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Results obtained in aqueous solutions for the intramolecular aminolysis of a series of amino acid ethyl esters 
indicate that the reaction is general base catalyzed. At constant pH and ionic strength initial rates increase 
with buffer concentration at low buffer concentrations, but eventually level off at high buffer concentration. 
When allowance is made for the fraction of ester not in the free amino form, the plateau values of the observed 
first-order rate constant are inversely proportional to the hydrogen ion concentration. A mechanism involving 
rate-limiting general base catalyzed proton removal from an amine nucleophile and rate-limiting decomposition 
of a resultant tetrahedral addition intermediate is proposed. A detailed analysis of the results is presented in 
terms of this mechanism and deficiencies of previously proposed mechanisms to account for the results are 
outlined. Partitioning of a tetrahedral intermediate to yield products or reactants is almost independent of 
ring size for 5- and 6-membered rings. The more rapid reaction for the 6-membered ring compound is due 
mainly to the relatively greater rate of formation of a tetrahedral addition intermediate. The intramolecular 
transamidation of glutamine to pvrrolidonecarboxylic acid in basic solution is general acid catalyzed. Two 
virtually indistinguishable mechanisms are offered to account for the results. 

Formation of pyrrolidonecarboxylic acid and deriva

tives from glutamine and related compounds has been 

of concern to biochemists in amino acid analysis for 

glutamine and in amino acid sequence studies. Further

more, pyrrolidonecarboxylic acid formation appears to 

occur in living organisms both enzymatically and non-

enzymatically. For these reasons we have undertaken 

a study of the mechanisms of the conversion of a series 

of amino acid esters and glutamine to the corresponding 

lactams in basic solutions. Glutamine conversion to 

pyrrolidonecarboxylic acid has been studied in a num

ber of catalytic systems, l but the experiments were not 

designed for the elucidation of mechanism. Results 

and mechanisms advanced in this work are consistent 

with these earlier studies. Although not strictly valid 

because of differences of temperature, comparison of 

equilibrium measurements for pyrrolidonecarboxylic 

acid and glutamic acid2 with those for glutamine and 

glutamic acid3 reveals tha t under all pH conditions of 

this research pyrrolidonecarboxylic acid is favored over 

glutamine by several powers of ten. 

The intramolecular aminolyses of the amino acid 

esters reported here are general base catalyzed. The 

effect of high concentrations of the boric acid-borate 

buffer system is discussed and the results indicate a 

mechanism different from other mechanisms suggested 

previously for ester aminolyses. The intramolecular 

transamidation of glutamine to pyrrolidonecarboxylic 

acid is general acid catalyzed and the data require a 

mechanism different from tha t for ester aminolysis for 

their interpretation. 

Originally we had planned to study ring closure a t 

acid pH values also. Slower rates, competitive ester 

hydrolysis, and less favorable or unfavorable equilib

rium constants discouraged us from proceeding fur

ther. 

Experimental 

Both esters of glutamic acid and glutamine were commercial 
products. Other ethyl ester hydrochlorides were synthesized 
from commercial amino acids by passing dry HCl into an ethanolic 
solution of the amino acid and heating for about 18 hr. The 
recovered amino acid ester hydrochlorides were recrystallized 
from ethanol, then analyzed (found values followed by calculated 

(1) J. B, Gi lber t . V. E. Price, and J. P. Greens te in , J. Biol. Chem., 180, 
209 (1949); P. B. Hami l ton , ibid., 168, 37.5 (194.5). 

12) H. Wilson and R. K. C a n n a n , ibid., 119, 309 (1937). 
(3) F . H, C a r p e n t e r , J. Am.. Chem. SoC, 82, 1111 (1960). 

values in parentheses): 7-aminobutyric acid ethyl ester-HCl, C, 
43.0 (43.1); H, 8.3 (8.4); X, 8.4 (8.4); 7-aminovaleric acid 
ethyl ester-HCl, C, 46.7 (46.4); H, 9.1 (8.9); 5-aminovaleric 
acid ethyl ester-HCl, C, 47.2 (46.4); H, 8.9 (8.9); N\ 7.9 (7.8); 
e-aminocaproic acid ethyl ester-HCl, C, 49.1 (49.3); (9.2); N, 
7.1(7.2). 

Initial rates of ring closure were followed by the appearance of 
absorption at 200 m,u in a Cary 11 spectrophotometer. The ini
tial absorption was nearly zero except for glutamine where e ̂ s 
1500, varying slightly due to the variable ionization state. Rate 
constants were calculated from slopes of linear log (Aa — A) vs. 
time plots; therefore it is necessary to know the extinction co
efficients of products if accurate rate constants are to be obtained. 
Commercial pyrrolidonecarboxylic acid, 7-butyrolactam (pyrro-
lidone), 8-valerolactam, and e-caprolactam show molar extinction 
coefficients of 5000, 4600, 6900, and 6600, respectively, at 200 
m/i. Greater than 90% of the above readings were obtained 
from equilibrium readings with the corresponding ester starting 
materials and glutamine, except for 7-aminobutyric acid and t-
aminocaproic acid ethyl esters which gave final molar extinction 
coefficients of about 3300 and 400, respectively. Low final read
ings are probably due to parallel hydrolysis of ester which, if 
appreciable, renders the method for determination of the rate 
constants inaccurate. For this reason results for «-aminocaproic 
ethyl ester are not reported and those for 7-aminobutyric acid 
ethyl ester are considered with reservation. Because hydrolysis 
is first order in hydroxide and hydroxide reacts more rapidly with 
amino acid esters in the protonated form, and since intramolecular 
aminolysis is first to second order in hydroxide throughout the 
pH range of this study, slightly higher equilibrium readings were 
observed at higher pH values. Independent experiments on the 
commercially available lactams revealed that their rates of 
hydrolysis are insignificant compared to their rates of formation. 
A product extinction coefficient of 4600 was assumed as the value 
for 7-valerolactam and a value of 5000 was assumed for pyrroli-
done carboxylic acid ethyl ester. Any errors introduced by as
sumption of slightly incorrect extinction coefficients will affect 
only the relative values of rate constants and not any conclusions 
concerning mechanism. 

