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Kinetics and Mechanism for Benzaldehyde Phenylhydrazone Formation1 
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Benzaldehyde phenylhydrazone formation, like semicarbazone, thiosemicarbazone, oxime, and Schiff base 
formation, occurs with rate-determining attack of the nucleophilic reagent under slightly acidic conditions and 
with rate-determining dehydration of the carbinolamine intermediate under neutral and basic conditions. The 
attack of phenylhydrazine on p-chloro-, unsubstituted, p-methoxy-, and p-hydroxybenzaldehyde is subject to 
general acid catalysis by carboxylic acids and the conjugate acid of the nucleophile while that on p-nitrobenzalde- 
hyde is subject to catalysis by carboxylic acids and apparent inhibition by carboxylate ions. Rate constants for 
the hydrated proton, chloroacetic acid, acetic acid, phenylhydrazinium ion, and water as catalysts for the attack 
of phenylhydrazine on a series of substituted benzaldehydes are well correlated by the U +  substituent constants. 
The derived values of p + increase linearly with increasing pK, of the catalyst. The dehydration of the carbinol- 
amines derived from phenylhydrazine and benzaldehydes exhibits both acid-catalyzed and pH-independent re- 
actions and, in the case of that derived from p-nitrobenzaldehyde, a base-catalyzed reaction as well. 

The addition of amines to carbonyl compounds has 
been the subject of a number of studies in recent years. 
Two excellent reviews of this topic have appeared.3~4 

It has been established that the formation of oximes,& 
semicarbazones,6~6 thiosemicarbazones,' phenylhydra- 
zones,8 and Schiff bases9-l2 occurs with rate-deter- 
mining attack of the nucleophilic reagent under slightly 
acidic conditions. This step is generally subject to 
both general acid and specific acid catalysis for the cases 
of weakly basic amines but is insensitive to such catal- 
ysis when the nucleophile is strongly b a ~ i c . ~ , ~  Under 
neutral or basic conditions, dehydration of the car- 
binolamine becomes the rate-determining step. This 

C=O + RNHz e -(!PJHR - C=KR + H20 (1) 
\ \ 

/ I - /  
OH 

step is generally subject to strong acid catalysis al- 
though pH-independent and base-catalyzed processes 
also occur in some cases (eq 1).3,4x7 

In this work, a previous study* of benzaldehyde 
phenylhydrazone formation has been elaborated to in- 
clude a series of substituted benzaldehydes. Attention 
is focused on the susceptibility of the various steps to 
acid catalysis and on the influence of substituents on the 
pertinent rate constants. While the results are generally 
consistent with those observed previously in a parallel 
study of semicarbazone formationj6 several differences 
were found. Details are presented herein. 

Experimental Section 
Materials .--All reagents employed were obtained commercially 

and, with the exception of reagent grade inorganic salts, were 
either redistilled or recrystallized before use. Solutions of phenyl- 
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hydrazine were prepared just prior to use. Solutions of carboxylic 
acids in 207% ethanol were prepared just prior to use to avoid 
esterification. 

Kinetic measurements were carried out spectrophotometrically 
at 26' with the aid of a Zeiss PnlQ I1 spectrophotometer equipped 
with a thermostated cell holder. The reaction of benzaldehyde 
and Phenylhydrazine was followed by observing the appearance 
of the product at 340 nm (p-hydroxybenzaldehyde at  330, p- 
methoxybenzaldehyde at 340, p-chlorobenzaldehyde at  348, and 
p-nitrobenzaldehgde at  420 nm), with an initial concentration 
of aldehyde of 6 x 10P J I .  In all cases, a sufficient excess of 
nucl'eophilic reagent was employed so that pseudo-first-order rate 
behavior was observed. First-order rate constants were evaluated 
from slopes of plots of log (OD, - ODt) against time in the 
usual manner. Second-order rate constants were obtained by 
dividing the first-order constants by the concentration of nucleo- 
philic reagent in the reactive, free base form. When necessary, 
corrections for catalysis by the conjugate acid of the nucleophile 
were made as previously described.6 Kinetic measurements were 
carried out in 2074 ethanol at an ionic strength of 0.50, main- 
tained with KC1, in the presence of 2 X 10-4 M EDTA. Values 
of apparent pH were recorded with a Radiometer Model PHXl 
4d meter. 

