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The following lines of evidence suggest that N-p-chlorobenzylideneaniline formation, like that of oximes and semicarba-
zones, undergoes a transition in rate-determining step from rate-determining dehydration of the carbinolamine addition
product at neutral pH to rate-determining amine attack under acidic conditions: (1) A pH-rate maximum, which is not

due to general acid catalysis, occurs near pH 4,

(2) The hydrolysis of N-p-chlorobenzylideneaniline shows a break in the
pH-rate profile consistent with a transition in rate-determining step.
Schiff base formation is different on the two sides of the pH-rate maximum,

(3) The influence of structure on reactivit}{ in
(4) Schiff base formation is more susceptible

to general acid catalysis on the acid than on the alkaline side of the pH-rate maximum. The rate of hydrolysis of N-p-
chlorobenzylideneaniline is markedly decreased in strong acid; the logarithm of the rate follows H, with a slope of 1.24 in
the range 7 to 11 M sulfuric acid. The rate of hydrolysis in' strong acid is decreased approximately twofold in deuterium

oxide solution.
proton transfer reagents, in the transition state.
to be 2.8.

Introduction

Evidence suggesting the involvement of azo-
methine intermediates in several enzymatic re-
actions?—* has focused attention on the mechanism
of Schiff base formation and hydrolysis in aqueous
solution. Previous studies of the hydrolysis of
Schiff bases in water—alcohol mixtures have estab-
lished the susceptibility of these reactions to specific
and general acid catalysis.®*~7 However, the nature
of the rate-determining step (eq. 1 and 2) remains
unsettled. Evidence obtained by Willi suggests
that in the hydrolysis reaction the addition of

water to form the carbinolamine intermediate
OH
C=0 + RNH, =~ >c< (1)
> < NHR

OH H+or OH™
>c< S, >C=NR +HO0 (2)
NHR «————

(the reverse of eq. 2) is rate determining at neutral
pH,® while, on the other hand, Kaslening, et al.,
have concluded from polarographic measurements
that the decomposition of the carbinolamine (the
leverse of eq. 1) is rate-determining under these
conditions. Studies on the related reactions,
oxime and semicarbazone formation have demon-
strated a transition from rate-determining dehy-
dration (water addition in the reverse reaction,
eq. 2) at neutral pH to rate-determining amine
attack (carbinolamine decomposition in the re-
verse reaction, eq. 1) under acidic conditions.??®
The studies reported below were carried out in an
attempt to determine whether Schiff base formation

(1) Presented in part at the 138th National Meeting of the American
Chemical Society, New York, N. Y., Sept., 1960 (Abst. 46P). Sup-
ported by grants from the National Cancer Institute of the National
1nstitutes of Health (C-3975) and the National Science Foundation,
This investigation was carried out by E. C. during the tenure of a Pre-
doctoral Fellowship from the National Heart Institute, United States
Public Health Service.

(2) E. E. Snell and W. T. Jenkius, J. Cell. Comp. Physiol., B4,
Suppl. 1, 161 (1959).

(3) D. E. Metzler, M. 1kawa and E. E. Snell, J, Am, Chem. Soc., 76,
648 (1954).

(4) G. A. Hamilton and F., H. Westheimer, #bid., 81, 6332 (1959).

(5) B. Kastening, L. Holleck and G. A. Melkonian, Z. Elektrochem.,
60, 130 (1956).

(6) A. V. Willi, Hely. Chim. Acta, 89, 1193 (1956).

(7) A. Willi and R. E. Robertson, Can. J. Chem., 81, 361 (1953).

(8) W. P. Jencks, J. Am. Chem. Soc., 81, 475 (1959).

(9) B. M. Anderson and W. P, Jencks, ibid., 82, 1773 (1960).

These results suggest the involvement of several water molecules, functioning as both nucleophilic and
The pK,' of N-p-chlorobenzylideneanilinium cation has been estimated

behaves in a manner similar to oxime and semi-
carbazone formation.

The formation of Schiff bases in aqueous solu-
tion has not been the subject of kinetic investiga-
tion, since the low equilibrium constants for these
reactions make such a study difficult.’%!! Results
presented in the preceding communication!? demon-
strate that Schiff base formation is the rate-de-
termining step in aniline-catalyzed semicarbazone
formation in aqueous solution. Thus, semi-
carbazide acts as a trap for Schiff base and carries
the reaction to completion. This system, used asa
tool for the study of Schiff base formation, permits
the direct kinetic study of this reaction in aqueous
solution.

