
MECHANISMS OF CATALYSIS OF NUCLEOPHILIC REACTIONS 
OF CARBOXYLIC ACID DERIVATIVES 

MYRON L. BENDER 

Department of Chemistry, Illinois Institute of Technology, Chicago 16, Illinois 

Received September 28, 1969 

CONTENTS 

. . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  54 
ort . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . .  54 

B. Limitations of coverage of this review.. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
11. Theoretical concepts of reactions a t  a carbonyl carbon atom..  . . . . . . . . . . . . . . . . . . . . . . . . .  55 

A. Structure of the reactants.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  55 
B. Type of fission.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . .  . . . . . . . . . . . . . .  56 
C. Kinetic considerations. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . .  . . . . . . . . . . . . . .  56 
D. Thermodynamic considerations. ............................... 
E. Substitution reactions a t  a carbonyl carbon atom.. . . . . . . . . . . . . . .  
F. The transition state in the formation of the addition intermediate. 
G. Stepwise nature of the nucleophilic reactions of carboxylic acid der 
H. The effect of structure on reactivity.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  01 

1. 
2. The nucleophile.. . . . . . . . . . . . . . . . . .  
3. 
4. Selectivity-reactivity relationships in 

111. Acidic catalysis.. ....................... 
A. Specific hydronium-ion catalys,is. . . . . . . .  
B. General acidic catalysis.. . . . . . . . . . . . . .  

1. Intermolecular general acidic catalysi 
2. 

C. Catalysis by cationic exchange resins., , . 
D. Catalysis by metal ions.. . . . . . . . . . . . . .  

IV. Nucleophilic catalysis. . . . . . . . . . . . . . . . . . . .  
A. Hydroxide-ion catalysis. . . . . . . . . . . . . . .  
B. Other nucleophilic catalyses. . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  75 

The carboxylic acid derivative.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Summary of the effect of structure on reactivity.. . . . . . . . . . . . . . . . . . . . . . . .  

Intramolecular general acidic catalysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1. Intermolecular nucleophilic catalysis. 
(a) Carboxylate and phosphate ions. 
(b) Tertiary amines.. . . . . . . . . . . . . .  
(c) Other nucleophilic catalysts.. , . . 

2. Intramolecular nucleophilic catalysis. 
(a) Carboxylate ion.. . . . . . . . . . . . . .  
(b) Imidazole.. . . . . . . . . . . . . . . . . . .  
(c) Other nucleophilic catalysts. . . . . . . . . . . . . . . .  

V. Electrophilic-nucleophilic catalysis . . . . . . . . . . . . . . . . . . . . . . . . .  
A. Intermolecular electrophilic-nucleophilic 

1. Bifunctional reagents. . . . . . . . . . . . . .  
2. Bifunctional catalysts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

B. Intramolecular electrophilic-nucleophilic catalysis . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  86 
C. A kinetic comparison of intermolecular and intramolecular catalysis. . . . . . . . . . . . . . . . . . .  88 

VI. General baeic catalysis.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
VII. Enzymatic catalysis.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A. The relationship of protein structure to enzymatic activity. . . .  
1. Chemical studies.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2. Inhibition studies. ........ . . . . . . . . . . . . . . . . . . . . . . . . . . .  

B. The effect of structure of the s 
C. The effect of structure of the cosubstrate on reactivity., . . . . . . . . .  
D. Tracer studies.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
E. Detailed kinetic analysis and intermediate formation. . . . . . . . . . . . .  

ate on reactivity.. . . . . . . . .  

1. Chymotrypsin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2. Papain and ficin.. . . . . . . . . . . . .  
3. Esterases . . . . . . . . . . . . . . . . . . . .  

. . . . . .  

. . . . . .  

. . . . . .  

. . . . . .  

. . . . . .  

. I . , . .  

. . . . .  

. . . . .  

. . . . .  

. . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  
. . . . . . . . . . . . . .  
. . . . . . . . . . . . . .  
. . . . . . . . . . . . . .  
. . . . . . . . . . . . . .  
. . . . . . . . . . . . . .  

89 
92 
93 
93 
94 
95 
96 
97 
97 
97 
99 

100 

53 



54 

Acyl Fiasion 

MYRON L. BENDER 

Alkyl Fieaion 

F. Model systems of enzymatic hydrolysis.. .......................................... 100 
1. Chymotrypsin models.. ...................................................... 100 
2. Papain and ficin models.. .................................................... 102 
3. Acetylcholinesterase models.. ................................................. 102 

G. Mechanisms of enzymatic catalysis.. ............................................. 103 
1. Chymotrypsin and cholinesterases.. ........................................... 103 

.(a) General acidic-basic catalysis ............................................. 103 
(b) Nucleophilic and/or general basic catalysis. ................................ 104 

2. Papain and ficin ............................................................. 106 
VIII. Conclusions.. ..................................................................... 106 

IX. References ........................................................................ 107 

I. INTRODUCTION 

A. SCOPE AND IMPORTANCE OF THESE REACTIONS 

The reactions of carboxylic acid derivatives such as 
esters, amides, acid halides, and anhydrides have long 
been the subject of investigation. The catalytic action 
of dilute acids and alkali in esterification and hydrolysis 
was studied by Scheele as early as 1792 (10). When 
kinetics was intensively applied to the study of organic 
reactions, a favorite subject for investigation was the 
saponification of an ester. Continued studies have re- 
sulted in the accumulation of a large body of data re- 
garding the effect of structure on reactivity in these 
systems. This information has been collected and ana- 
lyzed (190, 304) and has been of importance in the 
elucidation of the mechanism of the reactions of car- 
boxylic acid derivatives, as has information from tracer 
studies and exchange studies (212, 219). 

Studies of the catalysis of these reactions, although 
not entirely neglected, have tended until recently to 
lag behind the investigation of the other facets of the 
mechanisms of the reactions of carboxylic acid deriva- 
tives. It is toward the catalytic aspects of the mecha- 
nisms of reaction of carboxylic acid derivatives that 
this review is pointed. In  certain specific instances i t  
will be advantageous to compare the catalysis of the 
reaction of a carboxylic acid derivative with catalysis 
in other reaction systems, but only reactions of car- 
boxylic acid derivatives will be treated here in an ex- 
haustive manner. 

The rapid growth of the theories of catalysis of the 
reactions of carboxylic acid derivatives in recent years 
makes feasible a review a t  this time. This is due in part 
to the impetus given to t'his field by the rapid advances 
in the elucidation of the mechanisms of enzymatic 
catalysis of these reactions. This article will, therefore, 
attempt to cover a portion of the borderline between 
physical organic chemistry and biochemistry. The con- 
cepts to  be outlined here are of importance to the fun- 
damental theories of catalysis as well as to the more 
specific problem of the unraveling of the mysteries of 
enzymatic catalysis. Progress in the borderline field em- 
bracing physical organic chemistry and biochemistry 
has been enhanced by results from both sides of the 
artificial boundary; furthermore, concepts arising from 

this borderline field are of use to disciplines on either 
side of the boundary. 

B. LIMITATIONS OF COVERAGE OF THIS REVIEW 

The mechanisms of esterification and hydrolysis of 
esters were classified in an elegant manner by Day and 
Ingold (127). They utilized three bases in their scheme: 
( I )  kind of catalysis; (2 )  kind of fission; (3) the molec- 
ularity of the reaction. One might add a fourth sub- 
division, denoting a concerted or stepwise mechanism, 
a more recent development. On the basis of the three 
categories, Day and Ingold erected a mental scaffold- 
ing for the classification of esterification and hydrolysis 
reactions shown in table 1. It is seen that the tabulation 
defines eight mechanistic divisions, of which six have 
been experimentally identified as of this time (219). 
However useful this scheme has been, and its utility 
cannot be denied, it is desirable for present purposes to 
change the emphasis given in the above scheme as 
shown in table 2. Perhaps the second scheme, which 
puts the primary emphasis on the type of fission and 
not on the type of catalysis, may appear to defeat the 
emphasis necessary to this article. But in fact it  does 
just the opposite. The latter classification points out 

TABLE 1 
A classijication of ester hydrolysis reactions 

Basic Catalysis I Acidic Catalysis 

Aoyl fission 
Monomolecular 
Bimolecular 

Monomolecular 
Bimolecular 

Alkyl fission 

Acyl fission 
Monomolecular 
Bimolecular 

Monomolecular 
Bimolecular 

Alkyl fission 

I 

Bimolffiular 
Basic cotolysu 
Acidic cdalycir 

Monomolecular 
Acidic catalysis 

Bimolecular 
Basic catalysis 

Monomolecular 
Basic catalysis 
Acidic catalysis 
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that of the six real cases listed, the three falling under 
the heading of alkyl fission are nothing but reactions 
at a saturated carbon atom. These reactions are simply 
S N ~  and s N 1  reactions, involving RC(=O)O- as a 
leaving group, and are profitably treated with other 
reactions a t  a saturated carbon atom. They, therefore, 
have no place in a discussion of the mechanisms of reac- 
tion of carboxylic acid derivatives in which i t  is desired 
to emphasize the reactions involving the carbonyl por- 
tion of the grouping RC(=O)X. This review article 
will be limited to  those reactions of carboxylic acid 
derivatives involving acyl-oxygen fission. Furthermore, 
since the one kind of monomolecular acyl-oxygen fis- 
sion involves a special case (this reaction is an analog 
of a reaction involving a carbonium-ion intermediate) , 
it will be ignored a t  the present time. Finally, the limits 
of the present discussion can be set as the bimolecular 
substitution reactions of carboxylic acid derivatives, 
with acyl-oxygen fission. 

The apparently limited area defined above is not an 
adequate expression of the diversity of the catalytic 
mechanisms that will be discussed in this article. 
Whereas only basic and acidic catalysis constituted a 
comprehensive account of the catalytic possibilities in 
the bimolecular substitution reactions of carboxylic acid 
derivatives a few years ago, a large number of catalytic 
mechanisms must now be considered. 

11. THEORETICAL CONCEPTS OF REACTIONS AT A 

CARBONYL CARBON ATOM 

Before discussing the various kinds of catalysis which 
comprise the main subject of this article, i t  is desirable 
to  discuss certain general aspects of the mechanism of 
reactions of carboxylic acid derivatives as a framework 
on which the catalytic processes can be presented. 

A. STRUCTURE O F  THE REACTANTS 

The structural feature which is common to all of the 
molecules whose reactions are to  be discussed is the 
carbonyl group. The carbon atom of the carbonyl group 
is approximately hybridized in its s p 2  state with three 
planar u-bonding orbitals, the interbond angle being 
120'. The fourt,h orbital is a p orbital a t  right angles to 
the sp2  hybrids. The carbonyl bond is formed by over- 
lapping one of the sp2  hybrids of the carbon atom with 
a p orbital of the oxygen atom to form the u bond, the 
other p orbital of the oxygen atom forming the T bond 
with the carbon p orbital. Because of the greater electro- 
negativity of the oxygen atom the T electrons will not 
be equally shared. Equally important t o  the structure 
of the carbonyl group are the nonbonding electrons of 
the oxygen atom, the 2s2 and 2p2  electrons. These elec- 
trons belong to two lone-pair orbitals (each doubly 
filled and nonbonding) in a plane a t  right angles to  the 
a bond, with a probable angle of 120' between the 

lone-pair orbitals and the carbon-oxygen u bond (1 13). 
Indirect evidence for this arrangement comes from the 
structure of compounds containing groups capable of 
hydrogen bonding to  the carbonyl group (338). The 
lone-pair electrons of the carbonyl group are those re- 
sponsible for hydrogen bonding and thus are of im- 
portance in a discussion of catalysis. 

The structure of the carbonyl group is, of course, 
perturbed by the rest of the molecule in which i t  resides. 
Both resonance and inductive effects alter the electronic 
distribution of the carbonyl group. A double bond con- 
jugated with the carbonyl group is a resonance- 
stabilized system in which the carbonyl group is less 
reactive. Conjugation with an aromatic ring also leads 
to  resonance stabilization and lowered reactivity, espe- 
cially when the carbonyl &roup and the ring are con- 
strained in a planar configuration as in phthalide. The 
various derivatives of carboxylic acids form a series 
with varying degrees of resonance stabilization, de- 
creasing in the following order (219): 

8- 6+ d+ 
0 NRz OR 

> B > -c B > -c B --c 
B a -  y.6- y.6- 

0 0 0 

R H 

> -c / / > -c B --c 
"0 

\a- 
0 

Qualitatively this order seems reasonable, from con- 
sideration of the relative ability of the top groups to  
donate electrons and to stabilize a positive charge. 
Quantitatively it is difficult to  specify the order given 
above. For example, the resonance energies calculated 
from heats of combustion for acetic acid, ethyl acetate, 
acetamide, and acetic anhydride vary from 13 to 16 
kcal./mole (244) and from 14 to 18 kcal./mole (163) for 
two sets of calculations, whereas the error involved in 
these calculations is such that the differences in reso- 
nance energies between the various molecules cannot be 
said to  be real nor are the absolute values of great 
significance (401). 

The dipole moments of esters are of interest as evi- 
dence for the lack of free rotation of the alkoxy1 group. 
The dipole moment of an ester of a saturated mono- 
hydric alcohol and a saturated monocarboxylic acid is 
approximately 1.7-1.9 D. These moments do not vary 
appreciably with the temperature over ranges of as 
much as 190". The temperature independence of the 
moment can be explained in two ways: (1) rotation 
about the carbon-oxygen bond is completely free a t  all 
temperatures or (2) rotation is inhibited and the mole- 
cule can assume only one of the following two forms: 
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0 0 
// 
\ /R 

R-C 

'0' 

I 

// 
R-C 

\ 

R ;" 
I1 

Predicted moments for I and I1 are 1.53 and 3.53 D, 
respectively. The observed moment is in satisfactory 
agreement with the value calculated for configuration 
I but seems much too small to  be any sort of average 
of the values for I and 11. Therefore, I is assumed to  
be the correct structure of simple esters. This conclu- 
sion is further supported by the fact that the moment 
of ybutyrolactone, in which the configuration is fixed 
in a position analogous to  I1 by the five-membered 
ring, is 4.12 D in fair agreement with the value calcu- 
lated for configuration I1 (276, 401). One explanation 
for the planar configuration I in normal esters is that 
the ester is a resonance hybrid in which the carbon- 
oxygen bond of the alkoxy1 group has considerable 
double-bond character (401). Another explanation 
states that the hindrance to  rotation is due to repulsive 
forces between the lone-pair electrons of the ether 
oxygen and either the sp2  lone-pair electrons or the 
?r electrons of the carbonyl group (113). 

The amide group is resonance stabilized to a greater 
extent than the ester group. This is manifested in the 
geometrical structure of the peptide bond, which has 
been investigated intensively by x-ray analysis (313). 
It is further shown by the lower reactivity of the amide 
linkage, as well as the shorter carbon-nitrogen bond 
distance in amides (401). 

Inductive effects have also been shown to influence 
the electronic distribution of the carbonyl group. They 
have been clearly demonstrated in the infrared fre- 
quency shifts of a number of substituted carbonyl com- 
pounds, including ketones and carboxylic acids. A num- 
ber of correlations (157, 158) have been demonstrated 
such as (1) a relationship between the carbonyl stretch- 
ing frequency of substituted acetophenones and the 
Hammett sigma constants for the substituents (169) ; 
(8) a relationship between the carbonyl stretching fre- 
quency of methyl ketones and the Taft polar substit- 
uent constants (235) ; and (3) the intensity of the car- 
bonyl stretching frequency of substituted ethyl acetates 
and the Taft polar substituent constants (371). Dipolar 
field effects have also been observed by analyzing the 
spectra of various carbonyl compounds. a-Halogen sub- 
stituents in keto steroids and cyclohexanones in an 
equatorial position raise the frequency of the carbonyl 
stretching band by about 25 cm.-l, but in the axial 
position do not perturb the band a t  all (114, 115). This 
phenomenon has been explained by a field effect in 
which there is a mutual induction of opposite charges, 
resulting in the negative character of both the halogen 
and the carbonyl group becoming less polar. In  com- 

pounds such as ethyl difluoroacetate one observes two 
carbonyl stretching frequencies, which presumably arise 
from two rotational isomers. The high-frequency peak 
is due to the cis (to the carbonyl) isomer and the low- 
frequency peak is due to  the gauche form (30, 31, 88). 

B. TYPE OF FISSION 

It was specified earlier that this review is limited to  
those reactions of carboxylic acid derivatives which 
occur with acyl-oxygen fission. Both structural and iso- 
topic tracer evidence has been utilized to  indicate the 
type of fission in these reactions. Tracer experiments 
provide the most direct evidence. Polanyi and Szabo 
(319) studied the saponification of n-amyl acetate in 
HzO'*. They observed that the amyl alcohol produced 
was isotopically normal and concluded that acyl- 
oxygen fission had occurred. 

0 0 
II 

R- b -0-R + HIO" --t R-C-0"-H + ROH (11 

This conclusion is undoubtedly correct, but it has been 
pointed out recently that the original evidence is prob- 
ably meaningless, because the method of isotopic 
analysis involved a step where oxygen isotopes could 
be lost (255). An unequivocal demonstration of acyl- 
oxygen fission was provided by the alkaline hydrolysis 
of ethyl propionate-ether-Ol8 (255). Analogous observa- 
tions have been made in the acid hydrolysis of methyl 
hydrogen succinate (121) and in the basic and acidic 
hydrolysis of y-butyrolactone (271). 

Structural evidence for acyl-oxygen fission includes 
studies with esters containing optically active alcohol 
moieties (215), CY , @-unsaturated alcohols (220), and 
neopentyl alcohols (306). In  each case the alcohol in the 
product was identical with the alcohol in the reactant, 
indicating that no scission of the carbon-oxygen bond 
of the alcohol had occurred. 

The possibility of two modes of fission can only arise 
in reactions of esters. In  other carboxylic acid deriva- 
tives such as acid chlorides and amides, the mere fact 
of reaction is proof of acyl fission. 

C. KINETIC CONSIDERATIONS 

This review is limited to bimolecular reactions of 
carboxylic acid derivatives. Molecularity and kinetic 
order are not necessarily the same, nor are kinetic order 
and stoichiometry. In  reactions involving general basic 
catalysis, a third component, the general base, enters 
into the reaction, although the overall stoichiometry 
indicates a bimolecular reaction. In  a concerted cata- 
lytic process which involves the substrate, an electro- 
philic catalyst, and a nucleophilic agent, third-order 
kinetics can result, although again the overa,ll stoichi- 
ometry indicates a bimolecular reaction. Finally, in 
solvolytic reactions the kinetic order with respect to 
solvent cannot be determined. 
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Kinetic salt effects have been observed in a number 
of reactions of carboxylic acid derivatives. For example, 
the alkaline hydrolysis of ethyl acetate exhibits a slight 
negative salt effect (320), as does the acidic hydrolysis of 
ethyl acetate (324). The salt effect on alkaline hydrol- 
ysis was found to conform t o  the predictions of the 
ion-dipolar molecule rate theory (2). 

More striking salt effects in ester hydrolysis have 
been observed in reactions involving charged esters. I n  
the alkaline hydrolysis of half-esters of dicarboxylic 
acids with alkali metal salts there is a negative specific 
salt effect whose magnitude depends on the distance of 
the charge from the reaction center (216). In  reactions 
of esters containing a quaternary ammonium group, 
specific salt effects were found to be negative for acid 
hydrolysis and -positive for alkaline hydrolysis, and 
again to increase as the distance increased between the 
positively charged quaternary nitrogen atom and the 
reaction center (1). These salt effects are consistent 
with the transition state of the reaction to be discussed 
later. 

Ingold has discussed the effect of solvent in the S N ~  
reaction of isopropyl bromide with hydroxide ion (219). 
He concluded that since the transition state is less polar 
than the ground state, the former will be stabilized less 
than the latter by increasing the polarity of the solvent 
medium. This will result in a higher energy of activation 
and a lower rate of reaction, as has been observed. On 
the basis of this argument one would expect that  the 
rate of the saponification of an ester would also decrease 
as the polarity of the solvent is increased. In  fact the 
opposite is found experimentally (42, 383). This result 
implies that  the transition state of the base-catalyzed 
ester hydrolysis is more polar than the ground state, in 
contrast to the reaction of hydroxide ion and isopropyl 
bromide. The results of ester hydrolysis can be explained 
by considering that the activity of the polar ester mole- 
cule as well as the activities of the charged hydroxide 
ion and transition state must be important in deter- 
mining the overall solvent effect for this reaction. 

Although this review is primarily concerned with 
catalysis, mention should be made of the inhibition of 
reactions of carboxylic acid derivatives through the for- 
mation of complexes. The rate of hydrolysis of benzo- 
caine in aqueous solution can be substantially inhibited 
by the addition of caffeine, a known complexing agent 
for benzocaine. The complexed form of benzocaine 
undergoes no perceptible cleavage whatever a t  the ester 
linkage (208). The rate of hydrolysis of procaine ion is 
also reduced in the presence of caffeine; probably this 
inhibition is also due to formation of a molecular com- 
plex between the drug and caffeine (258). 

D. THERMODYNAMIC CONSIDERATIONS 

It is of interest in a discussion of the mechanisms of 
catalysis to consider the equilibrium constants and 

standard free energy and enthalpy changes for various 
reactions of carboxylic acid derivatives. The informa- 
tion in this field is rather meager. Because a number of 
enzymatic processes and some of the catalyses to be 
discussed occur near neutrality, it is convenient to 
tabulate the available information in terms of AFL, and 
AH;,  the standard free energy and enthalpy changes of 
hydrolysis a t  pH 7.0. This is a convention that has been 
used by biochemists and will permit direct comparison 
of this data with other hydrolytic data compiled by 
biochemists. A tabulation of available data is given in 
table 3. 

The meager data in table 3 can be broken down into 
reactions of amides, esters, and anhydrides. The amides 
appear to possess relatively low standard enthalpies 
and free energies of hydrolysis, with the exception of 
N-acetylimidazole. It has been pointed out that  the 
difference in free energies of hydrolysis between A, l  
and A,7 is due to differences in the pK's of the ammo- 
nium group in amino acids and amino acid amides (168). 

The free energies of hydrolysis of esters are somewhat 
higher than those of amides. In  the biochemical litera- 
ture there has been speculation that the free energies 
of hydrolysis of thiol esters are considerably higher 
than those of their oxygen analogs. The available data 
do not tend to bear out this speculation. Comparison 
of the free energies of hydrolysis of the oxygen ester 
B,1 and the thiolesters B,3 to B,5 indicates little differ- 
ence. Comparison of the enthalpies of hydrolysis of a 
thiol ester (B,6) and of oxygen esters indicates little 
difference between the two (388). The free energies of 
hydrolysis of the anhydrides in table 3 appear to be 
the highest of the compounds listed. 

Other thermodynamic data exist for the esterification 
reactions of various carboxylic acids in alcohol solutions 
carried out at high temperatures. In  general these 
studies indicate equilibrium constants not far from 
unity for a number of systems. These studies have not 
been included in table 3, since it is desired to restrict 
the thermodynamic comparisons to reactions in aqueous 
solution a t  room temperature (155, 183). 

E. SUBSTITUTION REACTIONS AT A CARBONYL 

CARBON ATOM 

Substitution reactions occurring at a carbonyl carbon 
atom belong to a wide group of substitution reactions 
a t  unsaturated centers, including substitution a t  olefinic 
and aromatic carbon atoms. Nucleophilic substitution 
reactions have been studied in great detail in aromatic 
systems (96,98) and have been investigated in a cursory 
way in olefinic systems (233, 292, 296) ; they appear to 
occur mainly via an addition-elimination mechanism. 
Theoretically, substitution reactions a t  an unsaturated 
center may proceed through one of three mechanisms: 
(1) a direct displacement mechanism, (2) an addition- 
elimination mechanism, and (3) an elimination-addition 
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1.55 
2.55 
2.11 
1.24 
5.84 

MYRON L. BENDER 

0.4 

2.64 
4.00 

TABLE 3 
Thermodynamic quantities of some reactions of carbozylic acid derivatives in aqueous solution 

Reaction 

A. Amidea: 
1. Benzoyl-&tyrosylglycinamide + HzO # benaoyl->tyrwine- + glyci"ide+. ................... 
2. Carbobenzoxyglycyl->phenylalanine + Hz0 # carbobensoxyglycine- + t-phenylalanine.. . . . . . . .  
3. Carbobenzoxyglycyl->leucine + HzO # carbobenroxyglycine- + >leucine.. .................... 
4. Poly->lysine + Hz0 # n-lysine., , . ...................................... 
5. Benzoyl-btyrosinamide + Hz0 # b + NH4+. ............................... 
6. Hippurate- (1 M )  + BzOfl) #benzoate- (1 M )  + glycine.. .................................. 
7. Alanylglycine (1 M )  + Hz00) # alanine + glycine.. ........................................ 
8. Glutamine + HzO # glutamate- + NH4+. . . . . . . .  ....................................... 
9. N-Acetylimidazole + HzO # acetate- + imidazole ....................................... 

B. 881678: 

1. 
2. Acetylcholine + HzO # acetate- + choline+. ............................................... 
3. AcetylSCoA + HzO a acetab- + CoASH.. ................................................ 
4. Acetylglutathione + Hz0 # acetate- + glutathione.. ........................................ 
5. AcetoacetylSCoA + Ha0 # acetoacetate- + CoASH.. ....................................... 
6. Ethyl thiolacetate(1) + HzO(1) # acetic acidfl) + ethanethiol(1). .............................. 

Acetyl-L-phenylalanine methyl eater + Hz0 # acetyl->phenylalanine + methanol. .............. 

C. Anhydrides: 
1. Acetyl phosphate + Ha0 # acetate- + phosphate- -. ....................................... 
2. Luciferyl adenylate + HzO # luciferate- + adenylate - -. ................................... 
3. Acetyladenylate + Hz0 # acetate- + adenylate - - ......................................... 

* Based on acetyl phosphate. Baaed on ATP AFb a 7.0-9.3. 

mechanism. In  aromatic systems the addition-elimina- 
tion mechanism is the most commonly encountered 
pathway, although the elimination-addition path 
through a benzyne intermediate is also known in special 
cases. In olefinic systems, both the addition-elimination 
and the elimination-addition pathways are known (1 18). 
A direct displacement mechanism has not been observed 
in either aromatic or olefinic systems. 

In  reactions a t  a carbonyl carbon atom substitution 
could occur by a direct displacement, or through an 
addition-elimination or an elimination-addition reac- 
tion. The transition state in a hypothetical direct dis- 
placement mechanism for the saponification of an ester 
has been depicted in the following two ways: 

0 0 
8-  li I -  

I 
R@ = =C= = =OH II 

I 
R& - -C- - -5H 

R R 
111 I V  

I11 (219) is a direct analog of the S N ~  reaction applied 
to  an ester hydrolysis. It is difficult to perceive why 
this transition state should form so much more readily 
than the corresponding transition state of the displace- 
ment of an alkoxy1 group in an ether molecule. IV (128) 
attempts to  explain the more facile reaction of an ester 
by involving the a orbital of the carbonyl group in a 
resonance-stabilized transition state. 

Although it is possible to produce pictorial represen- 
tations for a transition state of a direct displacement 
reaction a t  a carbonyl carbon atom, these hypotheses 
totally ignore the most important chemical property of 

PH 
- 

7.9 

5.65 
7.6 

7 
7 
7 
7 

7 
5.1 
7.5 
7 

7 

7.3 
7.1 
7 

z Baaed on N-acetylimidazole. 

Tem- 
pera- 
ture 

O C .  

- 

25 

25 
25 
25 
25 
25 

25 
25 

25 

29 

6.03 
3.2 
7.3-9.6 
7.1-9.4 

12.0 
0.95 

9.9-12.2 
12.4-14.7 
12 -14 

carbonyl groups: name!y, addition. Numerous addition 
reactions of aldehydes and ketones are well known. In  
many instances stable adducts have been isolated; in 
other instances physical properties indicate the forma- 
tion of adducts. Such addition compounds have been 
demonstrated for formaldehyde in aqueous solution 
(70), acetaldehyde in aqueous solution (26), chloral hy- 
drate, various ketones in methanol solution (400), and 
various carbonyl compounds with nitrogen bases such 
as hydroxylamine and semicarbazide (228), to  name a 
few. There are also a number of well-documented ex- 
amples of stable addition compounds of carboxylic acid 
derivatives. Each of the following equilibria has been 
shown to be on the side of the addition compound: 

0- 

bC& 
0- 

I 
OCZHS 

OH 

CFsCOOCzHa + OCzHs- CFaCOCzHs I (33,376) 

CFsCONHZ + OCzHb- e CFICNH~ I (33) 

-0COCHs 

~ C O N H C O C H s  Q 
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OCHs Ho\  / 

c=o C/ 

C=O C 
0 + CH,OH 2 a ' 0  (238) (6) 

\\ 
0 

CHa0 
I c=o 
,/-\- 

c=o 
CH30& 0 + CzH60H e 

' /  

OH 
CHQO I 

Although these examples of stable addition com- 
pounds of anhydrides, amides, and esters are special 
cases, it is comforting to  know that they do exist. They 
can be utilized to extrapolate to reactive addition inter- 
mediates which cannot be isolated or detected in any 
direct manner. 

Evidence for the formation of addition intermediates 
in the bimolecular substitution reactions of carboxylic 
acid derivatives rests mainly on the finding of concur- 
rent hydrolysis and isotopic oxygen-exchange reactions. 
The alkaline hydrolysis of ethyl benzoate is a second- 
order reaction and exhibits acyl-oxygen fission. Two 
possible mechanisms can be postulated on the basis of 
this information: one, an SN2 displacement of the al- 
koxyl group by the hydroxyl ion, according to  transition 
states I11 or IV; and the other, a mechanism involving 
the formation of an unstable addition intermediate as 
shown in equation 8. 

R 8" OR + Ht018 2 1 1 ka 
R-C-OR ------.* 0'8 

1 I RAOR + H ~ o ~ *  + 
ki 

b 
H 1 

0 
It 

RCOH + ROH (8) 

Concurrent isotopic oxygen exchange and hydrolysis 
of an ester (equation 8) are consistent with the mecha- 
nism involving an addition intermediate (32). On the 
other hand, lack of isotopic oxygen exchange is expected 
if a nucleophilic displacement (SN2) reaction is opera- 
tive, for then the labelled carbonyl oxygen atom is not 
a participant in any reversible step. Concurrent car- 
bonyl oxygen exchange and hydrolysis have been 
demonstrated for the hydrolyses of a number of ben- 
zoate esters (32) , benzamide (39, 99), benzoic anhy- 
dride (99), and certain substituted benzoyl chlorides 
(99). Many of the rate constants of concurrent, hydrol- 
ysis (kh) and exchange ( k e x )  do riot differ from one 
another by more than a factor of 10, although in no 
case are the rate constants of isotopic exchange and 

hydrolysis equal. The values of kh/k , ,  for acidic and 
basic catalysis of the hydrolysis of ethyl benzoate differ 
by a factor of approximately 2 (41). Since the rates of 
acidic and basic hydrolysis differ by a factor of roughly 
104, a common intermediate, the unionized hydrate of 
the ester, must be formed in these instances. 

