the Schiff base on reaction rates for the reaction with water, for which attack of the 
nucleophilic reagent is rate determining, and for the reactions with the amines suggests that the attack of the 
amines is also rate determining. This suggestion is also supported by the finding that the aminolysis reactions, 
like the hydrolysis reaction, are subject to general base catalysis. The reaction of a series of substituted benza 1-
dehyde semicarbazones with hydroxylamine and the reaction of a series of substituted benzaldehyde oximes 
with semicarbazide are dependent upon acid catalysis. Both sets of data are correlated by Hammett p-values 
of —1.7. The pKn values for the conjugate acids of benzaldehyde oximes have been determined. 
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Fig. 1.—First-order rate constants for the hydrolysis of 

benzhydrylidenedimethylammonium ion, O, benzhydrylidene 
methylamine, • , and benzhydrylidene amine, ©, at 25° and ionic 
strength 0.50 plotted against pH; 0.02 M carbonate, borate, 
phosphate, acetate, and chloroacetate buffers employed in 
appropriate pH ranges. 

parison for structure-reactivity correlations observed 
in the less well understood reactions involving amines 
as nucleophilic reagents. Such comparisons have per
mitted preliminary conclusions concerning the mecha
nism of the aminolytic reactions to be drawn. 

Experimental 
Materials.—Benzhydrylidenemethylamine, ^-methylbenz-

hydrylidenemethylamine, and benzhydrylidenedimethylammo-
nium iodide were prepared by the method of Hauser and Led-
nicer.6 ^-Chloro- and ^-methoxybenzhydrylidene methylamines 
were prepared in similar fashion. Benzhydrylideneamine29 

and oximes and semicarbazones of substituted benzaldehydes30 

were prepared as previously described. Other reagents, except 
reagent grade inorganic salts, were redistilled or recrystallized 
before use. Solutions of nitrogen bases were prepared just prior 
to use. Distilled water was employed throughout. 

Kinetic measurements were carried out spectrophotometri-
cally with a Zeiss PMQ II spectrophotometer equipped with a 
cell holder thermostated at 25° as previously described.21'28 In 
all kinetic runs, unless specified otherwise, ionic strength was 
maintained at 0.50 by the addition of KCl; 0.02 Mchloroacetate, 
acetate, phosphate, borate, or carbonate buffers were employed 
in the appropriate pH ranges for the maintenance of constant 
pH. All reactions were conducted in distilled water containing 
approximately 3 % ethanol or acetonitrile. Measurements of 
pH were carried out with the glass electrode and a Radiometer 
PHM 4c pH meter. 

Product Identification.—The products of all of the reactions 
studied were identified by comparison of ultraviolet spectra 
of the products with those of authentic samples. 

pifa Determinations.—The pisTa values for the conjugate 
acids of the benzophenone Schiff bases were determined spectro-
photornetrically as previously described.23 pld values for 
the conjugate acids of a series of benzaldehyde oximes were 

(29) A. Lachman, "Organic Syntheses," Coll. Vol. II, John Wiley and 
Sons, Inc., New York, X. Y., 1843, p. 234. 

(30) R. L. Shriner, R. C. Fuson, and D. Y. Curtin, "The Systematic 
Identification of Organic Compounds," John Wiley and Sons, Inc., New 
Yorlc, NT. Y., 18.56. 

determined from spectral measurements on these substrates in 
solutions of hydrochloric or sulfuric acid containing 0.1 M 
hydroxylamine hydrochloride in a fashion similar to that de
scribed by Wolfenden and Jencks.31 Values of pifa were ob
tained from plots of optical density differences at two convenient 
wave lengths against values of ^0-3 2 , 3 3 

Results 
The logarithm of the first-order rate constants for the 

hydrolysis of benzhydrylidenedimethylammonium ion 
(I), benzhydrylidenemethylamine (II), and benzhy
drylideneamine (III) at 25° are plotted as a function 
of pH in Fig. 1. The pH-rate profiles for II and III are 
similar to those previously obtained for the hydrolysis 