Experimental

Kinetic measurements were carried out at 25° as prev-
iously described %12 The rate of Schiff base formation,
measured as the rate of semicarbazone formation, was ob-
tained by subtracting the rate of a control reaction which
did not contain aniline from that of the complete reaction
mixture. Where necessary, the rate constants for the ani-
line-catalyzed reactions were corrected to 1009, reaction of
the Schiff base with semicarbazide by dividing by «, which
was determined in separate experiments as previously de-
scribed.’? This correction was usually small, involving a
change of less than 259%, in the rate constants.

Materials.—All reagents were purified and solutions pre-
pared as previously described.’? Deuterium oxide, 99.8%,
was obtained from the Atomic Energy Commission through
the courtesy of the Department of Chemistry, Harvard
University. 8.24 M D,SO4 was prepared by distilling SO;
from 309, fuming sulfuric acid into D;O cooled in an iso-
propyl alcohol-Dry Ice-bath. D,SO; prepared in this man-
ner was neutralized with Na;COj; in deuterium oxide and an
infrared spectrum revealed that this solution contained no
detectable quantity of H,O.

The rapid hydrolysis of protonated N-p-chlorobenzylidene-
aniline makes the direct determination of the absorption
spectrum of the protonated Schiff base impossible by
ordinary techniques. This spectrumn was estimated as
follows: 0.06 ml. of 2 X 1073 M N-p-chlorobenzylideneani-
line was added to 3.0 ml. of methanol containing 1.15 M
hydrogen chloride and the absorption spectrum was im-
mediately recorded on a Cary recording spectrophotometer,
model 14. Under these conditions, methanol adds to the
protonated Schiff base fairly slowly (half-time for the
addition is approximately 4 minutes). Extrapolation of
the absorption at the maximum (337 mu) to zero time gave
a molar extinction coefficient at this wave length of 2.35
X 104 The shape of tlie absorption spectrum of protouated

(10) P. Zuman, Coll. Czech. Chem. Comm., 16, 839 (1951).

(11) 0. Bloch-Chaudé, Compt. rend., 339, 804 (1954).

(12) E. H, Cordes and W. P. Jencks, J. Am. Chem. Soc., 84, 826
(1962),
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Fig. 1.—Ultraviolet spectra of 5.0 X 103 M N-p-chloro-
benzylideneaniline and its conjugate acid: ,in 0.1 M
tris-(hydroxymethyl)-aniinoniethane buffer, pH 9.5;
il concentrated sulfuric acid; — - — . — , in methanolic
HCI(1.15 M); - -- -, in 1 M aqueous HCI.

400 my

N-p-chlorobenzylideneaniline in water was obtained from
an equilibrium mixture containing initially 1 X 1073 M p-
chlorobenzaldehyde and 0.3 M aniline hydrochloride in
1 M hydrochloric acid. Absorption due to the free alde-
hyde and anilinium ijon was determined independently
and subtracted. The molar extinction coefficient at the
absorption maximum in water (335 mu) was assumed to be
the same as in methanol. The spectra of this Schiff base
in water, methanolic HCI, dilute aqueous HCI and con-
centrated sulfuric acid are shown in Fig. 1.

The addition of methanol to protonated N-p-chloroben-
zylideneaniline was studied as follows: 0.06 ml, of 2 X
1078 M N-p-chlorobenzylideneaniline was added to meth-
anol containing 1.15 M HCI, and a series of absorption
spectra was taken at increasing time intervals, The
absorption at 337 mpu, due to the protonated Schiff base,
decreased with time and was zero after 45 minutes. At
this time no appreciable absorption at 260 mu was seen, indi-
cating that no appreciable amount of p-chlorobenzaldehyde
was formed. Addition of a small amount of water caused
the immediate appearance of an absorption band with a
maximum near 260 mu. The product of this reaction
was identified as p-chlorobenzaldehyde as follows: 420
mg. of N-p-chlorobenzylideneaniline was added to 10 ml.
of methanol containing 0.75 M HCI and allowed to remain
at room temperature for 45 minutes. Dilution with water
gave a precipitate of 202 mg. of p-chlorobenzaldehyde (m.p.
46-48°) which was converted to the semicarbazone (m.p.
232-233°). It was not determined whether the product
of the addition of methanol to the Schiff base is the acetal
or the aminoacetal.