While concurrent oxygen exchange and hydrolysis 
have been found in a large variety of hydrolytic substi- 
tution reactions of carboxylic acid derivatives, not all 
such reactions which involve bimolecular substitutions 
do exhibit concurrent oxygen exchange and hydrolysis. 
In  alkaline hydrolysis there is a gradation of kh/k , ,  
from amides, which exhibit the largest oxygen exchange, 
to phenyl benzoate (100) , benzyl benzoate, and phthal- 
ide (46), which do not exhibit detectable oxygen ex- 
change. The latter result is probably due to the experi- 
mental difficulty of detection of the isotopic oxygen 
species. In  general, isotopic analysis can detect only 
ratios of k 3 / h  (equation 8) which are equal to or less 
than about 100. It is postulated that reactions in which 
oxygen exchange is not detected still conform to the 
general mechanism involving an addition intermediate 
but involve ratios of k3/kz greater than 100. There is no 
reason to postulate any qualitative difference between 
benzyl benzoate, which shows no oxygen exchange, and 
methyl benzoate, which shows oxygen exchange; the 
only difference that is reasonable is a quantitative dif- 
ference in the ratio of k3/k2. All evidence given above is 
consistent with the postulate of an addition inter- 
mediate in the bimolecular substitution reactions of 
carboxylic acid derivatives. Considerable additional 
evidence from correlations of structure with reactivity 
is also consistent with this hypothesis (see Section 
II,H) (304, 378). 

F. T H E  TRANSITION STATE IN THE FORMATION O F  
T H E  ADDITION INTERMEDIATE 

In  general the formation of the addition intermediate 
is the slow step in the overall reaction of carboxylic 
acid derivatives (see Section 11,G). It is of interest, 
therefore, to  consider the structure of the transition 
state of this reaction. The transition state can be repre- 
sented as V 

98- 

:I 
R-v-X :I 

Nd+ 
V 

p 8-  

:I 
R-v-X 

:I 
Nd- 
VI  

for the attack of a neutral nucleophilic agent a t  the 
carbonyl carbon atom, and as VI for the attack of a 
negatively charged nucleophilic agent. Of course there 
are many variants of these transition states, depending 
on the specific kinds of catalysis to be discussed later. 
The degree of polarization of the carbonyl group in the 
transition state will depend to  some extent on the 
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identity of the nucleophilic agent. (Further discussion 
of this point yill be deferred to the discussion of nucleo- 
philicity a t  a carbonyl carbon atom (see Section IV,A).) 

It is pertinent here to  discuss the geometry of the 
transitioh state V or VI. Three geometries can be 
postdgted: one in which the attacking nucleophile 
appoaches the carboxylic acid derivative in a line per- 
pendicular to the plane of the C(0)X group, leading to  
maximum overlap of the bonding orbital of the nucleo- 
phile and the x-electron cloud of the carbonyl carbon 
atom, and two others in which the attacking nucleo- 
phile approaches the carbonyl carbon atom from the 
backside with respect to the eventual leaving group or 
to the carbonyl group. The suggestion of backside 
attack with respect to  the carbonyl group was made 
originally on the basis of the effect of structure on the 
reactivity of some substituted N-carboxyanhydrides 
with substituted glycine dimethylamides (1 1). The ex- 
perimental evidence indicated a diminution in the rate 
of reaction when both the attacking nucleophile and 
the nitrogen atom of the ring (in the 3-position to 
the carbonyl carbon atom) contained a bulky substit- 
uent. This phenomenon was interpreted in terms of 
the approach of the attacking base to the carbonyl 
carbon atom along a line slightly inclined to  the plane 
of the ring passing over the ring nitrogen atom. This 
suggestion has been utilized (189) to  explain the ex- 
traordinary reactivity of certain lactones with respect 
to  their open-chain analogs. It is postulated (189) that 
when hydroxide ion attacks the cis-lactone it avoids un- 
favorable electrostatic repulsion from the lone-pair atom 
dipole of oxygen by a backside attack with respect to the 
carbonyl group; in open-chain trans esters this electro- 
static repulsion cannot be avoided, so esters react slowly. 
The kinetics of hydrolysis of 6-oxabicyclo[3.3.l]octan- 
7-one (VII) and 2-oxabicyclo[2.2.2]octan-3-one (VIII) 
are germane to these arguments. The conformational 
formulas show that rearward attack as described above 

VI1 VI11 

is possible for VI1 over the five-membered ring, and 
the rate constant approximates those for other five- 
membered lactones which undergo saponification about 
103 faster than acyclic esters. Rearward attack is im- 
possible for VIII, however, and the rate constant is 
lowered to a value ten times above that for an aliphatic 
ester. Since rearward attack cannot occur in this in- 
stance, it was postulated that attack a t  the maximum 
electron density of the p orbital of the carbonyl group 
takes place (perpendicular attack) (189). 

The author disagrees with the views expressed above 
and believes that the best approximation to  the tran- 
sition state is a system in which the attacking nucleo- 
phile is approximately perpendicular to the plane of the 
carboxylic acid grouping. Such a transition state would 
be favored on theoretical grounds on the basis that this 
configuration gives maximum overlap of the nucleophile 
and the a-electron cloud of the carboxylic acid groups. 
Such a transition state also follows the Hammond 
postulate of the resemblance of a transition state and 
an unstable intermediate (193). The structure-reactiv- 
ity arguments involving N-carboxyanhydrides can be 
explained on this basis, since the bulky groups involved 
in that study lead to  steric repulsions in models of the 
“perpendicular transition state.” The reactivity of lac- 
tones can also be explained in terms of this transition 
state, again invoking a difference in electrostatic repul- 
sion from the “lone-pair atom dipole” of oxygen in the 
lactone and open-chain ester. The reactivity of VI11 is 
of great significance; this compound reacts ten times 
faster than an ordinary ester, even with backside ap- 
proach completely blocked. This result means that 
7-electron approach must be very important. Finally, 
the intramolecular step of phthalamic acid hydrolysis, 
the conversion of phthalamic acid to phthalic anhydride 
(35, 38) (see Section V,A), offers convincing stereo- 
chemical evidence for a transition state involving per- 
pendicular a-electron approach. In  this case the nucleo- 
philic attack of o-carboxylate ion on the protonated 
amide is impossible, since the two groups cannot lie in 
the same plane (of the benzene ring). On the other hand, 
a-orbital attack is very easy, as shown in IX, and the 
reaction is extremely facile. The present experimental 
evidence is consistent with and is explained most ade- 
quately by a transition state for bimolecular substitu- 
tion reactions of carboxylic acid derivatives involving 
perpendicular approach to the carbonyl carbon atom 
by the attacking nucleophile. 

IX 

G. STEPWISE NATURE OF THE NUCLEOPHILIC REACTIONS 

OF CARBOXYLIC ACID DERIVATIVES 

The existence of an intermediate in the reactions of 
carboxylic acid derivatives requires that these reac- 
tions be stepwise in nature. The reaction sequence 

A m B - C  (9) 

represents a simplified stepwise reaction. It is possible 
to treat the kinetics of this process by the steady-state 

kt ka 

ka 
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........................... Acetate., 
Monohaloacetate. 
Dihaloacetate ........................ 
Trihaloacetate ....................... 

.................... 

approximation: dB/dt = klA - kzB - k3B = 0. It 
can then be shown that 

-dA/dt = dC/dt = [kiks/(ki  + k J ] A  = 

[ k i / ( ( k d k t )  f 1)lA (10) 

If ks and k l  are of comparable magnitude (case A), 
equation 10 cannot be simplified; the overall rate is 
affected both by the rate of formation of the addition 
intermediate (kl) and by the partitioning of the inter- 
mediate (kz/ka). If is large compared to  k S ,  a pre- 
equilibrium occurs followed by a rate-determining step 
(case B). This situation leads to  -dA/dt = dC/dt = 
LaKA, where K = kl/kz. 

Case A is presumed to  be the general situation in 
bimolecular substitution reactions of carboxylic acid 
derivatives. Case B does apparently hold in a limited 
number of special cases, including the reaction of amines 
with N-carboxysarcosine anhydride (13) and the lac- 
tamization of phenyl -y-(4-imidazolyl) butyrates (95). 
Both of these special examples involve the addition of 
a nitrogen nucleophile t o  the carbonyl group. Nitrogen 
nucleophiles such as hydroxylamine and semicarbazide 
add to  aldehydes and ketones in neutral solution in a 
fast preequilibrium step (followed by a slow dehydra- 
tion to  form the oxime or semicarbazone) (228). From 
this scanty evidence there appears to  be a tendency for 
nitrogen nucleophiles to add in a fast preequilibrium to 
carbonyl compounds. It is conceivable that unstable 
addition intermediates can be detected in the carboxylic 
acid family, as they have been detected in the carbonyl 
family, by the use of nitrogen nucleophiles (228). 

H. T H E  E F F E C T  O F  STRUCTURE ON REACTIVITY 

Since the overall rate constant for the reaction of a 
carboxylic acid derivative is a function of two param- 
eters, the rate constant for the formation of the addi- 
tion intermediate (kl) and the partitioning of the inter- 
mediate (a or kP/kl), any discussion of the effect of 
structure on reactivity must be couched in those terms. 
One must further consider structural changes in both 
the attacking nucleophile and the carboxylic acid de- 

RdX + Y- b RCX RCY + X- (11) 

0 0- 0 
kl 1 II 
kz I 

Y 

rivative, both of which will intimately affect both kl  
and a. 

per cent 

1 0 
761 26 

16,000 77 
100,000 99 

1. The  carboxylic acid derivative 
Let us first consider structural changes in the car- 

boxylic acid derivative, RCOX, and their effect on kl  
and cy. The effects of structural changes in R are rela- 
tively easy t,o assess. An increase in the electron-attract- 
ing character of R will result in an increase in kl.  This 
prediction assumes a relationship between the rates 

TABLE 4 
Relative reactivities and addition equilibria of halogenated esters (33) 

Ester 
Addition of ktH ' Methoxide Ion 1 Of 1 to Ethyl 

Chloroacetatea Fluoroacetates 

and equilibria of addition reactions of carbonyl com- 
pounds and appears to hold well for those systems for 
which a comparison can be made. Table 4 gives a com- 
parison of relative reactivities and equilibria of halogen- 
ated esters. Resonance interactions involving R and 
the carbonyl group tend to stabilize the ground state 
with respect to the transition state, which must be 
quite similar electronically to the tetrahedral addition 
intermediate. Taft has been able to  separate resonance 
and inductive effects in ester hydrolysis and related 
reactions (378). He has also considered steric effects 
which are omitted from discussion here. 

It is assumed in the discussion above that a struc- 
tural change in R will not affect a, and thus kl and kobs 
will be affected to an equal extent. This hypothesis is 
being tested a t  present by the determination of the 
oxygen exchange accompanying the hydrolysis of a 
series of substituted ethyl benzoates. 

The effects of structural changes in X of RCOX are 
more difficult to ascertain. An imperfect generalization 
can be made that structural changes that increase the 
electron-withdrawing power of X will increase kl  and 
decrease cy, both effects tending to  increase kobs. The 
effect of electron-withdrawing groups in X on kl  follows 
by analogy, from the effect of electron-withdrawing 
groups in R on kl.  In  esters the effect of an inductive 
change in X is usually less pronounced than a compa- 
rable change in R because of the greater distance of the 
substituent in X from the reactive center. Resonance 
effects of the group X must also be considered. In- 
creased resonance interaction between X and the car- 
bonyl group will in general increase the stability of the 
ground state relative to the transition state and will, 
therefore, decrease kl. Examples of inductive effects on 
k l  (and a) can be seen in the rates of hydrolysis of sub- 
stituted phenyl acetates. Examples of resonance effects 
on k l  can be seen in the relative rates of hydrolysis of 
acid chlorides, anhydrides, esters, and amides. Reso- 
nance interaction increases and reactivity decreases in 
the above order. 

The effect of structural changes in X on the parti- 
tioning of the addition intermediate (a) can be seen 
from the oxygen-exchange data in table 5. Structural 
changes which decrease kl lead to an increase in a, both 
effects tending to  reduce the overall rate of the reaction. 
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- 
:exohmre 

hYdlolni. 

---- 
l . /moleeec.  

0.53 2.09 

11.3 97 

20 0.17t 

25 9.3t 

TABLE 5 
Oxygen exchange during the hydrolysis of carboxylic acid derivatives 

kalka Refer- - a ence 

4.22 (41) 

0.18 (41) 

0.10 (99) 

0.08 (99) 

Reaction 1 ture 

Ha0 ............................ 
HO-.. ......................... 
CHaO-.. ....................... 
CzHsO-. ........................ 

Benzamide + OH-. .40  
Ethyl benzoate + 

OH-*. . . . . . . . . . . .  25 
Benzoic anhydride + HaOS.. . . . . . . .  25 
Benzoyl chloride + 

HaO* ............ 25 

- -1.74 0.00 
15.8 1.60 1 .o 
15.0 2.74* 1.6 
16.6 3.28* 4.2 

* 33 per cent dioxane-wnl 

Leaving 
Group 

r. t Per se( Id. t 75 per cent dioxanewater. 

The effect on kl is seen to be much greater than the 
effect on a, indicating that the important factor in 
these cases is the effect on kl. It is postulated that the 
effect of structural changes on a may be equal to or 
perhaps greater than the effect on kl in a series of para- 
substituted acetanilides. In  this system structural 
changes in X are remote from the carbonyl group and 
no resonance interaction is possible. 

2. The nucleophile 
While structural effects of the carboxylic acid deriva- 

tive have long been considered, the structural effects 
of the nucleophile have not been considered in detail 
heretofore. This aspect of the reactions of carboxylic 
acid derivatives is of direct and great importance to  a 
consideration of nucleophilic catalysis (Section IV) . 

There are a whole host of reactions in which one 
carboxylic acid derivative is converted to another by 
the action of a nucleophile. Many nucleophiles contain- 
ing a negative oxygen atom such as hydroxide, alkox- 
ide, phenoxide, carboxylate, phosphate (89), arsenate, 
nitrite (181), oxime, chloralate (173), hypochlorite 
(229a), and hydroperoxide ions will react with a car- 
boxylic acid derivative. In  some cases a nucleophile 
containing an uncharged oxygen atom such as water or 
alcohol will react with carboxylic acid derivatives. Like- 
wise, most nucleophiles containing a nitrogen atom 
such as primary, secondary, and tertiary amines, both 
aliphatic and heterocyclic, react with carboxylic acid 
derivatives. In  addition, a number of other nucleo- 
philes such as cyanide, sulfite, fluoride, azide, and thio- 
late ions have been shown to react with carboxylic acid 
derivatives. 

Not all carboxylic acid derivatives are susceptible to 
nucleophilic attack by all the substances listed above. 
It is pointed out in Section II,H,4 that the more reac- 
tive carboxylic acid derivatives are less selective in 
their reactions with nucleophiles. Thus it is the more 
reactive carboxylic acid derivatives which exhibit reac- 
tivity with a wide range of nucleophiles, while the less 
reactive carboxylic acid derivatives react with only a 
limited number of nucleophiles. This fact has led to a 

number of important conclusions, including the obser- 
vation of catalysis by nucleophiles other than hydroxide 
ion with only a limited number of relatively highly re- 
active carboxylic acid derivatives. Furthermore, the 
most extensive comparative studies of nucleophilicity 
have been carried out with carboxylic acid derivatives 
of high reactivity. 

As pointed out above, the overall rate constant of 
the forward reaction of RCOX + Y will depend on kl 
and the partitioning of the intermediate, k3/k2 (405). 
kl depends on the nucleophilicity of the attacking agent, 
the parameter to be discussed here; kz/ks ,  on the other 
hand, depends on the relative stabilities of the reactants 
and products, including the relative stabilities of the 
nucleophiles X and Y as well as the carboxylic acid 
derivatives RCOX and RCOY. This kinetic dependency 
complicates the discussion of nucleophilicity. In  the 
following discussion, where restricted structural changes 
are made, the overall rate constant will be assumed 
to be a function of the nucleophilicity. In  some cases 
this oversimplification may be justified; in the general 
case it is not. 

From data on the kinetics of the simultaneous alka- 
line hydrolysis and alcoholysis of esters in aqueous 
alcohol solutions it is possible to  determine the relative 
nucleophilicities of hydroxide ion, methoxide ion, and 
ethoxide ion, as shown in table 6. It is seen from this 
table that the relative nucleophilicities, E,,, calculated 
from the equation of Edwards (145), follow the order 
ethoxide ion > methoxide ion > hydroxide ion, which 
parallels the experimentally determined rate constants. 
On the other hand, the relative basicities do not fall in 
this order. Although there is a parallelism between the 
relative rate constants and the calculated nucleophilici- 
ties, the nucleophilicities calculated from the equation 
log k / k o  = AP + BH (145) contain contributions from 
the basicity term which in all cases amount,to over 90 
per cent of the total rate of the reaction, indicating that 
the basicity of the attacking nucleophile is the main 
factor in the relative reactivity of this group of nucleo- 
philes toward the carbonyl carbon atom of esters. 

A relationship between the relative basicities and 
the relative nucleophilicities of a family of nucleophiles 
implies that linear free-energy relationships similar to  

TABLE 6 
Nucleophilicities, polarizabilities, and basicities of some oxygen bases 

Donor E. Nucleophilicity I pKa 1 (calculated) 1 to C=Ot 
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109 
25 
30 
0 
25 
39.92 
30 
0 
25 
0 
0 
25 
30 

63 

3 
3 
5 
4 
3 
2 
3 
9 
9 
3 
6 
8 
3 

TABLE 7 
The effect 05 etructure on reactivity in some reactions of Carboxylic acid derivatives with nucleophiles 

I. Reaction series in which a relationship is found between log k~ and PKN 

1. Hydroxide ion + phenyl acetates.. ................................... 
2. Imidazole + phenyl acetates. ........................................ 
3. Intra-imidazole + phenyl acetates. ................................... 

Reaction Solvent I 

60% acetone-water 
28.5 % ethanol-water 

1. Pyridines + phenyl acetate.. ....................................... 
2. Pyridines 3- pnitrophenyl acetate., ................................. 
3. Imidazoles + pnitrophenyl acetate.. ................................ 
4. Pyridines + acetic anhydride. , , . 
6. Pyridines + 2,4-dinitrophenyl ace 
6. Pyridines + acetic formic anhydride.. ............................... 
7. Phenoxides + pnitrophenyl acetate.. 
8. Amino aoida + acetio anhydride ..................................... 
g. Amino acids + 2,4-dinitrofluorobenzene. ............................. 
10. Amino acids + anhydrwN-carboxyglycine. ........................... 
11. Amino acids + anhydro-N-carboxyalanine. ........................... 
12. Anilines +benzoyl chloride ......................................... 
13. Anilines + pnitrophenyl acetate. ................................... 

25 
25 

Water 
Water 
28.5% ethanol-water 
Water 
Water 
Toluene 
28.5% ethanol-water 
Water 
Water 
Water 
Water 
Nitrobenzene 
28.5% ethanol-water 

7 0.3 
5 2.7 
3 

Tempera- Number 01 
ture Points 

11. Reaction series in which a relationship is found between log k / k o  and sigma 

-log ko 

2.92 
2.75 
1.3 
2.18 

-0.3 
2.7 

-1.3 
-3.2 
0.7 
4.2 
3.7 

Slope 

1.31 
1.075 
0.8 
1.015 
0.914 
0 513 
0.8 
0.375 
0.513 
0.46 
0.554 
1.2 
0.8 

Reference 

1 .oo 
1.90 

BrZnsted plots should be found in these cases. In  fact, 
a number of such relationships have been demonstrated 
in the nucleophilic reactions of carboxylic acid deriva- 
tives, as shown in figure 1 and table 7. Brgnsted-type 
relationships have been found to  hold in reactions in- 
volving families of substituted phenoxide ions, pyri- 
dines, imidazoles, amino acids, and anilines. Some of 
the Brgnsted-type plots contain insufficient experi- 
mental data. Taken together, however, there is no ques- 
tion that a relationship does exist between basicity and 
nucleophilicity in reactions of restricted families of 
nucleophiles. 

I 1 

enol 

OH- 

.ate6 

I -4 - 
A 2 0  

I I I I I I I  
0 2 4  6 8 IO 12 14 

FIG. 1. Bronsted type plot of log kn va. pK,' for the reaction 
of nucleophiles with pnitrophenyl acetate (89). 

From these studies i t  is evident that there is a con- 
siderable disparity between the nucleophilicity of sub- 
stances containing a nitrogen atom as the attacking 
nucleophile and substances of the same basicity having 
an oxygen anion as the attacking nucleophile. For ex- 
ample, while acetate ion and pyridine are of comparable 
basicity, pyridine exhibits a nucleophilicity about one 
hundredfold greater (figure 1). The same disparity is 
found to  a somewhat lesser extent when comparing 
anilines and phenoxide ions of comparable basicity. An 
extreme example of this phenomenon is the greater 
nucleophilicity of aniline toward benzoyl chloride than 
either hydroxide ion or acetate ion (375a). These differ- 
ences result in the generalization that separate Brgn- 
sted-type plots are necessary to characterize nitrogen 
and oxygen bases. 

Two pieces of evidence indicate that thiolate anions 
are better than the corresponding alkoxide anions in 
nucleophilic reactions a t  the carbonyl carbon atom. A 
rough comparison of the reactivities of the sulfhydryl 
ion and the hydroxide ion toward benzonitrile indicates 
that the former is a better nucleophile than the latter 
by one or two powers of 10 (404). Furthermore, the 
reactions of p-nitrophenyl acetate with the dianion of 
o-mercaptobenzoic acid (341) and with a phenoxide ion 
of equivalent acidity (89) again indicate that the former 
is a better nucleophile by one or two powers of 10. Thio- 
sulfate and thiocyanate, however, are extremely un- 
reactive toward ethyl chloroformate (182). It is not 
clear why this apparent discrepancy between thiolate 
ions and other sulfur anions exists. 

When the requirement of restricted families of 
nucleophiles is lifted, the comparison of nucleophilicity 
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HzO ........................ 
SaOa- -. .................... 

TABLE 8 
Reactions of nucleophiles with ethyl chloroformate and p-nitrophenyl 

acetate (%?6, 8.%?9a) 

-1.7 
1.9 

Nucleophile 1 P K ~  

R 
X 
Y 

Increase Increase Increase 
Increase Decrease Increase 
Decrease Increase Decresae 

Ethyl 
Chloroformate 

(182)* 
kz 

l./moZe minute 

0.24 
32.2 

17.5 

90.6 

500 
169 

pNitropheny1 
Acetate? 

kz 

l./mole minutc 

6 X 10-7 
0.0011 
0.001 
0.0013 
0.006 
0.57 
2.2 
0.015 
0.00051 

0.10 
10.7 

28.9 

10.4 
5.6 
0.041 
0.0074 

2.0 
0.73 
7.5 

110. 

29 

1600 
46 

-350 

0.070 
2000 
3200 

700 
420 
2500 
105 

100,000 
270,000 

1670 
890 

10.8 

1.06 

*At  25% in 85.15 per cent water-acetone. 
t At 25% in aqueous solution. 

toward a carbonyl carbon atom becomes more difficult. 
Table 8 illustrates the reactions of ethyl chloroformate 
and pnitrophenyl acetate with a number of widely 
varying nucleophiles. In  addition, chloride, bromide, 
iodide, thiocyanate, and nitrate ions had no effect on 
the rate of reaction of either the ethyl chloroformate 
or the p-nitrophenyl acetate. This result is in wide dis- 
agreement with the reactivity order typical of a bi- 
molecular ( 8 ~ 2 )  displacement reaction a t  a saturated 
carbon atom in which such nucleophiles as thiosulfate, 
thiocyanate, and iodide are among the most reactive. 
Since the transition state of the carboxylic acid reac- 
tions resembles a tetrahedral intermediate, the energy 
of bond formation may be more important in the reac- 
tions of nucleophiles a t  a carbonyl carbon atom than 
a t  a saturated carbon atom, particularly with those 
elements (such as first row elements) which possess a 
high heat of formation, with carbon exhibiting the 
highest nucleophilicity (182). The anions of hydrogen 

peroxide, methyl hydroperoxide, and hydrazoic acid 
react abnormally rapidly (with respect t o  their basici- 
ties). This abnormal reactivity is not due to  a concerted 
acid-base attack (227) with hydrogen bonding, but may 
be correlated with the high polarizability of peroxide 
and azide ions (229a). Hydroxylamine and hydrazine, 
which have normal polarizabilities, N , N-dimethyl- 
hydroxylamine, N-hydroxypiperidine, pyridine N-ox- 
ides and anions of hydroxamic acids, relatively acidic 
oximes, and hypochlorous acid also react abnormally 
rapidly. While there is a very rough correlation evident 
in table 8 betmeen basicity and nucleophilicity, there 
appear to be many additional factors which must be 
considered to explain the nucleophilicity values, in- 
cluding polarizability, steric factors, electronic overlap, 
hydrogen bonding, and proton transfer (229a). 

3. Summary  of the effect of structure on reactivity 
Summarizing the various effects of structure on the 

reaction of RCOX + Y a rather complex picture 
emerges, as shown in table 9. In  changes involving X 
and Y, the situation is fairly straightforward, since a 
structural change tends to  affect kobs in the same direc- 
tion through both k l  and a. A structural change in R, 
however, results in opposing effects in kl and a, but 
apparently in all known cases i t  is the effect on kl 
which is dominant. 

At the present time quantitative calculations involv- 
ing these six effects (structural changes of R, X, and Y 
on k l  and a)  are not possible and one must be content 
with qualitative arguments such as those given above 
except in restricted series of reactions where only one 
or two parameters are changed a t  any one time. Table 
10 lists such quantitative correlations. In  summary, 
then, the effects of structural changes on nucleophilic 
reactions of carboxylic derivatives are reflected in both 
the rate constant of the addition step ( k l )  and the par- 
titioning of the intermediate (a = kz/k3) .  The effects 
of structural changes on k l  are more important than 
and usually are parallel to  effects on a. For a complete 
analysis, however, effects on both parameters must be 
considered. 

If one considers the general equilibrium case, the 
more complete scheme can be written: 

ki ka 

ka kr 
RCOX + Y e  1 - R C O Y  + X (12) 

TABLE 9 
Effect of structural changes on the rate of reaction of RCOX f Y 

Increase in Eleatr m- 
attracting Power r !  a 

Substituent in 
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TABLE 10 
Quantitative correlations in reactions of carboxylic acid derivatives 

Type of Correlation 1 Reference 

1. Hammett relationships involving changes in R on k o b .  . . . . 
2. Taft relationships involving changes in R on kob.. . . . . . . . . , 
3. Hammett relationships involving changes in X on k o b .  . . , , 
4. Taft relationships involving changes in X on kob.. . . . . . . . . . 
5. Bronsted relationships involving changes in N on kob* .  . ... , 

6. Hammett relationships involving changes iu X on a (and k i ) .  
7. Hammett relationships involving changes in R on K (and ki) . 
8. Hammett relationships involving changes in N on ki  and a. 

(224) 
(378) 
(224) 
(378) 
Section 

Ii,H,2 
In progress 
In progress 
No known 

method 
at present 

* These can alternatively be expressed 88 Hammett relationships. 

The equilibrium constant can be expressed as 

I n  this most general formulation i t  is seen that a catal- 
ysis can be manifested in any one of four steps: two 
steps, kl and k4, which express addition to  the carbonyl 
group, and two steps, kp and k3, which denote the par- 
titioning of the intermediate. 

4. Selectivity-reactivity relationships in 
nucleophilic reactions 

In  many organic reactions it has been observed that  
a family of related reactions will show larger differences 
in the rates of reaction of the individual members if 
the inherent “reactivity” of these reactions is smaller. 
This concept has been expressed by H. C. Brown in a 
quantitative relationship between the reactivity of a sys- 
tem and its selectivity, and has been enunciated and 
exemplified in great detail in a large number of aromatic 
substitution reactions (84, 85, 86, 87). This relation- 
ship is a general phenomenon in chemical reactions. It 
is instructive to  consider the Brgnsted and Hammett 
relationships of the nucleophilic reactions of carboxylic 
acid derivatives in this regard, as shown in table 7. In  
the various linear relationships a slope, sometimes re- 
ferred to  as a Brgnsted cy and sometimes a Hammett 
p ,  can be calculated. In  either of these cases the slope i s  
a funct ion of the sensitivity of the rate constant to the 
structural changes in the f a m i l y  of reactions. Under con- 
sideration now is the relationship of the various slopes 
to  one another. The limiting values of the magnitude 
of the slopes are illustrative of the selectivity-reactivity 
relationship: when the slope is aero, the rate of reaction 
is insensitive to  structural change of the members of 
the family and follows a statistically determined course; 
when the slope is infinity, the rate of reaction is infi- 
nitely sensitive to structural change of the members of 
the family and indicates reactions with infinitely high 
activation energies. Between these two extremes lie the 
real cases cited in table 7. It is postulated that in a 
restricted set of reaction families (which occur in a 
common solvent and a t  a common temperature and 

which are structurally related to one another), that 
family with the highest slope will be the most selective 
and least reactive and that family with the lowest slope 
will be the least selective and most reactive. Theoreti- 
cally a relationship between selectivity (slope) and re- 
activity (the intercept) should exist if it can be shown 
that both the variation in the leaving group and the 
variation in the attacking agent follow Hammett rela- 
tionships between structure and reactivity. In  such a 
situation it can be rigorously shown that a linear rela- 
tionship must exist between the slopes of the various 
Brgnsted lines and the intercepts of the various lines. 
This conclusion follows from a study of multiple struc- 
ture-reactivity correlations (291). If y is a function of 
z and z and if a multiple structure-reactivity correla- 
tion is considered such that  two independent sets of 
lines are involved, such as 

yi j  = ajzi + bj (14) 

where the parameter z is held constant and 
Y i j  =z ~ i ~ j  + di (15) 

where the parameter z is held constant, then a four- 
parameter equation can be written such as 

y = pz + qzz + rz + s (16) 

Equation 14 represents the Brgnsted plots; the slopes, 
ai ,  and the intercepts, bi, of these plots are then related 
to  one another by equation 17 (305). 

rlq(an - a,,,) = b, - bm (17) 

Equation 17 indicates a linear relationship between 
the Brgnsted slope, a ,  defined as the selectivity of the 
compound, and the intercept, b, defined as the inherent 
reactivity of the compound. Families 1, 2, 4, and 5 of 
table 7 conform to the conditions set forth above for a 
quantitative relationship between selectivity and reac- 
tivity. The data for these three families of reactions 
have been plotted in figure 2, which indicates that log 

SLOPE (SELECTIVITY~ 

FIG. 2. Relationship between reactivity and selectivity in the 
nucleophilic reactions of carboxylic acid derivatives. A, pyridinee 
and 2,4dinitrophenyl acetate; B, pyridines and acetic anhydride; 
C, pyridines and pnitrophenyl acetate. 
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ko (ai) is a linear function of the slope (bi). While the 
data are not very extensive in this case, a quantitative 
relationship has been demonstrated between reactivity 
and selectivity in one restricted set of carboxylic acid 
reactions. 

With families other than 2, 4, and 5 it cannot be 
demonstrated that the variations in both the leaving 
group and the attacking agent follow Hammett rela- 
tionships. Therefore with these families a rigorous argu- 
ment for selectivity-reactivity relationships cannot be 
made. However, empirically such relationships do ap- 
pear to  hold, such as with families 1,s and I,9, families 
I,2 and I,3, families 1,lO and I , l l ,  and families II,1 
and II,2. In each of these cases the family of reactions 
which is less reactive (smaller log I C o )  is more sensitive 
to structural change, as indicated by a iarger slope. 
Although these correlations are not rigorous, as is the 
correlation shown in figure 2, the weight of their em- 
pirical evidence strongly favors a selectivity-reactivity 
relationship. 