Ri. SRi I, Ri = R2 = CH3 
Il 11,Ri = CH3 

C6H5 / ^C 6H 5 111,R1 = H 
of benzylidene-l.l-dimethylethylamines substituted 
with electron-withdrawing substituents.23 The pH-
rate profiles for II and III exhibit a pH-independent re
action above pH 9, which may be accounted for either 
in terms of rate-determining water attack on the free 
substrates or in terms of rate-determining hydroxide ion 
attack on the protonated substrates,23 as well as a pH-
independent reaction under slightly acidic conditions, 
in which the Schiff bases are nearly completely con
verted to the conjugate acids, which may be accounted 
for as rate-determining attack of water on the pro
tonated substrates.23 Under still more acidic condi
tions, the first-order rate constants decrease with de
creasing pH, suggesting a transition in rate-determining 
step to rate-determining carbinolamine decomposi
tion.23 First-order rate constants for the hydrolysis 
of III at values of pH below 1 (not shown on graph) are 
somewhat larger than expected on the basis of data 
under less acidic conditions. The reasons for this be
havior are not known. The pH-rate profile for the hy
drolysis of I, which cannot, of course, be converted to a 
free base form, exhibits a base-catalyzed reaction, due 
to rate-determining attack of hydroxide ion on this 
substrate, as well as the water reaction observed for the 
hydrolysis of II and III. The first-order rate constants 
for the attack of water on the cationic substrates de
crease as the methyl group substitution on the nitrogen 
of the amine component increases. In contrast, the 
relative reactivities are reversed under conditions in 
which carbinolamine decomposition is rate determining 
(Fig. 1). The dissociation constants for the conjugate 
acids of II and III, the first-order rate constants for the 
pH-independent reactions, and the observed, in the 
case of I, or calculated, in the cases of II and III, second-
order rate constants for the attack of hydroxide ion on 
the cationic Schiff bases are collected in Table I. The 
last values were obtained from the pKa values for the 
protonated substrates and first-order rate constants 
under basic conditions.23 Of particular interest is the 
fact that the observed second-order rate constant for the 
attack of hydroxide ion on I is similar to the correspond
ing calculated values for the attack of hydroxide ion on 
the conjugate acids of II and III. The dissociation 
constant for the conjugate acid of III and the rate of 
hydrolysis of the protonated substrate are similar to 
values previously obtained by Culbertson.34 

(31) R. Wolfenden and W. P. Jencks, J. Am. Chem. Soc, 83, 2763 (1961). 
(32) C. T. Davis and T. A. Geissman, ibid., 76, 3507 (1954). 
(33) M. A. Paul and F. A. Long, Chem. Rev., 57, 1 (1957). 
(34) J. B. Culbertson. J. Am. Chem. Soc., 73, 4818 (1951) 
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TABLE I 

RATE CONSTANTS FOR THE HYDROLYSIS OF BENZOPHENONE 

SCHIFF BASES AND DISSOCIATION CONSTANTS FOR THE 

PROTONATED SCHIFF BASES AT 25° AND IONIC STRENGTH 0.50 

Scaled. 
Ai,6 M . - i &H 20,d 

min. _ 1 min . - 1 min. - 1 S u b s t r a t e 

CgHs CeHj 

CBHB CeHs 

: N ^ C H 8 

CeHg CsHg 

C8H1T ^ C 6 H 1 - P - C l 

: N / C H s 

C 6 H 5 - ^ ^ C H 1 T ) - C H s 

KSBH + 

M 

6 . 4 X 10 1 ' 0 . 011 

1.0 X I O " ' ' 0 . 0 0 5 4 5 .4 X 10" . 0 8 0 / 

0 . 6 3 X 1 0 " ' .0068 4 . 3 X 10< .016 

2 . 8 X 1 0 " 

0 . 4 5 X 1 0 " 

.0047 1.3 X 10= 

.0084 3 . 8 X 10 ' 

: N / CH3 

0 . 2 7 X 1 0 - ' .0067 1.8 X 10» .0026 
C 8 H r CeH.-p-OCHj 

" Dissociation constants for the protonated Schiff bases. 
5 First-order rate constants for the pH-independent reaction 
above pH 9. c Calculated second-order rate constants for the 
attack of hydroxide ion on the protonated Schiff bases. d First-
order rate constants for the attack of water on the protonated 
Schiff bases, estimated from the hydrolysis rates in the pH 
region 4-5. e Observed, rather than calculated, rate constant. 
! See also ref. 34. 