All rate studies were performed in aqueous solutions at 25.0 ± 
0.1° and 0.2 ionic strength controlled with KClO4 or Na2SO4, 
which do not absorb appreciably at 200 m^i. Temperature 
equilibrated buffer solutions were adjusted on a pH meter to 
within ±0.02 pH unit of desired pH just before addition of a 
small volume of dilute substrate. More precise control was re
quired at low pH values where the aminolysis rate is inversely 
proportional to almost the second power of the hydrogen ion con
centration. 

Ionization constants were determined by extrapolation to zero 
time of pH meter readings made on solutions of substrate which 
were 25, 50, and 75% neutralized at 25° and 0.2 ionic strength, 
the same conditions of all rate runs. Values of pKa recorded in 
Table I are probably reliable to within ±0.02 pH unit except for 
5-aminovaleric acid ethyl ester, which reacts so rapidly that ac
curate extrapolation is difficult. Values of pH were read on 
Radiometer pH 4 or Beckman Model G pH meters calibrated 
with standard buffer solutions. 
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Results 
Ester Aminolysis.—Rates of ring closure to the cyclic 

amides were followed by the increase in absorption at 
200 m/i. Since neither esters nor acids absorb signifi
cantly at this wave length, appearance of absorption at 
200 m/ii characterizes amide bond formation independent 
of any concomitant ester hydrolysis. The extinction 
coefficients used for product and glutamine absorption 
are presented in the Experimental section. Checks 
throughout the study revealed that rates followed by 
increase in 200 m/u absorption were always first order in 
substrate at about 10-" M. 

A typical set of data is shown by the points in Fig. 1, 
where the observed first-order rate constants are plotted 
against total borate concentration for the conversion of 
glutamic acid 7-ethyl ester to pyrrolidonecarboxylic 
acid at pH 8.66. Plots of the observed first-order rate 
constants at constant pH and ionic strength 115. the total 
buffer concentration display an initial portion linear in 
buffer concentration at low buffer concentration. At 
greater buffer concentrations the plots exhibit curvature 
culminating in a horizontal straight line at the highest 
buffer concentrations. For our purposes such a plot 
can be characterized by the extrapolated ordinate inter
cept at zero buffer concentration, the value of the ob
served first-order rate constant in the plateau region, 
and the slope at low buffer concentrations of the initial 
straight line portion of the plot &ODSd vs. total buffer 
concentration. The results for the compounds studied 
are presented in Table I at each pH where a series of 
8-20 runs was made from 0.01 to 0.4 M in total buffer 
concentration. 

TABLE I 

VALUES FROM PLOTS OF £0bsd vs. TOTAL BORATE 

CONCENTRATION AT CONSTANT pH, 0.2 IONIC STRENGTH, 

AND 25.0° 
a b c 

Intercept, Slope, Plateau, 
pH 10'min."' 10'min."1 Af-' 10' min.-' 

8.35 
8.66 
9.00 
9.28 
9.66 

8.75 
9.15 
9.80 

7 

8.50 
9.00 

y 

8.54 
9.00 
9.47 

S-

8.00 
8.52 
9.00 
9.50 

8.47 
8.97 
9.60 

Glutamic acid 7-ethyl ester, pKt = 

0.38 5.0 
0.95 15 
2 .5 40 
6.0 70 

16 120 

Glutamic acid diethyl ester, pA"a = 

0.8 25 
1.2 40 
4.0 70 

Aminobutyric acid ethyl ester, pK% 

0.13 0.7 
0.8 4 

-Aminovaleric acid ethyl ester, pK* 

0.15 3.0 
1.2 20 
9 

Aminovaleric acid ethyl ester, pK* = 

0.09 0.8 
1.1 8 

10 45 
70 

Glutamine, pisTa = 9.10 

0.006 0.17 
.009 .20 
.014 .16 

9.06 

0.6 
1.9 
5.9 

15 
27 

7.1 

2.1 
3.7 

13 

= 9.91 

0.18 
1.5 

= 9.85 

0.26 
2.4 

= 10.11 

0.18 
2.1 

15 

0.015 
.024 
.036 
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TOTAL BORATE CONCENTRATION. 
Fig. 1.—Points represent experimental values of observed 

first-order rate constant vs. total boron concentration for con
version of glutamic acid 7-ethyl ester to pyrrolidonecarboxylic 
acid at pH 8.66. The curved line represents borate ion concen
tration at the same pH vs. total boron concentration scaled to 
experimental points of rate constants at intercept and 0 . 2 C B . 

It is evident from the nature of the plots and the data 
of Table I that the aminolysis reaction is general base 
catalyzed at low buffer concentration. Catalysis was 
also observed with bicarbonate buffers from 9.2 < pH 
< 9.8, affirming that general base and not a specific 
borate ion catalysis is being studied. Unfortunately, 
only the borate buffer system is sufficiently nonabsorb-
ing at 200 m/u to permit extended buffer concentration 
studies. 

The main feature of a series of runs performed at con
stant pH and ionic strength with increasing buffer con
centration is the eventual leveling off of the observed 
first-order rate constant, kobs<i, at high buffer concentra
tions. Since boric acid-borate buffer systems form 
trimers and higher polymers as the buffer concentration 
is increased, it is pertinent to consider to what extent 
plateaus such as that exhibited by the points in Fig. 1 
might be due to these buffer effects. 