111. ACIDIC CATALYSIS 

A. SPECIFIC HYDRONIUM-ION CATALYSIS 

Catalysts have been defined as “substances which 
change the velocity of a given reaction without modifi- 
cation of the (equilibrium) energy factors of the reac- 
tion” (309) , or “substances whose concentration occurs 
in the velocity expression to  a higher power than in 
the stoichiometric equation” (24). Some of the earliest 
physicochemical investigations of catalysis involved the 
reactions of carboxylic acid derivatives, including the 
effect of acids on the hydrolysis of esters (310) and the 
formation of esters (178). In aqueous solutions which, 
of course, contain hydronium ions, hydroxide ions, and 
water, the general expression for the observed velocity 
constant of a hydrolytic reaction may be written as 

(18) 

The variation of velocity over the whole range of 
hydrogen-ion concentrations can be represented by 
plotting log k against pH. The most general curves ob- 
served in hydrolytic reactions of carboxylic acid deriva- 
tives are shown in figure 3. Minima and maxima are 
observed in some curves. The velocity a t  a minimum 
point depends on the ‘(spontaneous” reaction, ko, 

k = ko + ~H+(B+) + ~oH-(OH-) 

as well as the acid- and base-catalyzed reactions. The 
maximum will be discussed in more detail later. The 
lines with slopes of 45’ correspond to catalyses by hy- 
dronium ion or hydroxide ion. The horizontal lines 
correspond to the spontaneous reaction ko, ordinarily a 
water reaction. Catalyses by hydronium ion and hy- 
droxide ion were for many years thought to  represent 
the sole forms of catalysis of carboxylic acid deriva- 

PH 
FIG. 3. Some relationships between pH and reaction velocity 

in the hydrolytic reactions of carboxylic acid derivatives. Curve 
1, ethyl acetate; curve 2, acetamide; curve 3, p-lactone; curve 4, 
methyl benzimidate. 

tives. The possibilities have now increased to embrace 
many new forms of catalysis, of which catalysis by 
hydronium and hydroxide ions is only a small part. 

Most carboxylic acid derivatives are weak bases 
which in acidic solution are protonated to some extent. 
Methyl benzimidate is a moderately strong base (pK,’ = 
5.67) (365) and below about pH 3 its protonation ap- 
proaches completion. Amides are reasonably strong 
bases with pK’s of the order of - 1 to -3  (141). pK,’s of 
this order indicate that in mineral acid solutions of 
moderate concentration (3-6 M )  amides are appreciably 
protonated. Carboxylic acids are somewhat less basic 
than amides; the pK,‘s of substituted benzoic acids are 
of the order of -6 to -8 (363). The basicity of esters 
is not known but is presumably similar to that of acids. 

There are two possibilities for the position of the 
proton in a protonated carboxylic acid derivative, a 
protonated carbonyl group and a protonated “X” 
group. From the effect of substituents on the pK,’s of 
substituted benzoic acids in comparison to the effect of 
substituents on the pK,’s of acetophenones, i t  appears 
that the protonated benzoic acid must be written as 
RC(OH)2+ (364). The argument is particularly con- 
vincing with regard to those substituents which can 
stabilize a charge on a benzylic carbon atom which 
would be formed if the carbonyl group is protonated. 
The mode of protonation of amides was investigated 
by means of nuclear magnetic resonance (162). The 
fact that the methyl doublet in N ,N-dimethylforma- 
mide is retained in solutions of high acidity indicates 
that the carbon-nitrogen bond still has considerable 
double-bond character under those conditions, indicat- 
ing protonation on the oxygen atom of the amide. From 
these two cases it appears that the position of protona- 
tion of carboxylic acid derivatives is on the oxygen 
atom of the carbonyl group. This protonated species is 
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not necessarily the kinetically important one, but for a 
first approximation it will be assumed that  this is the 
case. 

Ethyl acetate, beneamide, and methyl benzimidate 
all exhibit hydrolysis catalyzed by hydronium ion. It 
is interesting to note, however, that these three hy- 
drolyses exhibit entirely different pI3-rate profiles, as 
shown in figure 3. The kinetics of the hydrolysis of 
ethyl acetate in acidic solutions as concentrated as 10 M 
hydrochloric acid and 7 M sulfuric acid exhibit a direct 
proportionality between the reaction rate and the con- 
centration of the acid (27). This behavior is exemplified 
by curve 1 of figure 3 and is strong evidence for the 
acid catalysis of the hydrolysis of esters. 

A more complicated case embodies the effect of acid- 
ity on the hydrolysis of amides. The kinetics of these 
systems have been extensively studied. In  dilute acid 
solution the rate of hydrolysis is proportional to  the 
hydronium-ion concentration. The most significant 
feature of the kinetics, however, is that a rate maximum, 
as illustrated in curve 2 of figure 3, has been found to 
occur in the hydrolysis of a number of aliphatic and 
aromatic amides in strong acid (153, 252, 321, 380). 
The concentration of sulfuric acid for maximum rat>e 
varies from about 2.5 t o  5 M, depending on the struc- 
ture of the amide, where amides would be expected to  
be appreciably protonated. The hypothesis of a pro- 
tonated amide intermediate effectively accounts for all 
the experimental facts, as shown in equation 20. 

Hz0 RCONHi + H+ RC(OH)’XH2+ - 
hydrolysis products (20) 

Below the concentration for maximum rate, the effect 
of increasing acid strength is chiefly to increase the 
concentration of the protonated intermediate; above 
the concentration for maximum rate, the effect is 
chiefly to  decrease the concentration or activity of the 
water (252). This hypothesis can account quantitatively 
for the changes in the rate of hydrolysis with concen- 
tration of the acid (141). The experimental rate con- 
stant, k,, can be related to the second-order rate con- 
stant, kp, by the expression 

k, kzK(&O+)/(K + ho) (21) 

where K is the equilibrium constant for the protonation 
of the amide and ho is the Hammett acidity function. 
For very weak bases such as esters, K >> ho in the range 
of acid concentration of 2-5 M sulfuric acid and equa- 
tion 21 simplifies to  

k. = k*(HSO+) (22) 
Equation 22 predicts a linear dependence of the experi- 
mental first-order constant on the concentration of hy- 
dronium ion which has been found for the hydrolysis 
of esters in strong acid solution (27). However, when 
K << ho, equation 21 simplifies to  

k, = kzK(HaO+)/ho (23) 

Since ho increases with concentration much more 
rapidly than (H30+) when concentrations of the min- 
eral acid exceed about 2 M ,  k ,  will decrease in high 
concentrations of acid. When K << h o ,  ionization to the 
protonated amide will be substantially complete; the 
decrease in rate of hydrolysis can then be regarded as 
due to the decreasing availability of water, since 
(HzO) = KA(H30+)/ho, where KA is the equilibrium 
constant for the reaction &0+ s HzO + H+. 

A further corroboration of the mechanism of the 
acid-catalyzed hydrolysis of an amide stems from the 
effect of structure on the hydrolysis of amides. In  the 
hydrolysis of substituted benzamides the effect of a 
substituent on the overall rate constant could be mani- 
fested in either the preequilibrium step, in the subse- 
quent rate-determining step, or in both steps. The 
Hammett p constants for the various steps bear the 
following relationship to  one another: poverall = PI + 
p 2 ,  where 1 and 2 refer to the preequilibrium and rate- 
determining steps, respectively. In  this system i t  is 
possible to determine each of the three p constants inde- 
pendently of one another. It was found that the theo- 
retical equation given above for the relationship of the 
various p constants was closely approximated by the 
experimental data (266). 

In  the acid-catalyzed hydrolysis of methyl benzimi- 
date (142) below pH 1, the effect of increasing acidity 
can best be described by curve 4 of figure 3, a decrease 
in the rate constant with increasing acidity. This un- 
usual phenomenon can be easily explained in terms of 
the analysis given above for amide hydrolysis. The 
much greater basicity of methyl benzimidate simply 
exaggerates the effect found in the amide case, where 
the decrease in the rate of hydrolysis with increasing 
acidity can be regarded as due to  the decreasing availa- 
bility of water. 

The kinetic requirement of a molecule of water in 
the transition state of the acid-catalyzed hydrolysis of 
methyl acetate was demonstrated by carrying out the 
reaction in acetone solution with a limiting amount of 
water (164). In  acid-catalyzed ester hydrolysis, the de- 
pendence of the rate on acid may, however, be some- 
what greater than that predicted from dependence on 
the concentration of hydronium ion, and can be better 
fitted above 3 M acid by a dependence on a hydrogen 
ion which is solvated by four water molecules (265). 

A special acid-catalyzed hydrolysis is that of benzoyl 
fluoride by dilute solutions of hydrochloric acid in 
aqueous acetone (69). This example constitutes the only 
catalysis of the hydrolysis of an acid halide by hydro- 
nium ion, and is presumably due to  the special hydro- 
gen-bonding properties of the fluorine atom. 

The effect of deuterium oxide on the rates of a num- 
ber of acid-catalyzed hydrolyses of carboxylic acid de- 
rivatives has been determined. Since the deuteronium 
ion in deuterium oxide is a stronger acid by a factor of 
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~ 

Reaction 

Ethyl formate.. ........................................ 
Methyl acetate.. ....................................... 
Acetonitrile., ....... .: ................................. 
Acetamide (0.1 N) ...................................... 
Acetamide (4.0 N). ..................................... 

TABLE 11 
Deutm'um isotope effect in th acid-catalyzed hydrolysis of s a  

curbozylic acid derivatives (406) 

kn/k 

1.37 
1.60 (1.88) 
1.38 
1.46 
0.88 

3 than is the hydronium ion in water, the concentration 
of a protonated substrate should be greater in deuterium 
oxide than in water (406). This should result in a 
greater hydrolytic rate constant in deuterium oxide 
than in water, as is demonstrated by the data of 
table 11. In general the ratio of h / k H  for a hydronium- 
ion-catalyzed hydrolysis of a carboxylic acid derivative 
lies around 1.5. One obvious exception to this generali- 
zation is the isotope effect in the hydfolysis of acetamide 
under conditions of high acidity. This exception can be 
satisfactorily explained in terms of the complete proto- 
nation of the amide under these conditions. The lower 
rate constant in deuterium oxide is, therefore, only a 
function of the difference of the nucleophilicities of 
deuterium oxide and water and not of the concentra- 
tions of the protonated species. The lower nucleophilic- 
ity of deuterium oxide in deuterium oxide than that of 
water in water also explains why the k ~ / k ~  ratio is 
only 1.5 and not the factor of 3 found for the difference 
in the preequilibria. 

On the basis of the evidence given above in conjunc- 
tion with the isotopic oxygen-exchange evidence given 
earlier, it is possible to postulate the following mecha- 
nism, illustrated in equation 24 and figure 4, for a 
typical hydronium-ion-catalyzed reaction of a car- 
boxylic acid derivative. 

0 6 H  
// +HsO* // Ha0 

\ 
___L RC-OR W 

-Ha0 
RC 

'OR 
1 2 

OH OH 

OH OH 6 H  

4 5 6 

+Ha0 - RCOOH + ROH 
-HsO* 

7 

REACTION COtlRDlNATE 

RG. 4. Standard free energy vs. reaction coijrdinate for the 
acid-catalyzed hydrolysis of an ester (35a). 

The numbers in figure 4 correspond to the various reac- 
tants, intermediates, and products in this process. 

A cyclic transition state of the solvolysis of carboxylic 
acid derivatives has been pointed out as a stereochemi- 
cally attractive possibility. Studies of the effect of 
solvent on the hydrolysis of esters, amides, and anilides 
under acidic conditions indicate that the rate increases 
with an increase in the dielectric constant (260, 383). 
It was therefore postulated that the activated complex 
is more polar than the reactants, as indicated by the 
transition state X. 

0- R 
li / 

R-C*-*O 

X 

This transition state predicts a reduced entropy of 
activation due to the electrostriction of water, which 
has been found in these reactions. The synthesis of 
polyamino acids from aminoacyl fluorides in anhydrous 
hydrogen fluoride was explained in terms of a similar 
cyclic transition state to obviate the unreasonable 
postulate of free amino groups in anhydrous hydrogen 
fluoride. The cyclic form (XI) facilitates the process 
through the hydrogen-bond stabilization (245). 

0 
8 

\ * '  
H R-F, 

. .  . .  
'F' 

XI 

The cyclic transition states above involve one mole- 
cule of general acid and one molecule of nucleophile 
(either the solvent or an added nucleophile) in addition 
to the substrate. The above formulations can be criti- 
cized, since they ignore the formation of a tetrahedral 
addition intermediate in bhe first step of the process. 
This objection can be met, however, by modifying the 
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transition state in a relatively minor way to  include the 
carbonyl oxygen atom, and not the leaving group in the 
cyclic process. 

R OR 

\c’ 
:’ so 

E-? . 
I 

H H  
- e .  + / 

0 

H’ \H 
XI1 

This proposal has been made in a recent review article 
by Syrkin and Moiseev (377). These authors have pro- 
posed that the intermediacy of unstable cationic species 
is not consistent with experimental data and further 
that the role of cyclic transition states in hydrolysis 
reactions is more important than has heretofore been 
realized. They base their criticism of the intermediacy 
of the protonated species on the assumption that sub- 
strates such as acids or esters are not sufficiently basic 
to  form appreciable quantities of kinetically important 
protonated species in dilute aqueous solutions. While 
there is no question that the concentrations of certain 
protonated species will be extremely low, this fact does 
in no way exclude their participation in kinetic proc- 
esses. The data presented in Section III,A, especially 
those concerning amide hydrolysis, are fully consistent 
with the formation of protonated species as unstable 
intermediates in certain acid-catalyzed reactions. 

While the author is critical of the exclusion of pro- 
tonated substrates as intermediates in acid-catalyzed 
reactions, the proposal of cyclic transition states such 
as XI1 is welcomed as an ingenious and possibly im- 
portant suggestion. Certainly such a mechanism can 
accommodate specific hydronium-ion catalysis as well 
as general acid catalysis (Section II1,B). Furthermore, 
cyclic transition states can account for the data on 
solvent effects and the peculiar properties of anhydrous 
hydrogen fluoride. The cyclic transition state is an  
attempt to  specify the role of the solvent molecules in 
a more exact fashion than is immediately obvious from 
the kinetics; this hypothesis may lead to  future experi- 
mental tests of interesting consequence. 

B. GENERAL ACIDIC CATALYSIS 

General acidic catalysis, that is, catalysis by any 
proton donor as opposed to specific hydronium-ion ca- 
talysis, can be described by a number of mechanisms 
(166). The following three cases will be discussed. 

Case 1: A rate-determining proton transfer from the 
general (Brgnsted) acid to the substrate, giving either 
a final product or an intermediate which rapidly gives 
the final product 

S + HA + SH + A (slow) 
(25) SH products (fast) 

Case I: An equilibrium involving hydrogen bonding 
of the general acid with the substrate, followed by a 
slow step not solely involving a proton transfer. 

S + HA e S.HA (fast) 
S.HA + R + products (slow) 

(26) 

Case 3: A prototropic equilibrium between the gen- 
eral acid and the substrate, followed by a rate-deter- 
mining step involving the conjugate base of the general 
acid. 

S + H+B e SH+ $- B (fast) 
SH+ + B s products (slow) 

(27) 

In  all cases the rates of the general acid-catalyzed 
reactions may be expressed as a function of the sub- 
strate concentration times the summation of the cata- 
lytic rate coefficients of the general acids times their 
concentrations. 

* 
Rate = (substrate) 1 ki (HAJ (28) 

It is very difficult to  conceive of a rate-determining 
proton transfer from the oxygen atom of a general acid 
to  the oxygen atom of a carboxylic acid derivative as 
required by case 1 (equation 25). Those prototropic 
transfers from oxygen to oxygen which have been 
measured indicate that they are very fast indeed (152). 

The formation of a hydrogen-bonded complex be- 
tween a general acid and the carboxylic acid derivative 
followed by a rate-determining step of some kind (equa- 
tion 26) is a classical view of the catalytic process in 
which a catalyst changes the electronic distribution in 
the substrate molecule, thereby making i t  more sus- 
ceptible to  attack by another species. It is this mecha- 
nism that will be defined as general acid catalysis for 
the present purposes. 

Although the reaction involving proton transfer in a 
fast preequilibrium followed by reaction of the conju- 
gate base of the general acid with the protonated sub- 
strate in the rate-determining step of the process 
(equation 27) is kinetically a general acid catalysis, it 
is mechanistically not a general acid catalysis a t  all but 
rather one variant of a nucleophilic-electrophilic catal- 
ysis. In  acid-base catalysis involving only proton trans- 
fers, this mechanism fits easily with other mechanisms 
of general acid catalysis. In  the reactions of carboxylic 
acid derivatives, however, the conjugate base can serve 
as a nucleophile, leading to important chemical conse- 
quences. Since this review emphasizes mechanisms of 
catalysis, examples known to conform to  equation 27 
will be discussed in the section concerned with nucleo- 
philic-electrophilic catalysis (Section V). The catalyses 
discussed in the present section kinetically follow equa- 
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tion 28 and mechanistically follow equation 26 or are 
mechanistically unspecified a t  present. 

1,  Intermolecular general acidic catalysis 
Although general acid catalysis is a well-recognized 

phenomenon in a number of organic processes, the proof 
of its occurrence in reactions of carboxylic acid deriva- 
tives has had a stormy history. The hydrolysis of ethyl 
acetate in chloroacetate buffers was interpreted in 
terms of a catalysis by the undissociated monochloro- 
acetic acid (123). Primary and secondary salt effects 
were taken into account, but the salt concentrations 
employed were so high that both the primary and the 
secondary salt effects probably depended on the nature 
of the ions present. This consideration may account for 
the 35 per cent change in velocity noted a t  1 N sodium 
acetate, and it thus seems doubtful whether there is 
any catalysis by an undissociated (general) acid. Bisul- 
fate ion has also been postulated to have an intrinsic 
catalytic activity in the hydrolysis of ethyl acetate 
(125). However, the catalysis by bisulfate ion has been 
subsequently interpreted in terms of catalysis by hy- 
dronium ion (20). 

An investigation of the esterification of acetic acid 
in methanol provides the only reasonably straight- 
forward evidence for general acid catalysis of a reaction 
involving a carboxylic acid (325). The kinetics of the 
esterification reaction in methanol solution can be ex- 
pressed as 

-d(HAc)/dt = 

(CHIOH) [(ko) (HAc)(H+) + ~ ( H A c )  * + kz(H-4~) (X) I (29) 

where X is a substance whose concentration is inversely 
proportional to  the acetic acid concentration. In  the 
presence of acetate ion as a buffer, conditions obtain in 
which the ICl term is the most important term in equa- 
tion 29. This term involves two acetic acid molecules, 
one of which is the reactant in the esterification reac- 
tion and the other of which is a general catalyst. 

2’. Intramolecular general acidic catalysis 
The carbonyl stretching frequencies of esters illus- 

trate interactions of the carbonyl group with internal 
general acids. Whereas normal saturated esters exhibit 
a carbonyl band in the region of 1750 to  1735 cm.-l, 
salicylates and anthranilates in which intramolecular 
hydrogen bonding to  the carbonyl group is possible 
exhibit carbonyl bands in the region of 1670 to  1690 
cm.-l (29). Internal hydrogen bonding in compounds 
with peptide linkages is also prevalent; both simple 
peptides (293) and proteins (313) show this phe- 
nomenon. 

It is postulated that such interactions can lead to 
intramolecular general acid catalysis. There is experi- 
mental evidence that such catalysis is important. In  
certain steroids, the monoester of a 1 ,&diol is held in 

such a configuration that hydrogen bonding of the alco- 
holic group to the alcohol oxygen of the ester occurs. 
In  these systems hydrolysis of ester by hydroxide ion 
is facilitated and the usual rule whereby equatorial 
esters are more easily hydrolyzed than axial esters is 
reversed by this phenomenon (206, 254a). Hydrogen 
bonding also accounts for the greater reactivity of cis- 
than of trans-2-hydroxy cyclohexanecarboxylic acid with 
p-toluidine (312), and for the fact that cis-acetoxy-p- 
toluidide is hydrolyzed more rapidly than the corre- 
sponding trans isomer. The labilization of ester bonds 
has also been observed in aminocyclitol derivatives 
(214). In this reaction a quaternary ammonium ion of 
the proper configuration is postulated to  stabilize the 
transition state of a neighboring ester hydrolysis 
through hydrogen bonding or general acid catalysis. 

CH, 
XI11 

n’ucleophilic reactions of 0-keto esters exhibit cxcep- 
tional reactivity which can be attributed to  their enolic 
character. For example, the transesterification of 
methyl and ethyl &keto esters has been carried out 
under relatively mild conditions in the absence of ex- 
ternal catalysts (6, 7). The enhanced reactivity does 
not parallel the acidity of the corresponding acid, and 
therefore the unusual reactivity cannot be attributed 
to  an inductive effect. Furthermore, when ethyl di- 
methylacetoacetate, which cannot enolize, was used, 
the uncatalyzed transesterification no longer occurred. 
While no direct proof of the intramolecular character 
of the reaction exists, it is reasonable to postulate the 
following transition state to account for the enhanced 
reactivity of 0-keto esters in the transesterification 
reaction. 

C C-OCHI 

R’ ‘C’kOR 
I +  

R 
XIV 

The hydrolysis of ethyl acetoacetate has been investi- 
gated kinetically (179). The rate constant for hydrolysis 
a t  90°C. in water is of the order of 0.2 X 10-4 min.-’, 
a value appreciably larger than that expected for ethyl 
acetate under similar conditions. This enhanced reac- 
tivity may be attributed to  the stabilization of the 
hydrolysis transition state in a similar fashion to  that 
shown in formula XIV. An intramolecular proton donor 
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Ester 

CHsCHaC(O)SCHaCHaNH+(CHa)z ......................... 
CHaCHzC(O)SCHzCHzN+(CHa)s. ......................... 

71 

Relative b 

240 
1 

TABLE 12 
Relative rates of hydrolysis of some thiol esters (19Sa) 

appears to  play an important role in the alkaline (pH 7 
to  10) hydrolysis of the two thiol esters shown in table 
12. The important difference between these two esters 
is that one contains a 8-quaternary ammonium ion, 
while the other contains a 8-tertiary ammonium ion 
which can contribute a proton to  the carbonyl group in 
the transition state of the hydrolysis, as shown in 
formula XV. 

H&(CHs)2 .. \ 
I 
CH2 

-0' CHa 
II 

R-C 
As/ 

HO 
xv 

A further example of the role of an intramolecular 
proton donor in the reaction of a carboxylic acid deriva- 
tive involves the polymerization of an N-carboxy-a- 
amino acid anhydride. It has been postulated that  the 
anhydride can form a hydrogen bond to  the peptide, 
leading to  the hypothetical transition state XVI (392). 

XVI 

The examples of acid catalysis given above involve 
catalysis of the formation of the tetrahedral addition 
intermediate by a specific or general acid. An acidic 
substance may catalyze the overall reaction by aiding 
one of the steps involved in the partitioning of the inter- 
mediate. While no example of this catalysis is known 
for carboxylic acid derivatives, it does occur in the 
reactions of aldehydes. The decomposition of the addi- 
tion compound of sodium bisulfite and benzaldehyde is 
greatly aided by an o-hydroxy group, while an o-meth- 
oxy group has a slight retarding effect (72). This intra- 
molecular general acid cat.alysis can be explained by 
proton donation from the o-hydroxy group to  the de- 
parting sulfite group. 

C. CATALYSIS BY CATIONIC EXCHANGE RESINS 

In  recent years ion-exchange resins such as poly- 
styrenesulfonic acid (67) and polyvinylsulfonic acid 
(239) have been shown to catalyze the hydrolysis of 
esters and peptides and the esterification of carboxylic 
acids (290). Investigations have been carried out to  
ascertain whether catalysis 'by these resins is more 
efficient than the equivalent concentration of hydro- 
nium ions in aqueous solution. While small differences 
have indeed been found, no striking enhanced reactiv- 
ities of the resin catalysts have emerged from these 
studies. In  ester hydrolysis the resin catalysts impose a 
loss in entropy on the transition state whose magnitude 
differs from ester to  ester (199). In  the hydrolysis of 
peptides by cationic exchange resins, however, the en- 
tropy of activation was found to be significantly less 
than hydrolysis of the same compounds by hydro- 
chloric acid, while the enthalpies of activation for the 
two cases were practically indistinguishable (401a). 
While the entropy changes associated with catalysis by 
cationic exchange resins remain obscure, presumably 
the mechanism of the catalysis follows that outlined 
earlier for homogeneous acids. 

D. CATALYSIS BY METAL IONS 

Acid catalysis may be considered to function through 
the introduction of a positive charge into a substrate, 
distorting the electronic distribution in the molecule 
and thus making reaction feasible. It follows from this 
hypothesis that a metal ion which can complex with a 
substrate and introduce several units of positive charge 
into a molecule will function as a superacid catalyst. 

Various metal ions have been shown to form com- 
plexes with carboxylic acid derivatives, in particular 
with amides. For example, the carbonyl stretching fre- 
quencies of &caprolactam and acetamide are lowered 
about 15 cm.-' by the addition of zinc chloride (268). 
This result suggests a direct interaction between the 
carbonyl group and the metal ion and agrees with re- 
sults found for the interaction of a number of other 
Lewis acid salts with urea (314). Presumably a specific, 
interaction between the carbonyl group of a carboxylic 
acid derivative and a metal ion should lead to  catalysis 
of reaction. 

Metal ions have been shown to catalyze a large 
number of organic and enzymatic reactions, including 
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Catalyst 

H+.  . . . . . . . . . . . 
OH- ........ ,. . 
Cut+ .  . . . . . . . .  . 

the hydrolysis of Schiff bases (148), the decarboxylation 
of &keto acids (360), and the carboxylation of primary 
nitro compounds and methyl ketones (366, 367). The 
role of metal ions in the catalysis of organic reactions 
has been reviewed (398). Metal ions have also been 
shown to be essential to  the catalytic activity of a 
number of enzyme systems, such as reactions catalyzed 
by pyridoxal phosphate-containing enzymes, certain 
exo-peptidases, and many oxidation-reduction enzymes 
(285). 

The hydrolysis of a number of esters has been shown 
to be subject to  catalysis by metal ions. Structurally 
these esters may be divided into two categories: (1) 
those esters which contain a secondary functional group 
which can serve as a ligand for the metal ion and (2)  
those esters which do not contain such a group. Cupric 
ion, cobaltous ion, manganous ion, and calcium ion 
have been shown to catalyze the hydrolysis of amino 
acid esters in solutions of pH from 7.5 to 8.5 (253). It 
was postulated that a 1:l complex is formed between 
the metal ion and the amino acid ester in which the 
metal ion chelates with the amino group and the car- 
bonyl oxygen of the ester, and further that this chelate 
is attacked by hydroxide ion to give the products of 
reaction. With glycine ethyl ester and cysteine methyl 
ester in the presence of nickelous and cupric ions, a 
small increase in the (alkaline) bimolecular rate con- 
stant was shown to parallel an increase in the stability 
of the metal-ion complex (403). 

Detailed kinetic studies revealed that glycine methyl 
ester and phenylalanine methyl ester in glycine buffer 
a t  pH 7.3 undergo a facile hydrolysis catalyzed by 
cupric ion (54a). Under these conditions the reactions 
closely follow a first-order rate law in the substrate. 
Using this kinetic data it is possible to  compare the 
rates of hydrolysis of DGphenylalanine ethyl ester as 
catalyzed by hydronium ion, hydroxide ion, and cupric 
ion (see table 13). 

The enhanced reactivity in the cupric-ion-catalyzed 
hydrolysis cannot be due solely to  an attack of hydroxyl 
ion on a positively charged a-amino ester, since i t  has 
been shown that the introduction of a positive charge, 

Solvent kZ ki Reference 

l./mole aec. gec.4 

70 % dioxane 1.46 x 10-14 (399) 
85% ethanol 2.97 X 10-2 5.8 X 10-0 (52) 
Water 2.67 X 10-a* (548) 

* The rate constant for the cupric-ion catalysis equals kak((g1ycine)Cu'). 
To obtain ka, the true catalytic constant for cupric-ion catalysis, apgroxima- 
tiona must be made for K and for ((glycine)Cu+). It appears reasonable that 
K/((glycine)Cu+) is greater than 1, so that the tabulated rate constant is a 
lower limit for the catalytic constant of the cupric ion. 

two atoms from the carbonyl group of an ester, in- 
creases the rate constant of alkaline hydrolysis by a 
factor of lo3 (52), whereas there is a difference of ap- 
proximateIy lo6 between the cupric-ion-catalyzed and 
the alkaline hydrolyses of DL-phenylalanine ethyl ester. 
The effective charge on the cupric ion-glycine(buffer)- 
ester complex is +1, so that the factor of loE cannot be 
explained by an increase in charge over that present in 
the case of betaine. Furthermore, the reaction cannot 
be due to  attack by a water molecule on a positively 
charged a-amino acid ester, since i t  has been shown 
that the rate constant of the acidic hydrolysis of phenyl- 
alanine ethyl ester is very small. It thus seems reason- 
able to  postulate that the rapid hydrolysis of a-amino 
esters a t  pH 7.3, as catalyzed by cupric ion, is due to  a 
direct interaction of the metal ion with the reaction 
center, the ester group. 

Carbonyl oxygen exchange was found during the 
cupric-ion-catalyzed hydrolysis of Dbphenylalanine 
ethyl ester-curbonyZ-O'* a t  pH 7.3. This result indicates 
that an addition intermediate is formed in this reaction. 
A mechanism (54a) which is consistent with both the 
kinetic evidence and the oxygen-exchange evidence is 
given in equation 31. 

CHn--C=O r CH~-C=O 1 
I I I I 

L H ~ H  1 
CHt-C=O 

NH1 0- 
-Ha0 exchange 

I I 

(31) 
-CHsOH NH2 ?18H hydrolysis 

I 

R ~ H - ~ - O C H ~  
I 
0 
H 

Catalysis by metal ions has also been demonstrated 
in the hydrolysis of esters containing an a- or &car- 
boxylate ion. The alkaline hydrolysis of potassium ethyl 
oxalate and potassium ethyl malonate is catalyzed by 
calcium ion, barium ion, hexaamminocobalt(III), and 
thallous ion in that order (216). The oxalate ester is 
catalyzed to a greater extent than the malonate ester, 
which in turn is more susceptible to catalysis by metal 
ion than is the corresponding adipate ester. Alkali metal 
ions, on the other hand, have only a small negative salt 
effect on the hydrolysis of potassium ethyl malonate. 
On the basis of the structural arid metal-ion effects, i t  
is postulated that the transition states of the hydrolyses 
which are catalyzed by calcium, barium, cobaltic, and 
thallous ions can be represented by the chelate struc- 
tures XVII and XVIII. 
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XVII 

'C/ 
II 
6 

XVIII 

These chelates are structurally similar to  that postu- 
lated above for the metal-ion-catalyzed hydrolysis of 
a-amino esters; the position of the protons in the 
transition state is different, but this is a completely 
arbitrary distinction. A similar explanation will account 
for the large effect of calcium ions on the alkaline hy- 
drolysis of acetylcitric and benzoylcitric acids (347). 