TABLE II 

CATALYTIC CONSTANTS FOR THE GENERAL BASE CATALYZED 

ATTACK OF WATER ON BENZHYDRYLIDENEDIMETHYLAMMONITJM 

ION AT 25° AND IONIC STRENGTH 1.0 

C a t a l y s t 

Acetate 
3-Bromopropionate 
Formate 
Chloroacetate 
Cyanoacetate 

" Of the conjugate 
tors have been made. 

PXa" 

4.76 
4.02 
3.77 
2.86 
2.43 

acid. " 

Concn . r a n g e , 

0 

No 

M 

.2-1 .0 
.2-1.0 
.2-1.0 
.2-1.0 
.2-1.0 

p H 

5.25 
4.45 
4.15 
3.30 
2.90 

Kc& t, 
-W-i 

min . - 1 

0.021 
.015 
.012 
.0071 
.0054 

corrections for statistical 1 

The first-order rate constants for the hydrolysis of 
several substituted benzhydrylidenemethylamines were 
determined at 25° under slightly acidic and slightly 
alkaline conditions. These values are also collected 
in Table I. In the case of each reaction, first-order 
rate constants were determined at more than one value 
of pH to ensure that the measured rates corresponded 
to the pH-independent reactions illustrated in Fig. 1. 
The dissociation constants for the protonated benz
hydrylidenemethylamines and the calculated sec
ond-order rate constants for the reaction of these 
substrates with hydroxide ion are also presented in 
Table I. The dissociation constants and the second-
order constants for the hydroxide ion reactions are cor
related by the Hammett tr-constants with a values of 
2.0 and 1.8, respectively. On the other hand, the first-
order rate constants for the attack of water on the pro
tonated substrates are correlated somewhat better by 
the o-+-substituent constants with a p +-value of 1.1 
(Fig. 2). 

500-
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Fig. 2.—Second-order rate constants for the reaction of water, 
hydroxylamine, and methoxyamine with the conjugate acids of 
a series of substituted benzhydrylidenemethylamines at 25° 
plotted against the o-+-substituent constants. The legend on 
the left applies to the reactions involving amines while that on 
the right applies to the water reaction. 

The attack of water on benzhydrylidenedimethyl-
ammonium ion is subject to general base catalysis. The 
catalytic constants for five carboxylate anions, to
gether with the conditions for their determination, are 
collected in Table II. These catalytic constants are 
correlated by a single straight line in a Br0nsted plot 
with a slope,/3, of 0.27. 

The reactions of hydroxylamine, methoxyamine, and, 
in some cases, semicarbazide with the conjugate acids 
of several Schiff bases were studied. These reactions 
adhere to the rate law 

V = k2 (RNH2 

Representative data for the reaction of methoxyamine 
with benzhydrylidenedimethylammonium ion, which 
demonstrate the validity of this rate law, are collected 
in Table III. In some cases, discussed below, this 

TABLE III 

KINETICS OF THE REACTION OF METHOXYAMINE WITH 

BENZHYDRYLIDENEDIMETHYLAMMONIUM ION AT 25° 

P H 

5.02 

6.25 

( C H i O N H i ) free base, 
M 

0.018 
.036 
.072 
.14 
.21 
.016 
.062 
.090 
.11 

^obsci i 

min. ~l 

0.047 
.086 
.16 
.31 
.56 
.037 
.13 
.19 
.30 

*!, 
.W-i mi 

2.6 
2.4 
2.2 
2.2 
2.6 
2.3 
2.1 
2.1 
2.7 

rate law must be modified to include general base ca
talysis by a second molecule of amine. Second-order 



2416 K. KOEHLER, W. SANDSTROM, AND E. H . CORDES Vol. 86 

l-r 
^ 2.0 

(NH2OH) free base. 

Fig. 3.—First-order rate constants for the reactions of hydroxyl-
amine with benzhydrylidenedimethylammonium ion at 25° 
plotted against the concentration of hydroxylamine free base. 
The rate constants have been corrected for a small concomitant 
hydrolysis reaction. The solid line is a calculated line based on 
a rate law derived from these data (see Results). These results 
were taken from experiments performed at pH 6.00 and 6.60, 

rate constants for the reactions indicated above are 
collected in Table IV. The appropriate oxime, O-
methyl oxime, or semicarbazone was identified as the 
product of all reactions of this type. In all cases, the 

TABLE IV 

SECOND-ORDER RATE CONSTANTS FOR THE AMINOLYSIS OF 

BENZOPHENONE SCHIFF BASES AT 25°" 
^NH2OH ^ NH,OCH> ^ N H J N H C O N H 2 . 

