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Abstract: The hydrolysis of the iminolactone I has been studied at 30° in the pH range 3-9. The effects of pH 
and of buffers on the nature of the hydrolysis products are analogous to those observed earlier with imidate esters 
and have been explained in terms of a mechanism including tetrahedral addition intermediates. The properties of 
these intermediates appear to be inconsistent with a recently proposed mechanism for the lactonization of 2-hydroxy -
methylbenzamides. The influence of bicarbonate buffers on the rate of lactonization of N-benzyl-l-hydroxymeth-
ylbenzamide has been investigated and found to be more complex than previously reported. 

Arecent kinetic study of the lactonization of 2-hy-
droxymethylbenzamides in aqueous solution led 

to the proposal of the mechanism shown (in abbre
viated form) in eq 1.2 It was suggested that there oc-

O + RNH2 (1) 

curs a change in rate-determining step at about pH 
8, with formation of an intermediate (step Ar1) being 
rate-limiting at more alkaline pH. At pH <8, the 
solvent and buffer catalyzed conversion of the inter
mediate to products (step Ar3) was stated to be rate-
limiting. Put another way, at pH >8, Ar3 » Ar2, while 
the reverse inequality holds at pH <8, with the inter
mediate present at low, steady-state concentration. 

Our interest in this reaction stems from the fact 
that the results of an earlier study of the lactonization 
of 4-hydroxybutyranilide, taken conjointly with those 
of the hydrolysis of the iminolactone 2-phenyl-
iminotetrahydrofuran, were interpreted in precisely 
the opposite sense.3-5 From the knowledge of the 
influence of pH on the nature of the products of hy
drolysis of the iminolactone, it was concluded that 
lactonization of 4-hydroxybutyranilide involved rate-
limiting formation of a tetrahedral addition intermediate 
at pH <7, with transition to rate-determining break
down of the intermediate at higher pH. If this mecha
nism is correct, and general, the aminolysis of esters 
(which is the microscopic reverse of the alcoholysis 
of amides) should proceed with rate-determining for
mation of intermediate at pH >7, and this was pro
posed to be the case in the reaction of methyl formate 
with aliphatic amines.6 

(1) On leave from the Faculty of Engineering Science, Osaka Uni
versity. 

(2) C. J. Belke, S. C. K. Su, and J. A. Shafer, / . Amer. Chem. Soc, 
93,4552(1971). 

(3) B. A. Cunningham and G. L. Schmir, ibid., 89,917 (1967). 
(4) G. L. Schmir and B. A. Cunningham, ibid., 87, 5692 (1965). 
(5) B. A. Cunningham and G. L. Schmir, ibid., 88, 551 (1966). 

It is possible, though we considered it unlikely, 
that the rate-limiting steps at high and low pH in the 
lactonization of 2-hydroxymethylbenzamides might 
be different from what would be expected on the basis 
of the earlier studies.3-6 To obtain additional infor
mation on the mechanism of these reactions, we chose 
to employ the approach used previously,3-5 that is, 
to generate the intermediate of eq 1 by hydration of 
the iminolactone I (see Scheme I) and to examine its 
initial hydrolysis products as a function of pH. If 
the mechanism proposed by Belke, Su, and Shafer2 

is valid, then, at pH <8, where Ar2 > Ar3 (eq 1), the prod
uct of the hydrolysis of I should be the hydroxymethyl 
amide III, while the predominant products at pH 
>8 should be phthalide and benzylamine. 

Results 

Iminolactone Hydrolysis. The pH-rate profile (Fig
ure 1) for the hydrolysis of the iminolactone I at 30° 
(3 % ethanol-water, ju = 0.49) exhibits pH-independent 
regions at acid and alkaline pH. Rate constants 
were measured at low concentrations of buffers and 
are not corrected for possible buffer effects, which are 
expected to be small. Increasing the concentration 
of borate buffer from 0.02 to 0.04 M (pH 8.15) did 
not alter the rate of hydrolysis of I. 

The shape of the pH-rate profile for the hydrolysis 
of I is characteristic of imines and imidate esters of 
relatively high basicity.7-10 In agreement with pre
vious formulations,9-12 it is proposed that the rate-
determining step in the hydrolysis of I consists of the 
attack of water or hydroxide ion on the protonated 
iminolactone to yield unstable intermediates which 
rapidly decompose to products (Scheme I). The 
solid line (Figure 1) is based on eq 2,9 1 3 with Ari = 

_ [H+](fe1 + Ar7[OH-]) 
[H+] + K1 

(2) 

(6) G. M. Blackburn and W. P. Jencks, ibid., 90,2638 (1968). 
(7) R. B. Martin and A. Parcell, ibid., 83,4830 (1961). 
(8) E. H. Cordes and W. P. Jencks, ibid., 85,2843 (1963). 
(9) R. K. Chaturvedi and G. L. Schmir, ibid., 90,4413 (1968). 
(10) T. C. Pletcher, S. Koehler, and E. H. Cordes, ibid., 90, 7072 

(1968). 
(11) W. P. Jencks, Progr. Phys. Org. Chem., 2, 63 (1964). 
(12) Reference 4 and earlier studies cited therein. 
(13) Equation 2 is based on the assumption of a steady state in the 

carbinolamine intermediates, and is a special case of the general ex
pression derived earlier.4 pKw is taken as 13.83. 
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Figure 1. pH-rate profile for hydrolysis of iminolactone I in 3% 
ethanol-water, 30°. The solid line is calculated from eq 2, using 
the constants given in the text. 