Magnesium and calcium ions catalyze the hydrolysis 
of acetyl phosphate (247) in neutral and acid solutions. 
At pH 7.7, magnesium ion catalyzes the reaction mark- 
edly and the catalyzed reaction is first order in mag- 
nesium ion as well as first order in acetyl phosphate. 
The catalysis by metal ion is greater a t  pH 7.7, where 
acetyl phosphate exists as a dinegative ion, than a t  
pH 0.63, where i t  exists as a neutral molecule. It was 
therefore postulated that the chelate XIX may be ac- 
tive in the catalyzed reaction (247). 

'\ P o -  
0 

XIX 

Calcium ions also catalyze the hydrolysis of benzoyl- 
glycine methyl ester and acetyl-L-valine methyl ester 
a t  pH's from 7.9 to  8.4 (278). It was possible to analyze 
the kinetics of this metal-ion-catalyzed hydrolysis in 
terms of the reversible formation of a complex between 
calcium ion and substrate, followed by attack of hy- 
droxide ion on this complex to form the products of the 
reaction. The interaction between calcium ion and the 
ester involves either a complex of the calcium ion with 
the carbonyl group of the ester or a chelate involving 
the carbonyl group and the secondary amide group of 
these esters. 

Metal ions have been shown to promote the hydroly- 
sis of glycine amide and of phenylalanylglycine amide 
(288). Cupric ion, nickelous ion, and cobaltous ion 
catalyze the hydrolysis of glycinamide in slightly alka- 
line solution. In  the absence of metal ions, phenyl- 
alanylglycine amide undergoes ring closure to 3-benzyl- 
2,5-diketopiperazine; in the presence of cupric ion, 
however, a t  pH 5, hydrolysis of both the amide and 
peptide bonds is competitive with ring closure. The 
effect of catalysis by metal ions in the hydrolysis of 
amides is not nearly as striking as in the hydrolysis of 

esters. This result is surprising, since the most direct 
evidence for the interaction of metal ions and carboxylic 
acid derivatives has involved amides (vide infra). 

Thiol esters appear to  be particularly susceptible to 
cleavage by heavy metal ions such as mercuric ion. 
This reaction was first noted in a nonaqueous system 
when an alcoholic mercuric acetate solution was treated 
with a thiol ester (331). Thiol esters such as acetyl co- 
enzyme A (274a), acetoacetyl coenzyme A (361), and 
thioaspirin (341) have been demonstrated to undergo 
hydrolysis almost instantaneously in aqueous solution 
a t  about neutrality in the presence of stoichiometric 
amounts of mercuric ion salts. In  each case a mercuric 
mercaptide is formed. In  the hydrolysis of acetoacetyl- 
S-coenzyme A, a mercuric chelate involving two oxygen 
atoms of the acetoacetyl group and two oxygen atoms 
of the coenzyme A portion of the molecule is postulated 
as an intermediate. Since mercuric ion will cleave simple 
esters containing no secondary ligand groups, it is not 
clear that such chelation is essential. Presumably the 
coordination of the sulfur atom with a mercuric ion is 
the principal driving force of this reaction. Rigorously 
the reaction should not be called a metal-ion-catalyzed 
reaction but rather a metal-ion-promoted reaction, 
since mercuric ion is consumed stoichiometrically in 
the process. 

Small concentrations of barium hydroxide accelerate 
the rate of alkaline hydrolysis of p-nitroanilide residues 
attached to polyacrylic acid (397). The acceleration is 
almost proportional to  the square of the barium-ion 
concentration. The results are consistent with the as- 
sumption that the initial low reactivity of nitroanilide 
residues is due to hydrogen bonding with neighboring 
carboxylate ions. Barium ion has been shown to form 
complexes with polycarboxylic acids, and such complex 
formation of two barium ions with the carboxylate 
groups flanking the nitroanilide residue would eliminate 
the stabilizing effect of hydrogen bonds and increase 
the nitroanilide reactivity as in XX. 

-J;IH-cH~-CH-CH~-CH-CH~-CH-CH~-CH- 
xx 

In  addition to  catalysis of hydrolytic reactions by 
metal ions, metal ions facilitate the esterification of 
acetic acid in methanol (262). This catalysis, however, 
is not attributable to the direct action of metal ions' 
but rather to an acid catalysis brought about by the 
action of strong complex acids. This result demonstrates 
one of the possible pitfalls when dealing with the effects 
of metal ions on kinetic processes. Effects of metal ions 
can also be confused with ionic strength effects. 
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Various Lewis acids have been postulated to  catalyze 
reactions of carboxylic acid derivatives. For example, 
it is claimed that titanium tetrafluoride and neodymium 
chloride catalyze the alcoholysis of terephthalic esters 
with glycols a t  elevated temperatures (371). Also, mag- 
nesium iodide has been shown to cleave esters in neutral 
ether solution (403a). 

It has been postulated that a number of organo- 
metallic compounds catalyze the reactions of carboxylic 
acid derivatives, including the alcoholysis of esters and 
isocyanates. Organotitanium, organotin, organozir- 
conium, organoaluminum, organolead, and organomag- 
nesium compounds have been utilized as catalysts in 
the alcoholysis of esters (104, 105, 106, 107, 108, 393). 
Organotin compounds such as dimethyldiacetoxytin 
have also been shown to catalyze the methanolysis of 
phenyl isocyanate in di-n-butyl ether solution. It is 
postulated that a weak complex between the organotin 
compound and the isocyanate occurs in this catalytic 
process ( 1 16). 

IV. NUCLEOPHILIC CATALYSIS 
A Br#nsted base, defined as a substance which is a 

proton acceptor, can carry out two functions in organic 
reactions: (1) accept protons and thus serve in its 
classical function as a base and (2)  act as a nucleophile 
toward a carbon atom. The two separate functions of a 
Brgnsted base lead to  two possibilities for its catalytic 
action. Both of these possibilities have been realized 
in the reactions of carboxylic acid derivatives, leading 
to  general basic catalysis (Section VI) through the first 
function and to nucleophilic catalysis through the 
second function. 

A. HYDROXIDE-ION CATALYSIS 

It was pointed out in Section I11 that the pH de- 
pendence of ester hydrolysis can be explained by a 
hydronium-ion-catalyzed reaction in acidic solution 
and a hydroxide-ion-catalyzed reaction in basic solu- 
tion. In  general the minimum in the pH-rate profile 
for the hydrolysis of simple esters is rather sharp, and 
occurs not a t  neutrality but usually between pH 4 and 
6 (73). The sharpness of the minimum is a function of 
a possible uncatalyzed reaction by a water molecule 
(24); a sharp minimum means no water reaction and a 
broad minimum indicates a considerable water reac- 
tion. The fact that the minimum occurs on the acid 
side of neutrality indicates that catalysis of ester hy- 
drolysis by hydroxide ion is ordinarily more powerful 
than hydronium-ion catalysis. This inequality is not 
true for all carboxylic acid derivatives;' in amide hy- 
drolysis, for example, hydronium-ion catalysis is equiv- 
alent to or greater than hydroxide-ion catalysis. 

The pH-rate profiles for the hydroxide-ion-catalyzed 
hydrolysis of all carboxylic acid derivatives are not as 
simple as those shown for ethyl acetate in line 1 of 

figure 3. The rates of hydrolysis of diacetylamine, 
succinimide (144), and phthalimide (382) in alkaline 
solution, for example, are proportional not to the con- 
centration of hydroxide ion but rather to the fraction 
of the imide ionized, leading to a sigmoid relationship 
between the pH and log koba. These results are explicable 
on the basis of a mechanism in which the rate-deter- 
mining step is the reaction of a hydroxide ion with an 
unionized molecule of imide. The same dependence of 
the rate on pH was found in the hydroxide-ion-cata- 
lyeed hydrolysis of 2-thiohydantoins, in which the rate- 
determining step is again the attack of a hydroxide ion 
on the unionized substrate (143). These examples are 
cited to  emphasize that without full consideration of 
the mechanistic possibilities of the reaction a cursory 
examination of the pH-rate profile may be misleading. 

The hydroxide-ion-catalyzed hydrolysis (or saponifi- 
cation) of esters has been one of the most intensively 
studied of all chemical reactions. The effect of structure 
on reactivity, tracer and structural data on the position 
of fission, and isotopic exchange data complement one 
another, pointing to  a mechanism which is akin to 
nucleophilic catalysis. Kucleophilic catalysis may be de- 
fined as the reaction of a nucleophilic substance with a 
substrate, leading to  the formation of an unstable 
intermediate which in subsequent reaction yields the 
products of the reaction and regenerates the catalyst 
(10). Hydroxide ion fulfills all the functions enumerated 
above except the last-a final equilibrium consumes 
the hydroxide ion. The reaction, therefore, should rigor- 
ously be calIed a nucleophilic-promoted hydrolysis. The 
mechanism for this process is parallel to that previously 
given for the hydronium-ion-catalyzed hydrolysis of 
esters (equation 32a). A number of similar reactions 
can be related in a formal way to this process, such as  
the base-catalyzed alcoholysis of esters (equation 32b). 
The alcohoIysis reaction is a true catalytic process (42). 

R 8 OR + OH- F! R l- OR --t RCOO- + ROH 

AH 
XXI 

( 3 2 4  

0 r a  0 
II 

RCOR + OR'- F? R OR i=! R OR'- + OR- (32b) 

AR' 

The intermediate in equation 32b is analogous to  the 
stable compound CF3C(O-)(OC2H&Naf (vide infra). 
Catalysis of the alcoholysis reaction by cyanide ion 
(316), alkali or alkaline earth metals, oxides, hydroxides, 
or hydrides (71, 287, 198) operates via equation 32b, 

The Hammond postulate (193) predicts that the 
transition state for the formation of the tetrahedral 
intermediate XXI  resembles that intermediate closely. 
As mentioned in Section 111, it has been postulated 
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that the transition state in ester hydrolysis is more 
complicated than XXI, involving possibly a cycle con- 
taining, in addition to  the nucleophile hydroxide ion, a 
molecule of water or alternatively two molecules of 
water. These latter formulations, while pictorially at- 
tractive, are based on little more than speculation and 
artistic elegance (260, 377). 

-HO * 

R, ,OR' 
.'C\ 

A H  '."..' 
0 
I 
H 

*H- - *O 60 

XXIII  

I t  is possible to  catalyze the hydrolysis of esters by 
ion-exchange resins of the quaternary ammonium hy- 
droxide type (332) and by alumina impregnated with 
potassium hydroxide (109). Reactions catalyzed by 
these solids show no fundamental differences from 
homogeneous hydroxide-ion catalysis. 

B. OTHER NUCLEOPHILIC CATALYSES 

While the hydroxide ion discussed above is the 
nucleophile most familiar to aqueously oriented chem- 
ists, it should be evident that there is nothing chemi- 
cally unique about its ability to  function as a nucleo- 
philic catalyst (or promoter). Therefore it might be 
expected that there would exist other nucleophilic 
catalysts for the reactions of carboxylic acid deriva- 
tives. Development of this idea was retarded by the 
fixation that what must be sought was a catalysis 
analogous to  the elegant examples of general basic 
catalysis illustrated in profusion for other organic reac- 
tions by the Brprnsted school. 

Nucleophilic catalysis of organic reactions is not re- 
stricted to  the reactions under consideration here but 
is a general phenomenon. The nucleophilic catalysis of 
the hydrolysis of methyl bromide by iodide ion has long 
been known (190, 294, 295). 

(33) 
CHSBr + I- -+ CHaI + Br- 
CHaI + HzO -+ CHaOH + I- + H+ 

In Section I1 an extensive number of reactions of 
iycleophiles with carboxylic acid derivatives was de- 
scribed. The products of these reactions were not de- 
scribed, however; some of the products are stable while 
others are unstable under the conditions of their prepa- 
ration. The first group of reactions is uninteresting 
from the point of view of nucleophilic catalysis, while 
the second group of reactions is precisely that  which 
falls under the definition of nucleophilic catalysis as  
defined above. Nucleophilic catalysis is of great im- 
portance in the reactions of carboxylic acid derivatives, 

since a large number of these compounds can serve as 
reactive intermediates. 

The mechanism of nucleophilic catalysis, as pointed 
out before, must involve the reaction of a nucleophile 
with a substrate to  produce an unstable entity of some 
kind that will react either spontaneously or with an- 
other molecule to give the reaction products and regen- 
erate the catalytic entity. This description of nucleo- 
philic catalysis implies the presence of a t  least two 
consecutive reactions. It will be profitable to  consider 
some of the characteristics of such consecutive proc- 
esses. The discussion will be limited to consideration of 
a mechanism involving two consecutive reactions for 
the sake of simplicity, although it should be clear that 
more extensive sequences are possible. 

Two kinds of consecutive reactions can be delineated. 
In  the first type, the intermediate reaches only an 
infinitesimally small concentration in comparison with 
the concentrations of reactants or products. The kinetics 
of such a system can be treated by the steady-state 
approximation. This system is exemplified by the nu- 
cleophilic catalysis of ester hydrolysis brought about by 
hydroxide ion. The progress of the reaction may be 
described by a plot of standard free energy vs. reaction 
coordinate shown in figure 5. In  this instance the inter- 
mediate is quite unstable, lying a t  an energy level con- 
siderably above that of the reactant or product. While 
the overall kinetics are determined by both the forma- 
tion of the unstable intermediate (kl) and the partition- 
ing of the intermediate (kz lk , ) ,  the slow step of the 
reaction is the ICl step. 

In  the second type of consecutive process, the con- 
centration of the intermediate reaches a finite value 
with respect to  the concentrations of reactants and 
products. In  this process, the standard free energy of 
the intermediate connot be appreciably higher than 
that of the reactant. Such a system is shown in figure 6. 

I 
REACTION COoRDlNATE 

FIG. 5. A consecutive catalytic process involving an unstable 
intermediate which is formed in infinitesimal amount. 
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It is difficult to specify where the dividing line between 
these two cases will lie. It might be stated that when 
the intermediate is no more than 5 kcal. greater than 
the reactants in standard free energy, it will be formed 
in finite amounts. In  such a case it is theoretically pos- 
sible to  detect the intermediate directly through physi- 
cal observations, while in the first case proof of inter- 
mediate formation must rest on indirect evidence. The 
relative rate constants of the two steps will also be a 
factor in determining whether an intermediate will 
actually become finite in concentration. If the second 
step of the overall reaction is faster than the first step, 
no amount of thermodynamic stability will enable the 
intermediate to accumulate in a finite amount (figure 6, 
solid line). If the rate of the first step of the overall 
reaction is equal to  or greater than that of the second 
step, and if the standard free energy of the inter- 
mediate is not appreciably higher than that of the reac- 

I I 
REACTION CoaRDlNATE 

FIG. 6. A consecutive catalytic process involving a relatively 
stable intermediate which may (- - -) or may not (-) be 
formed in finite amount. 

tant as described above, the intermediate will be formed 
in finite amount (figure 6, dotted line). 

Nucleophilic catalysis to be discussed here will in- 
clude examples of each of the above possibilities. Sub- 
stances that can participate in nucleophilic catalysis of 
the reactions of carboxylic acid derivatives include 
carboxylate ions, tertiary amines, phosphate ion, nitrite 
ion, and to a lesser exteht alcohols and phenoxide ions. 
These catalytic processes involve anhydride, acyl- 
ammonium, acyl phosphate, acyl nitrite, ester, and lac- 
tone intermediates, respectively. Nucleophilic catalyses 
involving carboxylate ions, tertiary amines, and phos- 
phate ion have been demonstrated in both intermolec- 
ular and intramolecular cases. Catalyses involving alco- 
hols and phenoxide ions have been demonstrated in the 
more favorable intramolecular cases. 

1. Intermolecular nucleophilic catalysis 
It has been common knowledge that many prepara- 

tive acylations are facilitated by the presence of alkali, 
carboxylate ions, and tertiary amines such as pyridine. 
These facts are superficially suggestive of general basic 

catalysis. A number of attempts were made to ascertain 
the importance of general basic catalysis of ester hy- 
drolysis. The catalytic effects of acetate ion on the 
hydrolysis of ethyl acetate were studied (122, 123, 124). 
However, the reported catalytic rate constant for ace- 
tate ion is minute (0.25 X lo-’ l./mole second, while 
that for hydroxide ion is 1.08 l./mole second) and its 
reality is therefore questionable. The data have been 
critically discussed from the viewpoint of the primary 
salt effect and the effect of the nature of the buffer on 
the rate (24). The hydrolysis of methyl glycerate in 
sodium glycerate buffers was interpreted in terms of 
general basic (and acidic) catalysis (184), but careful 
analysis of the data indicates that the reaction can be 
completely explained on the basis of hydronium-ion and 
hydroxide-ion catalysis. 

(a) Carboxylate and phosphate ions 
Although initial attempts to find general basic (in 

reality, nucleophilic) catalysis of ester hydrolysis were 
fruitless, nucleophilic catalysis was observed early in 
the carboxylate-ion-catalyzed hydrolysis of anhydrides. 
In the hydrolysis of acetic anhydride, formate ion is a 
remarkably good catalyst (240). Likewise, acetate ion 
and formate ion catalyze the hydrolysis of propionic 
anhydride, the latter being more effective than the 
former (241). Finally, in the hydrolysis of acetic pro- 
pionic anhydride, acetate and formate ions catalyze the 
reaction, formate again being the more efficient cata- 
lyst (242). These accelerations can be explained on the 
basis of the nucleophilic catalysis shown in equation 34. 
A catalysis is expected only if the intermediate anhy- 
dride is more susceptible to  attack by water than the 

R e O e R  + R’COO- + RCOO- + R 0 R’ 3 
RCOOH + R’COOH (34) 

original anhydride. This hypothesis is verified experi- 
mentally, since the order of reactivity of anhydrides is 
formic > acetic > propionic. This catalytic mecha- 
nism further predicts that the formation of an inter- 
mediate anhydride which is less susceptible to attack 
by water than the original will lead to inhibition, which 
is observed in the hydrolysis of acetic anhydride in 
propionate and butyrate ion buffers (242). One further 
point should be noted about these catalyses: namely, 
acetate ion catalyzes the hydrolysis of acetic anhydride. 
This catalysis cannot be explained by mechanism 34; 
i t  is truly a general basic catalysis to be discussed in 
Section VI. 

Catalysis by acetate ion has also been observed in 
the hydrolysis of aspirin anhydride (172). Three nucleo- 
philes were found to catalyze the hydrolysis of this 
anhydride-water, hydroxide ion, and acetate ion. The 
mechanism of the catalysis by acetate ion presumably 
follows equation 34. 

H 0 0  
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Acetate ion also catalyzes the hydrolysis of 2,4-di- 
nitrophenyl acetate (54), p-nitrophenyl acetate (48, 
89), phenyl acetate (48) , 2,4-dinitrophenyl benzoate 
(48) , methyl pyrrolidylacetylsalicylate hydrochloride 
(170) , and diethylaminoethyl acetylsalicylate hydro- 
chloride (171). In  each of these cases the rate of hy- 
drolysis in acetate buffers was shown to be dependent 
on the ncetate-ion concentration a t  constant pH and 
constant ionic strength. These phenyl esters are par- 
ticularly susceptible to acetate-ion catalysis whereas 
alkyl esters are not, probably because the tetrahedral 
addition intermediates formed from phenyl esters are 
favorably partitioned to give anhydrides whereas those 
from alkyl esters are not. 

In  no case has an  anhydride intermediate of the type 
postulated in equation 34 been isolated or observed 
directly in a catalytic process involving acetate ion. 
This failure is to  be expected, since hydrolysis of the 
intermediate anhydride is ordinarily faster than its 
formation. The isotopic tracer experiment illustrated in 
equation 35 provides indirect evidence for the forma- 

@InH + CH3 e OH (35) 

tion of anhydride intermediates in the acetate-ion- 
catalyzed hydrolysis of phenyl esters. The majority of 
the cleavage of the unsymmetrical anhydride acetyl 
benzoyl anhydride should occur a t  the bond denoted by 
the dotted line if the cleavage follows the relative reac- 
tivity of the two acyl groups. This experiment therefore 
predicts that the benzoic acid resulting from the ace- 
tate-0I8 ion-catalyzed hydrolysis of 2 , 4-dinitrophenyl 
benzoate should contain a majority of the oxygen-18 
atoms from one of the two labelled oxygen atoms of the 
original acetate ion. The benzoic acid isolated from this 
hydrolysis was found to contain about 75 per cent of 
the oxygen-18 derived from one of the oxygen atoms of 
the acetate-0'8 ion (48). 

Phosphate ion has been shown to be involved in the 
hydrolysis of chloramphenicol (209, 210, 384), p-nitro- 
phenyl acetate (49, 89), esters of thiocholine (203), 
N-acetylimidazole (355) , and possibly acetic anhydride 
( 5 ) .  The kinetics of these reactions indicate that phos- 
phate ion (probably in all cases in the form of mono- 
hydrogen phosphate ion) participates in the reaction. 
From the studies of the hydrolysis of acetyl phosphate 
(247), i t  can be postulated that the conversion of the 
acyl compound into an acyl phosphate is followed by 
the spontaneous hydrolysis of the acyl phosphate. 
However, the complete catalytic process has not as yet 
been demonstrated, 

8 \ 

0 

RAX + HPOI-- + R OPOaH- + X- 
+ Ha0 RCOO- + HPOr-- (36) 

(b) Tertiary amines 

The most important and extensive studies of nucleo- 
philic catalysis have involved tertiary amines such as 
imidazole and pyridine. As noted earlier, the prepara- 
tive utility of pyridine in acylation reactions has been 
widely recognized. The acylation of amines, alcohols, 
and phenols with an acyl chloride or acid anhydride in 
pyridine solution is a well-known synthetic procedure. 
However, only recently has the mechanism of the cata- 
lytic action of tertiary amines been specified. 

0 0  9 
CHa&ObC& + fi + CHJ!!Q + CH&OO- 

% CH3COO- + H+ + 0 N. 
(37) 

The hydrolysis of acetic anhydride in acetone-water 
is strongly catalyzed by small amounts of pyridine (8, 
176). A series of substituted pyridines of constant steric 
requirement catalyzes the hydrolysis of acetic anhy- 
dride, with relative rates conforming to a Brgjnsted-type 
relationship (Section 11) (177). Pyridine also catalyzes 
the acetylation of o-chloroaniline and of ethanol by 
acetic anhydride. Although attempts to detect an inter- 
mediate were unsuccessful, the data are consistent with 
the postulate that the catalysis proceeds as shown in 
equation 37, involving an acetylpyridinium intermedi- 
ate. The intermediate acetylpyridinium ion was shown 
to be long-lived enough to  react with hydroxylamine in 
the presence of water; the partitioning of this postulated 
intermediate is good evidence for its existence (247). 
It was further possible to isolate the postulated inter- 
mediate, acetylpyridinium chloride, from the reaction 
of acetyl chloride and pyridine under anhydrous 
conditions. Pyridine and substituted pyridines also 
catalyze the hydrolysis of p-nitrophenyl acetate and 
2,4-dinitrophenyl acetate (54, 89). Presumably these 
reactions of esters proceed similarly to the reactions 
of acid anhydrides catalyzed by pyridine, with the 
intermediacy of an acylpyridinium ion. 

Aliphatic tertiary amines also catalyze the nucleo- 
philic reactions of carboxylic acid derivatives. Tri- 
methylamine catalyzes the hydrolysis of p-nitrophenyl 
acetate, presumably through the formation of an acetyl- 
trimethylammonium-ion intermediate (54). Its cata- 
lytic rate constant is small compared to its basicity, 
because of its large steric requirement. Triethylamine 
catalyzes the reaction of diisocyanates with l-butanol 
in toluene solution (101); a quaternary ammonium 
intermediate has also been postulated for this reaction 
(9) * 
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TABLE 14 
Catalysis by imidazole of the hydrolysis 

Catalyst 

Imidowles: 
1. Imidazole. ........ . . . . . . . . . . .  
2. 2-Methylimidazole.. . . . . . . . . . . . . . . . . . .  
3. CMethylimidazole.. . . . . . . . . . . . . . . . . . .  
5. PBromoimidasole., . . . . . . . . . . . . . . . . . . .  
6. 4-Hydroxymethyiimidarole.. ........... 
7. CNitroimidazole.. .................... 
1. Histidine.. . . . . . . .  . . . . . . . . . . . .  
2. N-Acetylhistidine. . . . . . . . . . . . . .  
3. Histidine methyl ea . . . . . . . . . . . .  
4. N-Benzoyl-Lhistidine methyl ester. ..... 
5. LMethylhiatidine.. ................... 
6. @-kspartylbistidine.. . . . . . . . . . . . . . . . . . .  
7. Histidylhiatidhe.. .................... 
8. Histamine.. . . . . . . . . . . . . . . .  
9. Carnosine.. .......................... 

10. Anserine.. ........................... 
11. Carbobenzoxy-L-hiatidyl-&tyrosine ethyl 

eater .............................. 

4. N-Methylimidazole?. . . . . . . . . . . . . . . . . .  

HiEtddhEss: 

12. 8:l copolymer of alanine + histidine?. . .  
13. Poly-L-histidine.. ..................... 
1. Benzimidazole.. ...................... 
2. 2-Methylbensimidasole.. . . . . . . . . . . . . . .  
3. &Aminobenzimidazole.. ....... 
4. 6-Nitrobenzimidazole.. . . . . . . . . . . . . . . . .  
5. 4Hydroxybenzimidazole.. ....... 
6. 4Methoxybenzimidazole.. ............. 
7. 4-Hydroxy-6-nitrobenrimideaole.. . . . . . .  
8. 4-Hydroxy-6-aminobenzimidazole. ...... 
9. 2-Methyl-4-hydroxy-6-nitrobenzimidazolf 

10. 2-Methyl4hydroxy-6-aminobenzimidazol 
11. 4-(2’,4’-Dihydroxyphenyl)imidazole. 

Bentimidowles: 

p-nitrophenyl acetate * - 
PKO 
- 

6.95 
7.75 
7.45 
7.05 
3.7 
6.45 
1.5 (9.1 

6.0 
7.05 
5.2 

6.5 
6.9 
6.8 
6.0 
6.8 
7.0 

6.25 

5.4 
6.1 
6.0 
3.05 
5.3 
5.1 
3.05 
5.9 
3.9 
6.65 
6.45 
- 

- 
ka’ 
- 
Z./mols 

man. 

20.2 
2.7 

25.1 
0.5 
0.28 
5.6 

35.5 

0 
11.2 
5.6 

0 
B 
% 
7.0 
0 
B 
8.9 
6.0 
7 

0.96 
0.0375 
2.95 
4.8 
2.8 
0.31 
3.75 
6.15 
1.1 
1.5 
9.4 
- 

* In  28.5 per cent ethanol-water, a t  pH 8.0, ionic strength = 0.55 M, and 

t In 5 per cent aqueous ethanol, pH 7.0. 

5 Zero-order rates reported. The relative rates of these six compounds varied 

TReported to be five to ten times more effective than histidine (per 

30% unless otherwise noted. 

In 5 per cent dioxane-water, pH 7.0, 25%. 

from histidine (relative rate = 1) to anserine (relative rate = 3.6). 

residue.) 

Imidazole and its derivatives have been studied most 
extensively as nucleophilic catalysts for the hydrolytic 
and other nucleophilic reactions of carboxylic acid de- 
rivatives. Stadtman demonstrated the equilibrium be- 
tween acetyl phosphate and imidazole as shown in 
equation 38 (355, 356). This process implies a facile 
reaction of imidazole with a carboxylic acid derivative. 

CHsCOPOs-- + P f % H  a 
0 

0 
/ I  

(_I 

II 
C H a C 6 h  + HOPOa-  (38) 

N-Acetylimidazole was further shown to undergo hy- 
drolysis in water a t  an appreciable rate even in neutral 
solution, a highly unusual phenomenon for a molecule 
which is formally an amide (equation 39). 

I_/ 

0 

C H 3 b d h  + H20 + CHaCOO- + H+ + If‘NH (39) u u 

The sum of equations 38 and 39 constitutes a hydrolysis 
of acetyl phosphate, catalyzed by imidazole, when the 
rates of reaction are suitable. N-Acylimidazoles were 
further shown to react with a host of nucleophiles other 
than water, such as ammonia, hydroxylamine, and 
amines (406a). 

The hydrolysis of p-nitrophenyl acetate by imidazole 
and its derivatives has subsequently been studied quan- 
titatively and in great detail (34, 53, 54, 66, 76, 82, 90, 
91,92,196,245a1 273a). The hydrolysis of p-nitrophenyl 
acetate has been shown to be catalyzed by the imidazole 
derivatives in table 14. The kinetics of the imidazole- 
catalyzed hydrolysis of p-nitrophenyl acetate in the 
region of neutrality has been determined spectrophoto- 
metrically by measurement of the disappearance of 
ester, the appearance of p-nitrophenoxide ion, and the 
change in N-acetylimidazole. The rate of disappearance 
of ester or of appearance of p-nitrophenoxide ion is 
proportional to both the ester concentration and the 
imidazole concentration a t  constant hydrogen-ion con- 
centration and constant ionic strength. By variation of 
the pH, it was shown that the rate is proportional t o  
the free imidazole concentration and is independent of 
the imidazolium concentration. The kinetics of the for- 
mation and decomposition of the intermediate N-acet- 
ylimidaeole were quantitatively correlated with the 
disappearance of the reactants and the appearance of 
the products (66, 81). The mechanism proposed for 
this reaction is given in equation 40 and is similar t o  
the combination of equations 38 and 39. It involves 
attack of the ester by imidazole to  form N-acetyl- 
imidazole, which is subsequently hydrolyzed by water, 
yielding acetate ion and regenerating the catalyst. 

0 0- 0 
I 
I 

REoR + N-NH i=! RCOR e R & d + b H  + OR- 
:_I I_( 

I-?! 1 I. 
LN/ 

H 0 

0 

R b f i  + HzO + RCOOH + hQH 
--J 1_1 

The concentration of the intermediate in this reac- 
tion, N-acetylimidazole, reaches a high enough level to  
account for the entire catalytic process (82). In  the re- 
action of benzimidazole with p-acetoxybenzoic acid, 
the pathway through N-acetylbenzimidazole accounts 
for a t  least 90 per cent of the conversion of this 
phenyl ester to  hydrolytic products (338). Further- 
more, the acetylimidazole intermediate has been iso- 
lated in the reaction of imidazole with p-nitrophenyl 
acetate (261) and in the reaction of N-benzoyl-L-histi- 
dine methyl ester with p-nitrophenyl acetate (60, 76). 
It is therefore possible to rule out a general basic 
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catalysis mechanism for these imidazole reactions. How- 
ever, imidazole sometimes functions as a general basic 
catalyst, as discussed in Section VI. 

One important facet of these investigations revealed 
that N-methylimidazole, which cannot form a stable 
(neutral) intermediate, is an efficient catalyst for the 
hydrolysis of p-nitrophenyl acetate, indicating that the 
conversion of N-acetylimidazolium ion ‘to N-acetyl- 
imidazole in equation 40 is not a necessary part of the 
catalytic process. The N-acetyl-N-methylimidazolium 
intermediate is only one of several quaternary am- 
monium intermediates postulated in nucleophilic catal- 
yses, others being the acylpyridinium and acyltri- 
methylammonium ions. 