CH, 

CaHs 

H 

S u b s t r a t e 

CH3 

C6H5 

H 

C 5 H 8 ^ ^ C 6 H 5 

C8H. CeHs 

CeH5 
A C8H1-P-Cl 

1 ^ N - - CH3 

- s H s ^ ^ C . H , - : 

M - 1 min . 

590 

230 

320 

100 

M ~l min. 

2.4 

M " 1 m i n . - ' 

-CH3 

C6H1 

49 

45 

23 

29 

11 

4.6 

0.7 

C6H1-P-OCH3 

" All reactions run under conditions in which the substrates 
were converted nearly quantitatively to their conjugate acids; 
ionic strength maintained at 0.50 for the reactions involving 
hydroxylamine and methoxyamine, 1.0 for those involving semi-
carbazide. 

concentration of the attacking amine was adjusted so 
that the aminolysis reaction was at least an order of 
magnitude more rapid than the concomitant hydrolysis 
reaction. All rate constants were measured for at least 
three concentrations of amine at two or more values of 
pH. Values of pH were maintained sufficiently low, in 
in the range pH 3 to 6, in all cases so that the Schiff 
bases were essentially completely converted to the 
conjugate acids. As in the case of the hydrolysis re
action under conditions in which the attack of water is 
rate determining, increasing methyl group substitution 
in the amine component of the Schiff base causes a de
crease in the aminolysis rates. Second-order rate con
stants for the reaction of hydroxylamine and methoxy
amine with the substituted benzhydrylidenemethyl-
ammonium ions are correlated by the <r+-substituent 
constants as indicated in Fig. 2. Values of p + of 0.92 
for the hydroxylamine and 0.96 for the methoxyamine 
reaction were calculated from the slopes of these plots. 
The data for the attack of water on these substrates 
are included in this figure for comparative purposes. 

First-order rate constants for the reactions of hy
droxylamine with benzhydrylidenedimethylammonium 
ion and hydroxylamine and methoxyamine with p-
methoxybenzhydrylidenemethylammonium ion increase 
more rapidly than the concentration of the nucleophilic 
reagent. The apparent catalysis of these reactions by a 
second molecule of amine was investigated more thor
oughly in the case of the first reaction indicated above. 
Studies of this reaction at pH 6.00 and 6.61 indicated 
that the catalysis became increasingly marked as the 
fraction of hydroxylamine as the free base was increased. 
The catalysis is, therefore, of the general base, rather 
than general acid, type. First-order rate constants 
for the reaction of hydroxylamine with benzhydryli-
denedimethylammonium ion, corrected for the small 
contribution of a hydrolysis reaction, are plotted against 
the concentration of hydroxylamine free base in Fig. 3. 
The solid line in Fig. 3 is a calculated line based on the 
derived rate law: kohsd (min. ̂ 1) = 9.0(NH2OH) + 530-
(NH2OH).2 It is likely that many or all of the aminoly
sis reactions listed in Table IV are subject to general 
base catalysis by a second molecule of amine. Such 
catalysis might not be detected as a result of the lower 
concentrations of amine employed in the studies with 
the more reactive substrates. 

Although this reaction has not been studied exten
sively, the aminolysis of Schiff bases may also be de
tected under basic onditions. For example, hydroxyl
amine reacts with benzhydrylidenemethylamine, yield
ing the oxime, in a reaction which is independent of pH 
from pH 11.6 to 13. The second-order rate constant 
for this reaction at 25° and ionic strength 0.50 is 0.3 
Af-1 min. -1. 

The reaction of semicarbazide with a series of sub
stituted benzaldehyde oximes, yielding the semicar-
bazones, and the reaction of hydroxylamine with a 
series of substituted benzaldehyde semicarbazones, 
yielding the oximes, are dependent upon acid catalysis 
under slightly acidic conditions. Third-order rate con
stants for these reactions at 25° and ionic strength 0.50 
are collected in Table V. These rate constants were 
determined at several concentrations of nucleophilic 
reagent over the concentration range 0.02-1.0 M. 
These third-order rate constants are plotted against the 
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tr-substituent constants in Fig. 4. Both reactions are 
characterized by p-values of —1.7, indicating that the 
over-all equilibrium constants for the interconversion of 
oximes and semicarbazones are independent of the 
nature of polar substituents. 