Sayer and Jencks have pointed out that neglecting the in- 
fluence of the rate of carbinolamine dehydration on rate constants 
measured under conditions in which amine addition is predomi- 
nantly rate determining can introduce appreciable errors into rate 
constants for the latter p r o c e ~ s . ~  The necessary correction takes 
the form: kaddn = ku,,,,/(l - kunoor/kdehyd a?+) in which 
kaddn is the second-order rate constant for the addltion reaction, 
k,,,,, is the uncorrected (measured) second-order rate constant 
for this reaction, kdehyd is the third-order rate constant for acid- 
catalyzed carbinolamine dehydration, and a~ + is the hydrogen ion 
activity. I t  has been clearly shown that it is important to make 
these corrections for both thiosemicarbazone and semicarbazone 
formation from benzaldehydes.' In  the present case, such a 
correction introduces no appreciable changes in the rate constants 
under consideration. Clearly, the importance of the correction 
depends principally upon the relative magnitudes of the third- 
order rate constants for acid-catalyzed carbinolamine dehydration 
and acid-catalyzed amine attack; the greater the ratio between 
these constants, the less important becomes the correction. In 
the case of semicarbazone formation from p-nitrobenzaldehyde, 
the ratio of these rate constants is 20;e in contrast, the same ratio 
for phenylhydrazone formation from this substrate is 130. 
Consequently, provided that one does not employ a pH too near 
that a t  which dehydration becomes rate-determining or too high 
buffer concentrations, the correction for phenylhydrazone forma- 
tion from p-nitrobenzaldehyde is negligible. The necessary pre- 
cautions have been observed and actual calculations of second- 
order rate constants with and without the correction usually 
differ by less than 370. For the other aldehydes employed in 
the present study, the correction is even less important. 

Results 

Figure 1 exhibits the curves obtained by plotting 
second-order rate constants for the reaction of phenyl- 
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TABLE I 

BENZALDEHYDES IN 20% ETHANOL AT 25" AND IONIC STRENGTH 0.50" 
CATALYTIC CONSTANTS O F  SEVERAL ACIDS FOR THE ATTACK O F  PHENYLHYDRAZINE O N  A SERIES O F  

H30+ CNAcOH ClAcOH HCOlH BrCHsAoOH AoOH PHH + * 
Benzaldehyde x 10-6 x 10-4 x 10-4 x 10-4 x 10- x 10-3 x lo-' H2OC 

p-Nitrobenzaldehyde 30 39 32 13 90 55 7 .3  7 

Benzaldehyded 9 .0  9 .5  5 .9  5.0 54 15 22 20 
p-M ethoxybenzaldehyde 1 .6  1 .7  1 .0  0.47 6 .5  2 .2  2 .3  2 
p-Hydroxybenzaldehyde 1 .7  1 . 3  0.96 0.40 3 . 4  1 .7  1 .4  1 . 5  

p-Chlorobenzaldehyde 12 7 .6  6 .6  4 .0  37 17 23 23 

a Catalytic constants have the units M-2 min-1. * Phenylhydrazinium ion. 0 Reference 8, with exception of the value for AcOH. 
d Approximate values. 

l I i I , , I ~ , ( , ,  

2 3 4 5 6 7 8 9 1 0 1 1  12 13 
PH 

Figure 1.-Logarithms of second-order rate constants for 
substituted benzaldehyde phenylhydrazone formation in 20% 
ethanol a t  25' and ionic strength 0.50 plotted as function of pH. 
All points are extrapolated to zero buffer concentration. Curve 
I, p-nitrobenzaldehyde; 11, p-chlorobenzaldehyde; 111, benz- 
aldehyde; IV, p-methoxybenzaldehyde; and V, p-hydroxy- 
benzaldehyde. 

hydrazine with various para-substituted benzaldehydes 
in 20% ethanol, a t  25' and ionic strength 0.50, as a 
function of pII. Each rate constant shown was ob- 
tained by extrapolation to zero buffer concentration. 
The pH-rate dependence is related to that previously 
obtained for the formation of benzaldehyde semicar- 
bazones6 and thio~emicarbazones,~ of benzaldehyde 
phenylhydrazone,s and of benzaldehyde oximes and 
may be interpreted in the same manner.3-9 