As pointed out previously, the catalytic rate con- 
stants of a series of imidazoles (or a series of pyridines) 
of constant steric requirement are related to  the basicity 
of the catalyzing species in a manner similar to the 
BrZnsted catalysis law (54, 89). Data for six imidazoles 
are given in the Brgnsted plot illustrated in figure 1. 
The imidazoles in table 14 do not obey the Brgnsted 
catalysis law because of changing steric requirements 
and because both the neutral and the anionic species 
can exhibit catalytic properties (92). 

Imidazole also catalyzes the hydrolysis of ethyl thiol- 
acetate (54) and acetylthiocholine (57)) but does not 
catalyze the hydrolysis of ethyl acetate or acetylcholine 
(54). Data on the catalysis by imidazole of the hydroly- 
sis of substituted phenyl acetates indicate that the rate 
of catalysis by imidazole depends quantitatively on 
the nature of the alcoholic portion of the ester (54, 91). 
Furthermore, it appears that the catalysis of ester hy- 
drolysis by imidazole is of importance only for esters 
containing an alcohol that is a reasonably strong acid 
(pK, < 11). Catalysis of thiol ester hydrolysis by 
imidazole is, of course, feasible under such a restriction. 
Cleavage of the thiol ester linkage is extraordinarily 
sensitive to imidazole catalysis, since the second-order 
rate constants for the reaction of imidazole and hy- 
droxide ion with ethyl thiolacetate are of the same order 
of magnitude (0.996 (54) and 1.54 (330) l./mole minute, 
respectively), whereas the K,’ of imidazole is about lo7 
smaller than that of hydroxide ion. The greater nucleo- 
philicity of imidazole than hydroxide ion toward thiol 
esters (with respect to  its basicity) may account for 
the important role of thiol esters in biochemical reac- 
tions. 

Imidazole also eatalyzes the transfer of activated 
acyl groups from acyl phosphates to  a number of 
nucleophiles. For example, imidazole catalyzes the re- 
action of acetyl phenyl phosphate and acetyl ethyl 
phosphate with thiols. In  the absence of imidazole, 
reaction is negligible. The rate of the reaction is de- 
pendent on the imidazole and substrate concentrations 
but independent of the thiol concentration, although 
the products of the reaction are dependent on the thiol 

concentration. In  the presence of 0.002 M mercapto- 
acetic acid, the product is entirely the thiol ester, indi- 
cating that the nucleophilicity of this thiol is about lo4 
greater than that of water. In  reactions with thiol 
nucleophiles, no accumulation of the N-acetylimidazole 
was observed, but mechanism 41 may be postulated 
with confidence (230). 

CH3COOP03R- + N-NH + OPO&-- + 
_I 

-!??!!+ CHICOSR + H+ + N k h H  
_I 

CHICON + NH - (41 
A 

k==. 

L= 
-.!%?.+ CHICOOH + H+ + N NH 

Nucleophiles that mill react with N-acetylimidazole 
include not only water and thiols but also phosphate 
ion, arsenate ion, ammonia, hydroxylamine, and pri- 
mary amines. 

/... I 

(e) Other nucleophilic catalysts 
The hydrolysis of acetic anhydride is markedly cata- 

lyzed by nitrite ion. The rate-determining step in the 
reaction is the nucleophilic attack of nitrite ion on 
acetic anhydride. Evidence for the postulated inter- 
mediate, acetyl nitrite, has been obtained by the addi- 
tion of a-naphthylamine to the system which diverts 
the acetyl nitrite intermediate from its usual hydrolytic 
path to  form 4-amino-1 , 1’-azonaphthalene according to 
equation 42 (264a). 

CHIC!OCC&+ NO*- CH3COO- + 
0 0  
I I1 

fast 0 ,, CHICOO- + ONO- 

CH3CONO - (422) 
dye or-naphthylamine ’ 

Reaction of the hypochlorite ion with carboxylic acid 
derivatives may also lead to catalysis of hydrolysis in 
a manner similar to that observed for the reaction of 
hypochlorite ion with phosphoric acid derivatives (149). 

An unusual manifestation of nucleophilic catalysis 
involves the use of carbon dioxide as catalyst in the 
polymerization of N-carboxy-a-amino acid anhydrides 
(12, 13, 218). The kinetics of this process and the re- 
quirement of a strong amine indicate that the reaction 
proceeds through the formation of a carbamic acid 
intermediate from carbon dioxide and the free amine. 
This carbamic acid presumably reacts more readily as 
a nucleophile than the original amine, possibly because 
of the driving force caused by the loss of carbon dioxide 
in the reaction. 

2. Intramolecular nucleophilic catalysis 
It is well known that sterically favorable intramolec- 

ular reactions proceed more rapidly than the corre- 
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sponding intermolecular processes. The data reported 
above indicate that nucleophilic catalysis of the reac- 
tions of carboxylic acid derivatives can occur. In  intra- 
molecular cases nucleophilic catalysis should be favored 
and should therefore be of special importance. Much 
work has been done on anchimeric or synartetic assis- 
tance (neighboring group participation) in solvolysis a t  
saturated carbon atoms, principally by Winstein and 
by Ingold (212, 219). The work described here consti- 
tutes studies of neighboring group participation in the 
reactions of carboxylic acid derivatives, principally in 
hydrolysis reactions. The effects in intramolecular ca- 
talysis are often quite large. Such studies are therefore 
desirable, since they show the possibilities of nucleo- 
philic catalysis that might not be observed in less favor- 
able intermolecular cases. 

(a) Carboxylate ion 
A classical example of intramolecular catalysis, al- 

though unrecognized a t  first, is the hydrolysis of aspirin 
in the region of pH 4 to  8. Edwards obtained a complete 
pH-rate profile of the hydrolysis of aspirin from pH 0 
to 13 (146, 147) as shown in figure 7. Garrett has ex- 

IO c B P 
PH 

FIO. 7. The hydrolysis of aspirin at 25°C. (146). 

tended this work to include a number of acyl salicylates 
in a very complete investigation (169a). In  the hydrol- 
ysis of acyl salicylates there exists catalysis by external 
hydrogen ion at low pH values (pH 1-3) and catalysis 
by external hydroxide ion a t  high pH values (pH 8-14). 
However, from pH 4 to  8 the rate constant is inde- 
pendent of the pH. This region of spontaneous hydrol- 
ysis is usually described (24) as due to  catalysis by a 
water molecule. However, if such a reaction were a 
water reaction, it would be reasonable that external 
acetate ion, a more powerful nucleophile than water, 
would have an effect on the rate of hydrolysis, which is 
not the case (146). Hydrolysis of aspirin a t  pH 4 to 8 
is most reasonably interpreted as a spontaneous reac- 
tion of the aspirin anion which occurs by an intra- 
molecular attack of carboxylate ion on the carbonyl 

carbon atom of the ester, producing an anhydride inter- 
mediate which subsequently is hydrolyzed rapidly to  
the products of the hydrolysis, salicylate and acetate 
(equation 43). 

0 

+ CHaCOO- + H+ (43) 

Proposals in essentially this form have been made by a 
number of workers (1 11, 120, 170). Stereochemically 
such a pathway looks attractive. It gains added support 
from the fact that acetate ion is indeed a catalyst for 
the hydrolysis of a number of phenyl acetates (48, 54, 
89). 

As an alternative to  the intermediacy of acetyl 
salicoyl anhydride in the hydrolysis of aspirin, i t  has 
been proposed that the addition of the carboxylate ion 
to the carbonyl group of the ester is directly followed 
by a reaction of the tetrahedral intermediate with 
water, leading to  the products (111). No precedent for 
this reaction exists. 

The hydrolysis of aspirin anion in H20I8 should yield 
the isotopic species shown in equation 44 if acetyl 
salicoyl anhydride is the intermediate. The cleavage of 

0 0  7 + CHsCOOH 

acetyl benzoyl anhydride with hydroxylamine (406b) 
leads to the prediction that in equation 44 the reaction 
producing salicylic acid-018 should occur to  the extent 
of 6 per cent. The hydrolysis of aspirin at pH 6 in water 
containing 4.3 atom per cent of oxygen-18 produced 
salicylic acid containing 6 per cent of the excess oxy- 
gen-18 in the water (36). The agreement between the 
theoretical prediction and the experimental result is 
fortuitously good and is consistent with the mechanism 
postulated in equation 43. 

Morawetz has investigated the participation of car- 
boxylate ion in the hydrolysis of ester groups in acrylic 
acid copolymers (297,299,300,415). The pH dependence 
of the hydrolysis of an acrylic acid polymer containing 
9 mole per cent of p-nitrophenyl methacrylate is shown 
in figure 8. For comparison the hydrolysis of p-nitro- 
phenyl pivalate and of mono-p-nitrophenyl glutarate is 
also shown. The rate constant of the hydrolysis of the 
copolymer increases with increasing pH, a variation 
which cannot be explained by electrostatic considera- 
tions. The rate constant for the hydrolysis of the ester 
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linkages in the polymer molecule behaves in a strikingly 
different fashion from that of the pivalic acid deriva- 
tive, which can be expressed in the usual form: 

ki = k=+(H+) + kor(OH-) 

The hydrolytic rate constant of the copolymer is con- 
stant between pH 8 and 11, but falls off at lower pH. 
The reaction is proportional to  the degree of ionization 
of the carboxyl groups attached to the polymeric chain. 
The hydrolysis rate of mono-p-nitrophenyl glutarate, 
an aliphatic analog of the copolymer, depends in a 
similar fashion on the degree of ionization of the free 
carboxyl group, and not on catalysis by hydronium 
or hydroxide ion. 

The acceleration of the ester hydrolysis in the copoly- 
mer and in the monoester amounts to  a factor of about 
lo6, around pH 6, over the reactions catalyzed by hy- 

PH 

FIG. 8. Intramolecular hydrolysis of p-nitrophenyl esters (415). 
0, pnitrophenyl; 0, mono-p-nitrophenyl glutarate; 0, co- 
polymer of acrylic acid (91 mole per cent) and p-nitrophenyl 
methacrylate (9 mole per cent). 

dronium ion or hydroxide ion. These rapid solvolyses 
have been explained by the intermediate formation of 
substituted glutaric anhydrides (containing six-mem- 
bered rings) through the attack of a neighboring car- 
boxylate ion on the ester linkage. The facile intra- 
molecular catalysis in the copolymer is due in part to  

/ U, 1 u0- I -+ 
0 O=C’ ‘C=O - - -  o=c’ 

OH 

the rigidity of the system and also to  the multiple sub- 
stitution of the chain. A careful kinetic analysis of the 
solvolysis of copolymers of methacrylic acid containing 
1-2 per cent of p-nitrophenyl methacrylate indicates 
that a fraction of the ester groups are very much more 
reactive than the remainder. It has been postulated 
that this behavior reflects differences in the stereo- 

chemical arrangements in the immediate neighborhood 
of the ester group, the “slow” ester groups being fixed 
in a mixed (atactic) sequence in the chain and the “fast” 
ester groups being bound in an isotactic or syndiotactic 
sequence in the polymer chain, leading to a more favor- 
able configuration for intramolecular catalysis (297). 

The intramolecular catalysis in the aliphatic system 
mono-p-nitrophenyl glutarate is especially interesting, 
since no configurational help is given by the backbone 
of this freely rotating molecule. A kinetic study of the 
hydrolysis of substituted phenyl succinates and glu- 
tarates reveals more information about intramolecular 
carboxylate-ion catalysis (297a). The intramolecular 
reaction seems to be much more sensitive to substituent 
effects than intermolecular carboxylate-ion catalysis, 
mono-p-nitrophenyl glutarate being hydrolyzed ap- 
proximately 600 times faster than monophenyl gluta- 
rate. The substituent effects are largely due to changes 
in the entropy of activation (the p-methoxy- and the 
p-nitrophenyl glutarates have the same A H $ ,  although 
the rate differs by a factor of over 10,000). This sub- 
stituent effect is in sharp contrast t o  hydroxide-ion- 
catalyzed hydrolyses of phenyl esters. 

The alkaline hydrolysis of succinylcholine could not 
be stopped a t  the half-hydrolyzed product in which 
only one of the choline groups mas removed. The reason 
given for this negative result is that the half-ester could 
subsequently be hydrolyzed in a fast step involving an 
intramolecular catalysis by neighboring carboxylate ion, 
whose transition state is shown in formula XXIV (317). 

0 
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XXIV 

Succinyl-S-coenzyme A has been reported to have a 
half-life of 1 to  2 hr. a t  pH 7-7.7 a t  room temperature, 
which is not the expected behavior for a thiol ester 
(34G). This phenomenon can also be explained by an 
intramolecular attack of the free succinyl carboxylate 
ion on the thiol ester, leading to  an unstable anhydride 
intermediate through a transition state analogous to  
XXIV. 

A feature common to all intermolecular and intra- 
molecular catalyses by carboxylate ion described above 
is that the group displaced from the ester molecule 
consists of a stabilized ion of some sort. It was thought 
that an ordinary ester such as ethyl acetate could not 
be hydrolyzed by nucleophilic catalysis since imidazole, 
the best of the intermolecular catalysts, failed with 
ethyl acetate. However, it is conceivable that in a 
sterically favored intramolecular hydrolysis, nucleo- 
philic catalysis of a simple alkyl ester might be feasible. 
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That is, in such a case, the Brgnsted relationship be- 
tween catalytic rate constant and basicity of the 
nucleophile for intermolecular catalysis would not hold, 
so that intramolecular carboxylate ion could compete 
with catalysis by the solvent. The kinetics of hydrolysis 
of methyl hydrogen phthalate a t  109°C. exhibits a 
pH-rate profile from pH 1 to 7 which is similar in shape 
to  that for aspirin, containing a plateau from pH 4 to  
7. If the hydrolysis in the aspirin plateau can be ex- 
plained by an intramolecular catalysis by o-carboxylate 
ion, then certainly the hydrolysis in the plateau of the 
methyl hydrogen phthalate curve may be explained by 
the similar mechanism in equation 46, alt,hough no evi- 
dence exists for the phthalic anhydride intermediate. 
The catalysis of hydrolysis of a methyl ester by intra- 

c=o 

\ /  c=o 
molecular carboxylate ion appears significant because 
of the failure to effect hydrolysis of simple alkyl esters 
by all intermolecular nucleophilic catalysts, including 
imidazole, a catalyst more powerful than carboxylate 
ion by about six powers of 10. This result demonstrates 
the powerful nature of intramolecular catalysis. 

(b) Imidazole 
Intramolecular catalysis by imidazole, investigated 

by Bruice and coworkers, has proved to be an important 
phenomenon. The solvolysis of 4-(2'-acetoxypheny1)- 
imidazole was found to be first order with respect to 
the substrate. The pH-rate profile can be readily ex- 
plained on the assumption that the rate of solvolysis 
of the substrate depends upon the state of ionization of 
a single group of pK,' approximately 5.5; it was inde- 
pendently shown that the pK,' of the imidazolyl group 
of the substrate is 5.6 .  These results indicate that the 
solvolysis of the substrate occurs with participation of 
the imidazolyl group (337). It was not possible to detect 
an acylimidazole intermediate in this reaction. The rate 
of ester hydrolysis with maximum participation of the 
imidazolyl group was found to be about 1000 times that 
without participation. 

In  the solvolysis of p-nitropheiiyl y-(4-imidazolyl)- 
butyrate (XXV) the lactamization step in the reaction 
sequence 47 follows first-order kinetics with a half-time 
in 50 per cent aqueous ethanol a t  25°C. and pH 7.5 of 
0.2 sec. 

The rate was found to vary with pH in a manner which 
establishes the participation of a group with a pK,' of 
6.3 (94). The participation of the imidazole group in the 
reaction of XXV can be rationalized by postulating 
either a nucleophilic attack of an amidine nitrogen on 
the ester bond (equation 47) or a general basic catalysis 
of ester hydrolysis. These two possibilities cannot be 
differentiated kinetically. The spectrophotometric ob- 
servation of the lactam, however, proves the validity 
of the nucleophilic catalysis mechanism in equation 47 

Although the methyl ester of y-(4-imidazolyl)- 
butyric acid does not undergo hydrolysis with imidazole 
participation (its hydrolysis is catalyzed by hydroxide 
ion), 4-(2'-acetoxyethy1)imidazole does exhibit imida- 
zole participation a t  an elevated temperature. This 
reaction is another example of an intramolecular catal- 
ysis of the hydrolysis of a simple alkyl ester which has 
no intermolecular analog. 

The participation of the imidazole group in the hy- 
drolysis of the substituted phenyl esters related to  XXV 
possesses an unusual characteristic. The apparent dis- 
sociation constant of the imidazolyl group-as deter- 
mined kinetically-depends markedly on the meta or 
para substituent of the carbophenoxy group, being 
much lower for the p-nitrophenyl ester (95). These re- 
sults are in contrast to that found in the hydrolysis of 
2-(4'-imidazoly1)phenyl acetate (337), where the value 
of pK,'was found to correspond to that of the imidazolyl 
group. They suggest that another substituent-depend- 
ent equilibrium-in addition to the dissociation of the 
imidazolium ion-occurs prior to the rate-limiting step. 
The following mechanism has been postulated (95): 

(88) * 

CHz CHz 
HzC/ \CHZ H2C/ \CHZ 

I I N-N--C=O + H O C ~ H ~ X  (48) 

On the basis of the results of this kinetic analysis i t  
appears that the intramolecular reaction of imidazole, 
leading to lactam formation, proceeds through the equi- 
librium formation of a tetrahedral intermediate fol- 
lowed by a slow collapse of this intermediate, whereas 
the intermolecular reaction apparently proceeds in 
more usual manner with the slow formation of the tetra- 
hedral intermediate followed by a rapid collapse. This 

\/ 
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result is in conformity with other differences between 
inter- and intramolecular reactions in organic chemistry. 

In  the hydrolysis of the thiol ester n-propyl y(4-  
imidazolyl) thiobutyrate, the imidazole group also par- 
ticipates in the solvolysis, leading to  the same inter- 
mediate lactam shown in equation 47. The thiol ester 
hydrolyzes a t  pH’s near neutrality between lo6 and 
lo7 times as fast as a normal thiol ester would react 
under those conditions with hydroxide ion (8Sa). This 
large rate enhancement is due to  two factors: (1) the 
usual advantage of an intramolecular process over the 
corresponding intermolecular one and (2) the fact that  
thiol esters are much more susceptible to  nucleophilic 
attack by nitrogen bases such as imidazole than by 
oxygen bases such as hydroxide ion. Whereas oxygen 
esters are either not susceptible (methyl ester) or diffi- 
cultly susceptible (ethyl ester) to  an intramolecular 
imidazole catalyst, a thiol ester is easily hydrolyzed in 
this manner. These experiments, as well as the corre- 
sponding ones with an intermolecular imidazole cata- 
lyst, point up an important difference between oxygen 
esters and thiol esters, which is not apparent when com- 
paring their reactivities toward catalysis by hydroxide 
ion or hydrogen ion (301, 330). 

The rate of hydrolysis of the lactam shown in equa- 
tion 47 or 48 has been measured. For the intramolecular 
catalyzed hydrolysis of the phenyl and thiol esters 
around neutrality, the hydrolysis of the lactam is the 
slow step of the overall reaction (88). 

(c) Other nucleophilic catalysts 
The treatment of asparagine and glutamine esters 

with alkali results in imide formation (352). An imide 
has been postulated as an intermediate in the hydrol- 
ysis of @-esters of aspartyl peptides, via intramolecular 
catalysis by the conjugate base of the amide group (63). 
The primary a-amide of N-carbobenzoxyaspartic acid 
P-benzyl ester (XXVI), when subjected to  the condi- 
tions for basic hydrolysis, eliminates benzyl alcohol to  
form the corresponding imide. However, if instead of a 
primary a-amide, a substituted amide of XXVI is sub- 
jected to  basic conditions, a facile overall hydrolysis 
results, according to  equation 49. The relative rate data 
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TABLE 15 
Relative rates of hydrolysis of benzyl esters of 

CBzNHCH(CH2COOC7HT) X 

X 1 RelativeRate 

l . H  .................................................. 
2. C(0)OBz ........................................... 
3. C(O)NHCH3 ........................................ 
4.  C(0)NHCHzCHaOH.. ............................... 
5 .  C(0)NHCHzCONHz.. ............................... 

3 
1 

103 
103 
103 

shown in table 15 are pertinent to this point, indicating 
that the presence of an amide group increases the rate 
constant for basic hydrolysis about lo3 over that of the 
corresponding molecule without an amide group (63). 
Since the imides of this series have high negative spe- 
cific optical rotations, it was possible to follow polari- 
metrically the appearance and disappearance of the 
imide intermediate in the reaction of compound 3 of 
table 15 (63). 

A similar phenomenon involving the conjugate base 
of an amide has been shown to occur in the “amino 
acid insertion” reaction (SO). Under mildly basic con- 
ditions aminoacetylsalicylamide undergoes rearrange- 
ment, transferring its side chain from the phenolic‘oxy- 
gen to  the amide carbonyl group. This reaction. has 
been postulated by Brenner to  proceed first through a 
six-membered cyclic intermediate formed by a nucleo- 
philic attack of a neighboring group of the acyl moiety 
(XXVII) and secondly through a bicyclic intermediate 
in which both original carbonyl carbon atoms are in a 
tetrahedral configuration (XXVIII) . The reaction can 
alternatively be explained by a series of transformations 

0 0 
I1 / I  

NH, 

OCCHzNHz 
/ \  :ha, n OH 

0 

b H  
XXVIII 

involving an imide intermediate. Mechanism 51 is 
questionable, since benzoyl glycyl N-methylimide does 
not undergo rearrangement to the corresponding pep- 
tide (77) but it is attractive, since i t  has been shown 
that 0-acetylsalicylamide can be converted to  the cor- 
responding imide under basic conditions (282). Corre- 
sponding “amino acid insertion” reactions have been 
carried out in the aliphatic series with derivatives of 
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serine, threonine, and cysteine, although more stren- 
uous basic conditions are necessary (78, 79). 

0 
I /  

0 

0 0  
OH 

I 

Hydroxyl groups have been implicated in the intra- 
molecular catalysis of amide hydrolysis. Treatment 
with hydrogen chloride can result in the rearrangement 
of ethanolamides into aminoethyl esters (318) and in 
acyl migration from nitrogen to oxygen in various 
epimeric acetylinosamines (281). When an acetylamino 
group and a hydroxyl group bear a cis relationship to  
one another, an overall hydrolysis of the acetyl group 
by dilute hydrochloric acid is fast, presumably because 
of the intermediate formation of an acetoxy group (281). 
The hydrolysis of the amide N-benzoyl-$-ephedrine 
under acidic conditions has also been reported to  pro- 
ceed through the intermediate formation of O-benzoyl- 
+ephedrine and thence to  the products, $-ephedrine 
and benzoic acid (394, 395). 

More interesting examples of intramolecular cataly- 
sis by hydroxyl groups involve the intermediate forma- 
tion not of ordinary esters but rather of lactones, which 
are hydrolyzed with great ease compared to ordinary 
esters. The hydrolytic instability of aldonamides in 
dilute aqueous solutions at room temperature has been 
attributed to intramolecular catalysis by a hydroxyl 
group (412). This hydrolysis is catalyzed by acids or 
bases, especially the latter, which apparently facilitate 
the formation of the cyclic lactone intermediate shown 
in equation 52. 

CHzOH 

COO-NH,+ (52) 

The intermediate formation of a lactone has also been 
postulated to  account for the fact that l-carbomethoxy- 
2-hydroxytriptycene is saponified much faster than 
l-carbomethoxytriptycene itself (21). 

Finally, an intramolecular catalysis by phosphate ion 
may be noted. It has been reported that the phenolic 
group of the phenyl ester of salicyl phosphate is liber- 
ated in 10 min. a t  pH 5 to 9 (4, 289). This observation 
has been interpreted in terms of the nucleophilic attack 
of the neighboring phosphate ion, presumably followed 
by hydrolysis of the intermediate mixed anhydride 

An effective intramolecular catalysis depends on a 
number of factors. Proper steric orientation is, of course, 
one of the prime requisites. In  addition the intramolec- 
ular nucleophile must be a powerful one, as compared 
to  external hydroxide ion or other nucleophiles. And 
finally the intermediate formed in the initial reaction 
must be subject to ready attack Ly the nucleophile 
(usually the solvent) which iq $0 be eventually part of 
the product. 

Differentiation between nucleophilic catalysis and 
general basic cataIysis is not always easy. In  the last 
analysis, this differentiation depends on the observa- 
tion of an acyl-catalyst intermediate. Xucleophilic 
catalysis of a carboxylic acid derivative predicts such 
an intermediate, while general basic catalysis does not. 
In some of the preceding cases, formation of an inter- 
mediate has been demonstrated and there is no ques- 
tion that nucleophilic catalysis occurs. In  other cases 
formation of an intermediate has not been demonstrated 
and no unequivocal statement can be made as to the 
mechanism of the reaction, although present opinion 
indicates that the mechanism involves nucleophilic 
catalysis. 

(111). 

V. ELECTROPHILIC-NUCLEOPHILIC CATALYSIS 
The concept that catalysis solely by a nucleophile or 

by an electrophile can be surpassed in efficiency by 
catalysis by some combination of a nucleophile and an 
electrophile has received much attention in recent years. 
This interest has taken several forms: (1) investigations 
of reactions in which a substrate, a nucleophile, and an 
electrophile constitute the rate-determining transition 
state and (2)  studies of possible bifunctional catalysts 
which in themselves contain both an electrophilic and 
a nucIeophilic function. 

In  studies of the mutarotation of tetramethylglucose, 
Lowry originally suggested the possibility of “simul- 
taneous contact with proton donor and acceptor” (272). 
On the basis of studies of the mutarotation of tetra- 
methylglucose in benzene solution in the presence of 
phenol-pyridine mixtures (373) and in studies of the 
enolization of ketones (3721, Swain suggested that 
third-order processes generally occur, involving one 
molecule of substrate, one molecule of electrophile, and 
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one molecule of nucleophile, with the solvent water 
serving as a possible electrophile or nucleophile. Recent 
studies on the effect of deuterium oxide solvent on the 
rates of the enolization of ketones have indicated that 
this general statement cannot hold (375). For example, 
in the acetic acid catalysis of the enolization of a ketone, 
the catalysis proceeds via a preequilibrium involving 
protonation of the ketone, followed by a slow removal 
of a proton by acetate ion. The one instance where i t  
has been shown (28, 126) that a third-order term involv- 
ing both acetic acid and acetate ion does exist, the 
enolization of acetone, has now been treated as a special 
case (375). 

The mutarotation of glucose catalyzed by acetic acid 
is still believed to  be a concerted process, involving the 
bifunctional molecule, acetic acid, which simultaneously 
donates a proton to  the glucose oxygen and accepts a 
proton from the glucose hydroxyl group in a slow cyclic 
process following a preequilibrium hydrogen bonding 
(375). This process is an example of a number of proc- 
esses which have been postulated to  proceed with bi- 
functional catalysts. The most widely recognized ex- 
ample of a bifunctional catalyst is 2-hydroxypyridine1 
which has been shown to be an exceptionally efficient 
catalyst for the mutarotation of tetramethylglucose in 
benzene solution (374). Electrophilic-nucleophilic ca- 
talyses will be discussed in these terms in the following 
discussion of the reactions of carboxylic acid deriva- 
tives. 

A. INTERMOLECULAR ELECTROPHILIC-NUCLEOPHILIC 

CATALYSIS 

1. Bifunctional reagents 

A number of nucleophilic agents which react with 
carboxylic acid derivatives have also been shown to 
possess electrophilic character, making them bifunc- 
tional reagents. These bifunctional reagents have in 
most cases not involved catalytic processes, although 
in a few cases a catalytic phenomenon has occurred. It 
is of interest, however, to  consider possible bifunctional 
reactions as a guide to  future catalytic possibilities. 

The rates of reaction of catechol with several acyl 
halides in 95 per cent acetone indicate a first-order 
dependence on the monocatecholate ion (112). Further- 
more resorcinol, hydroquinone, and phenol are rela- 
tively unreactive toward acyl halides. A concerted bi- 
functional attack was postulated on this basis and on 
the basis that i t  had been previously shown that cate- 
cholate ion reacts readily with isopropylmethylphos- 
phonofluoridate, presumably via a concerted process. 
The transition state of the acyl halide reaction can be 
depicted as XXIX and that of the phosphorus deriva- 
tive in a similar manner (151). Presumably other bi- 
functional derivatives of benzene such as o-phenylene- 
diamine monohydrochloride could function in an anal- 

XXIX 
ogous fashion in concerted reactions with carboxylic 
acid derivatives. 

The reactions of N-acetylimidazole with amines, 
sulfhydryl compounds, carboxylic acids, phosphate ion, 
and arsenate ion proceed via the attack of the conjugate 
base of the nucleophile on the conjugate acid of N-acet- 
ylimidazole (230, 231). The pH dependence of the un- 
catalyzed reactions of N-acetylimidazole with thiols or 
amines indicates that the rates of these reactions are 
proportional to  the concentfations of the species RSH 
or RNHa+ (231). Reactions of thiols, however, almost 
always involve the anion, RS-, as nucleophilic reagent, 
and the species RNH3+ has no free electrons available 
for nucleophilic attack and therefore almost certainly 
cannot react with N-acetylimidazole. These reactions 
are therefore best formulated as attacks of free amine 
or thiol anion on the conjugate acid of N-acetylimida- 
zole, processes which are kinetically indistinguishable 
from reactions of the thiol or ammonium ion on the 
neutral substrate. 

2. Bifunctional catalysts 
The hydrolytic cleavage of the amide linkage in 

chloramphenicol is accelerated by a partly neutralized 
form of citric acid to a greater extent than by either 
free citric acid or the trinegative citrate ion (209, 210). 
It was suggested in this instance that the presence of 
both electrophilic and nucleophilic centers in the same 
molecule is necessary for a high degree of reactivity, 
presumably through a bifunctional attack. 

The hydrolysis of N-butylacetamide in nearly neu- 
tral, buffered solutions of acetic acid a t  220°C. shows 
kinetic dependence upon the concentration of undisso- 
ciated acetic acid (413). Since the deuterium solvent 
isotope effect led to the result kH/kD = 1.8, it was 
postulated that the mechanism of the reaction is related 
to electrophilic-nucleophilic catalysis involving the 
nucleophilic attack of acetate ion on the protonated 
amide in the rate-determining step. Although kineti- 
CHaCOOH + R’CONHR & R’CONHzR+ + CHsCOO- (fast) 
R’CONHzR+ + CHaCOO- -+ R’COOOCCHs + RNH2 (slow) 

(fast) 

(53) 

cally this reaction is an example of general acid cataly- 
sis, i t  is seen to be mechanistically an electrophilic- 
nucleophilic catalysis. 