2.05 X 10-6 sec-1, Ar7 = 248 M - ' sec-1, and pA^ = 
6.50. The latter value is in reasonable accord with 
that of 6.63, determined by spectrophotometric ti
tration of I. The ratio ZcJk1, which describes the 
relative rates of attack of hydroxide ion and water on 
the protonated substrate, is relatively high9 (1.2 X 10s 

M - 1) , thus accounting for the observation that the 
pH-independent rate at alkaline pH is greater than 
that at low pH. In weakly acidic solution, the imino
lactone I (?•/„ 94 hr) is one of the most stable imidate 
esters for which kinetic data have been published, and 
is at least 25 times less reactive than ethyl benzimidate.14 

The products of the hydrolysis of I vary with pH 
(Figure 2). The iminolactone is cleaved mainly to 
benzylamine (and phthalide) at pH <7, while the major 
product in more alkaline solution is the hydroxy-
methyl amide III. The yield of amine follows approx
imately a sigmoid dependence on pH in the range 6-9, 
and seems to approach a limiting value of about 70%. 
At lower pH, using acetate buffers (pH 5-6), yields of 
100 ± 1 % are obtained. As with other imidate es
ters,"'0^10 the effect of pH on the nature of the prod
ucts does not parallel its effect on the rate of the 

(14) E. S. Hand and W. P. Jencks, J. Amer. Chem. Soc, 84, 3505 
(1962). 

Figure 2. Effect of pH on the yield of benzylamine produced on 
hydrolysis of iminolactone I. The solid line is the calculated titra
tion curve for a monovalent acid of pK = 7.8. Borate buffer: 
pH 6.5-7.1, 0.1 M; pH 7.5-7.8, 0.05 M; pH 8-9.3, 0.02 M. 

reaction, thus providing strong evidence for the ex
istence of at least one intermediate on the hydrolysis 
reaction pathway. In the present case, the product 
transition occurs at pH 8 while the rate law reflects 
the change from nucleophilic attack by water to attack 
by hydroxide ion at pH 5.75. Control experiments 
established that formation of benzylamine at acid pH 
is not the result of the hydrolysis of initially formed 
amide III; less than 2% and 11% hydrolysis of III 
took place at pH 7 and 5, respectively, during the time 
necessary for total disappearance of the iminolactone. 
The transition from the formation of amine at pH 
<7 to that of amide at higher pH is in accord with 
observations made with other imidate esters derived 
from aniline4 and aliphatic amines,6'9-10 which exhibited 
similar product transitions in the range of pH 7-9. 

Consonant with the behavior of cyclic4 and acyclic9 

imidate esters, the yield of amine produced on hydrolysis 
of I is markedly increased in the presence of low con
centrations of phosphate and bicarbonate buffers 
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Table I. Effect of Phosphate and Bicarbonate Buffers on the 
Yield of Benzylamine Obtained from Hydrolysis of the 
Iminolactone 1° 

Amine,"1 

[Buffer],6 Amine,= %, 
pH M % corrected K^," M 

a. Bicarbonate 
8.15 39.1 37.3 0.0034 ± 0.0007 
8.18 0.002 59.5 
8.18 0.004 72.5 
8.19 0.008 85.0 
8.21 0.02 90.8 
8.24 0.05 95.4 93.9 
9.03 10.9 6.3 0.014 ±0.002 
9.04 0.001 15.3 10.4 
9.04 0.002 20.7 14.5 
9.05 0.005 38.6 31.0 
9.05 0.01 49.1 39.2 
9.07 0.02 66.0 56.4 
9.09 0.04 78.9 69.2 
9.10 0.08 84.9 71.5 
9.10 0.15 94.6 85.5 

b. Phosphate 
8.15 39.1 37.3 0.0068 ± 0.0013 
8.17 0.002 54.6 
8.17 0.004 58.0 
8.17 0.008 74.0 
8.18 0.02 84.3 
8.20 0.05 92.0 90.4 
9.03 10.9 6.3 0.053 ± 0.012 
9.05 0.002 12.0 6.0 
9.05 0.005 17.8 11.0 
9.06 0.01 25.2 18.0 
9.06 0.02 36.5 26.4 
9.08 0.04 52.5 43.0 
9.09 0.06 62.9 53.0 
9.10 0.10 67.3 56.5 

" At 30° in 3 % ethanol-water, y. — 0.49. h AU reaction mixtures 
contain 0.02 M borate buffer. e Total yield of benzylamine in re
action mixture. d Yield of benzylamine formed directly from 
iminolactone. For method of correction, see Experimental Sec
tion. At pH 8.15, corrections are very small and were carried out 
in a few cases only. ' Standard deviations are given. 