Boric acid reacts with water to yield a proton accord
ing to 

B(OH)3 + H2O ^ ± B(OH) 4 - + H + 

KB = (H+)[B(OH)4-IZ[B(OH)3] 

The value of the equilibrium constant4 KB = 1O-9-0 at 
25° in 0.1 M NaClO4, the conditions for which the con
stant has been determined nearest to those of this study. 
The trimerization reaction may be written 

3B(OH3) + H2O ^ ; B3(OH)9(OH") + H + 

for which 
KT X (H+)[B3(OH)9(OH-)]/[B(OH)3]» 

Also at 25° in 0.1 M NaClO4 the value4 of KT = 10~7'3. 
The total concentration of boron in all its forms is 

CBJ=JB(OH)3] + [B(OH)4"] +3[B3(OH)9(OH-)] 
(4) N. Ingri, Acta Chem. Scand., 16, 439 (1962). 
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Higher polymers are not important a t the highest ( C B = 
0.4 M) concentration of this study. 

From the above equations it is possible to calculate 
the concentration of either basic or acidic monomeric 
forms of boron for various total concentrations of boron 
in all three forms. The solid curve in Fig. 1 is a plot of 
B ( O H ) 4

- concentration vs. CB, scaled to an approximate 
ordinate intecept and &0bsd a t 0.2 M CB for pH 8.66. 
I t is evident tha t the formation of trimer in the borate 
buffer system does not account for the leveling off of the 
aminolysis reaction as indicated by the experimental 
points in Fig. 1. The experimental points level off 
much more rapidly with increasing CB than the borate 
vs. CB solid curve. If the trimer species were also 
catalytic, an even steeper curve would be obtained. 
Similar results were obtained with the other esters for 
which plateau values are listed in Table I. 

In a s tudy to be reported,53 acyl transfer in the con
version of O-acetylethanolamine to N-acetylethanol-
amine is also an intramolecular general base catalyzed 
ester aminolysis, but in this case the curvature of experi
mental points in a plot similar to Fig. 1 may be wholly 
accounted for in terms of reduction of catalytic borate 
at high buffer concentrations. Such a system provides 
a kinetic method for the elucidation of complex equi
libria in borate systems. I t is concluded therefore 
that in the ester aminolyses reported here a genuine 
plateau due to a change in rate-limiting step is observed. 
However, the possibility tha t the plateaus may be ac
counted for by interactions between boric acid-borate 
buffers and reactants or tetrahedral intermediates 
more profound than general acid-base catalysis cannot 
be excluded. Evidence for a change in the rate-limit
ing step has recently been presented for transacetyla-
tion of O-acetylethanolamine.5b 

Rate experiments by two independent methods pro
vide a check on ordinate intercepts obtained from 
spectrophotometric data. In the first, the initial rate 
of decrease of pH with time of reactant esters 25, 50, 
and 7 5 % neutralized was followed on a pH meter. 
Since the ring product contains no basic amino group, 
the initial rate of change of pH with time is a measure 
of the concentration of unprotonated ester.6 Unlike 
analogous studies on other compounds,67 the initial 
rate of change of pH with time for esters in this s tudy is 
dependent upon the percentage neutralization. There
fore, we plotted the observed rate constant, obtained 
from the slope of pH vs. t ime plot, vs. hydroxide ion con
centration and recorded the intercepts and slopes from 
the best straight lines through the points. For glu
tamic acid 7-ethyl ester, 7-aminobutyric acid ethyl ester, 
and 7-aminovaleric acid ethyl ester the intercepts are 
2, 7, and S (all X K ) - 3 m in . - 1 ) , respectively, while the 
slopes are 430, 550, and 580 m i n . - 1 -V/-1, respectively. 
Glutamic acid diethyl ester and glutamine react too 
slowly in the pH region of their pi£a values for the 
method to be useful. Parallel hydrolysis is so extensive 
in the case of e-aminocaproic acid ethyl ester tha t inter
pretation of such data is not considered. Since <5-
aminovaleric acid ethyl ester reacts so rapidly in the 
same pH region, only an average value for the second-

")) ('a) R R. Mar t in , R. I. Hedr ick , and A. Parcell , s u b m i t t e d for publi
ca t ion ; (b) B. Hansen , Acta Chan. Scand., 17, 1307 (1963). 

(6) Ci. R. Por ter . H. X. R y d o n . and J. A. Schofield, J. C.hem. Soc. 2686 
(1060), 

(7) R, B. Mar t in and A. Parcell , J. Am. Chem. Soc, 83 , 4835 (1961). 

order rate constant for ring closure with hydroxide ion 
of 12 X K)3 min.™1 M~l obtained a t 2 5 % neutralization 
of the hydrochloride salt is considered. 

The rate of ring closure of 5-20 X K)"3 M 5-amino-
valeric acid ethyl ester was also followed on a pH-Stat 
at pH 8.51 and 8.99. In this pH region the rate is 
nearly second order in hydroxide ion concentration. 
The observed first-order rate constant for liberated 
protons was divided by 1/(1 — / ) to allow for the frac
tion of unprotonated amine, / , yielding a first-order 
rate constant for ester reacting. This last rate con
stant divided by / was plotted against hydroxide ion 
concentration yielding a slope of 13 X K)3 m i n . - 1 M~l 

and an ordinate intercept of about 14 X 1 0 - 3 m in . - 1 . 
Interpretation.—In the preceding section it was re

marked that the data of Table I are in accord with 
general base catalysis of ester aminolysis. The results 
reported in the last two paragraphs for the pH meter 
and pH-Stat studies may be interpreted immediately on 
this basis. The first-order rate constants correspond to 
the &'(H2O) term of eq. 2 below while the second-order 
rate constants are represented by k". 