Results
In Fig. 2, the pseudo-first-order rate constants
for the formation of N-p-chlorobenzylideneaniline
at 25° are plotted against pH. All points on the
pH-rate profile have been extrapolated to zero
buffer concentration. A rate maximum occurs
near pH 4. On the alkaline side of the pH-rate
maximum, the rate of Schiff base formation in-
creases with increasing acidity, suggesting a pre-
dominantly acid-catalyzed reaction in this pH
region. On the acid side of the pH-rate maximum,
the rate decreases less rapidly than the concentra-
tion of free aniline and becomes independent of
PH below pH 1, indicating the existence of a specific
acid-catalyzed reaction as well as an uncatalyzed

reaction of free aniline (eq. 3)

rate = &[RNH,][R'CHO] + %[RNH.][R'CHO][H*]
= ki[RNH,][R’CHO] + k/[RNH;*][RCHO] (3)
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Fig. 2.—The rate of formation of N-p-chlorobenzylidene-
aniline as a function of pH at 25°: p-chlorobenzaldehyde
3.3 X 1078 M, total aniline 0.004 M, total semicarbazide
0.0025 M, ionic strength 0.50. The buffers used are listed
in Table I. All rates are extrapolated to zero buffer concen-
tration.
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Fig. 3.—Logarithm of the second-order rate constants for
the condensation of aniline with p-substituted benzaldehydes
at 25° plotted against o+; pH 2.55, 0.04 M chloroacetate
buffer; pH 6.10, 0.10 M phosphate buffer; ionic strength
0.50.

The effect of structure on the rate of Schiff
base formation from aniline and several p-substi-
tuted benzaldehydes was studied at pH 2.55 and
PH 6.10 (Fig. 3). At pH 2.55, on the acid side of
the pH-rate maximum, a plot of the logarithm of
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Fig. 4—The hydrolysis of N-p-chlorobenzylideneaniline as
a function of pH at 25°: O, in H,O; phosphate (0.05 M,
pH 5.6-7.6), tris-(hydroxymethyl)-aminomethane (0.05 M,
pH 8.4), carbonate (0.05 A, pH 9.9-10.6), reactions in
strongly acidic solution carried out in sulfuric acid; A, in
D,S0~D:0; O, in 80% ethanol, in dilute HCl or formate
buffer (pH 3.9-3.8), rates extrapolated to zero buffer con-
centration. N-p-Chlorobenzylideneaniline 3.3 — 7 X 1075
A, ionic strength 0.50 except in 809, ethanol (0.05) and con
centrated sulfuric acid. Reactions followed at 320 or 340
.

the second-order rate constants against ¢ *-substit-
uent constants'® gives a straight line with a
pt-value of 0.39. On the alkaline side of the
pH-rate maximum, on the other hand, the second-
order rate constants are independent of the sub-
stituent except for the p-OH and p-OCHj substit-
uents, which show decreased rates relative to the
unsubstituted compound.

The rate of N-p-chlorobenzylideneaniline forma-
tion increases with increasing buffer strength at
constant pH. This catalysis is of the general
acid, rather than the general base, type since acetic
acid and propionic acid are effective catalysts
at pH 2.5, more than two pH units below the pK,
of these acids. The catalytic constants for six
aliphatic carboxylic acids, ineasured below pH 4,
are given in Table I. Representative data, il-
lustrating the ethod of calculating the catalytic
constants, are given in Table II for cyanoacetic
acid catalysis. As is seen from Table 11, several cor-
rections must be made to obtain the catalytic
constants, which may, therefore, be in error by
as much as £309,. The logarithms of catalytic
constants for carboxylic acids and for the solvated
proton (1.7 X 10° A —2 min.—!) fall near a Bronsted
line of slope 0.25 when plotted against the appro-
priate pK. values. The catalytic constant for
acetic acid obtained at pH 5.10 is approximately
tenfold lower than at pH 2.50 (Table I).

