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Intramolecular catalysis. Part 9.1 The hydrolysis of p-nitrophenyl
acetate catalysed by imidazoles having proximate carboxylate groups

Keith Bowden* and Andrew Brownhill
Department of Biological and Chemical Sciences, Central Campus, University of Essex,
Wivenhoe Park, Colchester, Essex, UK CO4 3SQ

The rate coefficients for the hydrolysis of  p-nitrophenyl acetate catalysed by a series of  imidazoles, 4,5-
diphenylimidazoles, benzimidazoles and perimidines in 30 mol% aqueous dimethyl sulfoxide at 30.0 8C
have been measured, as have the pKa values of  the catalysts in the same medium. The effect of  a
2-(2-carboxyphenyl) substituent in each system has been studied. The pKa values of  the imidazolium
and related ions show that the 2-carboxylate group increases their acidity by 1.03 to 1.32 pKa units. The same
effect on the nucleophilicity of  the corresponding imidazole and related compounds gives rise to rate
increases of  a factor of  1.4 to 3.2. These effects are related to the structure of  the imidazoles, indicating
the importance of  the environment of  carboxylate groups.

It has been considered that the active-site serine-195 residue in
chymotrypsin has its nucleophilicity increased by the imidazole
base of histidine-57 acting as a general-base catalyst.2 Likewise,
the carboxylate group of aspartic-102 was considered to be
involved as a base activating the imidazole by removing the
proton. This catalytic triad has become known as the ‘charge-
relay’ system. Furthermore, imidazole is well-known as a
nucleophilic catalyst in organic, model enzymic and enzymic
systems. For esters with good leaving groups, such as p-nitro-
phenyl esters, nucleophilic catalysis by imidazoles is well estab-
lished.3 However, the study 4 of  the cooperativity in the 2-
benzimidazoleacetate anion catalysed hydrolysis of ethyl chloro-
acetate involved a general-base hydrolytic process, in which a
twelvefold acceleration was found arising from the increased
nucleophilicity of water towards the substrate, catalysed by
imidazole enhanced by proton removal by carboxylate anion
from the second nitrogen. Similar studies 5 have investigated the
effect of proximate carboxylate groups on imidazole and benz-
imidazole systems acting as general-base in hydrolysis which
indicate very small or no assistance from the carboxylate group.
A recent study 6 has suggested that the role of aspartic-102 is to
fix the tautomeric form of imidazole and to anchor histidine-57
in the correct orientation in chymotrypsin. It was proposed that
a syn- and an anti-orientated carboxylate may give very differ-
ent results and investigations of a number of models indicated
that the syn-carboxylate raises the pKa value of a proximate
imidazolium ion by ca. 0.4 to 0.6 pKa unit over that of an anti-
carboxylate system.

Bender et al.7 prepared some elegant model systems for
chymotrypsin. Thus, the endo,endo-5-[4(5)-imidazolyl]bicyclo-
[2.2.1]heptan-2-yl trans-cinnamate, unlike the exo,endo-
isomer, showed participation by imidazole in the deacylation
hydrolysis by general-base catalysis, with the rate tremendously
increased by the presence of benzoate anions. The latter cata-
lysis was effected intramolecularly by the synthesis of the endo,
endo-system having a 2-(2-carboxyphenyl)imidazole substituent
and this model had a rate of hydrolysis 1.54 × 105-fold faster
than the previous model. This research group then developed a
full model for the enzyme using a binding/nucleophilic hydroxy
subsite, cyclodextrin, bonded to a catalytic subsite, 2-imidazoyl-
benzoate anion. Using 4-tert-butylphenyl acetate as substrate,
they demonstrated the occurrence of hydrolysis by a nucle-
ophilic hydroxy/general-base mechanism, rather than nucle-
ophilic attack by imidazole. Kinetic studies indicated that the
model enzyme is as efficient as the enzyme itself. Brown and his
co-workers 8 have addressed the issue of the aspartic carboxylate

group acting either as a general base or to enhance electrostati-
cally the basicity of imidazole. Their study of a model system
indicated that the latter occurs.

The present studies were designed to assess the effect of a
proximate carboxylate group on the nucleophilic reactivity of
imidazoles and the effect of the environment of the catalytic
sites. We have prepared a series of 2-substituted imidazoles, 1,
4,5-diphenylimidazoles, 2, benzimidazoles, 3 and perimidines, 4,

and measured the imidazole-catalysed hydrolysis of p-nitro-
phenyl acetate, together with the pKa of  the catalysts. The
effects of substitution, proximate carboxylate groups and their
interrelations are discussed.