The results summarized in the a and b columns of 
Table I may also be described by general base catalysis 
as described in succeeding paragraphs. The inter
pretation and analysis presented here were originally 
performed on the first ester in Table I, glutamic acid y-
ethyl ester. After the requirements for any mechanism 
were clearly established, work on the other esters was 
examined in order to ascertain if they fit the mold 
established by the first ester. Glutamine presents a 
special situation and is considered separately. 

In interpreting the results of Table I, all the observed 
first-order rate constants are first corrected for the 
fraction, / , of the substrate in the amino free base form. 
Since the amino rather than the charged form is presum
ably the reactive one, the rate constants are divided by 
/ = KJ [ (H +) 4- 7Ta ]. For most compounds studied the 
range of pH values is less than or passes through the 
pKa value of the substrate, so tha t this correction is 
important . 

In the first column of Table II the intercept value of 
Table I (a) is divided by the fraction of substrate in the 
amino form (J), a constant subtracted, and the dif
ference multiplied by the hydrogen ion concentration 
(H + ) to obtain a relatively constant set of values for 
each compound, A constant set of values is not always 
obtained in the first column of Table II unless a small 
constant is subtracted as indicated. The constant so 
subtracted is recorded after the name of the ester in 
Table II . 

In the second column of Table II the initial slopes 
recorded in column b of Table I are divided by the frac
tion of substrate in amino form (/) and by the fraction of 
the borate buffer system in the basic form, A ' B / [ ( H + ) + 
KB] where KB, the acid ionization constant for boric 
acid, is taken as 1.0 X 1O -9 M for 25° and 0.2 ionic 
strength.4 The constant sets of values so obtained in 
the second column of Table II for a range of pH values 
passing through the pivB value of the buffer system af
firms apparent general base catalysis in ester aminoly
sis. 

The third column of Table II lists values of plateau 
(c) recorded in Table I divided by / and multiplied by 
the hydrogen ion concentration. Since it is necessary 
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TABLE II 

OPERATIONS ON COLUMNS a, b, AND C OF TABLE I IN ORDER 

TO OBTAIN CONSTANT VALUES FOR EACH AMINO ACID 

ETHYL ESTER 

(a/1 - const.) (H 
1012 min."1 M 

Glutamic 

4.1 
4.2 
3.9 
4 .3 
4.1 

+), M(H+) + KB}/fKB, 
min."' M" 1 IC 

c(H+)/f, 
n min. - 1 M 

acid 7-ethyl ester, const. = 1.5 X 10~3 

0.17 
.17 
.17 
.17 
.18 

Glutamic acid diethyl ester, const. = 0.5 

0.54 
.50 
.56 

0.07 
.07 
08 

7-Aminobutyric acid ethyl ester, const. = 

5.1 
5.5 

9.5 
9 .8 

120 
150 
140 
110 

0.08 
0.08 

y-Aminovaleric acid ethyl ester 

0.25 
0.32 

S-Aminovaleric acid ethyl ester 

1.1 
1.3 
1.2 

Yl 
15 
13 
13 
8 

X 10"3 

3.8 
2.6 
2.1 

2 X 10"3 

16 
14 

17 
20 

230 
250 
?10 

to multiply by the hydrogen ion concentration in order 
to obtain constant values for each ester at any pH, 
plateau values corrected for the fraction of substrate in 
amino form are pH dependent. This result is impor
t an t because it eliminates a whole set of possible mech
anisms, as discussed in the next section. 

Any mechanism for the aminolysis of the esters 
studied here must account for the relatively constant 
values of Table II obtained for each ester a t any pH. 

Discussion 
I t is perhaps simplest to begin with discussion of a 

mechanism tha t can satisfactorily account for the re
sults of ester aminolysis and then mention why some 
other postulated mechanisms are unsatisfactory for the 
systems studied here. The mechanism proposed for the 
aminolysis of esters as a result of this work as written 
for 7-aminobutyric acid ethyl ester is 

EtO -F) 
O 
+ 
B 

NH2 
* 2 

EtO-J^P 
O H 

+ 
HB 

H 
+ 

EtO-

Applying a steady state approximation to the tetra-
hedral intermediate D - we obtain 

L d(P) = fcobsd = 

(A) dt ~ f 

/MV(H 2 O) + V ( O H - ) + * , ' " ( B ) ] 

h + [ V ( H 1 O + ) + V ( H 2 O ) + V ( H B ) ] (D 

where (A) is the molar concentration of free amine and 
(B) and (HB) are related by KB = (H+) (B) / (HB) for 
acid and base systems present in the reaction mixture. 
In eq. 1 catalytic rate constants for general bases, ki, are 
written out for H2O, O H - , and B, the last representing 
only borate anion in this study. Similarly, catalytic 

rate constants, V for the acids H 3 O + , H2O, and boric 
acid are specified by 1, 2, and 3 primes, respectively. 
The first two terms in brackets in the denominator of 
eq. 1 are always less than k% under the conditions studied 
here. 

Since the observed first-order rate constant &0bsd were 
calculated from the total ester concentration, they must 
be divided by the fraction of substrate in amino form, / 
= (A)/[(A) + (HA + ) ] = KJ[K, + ( H + ) ] where K* 
= (H + ) ( A ) / ( H A + ) . At low buffer concentrations eq. 
1 predicts rate-limiting general base catalyzed amine 
at tack 

/feobsd// = V i H 2 O ) + V ( O H - ) + V ( B ) (2) 

Owing to its low concentration of about 1O -4 M, gen
eral base catalysis by amino acid ester is not important , 
consistent with the observed first-order dependence of 
rate on ester concentration. 

At high buffer concentrations when any term in the 
brackets in the denominator of eq. 1 exceeds V de
composition of the tetrahedral addition intermediate 
is rate limiting. We then obtain 

*ob.d// = W ( B ) Z V ( H B ) = WC. / (H+) (3) 

where the equilibrium constant Ks = ( D " ) ( H + ) / ( A ) . 
Equation 3 is consistent with the pH dependence of the 
plateau for each ester. 