(Table I). These pronounced buffer effects are man
ifested on the product distribution only, without cor
responding changes in the rate of hydrolysis of the 
iminolactone. Thus, the rate constant for hydrolysis 
of I in 0.02 M borate buffer (pH 9.0) was not altered 
detectably by the addition of 0.15 M bicarbonate 
buffer; under these conditions, the yields of benzyl
amine were found to be 6.3 and 85.5 %, respectively. 

The dependence of the yield of amine on the con
centration of catalytic buffers can be fitted to a rec
tangular hyperbola, according to eq 3 (AA = increase 

AAjAAm^ = [buffer]/([buffer] + tfapp) (3) 

in amine yield above that produced in the absence of a 
reactive buffer; A^4max = maximum increase possible; 
•^app = concentration of buffer required to produce 
half the maximum possible increase in yield).8 Max
imum yields calculated for hydrolysis in the presence 
of phosphate or bicarbonate buffer at pH 8.2 were 
90-100%, and 9 0 - 9 5 % at pH 9. The high sensitivity 
of product formation to low concentrations of these 
buffers is indicated by the A"app values listed in Table I. 

Lactonization of iV-Benzy 1-2-hydroxymethylbenzamide. 
For reasons explained in the Discussion, the influence of 
bicarbonate buffer on the rate of cyclization of the amide 
III was investigated at p H 9. It had previously been 
reported2 that bicarbonate buffer accelerated the lac-

0.1 0.2 03 

^Bicarbonate buffer] , M 

Figure 3. Effect of bicarbonate buffer at pH 9 on the rate of lacton
ization of amide III. All reaction mixtures contain 0.02 M borate 
buffer. The insert shows the data at low bicarbonate concentra
tion, using an expanded scale. The solid curves are calculated from 
eq 5, using the constants given in the text. 

tonization of III. To establish the dependence of the 
rate of lactonization both at low and high buffer 
concentrations, 0.02 M borate buffer was employed 
to maintain constant pH in the presence of concentra
tions of bicarbonate buffer ranging from 0.001 to 
0.30 M. The principal result of this study (Table II 

Table II. Effect of Bicarbonate Buffer on the Rate of 
Lactonization of III" 

pH 

9.03 
9.02 
9.03 
9.03 
9.03 
9.03 
9.03 
9.08 
9.07 
9.07 

[Buffer],6 M 

0.001 
0.002 
0.005 
0.01 
0.02 
0.04 
0.08 
0.15 
0.30 

-toted X 106, 
sec-1 

0.14 
0.18 
0.22 
0.36 
0.54 
0.81 
1.22 
1.88 
3.08 
5.00 

° At 30° in 3% ethanol-water, p. = 0.49. h All reaction mixtures 
contain 0.02 M borate buffer. 

and Figure 3) is that the plot of k0bad vs. total buffer 
concentration is not linear, the reaction rate at low 
buffer concentration exhibiting a greater dependence 
on buffer than that at high buffer concentration. At 
concentrations of bicarbonate buffer exceeding 0.08 
M, increases in rate are approximately proport ional 
to buffer concentration, but with a slope about 1J3 

that of the rate constants at low buffer concentration. 

Discussion 

Iminolactone Hydrolysis and the Rate-Determining 
Step of the Lactonization of III. The dependence of the 
rates and products of hydrolysis of the iminolactone I on 
pH is completely analogous to that of other imidate 
esters, and the same reaction mechanism is suggested to 
account for the behavior of I (Scheme I). The 
arguments in support of this proposal have been pre
sented in detail in earlier studies4 '9,10 and need not be re
stated here. For the present purpose, we stress only 
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the following points: (a) the independent effects of pH 
on rates and products of the hydrolysis of I provide 
strong evidence for the existence of intermediates on the 
reaction pathway; (b) this conclusion is supported by 
the dependence of amine yield but not of rate of hydrol
ysis on buffer concentration at constant pH; (c) the 
pathway of lowest energy for the breakdown of inter
mediates in acidic solution results in the expulsion of 
amine, while in alkaline medium, the most favorable 
reaction path leads to the formation of amide and 
alcohol; this statement describes the behavior of the 
intermediates generated from all the imidate esters 
thus far studied, with the exception of those derived 
from amines of p ^ a <0.15 

If it is assumed that the intermediates formed by 
hydration of imidate esters are identical or closely 
related to those of the corresponding ester aminolysis 
or amide alcoholysis, the preferred pathways of inter
mediate breakdown at various pH values in the acyl 
transfer reaction may be specified in some detail.3'8'16 