Under conditions more acidic than pH 6 (Figure 1)) 
in which attack of phenylhydrazine is rate determining, 
second-order rate constants for phenylhydrazone forma- 
tion from each of the benzaldehydes are sensitive func- 
tions of the nature and concentration of the carboxylic 

I I I I I I I I I I  1 1 1  I I I t l I  
2 4 6 8 IO 12 14 16 IS 

IAcet ic  a c i d / a c e f a l e )  x IV'M 

Figure a.-Second-order rate constants for p-nitrobenzaldehyde 
phenylhydrazone formation as a function of acetic acid plus 
acetate buffer concentration in 20% ethanol, a t  25' and ionic 
strength 0.50, pH 3.87. 

acid-carboxylate buffer employed to maintain constant 
pH. Except in one case (see below) buffers employed 
include cyanoacetate, chloroacetate, formate, /3-bromo- 
propionate, and acetate, each a t  concentrations of 0.05, 
0.10,0.15,0.20, and 0.25 M. 

With the exception of p-nitrobenzaldehyde, the 
buffer catalysis for phenylhydrazone formation proved 
straightforward; measurement of the catalytic effect as 
a function of the ratio of acidic and basic forms of the 
buffers established that the catalysis is, within experi- 
mental error, of the general acid type. That is, slopes 
of plots of second-order rate constants against the con- 
centration of the acidic component of the buffer yield 
straight lines with equal slopes regardless of the buffer 
composition. Catalytic constants were obtained di- 
rectly from these slopes. Such behavior is concordant 
with that previously observed for benzaldehyde phenyl- 
hydrazone formation in particular8 and with reactions 
of this class The catalytic rate constants 
derived from the data in Figure 1 and from the studies 
or buffer catalysis are collected in Table I. 

p-Nitrobenzaldehyde exhibits unique behavior in its 
reaction with phenylhydrazine. In  the first place, 
plots of second-order rate constants against buffer con- 
centration were generally nonlinear; one example, for 
catalysis by acetate buffers, is shown in Figure 2. Note 
that the plot is straight up to a concentration of about 
0.10 M total buffer and then appears to approach a 
limiting rate constant with further increases in buffer 
concentration. Related behavior was observed for 
other buffer systems. As a consequence of this behavior, 
quantitative evaluation of buffer effects for the attack of 



3414 J. Org. Chem., Vol. 86, No. 9%) 1,971 

phenylhydrazine on p-nitrobenzaldehyde has been re- 
stricted to buffer concentrations of not more than 
0.10 M .  

In  the second place, the behavior exhibited in Figure 
2 may be accounted for in terms of inhibition of the re- 
action by carboxylate ions, although other explanations 
are in theory possible (see Discussion). 

I n  Table 11, second-order rate constants for this re- 
action are collected as a function of the concentration 

TABLE I1 
VARIATION OF SECOND-ORDER RATE CONSTANTS FOR 

ATTACK OF PHENYLHYDRAZIKE O N  p-NITROBENZALDEHYDE 
IN 20% ETHAXOL AT 25' AND IONIC STRENGTH 
0.50 AS FUNCTION OF THE CONCENTRATION OF 

SEVERAL CARBOXYLIC ACID-CARBOXYLATE BUFFERS' 

Total buffer 
concn, M 

0.020 
0.040 
0.060 
0.080 
0.10 

Total buffer 
concn, M 
0.020 
0.040 
0.060 
0.080 
0.10 

Total buffer 
concn, M 

0.020 
0.040 
0.060 
0.080 
0.10 

Total buffer 
concn, M 

0 * 010 
0.020 
0.030 
0.040 
0.050 

Total buffer 
concn, M 
0.010 
0.020 
0.030 
0.040 
0.050 

Cyanoacetate Buffers 
_ _ ~ -  % of buffer in basic form---- 
20, pH 2.24 50, pH 2.75 80, p H  3.23 

21 7 .  I 2 . 5  
24 9 . 2  3 . 2  
30 11 3 . 9  
34 13 4 . 6  
39 15 5 . 3  

Chloroacetate Buffers 
---- of buffer in basic form---- 
20, pH 2.62 50, pH 2.95 SO, pH 3.31 