TABLE V 

THIRD-ORDER RATE CONSTANTS FOR THE ACID-CATALYZED 

REACTIONS OF SUBSTITUTED BENZALDEHYDE SEMICARBAZONES 

WITH HYDROXYLAMINE AND SUBSTITUTED BENZALDEHYDE 

OXIMES WITH SEMICARBAZIDE AT 25° AND IONIC STRENGTH 0.50 

Substituent 

£-Dimethylamino 
p-Methoxy 
p-Methyl 
H 
p-Chloro 
£-Nitro 
p-Methoxy 
^-Methyl 
H 
£-Chloro 
p-Nitro 

Nucleophilic 
reagent 

Hydroxylamine 
Hydroxylamine 
Hydroxylamine 
Hydroxylamine 
Hydroxylamine 
Hydroxylamine 
Semicarbazide 
Semicarbazide 
Semicarbazide 
Semicarbazide 
Semicarbazide 

M-
ki, 

2 min. pH range 

5.1-6 .7 
.4-4 .9 
.3-4 .7 
.7-8.1 
.8-4.9 
.1-4.2 
.7-4 .9 
.2-3 .8 

-4 .3 
.4-3 .8 6.7 X 102 

.7-4.9 6.0 X 101 

2.3 X 106 

6.1 X 10« 
4.2 X 105 
2.1 X 106 

9.7 X 10' 
X 103 

X 103 

X 103 

1.3 X 103 

Values of pi£a for the conjugate acids of a series of 
substituted benzaldehyde oximes, determined as in-
cated in the Experimental, section, are collected in 
Table VI. These values are correlated by the cr-sub-
stituent constants with a p-value of —1.9. 

TABLE VI 

VALUES OF pXa FOR THE CONJUGATE ACIDS OF SUBSTITUTED 

BENZALDEHYDE OXIMES" 

Substituent 

£-Nitro 
p-Chloro 
H 
^-Methyl 
p-Methoxy 

pXa 

- 2 . 4 0 
- 1 . 2 5 
- 1 . 2 0 
- 0 . 6 5 
- 0 . 2 5 

a Determined in the presence of 0.1 M hydroxylamine hydro
chloride. 

Discussion 

A. Hydrolysis Reactions.—The character of the 
pH-rate profiles and the effect of structure on re
activity for the hydrolysis of benzhydrylidenemethyl-
amines are quite similar to those previously obtained 
for the hydrolysis of benzylidene-1,1-dime thylethyl-
amines.23 The extended discussion, presented in ref
erence 23, concerning the mechanistic features of the 
latter group of reactions is equally pertinent to the 
hydrolysis of the benzophenone Schiff bases. In brief, 
the principal conclusions which are particularly relevant 
to the following discussion are as follows. The pH-in-
dependent reaction which is observed under basic con
ditions is very probably the consequence of rate-de
termining attack of hydroxide ion on the protonated 
Schiff base. Under more acidic conditions, in which the 
Schiff bases are predominantly protonated, the attack 
of water, rather than hydroxide ion, on the protonated 
Schiff base becomes the important reaction pathway. 
Finally, under still more acidic conditions, in which the 
first-order rate constants decrease with decreasing pH, a 
transition in rate-determining step occurs and car-
binolamine decomposition becomes rate determining. 

X-£>c=NNHC0NH2 + NH2OH-
p-U 

X-Cyc=N-0H+NH2NHC0NH 

-0,4 -0.2 0 +0.2 

or 
+0.4 +0.6 

Fig. 4.—Third-order rate constants for the reaction of hydroxyl
amine with a series of substituted benzaldehyde semicarbazones 
and for the reaction of semicarbazide with a series of substituted 
benzaldehyde oximes at 25° and ionic strength 0.50 plotted 
against the cr-substituent constants. The legend on the left 
applies to the former reaction while that on' the right applies to 
the latter reaction. 