Results and discussion

pKa values
The pKa values of the imidazoles, benzimidazoles and perimi-
dines in 30 mol% aqueous dimethyl sulfoxide (DMSO) at 30 8C
are shown in Table 1. The pKa values of imidazole, 2-phenyl-
and 4,5-diphenyl-imidazole, benzimidazole and 2-phenylbenz-
imidazole have been measured in water at 25 8C by Walba and
Isensee 9 previously. The first four compounds have pKa values
which are ca. 0.1 to 0.2 pKa units greater in 30 mol% aqueous
DMSO. However, the present results show a consistent decrease
in pKa of  ca. 20.6 to 20.7 pKa unit for 2-phenyl substitution in
the four parent systems, i.e. imidazole, 4,5-diphenylimidazole,
benzimidazole and perimidine. The major effect causing this
increase in acidity appears to be the relative stabilisation of the
protonated imidazoles by resonance delocalisation interactions
involving the π-electron system of the substituted cationic imi-
dazolium. A similar effect causes the acid-strengthening effect
of the 4,5-diphenyl (21.40 pKa units) and benzo (21.61 pKa

units) substitution, relative to imidazole. The pKa of  perimidine
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Table 1 Rate coefficients (k2 and k2
max/dm3 mol21 s21) for the hydrolysis of p-NPA catalysed by imidazoles in 30 mol% aqueous DMSO at 30.0 8C,

together with the pKa values of the imidazoles a,b

Imidazole catalyst k2/1022 dm3 mol21 s21 k2
max/1022 dm3 mol21 s21 pKa

Unsubstituted
2-Phenyl
2-(2-Carboxyphenyl)
4,5-Diphenyl
2,4,5-Triphenyl
2-(2-Carboxyphenyl)-4,5-diphenyl
Benz
2-Phenylbenz
2-(2-Carboxyphenyl)benz
Perimidine
2-Phenylperimidine
2-(2-Carboxyphenyl)perimidine

41.3
9.60

15.6
11.1
9.70

14.3
13.9
8.05

11.1
14.3
2.20
6.75

46.5
9.78

18.7
11.2
9.70

14.5
13.9
8.06

11.2
14.4
2.20
7.01

7.10
6.27
[4.13],c 7.30
5.70
4.96 d

[4.19],c 6.10 d

5.49
4.85
6.01
6.02
5.28 d

6.60 d

a Rate coefficients were reproducible to ±3% and pKa values to ±0.03 pKa unit. b k1
H2O equal to 1.19 × 1024 s21. c pKa

1. d pKa values to ±0.05 pKa

unit.

is even lower than that of benzimidazole. Perimidine has the
1,3-diaza system in a six-membered ring and is not strictly an
imidazole. However, the acid-strengthening effect (21.08 pKa

units), relative to imidazole, apparently arises from the same
resonance delocalisation.

The pKa
1 values of the 2-carboxyphenyl systems are very

similar, i.e. 4.1 to 4.2, and are ca. 2.9 pKa units stronger than
that of imidazole. The pKa values of a series of ortho-
substituted benzoic acids have been measured in aqueous
DMSO.10 The first ionisation observed here is that of the ben-
zoic acid group. The carboxylate anion would be expected to be
intramolecularly hydrogen-bonded, which would be acid-
strengthening; 11 as well as having the electrostatic influence
of the ortho-cationic imidazolium substituent and a specific
ortho effect.10 On the other hand, the imidazolium cations
would be acid-weakened by the electrostatic effect of the cat-
ionic and anionic centres and by an intramolecular hydrogen
bond. The latter would occur as a seven-membered ring which
is larger than ideal. The effect of the 2-carboxylate group is as
expected from related studies 4,6 and gives here ∆pKa values
equal to between +1.03 and +1.32 pKa units, increasing in
the order: 2-phenylimidazole < 2,4,6-triphenylimidazole < 2-
phenylbenzimidazole < 2-phenylperimidine. Thus, it would
appear that ‘flanking’ steric bulk increases the acid-weakening
effect.

Catalysed hydrolysis
Imidazoles have been used extensively as catalysts to study the
hydrolysis of p-nitrophenyl acetate (p-NPA).12,13 In Table 1 are
shown the apparent second-order rate coefficients, k2, and the
maximal second-order rate coefficients, k2

max, for the hydrolysis
of p-NPA catalysed by the substituted imidazoles, benzimid-
azoles and perimidines in 30 mol% aqueous DMSO at pH 8.0
and 30 8C.