In some of the above reactions of bifunctional re- 
agents and catalysts, the reaction has been described 

R’COOOCCHo + Hz0 -+ R’COOH + CH3COOH 
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of 3 to  9 a t  rates proportional to  the ionized carboxylate 
ion, XXX is hydrolyzed a t  a rate which is proportional 
to  the concentration of a species containing both a 
carboxylate ion and a free carboxylic acid, assuming 
pK’s of 3.62 and 4.5 for the salicylic and succinic car- 
boxylic acid groups, respectively (figure 9) (298). Two 
kinetically indistinguishable pathways are possible, 
each involving a nucleophilic attack by carboxylate ion 
and an electrophilic assistance from an unionized car- 
boxylic acid group, If the reaction proceeds through 
equation 54, the compound would hydrolyze 24,000 
times as fast as the aspirin anion, which lacks only the 
second, unionized carboxylic acid group. If the reaction 
proceeds through equation 55, the compound would 
hydrolyze 66 times as fast as XXXII. 

In  the hydrolysis of methyl pyrrolidylacetylsalicylate 
hydrochloride, nucleophilic catalysis by acetate ion is 

PH 
FIQ. 9. Hydrolysis of aspirin and derivatives a t  25°C. (298). 

as a one-stage (concerted) process and in others the 
reaction has been described as a two- or three-stage 
(stepwise) process. In  fact, no clear experimental evi- 
dence, except perhaps the evidence of the deuterium 
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solvent effect, exists for differentiation between these 
mechanistic possibilities. The proposals that have been 
made above, therefore, are mainly arbitrary representa- 
tions which may need modification when more expzri- 
mental evidence is available. 

B. INTRAMOLECULAR ELECTROPHILIC-NUCLEOPHILIC 
CATALYSIS 

One of the few bifunctional catalyses of ester hydrol- 
ysis in which the two functionalities are unambiguously 
separated occurs in the solvolysis of the aspirin deriva- 
tive XXX. Whereas aspirin (-1) and the mono- 
methyl ester (XXXII) are hydrolyzed in the pH range 

.Y 

f).’ 0- 
\/ 

C-CHz 

i )CHZ -0-c=o 
accompanied by intramolecular protonic catalysis from 
the pyrrolidyl proton. The electrophilic interaction 
facilitates attack of the negative nucleophile a t  the 
carbonyl carbon atom (170) (XXXIII). In  the hydroly- 
sis of diethylaminoethyl acetylsalicylate hydrochloride 
it is claimed that acetate ion catalyzes the hydrolysis 
of both the phenyl ester and the diethylammoniumethyl 
ester. The hydrolysis of the latter ester is the only 
known case of intermolecular acetate-ion catalysis of 
an alkyl ester. This special case is probably due to 
facilitation of acetate-ion attack by intramolecular 
protonic catalysis from the 0-ammonium group (171) 
(XXXIV) I 
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The hydrolysis of an ester by both electrophilic and 
nucleophilic catalysis is an important phenomenon. 
Esters, however, are much more susceptible to  nucleo- 
philic attack than electrophilic attack, whereas amides 
are known to be subject to  nucleophilic and electro- 
philic attack to approximately equal extents. Therefore 
it would be expected that amide reactions would exhibit 
a greater susceptibility to  catalysis by both electro- 
philic and nucleophilic agents, This hypothesis has 
been verified experimentally. Some of the amide reac- 
tions are possibly concerted attacks of the two catalytic 
entities; some are probably stepwise reactions involving 
prototropic equilibria followed by a rate-determining 
attack of the nucleophile. In  most cases, the overall 
kinetic form conforms to  the definition of general acid 
catalysis given earlier. 

The electrophilic and nucleophilic groups are clearly 
differentiated in the imidization of a copolymer of 
methacrylic acid and maleic anhydride which had been 
treated with p-nitroaniline to give a number of anilide 
groups surrounded in the polymer chain by P-carboxylic 
acid groups. In  the region from pH 2 to 8, this copoly- 
mer is not hydrolyzed but is rather converted in a 
pseudo-first-order process to  a polyimide. The pH de- 
pendence of the imidization rate shows a maximum 
velocity around pH 5, indicating that  the reaction in- 
volves the nitroanilide group together with one ionized 
and one unionized carboxyl group. The mechanism of 
the reaction may be represented by equation 56 (397, 
415). 

-OH 

Several examples of intramolecular electrophilic- 
nucleophilic catalysis involve the hydrolysis of "amic 
acids." These molecules contain both an amide linkage 
and a carboxylic acid group appropriately situated with 
respect to one another for possible interaction. The 
hydrolyses of the amide bonds of glycyl-L-asparagine 
and L-leucyl-L-asparagine in aqueous solution from pH 
1.2 to  3.5 are first order in the organic reactant con- 
taining an undissociated carboxyl group and are inde- 
pendent of the external hydrogen-ion concentration 

over this pH range (263). On the basis of the first-order 
character of the reactions, the independence of the 
external hydrogen-ion concentration and the small, 
negative entropies of activation, it was postulated that 
the hydrolyses proceed through an internal mechanism 
involving an (internal) proton transfer from the union- 
ized carboxyl group a t  one end of the molecule to  the 
amide group a t  the other end. It was postulated that 
the peptides exist in solution in a six-membered Gyc!ic 
hydrogen-bonded structure which is close to the postu- 
lated activated complex of a protonated amide group. 
At pH 3 the intramolecular process is approximately 
lo3 faster than the hydrolysis of asparagine, which is 
catalyzed by external hydrogen ion. It is possible that 
the reason why the glycyl and L-leucyl peptides exhibit 
intramolecular catalysis, while asparagine, the parent 
compound, does not, depends on restriction of rotation 
in the former compounds because of the bulky substit- 
uents. 

Phthalamic acid is a molecule closely analogous to  
the asparagine derivatives except for an additional 
rigidity imposed by the benzene ring. The hydrolysis of 
phthalamic acid in aqueous solution exhibits kinetic 
dependence on the undissociated phthalamic acid and 
independence of external hydrogen ion from pH 1 to 5. 
At pH 3 the hydrolysis of phthalamic acid is about lo6 
faster than the hydrolysis of benzamide and about lo6 
faster than the hydrolysis of o-nitrobenzamide. On the 
other hand, the hydrolysis of terephthalamic acid is 
somewhat slower than that of benzamide. The large 
rate enhancements in the former case suggest that  the 
o-carboxylic acid group does not exert a substituent 
effect but rather catalyzes the amide hydrolysis by a 
direct intramolecular process (36, 38). It is suggested 
that this process (as well as the cases of asparagine) is 
a concerted electrophilic-nucleophilic catalyzed reac- 
tion involving the intermediate formation of an anhy- 
dride. The concerted character of the reaction cannot 
be proven unambiguously, since zwitter-ion formation 
followed by a nucleophilic attack is also consistent with 
the kinetic form. However, the fact that the intra- 
molecular hydrolysis of phthalamic acid is so much 
faster than the intermolecular hydrolysis of N-butyl- 
acetamide by acetic acid (the former reaction takes 
place conveniently a t  47.3"C.) while the latter takes 
place conveniently a t  22OOC.) indicates that the con- 
certed action of the o-carboxylic acid group may be 
operative here (38) (equation 57). A tracer experiment 
involving the hydrolysis of phthalamic acid-carbox- 
amide-C13 in H2018 provides indirect evidence for the 
formation of a symmetrical phthalic anhydride inter- 
mediate (38). 

The rate of hydrolysis of an acrylic acid copolymer 
containing 3 mole per cent of p-nitroacrylanilide be- 
tween pH 2 and 8 indicates that the reaction rate is 
governed by the reaction of the unionized neighboring 
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?-carboxylic acid groups with the nitroanilide. This 
behavior is not found for p-nitro-a-trimethylacetanilide 
or for the mono-p-nitroanilide of glutaric acid. The 
behavior of the copolymer is similar mechanistically to 
that described above for the asparagine derivatives and 
phthalamic acid. However, the absolute rate of reaction 
is low, the reaction taking place conveniently a t  
135.4”C. (397, 415). 

With dilute hydrochloric acid, partial hydrolysates 
were prepared from four different proteins. Total 
N-terminal amino acid content was twice that of the 
aspartic acid released, and only trace amounts of other 
amino acids were released, indicating a high degree of 
specificity for the aspartic acid residue (344). This 
phenomenon can be readily interpreted in terms of the 
mechanism given above for the intramolecular catalysis 
of an amide bond by an intramolecular carboxylic acid 
group. The fission of peptide bonds in insulin with hy- 
drogen chloride in anhydrous media consisted mainly of 
cleavage of bonds adjacent to aspartyl, aspariginyl, 
glutamyl, and glutaminyl residues, together with cleav- 
age of some bonds involving serine and threonine amino 
groups (385a). Certainly some of the specificity shown 
above again can be explained in terms of intramolecular 
catalysis by a carboxylic acid group. 

The amide of y(4-imidazolyl) butyric acid is hydro- 
lyzed a t  a rate which indicates that the protonated 
imidazolyl group participates in the reaction (95). This 
result is in contrast to that found in the hydrolyses of 
the corresponding esters in which the free imidazolyl 
group participates as an intramolecular catalyst. In  this 
set of reactions, as well as in the phthalic acid series 
and in the reactions of the copolymers discussed previ- 
ously, it has been consistently found that the intra- 
molecular catalysis of an ester group involves a nucleo- 
phile and the intramolecular catalysis of an amide in- 
volves a general acid (mechanistically a combination of 
an electrophile and a nucleophile). The specific rate 

associated with the carboxylic acid participation in the 
hydrolysis of phthalamic acid is much greater than that 
for the participation of carboxylate ion in the hydrolysis 
of monomethyl phthalate. Likewise, the specific rate 
constant for the participation of protonated imidazolyl 
in the hydrolysis of the amide above is greater than that 
of the participation of imidazolyl in the hydrolysis of 
the corresponding ester. These results lend credence to 
the concerted nucleophilic-electrophilic mechanisms 
proposed above for the intramolecular catalysis of 
amide hydrolysis. The mechanism of the protonated 
imidazolyl participation in the hydrolysis of an amide 
may be written in an analogous fashion, as in equation 
58. 

CHlr 
/ \  

HzC CHz ’ LONHI io + NHa (58) 
H N ~ N H  HNGN- 
‘.J 

C. A KINETIC COMPARISON O F  INTERMOLECULAR AND 

INTRAMOLECULAR CATALYSIS 

In table 16 is shown a summary of the kinetic results 
of a number of intermolecular and intramolecular reac- 
tions of the hydrolysis of carboxylic acid derivatives, 
brought about by nucleophilic and by electrophilic- 
nucleophilic catalysis. In addition the important case 
of the intramolecular and intermolecular hydroIysis of 
phosphate esters is listed. It is seen that within each 
grouping, showing a direct comparison of corresponding 
intermolecular and intramolecular processes, the intra- 
molecular process is much more powerful, as has been 
noted before (48, 111). 

A quantitative comparison of inter- and intramolec- 
ular catalyses, which correspond to first- and second- 
order kinetic processes, can be made by assuming an 
equal concent,ration of the two substrates and deter- 
mining what concentration of the intermolecular cata- 
lyst is necessary for equivalent rates of hydrolysis of 
any concentration of substrate. In  this way, for ex- 
ample, the hydrolysis of phenyl acetate with acetate 
ion is seen to require about 8 M acetate ion in order 
that the rate of hydrolysis of this intermolecular process 
be equivalent to the rate of the intramolecular hydroly- 
sis of a corresponding concentration of aspirin. The 
differences between the intermolecular hydrolysis of 
p-nitrophenyl acetate by acetate ion and the intra- 
molecular hydrolysis of mono-p-nitrophenyl glutarate 
or of the related copolymer are even more striking, re- 
quiring concentrations of acetate ion of the order of 
600 M for equivalent rates. 

The intramolecular hydrolyses of methyl hydrogen 
phthalate and phthalamic acid are even more striking. 
In  the former case the corresponding intermolecular 
process has not as yet been found. In  the latter case 
there is a huge difference in the rates which is difficult 
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TABLE 16 
A kinetic comparison of intermolecular and intramolecular catalysis of hydrolysis 

Substrate 

gAcetoxybenzoic acid. .......................... 
Mono-p-nitrophenyl glu 

pNitropheny1 acetate + acetate ion 
Methyl hydrogen phthalate.. . . . . . . .  
Methyl benzoate + acetate ion.. ............................. 
Phthalamic acid 

>Asparagine + hydrogen ion 
o-Carboxyphenyl phosphatet . 
Phenylphosphate' . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

pNitropheny1 acetate + substit 
Phenyl -p(4-imidazolyl)butyrate 

Ethyl thiolacetate + imidazole. . . . . .  

1 
3 
1 
3 
3 
3 
1 
1 

1000 
loo0 
1M)o 
loo0 

10 

lo00 
lo00 
1000 
150 

15 
15 
15 
0.1 
0.1 
0.1 
0.1 
0.01 
0.1 

* Rate constant of the monoanion. t Rate constant of the dianion. 

to  assess because of the large difference in the tempera- 
tures of the corresponding intra- and intermolecular 
processes. 

From a general consideration of table 16, the kinetic 
differences between inter- and intramolecular catalyses 
cannot be ascribed to either the enthalpy or the entropy 
of activation. Only a few cases exist for comparison of 
intra- and intermolecular catalyses of identical mecha- 
nistic type, such as catalysis by carboxylate ion in both 
instances. These are comparisons of aspirin anion with 
phenyl acetate and acetate ion; comparison of mono-p- 
nitrophenyl glutarate (or the related copolymer) with 
p-nitrophenyl acetate and acetate ion; comparison of 
phthalamic acid with N-butylacetamide and acetic 
acid; and comparison of intra- and intermolecular catal- 
yses by imidazole. In  all other cases the intramolecular 
reaction, has, of necessity, been compared with an 
intermolecular reaction brought about by a different 
catalytic species. A comparison of the two equivalent 
intramolecular-intermolecular cases involving carboxyl- 
ate-ion catalysis reveals that although the rates of a 
given set are quite different, the activation enthalpies 
of a given set are not far separated from one another. 
In  fact, in both sets the activation enthalpy of the 
intramolecular catalysis is somewhat higher than that 
of the corresponding intermolecular catalysis. However, 
in both sets the entropy of activation of the intra- 
molecular reaction is significantly more positive than 

rempera- 
ture 

OC. 

60.3 
63.0 
60.3 
0 
0 

22.6 
109 
109 
47.3 
47.3 
48.7 
48.7 

220 
135 
90 
90 
90 
80 
80 
80 
80 
30 
30 

25 
15 
26.2 

Catalysis 

Intramolecular 
ki 

m.-1 

83.8 x 10-6 

1.9 x 10-sg 
3 x 10-4 
2 x 10-8 

5.9 x 10-6 

2.35 x 10-4 

3.1 X l O - g $  

1 x 10-10l 

1.92 x 10-4 
2.48 x 10-4 

1.3 X 10-2 
3.2 x 10-3 
3.3 x 10-6 
4.1 X 10-6 
2 x 10-3 

0.043 

8.84 x 10-1 

Intermolecular 
kz 

I.lmZe aec. 

10.2 x 10-8 

5.7 x 10-6 

0-1.2 x 10-6 

3.1 X 10-6 

12.3 X 10-6 
1.6 X 10-8 

1 x 10-7 

3.97 x 10-4 

1 

0.18 x 10-1 

1.66 x 10-4 

: ca l . /mle  

17.6 
16.6 

19.4 

15.7 
33.7 

20.7 

22.8 

24.0 
22.2 
19.8 
23.5 
28.4 
27.1 
26.8 

AS 

6 . U .  

-24.7 
-31.2 

-3.5 

-28.7 
+7.5 

-12.4 

-13.9 

-9.4 
-14.1 
-19.5 
-1.2 
$0.9 
-2.6 
-3.1 

Reference8 

A pseudo-first-order rate constant of an intermolecular catalysia. 

that of the corresponding intermolecular reaction. This 
result is what one might expect from the qualitative 
argument that the probability of reaction should be 
greater for an intramolecular reaction than for the 
corresponding intermolecular reaction, while the en- 
thalpy of activation should remain constant. It is par- 
ticularly interesting that the difference in ASS in intra- 
molecular and intermolecular catalysis can be as high 
as 25 e.u. (in the p-nitrophenyl set). 

VI. GENERAL BASIC CATALYSIS 
As mentioned in Section IV, several abortive at- 

tempts to find general basic catalysis in the nucleophilic 
reactions of carboxylic acid derivatives were made 
some years ago. Very recently interest has been renewed 
in the general basic catalysis of these reactions. It is 
well to reemphasize the difference between general 
basic catalysis and nucleophilic catalysis a t  this time. 
In  both cases the catalyst is involved in the transition 
state of the slow step of the reaction, but not in the 
products of the reaction. In  general basic catalysis the 
catalyst reacts by means of a nucleophilic attack on 
hydrogen, whereas in nucleophilic catalysis the catalyst 
is involved in a nucleophilic reaction a t  a carbon atom. 

Acetate ion catalyzes the hydrolysis of acetic anhy- 
dride (175, 240). Likewise propionate ion catalyzes the 
hydrolysis of propionic anhydride (241). These catal- 
yses, which are small but real, obviously cannot be 
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attributed to nucleophilic catalysis, for the nucleophilic 
reaction of acetate ion with acetic anhydride, while 
certainly possible, leads to no kinetically observable 
result. These results must be interpreted in terms of 
general basic catalysis. 

The rates of the alkaline hydrolysis of N-methyl- 
anilides (23) and anilides (50, 256) are proportional to 
both the first and the second powers of the hydroxide- 
ion concentration. The term which is second order in 
hydroxide ion can be considered to  be a hydroxide-ion 
catalysis of the reaction of the nucleophile hydroxide 
ion with an anilide. An analogous case involves the 
general basic catalysis of the carbonyl addition reac- 
tion, the hydration of acetaldehyde (25). 

The reactions of N-acetylimidazole with water, 
amines, and thiols are catalyzed by imidazole. The pH 
dependence of this reaction indicates that the catalytic 
form of imidazole is the free base. In  the present in- 
stance direct reaction of imidazole with N-acetylimida- 
zole can again have no catalytic effect, and therefore 
imidazole must serve as a general basic catalyst. These 
results indicate that imidazole and acetate ion can serve 
either as nucleophilic catalysts or as general basic cata- 
lysts. In  the hydrolysis of N-acetylimidazole, its reac- 
tion with mercaptoethanol, and its reaction with vari- 
ous amines such as ammonia and glycylglycine in the 
presence of imidazole, the rate laws take the form of 
equations 59, 60, and 61, respectively (231). Equation 
61 indicates that the amino compounds can catalyze 

v = kz(AcIm)(Im) (59) 

v = kl(AcIm)(RSH) + kn(AcIm)(RSH)(Im) (60) 
v = kl(rlcIm)(RNH8+) + k2(AcIm)(RNH3+)(Im) + 

k3(AcIm)(RNH2)(Im) + k4(AcIm)(RNHp)* (61) 

their own reaction with N-acetylimidazole and that the 
free base is again the catalytically active species. 

The aminolysis of esters has shed considerable light 
on the problem of general basic catalysis. The first de- 
tailed experiments of Betts and Hammett (68) were 
concerned with the reactions of ammonia with methyl 
esters of phenylacetic acid and some of its ring-substi- 
tuted derivatives in unbuffered methanol solution. The 
reactions are approximately 3/2 order in ammonia as 
well as first order in ester; the reactions are accelerated 
by added sodium methoxide and retarded by added 
RNHaCl in such a way that a plot of the apparent 
second-order coefficient against 1/(RNH3+) is linear. 
These observations were explained on the basis of the 
rate equation 

(62) 

where k, is the rate constant of the reaction of ammonia 
and ester, k, is the rate constant of the reaction of 
amide ion and ester, KAm is the autoprotolysis constant 
of ammonia, and K B  is the equilibrium constant be- 
tween ammonia and the alcohol solvent. This kinetic 

Rate = k,(E) (RNHJ + (k&A,/Kel/*) (E)(RNH,) 3’a 

analysis implies a basic catalysis to be sure, but one 
which involves the catalyst in a preequilibrium which 
is characteristic of specific hydroxide-ion catalysis in 
aqueous solution. Alternatively it was pointed out that 
a ternary complex of amine, ester, and basic catalyst 
could be involved in the transition state. 

Catalysis by methoxide ion and inhibition by amine 
salts were also observed in the reactions of piperidine, 
morpholine, and butylamine with methyl acetate in 
methanol (19). The kinetics of the simultaneous aminol- 
ysis and hydrolysis of ethyl thiolacetate and 0-acet- 
aminoethyl thiolacetate contains a term in the rate 
expression which involves both amine and hydroxide 
ion (202). Similarly, the kinetics of the aminolysis and 
hydrolysis of a-naphthyl acetate indicates a term in 
the rate expression involving both amine and hydroxide 
ion (or its kinetic equivalent, amide ion) (201). The 
form of the rate law for the aminolysis of ethyl thiol- 
acetate by glycine is a complicated one, involving a 
term which is second order in glycine and another term 
which is first order in glycine and first order in hydrox- 
ide ion (311). Likewise, the rate law for the amine- 
initiated polymerization of a series of N-carboxy-a- 
amino acid anhydrides contains a term which is second 
order in amine (392). 

Watanabe and De Fonso (391) intensively studied 
the kinetics of reaction of n-butylamine with ethyl 
formate. The rate law showed a first-order dependence 
on ester and an approximately 3/2-order dependence 
on amine. However, the overall 5/2-order rate coeffi- 
cients were not constant throughout any run. When 
n-butylamine hydrochloride was present in constant 
amount, the kinetics in any run was accurately third 
order overall. Strong catalysis by added ethoxide ion 
to an ethanol solution was also found. These observa- 
tions are similar to  those of Betts and Hammett (68) 
and were interpreted in the same fashion. 

Recently two studies have shed considerable light on 
the problem of general basic catalysis of the aminolysis 
of esters. Bunnett and Davis (97) reinvestigated the 
reaction of ethyl formate with n-butylamine in ethanol 
solution, showing it to be subject to  general basic 
catalysis. The rate law contains terms second order in 
amine (representing amine catalysis) and 3/2 order in 
amine (representing alkoxide-ion catalysis) but no de- 
tectable term first order in amine. The kinetic resolu- 
tion into terms 3/2 order and second order in amine 
stands in contrast to  earlier studies (68, 391) in which 
reaction orders could only be approximated. At 0.1 M 
n-butylamine the reaction is 33 per cent catalyzed by 
amine and a t  1.0 M amine it is 61 per cent amine cata- 
lyzed, the remainder in either case representing catal- 
ysis by alkoxide. The addition of n-butylammonium 
chloride sharply reduces the rate. Furthermore, the 
addition of sodium ethoxide markedly accelerates the 
reaction, as found before. The mechanism favored by 
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the earlier workers exemplified by equation 62 predicts 
that the term 3/2 order in amine will be eliminated by 
the addition of RljH3Cl, and also predicts that the 
remainder be an uncatalyzed reaction which is first 
order in amine. Instead, the addition of n-butylam- 
monium chloride eliminates the term 3/2 order in amine 
but not the term second order in amine. This result is 
consistent only with a mechanism which involves a true 
general basic catalysis (that is, a transition state con- 
taining ester, amine, and base). Unfortunately these 
experiments were not carried out in water, so that the 
usual criterion for general basic catalysis could not be 
carried out (determination of an increase in rate with 
increase in buffer concentration a t  constant pH and 
constant ionic strength). 

The rates of aminolysis and ammonolysis of phenyl 
acetate have been determined by Jencks and Carriuolo 
under conditions of controlled pH and ionic strength in 
aqueous solution (229). Uncatalyzed reactions of the 
various amines were found. The reactions of all amines 
examined except imidazole are subject to catalysis. 
Glycine, ammonia, glycylglycine, and glycine ethyl 
ester are subject to  general basic catalysis by a second 
molecule of amine. Piperidine and morpholine are sub- 
ject to  hydroxide-ion catalysis. Dimethylamine and 
butylamine are subject to  both general basic and hy- 
droxide-ion catalysis. Methoxyamine is subject to  gen- 
eral acid catalysis by methoxyammonium ion and 
hydroxylamine to  both general basic and general acidic 
catalysis. 

Of the many conceivable mechanisms which are con- 
sistent with general basic catalysis of the form 

Rate = (ester) (nucleophile) (63) 

three are sufficiently in accord with existing chemical 
theory to  warrant close attention (97, 229). It is as- 
sumed in the following discussion that proton transfers 
between nitrogen and oxygen are not, in themselves, 
slow steps. In  the following equations RCOX is the 
carboxylic acid derivative, NHRz a generalized nucleo- 
phile, and B a general base including hydroxide ion. 

1. General basic catalysis of nucleophilic attack by 
proton removal by the base from the nucleophile in the 
activated complex XXXV. The kinetic data do not of 

R 6  
a+ I I1 

I I  
B + SHRz + RCOX + B**.H*.*N*.*C-X -+ 

R R  
xxxv 

0 
/ I  

BH+ + RzNCR + X- (64) 

course permit conclusions as to  the order of combina- 
tion of reactants to  form the transition state. Suffice it 

to  say that the termolecular transition state does not 
imply a termolecular collision. 

2. General basic catalysis of the breakdown of a 
tetrahedral addition intermediate to give products 
rather than starting materials. This can involve re- 
moval of a proton from one of the electronegative atoms 
of the intermediate either after or before initial proton 
transfer has occurred as in equation 65. 

0- 
I 
I 

NHRz 

(fast) RCOX + RzKH F! RCX 

0- 
I 
I 

RCX + B + RCONRz + X- + BH+ (slow) 

NHRz 

(65) 

The action of the base on the tetrahedral intermediate 
might be thought of as an E2 elimination, the removal 
of a proton from the nucleophile being concerted with 
the departure of the group X as a negative ion. This 
mechanism has been suggested by a number of workers 
(202, 390). 
3. General basic catalysis via a combination of proto- 

tropic preequilibria and general acid catalysis. This 
possibility is kinetically indistinguishable from general 
basic catalysis because of the equilibrium relationship 
between B and BH+ (97). This mechanism can be repre- 
sented by equations 66 or 67. 

OH 0- 

RCOX + RzNH F? RAX R h X  (fast) 

NRz NRz 
(66) 

0- 0- 

I 
NRz 

RAX + BH+ + R--A ... X...H+...B + 
I 

NRz 
RCONR, + HX f B (slow) 

RzNH + B F! RzN- + BH+ (fast) 
(67) 
\ -  I 

RzN- + RCOX + BH+ + RCOSRI + HX + B (slow) 

It is a difficult task indeed to distinguish between 
these three mechanisms for they contain, as they must, 
identical transition states except for the distribution of 
atoms. The differences, however, are important mecha- 
nistically and their relative merits will be discussed. 

Bunnett and Davis (97) favor path 3 because i t  ex- 
plains the presence of general basic catalysis in ester 
aminolysis and its absence in the reactions of amines 
with 2,4-dinitrochlorobenzene. The equilibrium forma- 
tion of the addition intermediate in path 3 finds analogy 
in the formation of oximes and semicarbazones from 
aldehydes (228). Furthermore, path 3 explains the sur- 
prisingly low reactivity of carboxylic acid esters with 
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alkali metal amides in liquid ammonia (because of the 
absence of suitable general acids in that medium). The 
mechanism of path 3 implies, by the principle of micro- 
scopic reversibility, that the reverse of ester aminolysis, 
the alcoholysis (or hydrolysis) of amides, should be 
general base catalyzed via path 1. The alcoholysis reac- 
tion is base catalyzed but the question of general basic 
catalysis vs. specific lyate-ion catalysis has not been 
resolved (387, 396). The hydrolysis of anilides is also 
base catalyzed, but there is no information about its 
general basic nature. This argument is of course not 
sufficient, since the aminolysis may proceed via path 1 
and the reverse by path 3, both conforming to the 
kinetic rule of general basic catalysis. 

Jencks and Carriuolo (229) favor path 1 or 2 for their 
system. They point out that path 3 would require that 
the reverse reaction must involve path 1. Since catalysis 
by glycine causes a fourfold increase in rate a t  pH 10 in 
the forward direction, it should cause a fourfold cataly- 
sis in the reverse direction also, but a t  most could cause 
a twofold increase, since phenol is already half-ionized 
a t  pH 10. This argument assumes an ideal equilibrium 
system which has in no way been perturbed. Accord- 
ing to  their interpretation, the aminolysis reaction is 
general base catalyzed (path 1 or 2) and the reverse re- 
action of alcoholysis or hydrolysis of amides is general 
acid catalyzed (path 3). Such general acid catalysis has 
not been detected experimentally, since under the usual 
conditions for such experiments the predominant acid 
present is water or alcohol. One piece of evidence that 
substantiates this picture is the peculiar solvent de- 
pendence in the oxygen exchange of amides which, in 
contrast to that of esters, exhibits a smaller ratio of 
hydrolysis (loss of iXH2 from the tetrahedral inter- 
mediate) to  exchange (loss of OH from the tetrahedral 
intermediate) with increasing amounts of dioxane in 
dioxane-water mixtures (39a). 

The specific mechanism of general basic catalysis 
probably depends on the substrate and the nucleophile. 
If the structure of the carboxylic acid derivative pro- 
vides a good leaving group, the need for acid catalysis 
in its departure in path 3 would decrease. In  such a case, 
path 1 or 2 might prevail. If the nucleophile is acidic, 
path 1 might be more important. With a distinctly 
acidic nucleophile and a very good leaving group, the 
mechanism involving a preequilibrium might be ex- 
pected, possibly in the reaction of a phenol with an 
acid chloride. Thus a spectrum of mechanisms is con- 
ceivable for general basic catalysis, differing in the rela- 
tive kinetic significance of the various reaction steps 
and/or the timing of the proton transfers. 

The abnormally high nucleophilicity of the neutral 
hydroxylamine molecule toward p-nitrophenyl acetate 
has been commented on earlier (table 8). If the un- 
charged molecule reacts, attack of the hydroxyl group 
leading to oxygen acylation may be aided by an intra- 

molecular proton transfer to the nitrogen atom as in 
XXXVI (227). 

H O  
* *  E H-$J-~...c.. .OR 

XXXVI 

The measurable reactivity of tris(hydroxymethy1)- 
aminomethane toward p-nitrophenyl acetate (table 8) 
is surprising, since amines of comparable steric hind- 
rance are unreactive. The product of this reaction is an 
ester and not an amide, however, indicating that an 
oxygen rather than a nitrogen atom is the nucleophilic 
entity. Since this hydroxyl group is 106 times as reactive 
as the hydroxyl group of water, this reaction may pro- 
ceed with intramolecular general basic catalysis in a 
manner similar to that proposed for the reaction of 
hydroxylamine (229). 

4 .  

L A  

HZC-CH, R 
-d...H..!O...A=O 

I AR 
XXXVII 

It is difficult to  assess the importance of general basic 
catalysis at present, since serious investigation of its 
potentialities is just beginning. It may be wise to con- 
sider carboxylate-ion catalysis in the hydrolysis of 
methyl hydrogen phthalate (36) and imidazole catalysis 
in the hydrolysis of diethyl oxalate (81) as general basic 
catalysis rather than nucleophilic catalysis. The latter 
requires the preferential partitioning of alkoxide ions 
versus a very weak base from the tetrahedral inter- 
mediate, whereas the former requires only proton trans- 
fer to  explain the catalysis. Similar arguments may 
apply to enzymatic catalysis (vide infra). 