I1 5 . 0  2 . 9  
14 6 . 4  3 . 7  
17 8 . 3  4 . 4  
21 10 5 . 1  
24 12 5 . 8  

Formate Buffers ----- % of buffer in basic form---- 
20, pH 3.17 50, pH 3.81 80, pH 4.30 

4 . 5  0.88 0.54  
5 . 3  1 . 2  0.63 
6 . 1  1 . 4  0.67 
6 . 8  1 . 6  0.74 
7 . 1  1 . 7  0.79 

Bromopropionate Buffers 
---% of buffer in basic form------ 
10, pH 3.31 20, pH 3.62 30, pH 3.84 

2 . 2  1 . 3  0 .95 
3 . 0  1 . 9  1 . 4  
3 . 6  2 . 5  1 . 9  
4 . 3  3 . 0  2 . 3  
5.0 3 . 6  2 . 7  

Acetate Buffers 
--------'3$ of buffer in basic form---- 
10, pH 3.82 15, pH 4.03 20, pH 4.52 

1 .0  0.81 0.49 
1 . 4  1 . 1  0 .64 
1 . 7  1 . 3  0.77 
2 . 1  
2 . 5  

a Rate constants have the units of M-1 min-1 and have been 
multiplied by lo-*. 

of several buffers at  various degrees of neutralization. 
Plots of these rate constants against the concentration 
of the acidic and basic components of these buffers 
yield straight lines (deviations are observed at  higher 
buffer concentrations) whose slopes are collected in 
Table 111. Note that neither of the slopes is constant 
indicating that the catalysis is neither simple general 
acid nor simple general base. In  fact, both sets of 
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TABLE I11 
SLOPEB OF PLOTS OF SECOND-ORDER RATE CONSTANTS FOR 
ATTACK OF PHENYLHYDRAZINE ON p-NITROBENZALDEHYDE 

IN 20% ETHANOL AT 25' AND IONIC STRENUTH 0.50 
AGAINST THE CONCENTRATION OF CARBOXYLIC 

PH 

2.24  
2.75 
3.23 

2 .62  
2.95 
3.31 

3.17 
3.81 
4.30 

3.31 
3.62 
3.84 

3.82 
4.03 
4.52 

ACID-CARBOXYLATE BUFFERS~ 
% of buffer Concn Slope 

in basic form range, M (RCOsH) 

20 0.02-0.10 35 
50 0.02-0.10 32 
80 0.02-0.10 24 

Cyanoacetate Buffers 

Chloroacetate Buffers 
20 0.02-0.10 25 
50 0.02-0.10 19 
80 0.02-0.10 13 

Formate Buffers 
20 0.02-0.10 9 . 6  
50 0.02-0.10 5 . 6  
80 0.02-0.10 3 . 2  

fl-Bromopropionate Buffers 
10 0.01-0.05 8.1 
20 0,Ol-0.05 7 . 4  
30 0.01-0.05 7 . 0  

10 0.01-0.05 4 .1  
I5 0.01-0.05 3 . 2  
20 0.01-0.05 2 . 2  

Acetate Buffers 

Slope 
(RCOz-) 

54 
16 
4 . 0  

48 
17 
5 . 0  

38 
4 . 9  
0.85 

41 
18 
9 . 7  

35 
16 
3 . 9  

.The slopes have the units of M T 2  min-1 and have been 
multiplied by lo-*. 

slopes decrease with increasing fraction of the basic com- 
ponent of the buffer suggesting a combination of general 
acid catalysis and carboxylate inhibition. 