Intercept values of the spectrophotometric experi
ments and the pH meter and pH-Sta t experiments per
formed in the absence of borate may be interpreted by 
the first three terms of eq. 2. The V ( H 2 O ) term of eq. 
2 is identified with the constant term after each ester in 
Table II and K^kx" corresponds to the values in the 
first column of Table I I . The ion product constant for 
water is taken as Kw = K) - 1 4 . A summary of average 
values of V ( H 2 O ) and V so obtained from spectro
photometric measurements for each ester is given in 
Table I I I . 

TABLE III 

SUMMARY OF RATE CONSTANTS FOR ESTER AMINOLYSIS 

DERIVED FROM E Q . 2 AND 3 AND TABLE II 

Ai' kiK„ 
(HiO) , Ai" , A i ' " , i o n 

10 s m i n . - 1 m i n . - 1 m i n . - 1 A /̂ 
E t h y l ester of m i n . " 1 Af- ' Af"1 Af Aj" (H!0) 

T-Glutamic acid 1.5 410 0.17 14 3.4 
Glutamic acid y-

ethyl ester 0.5 55 .07 3 5 
7-Aminobutyric acid 2 530 .08 15 2.8 

T-Aminovalericacid 980 .28 19 1.9 
5-Aminovaleric acid 13,000 1.2 230 1.8 

These values may be compared directly with the inter
cepts and slopes obtained from the initial rates of change 
of pH with time on the pH meter described near the end 
of the Results section. For glutamic acid 7-ethyl 
ester, agreement between V ( H 2 O ) and k" of Table I I I 
and the intercept and slope of the pH meter study is as 
good as can be expected. The intercept of the pH 
meter s tudy is high compared to £1'(H2O) for 7-amino
butyric acid ethyl ester. This discrepancy may be due 
to parallel ester hydrolysis which is also indicated by 
the low equilibrium extinction coefficient of the 7-
aminobutyric acid ester system as mentioned in the 
Experimental section. The slope of the pH meter data 
agrees with k" for 7-aminobutyric acid ethyl ester. 
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On the other hand, k" from Table I I I for 7-aminova-
leric acid ethyl ester is greater than the slope obtained 
from pH meter data. With all the uncertainties in
volved in interpreting both kinds of results the agree
ment obtained, though less than optimum, is sufficient 
to lend support to the interpretations of the two differ
ent experimental methods of rate determination. In 
addition, the slope from the pH-Sta t experiment de
scribed in the last paragraph of the Results section rep
resents the rate of a t tack of hydroxide ion on unpro-
tonated 5-aminovaleric acid and is identical with the 
value obtained spectrophotometrically and recorded in 
Table I I I . The intercept value of 14 X K)"3 min ." 1 

obtained from the pH-Sta t experiment is greater than 
all other &,'(H2O) values for slower reacting esters. 

At low buffer concentrations all terms in eq. 2 must 
be considered. The constant k\" may be determined 
from the slope of the &0bsd vs. buffer concentration plots 
at each pH. This slope, when divided by the fraction 
of substrate in amino form and the fraction of buffer in 
basic form, gives k\". This is precisely the calculation 
used to obtain the nearly constant values in the second 
column of Table II . The average k\" values so ob
tained for each ester are summarized in Table I I I . 
Comparison of the three catalytic coefficients k\ for the 
first three esters of Table I I I with the ionization con
stants for the corresponding catalysts yields a Br0nsted 
exponent of about 0.4. 

At sufficiently high boric acid concentrations an 
equilibrium exists between reactant and tetrahedral 
addition intermediate so that decomposition of the 
latter is rate limiting. According to eq. 3, plateau 
values of &0bsd vs. total borate concentration plots when 
divided by the fraction of substrate in amino form and 
multiplied by (H + ) should yield a constant value cor
responding to k3Ks. Values for each ester a t several 
pH values are collected in the third column of Table II 
and average values are listed in Table I I I . Since the 
concentration of free boric acid increases with increasing 
total borate concentration regardless of occurrence of 
the trimerization reaction, once a denominator term in 
eq. 1 exceeds k%, a plateau is observed and the reduced 
eq. 3 applies. 

The partitioning ratio h/W may be evaluated by 
rearranging terms in eq. 3 to obtain kz/W = kzKs/ 
W1K-B.. All the terms on the right hand side are 
known and values of h/h'" are 0.08, 0.04, 0.2, 0.07, 
and 0.2 M, respectively, for the 5 esters of Table I I I . 
Similarly, the unitless partitioning ratio ^3/^2"(H2O) is 
given by k$KJ\0~lik". These values for partitioning 
of the tetrahedral intermediate to products or reactants 
in the hydroxide ion-water catalytic system are pre
sented in the last column of Table I I I . These ratios 
indicate tha t partitioning of a tetrahedral addition in
termediate to a trigonal ring structure or to a trigonal 
open chain structure is little affected by ring size, the 
ratio for a 6-membered ring formed from 5-aminovaleric 
acid ethyl ester being similar to the ratios for 5-mem-
bered rings. Thus the more rapid rate of aminolysis 
of 5-aminovaleric acid ethyl ester is due mainly to a 
more rapid initial ring closure step which yields the 
tetrahedral addition intermediate. Unfortunately, con
comitant hydrolysis of e-aminocaproic acid ester makes 
it impossible to extend this analysis to 7-membered ring 
formation. 