The formulation of the pH-independent reaction 
under basic conditions as the attack of hydroxide ion on 
the protonated Schiff base, rather than as the kinet-
ically indistinguishable attack of water on the free 

:N—R + H+ 

\ _ H + 
V=N-R + OH" 

H + 
N - R 

\ H 
- N - R 

OH 

^ N ^ R + H2O ^=* \ - N — R 4- H + 

H 
N - R 

OH 
\ H 

-N-
H 

> - N - R 

OH 

- N - R 

O + RNH2 

0_ 

Schiff base, was first suggested by Willi25 and strongly 
supported by the finding that the first-order rate con
stants for the hydrolysis of benzylidene-1,1-dimethyl -
ethylamines and benzylideneanilines increase slightly 
with increasing electron-donating power of polar sub
stituents in the benzaldehyde moiety.23 In the present 
case, the first-order rate constants for the hydrolysis of 
benzhydrylidenemethylamines in basic solution are 
essentially independent of the nature of the polar sub
stituent (Table I). These results may be accounted 
for in terms of the opposing effects of polar substituents 
on substrate protonation and on hydroxide ion attack 
but are not consistent with rate-determining attack of 
water on the free base of the substrate.23 Under con-
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ditions in which the at tack of water on the protonated 
Schiff bases becomes the predominant reaction path
way, the first-order rate constants increase with in
creasing electron-withdrawing power of the polar sub-
stituent, as expected (Table I) .2 3 The observation tha t 
the measured second-order rate constant for the at tack 
of hydroxide ion on the cationic Schiff base benzhydryl-
idenedimethylammonium ion (I) is nearly identical 
with the calculated second-order rate constants for the 
at tack of hydroxide ion on the protonated species of 
benzhydrylidenemethylamine and -amine provides 
very strong support for the above arguments. In these 
studies, the nondissociable methyl group is employed 
as a model for a dissociable proton in order to provide a 
means of distinguishing between otherwise kinetically 
indistinguishable reaction pathways. This technique 
has been previously employed to distinguish between 
alternate pathways for nucleophilic reactions of acetyl-
imidazolium.33 

Under more acidic conditions, in which the at tack of 
water on the Schiff bases is the predominant reaction 
pathway, the first-order rate constants decrease with 
increasing methyl group substitution on the imino ni
trogen (Table I, Fig. 1). Although the substitution of 
methyl for hydrogen may clearly effect the reactivities 
of these substrates in several ways, these data may be 
accounted for by presuming tha t the predominant ef
fect of the substitution is the stabilization of the ground 
state relative to the transition state by inductive or 
hyperconjugative electron release from the methyl 
groups. On the other hand, under still more acidic 
conditions, in which decomposition of the carbinolamine 
is rate determining, the order of reactivity is reversed, 
the dimethyl compound being most reactive (Fig. 1). 
Since the substitution of methyl for hydrogen may af
fect two pre-equilibria as well as the rate of carbinol
amine decomposition, it is difficult to specify precisely 
why one obtains the observed order of reactivity. Re
gardless of the explanation, the important point, to be 
employed later, is t ha t the relative reactivities of these 
substrates change as the nature of the rate-determining 
step is altered. 

The at tack of water on benzhydrylidenedimethylam-
monium ion is subject to general base catalysis by car-
boxylate ions with a Br0nsted coefficient of 0.27 (Table 
II) . General acid-base catalysis of Schiff base forma
tion and hydrolysis has been observed previously in 
several instances.23 '24 '2636 '37 For the ,present reac
tion, as in the case of general base catalysis for the at
tack of water on fully protonated benzylidene-l, l-di-
methylethylamine,2 3 the base catalysis must involve 
partial removal of the proton from the at tacking water 
molecule in the transition state. The alternative 
general acid-specific base mechanism, involving proton 
transfer to the nitrogen atom, is impossible for this 

&X 9--H--B 
R x H 

reaction. In the reverse reaction, the above mechanism 
corresponds to general acid catalysis for carbinolamine 

(35) R, Wolfenden and W. P. Jencks , / . Am. Chem. Soc, 83 , 4390 (1961), 
(3B) A. V Willi and R. E. Robe r t son , Can. J. Chem., 3 1 , 3(11 (1953). 
(37) G. M. San te r re , C. Hans ro t e , Jr . , and T I. Crowell , J. Am. Chem. 