For calculation of the concentration of the acidic 
component of the buffers, values of pKa which refer to 
water have been used throughout. Since the solvent 
employed is 20% ethanol in water, which will have the 
effect of raising the pK,value about 0.4 units,la it is im- 
portant to ensure that the unusual results obtained with 
p-nitrobenzaldehyde do not reflect simply the choice of 
pKa values. Note that the use of an ionic strength of 
0.50 will diminish the pKa values by about 0.2 units, 
compensating in part for the effect of the partially or- 
ganic solvent. Three lines of evidence establish that 
the unusual behavior encountered for catalysis of the at- 
tack of phenylhydrazine on p-nitrobenzaldehyde is 
real. In  the first place, this behavior is observed only 
with the indicated substrate; were a systematic error 
being introduced through use of inappropriate values 
of pKa, similar behavior ought to have been observed 
for all of the aldehydes. In  the second place, the trend 
toward decreasing catalytic constants with increasing 
fraction of base present is also observed if one employs 
the concentrations of the acidic species added to the soh- 
tion rather than those calculated from values of pH and 
pK,. Finally, choice of a value of pKa lower than the 
true one has the effect of diminishing the calculated con- 
centration of the acidic component for all values of pH 
but with greatest effect for the most basic solutions. 
This would result in increasing catalytic constants with 
increasing pH, just the opposite of the observed be- 
havior. If anything, use of the indicated values of pKa 

(13) B. Gutbezahl and E. Grunwald, J .  Amer. Chem. Soc., 16,  565 (19521, 
and references cited therein. 



BENZALDEHYDE PHENYLHYDRAZONE FORMATION 

has tended to diminish the observed trend, not to ac- 
centuate it. 

Inhibition by the carboxylate ions can be accounted 
for by assuming the formation of unreactive adducts 
between the aldehyde and these ions (eq 2). Defining 

N B f A - e U -  (2) 

K ,  as the association constant for eq 2, the rate law for 
the reaction becomes 

(3) 

The data of Table I11 have been fitted to eq 3 by least- 
squares analysis employing a computer; the best values 
for catalytic constants for p-nitrobenzaldehyde have 
been included in Table I and the best values of K ,  are 
collected in Table IV. 

TABLE I V  
APPAREXT ASSOCIATION CONSTANTS FOR FORMATION OF 

IONS A N D  ~NITROBENZALDEHYDE IN 20% ETHANOL 
AT 25" AND IONIC STRENUTH 0.50 

CNAcO- 11.55 2 . 3  
ClAcO- 11.10 4 .6  
HCOa- 10.25 5 .1  
BrCHlAcO - 10.00 5 . 7  
AcO- 9.24 8.8 

UNREACTIVE ADDUCTS BETWEEX CARBoXYL.4TE 

Inhibitor PKb K., M-1 

The attack of phenylhydrazine on benzaldehydes is 
also susceptible to catalysis by the phenylhydrazinium 
ion, since second-order rate constants, determined at  
pH 5.2, increase as a function of the phenylhydrazine 
concentration. Plots of the second-order rate constants 
against concentration of phenylhydrazinium ion has 
permitted determination of the values of the catalytic 
constants for that acid; these are included in Table I. 

Correlation of the catalytic constants of carboxylic 
acids for substituted benzaldehyde phenylhydrazone 
formation in Brpinsted plots by least-square analysis 
yields the following values for a : p-hydroxybenzalde- 
hyde, 0.35; p-methoxybenzaldehyde, 0.36; p-chlorobenz- 
aldehyde, 0.36; and p-nitrobenzaldehyde, 0.36. The 
values determined in this work for substituted benz- 
aldehydes are significantly greater than that previously 
determined for benzaldehyde itself.8 

The equilibrium constant K,, defined by eq 2 (Table 
IV),  for the formation of unreactive adducts between 
p-nitrobenzaldehyde and carboxylate ions, have been 
correlated with appropriate values of pKb in a Brpinsted 
plot. By least-square analysis, a value of 0.25 for p has 
been obtained. 

In  Figure 3, values of the catalytic constants for the 
hydrated proton, chloroacetic acid, acetic acid, phenyl- 
hydrazinium ion, and water are plotted against the U+ 

substituent  constant^.'^ In all cases good correlations 
have been obtained with the exception of the point for 
the catalytic constant of water for phenylhydrazine 
attack on p-nitrobenzaldehyde. The p +  values are as 
follows : hydrated proton, 0.86; chloroacetic acid, 
0.95; acetic acid, 0.98; phenylhydrazinium ion, 1.0; and 
water, 1.2. There is better correlation between the 
catalytic constants and u+ than u, which reflects the 