The mechanism suggested at the beginning of this 
section can account for the results of other ester amino
lysis studies which exhibit base catalysis. However, 
the mechanisms proposed in several other studies can
not accommodate our results. The mechanism pro
posed by Jencks and Carriuolo8 for phenyl acetate 
aminolysis is a special case of our proposal when the k\ 
step is rate limiting. As a consequence their formula
tion is adequate only a t low buffer concentrations and 
cannot account for the leveling off of the rate a t con
s tant pH and high buffer concentrations reported in 
this study. As originally put forth, the mechanism of 
Bunnet t and Davis9 also cannot account for the leveling 
off of the rate a t high buffer concentrations. If modi
fied so tha t formation of a tetrahedral addition inter
mediate is rate limiting under some conditions, their 
mechanism then predicts a plateau as observed, but 
also indicates tha t rates a t a plateau should be inde
pendent of pH when due account is taken of the amount 
of substrate in protonated form. However, from the 
constancy of the values for each ester in the third 
column of Table II , plateau rates are p H dependent; 
a constant value is obtained only on multiplication by 
( H + ) . Since the mechanism of Hawkins and Tarbell10 

is kinetically indistinguishable from tha t of Bunnet t 
and Davis, the same objections also apply to it. 
To make it apply to our conditions and account for our 
results, the concerted type mechanism suggested by 
Bruice and Mayahi1 1 would seemingly have to be al
tered beyond recognition. 

Though the mechanisms suggested by these four sets 
of investigators cannot accommodate all of our results, 
the mechanism of ester aminolysis proposed in this 
paper seems consistent with experimental results ob
tained in other studies. Therefore, we offer the mech
anism at the beginning of this section as a general one 
for base-catalyzed ester aminolysis applicable also to 
cases where ester and amine are not par t of the same 
molecule. This mechanism predicts tha t the reverse 
reaction, the alcoholysis of amides, will be specific or 
general base catalyzed depending upon conditions. 

Other authors9 1 0 have suggested the formation of a 
tetrahedral addition intermediate in ester aminolysis, 
but their results are not nearly as compelling evidence 
for this intermediate as those reported here where a 
leveling off of the rate is observed a t high buffer con
centrations. The argument of Bunnet t and Davis9 

tha t their mechanism with a catalyst operating upon a 
preformed tetrahedral intermediate in a rate-limiting 
step accounts for slow ester aminolysis in.l iquid am
monia may not be relevant. At temperatures so far 
from room temperature, an entirely separate order of 
relative reaction rates exists, so tha t results a t one 
temperature cannot be applied to another so different 
without a detailed knowledge of activation energies. 
Simple mechanisms with catalysts in the second or both 
steps cannot accommodate our results. 

In order to account for the general base catalyzed 
aminolysis of ^-nitrothiolbenzoate and the absence of 
aminolysis of />-nitrobenzoate by butylamine, Connors 

(8) W. P . J encks and J. Carr iuolo , J. Am. Chem. Soc, 82, 675 (1960). 
(9) J. F. B u n n e t t and G. T. Davis , ibid.. 82, 665 (1960). 
(10) P, J, Haw-kins and 13. S. Tarbel l , ibid., 75 , 2982 (1953); P. J. H a w 

kins and I Piscalnikow, ibid., 77, 2771 (1955): D. S. Tarbe l l and D. P. 
C a m e r o n , ibid., 78 , 2731 (1956). 

(11) T. C. Bruice and M. J. M a y a h i , ibid., 82, 3067 (1960) 



June 20, 1964 INTRAMOLECULAR AMINOLYSIS OF E S T E R S 2411 

and Bender12 suggested tha t partitioning of the tetra-
hedral addition intermediate to yield products was un
favorable in the case of the oxygen ester. Since the 
partitioning ratio kz/ki is a function of substrates and 
both the catalytic system and its concentration, this 
suggestion is consistent with the ratios reported in this 
work. Connors and Bender12 also propose tha t aminol
ysis proceeds by general base catalyzed proton ab
straction from the tetrahedral addition intermediate in 
the case of the thiol ester. This proposal is not in ac
cord with their suggested ki/ki ratio of 0.1 for thiol ester 
aminolysis. Both their results and those for the gen
eral base catalyzed aminolysis of ethyl thiolacetate by 
glycine13 may be analyzed to yield a Br0nsted exponent 
of about 0.3 for the three general bases water, amine, 
and hydroxide ion. When assigned to the &3 step, such 
a value for the Br0nsted exponent cannot be realized if 
the k\ reaction is to be the predominant rate-limiting 
one as proposed by Connors and Bender.12 Accord
ance could be achieved by increasing the suggested ki/k% 
ratio by a t least a factor of ten. To do so, however, 
would tend to defeat other features of the argument as
cribing the difference between oxygen and thiol ester 
aminolysis to partitioning of the tetrahedral addition 
intermediates. The simplest way to account for the ob
served general base catalysis while at the same time 
preserving other features of the argument of Connors 
and Bender is to postulate general base catalysis in the 
ki step. 

Not all reactions of amines with esters proceed by 
the mechanism put forth in this section. In the reac
tion of imido esters with amines to yield amidines, 
Hand and Jencks14 observed maxima in the p H - r a t e 
profiles and showed tha t condensation of ester and 
amine to yield an addition intermediate is ra te limiting 
on the alkaline side of the maxima while decomposition 
of the intermediate is rate limiting on the acidic side of 
the p H - r a t e profile. They formulated a mechanism and 
pictured transition states where the main mode of de
composition was via an uncharged addition intermedi
ate, but their interpretation of the results also re
quired t ha t some decomposition occur through a pro-
tonated intermediate. 