This reasoning led to the conclusion that in the lactoniz-
ation of 4-hydroxybutyranilide,3 the rate-determining 
step at pH <7 was formation of the intermediate(s), 
since the lowest-energy path for decomposition in 
that pH range led to amine expulsion (i.e., k3 » k2 

in eq 1). For the aminolysis of methyl formate,6 

it was similarly concluded that intermediate break
down was rate-limiting at pH values below neutrality, 
in agreement with the lactonization study, and as re
quired by the principle of microscopic reversibility. 
Since the properties of the intermediates formed from 
I parallel those of similar species, we conclude that 
the lactonization of III proceeds via a mechanism 
qualitatively similar to that previously established for 
4-hydroxybutyranilide, and that the rate-limiting step 
at pH below neutrality is the formation of intermediates, 
while at high pH, intermediate breakdown (i.e., amine 
expulsion) becomes rate-determining. This conclusion 
contradicts that offered by Belke, et al.,2 but seems 
required by the experimental results of the present 
and earlier studies. 

For simplicity, it has been assumed that the neutral 
(or zwitterionic) and anionic intermediates of Scheme 
I (T0 and T - ) are in acid-base equilibrium, i.e., that 
proton transfers between T0 and T - are fast relative 
to the making and breaking of bonds to carbon. That 
this assumption may not be true for all such reactions 
has recently become evident;17'18 however, the con
clusions concerning the favored pathways of inter
mediate decomposition at low and high pH are not 
altered, even if, for example, the expulsion of amine 
from the intermediates requires a (relatively) slow 
proton transfer (e.g., to convert T0 to its zwitterionic 
form), which may under certain conditions become a 
rate-determining step for the acyl transfer reaction. 

(15) (a) T. Okuyama, T. C. Pletcher, D. J. Sahn, and G. L. Schmir, J. 
Amer. Chem. Soc, in press, (b) The reason for the apparent discrepancy 
between the limiting value of 70 % for the benzylamine yield at low pH 
estimated from Figure 2, and the observed yield of 100% in acetate 
buffers, is not clear. Possibly, the postulated neutral intermediate T0 

(Scheme I) breaks down to yield only 70 % of the amine, except in the 
presence of bifunctional catalysts (e.g. bicarbonate ion, acetic acid) 
which divert its decomposition to yield amine quantitatively. Al
ternatively, the observed yield of 100% at pH < 5 may be the result of 
product formation via a cationic intermediate. 

(16) G. L. Schmir,/. Amer. Chem. Soc, 90, 3478 (1968). 
(17) (a) R. E. Barnett and W. P. Jencks, ibid., 91, 2358 (1969); (b) 

R. K. Chaturvedi and G. L. Schmir, ibid., 91,737 (1969). 
(18) W. P. Jencks, Chem. Rev., 72,705 (1972). 

Buffer Catalysis and the Kinetics of the Lactonization 
of III. To simplify the discussion that follows, it is 
assumed that the neutral intermediate T0 breaks down 
largely to amine (i.e., k3' > k2') and that the anionic 
species T - yields mainly the amide III (Zc2" > k3"), 
in accord with observation. As previously men
tioned,3'5'9 it is suggested that the effects of buffers 
on the amine yield are the result of catalysis of step 
k<s'. That these catalysts accelerate amine expulsion 
from the intermediates more than alcohol expulsion is 
evident from the fact that amine yields approach (but 
probably are not equal to) 100% at high buffer concen
tration. 16 

Scheme II describes the simplified mechanism for the 
Scheme II 

O 

H0 + ULoH *? T ** T -
III 

O 

II 
lactonization of III via intermediates T - and T0, which 
break down to amide and amine, respectively. This 
mechanism holds in the pH range 5-9, i.e., does not 
account for specific base-catalyzed lactonization at pH 
>10,2 '3 nor for pH-independent or acid-catalyzed paths 
at low pH. It is consistent, however, with the transition 
from hydroxide ion catalysis to pH-independent path
ways as pH is increased from 5 to 9.2,3 The steady-
state expression (eq 4) indicates that there occurs a 

fcobad = ^ ' ^ / ( [ H + ] + K") (4) 

change in rate-limiting step at pH = pK" (where K" = 
Zc2'''Ki/hi'', and is numerically equal to the pH where the 
product transition in iminolactone hydrolysis occurs).3'16 

According to eq 4, the rate-determining step at pH < 
pK" is the hydroxide-catalyzed formation of T - , while 
at pH > pK'', the rate controlling step is the breakdown 
of intermediate to product via a neutral transition state. 