VII. ENZYMATIC CATALYSIS 
Catalysis of the nucleophilic reactions of carboxylic 

acid derivatives by various enzymes is widespread and 
varied. It is beyond the scope of this review to attempt 
to  make a complete survey of the enzymatic catalysis 
of these reactions. Attention will be restricted to  the 
reactions catalyzed by proteolytic enzymes which paral- 
lel the hydrolyses discussed previously and which offer 
the most detailed mechanistic evidence a t  this time. 
Although enzymatic catalysts are characterized by both 
extremely high catalytic efficiency and extremely high 
specificity, the present discussion will be restricted to 
the catalytic aspects of enzymatic action. Koshland has 
pointed out that a number of enzymes of diverse func- 
tion have a similar active site, that part of the protein 
chain which is associated with catalytic action (250). He 
has suggested that while there must be an intimate 
steric relation between the amino acids responsible for 
the catalytic action and those responsible for the speci- 
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ficity, the above results indicate that the two functions 
may be separable. The following discussion of the cata- 
lytic aspects of hydrolytic enzyme action will be based 
on this hypothesis. 

A. T H E  RELATIONSHIP O F  PROTEIN STRUCTURE TO 

ENZYMATIC ACTIVITY 

The enzymes whose catalytic action will be discussed 
in thic utxtioii include the endopeptidases chymotrypsin, 
trypsin, pepsin, papain, and ficin, and the enzyme 
acetylcholinesterase. All of these substances except 
acetylcholinesterase have been crystallized and demon- 
strated to be protein in nature. The presence of a pros- 
thetic group has never been demonstrated with any of 
these enzymes (248). This indicates that the catalytic 
action of these molecules (of molecular weight from 
25,000 to 1,000,000) is associated with the amino acid 
moieties of the polypeptide chain. Furthermore, the 
available evidence, except for acetylcholinesterase, indi- 
cates that there is only one catalytic site per molecule 
of enzyme (245). 

It is difficult to define the “active site” of one of these 
enzymes, for none has ever been unambiguously identi- 
fied. If this were the case, the riddle of enzymatic 
catalysis would have been solved and this section would 
revert into a dull recitation of established facts. In  
reality enzymatic catalysis is the most powerful and 
least understood catalysis of the reactions of carboxylic 
acid derivatives. 

Since there is usually one active site per enzyme mole- 
cule, and since this one active site is probably small 
compared to the entire enzyme, i t  is reasonable to  
assume that this active site can ultimately be described 
in chemical terms, hopefully in terms of the catalytic 
concepts that have been described earlier. Although 
there is no way of predicting how many constituents 
make up the active catalytic site of these enzymes, the 
dictates of scientific simplicity force one to postulate a t  
any given time the least number of groups necessary to 
explain all properties of the enzyme. It is encouraging 
to  think that the number of groups necessary for cata- 
lytic action may be as small as two or three. This hy- 
pothesis is consistent with the fact that several enzymes 
such as papain and pepsin have been cleaved of ap- 
preciable fractions of their total bulk with little or no 
loss of catalytic activity (211, 315). If the active site is 
indeed small, i t  may well lie within the province of the 
chemist to elucidate the active site and the mechanism 
of its catalysis in the near future. 

1. Chemical studies 
An ultimate solution of the relation of protein struc- 

ture to enzymatic activity requires a precise assignment 
of position for each amino acid of the total enzyme in 
three-dimensional space (269). However, a solution to 
this problem may be obtained more simply by deter- 

mination of the active site which represents the key to 
enzyme action (135). Four main methods of study of 
the active site have been profitable. The first employs 
inhibition by a group-specific reagent, protection 
against this inhibition by substrate being used as evi- 
dence that the observed reaction occurs a t  the active 
site. The second involves the pH dependence of cata- 
lytic activity as evidence for the pK of the groups a t  
the active site. The third utilizes a reagent which forms 
a stable compound a t  the active site which on degrada- 
tion can lead to identification of the amino acids in the 
vicinity of the active site. The fourth involves reactions 
in which an observable or stable enzyme-substrate 
intermediate is obtained whose properties can be ex- 
plored. 

Evidence is mounting that covalent enzyme-sub- 
strate intermediates are formed in the course of reac- 
tions of carboxylic acid derivatives. Most of these 
intermediates are too unstable, however, to survive the 
degradation conditions required for the identification 
of amino acid derivatives. It mas, therefore, a major 
breakthrough when it was found that the nerve gas 
diisopropyl phosphofluoridate (DFP) reacted stoichio- 
metrically with esterases to give a stable covalent phos- 
phorylated enzyme (15, 222, 223). The parallelism be- 
tween the stoichiometry of the DFP reaction (equation 
68) and the enzyme inactivation, and also the ability 
of substrates to protect against inhibition by DFP, 

(CsH70)zPOF + EH + E-PO(OC3H7)g + HF (68) 

indicate strongly that phosphorylation occurs a t  the 
active site. Chymotrypsin, trypsin, papain, acetyl- 
cholinesterase, and phosphoglucomutase among others 
are subject to inhibition by DFP (204, 237). When 
DFP-chymotrypsin is degraded by acid hydrolysis, 
serine phosphate is obtained (335) .  Serine phosphate has 
also been isolated by similar treatment of other en- 
zymes, including trypsin and acetylcholinesterase. 

Treatment of chymotrypsin with radioactive DFP  or 
Sarin and degradation of the labelled protein gives a 
series of phosphopeptides from which amino acid se- 
quences have been obtained. The amino acid sequence 
a t  the active site of chymotrypsin (334, 336, 385), tryp- 
sin (130, 131, 132, 307, 333), liver aliesterase (224a), 
pseudocholinesterase, thrombin (174), and phospho- 
glucomutase (250) can be represented by the common 
structure 

ASP GLY 

GLU ALA 
GLY SER 

where GLY is glycine, ASP is aspartic acid, GLU is 
glutamic acid, SER is serine and ALA is alanine, and 
where ASP or GLU and GLY or ALA are alternatives 
in the sequence. The common sequence of amino acids 
around serine for many hydrolytic enzymes is rather 
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surprising. Even more surprising is the fact that the 
same sequence is indicated for the active site of phos- 
phoglucomutase, a catalyst of considerably different 
specificity requirements from those of the hydrolytic 
enzymes. 

A possible conclusion from the above data is that 
the hydroxyl group of serine is the nucleophilic entity 
of the active site. The side chains of glycine or alanine 
certainly have no functional behavior. The side chains 
of glutamic or aspartic acids possess a carboxylate ion 
which could conceivably participate in nucleophilic or 
general basic catalysis (vide infra), but the primary site 
to be considered must be the serine hydroxyl group. 

Evidence, mostly pertaining to chymotrypsin, impli- 
cates histidine in the catalytic process. It should be 
noted that histidine appears neither adjacent to serine 
in the amino acid sequence above nor does it appear a t  
the turn of a helix away from serine. It is conceivable 
that histidine could be brought into juxtaposition with 
serine by proper folding of the helix, although it is 
found that proline, an amino acid which prohibits helical 
configuration, appears fairly close to serine in both chy- 
motrypsin and trypsin. The experiments supporting 
histidine as a constituent of the active site include (1) 
photooxidation experiments showing a parallelism be- 
tween the loss of histidine and the loss of enzyme activ- 
ity (392a); (2 )  pH-activity curves suggesting a group 
having the pK of imidazole (histidine) but not that of 
serine ; (3) model experiments in nonenzymic systems 
showing strong catalysis of phosphate and carboxylic 
ester hydrolyses by imidazole (histidine) , but very 
weak catalysis by alcohol (serine). Arguments 2 and 3, 
both of which are ambiguous, will be discussed in detail 
later. It has been reported, however, that a trypsin 
fragment containing no histidine still retains a con- 
siderable portion of its enzymatic activity (387a). 

Further chemical studies with 2,4-dinitrofluoro- 
benzene and the fluorescent dye l-dimethylamino- 
naphthalene-5-sulfonyl chloride have not given clear-cut 
results with respect to  the active site. 2,bDinitrofluoro- 
benzene was reported to react with at  least 0.6 mole of 
histidine per mole of enzyme without decreasing the 
maximum velocity (280), but under mild conditions to  
lead to a decrease in enzymatic activity which parallels 
the fraction of one mole of histidine bound by the 
reagent (402). Dinitrophenylation of chymotrypsinogen 
was reported to  involve groups other than histidine; 
since on activation the resulting enzyme has the same 
specific activity as normal chymotrypsin, the possible 
involvement of histidine in the active site can be sug- 
gested (402). Furthermore, i t  has been reported (81) 
that in chymotrypsin one histidine reacts readily with 
2,4-dinitrofluorobenzene under mild conditions, while 
one is sluggish; in DIP-chymotrypsin both are reactive, 
indicating that the breakage of a hydrogen bond be- 
tween serine and imidazole occurs on phosphorylation, 

thus making the imidazole nitrogen which was previ- 
ously unreactive available for reaction. The fluorescent 
dye forms a fluorescent conjugate with chymotrypsino- 
gen and DIP-chymotrypsin as well as the active enzyme, 
with a spectrum similar to that of a dye-imidazole 
compound. Substrate protection experiments demon- 
strate that both DFP and the dye react a t  the active 
site, but the reactivity of the latter with chymotryp- 
sinogen and DIP-chymotrypsin indicates that the 
amino acid involved is different from that of the DFP  
reaction (197, 279). 

There seems to be no definitive chemical evidence 
for the involvement of histidine (or really the imidazole 
group of histidine) in the active site. In  summary, in 
the active site of a number of hydrolytic enzymes, the 
chemical evidence points to  the involvement of serine, 
the possible involvement of histidine, and the conceiv- 
able involvement of aspartate or glutamate. 

Another group of hydrolytic enzymes includes papain 
and ficin. In  this group of enzymes, chemical studies 
demonstrate that a sulfhydryl group is a necessary part 
of the active site. One mole of mercuric ion combines 
with one mole of papain, leading to stoichiometric 
inhibition of enzymatic activity (350). Similar studies 
with methylmercury indicate that ficin is also stoichio- 
metrically inactivated (65). Studies to  be described 
later concerning the relationship between pH and enzy- 
matic activity indicate that a carboxylate ion and an 
ammonium ion may be involved in the active site of 
these enzymes. 

It thus appears that two different catalytic units will 
account for the action of perhaps a dozen different 
hydrolytic enzymes. Of course, there are a number of 
hydrolytic enzymes about which nothing is known. 
However, it is encouraging to think that intensive effort 
on only a few enzymes may unlock the structural 
secrets behind the catalytic action of a large number of 
enzymes which catalyze the nucleophilic reactions of 
carboxylic acid derivatives. 

2. Inhibition studies 
Inhibition studies have provided information con- 

cerning the active site of several hydrolytic enzymes, 
in particular chymotrypsin and acetylcholinesterase. 
a-Amino acids or simple functional derivatives of these 
compounds that are specific substrates or competitive 
inhibitors of a-chymotrypsin may be described by the 
general formula RCHR’R”, where R, R’, and R” are 
the three prominent structural features of these mole- 
cules, the a-amino or acylamido group, the a-amino 
acid side chain, and the carboxyl group or carboxylic 
acid derivative. It has been suggested (217) that the 
above specific substrates and competitive inhibitors 
may combine with the enzyme via an interaction in- 
volving the three groups R, R’, and R”, and a set of 
centers, p l ,  p2, and p3,  which are assumed to be a char- 
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acteristic feature of the catalytically active site of the 
enzyme and which present a complementary aspect to  
the substrate or inhibitor molecules. The extent to  
which any given compound will be bonded to  the active 
site of the enzyme is assumed to  depend upon the 
degree to which the molecule and the asymmetric cata- 
lytic surface complement each other, and by the ability 
of both the combining molecule and the active site to 
alter their respective surfaces to improve the closeness 
of fit. The results of kinetic studies on specific sub- 
strates and competitive inhibitors of a-chymotrypsin 
appear to be consistent with the above view. Unfortu- 
nately many of the results cannot specify structural 
features of the active site. 

The @-aryl and a-acylamido groups have been postu- 
lated as necessary for the stereospecificity in the hy- 
drolysis by chymotrypsin (217). However, the stereo- 
specific hydrolysis of diethyl a-acetamidomalonate by 
chymotrypsin (1 12a) indicates that the presumed three- 
point contact postulated above is not necessary for 
stereospecificity. The P-aryl and a-acylamido groups 
lead to  high reactivity if the stereochemistry is correct. 
However, the association of the two groups with the 
enzyme is not apparently required for stereospecificity. 

The development of a negative charge in the environ- 
ment of the catalytically active site of the enzyme re- 
sults in lesser affinity in the case of chymotrypsin under 
certain conditions, indicating a repulsive interaction 
with a negative group a t  the catalytic site, presumably 
the aspartate or glutamate carboxylate ions (161, 213). 

With acetylcholinesterase, studies with reversible 
inhibitors such as diamines and stereospecific amino- 
alcohols have been used to reveal features of the surface 
structure of the active site, indicating a t  least one 
anionic site in the region of the active site (56, 165). 
This picture also explains acceptance by acetylcholines- 
terase of certain tailored cationic substrates besides 
acetylcholine (303). 

B. THE EFFECT O F  STRUCTrRE O F  THE SUBSTRATE 

ON REACTIVITY 

The hydrolytic enzymes discussed above will cata- 
lyze the reactions of a large number of substrates in- 
cluding peptides, amides, hydrazides, hydroxamides, 
esters, acid chlorides, anhydrides, acids, and @-keto 
esters (at the @-keto group) with a large number of 
nucleophiles including water, alcohols, and amines such 
as amino acids, hydroxylamine, and phenylhydrazine 
(44, 45, 55, 59, 134, 139, 159, 160, 200, 221, 232, 236, 
267, 274, 354, 358, 379, 386, 389). Reactions of various 
combinations of the substrates and nucleophiles given 
above lead to  a large number of reactions which run 
the gamut of the nucleophilic reactions of carboxylic 
acid derivatives. The examples include hydrolysis, 
transpeptidation, transesterification (or alcoholysis), 
oxygen exchange of acids, conversion of an acid to  a 

TABLE 17 
Limiting velocities of trypsin- and ficin-catalyzed hydrolysis of 

benzoyl-barginine ethyl ester and benzoyl-L-argininamide 

Enzyme Reference 

Trypsin. . . . . . . . . . . . , . . . . . . . . . . . . . . , , , . . , 
Ficin. . . . . , . . , . . . . , , . . . . . . . , , . . , , , , , , , , , (61) 

phenylhydrazide, hydroxylaminolysis of esters, aminol- 
ysis of amides, and other reactions. Most of the above 
examples involve chymotrypsin as catalyst, although 
some involve other enzymes such as acetylcholinester- 
ase or papain. It should not be inferred that every 
hydrolytic enzyme will catalyze every one of the reac- 
tions, or to an equal extent; for example, papain will 
catalyze transpeptidations to a greater extent than 
chymotrypsin (168). 

Although no attempt will be made to  discuss the 
specificity patterns of the various hydrolytic enzymes, 
it is of interest to consider those effects of structure on 
reactivity which bear on catalytic action. For this pur- 
pose it is of interest to consider the simple Michaelis- 
Menten treatment of enzymic catalysis 

ki k3 
E + S e ES -+E + P 

kz 
(69) 

where E, S, ES, and P represent the enzyme, the sub- 
strate, the enzyme-substrate complex, and the product, 
respectively. The Michaelis-Menten kinetic equation 
is usually written in the form 

where Km = ( k z  + k 3 ) / k l  and V = V,,, = k3(E),,. 
Of primary interest to a consideration of catalytic 

action is not the formation of the enzyme-substrate 
complex, which in many cases is a fast preequilibrium 
( k 2  >> k3), but rather the reactivity associated with the 
catalytic step k3 (or V ) .  One of the most clear-cut reac- 
tivity relationships is expressed in table 17. The rate of 
trypsin catalysis (like that of chymotrypsin) is de- 
pendent on the nature of the substrate, either ester or 
amide, while the catalysis by ficin (like that of papain 
(242a)) is not. The former behavior is easily explained 
by the relative ease of nucleophilic attack on an ester 
and an amide. The latter behavior of identical reaction 
rates with two widely different substrates is reminiscent 
of a number of cases in organic chemistry in which a 
common intermediate is formed, the decomposition of 
which is rate-determining. In  other words, the identity 
of the relative rates of ficin (and papain) catalysis are 
strongly suggestive of intermediate formation. 

Relative values of V,,, also parallel nucleophilic 
attack in the hydrolysis of a series of butyrate and pro- 
pionate esters by horse liver esterase. In  this case there 
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Relative Rate 
of Deacylation 
(134, 284) 

is a precise parallelism between the limiting velocities 
(V,,,) and the catalytic constants of hydroxide-ion- 
catalyzed hydrolysis of the various esters, and no cor- 
relation with the hydronium-ion-catalyzed rate con- 
stants (117). 

A number of investigators have studied the hydroly- 
sis of phenyl esters with hydrolytic enzymes. With 
hydrolysis catalyzed by hydroxide ion, the relative 
rates can be correlated by means of a Hammett p-o 
relationship, explained on the basis that electron with- 
drawal from the site of reaction increases the ease of 
nucleophilic attack. In  studies with eel esterase, cobra 
venom cholinesterase, and serum cholinesterase, a linear 
Hammett relationship is not observed. Both electron- 
withdrawing and electron-donating substituents in the 
para position of the phenyl ester decrease the rate of 
reaction (57, 302). These results may indicate that the 
relative rates of reaction are not determined solely by 
nucleophilic attack but by some combination of nucleo- 
philic and electrophilic catalysts which leads to the con- 
cave Hammett relationship observed in these cases. 
This analysis is clouded by the fact that it is not clear 
what steps the rate constants signify in any given case, 
for the detailed stepwise kinetic analysis, worked out 
for chymotrypsin (v ide  infra), has not been applied to  
these systems. 

In  addition to changes in the leaving group, the effect 
of changes in the acyl moiety of the carboxylic acid 
derivative on the relative rate of hydrolysis has been 
probed. A comparison of the relative IC8 values in the 
a-chymotrypsin-catalyzed hydrolysis of a series of ethyl 
a-substituted-P-phenylpropionates with the relative 
rate constants of these compounds in acidic and basic 
hydrolysis indicates that a t  least as far as the break- 
down of the enzyme-substrate complex is concerned 
there is no correlation possible between enzymatic and 
nonenzymatic hydrolysis (52). These studies are of 
course complicated by the intervention of steric factors. 
On the other hand, the relative rates of deacylation of 
a number of acyl-chymotrypsins parallel the relative 
rates of alkaline hydrolysis of the corresponding esters 
fairly closely, indicating that in the deacylation of the 
acyl-enzyme intermediate (Section VII,E) the reaction 
follows a nucleophilic reactivity pattern (table 18). 

However, the enhanced reactivity in the deacylation 
of acetyl-L-tyrosine ethyl ester (table 18) indicates that 
structural specificity, in addition to nucleophilic reac- 
tivity, must be considered in the final explanation of 
enzymatic reactivity (303a, 353). 

C. THE EFFECT OF STRUCTURE OF THE COSUBSTRATE 

ON REACTIVITY 

Not only is the substrate (the carboxylic acid deriva- 
tive) bound t o  the enzyme surface but also the cosub- 
strate (usually water) is bound to  the enzyme surface 
as well, forming an overall ternary complex. This con- 

Relative Rate 
of Alkaline 

Hydrolysla of 
Ethyl Esters* 

(243) 

TABLE 18 
Rates of deacylation of acyl-chymotrypsins and alkaline hydrolysis 

of ethyl acylates 

Acetyl. ............................... 

Acyl Group 

1 1 

. . . . . . . . . . . . . . . . . . .  

0.584 
0.276 
0.308 
0.128 
0.041 
0.81 
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methanol due to its greater acidity. The general in- 
crease with chain length can be attributed to  increased 
van der Waals attraction (283). A possible site for hy- 
drogen bonding of the cosubstrates could be any basic 
group on the enzyme surface, such as the imidazole 
group of histidine or the carboxylate group of aspartate, 
both previously postulated as being associated with the 
active site of the enzyme. It is conceivable that imida- 
zole hydrogen bonded to a nucleophile such as water 
could serve as a general basic catalyst in removing a 
proton from the water molecule as it attacks the acyl 
group of the substrate or an acyl-enzyme compound. 

D. TRACER STUDIES 

The a-chymotrypsin-catalyzed hydrolysis of esters 
was found to differ from nonenzymatic (alkaline) hy- 
drolysis with respect to  carbonyl oxygen exchange dur- 
ing the hydrolytic process. Oxygen exchange was found 
to  occur during the alkaline hydrolysis of methyl 
8-phenylpropionate-carbonyl-0's and benzoyl-L-phenyl- 
alanine ethyl ester-carbonyZ-Ol8 (cf. Section 11), but not 
during the a-chymotrypsin-catalyzed hydrolysis of 
these esters (45). However, both the a-chymotrypsin- 
catalyzed and the base-catalyzed hydrolytic reactions 
occur by means of acyl-oxygen fission (45). Acyl-oxygen 
fission has also been noted in ester hydrolysis catalyzed 
by acetylcholinesterase (359). The lack of carbonyl 
oxygen exchange during enzymatic hydrolysis rules out 
a symmetrical addition intermediate in the enzymatic 
hydrolysis of esters. The lack of exchange can be ex- 
plained by a number of mechanisms including the for- 
mation of an acyl-enzyme intermediate, the nonequiv- 
alence of the carbonyl oxygen atom with other oxygen 
atoms because of an interaction of the former with the 
enzyme surface a t  the active site, or the occurrence of 
a concerted process. 

E.  DETAILED KINETIC ANALYSIS AND INTERMEDIATE 

FORMATION 

1. Chymotrypsin 

Although the gross kinetic features of many chymo- 
trypsin reactions have long been investigated, detailed 
kinetic analyses, leading to mechanistic conclusions in 
the chymotrypsin-catalyzed hydrolysis of esters, are of 
recent origin. A number of investigations of the effect 
of pH on the kinetic parameters of the chymotrypsin 

'reaction have been carried out. Hammond and Gut- 
freund (191) determined the effect of pH on k3, the 
catalytic rate constant, and K,, the Michaelis constant, 
in the chymotrypsin-catalyzed hydrolysis of acetyl-> 
phenylalanine ethyl ester. A different pH behavior was 
found for each constant. K ,  is a true dissociation con- 
stant in this system; information concerning the cata- 
lytic action can therefore be gained by focusing atten- 
tion on the variation of k3 with pH. The catalytic rate 

constant, k3,  can be expressed as being dependent on a 
group with an apparent pK of 6.85. Earlier, i t  was 
shown that the k3 in the trypsin-catalyzed hydrolysis 
of benzoyl-L-arginine ethyl ester is dependent on the 
ionization of a group with an apparent p K  of 6.25 
(186). Subsequent investigations showed that kB for the 
chymotrypsin-catalyzed hydrolysis of acetyl-L-tyrosine 
ethyl ester, acetyl-L-tryptophan ethyl ester, and acetyl- 
L-tyrosine amide depends on the ionization of a single 
group of apparent pK, of 6.7 (119, 188). These results 
may be interpreted in terms of the participation of the 
imidazole group of a histidine residue in the catalytic 
process. This approach involving the pH effect on the 
catalytic step constituted an important advance in 
consideration of the active site in hydrolytic enzymes, 
since, earlier, bell-shaped curves relating overall rates 
of enzyme reactions to  pH were usually only considered. 

It has been pointed out that bell-shaped activity 
curves can be due to three causes: (1) a variation of k3  
with pH; ( 2 )  a variation in K,,, with pH; or (3)  an irre- 
versible inactivation of the enzyme a t  extreme pH 
(186a). With chymotrypsin a t  least, a bell-shaped pH- 
rate profile of the catalytic step does not exist. 

Further delineation of the catalytic process has been 
made possible by the use of p-nitrophenyl acetate as a 
substrate for chymotrypsin. In  this reaction Hartley 
and Kilby observed a rapid liberation of one mole of 
p-nitrophenol per mole of chymotrypsin and then a 
slow reaction of the remaining substrate (194, 195). 
They described the reaction in terms of a catalytic 
sequence involving two distinct steps in addition to  the 
primary adsorption, a total of three steps (equation 71). 

(71) E + S  E S k 2 .  E S ' L E  + P O  k1 k 
k-1 + 

P1 

The initial rapid reaction can be followed by a stopped- 
flow method; using this method to  follow the pre- 
steady-state portion of the reaction, as well as the 
steady-state portion of the reaction, it was found that 
the kinetics are consistent with the scheme shown 
above (187). The first step, which involves the rapid 
adsorption of the substrate on the enzyme, is assumed 
to  have a rate constant (kl) greater than lo6 see.-' 
molar.-' The second step, assumed to  involve the acyla- 
tion of the enzyme and the simultaneous liberation of 
p-nitrophenol (PI), has a rate constant of 3 sec.-l The 
third step is postulated to involve the liberation of 
acetate (P2) and reactivation of the enzyme, the rate 
constant being 0.0254 set.-' (187). Using both p-nitro- 
phenyl acetate and 2 ,Pdinitrophenyl acetate as sub- 
strates, i t  was found that both steps k2 and k3 were pH- 
dependent, the k2 step being dependent on a group 
with an apparent ionization constant of 6.7 and the 
k 3  step being dependent on a group with an apparent 
ionization constant of 7.3 (188) or 7.4 (353). At pH 6.6 
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there is a net uptake of 0.5 proton by the enzyme from 
the buffer upon acetylation of chymotrypsin with 
p-nitrophenyl acetate (188). At this pH, protons would 
be expected to be liberated by the enzyme if the imid- 
azolyl group became appreciably acetylated. 

Dixon and Neurath developed methods by which the 
rates of the formation and decomposition of the acyl- 
enzyme (ES’) can be studied separately (129, 134). The 
pH dependencies determined by their methods are in 
reasonable agreement with those determined by the 
stopped-flow method, corresponding in each case to  
the deprotonation of a basic group, the pK’s being 6.2 
for the acetylation reaction and 7.0 for the deacetyla- 
tion reaction. The further important observation was 
made that the deacetylation of acetyl-chymotrypsin, 
as measured by reaction with hydroxylamine, is de- 
pendent on the structural integrity of the protein, since 
i t  is entirely abolished in 8 M urea. This result indi- 
cates that a t  least two groups are required for catalytic 
activity: one to which the acetyl group is bound (per- 
haps a serine hydroxyl group), and another not imme- 
diately adjacent on the chain to the first, which is 
necessary for the deacylation reaction (for example, an 
imidazole group of an adjacent helix). 

The basis on which these pH dependencies have been 
related to the ionization of specific groups on the en- 
zyme has been recently criticized (93). This criticism 
is based on the fact that the apparent dissociation con- 
stants depend on the intricacies of mechanism. Specifi- 
cally, the constant of any equilibrium occurring prior 
to  the rate-determining step must be a part of the 
kinetically determined pK,’ value. 

Paralleling these kinetic studies, significant prepara- 
tive investigations showed that it is possible to  isolate 
a stable monoacetyl derivative of chymotrypsin a t  low 
pH (14, 18). The monoacetyl derivative is an inter- 
mediate (ES’ in equation 71) in the catalytic decom- 
position of p-nitrophenyl acetate by chymotrypsin. 
This derivative is inactive as an enzyme, but highly 
reactive with respect to the acetyl group. Acetyl- 
chymotrypsin reacts with water, forming acetic acid, 
and reacts preferentially with primary alcohols, even 
in dilute alcohol-water solutions, forming the corre- 
sponding acetate esters (16). In  both cases the enzy- 
matic activity is quantitatively recovered. A number 
of analogs of acetyl-chymotrypsin have been prepared, 
some less stable and some more stable than acetyl- 
chymotrypsin. Both nitrophenyl esters and acid chlo- 
rides have been used for their preparation (284). Their 
relative rates of deacylation have been described earlier. 
The most stable acyl-chymotrypsin, trimethylacetyl- 
chymotrypsin, was successfully crystallized (17). 

Since both histidine and serine have been implicated 
in the active site, it has been of interest to  determine 
whether the intermediates, followed kinetically and 
isolated as stable species, involve the acyl group either 

on the serine hydroxyl group or on the imidazole nitro- 
gen atom of the enzyme. The decomposition of acetyl- 
C14-chymotrypsin was shown to give a peptide with a 
composition which is compatible with the sequence 
demonstrated for the peptide isolated from DIP-chy- 
motrypsin. This evidence indicates that the acyl- 
chymotrypsins described above are indeed derivatives 
of the active site as defined by stoichiometric inhibition 
by diisopropyl phosphofluoridate, and further that the 
point of attachment of the acyl group to  the enzyme is 
the serine hydroxyl group (308). On the basis of com- 
petition experiments between p-nitrophenyl acetate and 
a specific substrate, acetyl-L-tyrosine ethyl ester, hy- 
drolysis of the latter certainly involves the same active 
site and probably involves the same three-step mecha- 
nism as the hydrolysis of the former(353). This demon- 
stration is an argument against the criticism that the 
nitrophenyl substrates are special cases and that the 
hydrolysis of a specific substrate by chymotrypsin does 
not involve an acyl-enzyme intermediate (62). 

Acetylation on serine is further confirmed by spectral 
examination of acetyl-chymotrypsin a t  pH 3, in which 
it was impossible to observe the characteristic absorp- 
tion maximum of an N-acetylimidazole a t  245 mp (133). 
A transient spectrum corresponding to N-acetylimid- 
azole during the deacetylation of acetyl-chymotrypsin 
a t  pH 8 was reported (133) ; however, this finding has 
been disproved as being the result of an artifact of the 
enzyme (353). 

Although the above spectral evidence has failed to  
indicate two intermediates involving both an acyl- 
serine and an acyl-imidazole, recent kinetic evidence 
indicates that two acyl-enzyme intermediates may in- 
deed exist (275). The two different intermediates are 
distinguished by the pH at which they are formed; 
they are observed by differences in the time necessary 
for achievement of steady-state liberation of p-nitro- 
phenol from p-nitrophenyl acetate. 

The direct spectrophotometric detection of an acyl- 
enzyme intermediate in a reaction catalyzed by chymo- 
trypsin has been achieved by the use of the substrate 
‘o-nitrophenyl cinnamate (figure 10). Since cinnamic 
acid is not appreciably formed by the time o-nitrophenol 
formation is complete, the decrease in absorption a t  
250 mp must correspond to  the formation of a cinna- 
moyl-chymotrypsin intermediate. The acylation step 
is dependent on an assumed single group with a pK of 
6.3 and the deacylation step is dependent on a group 
with a pK of 7.4, results similar to  those reported above. 
Cinnamoyl-chymotrypsin has a single peak a t  293 mp, 
while cinnamoyl esters have an absorption maximum a t  
about 285 mp and cinnamoylimidazole has an absorp- 
tion maximum a t  307 mp. This result tentatively indi- 
cates that the cinnamoyl-enzyme intermediate is one 
in which the cinnamoyl group is attached to serine. 
The same intermediate is formed regardless of the pH 
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employed from 5.48 to 8.24, and the intermediate iso- 
lated according to  the procedure of Balls has the same 
spectrum and the same kinetic behavior in the region 
of pH 7 to 8. This method of detection of an acyl- 
enzyme intermediate may enable the direct observation 
of many facets of the acylation and deacylation of a 
large number of enzymes, including most hydrolytic 
enzymes (342). 