Their results may be described more compactly by 
the mechanism 

E H + + M 

D H + + B — 

Z. DH + 

products 

where E H + represents protonated imido ester, M basic 
form of amine, D H + protonated addition intermediate, 
and B general base catalyst. Rather than write a 
transition state for the main mode of decomposition 
through an uncharged intermediate species D, it is 
simpler to consider the kinetically equivalent formula
tion D H + + O H - . Hydroxide ion is a much more ef
fective general base than water so tha t reaction of D H + 

+ H2O would be much slower. Hand and Jencks ob
served general base catalysis only for those amines 
where the acid side of the maxima in the p H - r a t e pro
file occurs at pH < 7 . For the more strongly basic 
amines, where the ascent on the acidic side of themaxima 
was studied a t 7 < pH < 10, no general base catalysis 

(12) K. A. Connors and M, L. Bender, J. Org. Chem., 26, 2498 (1961). 
(13) V. V, Koningsberger and J. Th. G. Overbeek, Koninkl. Ned. Akfid. 

Welensckap.. 58B, 49 (195.5). 
(14) E. S. Hand and W. P. Jencks, J. Am. Chem. Soc, 84, 3505 (1962). 
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Fig. 2.—Points represent experimental values of observed first-
order rate constant vs. total boron concentration for conversion 
of glutamine to pyrrolidonecarboxylic acid at pH 8.47. Curved 
line represents boric acid concentration at the same pH vs. total 
boron concentration scaled to experimental points of rate con
stants near intercept and 0 .2CB. 

was observed because, according to the mechanism pre
sented here, of the dominant effect of hydroxide ions in 
this pH region. This formulation and conclusion are 
consistent with Br0nsted type plots for several general 
bases studied. 

A kinetically equivalent mechanism for the reaction 
of imido esters with amines is 

E H + + M ; D H 4 

D HB products 

where concentrations of charged D H + and uncharged D 
forms of an addition intermediate are in equilibrium. 
Instead of general base catalyzed decomposition of pro
tonated intermediate as in the previous paragraph, this 
last mechanism involves the kinetically equivalent gen
eral acid catalyzed decomposition of uncharged inter
mediate. No mat te r which kinetically equivalent 
mechanism is more accurate, it seems necessary to postu
late general catalysis in the second step of the reaction 
of imido esters with amines in contrast to its appearance 
in the first step of the reaction in aminolysis of the esters 
discussed above. 

Transamidation.—The points in Fig. 2 show the 
data obtained at pH 8.47 for conversion of glutamine to 
pyrrolidonecarboxylic acid. At high buffer concen
trations in the plot of observed first-order rate constant 
vs. total boron concentration, a leveling off of the rate 
constant occurs. The curved line in Fig. 2 represents 
the boric acid concentration a t pH 8.47 vs. total boron 
concentration scaled to approximate ordinate intercept 
and &obsd value a t 0 . 2 C B - As discussed above in con
nection with ester aminolysis, polymerization reactions 
in the buffer system cannot account for the plateau 
which we conclude is due to a change in rate-limiting 
step in the transamidation as the catalyst concentration 
is increased. 
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Values from plots of initial rates vs. buffer concentra
tion at constant pH for transamidation of glutamine to 
pyrrolidonecarboxylic acid are presented in Table I. 
It is immediately evident that values in columns a, b, 
and c for transamidation are much less pH dependent 
than those for ester aminolysis. The manipulations 
performed on Table I data for glutamine in columns a, 
b, and c to obtain constant values of Table IV are not 
the same as those used in Table II for ester aminolysis. 
The manipulations of Table II do not give constant 
values for glutamine transamidation. The first and 
third columns of Table IV are not multiplied by (H+), 
and the second column was obtained by dividing by the 
fraction of buffer in the acid form. Transamidation of 
glutamine to pyrrolidonecarboxylic acid is apparently 
general acid catalyzed. The two separate pH depend
ences observed in transamidation and ester aminolysis 
lend confidence that we are studying these reactions and 
not some properties of a boric acid-borate buffer sys
tem. Furthermore, more profound interaction than 
general acid-base catalysis of the buffer system with 
reactants and intermediates is rendered less likely by 
the occurrence of similar plateaus at high buffer con
centration with both ester and amide reactants. 

TABLE IV 

OPERATIONS ON COLUMNS a, b, AND C OF TABLB I TO 

OBTAIN CONSTANT VALUES FOR GLUTAMINE 

<V/, 
10" min.- ' 

32 
21 
19 

6[(H+) + KBVZ(H*), 

10= min."1 J f - 1 

1.2 
0.9 
1.1 

c/f, 
10" min. 

79 
56 
48 

Either of two formulations of the same basic mech
anism can account for the results of glutamine trans
amidation. The second formulation is essentially the 
reverse of the first, and the choice between the two 
would seem to be mainly a matter of personal prefer
ence. As written for 7-aminobutyramide, these mech
anisms are 

NH2-C + HB- B 4- O =̂ 
// NH2 

O 

NH: 

O H ' N + 
H; 

H + 

4-

NH 3 4- 0^? 
H 

NH: 
1 ^ 

OIT N 
H 

and 

NHi 
N H 2 - C / kl. 

/ / NH 2 '• 
O 

jT) + H+ ^ N H ° > U 
OH N 

H 

HB + NH 3 

H 

*» 

OH N 

+ 
B 

A mechanism with catalytic components in both rate-
limiting steps cannot account for the leveling off of rate 
at high buffer concentrations unless quite different 
Br0nsted exponents are invoked for general catalysts 
in each step. Our data do not test such a detailed 
mechanism and the two simpler ones proposed here 
may be considered as limiting cases of a more general 
common mechanism. 

To be brief and specific we consider only the rate law 
in terms of the first mechanism, derived on the assump
tion that the steady state approximation may be ap
plied to tetrahedral addition intermediates. 