If catalysts such as phosphate or bicarbonate buffers 
accelerated solely step kz', catalysis would be seen at 
pH > pK" and Ar0bsd should increase with buffer 
concentration only until the uncatalyzed formation of 
T- became rate-determining.3-16 The data of Figure 3 
suggest that both formation and breakdown of inter
mediates are susceptible to catalysis, since kobsd shows no 
tendency to become independent of buffer concentration 
at high buffer. The curvature of the plot can be ac
counted for by a mechanism in which the rate-limiting 
breakdown of T0 is catalyzed at low buffer until a transi
tion occurs to partial or complete rate-limiting forma
tion of T - , which is also susceptible, but to a lesser 
extent, to catalysis by bicarbonate buffer (Scheme III). 
The assignment of the nature of the buffer species 
involved in catalysis is plausible but largely arbitrary 
and is not important for the argument that follows. 
The steady-state rate law (eq 5, where Ka = [B][H+]/ 

(ki"Kv + h '"KJBHJKl + W[BH]Ik1') 
obsd ([H+] + K") + Zc3'"([H+] + K"'XBH]Ik9' 

(5) 
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Scheme ETI 

- < H0 + L 
O 

1 V ^ N H R 
JL^OH 

V(B) 

= T" 
KK To 

C(BH) 
Ih 

*,"(BH> 

+ RNH, 

[BH], and K'" = k2"'K2Ik3'") indicates that, at high 
buffer, kobad becomes linearly dependent on buffer 
concentration (eq 6). The slopes of such lines will vary 

Ar1" X[BH] 
[U+] + K'" 

= fcBH[BH] (6) 

with pH; at low pH, the rate-limiting step at limitingly 
high buffer concentration is the general base-catalyzed 
formation of T- (&obsd = AV[B]), and at high pH and 
high buffer concentration, the rate-limiting step is the 
general acid-catalyzed breakdown of T0 (Arobsd = ki'"K^ 
[BH]/^ '") . The pH at which there occurs a change in 
rate-limiting step at limitingly high buffer concentration 
is given by pK'". The important point is that at 
constant pH, the nature of the rate-limiting step at zero 
buffer (cf. eq 4) will be the same as that at high buffer 
(eq 6) only if K" = K'" (eq 7), Arobsd remaining linearly 

h"Kw + kS" KJBH] 
[H+] + K" 

(7) 

dependent on buffer at all buffer concentrations. In the 
general case, the rate-limiting step will be partially or 
completely changed as buffer concentration is increased 
at constant pH, and therefore curvature in the plot of 
A:0bsd vs. buffer is generally expected. Put another way, 
the requirement that K" = K'" is equivalent to the 
requirement that the Bronsted slopes defined by the two 
catalysts being compared (i.e., BH and H2O, in this case) 
be equal for steps 2 and 3. In view of the probable 
bifunctional nature3-6 of catalysis on step 3 (but not 
necessarily of catalysis on step 2) this requirement is not 
likely to be met. Figure 4 illustrates the foregoing dis
cussion. The cross-hatched section is the region of pH 
where the nature of the rate-limiting step varies sig
nificantly at constant pH in going from zero buffer 
(upper curve) to the limiting situation at high buffer 
(lower curve). No curvature in the dependence of rate 
on buffer would be expected at pH « p K " and pK'" 
or pH » pK" and pK'", since the rate-limiting step 
remains the same both at zero and high buffer concen
trations. 

What does the assumption that buffer catalyzes the 
breakdown of both T0 and T - (Scheme III) mean with 
respect to the maximum yield of amine to be expected 
from hydrolysis of the iminolactone? For this situa
tion, the yield of amine will show the usual hyperbolic 
dependence on buffer concentration (eq 8),16 but the 

% amine = 

[H+] 
[H+] + K'"J\k 

+ [BH] 

AV /[H+] + K" 
AV"\[H+] + K'" 

X 100 (8) 
+ [BH] 

PH 

Figure 4. Schematic representation of the effect of pH on the rate-
limiting step of the lactonization of III. Upper curve: pH de
pendence of the solvent-catalyzed reaction (eq 4). Lower curve: 
pH dependence of the slopes (&BH) of linear plots of k0bad vs. buffer 
at high buffer concentration (eq 6). The cross-hatched section 
represents the pH range where the rate-limiting step changes partial
ly or completely on going from zero buffer to high buffer at con
stant pH. 

asymptotic yield of amine at constant pH (eq 9) will no 

maximum yield of amine = [H+]/([H+] + K ' " ) (9) 

longer be 100%, and will vary with pH. 
The solid line in Figure 3 was calculated from eq 5 

using the following constants: Ar1 "Kw = 1.54 X 10~1S 

M sec-1, &i'"A. = 1.43 X 10"14 sec"1, pK" = 8.0, 
pK'" = 9.75, and k3'"/k3' = 520 Af-1. The first two 
terms are estimated from the rate of lactonization of III 
in the absence of added bicarbonate buffer and from the 
limiting slope at high buffer, respectively; the last three 
terms can be estimated from the effect of pH on amine 
yields from I in the absence of catalytic buffers, and 
from the dependence of amine yield at pH 9.0 on the 
concentration of added bicarbonate buffer.19 In view 
of the absence of buffer catalysis data at other pH 
values the absolute values of these constants may be 
somewhat in error. The calculation is simply meant to 
illustrate the quantitative relationship which may be 
expected to hold between the pH and buffer data on 
iminolactone hydrolysis and on the lactonization of 
III.16 In summary, the lactonization of III at pH 9 is 
believed to occur with mainly rate-determining break
down of intermediate in the absence of added bicarbon
ate buffer (pH > pK"); increasing concentrations of 
bicarbonate buffer cause a transition to mainly rate-
determining formation of intermediates (pH < pK'"), 
so that the slope of the limiting line reflects predomi
nantly catalysis on the formation step ki. 