(13) H. C. Brown and Y. Okamoto, J. Am. Chem. Soc., 80, 497¢
(1958).
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TABLE 1

CATALYTIC CONSTANTS FOR GENERAL AciD CATALYSIS OF
N-p-CHLOROBENZYLIDENEANILINE FORMATION AT 25°¢

Concn. range, Reat,

Acid pKa M pH M ~2 min. "t
Cyvanoacetic 2.45 0.015-0.078 2.66 7.4 X 104
Bromoacetic 2.8 .02 - .10 2.68 7.7 X 10*
Chloroacetic 2.90 .017- .086 3.01 5.6 X 104
Formic 3.75 L0835~ .17 2,98 3.1 X 10¢
Acetic 4.76 .05 - .30 2.30° 2.3 X 10*
4.76 .013- .10 5.10 2.5 X 10%

Propiotic 4.87 05 - .30 2,41 2.9 X 10¢

@ Jonic strength maintained at 0.50 by the addition of
KCI. ?1n the presence of 0.02 M bromoacetate buffer.

TaprLe 11

CATALYSIS OF N-p-CHLOROBENZYLIDENEANILINE FORMATION
BY CYANOACETIC AcCID’

ke/a,
Ani- Cyano- ka, M1
line® acetic Mt min. 71
M acid,b k1, Ak, min, ! X
X 108 A min. ~1 niin, ~1 X 1078 « 10-s
0.00 0.0152 0.149
7.45 .0152 513 0.364 4.9 0.74 6.65
0.00 L0304 .198
7.45 0304 .660 462 6.2 .74 8.40
0.00 0451 .246
7.65 .0451 770 . 524 6.85 .74 9.25
0.00 L0775 347
7.30 L0775 .955 .608 8.35 .74 11.30
@ As the free base. ? As the undissociated acid. °Car-

ried %ut at pH 2.66 in the presence of 0.005 M semicarbazide
at 25°,

The hydrolysis of N-g-chlorobenzylideneaniline
was studied in the pH range 5.10 to 14. The pH-
rate profile (Fig. 4) shows base-catalyzed, acid-
catalyzed and uncatalyzed (or solvent-catalyzed)
reactions and is similar to the pH-rate profile
obtained by Kastening, et ¢/.5° Willi had observed
a break in the pH-rate profile in the acid-catalyzed
region in the hydrolysis of N-benzylideneaniline
in 509, methanol.® In water, this break occurs
at a pH at which the rate of hydrolysis is too fast
to measure. Such a break is observed, however,
in the hydrolysis of N-p-chlorobenzylideneaniline
in 809, ethanol (Fig. 4). Rates measured in 809,
ethanol have been extrapolated to zero buffer
concentration and pH values in 809, ethanol
were determined with a glass electrode and the
Radiometer PHM-4b pH meter, standardized with
0.01 M HC! in 809, ethanol.** In strong acid,
the rate of hydrolysis of this Schiff base again
becomes slow enough to nieasure. In the range 7
to 11 M sulfuric acid, the logarithm of the rate of
hydrolysis follows Hy* with a slope of 1.24. In
deuteriosulfuric acid, the rate is decreased by about
twofold comipared to the rate in sulfuric acid (Fig.
4). In the range pH 5 to 7 M sulfuric acid, the
rate of hydrolysis of N-p-chlorobenzylideneaniline
is too fast to measure. The rate of hydrolysis in
this region has been calculated as follows: The
pH-independent first-order rate constant for the
formation of Schiff base is 0.19 min.~! in the pres-
ence of 0.004 M anilinium ion (Fig. 2), giving a
value of %; (eq. 4) of 47.5 M~ min.7%. The equi-

(14) V. Gold, “pH Measurements,” John Wiley and Son, lnc., New

York, N. Y., 1956,
(13) M. A. Paul and F. A, Long, Chem. Revs., 57, 1 (1957).
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I
>c=o + RNH;* —>k5 Scliff base H* K,  (4)
1

librium constant for this reaction, K, is 0.080
M~—! (see below), and k—_, is, therefore, 595 min,—!
(dotted line in Fig. 4). The shape of the curve
on the alkaline side of the rate maximum is de-
termined by the pK. of the protonated Schiff base.
In order to maintain the continuity of the over-all
pH-rate profile, a break in the curve similar to
that observed in 809, ethanol must occur, although
the exact position of the break is not determined by
the available data.