Bruice and Schmir 12 investigated the reaction of a series of
4(5)-substituted imidazoles with p-NPA in 28.5% (v/v) aqueous
ethanol at 25 8C. The relationship between basicity and nucleo-
philicity given allowed the construction of a Brønsted relation
with β equal to 0.66. More recently, Zimmerman et al.6 studied
the reactivity of a series of substituted imidazoles with rela-
tively similar steric environments of the reaction site in water at
25 8C and found a Brønsted β value of 0.49. For the present
results in 30 mol% aqueous DMSO at 30 8C, a Brønsted rela-
tion can be constructed for the four catalysts without a 2-phenyl
substituent giving β equal to 0.37 (±0.09) with a correlation
coefficient equal to 0.951. Considering the differences in the
series, solvent and temperature, the agreement is reasonable.
The present series is effectively a 4,5-disubstituted series and a
modest steric effect can be expected to reduce the β value
observed. Substitution by a 2-phenyl group results in the
decreased reactivity expected arising, in the main, from

decreased basicity, with a contribution from steric bulk retard-
ation. The latter is most severe for the 2-phenylperimidine.
Bruice and Schmir 12 found that 4(5)-substituents had a much
smaller steric effect than 2-substituents. The 4,5-diphenyl sub-
stitution apparently results in a small steric effect which is
probably minimised by the mutual buttressing of phenyl
groups. This causes the phenyl groups not to be coplanar with
each other or imidazole in 4,5-diphenylimidazole, similar to the
situation found in cis-1,2-diphenylethylene.14 The 2-carboxylate
group increases the nucleophilic reactivity of the 2-phenyl sys-
tems. However, for the imidazole, 4,5-diphenylimidazole and
benzimidazole systems, the reactivity increases by a factor of
ca. 1.6, whereas, for the perimidine, by a factor of 3.2. The 2-
phenylperimidine appears to have the most steric shielded or
crowded reaction site. It appears likely that solvating water is
excluded from the twin nitrogens of 2-phenylperimidine. The
carboxylate group can effectively replace this stabilisation.
While the carboxylate group activates all the systems, it
becomes more critical when water is excluded. There is good
evidence 15 that water is partially excluded from the active site of
enzymes such as chymotrypsin. Thus, the role of catalysis by
the carboxylate anion at that site may well be even more
important. In terms of the source of the general effect of the
2-carboxylate groups here, an electrostatic effect appears less
likely than that of a general-base, cf. ref. 8. A structure
for the transition state involving the 2-carboxylate substituted
catalyst is shown in 5 below.

Experimental

Materials
Imidazole, benzimidazole and perimidine, as well as their
derivatives, were prepared by standard literature methods.16,17

After recrystallisation from suitable solvents and drying under
reduced pressure (P2O5), their mps were in good agreement
with literature values,18 with the exception of 2-(2-
carboxyphenyl)perimidine which did not melt below 400 8C,
as reported.17 p-Nitrophenyl acetate and p-nitrophenol were
available pure commerically. Solvents were purified by standard
methods,19 while other analytical grade reagents were used
without further purification.
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Kinetic procedure
Rate coefficients were determined spectrophotometrically by
use of a Perkin-Elmer lambda 5 or 16 UV–VIS spectrometer.
The reactions were followed at 408 nm. The procedure used was
similar to that described previously.12,13,20 Solutions in DMSO–
water (30 mol%) were prepared by adding the aqueous buffer
to the DMSO in a volumetric flask. The ionic strength (µ) was
0.1 mol dm23 using KCl. The substrate ester was 0.5 × 1024 mol
dm23. The first-order rate coefficients, k1, were determined in
the presence and absence of catalyst, being reproducible to
±3%. The rate coefficient in the absence of catalyst is given in
Table 1. The apparent second-order rate coefficients, k2, were
obtained at least in duplicate and at three concentrations of the
catalyst, i.e. normally 1 × 1024, 2 × 1024 and 3 × 1024 mol dm23.
The maximal second-order rate coefficient 21 was calculated
from the apparent rate coefficient using eqn. (1) shown below,

k2
max = k2 ([H+] + Ka)/Ka (1)

which corrects for concentration of the cationic and non-
catalytic species.

pH9 and pKa measurements
The pH9 values of the reactant solutions were measured at
30.0 8C using a combined glass and reference electrode and a
Phillips PW9409/10 direct reading pH meter. The pKa meas-
urements were made according to either the potentiometric
method of Bruice and Schmir 12,13 or the spectrophotometric
method of Bowden et al.20 The solutions were prepared as
described above. The compounds were studied at 2 × 1022 mol
dm23 when using the potentiometric method. The solubility of
the 2,4,5-triphenylimidazoles and 2-phenylperimidines required
the use of dilute solutions at 2 × 1024 mol dm23 and the spec-
trophotometric method. The uncertainty of the pKa values
are shown in Table 1. Measurements were made at least in
duplicate.
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