The very slow rates of hydrolysis of I and of lactoniza
tion of III discouraged us from a more extensive study of 
these reactions. The results of this limited investiga
tion, however, strongly suggest that the solvent-
catalyzed lactonization of III proceeds via the mecha
nism first suggested for 4-hydroxybutyranilide,3 at least 
with regard to the identification of the rate-limiting 
steps at high and low pH, and appear inconsistent with 

(19) The five terms of eq 5 to which numerical values are assigned are 
not independently variable. The equilibrium restriction ki"K„/fa" = 
ki'"KJki'" requires that ki"'K* = k\"K^K"'ki'"lK"kz'', so that 
selection of values for four parameters determines the value of the 
fifth. 
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the proposal of Belke, Su, and Shafer.2 The observed 
nonlinear dependence of rate on buffer concentration is 
in accord with expectation based on the response of the 
hydrolysis of the iminolactone to the same buffer. 
Belke, et al.,2 did not seem to have observed curvature in 
similar studies of buffer catalysis of the lactonization of 
III, probably owing to the fact that sufficiently low 
concentrations of buffer were not employed. The 
present study raises serious questions concerning the 
validity both of the published Bronsted plots for buffer 
catalysis and of their interpretation in terms of the 
mechanism of lactonization of III. 

Experimental Sect ion 2 0 

l-Benzylimino-l,3-dihydroisobenzofuran Hydrobromide (I). 2-
Bromomethylbenzoyl bromide21 was prepared in 68% yield by 
treating 15.0 g (0.11 mol) of phthalide (Aldrich) with 47.7 g (0.11 
mol) of phosphorus pentabromide (Pfaltz and Bauer) at 95° for 2 
hr, followed by distillation in vacuo. Conversion to the imino
lactone hydrobromide was acccomplished in low yield according to 
Stirling:22 mp 147-148° (lit.22145-146°); infrared spectrum(Nujol 
mull) 5.93 p ( C = + N H - ) ; ultraviolet spectrum in ethanol containing 
4 equiv of NaOH, Xmax 284 mp (e 5900), 277 mp (« 4580), 243 mp 
(e 15,700), in ethanol containing 4 equiv of HCl, \max 292 mp (e 
3600), 284 (4640), 249 (18,200) (lit.22 \maK 284 mp (e 5500), 242 
(15,400) for iminolactone free base in ethanol); mass spectrum 
molecular ion ( - H B r ) at m/e 223 (relative abundance 63%). 

The pAfa of I was determined by spectrophotometry titration of 
the iminolactone (6.7% CH3CN-H2O, p = 0.53-0.59, 30°) at 292 
mp where the free base exhibits negligible absorption. The result
ing data were analyzed by the method of Reed and Berkson,23 

yielding p/C = 6.63. 
,Y-Benzyl-2-hydroxymethylbenzamide2 (III) had mp 136-137° 

(lit.2 mp 134-135°); infrared spectrum 6.15 p ( C = O ) ; ultraviolet 
spectrum in ethanol, no Xmax at >220 mp, shoulders at 267 mp (e 
950) and 263 (110). Benzylamine hydrochloride, prepared by pass
ing gaseous HCl into the ethereal solution of the amine, was re-
crystallized from ethanol-ether and had mp 263 °. 

Kinetic Measurements. Buffers and inorganic salts were of 
reagent grade and were used without further purification. Freshly 
boiled, glass-distilled water was used for all rate determinations and 
product analyses for reactions at pH >6. 

The hydrolysis of the iminolactone I was studied at 30 ° in 3 % 
ethanol-water (p = 0.49, KCl) by determining the rate of decrease 
of absorbance usually at 282 mp. At pH < 8 , any phthalide pro
duced either is completely stable to ring opening or undergoes hy
drolysis so slowly that this reaction does not interfere with the cal
culation of the rate constants for the disappearance of I. At pH 9, 
phthalide is hydrolyzed at a rate (?y2 ca. 30 hr, 0.04 M borate 
buffer) comparable to that of I. At that pH, however, in borate 
alone, I is converted almost exclusively to the hydroxymethyl 
amide III, which exhibits negligible absorbance at 282 mp. To 
avoid complications resulting from competing phthalide hydrolysis, 
the disappearance of I at pH 9 in borate buffers containing added 
bicarbonate or phosphate (where the reaction products are mainly 
phthalide and benzylamine) was measured at 258 mp, an isosbestic 
wavelength for phthalide and 2-hydroxymethyl benzoate ion. 