(14) H. C. Brown and Y. Okamoto, J .  Amer. Chem. Soc., 80, 4979 (1959). 
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Figure 3.-Logarithms of catalytic constants for the hydrated 
proton, chloroacetic acid, acetic acid, phenylhydrazinium ion, and 
water for the attack of phenylhydrazine on a series of substituted 
benzaldehydes in 209& ethanol, a t  25' and ionic strength 0.50, 
plotted against u +  substituent constants. The benzaldehydes 
employed and the numerical values of the catalytic constants are 
listed in Table I. 

high degree of stabilization of carbonyl compounds by 
para substituents capable of donating electrons by res- 
onance. Related results have been obtained for benz- 
aldehyde semicarbazone formation.6 

Dehydration of the intermediate carbinolamine is the 
rate-determining step above pH 5 .  It is difficult to 
determine spectrophotometrically the equilibrium con- 
stants for the formation of the carbinolamines from 
benzaldehydes and phenylhydrazine due to  the strong 
interference absorption of the latter substance. Simi- 
lar difficulties have been noted in attempts to determine 
the equilibrium constant for formation of the carbi- 
nolamine from ethyl pyruvate and phenylhydrazine.6 
However, with each of the benzaldehydes, the reaction 
is first-order in phenylhydrazine concentration over the 
concentration range of 5.0 X to 5.0 X M .  
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P K a t -  P K ~ ,  

Figure 4.-Variation of p +  values for the catalytic constants of 
several acids for the attack of phenylhydrazine on para-substi- 
tuted benzaldehydes, in 20% ethanol a t  25’ and ionic strength 
0.50, as a function of the pK, of the catalysts. 

Consequently, all kinetic studies above pH 5 have been 
made employing phenylhydrazine concentrations lower 
than 5.0 X M ;  second-order rate constants could 
therefore be determined directly from observed rate 
constants and the concentration of phenylhydrazine 
free base. 

The dehydration reaction for all the benzaldehydes 
is susceptible to  specific acid catalysis from pH 5 to 9 
(Figure 1). For p-chlorobenxaldehyde, benzaldehyde, 
and p-methoxybenxaldehyde, a pH-independent reac- 
tion is observed above pH 9 and for p-nitrobenzaldehyde 
both a pH-independent and a specific base-catalyzed re- 
action are observed (Figure 1). The appropriate rate 
constants are collected in Table V. 

TABLE V 
CATALYTIC CONSTANTS FOR THE HYDRATED PROTON, 

WATER, AND HYDROXIDE ION FOR THE DEHYDRATION 
OF CARBINOLAMINE INTERMEDIATES IN THE 

REACTION OF PHENYLHYDRAZINE WITH SEVERAL 
BENZALDEHYDES IN 20% ETHANOL AT 25’ 

AND IONIC STRENGTH 0.50 
ICHZO, 

ICE’I M --I k0H-t  
Benzaldehyde M-8 min-1 min-1 M - 2  min-1 

p-Nitrobenzaldehyde 4 . 5  x 108 0.40 4.0  X loa 
p-Chlorobenzaldehyde 3 . 0  X 108 0.44 
Benzaldehyde 2.4 X lo8 0.25 
p-Methoxybenzaldehyde 7.0 X lo7 0.088 
p-Hydroxybenzaldehyde 3.0  X lo7 

Discussion 

A. Attack Reaction. -Several arguments have been 
presented previously to the effect that general acid 
catalysis of the addition of nitrogen nucleophiles to 
carbonyl compounds occurs with true general acid catal- 
ysis (transition state I )  rather than with specific acid- 
general base catalysis (transition state 11) ,3,4,6,8,15-17 

(15) C. G. Swain and J. C .  Worosz, Tetrahedron Lett., 3199 (1965). 
(16) C. G. Swain, D. A. Kuhn, and R. L. Schowen, J .  Amer. Chem. Sac., 

(17) J. E. Reimann and W. P. Jencks, ihid., 88, 3978 (1966). 
87, 1553 (1965). 