Soc, 80, 1254 (1958). 

dehydration with a Br0nsted coefficient, a, of (J.73. 
General acid catalysis for carbinolamine dehydration 
has been observed for benzylideneaniline,24 '38 oxime,39 

semicarbazone,2 2 '3 9 - 4 1 and, probably phenylhydra-
zone formation.39 The general acid-catalyzed reac
tion for carbinolamine dehydration is largely over
shadowed quanti tat ively by catalysis by the solvated 
proton suggesting, in accordance the above observation, 
tha t the a-value for this reaction is close to unity. 

B. Aminolysis Reactions.—The replacement of the 
amine component of a Schiff base by another amine, 
transimination, is a symmetrical reaction. Although 
the existence of an intermediate in these reactions has 
yet to be demonstrated, the nature of the reactions al
most certainly requires tha t they proceed via a two-step 
reaction path involving a gew-diamine as intermediate. 
Such an intermediate is analogous to the carbinolamine 
intermediate for Schiff base formation and hydrolysis. 
Under conditions in which formation and decomposition 

V = N - R 1 + R2NH2 ^=Z. > | N - R i 

H N - R 2 

H H+ \ 
> | N - R i T ^ V = N - R 2 4- RiNH2 

HN-R 2 

of the gew-diamine exhibit a similar dependence on 
acidity, one may expect that , for nearly all cases, the 
rate-determining step in transimination reactions will 
involve either the a t tack of the weaker amine on the 
Schiff base involving the stronger amine or vice versa. 
Clearly, if the two steps of the reactions depend on 
acidity in different fashions, one may experience 
changes in rate-determining step, as in Schiff base hy
drolysis,23 as a function of pH. Since, as is indicated 
in the Results section, the transimination reactions in
vestigated in this s tudy occur principally via a reaction 
pathway involving the protonated substrate regardless 
of whether the at tacking amine is a stronger or weaker 
base than the resident amine, the nature of the rate-
determining step in such transimination reactions will 
be considered below. Several lines of evidence sug
gest, but do not prove, tha t for reactions of this type 
the at tack of the weaker amine on the Schiff base in
volving the stronger amine is rate determining. (1) The 
effect of increasing methyl group substitution on the 
imino nitrogen atom on the rates of reaction of semi-
carbazide, hydroxylamine, and methoxyamine with the 
benzophenone Schiff bases is qualitatively similar to 
tha t on the rate of water at tack on these substrates 
(Tables I and IV). This finding suggests tha t the rate-
determining step for the reactions involving the amines 
is also at tack of the nucleophilic reagent. This sug
gestion is considerably strengthened by the fact that , 
under conditions in which carbinolamine decomposition 
becomes rate-determining in the water reaction, the 
order of reactivities is reversed. 

(2) Values of p^ for the reaction of substituted benz-
hydrylidenemethylamines with hydroxylamine (0.92) 
and methoxyamine (0.96) are close to that for the at
tack of water (1.1) on these substrates (Fig. 2). This 

(3S) G. Kresze and H. Goetz, Z. Naturforsch., 10b, 370 (1955) 
(39) G. H. S tempel , Jr . , and G. S. Schaffel, J. Am Chem. Soc, 66, 1158 

(1944). 
'40) J. B. C o n a n t and P. D. Ba r t l e t t , ibid., 54, 2881 (1932). 
(41) J. A. Olson, Arch. Biochem. Biophys., 85, 225 (1H59) 
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finding also suggests tha t the at tack of the amines is the 
rate-determining step. 

(3) Both the a t tack of water and the reactions of the 
amines with benzhydrylidenedimethylammonium ion 
and other cationic benzophenone Schiff bases (Results) 
are subject to general base catalysis. This finding is 
consistent with and support for rate-determining amine 
at tack. I t is, of course, quite possible to account for 
general base catalysis of the aminolysis reactions by a 
specific base-general acid catalyzed decomposition of 
the gCTM-diamine intermediate (in the reverse reaction, 
this corresponds to general base catalysis of the at tack 
of dimethylamine on the unprotonated oxime), or by a 
general base-catalyzed decomposition of the proton-
ated gew-diamine intermediate (general acid catalysis 
of the at tack of dimethylamine on the oxime in the 
reverse direction). 

(4) No evidence has been found, despite a reasonably 
careful search, for the accumulation of a detectable 
amount of the gew-diamine intermediate in the reac
tions of the benzophenone Schiff bases with weakly 
basic amines. This finding is consistent with rate-
determining at tack since only in the case of rate-deter
mining gew-diamine decomposition would the inter
mediate accumulate. 