The equilibrium constant, K, defined as
_ (Schiff base-H 7)
~ (aldehyde)(aniline-H )
for the addition of aniline to p-chlorobenzalde-
hyde under acidic conditions was measured at
several wave lengths by the method of Bloch-
Chaudé.'’ The conditions were chosen so that
absorption due to the protonated Schiff base was
much more important than that due to the un-
protonated species. The extinction coefficients
for the protonated Schiff base were taken from
the data in Fig. 1. The results are given in Table
III. The value of 0.080 M~! for K, together

TaBLE 111

EquiLiBritM CoxsTANT FOR ForMaTIiON OF N-p-CHLORO-
BENZYLIDENEANILINIUM CATION IN ACIDIC SCLUTION AT

K

250(1
Wave length,
my pH Ky, M1
340 2.05 0.087
340 2.20 .087
340 2.40 .087
340 2,55 .087
340 2.90 .087
360 2.05 .081
360 2.20 .087
360 2.40 079
360 2.55 .076
360 2.90 .087
380 2.02 .070
380 2.35 072
380 2.70 .076
380 3.05 .066
380 3.50 .092

Average 0.080

+2.0 X 1073 M p-chlorobenzaldeliyde, 0.05 3 auiline
hydrochloride, 0.10 M bromoacetate buffer, ionic strength
0.50.

with the dissociation constant for anilinium ion,
K, and the equilibrium constant for the formation
of the unprotonated Schiff base, K; allows the
calculation of the dissociation constant for the
protonated Schiff base, K4, since

K, = KK3/K)

Sincel? K; = 4.55 M1, K4is 1.57 X 103 M1 and
the pK.’ of N-p-chlorobenzylideneanilinium cation
is 2.80.

The pK.' of N-p-chlorobenzylideneaniline cation
may be determined independently from the change
in the shape of the Schiff base absorption curve
with pH by the following graphical method:
The ratio of absorbance due to total Schiff base

Sciirr Base FormaTioN aNp HYDrOLYSIS
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at 310 1nu to the absorbance at 340 mu (due mainly
to the protonated Schiff base) was plotted against
pH over the range pH 2.05 to 4.30. From the
absorption ratios at pH values at which the Schiff
base is completely protonated and completely
unprotonated and the data in Fig. 1, a pK.’ for the
Schiff base cation of 2.75 was calculated.

Discussion

Three lines of evidence indicate that Schiff
base formation undergoes a transition in rate-
determining step from rate-determining dehydra-
tion of the carbinolamine addition product at
neutral pH to rate-determining amine attack under
acidic conditions. First, semicarbazone and oxime
formation, reactions related to Schiff base forma-
tion, exhibit a pH-rate maximum similar to that
in the formation of N-p-chlorobenzylideneaniline
(Fig. 2). The former reactions proceed by the two-
step reaction mechanism shown in eq. 1 and 2.
Near neutral pH, the acid-catalyzed dehydration
of the carbinolamine addition product is rate
determining. Such a rate-determining dehydra-
tion may account for a leveling off, but not
a decrease in the rate with decreasing pH.®
At low pH wvalues the rate of dehydration
becomes very fast and, at the same time, the
rate of amine attack is retarded because of
conversion of the amine to its conjugate acid.
Consequently, a change in rate-determining step
occurs and the attack of the amine (eq. 3) becomes
rate determining, accounting for the observed de-
crease in the rate on the acid side of the pH-rate
maximuin. The opposing effects of general acid
catalysis and protonation of the attacking amine!®
cannot account for the pH-rate maximum in
Schiff base formation since the rate constants (Fig.
2) have been corrected for the effects of general acid
catalysis, which are small under the experimental
conditions employed. In the reverse reaction,
Schiff base hydrolysis, a change in rate-determin-
ing step requires a break in the acid-catalyzed region
of the pH-rate profile. Such a break has been
observed by Willi in the hydrolysis of N-benzylid-
eneaniline in 509, methanol.® Willi's interpreta-
tion of this break, although stated in somewhat
different terms, is equivalent to postulating a
change in rate-determining step. In the hydroly-
sis of N-p-chlorobenzylideneaniline in water, this
break is not seen in the region in which the rate is
slow enough to measure. In 809, ethanol, how-
ever, this break occurs (Fig. 4) and is evidence for
a change in rate-determining step. The pH pro-
file for hydrolysis in water (dotted line), calculated
from the rate and equilibrium constants for Schiff
base formation and the pK.' of the protonated
Schiff base, exhibits a break similar to that found
in 809, ethanol.