I b  
I 
I I  I I  

H-N . . . .  A 7 0  . . .  H . . .  B B . . .  H.  . .  N . . .  T 0-H 

I I1 

Results obtained herein support this conclusion. I n  
the first place a simple calculation based on the experi- 
mental third-order rate constant for the hydrated pro- 
ton-catalyzed attack of phenylhydrazine on p-nitro- 
benzaldehyde (Table I) and the basicity of this alde- 
hyde18 reveal that the second-order rate constant for at- 
tack of the nucleophile on the protonated aldehyde is 
9 X 1015 M-l min-’ several orders of magnitude larger 
than rate constants for diffusion-controlled reactions 
in ~ - a t e r . ~ J ~  Alternate routes to the formation of tran- 
sition state I1 appear equally unreasonable as previously 
developed.s Thus, either transition state I must ob- 
tain or the reaction must proceed by a “single-encoun- 
ter” mechanism. Variants of I in which proton trans- 
fer occurs through intervening water molecules and the 
like are, of course, not excluded. 

In  the second place, the variation of the values of p +  
with the acidity of the general acid catalyst (Figure 3) 
together with considerations concerning variation in 
transition state structure as function of r e a ~ t i v i t y ~ o - ~ ~  
support transition state I. Specifically, one expects 
that with increasingly strong acid catalysts this transi- 
tion state will be reached progressively earlier along the 
reaction coordinate, consistent with the observation of 
decreasing values of p +  with increasing acid strength 
in the catalysts (Figure 3) .  In  contrast, transition 
state I1 would predict the opposite since as the strength 
of the acid catalyst increases the basicity of the conju- 
gate base necessarily decreases. One would expect the 
transition state to be reached later with the weaker 
general base catalyst and, hence, that the p+ values 
would change in the opposite way. In  general, both 
the magnitude and trend of the values of p +  for corre- 
sponding reactions for semicarbasone and phenylhydra- 
zone formation from benzaldehydes are similar6 sug- 
gesting similar catalytic pathways. The observation 
that the rate constants for both water and the hydrated 
proton fall near the lines in the Brq4nsted plots con- 
structed from the data for catalysis by carboxylic acids 
suggests that a common catalytic pathway is employed 
by all. 

The variation in pf with pKa of the general acid cata- 
lysts can be treated quantitatively. Since the data 
may be correlated by both Hammett and Br6nsted 
equations, it is easy to show that the following relation- 
ship should e x i ~ t . ~ , ~ ~  

(4 ) 

Data in Table IV provide a test of former part of this 
equation which asserts that on changing the catalyst, 
change of p +  is linearly related to the pKa of the acid 
employed as catalyst. Taking the data for the hy- 
drated proton catalysis as standard, a plot of p +  against 
pK, has been constructed (Figure 4). Clearly a Satis- 

PKW - PKa1 = 4 - f 7 I  

P2+ - P I +  ffo - f f l  

(18) K. Yates and R. Stewart, Can. J. Chem., 37, 664 (1958). 
(19) M. Eigen and L. de Maeyer, “The Structure of Electrolytic Soh-  

(20) G. 9. Hammond, J. Amer. Chem. Sac., 77,  334 (1955). 
(21) J. E. LeBer, Science, 117, 340 (1953). 
(22) C. G. Swain and E. R .  Thornton, J .  Amer. Chem. Sac., 84, 817 

(23) E. R. Thornton, ihid., 89, 2915 (1967). 
(24) 8. I. Miller, ihid., 81, 101 (1959). 

tions,” W. J. Hamer, Ed., Wiley, New York, N. Y., 1959, P 64. 
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factory straight line is obtained. The slope of the line 
yields a value of C1 of 50. This value of C1 requires 
that the value of pf vary only slightly as a function of 
pKa in accord with the experimental observations in this 
work. Specifically, it is predicted that a change of 1.0 
in pKa will cause only a change of 0.02 in p + .  

The observed values of a, near 0.35, while small, are 
considerably greater than those observed for benzalde- 
hyde semicarbazone and thiosemicarbazone forma- 
tion"' and are larger than expected on the basis of a re- 
lationship between a and the pKa of the nucleophilic 
reagent.8 Why the value of a for phenylhydrazone 
formation should be so large is not completely clear. 
A very recent observation may, however, require some 
modification in interpretation of Brgnsted exponents 
for general acid catalysis of carbonyl addition reactions. 
Specifically, the ratio of rate constants for addition of 
nucleophiles to benzaldehyde and benzaldehyde-I-d is 
near the theoretical upper limit requiring that C-N 
bond formation be essentially complete in the transition 
state.26 Hence, proton transfer reactions involving the 
tetrahedral intermediates may be at  least partially rate 
determining for these reactions.26 Were proton trans- 
fer to the immediate adduct rate determining, the value 
of a would necessarily be zero. Perhaps the actual 
value observed is principally a reflection of the extent 
to  which proton transfer is rate determining. 