In summary, the similarity of the effect of alteration of 
the structure of either the amine or carbonyl component 
of the Schiff bases on reaction rates for the at tack of water 
and for the reactions with the amines, together with the 
finding tha t these reactions have similar catalytic 
pathways available to them, suggests tha t the at tack 
of the amines is rate determining. 

The above conclusions are consistent with data ob
tained for the acid-catalyzed interconversions of oximes 
and semicarbazones. Third-order rate constants for 
the acid-catalyzed formation of semicarbazones from 
benzaldehyde oximes and for the acid-catalyzed forma
tion of oximes from benzaldehyde semicarbazones are 
correlated by Hammet t cr-constants with identical p-
values of — 1.7 (Fig. 4). According to the above argu
ments, the at tack of semicarbazide on the oximes should 
be rate determining rather than vice versa. Since the ob
served p-value of —1.7 must be the sum of p-values for 
oxime protonation and for semicarbazide at tack on the 
protonated substrate, it follows tha t the p-value for the 
protonation of benzaldehyde oximes must have a value 
more negative than — 1.7 since the p-value for the attack 
reaction is certainly positive. The observed p-value of 
— 1.9 for the dissociation constants of protonated benz
aldehyde oximes is consistent with this expectation. 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, UNIVERSITY OF CINCINNATI, CINCINNATI, OHIO] 

cfs-Azoxybenzenes. I. Synthesis and Structure 
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Nuclear magnetic resonance spectra are used to establish the configuration of the cw-azoxy group and to 
show the existence of two isomers in the monosubstituted compounds of this class. All the known monosub-
stituted and disubstituted p-methylazo and azoxy compounds were prepared and the chemical shifts of the 
methyl peaks, in c.p.s. downfield from tetramethylsilane, were obtained. In the compound cis-p,p'-dimethy\-
azoxybenzene two methyl peaks were seen (at 112.7 and 105.2 c.p.s.), clearly eliminating the possibility of a 
symmetrical structure A and strongly indicating the structure B for the cis-azoxy group, analogous to the 

O- o-
_ < ^ > , _ _ ,_ . / 

A + B + 

known configuration of the corresponding trans isomers. This contention is further strengthened by the 
spectral evidence for two isomeric cis-azoxybenzenes from the oxidation of cw-^-methylazobenzene. Two 
methyl peaks of approximately the same intensity were seen (at 112.6 and 105.4 c.p.s.). Only the compound 
whose methyl resonance occurred at 112.6 c.p.s. was isolated, and on decomposition formed a-trans-p-methy\-
azoxybenzene (I, X = CH3). Two other cis monosubstituted compounds were isolated from the oxidation 
of ^-bromo- and ^-chloroazobenzene, respectively. We believe these to be the first reported examples of mono-
substituted a's-azoxybenzenes. 

The chemistry and the configuration of the trans-
azoxybenzenes have been known for several years. 
Angeli1 and co-workers have shown tha t the mono-
substi tuted and the dissymmetrically substituted com
pounds exist in two isomeric forms, designated as " a " 
(I), and "/3" (II), which differ only in the relative posi
tion of the oxygen atom. These results have recently 
been corroborated by the independent, unequivocal 
synthesis of each of the isomeric forms of trans-p-
bromo- and -^-ethoxyazobenzene.2 

However, reports of the geometric cis isomers have 
been scarce and pertain only to the unsubsti tuted or the 
symmetrically disubstituted compounds.3 To our 

(1) A. Angeli and I.. Alessandri , AtIi. Accad. Lined, 201 , 896 (1911); 
201I1 170 (1911); A. Angeli and B. Valori , ibid., . a l l , 155, 729, 794 (1912); 
A. Angeli and D. Bigiavi . ibid., 6, 5, 819 (1927). 

(?) 1. C. Behr, J Am. Ckem. Sac, 76, 3672 (1954). 

knowledge no cis monosubstituted azoxybenzenes have 
been reported. This paper presents a general synthetic 
method for the preparation of these compounds, albeit 
in small yields, and reports a preliminary study of their 
structure. 

(3) K. E. Ca lde rb r ink and R J. W. LeFevre , J. Chem. Soc, 1949 (1948) ; 
A. H. Cook, ibid., 876 (1938); A. H. Cook and D. G. Jones , ibid.. 1309 
(1939). 