Second, a comparison of the effects of structure
on reactivity on the two sides of the pH-rate maxi-
mum provides further evidence for a change in
rate-determining step in Schiff base formation
(Fig. 3). At pH 2.55, in the region of rate-de-
termining amine attack, the second-order rate
constants for the addition of aniline to substituted

(16) L. P. Hammett, "Physical Organic Chemistry,” McGraw-1ill
Book Co., Inc,, New York, N. Y., 1940, p. 333,
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benzaldehydes follow o+ with a slope of 0.39.
At this pH the small p*-value may reflect an
incomplete cancellation of the opposing effects
of polar substituents on protonation of the sub-
strate and attack of the amine. The correlation
of the rates with o+, rather than s, is not surprising
siuce the carbonyl carbon atom will possess soine
carbonium ion character in the acid-catalyzed re-
action. The base strengths of p-substituted ben-
zylideneanilines, as measured by their complexing
ability with p-nitrophenol in carbon tetrachloride
solution” and the protonation of aromatic alde-
hydes,® both follow ¢+, At pH 6.1, in the region
of rate-determining dehydration, on the other
hand, the second-order rate constants for all
substituents except p-OH and p-OCH; are the
same. This behavior is analogous to that ob-
served in semicarbazone formation® and can be
accounted for in terms of the opposing effects of
polar substituents on the equilibrium constant for
carbinolamine formation and on the rate of acid-
catalyzed dehydration of the carbinolamine.!®® The
non-linear Hammett plot reported here and those
reported for similar reactions, including the con-
densation of n~butylamine with substituted piper-
onals,® the hydrolysis of N-benzylideneanilines,’
substituted benzophenone oxime formation® and
substituted benzaldehyde semicarbazone forma-
tion in 75% ethanol,?! can be accounted for in two
ways. First, as in the present case, the decreased
rate constants for the -OH and »-OCH; substit-
uents may be attributed to the unequal relative
importance of electron donation by resonance in
the addition and dehydration steps of the reaction.
Electron donation by resonance, particularly from
the p-position, is more important in the stabili-
zation of the benzaldehyde than in promoting
the dehydration of the carbinolamine intermed-
iate,** thus accounting for the decreased over-all
rates with substituents which donate electrons
strongly by resonance. Second, a non-linear
Hammett plot may result from a change in rate-
limiting step with changing substituent at a con-
stant pH as, for example, in the case of semicar-
bazone formation from substituted benzaldehydes
at pH 3.75.° Regardless of the explanation for
the particular behavior found at either of the pH
values, the important point is that the behavior
is different, supporting the thesis that different
rate-determining steps are being studied at the two
pH values.

(17) J. Weinstein and E. MclIninch, J. Am. Chem. Soc., 82, 6064
(1960).

(18) K. Yates and R. Stewart, Can. J. Chem., 37, 664 (1939).

{18a) NoOTE ADDED IN PRoOF: E. F. Pratt and M. J. Kamlet, J. Orz.
Chem., 26, 4029 (1961), have shown that the acid-catalyzed reactions
of benzaldehydes with aniline in benzene solution exhibit a p value of
1.54 for benzaldehyde substituents, The authors suggest that this p
value is accounted for by a greater effect of substituents on the nucleo-
philic reaction than on pre-equilibrium protonation; it might also be
accounted for by u greater effect on pre-equilibrium addition com-
pound formation than on dehydration. 1ln either case it is evident
that the situation in benzene is quite different from that in aqueous
solution,

(19) G. Santerre, C. Hansrote, Jr., and T. Crowell, J. Am. Chem.
Soc., 80, 1254 (1958).

(20) J. Dickinson and C. Eaborn, J. Chem. Soc., 3036 (1959).

(21) D.Noyce, A. Bottiniand S. Emith,J. Org. Chem., 28,752 (1958).

(22) R. Wolfenden and W, P, Jencks, J. Am. Chemn. Soc., 83, 2763
(1961).
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Third, the differing susceptibility of N-p-
chlorobenzylideneaniline formation to general acid
catalysis on the two sides of the pH-rate maximuin
is evidence for a change in rate-determining step.
Although both steps are subject to general acid
catalysis, the catalytic constant for acetic acid is
approximately tentold greater at pH 2.50 than
at pH 5.10 (Table I). General acid catalysis
of Schiff base formation in methanol has been pre-
viously reported by Santerre, ¢ al.," and Willi
and Robertson’ have reported general acid catalysis
of Schiff base hydrolysis. In these studies it is
not clear whicl step of the reaction is being cata-
lyzed.