Buffers used in the hydrolysis of I were HCl (pH 3), acetate (0.005 
M, pH 5.0), i-N-morpholinoethanesulfonate (0.02 M, pH 6.6), 
and borate (0.1 M at pH 7-7.5, 0.02 M at pH 8-9). The concentra
tion of I was generally 1.1 X 1O - 4 M. First-order rate constants 
were calculated by use of the Guggenheim procedure24 or of a 
modified Guggenheim procedure.26 

The lactonization of III at 30° in 3 % ethanol-water (p = 0.49, 
KCl) was followed by measuring the rate of appearance of benzyl
amine by means of a colorimetric method described below. AU 
reactions were carried out in sealed glass ampoules. The faster 

(20) Melting points are uncorrected. 
(21) L. Reichel and W. Hampel.Z. Chem., 3,190(1963). 
(22) C. J. M. Stirling,/. Chem. Soc, 255 (1960). 
(23) W. M. Clark, "Oxidation-Reduction Potentials of Organic Sys

tems," Williams and Wilkins, Baltimore, Md., 1960, p 154. Equation 
38 should be corrected to read: pK' — p[L]r = log C. 

(24) E. A. Guggenheim, Phil. Mag., 2, 538 (1926). 
(25) (a) F. J. Kezdy, J. Jaz, and A. Bruylants, Bull. Soc. Chim. BeIg., 

67, 687 (1958). (b) E. S. Swinbourne, J. Chem. Soc, 2371 (1960). 

reactions were followed to completion, and substrate concentration 
was 1.2 X 1O-4 M. Slower reactions (in reaction mixtures con
taining <0.01 M bicarbonate) were followed to 25-40% comple
tion, with III initially at 7 X 10"4 Af. In the latter cases, rate con
stant calculations were based on the theoretical yield of benzyl
amine. 

Product Analysis. The extent of C-N bond cleavage which oc
curred during the hydrolysis of I or the lactonization of III was 
determined by measuring the concentration of benzylamine pro
duced either as a function of time (with III) or after 6 half-lives of 
reaction (with I). Benzylamine was determined by means of a 
modification26 of the method of Dahlgren,27 using benzylamine 
hydrochloride as a standard. Under the usual assay conditions, a 
1-ml aliquot containing amine at 1 X 10~4 M gives an absorbance 
of about 0.520 at 540 mp. An equivalent amount of the amide III 
exhibits an absorbance of <0.01 in the assay. 

The presence of low concentrations of bromide ion is known to 
increase the color yield of amines measured by this method.27 Since 
the substrate used for the hydrolysis of I was the iminolactone hy
drobromide, an equivalent concentration of potassium bromide 
(ca. 1.1 X 10 - 4 M) was included in the standard solution of benzyl
amine. Under these conditions, a 1-ml aliquot containing benzyl
amine at 1 X 10~4 M gave an absorbance of 0.610, while the same 
concentration of III showed an absorbance of 0.04. 

Control experiments showed that a pH 7-8 (borate buffer) 
lactonization of III produced < 3 % benzylamine during the time 
needed for complete hydrolysis of I, so that the amine formed in that 
pH range is the initial product of the hydrolysis of I. At pH 9, and 
to a lesser extent at pH 8 also, in the presence of bicarbonate and 
phosphate buffer, separate experiments showed that part of the 
amine found after six half-lives of hydrolysis of I was derived from 
secondary hydrolysis of some initially produced III. Observed 
amine yields (from I) were corrected as follows to calculate the 
yield of amine directly obtained on hydrolysis of I. 

For Scheme IV, where A t = amine formed directly from I, and 

Scheme IV 

I — > • III — > - A2 

A1 

A2 = amine formed by hydrolysis of III, the time dependence of the 
concentration of Ai and A2 is given by eq 10 and 11, respectively 

f1 = §-'(1 - c-*") (10) 
JO ^ O 

~ = ,, k . - f o d - e-k") -W ~ e-*2')] (H) 
/o (K2 Ko)Ko 

(where ^0 = ki + ki and /o = I present at t = 0).28 For 6 or more 

half-lives of reaction of I (e~k^1 « 1), eq 10 and 11 are reduced to 

eq 12 and 13, respectively, yielding eq 14 for A, the total concentra

t e = fci'/fco (12) 

4l = h _| ^__e-M (B) 
Io KQ K2 — Ko 

tion of amine observed at time t. The desired mole fraction Ic1
1Ik0 

is easily evaluated from eq 14 or 15 (where F is defined in eq 16) 

4 =
 A* + ^2 = *L + ki(k* ~ k°(l ~ e~'2')N) (14) 

Io h K0 k0\ K2-K0 I 

k\ _ (mol fraction of amine from I)-F . .. 

Vo~ \ - F 

(26) R. K. Chaturvedi, A. E. McMahon, and G. L. Schmir, / . Amer. 
Chem. Soc, 89, 6984(1967). 