Substrates such as p-nitrophenyl acetate and o-nitro- 
phenyl cinnamate do not differ greatly from diisopropyl 
phosphofluoridate, which is classified as an inhibitor of 
chymotrypsin. Various phenyl acylates can be con- 
sidered as a graded series of inhibitors of chymotrypsin, 
from carbobenzoxy-L-tyrosine p-nitrophenyl ester a t  
one extreme, a good substrate for chymotrypsin (277), 
which follows the same stepwise kinetics as in equation 
71 (185), to  p-nitrophenyl trimethylacetate a t  the other 
extreme, which produces an inactive enzyme derivative 
stable enough to  be crystallized. 

The diisopropylphosphoryl derivatives of chymo- 
trypsin and other enzymes can be converted to the 
active enzyme on treatment with an efficient nucleo- 
phile such as hydroxylamine or one of its derivatives 
(408). In  the reactivation of acetylcholinesterase, hy- 
droxylamine reagents containing a positive charge, such 
as quaternary ammonium hydroxamic acids, which can 
interact with the anionic site on the enzyme, lead to  
efficient reactivation (41 1).  

In  the reactivation of phosphorylated chymotrypsin 
by such reagents as.hydroxyiminoacetone and picolino- 
hydroxamic acid, the rate of the reaction is proportional 
to  the concentration of reactivator a t  constant pH (181). 
Studies involving variations in pH indicate that the 
anion of the activator and the protonated form of the 
inhibited enzyme are the kinetically active species. 
Furthermore, chymotrypsin inhibited by Sarin slowly 
recovers activity spontaneously a t  low pH. Faster de- 
phosphorylation a t  lower pH is in direct contrast to 

the deacylation reactions in which greater reactivity 
occurs a t  higher pH. In  either case, it is postulated that 
a serine derivative is transformed to an imidazole 
derivative, which then reacts with water to give the 
product. In  the deacylation reaction, the conversion of 
the serine derivative to  the imidazole derivative is 
postulated as the slow step (accounting for the fact 
that the imidazole derivative has never been unequivo- 
cally demonstrated) , whereas in the dephosphorylation 
the reaction of the imidazole derivative with water is 
postulated as the slow step (leading to  the prediction 
that the phosphoryl-imidazole might then become an 
observable intermediate). 

The treatment of diphenylphosphoryl-chymotrypsin 
with dilute base (pH 12) immediately liberates one 
mole of phenol per mole of enzyme. This reaction has 
been postulated as being due to an intramolecular at- 
tack on phosphorus by a nitrogen nucleophile in the 
vicinity of the phosphorylated active site, possibly an 
imidazole group (264). A reaction similar to this enzy- 
matic process has been observed in a model system 
shown in equation 72 (140). 

HZ H 
--+ HzO products (72) 

OH - 

2. Papain and ficin 
The fact that the catalytic rate constants (k3) of 

ester and amide hydrolyses by papain (and ficin) are 
exactly the same may be explained most easily by a 
stepwise catalytic process in which an acyl-enzyme is 
formed in a fast step and is decomposed to form prod- 
ucts in a slow step. An investigation of the initial phase 
of the hydrolysis of benzoyl-L-arginine ethyl ester by 
ficin (by following the rate of formation of hydrogen 
ions) shows a typical pre-steady-state period, again 
suggesting the formation of an acyl-enzyme inter- 
mediate in the catalytic process (65). The effect of pH 
on the catalytic rate constant (k3) of papain indicates 
that a group, possibly carboxylate ion, with an ioniza- 
tion constant of 3.5 is involved in the catalytic step 
(351). The effect of pH on the catalytic rate constant 
for ficin indicates that two groups with pK,'s of 4.40 
and 8.46 are involved in the catalytic process. 

These two pK,'s have been assigned to the carboxyl- 
ate ion and an ammonium ion (192). These results lead 
to  the postulation of two (or three) groups in the active 
site, the sulfhydryl group from chemical studies and 
the carboxylate ion (and ammonium ion) from pH 
studies (192, 349, 350, 368). Presumably the sulfhydryl 
group participates in some (fast) step which is kineti- 
cally unimportant, while the carboxylate ion and am- 
monium ion participate in the slow step of the reaction. 
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0.47 1.5 X 10-4* 
3 2.5 X 10-2 

3. Esterases 
The effect of pH on the hydrolysis of methyl n-buty- 

rate and ethyl n-butyrate by horse liver esterase indi- 
cates that the catalytic process involves a group with 
an ionization constant of 2 X low6, possibly a carboxyl- 
ate ion (117). 

The effects of pH on the hydrolysis of acetylcholine 
and uncharged esters by eel acetylcholinesterase and 
pseudocholinesterase have been explained by postulat- 
ing that two groups with pK's of 6.5 and 9.3 are in- 
volved in catalytic action (56, 57, 58). The bell-shaped 
curves describing the pH dependence of the catalytic 
process of these enzymatic hydrolyses probably contain 
the pH dependence of the binding step (K,) as well as 
the pH dependence of the catalytic step, kS. However, 
i t  has been proposed on the basis of these data that a 
concerted process by both nucleophilic (imidazole) and 
electrophilic (ammonium ion) groups occurs in the 
enzymatic catalysis, 

In  a study of the activation parameters of the hy- 
drolysis of acetylcholine by acetylcholinesterase, non- 
linear Arrhenius plots were observed (410). These plots 
were interpreted as resulting from a summation of two 
steps involving the formation and decomposition of an 
acyl-enzyme intermediate. It mas postulated that one 
step is rate-determining a t  one end of the 30" interval 

0 0 

cussed in previous sections will ultimately lead to  an  
elucidation of the mechanism of enzyme action. 

Sections I1 through VI encompass the fundamental 
model systems on which enzymatic catalysis may be 
based. In  this section, some of the specific implications 
of model systems for enzymatic catalysis will be dis- 
cussed. 

1. Chymotrypsin models 

The implications of nucleophilic attack, and in par- 
ticular the involvement of the imidazole group of histi- 
dine in the catalytic action of chymotrypsin, has led 
to studies of model systems involving imidazole and its 
derivatives. These studies have been extensively de- 
scribed above in Section IV, where i t  was pointed out 
that imidazole and other nucleophiles couId serve as  
nucleophilic catalysts for the hydrolysis of esters, and 
in Section VI where it was pointed out that imidazole 
and other general bases could serve as general basic 
catalysts for the reactions of carboxylic acid deriva- 
tives. 

It is possible to  compare the chymotrypsin-catalyzed 
and imidazole-catalyzed hydrolyses of p-nitrophenyl 
acetate, although the former reaction is complicated 
by the preliminary adsorption of substrate on the en- 
zyme (equations 73 and 74). 

0 

over which measurements were taken, whereas the 
second step is rate-determining a t  the other extreme, 
leading to  an overall curvature of the Arrhenius plots. 
Alternative hypotheses explaining these data should 
not be excluded. 

F. MODEL SYSTEMS OF ENZYMATIC HYDROLYSIS 

All scientific investigations utilize models in con- 
ceptual approaches to  real systems. When dealing with 
very complicated catalytic systems such as enzymes, 
i t  is difficuIt to perform a direct assault such as syn- 
thesis of the complete entity. On the basis that the 
mechanism of enzyme action does not involve any 
special chemistry but rather a combination of ordinary 
mechanisms, it is conceivable that enzyme models may 
be created, simple substances which will catalyze the 
same reactions as enzymes, and by the same funda- 
mental mechanisms. All the models to be described here 
function with much lower efficiency than the corre- 
sponding enzymes. However, it is possible that the 
model studies reported here together with structural 
investigations and physicochemical investigations dis- 

If this equilibrium is taken into account, by converting 
the first-order acylation rate constant into a pseudo- 
second-order rate constant, it is possible to  calculate 
that the acylation in catalysis by chymotrypsin is about 
lo3 faster than the acylation by imidazole (54). The 
deacylation of acetyl-chymotrypsin is only about one 
hundredfold faster than that for N-acetylimidazole (54). 
The unfavorable comparison between imidazole and 
chymotrypsin, together with the fact that imidazole 
will not cleave simple alkyl esters or amides whereas 
chymotrypsin will, indicates that imidazole aIone as a 

TABLE 19 
Rdea of m y l a t h .  and deacylatiun of imidawk and chymotrypsin 

with pnitrophenyl acetate 

*pH 7. 

References 

(54,355) 
(353) 
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System Acylation Deacylation 
ki ki 

aec.-l 86C.-' 

Model .......................... 3.3 2 X lo-'* 
Enzyme. ....................... 3.0 2.5 X 10-2 

nucleophilic catalyst is not a suitable model for chymo- 
trypsin catalysis. 

Imidazole catalysis by the removal of a proton from 
the attacking reagent (general basic catalysis) has been 
demonstrated in Section VI but is quantitatively much 
less significant than catalysis by direct attack of imid- 
azole on the acyl group to form an N-acylimidazole 
(nucleophilic catalysis), in reactions involving reactive 
compounds such as p-nitrophenyl acetate. The nucleo- 
philic catalytic efficacy of imidazole is largely due to  
the peculiar ease of breakdown or acyl transfer by 
N-acylimidazole. In some cases, however, proton ab- 
straction by imidazole may be of importance. In  par- 
ticular, general basic catalysis by imidazole could oper- 
ate as efficiently on simple alkyl esters or amides as 
with p-nitrophenyl acetate if the function of the imida- 
zole is only to remove a proton from the attacking 
nucleophile. This mechanism may then be operative in 
the chymotrypsin-catalyzed hydrolysis of simple alkyl 
esters and peptides. The rigid steric requirements of the 
enzymatic reaction may prohibit direct attack of imid- 
azole on the substrate and rather favor (imidazole) 
general basic catalysis of an attack by the serine hy- 
droxyl group and/or water. With enzymes such as 
papain or ficin the same type of catalysis may promote 
the attack of a sulfhydryl group on the substrate. The 
experiments in Section VI on general basic catalysis 
may be regarded as model systems of this kind. Their 
low efficiency and only indirect relevance to enzyme 
systems require that other factors must also be involved 
in enzymatic reactions. 

It has been postulated that enzymatic processes pro- 
ceed through the formation of an adsorptive complex 
between substrate and enzyme, followed by a catalytic 
process during which the substrate is constrained with 
respect to the reactive site by means of hydrogen bond- 
ing, van der Waals forces, and electrostatic attraction. 
Such constraint in the catalytic process likens enzy- 
matic action to intramolecular catalysis, and like many 
intramolecular organic chemical reactions, enzymatic 
catalysis should proceed at a greater rate than the cor- 
responding intermolecular process. This hypothesis has 
been utilized to construct a number of models of enzy- 
matic hydrolysis (35, 94, 299), most of which have been 
discussed in Section IV. Of those intralnolecular catal- 

0- OCsHaNOi 

+ 
' A=o "=8 Hz AH2 
\ /  

CHp 

0 0- OH 

Referencerr 

(Q4,95,88) 
(353) 

/ \  / I  o=c c=o H20 o=c c=o 
- I  (75) 

\ /  
CHz 

\ /  
H9A AH2 H2C AH2 

CHn 

yses discussed in Section IV, two systems appear, to be 
of particular interest since they show surprising kinetic 
similarity to the solvolysis of the enzyme-ester com- 
plex. One is the monoglutarate ester of p-nitrophenol 
(415), which has been shown to proceed with anchimeric 
participation of the carboxylate ion, the rate constant 
being in the range of esteratic rates. The other, the 
most successful model from the point of view of the 
relative efficiency of the model system compared to 
that of enzymatic catalysis, is the intramolecular ca- 
talysis of the hydrolysis of p-nitrophenyl r-(Pimida- 
zoly1)butyrate (95). For the model system employing 
intramolecular catalysis, the rate and its pH dependence 

N-l 

-CH* 
\ I  

CHa 

* PH 7. 
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of thiol esters (88a). If a thiol ester were adsorbed on a 
protein so that the steric relationship of the ester bond 
to  an imidazolyl group of histidine would be analogous 
to  that in the model system, then the protein would 
undergo acylation a t  an enzymic rate. The protein in- 
volved in such a process would then be a specific thiol 
ester hydrolase, since neither the methyl ester nor the 
amide of the model undergoes hydrolysis at room 
temperatures. 

The concerted catalytic process in which nucleophilic 
and electrophilic catalysts combine to produce a par- 
ticularly efficient process has been much in vogue as a 
model for enzymatic catalysis since its exposition, par- 
ticularly by Swain and Brown (374). In  Section V a 
number of interesting examples of concerted reactions 
of carboxylic acid derivatives are given, such as the 
hydrolysis of phthalamic acid and the hydrolysis of 
succinyl salicylate. Comparisons of the pH dependence 
and substrate reactivities in these reactions with those 
found in enzyme catalyses seem to indicate that the 
analogy between the concerted model system and the 
enzymatic system cannot be drawn very closely, a t  
least with chymotrypsin. However, the concerted model 
is an intellectually satisfying one and may be applicable 
to  some enzymatic systems. 

2, Papain  and ficin models 
Since the structural and kinetic aspects of catalysis 

by papain and ficin are completely different from those 
of most other hydrolytic enzymes, the model systems 
applicable to these enzymes will be expected to be dif- 
ferent from those for chymotrypsin. The reaction of 
pnitrophenyl acetate with o-mercaptobenzoic acid 
(340) in neutral solution exhibits certain analogies to  
the papain and ficin systems. This reaction can be ex- 
pressed by equations 77 and 78, which show an attack 

// 0'- / \c/ C-cHs b -1. 

CHa 

+ OCsHJiiOz- (77) 

r 0 1  

l 8 1 
A S -  u- + CHaCOO- (78) 
/ coo- 

by the dianion of o-mercaptobenzoic acid on the ester 
to  give thioaspirin, which hydrolyzes in neutral solu- 
tion a t  a rate slower than its rate of formation. The 
thioaspirin hydrolysis is postulated to proceed via 
intramolecular catalysis by the o-carboxylate ion, anal- 
ogously to the aspirin hydroIysis. 

The overall process illustrated in equations 77 and 
78 constitutes a catalysis of the hydrolysis of p-nitro- 
phenyl acetate by o-mercaptobenzoic acid. It is of in- 
terest to  compare this catalytic process with the cata- 
lytic processes exhibited by the enzymes papain and 
ficin. These two enzymes require a reduced SH group 
for catalytic activity, since it has been shown that 
these enzymes are inactivated by a single equivalent 
of a mercuric compound (65, 350) (as is the model sys- 
tem). Furthermore, papain exhibits a pH-rate profile 
of the catalytic (k,) step which indicates the involve- 
ment of a group with a pK of 3.5 in the anionic form, 
presumably a carboxylate ion (351), and ficin exhibits 
a pH-rate profile indicating the involvement of a car- 
boxylate ion and an ammonium ion (192). In  the organic 
system two functional groups are necessary, a sulfhydryl 
group and a carboxylate ion; if one were to plot a pH- 
rate profile of the overall catalytic action of the organic 
system, this profile would be dependent on the second, 
slow step and would thus exhibit the same pH behavior 
as that of papain. Therefore it may be said that the 
catalyst o-mercaptobenzoic acid is a reasonable model 
for papain and a somewhat poorer model for ficin. 

The efficiency of the catalyst o-mercaptobenzoic acid 
does not approach that of the enzyme. However, a 
comparison of the nucleophilicity of o-mercaptobenzoic 
acid with that of other nucleophiles for p-nitrophenyl 
acetate reveals that it is indeed a powerful nucleophile. 
It is suggested that one possible reason for enhanced 
enzymatic activity lies in the use of a coupled series of 
reactions in which the two groups of the enzyme do not 
interact simultaneously as in a concerted process, but 
rather consecutively to produce an overall efficient 
catalytic process. Such a process has indeed been pro- 
posed for the action of a number of hydrolytic enzymes 
(vide infra) .  

3. Acetylcholinesterase models 
The hydrolysis of the half-ester o-nitrophenyl hydro- 

gen oxalate is catalyzed by heterocyclic bases such as 
pyridine. This half-ester also reacts with nucleophiles 
such as aniline. The rate of reaction of o-nitrophenyl 
hydrogen oxalate with 2-aminopyridine and 4-amino- 
pyridine is marked in buffered aqueous solutions in the 
region pH 3 to  6.  The reacting species in these cases 
include both the free aminopyridine and in addition the 
corresponding monoprotonated species, the aminopy- 
ridinium ion. In  this region the substrate ester exists 
mainly in the form of the anionic species. It was there- 
fore suggested that part of the reaction of the amino- 
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pyridines and o-nitrophenyl hydrogen oxalate in the 
region pH 3 to  6 includes a reaction of a negatively 
charged substrate and a positively charged nucleophi!e 
(37) .  While the ratio of the basicities of 2-aminopyridine 
and 2-aminopyridinium ion is about thirteen powers of 
10, the ratio of the nucleophilicities of these two sub- 
stances in this reaction is only a factor of 30. The high 
reactivity of 2-aminopyridinium ion with respect to  its 
basicity is postulated to  be due to  a specific electro- 
static interaction, as shown in formula XXXVIII. It 
was concluded that this interaction constitutes a cata- 
lytic action through its stabilization of the transition 
state of this nucleophilic reaction. This system, like 
the acetylcholine-acetylcholinesterase system, consists 
of a substrate and a catalyst of opposite charge. It was 
postulated that the considerable rate enhancement in 
the model system is formally similar to the rate en- 
hancement found in the acetylcholinesterase system 
(37). 

0 
/I 0 -o/c, 4 

C-OR 

XXXVIII 

G. MECHANISMS O F  ENZYMATIC CATALYSIS 

Many years ago it was proposed that enzymatic ca- 
talysis is not magical but rather chemical in nature. 
However, no completely satisfactory mechanism for an 
enzymatic catalysis has as yet been put forth. A number 
of generalizations can be made about enzymatic catal- 
yses, relating them to other chemical processes. Kosh- 
land has proposed that enzymes may catalyze by either 
single displacement mechanisms (equation 79) or double 
displacement mechanisms (equation 80) (246, 249). 

8-X + Y +ENZYME 4 y Y p 5 f - v  Y B X + Y .B .X 
f"p 

+ Y--8 X + 6-Y + X + ENZYME (79) 

. 

The single displacement mechanism may correspond 
to what Lumry refers t o  as a propinquity mechanism 
in which the enzyme acts as a surface on which two 

substrates may be positioned so as to  be held in contact 
with one another, leading to  an accelerated rate solely 
because of increased collisional frequency over that 
found in homogeneous solution (273). A single displace- 
ment mechanism may also correspond to the "rack" of 
Eyring (154), in which the substrate is caught in the 
protein rack and made reactive by distortion. Thus far 
these suggestions which do not specify a chemical role 
for the enzyme have not been of great utility. Sugges- 
tions involving a chemical role for the enzyme in the 
single displacement mechanism encompass the possi- 
bilities of (1) the positioning of a dipolar group on the 
enzyme surface in such a way as to be oppositely 
oriented to the dipole formed in the substrate-activated 
complex (357) and (2)  various forms of general acidic- 
general basic catalysis induding concerted catalysis to  
facilitate both the breaking of the B-X bond and the 
making of the B-Y bond. 

In  a double displacement mechanism, the enzyme 
participates directly in the catalytic process by the 
formation of an enzymesubstrate compound. In  this 
mechanism a specific chemical role is assigned to the 
enzyme which has been verified by chemical methods 
in certain cases (Section VI1,E). 

1. Chymotrypsin and cholinesterases 
A large number of mechanistic proposals have been 

put forth to explain the catalytic action of these en- 
zymes. The proposals may be roughly divided into two 
categories: ( I )  those which involve general acidic and/or 
general basic catalysis, which are essentially single dis- 
placement mechanisms; and (2) those proposals which 
involve nucleophilic catalysis, that is, attack a t  the 
carbonyl carbon atom with the formation of an enzyme- 
substrate compound, which in the reactions of car- 
boxylic acid derivatives may take the form of an 
acyl-enzyme compound or a tetrahedral addition' com- 
pound, both involving a nucleophile of the enzyme. The 
latter proposals are essentially double displacement 
mechanisms. r 

(a) General acidic-basic catalysis 
General acidic catalysis has been postulated as the 

sole function of esterase enzymes (381). Since this mode 
of catalysis has been demonstrated to be relatively un- 
important in model systems, it is difficult to  conceive 
of the importance of this mechanism in enzymatic 
catalysis. 

Several proposals of concerted general acidic-basic 
catalysis as mechanisms of hydrolytic enzyme action 
have been made (259, 345, 374). In  these proposals, a 
general acid facilitates the reaction by proton donation 
to  the leaving group or to  the carbonyl oxygen atom, 
while a general base facilitates bond formation by pro- 
ton abstraction from the attacking nucleophile. The 
proposal of Swain and Brown for the enzymic formation 
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of amides from esters illustrates a possible general 
acidic-basic catalysis by an enzyme (equation 81). 

I I I I Y 

/ / / / / / /  / / / / / / /  
R” 0 

Rf-N- ’ 8 OR”“ (81) 

I I 
/ / / / / / /  

Ronwin has made a proposal based on general acidic- 
general basic catalysis to produce opposite charges a t  
the two ends of the bond to be hydrolyzed. The postu- 
lation of an acylium-ion intermediate in neutral solution 
makes it difficult to believe that this proposal adds 
much to the concept of general acidic-general basic 
catalysis (326, 327). As pointed out previously, while 
concerted general acidic-general basic catalysis mecha- 
nisms are intellectually pleasing, they do not appear to 
fit the facts, in particular the pH behavior, of enzymatic 
hydrolysis of carboxylic acid derivatives as set forth 
above, except perhaps in the cases of acetylcholines- 
terase and ficin. 

(b) Nucleophilic and/or general basic catalysis 
Nucleophilic catalysis or some combination of nucleo- 

philic and general basic catalysis is suggested in chymo- 
trypsin-catalyzed hydrolysis by the effect of structure 
on reactivity (Section VII,B) and the effect of pH on 
the catalytic steps (Section VII,E), determined both 
with the overall catalytic rate constants of specific sub- 
strates where no intermediate is observable and with 
the two individual rate constants for nitrophenyl esters 
where an intermediate is observable. 

A number of mechanistic suggestions have been 
made, postulating (1) nucleophilic and/or general basic 
catalysis and (2) formation of an acyl-enzyme inter- 
mediate. The hypothesis of an acyl-enzyme inter- 
mediate requires that these proposals involve nucleo- 
philic catalysis. These suggestions, involving the 
hydroxyl group of serine and the imidazolyl group of 
histidine as components of the reaction system, have 
been made by Gutfreund and Sturtevant (187), Cun- 
ningham (1 19) , Dixon and Neurath (133), Westheimer 
(398a), Spencer and Sturtevant (353), and Bruice and 
Schmir (93). The proposals can be summarized suc- 
cinctly as (1) general basic or nucleophilic catalysis by 
imidazole in the acylation step and (2) general basic or 
nucleophilic catalysis by imidazole in the deacylation 

step. The possible variations are shown in equations 82, 
83, and 84. 

The spectrophotometric evidence given before indi- 
cates that any nucleophilic catalysis by imidazole is 
unlikely, since it should be possible to observe the spec- 
trum of the transient intermediate corresponding to an 
N-acylimidazole. If one assumes that the catalysis 
occurs by means of one of the above possibilities, general 
basic catalysis of both acylation and deacylation by 
imidazole (equation 82) is to be preferred. 

While the proposal of Westheimer (398a) concerning 
nucleophilic catalysis does not appear to be in accord 
with all experimental facts, his suggestion of testing 
the fit of a specific substrate to the active site of an 
enzyme in its three-dimensional (possibly helical) con- 
figuration should be profitable. 

Bruice and Schmir (93) have pointed out that while 
the above possibilities are compatible with the observed 
pH dependence, there are variants on these mechanisms 
involving additional equilibria which are also compat- 
ible with the sigmoid pH-rate profiles. These additional 
preequilibria can cause the actual dissociation con- 
stant of a group involved in the catalysis to be different 
from that determined kinetically. They include the 
preequilibrium formation of a tetrahedral intermediate 
and the preequilibrium formation of a tetrahedral inter- 
mediate and the reversible formation of an acyl- 
enzyme intermediate. This argument introduces con- 
siderable ambiguity into the interpretation of the pH 
dependency of the acylation and deacylation steps of 
enzyme catalysis. 

Rydon (329) has suggested that catalysis involving 
serine and imidazole can be alternatively explained by 
the formation of a A2-oxazoline group through a ring 
closure involving the serine hydroxyl and the adjacent 
peptide bond of an aspartyl residue. It is difficult to 
conceive of this fundamental change in covalency under 
physiological conditions. If indeed the oxazoline ring 
were formed, it certainly could attack a carboxylic acid 
derivative as a nucleophile, although its nucleophilicity 
(and basicity) is certainly less than that of an imidazole 
ring. The hydrolysis of the acyl-enzyme in this case is 
postulated to proceed via nucleophilic catalysis by the 
aspartate carboxylate ion. This suggestion takes into 
account neither the low nucleophilicity of carboxylate 
ion nor the observed pH dependence of deacylation. 

The mechanism proposed for the catalytic action of 
acetylcholinesterase resembles that discussed above. It 
is postulated that a group or groups GH which contains 
both nucleophilic (possibly imidazole) and eleetrophilic 
properties (possibly an ammonium ion) reacts with the 
ester at the carbonyl carbon atom to produce a tetra- 
hedral intermediate (the enzyme-substrate complex), 
followed by loss of the alcohol to give an acyl-enzyme 
which then reacts with water to produce another tetra- 
hedral intermediate (the enzyme-product complex) 
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followed by decomposition to products (equation 85) 
(407,409). While the author is in concord with the idea 
of the formation of tetrahedral intermediates, it is not 
clear that  they would correspond to the enzyme- 
substrate and enzyme-product complexes which would 
require them to be in equilibrium with the enzyme and 
substrate and enzyme and product, respectively. This 
suggestion is akin to the proposal of the preequilibrium 
formation of a tetrahedral intermediate after the for- 
mation of the enzyme-substrate complex (93). There is 
one piece of evidence, involving intramolecular imida- 
zole attack (95), which supports the preequilibrium for- 
mation of a tetrahedral intermediate. 

0 H-G+ G+ 

: G-H + RJOR’ is ROLO- e A-0- e -R’OH +Ha0 
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HOhO- d H-G: + RCOOH (85) 

While all the above examples of nucleophilic and 
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(82) 

general basic catalysis have involved the intermediate 
formation of an acyl-enzyme, it is conceivable that in- 
stead a tetrahedral intermediate may be formed in 
enzymatic catalysis (66). The facile hydrolysis of the 
benzyl ester of the model peptide of aspartylserine, 
blocked a t  either end by peptide bonds (Section IV,C) 
(63), has led to a suggestion that this hydrolysis pro- 
ceeds through the formation of the tetrahedral inter- 
mediate XXXIX, formed from the serine hydroxyl 
group and the nitrogen atom of the peptide link between 

XXXIX 
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aspartate and serine. It has further been postulated 
that such an intermediate could function as the active 
site of a hydrolytic enzyme. It is postulated that the 
hydroxyl group of XXXIX, which has a pK in the 
region of neutrality, chemisorbs the ester in the form 
of a tetrahedral intermediate (ES) (equation 86). The 
tetrahedral intermediate, ES, is further attacked by a 
water molecule (on the enzyme surface) in a Walden 
inversion, leading to the enzyme-product complex, an- 
other tetrahedral intermediate, EP. Alternatively, if 
the leaving group of the carboxylic acid derivative has 
a great tendency to cleave before attack by a water 
molecule, an acyl-enzyme would form (equation 87). 
The acyl group could be subsequently cleaved by water 

0 0  + Products 

or transferred to the oxygen of the serine moiety. This 
mechanism prefers to relegate the acyl-enzyme inter- 
mediate observed with nitrophenyl esters to  a special 
category and proposes that for specific substrates only 
a tetrahedral intermediate is formed. From data on the 
kinetics of acetyl-L-tyrosine ethyl ester (353) and carbo- 
benzoxy-L-tyrosine p-nitrophenyl ester (185) , which are 
closely allied to specific substrates, it is questionable 
whether the relegation of the acyl-enzyme to a sub- 
sidiary position is correct. Furthermore, from this 
mechanism it is difficult to  conceive of reasons for the 
extraordinary nucleophilicity of XXXIX or the facile 
hydrolysis of the first acyl-enzyme intermediate which 
certainly occurs experimentally. This proposal is stereo- 
chemically satisfactory and does fit the structural data, 
which indicate that aspartylserine (or glutamylserine) 
is present in the active site of a large number of hydro- 
lytic enzymes. 

2. Papain and ficin 
It has been pointed out previously that the mercapto 

group is involved in the active site of these enzymes. 
On the basis of these observations it has been postulated 
that the mercapto group functions through the forma- 
tion of an intermediary thiol ester (65, 350). From 
studies of the pH dependence of the catalytic step, it 
has been shown that the carboxylate ion and the am- 
monium ion are involved in the active site of ficin and 

that the carboxylate ion is involved in the active site 
of papain. It was postulated that the carboxylate ion 
catalyzes the rate-determining hydrolysis of the thiol 
ester (65), through nucleophilic catalysis (36) involving 
an anhydride intermediate. The catalysis by ficin has 
been postulated to  follow equation 88 (192). Equation 
88 accounts for the fact that amide and ester substrates 

S-H s- 8 R  - 
I ‘b- 

/ ‘\c=o 

0 

I SH 
d R  

7- o I n- 

of these enzymes are hydrolyzed a t  exactly the same 
rate, powerful evidence for the formation of a common 
intermediate, the thiol ester. This mechanism also ac- 
counts for the increased feasibility of transfer reactions 
with these enzymes in contrast to  chymotrypsin, for 
here i t  is postulated that the hydrolysis of the acyl- 
enzyme (thiol ester) is the slow step of the reaction, 
whereas with chymotrypsin it is postulated that the 
formation of the acyl-enzyme is the slow step. Although 
a two-step process analogous to  equation 88 was first 
suggested for papain by Smith (350), it has recently 
been criticized by him, primarily on the grounds that 
it is thermodynamically unsound (348). He has instead 
suggested that the active site in papain is not a sulf- 
hydryl group and a carboxylate ion but rather a com- 
bination of these of higher free energy, namely a thiol 
ester. It is difficult to assess the thermodynamic argu- 
ment because of the paucity of data available for these 
substances. It should be pointed out that any mecha- 
nism for catalysis of ester hydrolysis by a thiol ester is 
extremely complicated and probably must involve an- 
other nucleophilic grouping which a t  present is not 
justified by the experimental evidence. On the basis of 
the above evidence and of the model system described 
earlier, it appears that equation 88, involving two 
nucleophilic catalyses, best describes the mechanism of 
catalysis by ficin and also perhaps catalysis by papain 
in a modified form without the ammonium ion. 

VIII. CONCLUSIONS 

Catalysis of the nucleophilic reactions of carboxylic 
acid derivatives has proliferated in the past decade. An 
attempt has been made to  present the important con- 
cepts involved in these catalyses. As in the past, the 
reactions of carboxylic acid derivatives have provided 
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a framework whereby important physicochemical prin- 
ciples have been elucidated. While many details of the 
catalytic processes of hydrolytic enzymes may have to 
be changed, it now seems clear that the basic framework 
on which mechanistic arguments will be advanced has 
been presented. It is hoped that the synthesis involved 
in this review will hasten the ultimate solution of the 
problem of enzymatic catalysis. 

The author is indebted to many of his colleagues who 
have provided much constructive criticism and many 
suggestions and who have provided new material in 
advance of publication. The work was assisted in part 
by an Alfred P. Sloan, Jr., Research Fellowship. 
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