In moderately concentrated solutions of sul-
furic acid, the rate of hydrolysis of N-p-chloro-
benzylideneaniline is slow enough to measure
and decreases rapidly with increasing acid con-
centration (Fig. 4). In the region 7 to 11 M
sulfuric acid, the logaritlim of the observed rate
constant for hydrolysis of this Schiff base is linearly
related to Hy (slope 1.24), Hy 4+ log Cu* (slope
1.34), and log am,0?** (slope 3.12). A nunber
of acid-catalyzed reactions, including the hy-
drolysis of amides,*~% the hiydrolysis of the hetero-
cyclic amide N-acetylimidazole,®.?! and the hy-
drolysis of the Schiff base 4-(2,3-dimethylanilino)-
pent-3-en-2-one,? exhibit decreased rates in mod-
erately concentrated acid solutions in which the
substrates are completely protonated, and show
similar behavior with respect to these parameters.
Such behavior appears to be characteristic of
reactions involving several molecules of water
in the transition state, functioning as both nucleo-
philic and proton transfer reagents. The follow-
ing lines of evidence suggest that water functions as
a proton transfer agent, as well as a nucleophilic
reagent, in the hydrolysis of N-p-chlorobenzylidene-
aniline: (1) General acid catalysis of this reaction
demonstrates that proton trausfer between sub-
strate and catalyst is involved in the transition
state and suggests that the specific acid-catalyzed
reaction is, in fact, general acid catalysis by the
hydrated proton or its kinetic equivalent. (2)
The twofold decrease in rate in DySOs compared
to that in HySO, strongly suggests proton transfer
in the rate-determining step. (3) The valuc of the
slope of the logarithm of the rate plotted against
Hy is close to that for the rate retardatiou of proton
transfer in aqueous solution,®® and for the rate
decrease in the diazotization of aniline in con-
centrated acid solution,® in which proton transfer

(23) W.F. Giauque, E. W, Horuung, J. E. Kunzler and T. R. Rubin,
ibid.. 82, 62 (1960).

(24) J. F. Bunnett. ibid., 82, 499 (1960).

(25) J. T. Edward and S. C. R. Meacock, J. Chem, Soc., 2000, 2009
(1957).

(26) D. Rosenthal and T. 1. Taylor, J, Am. Chem. Soc., 79, 2684

1957).
( (27>) J. A. Leisten, J. Chem. Soc., 765 (1959).

(28) R. H. DeWolfe, J. Am. Chem. Soc., 82, 1585 (1960).,

(20) H. Burkett, W. M. Sclubert, 1. Schultz, R. B. Murphy and
R. Talbott, ibid., 81, 3923 (1959),

(30) S. Marburg and W, P. Jencks, J. Am. Chem. Soc., in press.

(31) W. P. Jencks and J. Carriuolo, J. Biol. Chem., 234, 1272
(1959).

(32) T. G. Bonner and M, Barnard, J. Chem. Soc., 4176 (1838).

(33) M. T. Emerson, E. Grunwald, M. L, Kaplan and R. A. Krom-

hout, J. Am. Chem. Soc., 82, 6307 (1960),
(34) B. C. Challis and J, H. Ridd, Proc. Chem. Soc., 245 (1960).
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is thought to be rate determining. (4) The rate
follows the activity of water to about the third
power, implying that several (but not necessarily
three®) molecules of water are involved in the
transition state. Only one water molecule can be
accounted for on the basis of water acting as a
nucleophilic reagent alone. Thus, a reasonable
transition state for Schiff base hydrolysis in acidic
solution is that shown below, and the rate decrease
i acidic solution is a consequence of the retarda-
tion of proton removal from the hydroxyl group
of the carbinolamine, as well as a lower equilibrium
concentration of carbinolamine because of the de-
creased availability of water in moderately con-
centrated acid solutions. This explanation re-
quires that the reverse reaction, specific acid-
catalyzed attack of aniline on the aldehyde be, in
fact, general acid catalysis of aniline addition by
the hiydrated proton. The hypothesis®® that the
rate retardation observed for the hydrolysis of

H
(=) 1 l .
i VP P SR )
.

4-(2,3-dimethylanilino)-pent-3-en-2-one in concen-
trated sulfuric acid is a consequence of the slower
rate of addition of water to the protonated than
to the free Schiff base seems unlikely on chemical
grounds, particularly in view of the acid catalysis
of the present reaction in dilute acid.

The hydrolysis of more basic Schiff bases,
including retinylidenemethylamine® and 2-methyl-
Al-thiazoline,® is also retarded in acidic solution.
However, the cause of the rate retardation in these
cases is quite different from that with the less
basic compounds. The hydrolysis of retinylidene-

(33) R. A. Morton and G. A, J. Pitt, Biochkem. J., §9, 128 (1955).