(27) G. Dahlgren, Anal. Chem., 36, 596 (1964). 
(28) The derivation of eq 10 and 11 is similar to that described for the 

simple consecutive first-order reaction scheme A -* B - • C.29 

(29) A. A. Frost and R. G. Pearson, "Kinetics and Mechanism," 
2nd ed, Wiley, New York, N. Y., 1961, p 166. 
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F = Jc2 - Ar0(I - e-™) = 

k2 — k0 

k2 — fe0(mol fraction of amine from III) ..„ 

R2 — k0 

if ki is known from independent measurement of the rate of lac-
tonization of III. For the hydrolysis of I in bicarbonate buffer at 
pH 9, its was accurately known (Table II). In other experiments, 
corrections were based on single point determinations of the yield 

Despite the importance of acid-catalyzed hydrolysis 
of amides, the mechanism of this reaction is still 

uncertain. A number of mechanisms can be envisaged, 
but the two most reasonable mechanistic pathways are 
outlined in Scheme I. These can be designated as 
A 0

T 2 (acid-catalyzed, bimolecular, O-protonated cat* 
ion, tetrahedral intermediate mechanism) and AN

D2 
(acid-catalyzed, bimolecular, N-protonated cation, di
rect displacement mechanism), respectively.1 Various 
authors have regarded one or another of these mech
anisms as being correct, with the majority favoring the 
AoT2 mechanism. However, there is no evidence 
whatever to rule out either; thus the correct mech
anism is not established. 

It was shown previously2 that changes in first-order 

(1) One other mechanism is possible which closely resembles the 
AND2 mechanism. In this process water attacks the N-protonated 
species to give a discrete tetrahedral intermediate (AN

T2). However, 
because of the highly dipolar nature of such an intermediate (i), it is 

0" 
I + R - C - N H 3 

+0H2 

i 
considered to represent a less reasonable mechanistic pathway, although 
the possible intermediates involved in these two alternative mechanisms 
would be very difficult to distinguish experimentally. 

(2) C. R. Smith and K. Yates, /. Amer. Chem. Soc, 93, 6578 (1971). 

of amine from samples of III which had been allowed to undergo lac-
tonization for a time period equal to that used in the complete hy
drolysis of I. Observed and corrected yields of benzylamine are 
listed in Table I. 

Values of Kapp and AAma* were calculated by means of a com
puter fit of the data to the two-parameter rectangular hyperbola.26 
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rate constants and enthalpies of activation for the acid-
catalyzed hydrolysis of benzamide are not monotonic 
with successive N-methylation. It was clear that these 
changes were either the result of a mechanistic change 
with successive N-methylation or some unexplained 
phenomenon of a unique mechanism of amide hy
drolysis. Edward and Meacock3 have proposed that 
methylbenzimidate would be a good chemical model 
for benzamide hydrolyzing via the O-protonated form 
(A 0

T 2 mechanism) since imidates in general react 
through tetrahedral intermediates.3 '4 In this paper, 
the effect of successive N-methylation of methylbenz
imidate on hydrolysis rate constants and activation 
parameters will be examined. If the benzamides and 
benzimidates react via similar tetrahedral intermediates, 
the reaction parameters for these two types of substrate 
should exhibit similar changes with successive N -
methylation. The substrates to be compared are 
listed in Chart I. The amides are represented in their 
predominant O-protonated form8 and the benzimidates 
in their protonated or cationic forms. 

(3) J. T. Edward and S. C. R. Meacock, J. Chem. Soc, 2009 (1957). 
(4) R. K. Chaturvedi and G. L. Schmir, J. Amer. Chem. Soc, 90, 

4413 (1968); R. H. DeWolfe and R. B. Augustine, J. Org. Chem., 30, 
699 (1965). 

(5) C. R. Smith and K. Yates, Can. J. Chem., 50, 771 (1972); A. R. 
Katritzky and R. A. Y. Jones, Chem. Ind. (London), 722 (1961); R. J. 
Gillespie and T. Birchall, Can. J. Chem., 41, 148, 2642 (1963); G. A. 
Olah and P. J. Szilagyi, J. Amer. Chem. Soc, 91, 2949 (1969). 
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Abstract: The kinetics of hydrolysis of methylbenzimidate, ^,O-dimethylbenzimidatium fluoroborate, and N,N,-
O-trimethylbenzimidatium fluoroborate have been studied in 1-65% aqueous sulfuric acid over the temperature 
range 25-85°. The hydrolysis of benzoylimidazole was studied in 10-75 % sulfuric acid over the temperature range 
15-65°. The benzimidates yielded esters as primary hydrolysis products in dilute acid but gave amides as products 
in more concentrated acids, indicating different rate-determining steps in dilute and concentrated acids. The 
order of reactivity with successive N-methylation was primary > secondary > tertiary and there were monotonic 
decreases in both the enthalpy and entropy of activation with successive N-methylation. By comparing rate 
constants, activation parameters, product studies and 18O exchange results for the N-methylated methylbenzimi
dates and the corresponding N-methylated benzamides, it is concluded that none or not all of the benzamides 
hydrolyze in acid solution via the accepted tetrahedral intermediate mechanism (involving an O-protonated amide) 
as do the benzimidates. Inspection of data for benzoylimidazole (as a model for an N-protonated amide) does not 
contradict this conclusion. 

Smith, Yates / Hydrolysis of N-Methylated Methylbenzimidates 