A particularly puzzling observation concerning addi- 
tion of phenylhydrazine to benzaldehydes is the non- 
linearity of plots of buffer concentration against rate 
constants when employing the p-nitro aldehyde as sub- 
strate (Figure 2). Similar observations have been 
made previously and reflect a transition to rate-deter- 
mining carbinolamine dehydra t i~n .~J  As developed 
in the Experimental Section, correcting the observed 
rate constants in the present case to account for the 
importance of the rate of dehydration has little effect on 
these constants in the present case. Note specifically 
that the apparent limiting rate constant with increasing 
acetate buffer concentration shown in Figure 2 is about 
an order of magnitude less than that expected for rate- 
determining dehydration of the carbinolamine. Hence 
an alternative explanation must be found for this case. 

B. Carboxylate Inhibition of Phenylhydrazone For- 
mation.-Having eliminated one possible cause of car- 
boxylate ion inhibition for phenylhydrazone formation 
from p-nitrobensaldehyde, we are left with that one de- 
veloped in the Results section: formation of an unre- 
active complex between substrate and inhibitor. In 
addition to accounting for the observed inhibition 
quantitatively, complex formation seems reasonable on 
the grounds that only the most electrophilic of the sub- 
strates experiences such inhibition and that the more nu- 
cleophilic carboxylate ions are the better inhibitors. 

One difficulty with the concept of complex formation 
is the structure of that complex. Carboxylate ions are 
known to complex with hydrates of certain aliphatic al- 
dehyde~,~ '  probably through hydrogen bond formation. 

y 0 - y ; ) -  
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From available information concerning equilibrium 
constants for the addition of nucleophiles to benzalde- 
hydes,28 the possibility of direct addition of carboxylate 
ions to the p-nitrobenzaldehyde seems exceedingly re- 
mote. At any event, complexation, if it does occur, 
does not result in a detectable alteration in the ultra- 
violet absorption spectrum of the aldehyde. 

C. Carbinolamine Dehydration.-The dehydration 
of the carbinolamines formed from the addition of 
phenylhydrazine t o  the substituted benzaldehydes is 
subject to strong acid catalysis and the rates are only 
slightly sensitive to the nature of polar substituents 
(Table V). In  both regards, the results are typical for 
reactions of this t y p e . ' j ~ ~ ~ - ~ '  

The observation of pH-independent dehydration re- 
actions appears to be the first direct detection of such 
a reaction for weakly basic amines. Several such reac- 
tions have been observed for the reverse reaction in- 
volving Schiff baPes derived from strongly basic 
a m i n e ~ . ~ z > ~ ~  By analogy with the pathway for Schiff base 
hydrolysis, the pH-independent reaction must occur as 
follows. 

@H; 

-C-OH 
I 
H 

By assuming a dissociation constant for the conjugate 
acid of the carbinolamine, protonated on oxygen, of 
lo3 M ,  the data in Table V permit one to calculate that 
the 0-protonated carbinolamine expels water about 
10l2 times as rapidly as the neutral species expels hy- 
droxide ion. If the acid-catalyzed and pH-independent 
reactions are viewed as involving general acid catal- 
ysis by the hydrated proton and water, respectively, 
then the ratio of rate constants is near 5 X 1013 (cor- 
recting for the concentration of water in the solvent), 
fully consistent with the large values of a usually asso- 
ciated with carbinolamine deh~dra t ion .7 ,~~ 

Base-catalyzed carbinolamine dehydration has been 
previously observed for semicarbazone and oxime for- 
m a t i ~ n . ~ l  Is it not surprising that such catalysis is 
most important for the p-nitrobenzaldehyde (Figure I) 
since the electron-withdrawing capacity of the nitro 
group will diminish the capacity of the unshared pair on 
nitrogen to  expel the leaving hydroxide group. Hence, 
removal, or partial removal, of the proton on nitrogen 
provides important additional driving force for the reac- 
tion and causes the base-catalyzed pathway to be impor- 
tant. 
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