(36) R, B. Martin, S. Lowey, E, L. Elson and J. T. Edsall, J, Am.
Chem. Soc., 81, 5089 (1959).
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methylamine, for instance, is very slow even at
pH 1,% where the rate of proton transfer is unaf-
fected by variations in the acidity. In this case,
the attack of the more basic amine is probably not
subject to acid catalysis, and the pH-rate maxi-
mum may be explained by a change in rate-
determining step somewhat similar to that de-
scribed above for Schiff base formation: i.e.,
the rate maximuin in these reactions correspounds
to the break near pH 4 in benzylideneaniline hy-
drolysis.

The £K.’ of N-p-chlorobenzylideneaniline is
approximately 1.8 pH units lower than that
of aniline. This decreased basicity may be as-
cribed to two competing factors: the rehybridi-
zation of the orbital containing the unshared
electron pair on the nitrogen atom and the loss of
conjugation of the unshared electron pair with the
aromatic ring. Formation of semicarbazones of
aromatic aldehydes, in which only the first factor
is present, yields products having pK. values about
five pH units lower than semicarbazide itself.??
Therefore, the loss of conjugation with the ring of
the unshared electron pair on nitrogen must raise
the pK, of the Schiff base about three units rela-
tive to aniline, a value which seems reasonable
since it has been estimated that the decreased
basicity of aniline relative to ammonia (about
5 pH units) is due about equally to the electron-
withdrawing power of the aromatic ring and to
conjugation of the unshared electron pair with the
ring.¥ Ricketts and Cho have observed that pro-
tonated water-stable Schiff bases formed from
p-aminoazobenzene have pK. values which are
about 0.5 pH unit below the pK, of the parent
amine,*® in general agreement with the result
found in the present case.

[ (37) B. M. Wepster, Rec. trav, chim., T1, 1171 (1952).
(38) J. A, Ricketts and C. S. Cho, J. Org. Chem., 26, 2125 (1961).
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The Arylation of Enamines!®
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Very reactive aryl halides attacked enaniinies by C-arylation to give «-aryl ketones on hydrolysis.

With less reactive aryl

halides, N-arylation and cleavage to N-arylated secondary amines was found., Aryliodonium salts and enamines produced

a-aryl ketones in low yield after hydrolysis.
imonium salt.
dibenzenesulfonylaminotetrahydrocarbazole.

Phenyldiazonium fluoroborate reacted primarily to form an «-phenylhydrazone
The condensation of cyclohexanone enamines with quinone dibenzenesulfonimide led directly to an N,N’-
Benzyne reacted with 1-pyrrolidinocyclohexene to produce, on hydrolysis,

2-phenylcyclohexanone and/or a benzocyclobutene derivative, depending on reaction conditions and the inethod of benzyne

generation,

The Stork enamine reaction? is a convenient
route for the alkylation and acylation of ketomnes.
Conversion of a ketone to an enamine intermediate
results not only in activation of an a-carbon to
electrophilic attack but also provides selectivity

(1) (a) This paper was presented at the Enamine Symposium of the
140th National Meeting of the A.C.S., Chicago, 1ll.,, September 6,
1961. (b) Present address: Chemistry Department, University of
Vermont, Burlington, Vt.

(2) A. R. Surrey, “Name Reactions in Organic Chemistry,”
demic Press, 1nc., New York, N. V., 1961.
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with unequally substituted «- and o'-positions and
usually allows termination of the reaction at the
monoaddition stage.?* A continued interest in

(3) G. Stork, R, Terrell and J. Szmuszkovicz, J. Am. Chem. Soc., 76,
2029 (1954); G. Stork and H. K. Landesman, #bid., 78, 5128, 5129
(1956); G. Stork, Abstr. 16th National Organic Symposium, June,
1959, pp. 44-52; S, Hiinig, E. Benzig and E. Liicke, Ber., 90, 2833
(1957); S. Hiinig, E. Benzig and E. Liicke, ¢b¢d., 91, 129 (1958); S.
Hinig and E. Liicke, ¢bid., 93, 652 (1959); S. Hiinig and W. Lendle,
ibid., 92, 909, 913 (1960).

(4) M. E. Kuehne, J. Am. Chem. Soc., 88, 1492 (1961).