Id (P ) 
(G) dt 

ftobsd 

~T'~ 
h[ki'(B.2Q) + V ( H B ) ] 

h + [kt'Kw + k2"(B.B)KB]/KD 
(4) 

Symbols used in eq. 4 are those of the above diagram or 
the same as those defined in the previous sections. In 
the absence of buffers eq. 4 reduces to 

kobsi/f = fei'(H20) = 24 X 10"6 min.-1 

where the numerical value is the average of values in 
the first column of Table IV. From the average value 
of the second column of Table IV the catalytic coeffi
cient for acid catalysis by boric acid, k\" = 1.1 X K) -3 

min. - 1 M~l. Comparison with the above catalytic 
constant for water yields a Br0nsted exponent of about 
one-half. 

In the presence of high concentrations of boric acid 
eq. 4 becomes 

kobtd/f ~ k%k\"Ko/ ki KB = k%K%Kx> — 

6 X lO^min . - 1 (5) 

where Ks = (DH+V(G)(H+) , the ionization constant 
for the tetrahedral addition intermediate Ko = (D)-
(H + ) / (DH + ) , and the numerical value is the average of 
those in the third column of Table IV. Equation 5 is 
consistent with the relative pH independence of the 
plateau for reaction of glutamine. 

Partitioning of the tetrahedral intermediate to 
products or reactants may be indicated by rearranging 
eq. 5 to obtain 

hKo/W = ksKsKoKviW1 = 5 X 10-11 M2 

where the numerical value is obtained by substitution 
of values already discussed into the second term. Since 
the ionization constant Kr, should be greater than the 
numerical value, kz/W is evidently less than unity, as 
is h/k2'. 

In spite of the difference in results, interpretation, 
and mechanism for ester aminolysis and transamidation, 
a study15 of transamidations in a series of glutamines to 
the corresponding cyclic amides shows over-all rate 
correlations with structure similar to those observed in 
this study for aminolysis in a series of amino acid 
esters. 

Results obtained in this work may have significance 
for other observations. Increased formation rates of 
lactams or hydroxamates from amides observed in 
presence of simple phosphate or arsenate ions may be 
only general catalytic and not specific anion effects, but 
more study is required before a definitive answer is 
available. 

In the enzymatic formation of glutamine from glu
tamic acid and ammonia, an enzyme linked 7-carboxyl 
activated glutamate occurs as an intermediate.16 In 
the absence of ammonia this intermediate forms pyr
rolidonecarboxylic acid more rapidly than free glu-

(15) A. Meis te r , J. Biol. Chem., 210, 17 (1954). 
(16) P . R. K r i s h n a s w a m y , V, Pami l jans , and A. Meis ter , ibid., 236, P C 

39 (1960); 237, 2932 (1962). 
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tamine at a rate which suggests that activated glutamic 
acid may be bound to the enzyme in a 7-ester link. 
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Introduction 

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

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

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

I study.3'4-7'28 

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

rived from benzophenone with water and with weakly 
basic amines. The reaction of these Schiff bases with 
water was studied for two reasons: first, to extend pre
vious investigations of the mechanism of hydrolysis of 
Schiff bases to substrates involving benzophenone as the 
carbonyl component; second, to establish relationships 
between structure and reactivity for a reaction with 
these substrates which is reasonably well understood. 
T h i s r eac t i on , t h e n , will s e rve as a s t a n d a r d of c o m 
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(19) E. E. Snell, "The Mechanism of Action of Water-Soluble Vitamins," 
i. Little, Brown, and Co., Boston, Mass., 1961, p. 18. 

(20) G. G. Hammes and P. Fasella, J. Am. Chem. Soc, 84, 4644 (1962). 
(21) W. P. Jencks, ibid., 81, 475 (1959) 
(22) B. M. Anderson and W. P. Jencks, ibid., 82, 1773 (1960). 
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The pH-ra te profiles and the effect of structure on reactivity for the hydrolysis of Schiff bases derived from 
benzophenone and aliphatic amines are similar to those previously obtained for the hydrolysis of benzylidene-
1,1-dimethylethylamines. The second-order rate constant for the attack of hydroxide ion on the cationic 
Schiff base, benzhydrylidenedimethylammonium ion, is similar to those calculated from the first-order rate 
constants for the pH-independent reaction above pH 9 for the attack of hydroxide ion on protonated benz-
hydrylideneamines. This finding, together with the observed lack of dependence of the first-order rate con
stants for the pH-independent reaction on the nature of polar substituents, strongly suggests that this reaction 
does involve the attack of hydroxide ion on the protonated substrates rather than the attack of water on the 
free base of the substrate. The attack of water on benzhydrylidenedimethylammonium ion is subject to 
general base catalysis by carboxylate ions. The Br0nsted 0-value for this reaction is 0.27. Under conditions 
in which the Schiff bases exist as the conjugate acids, the reactivity of Schiff bases derived from benzophenone 
and ammonia, methylamine, and dimethylamine, toward hydroxylamine, methoxyamine, semicarbazide, and 
water decreases with increasing methyl substitution on nitrogen. Values of o+ for the reaction of water, hy
droxylamine, and methoxyamine with the conjugate acids of a series of substituted benzhydrylidenemethylamines 
are 1.1, 0.92, and 0.96, respectively. The similarity of the effect of structural alteration in either the amine or 
carbonyl component of the Schiff base on reaction rates for the reaction with water, for which attack of the 
nucleophilic reagent is rate determining, and for the reactions with the amines suggests that the attack of the 
amines is also rate determining. This suggestion is also supported by the finding that the aminolysis reactions, 
like the hydrolysis reaction, are subject to general base catalysis. The reaction of a series of substituted benza 1-
dehyde semicarbazones with hydroxylamine and the reaction of a series of substituted benzaldehyde oximes 
with semicarbazide are dependent upon acid catalysis. Both sets of data are correlated by Hammett p-values 
of —1.7. The pKn values for the conjugate acids of benzaldehyde oximes have been determined. 


