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Perhaps the most interesting intermolecular charge-relay 
model to be studied is that of Haake and coworkers.9 They 
investigated the reaction of p-nitrophenyl acetate in 1 M water 
in acetonitrile as a function of imidazole and benzoate ion 
concentrations. This dipolar, highly aprotic solvent system may 
mimic the somewhat hydrophobic environment of many en
zymes. Their results suggested a high degree of cooperativity 
between benzoate anion, imidazole, and water in the cataly
sis. 

The observed rate constant, eq 1, contained terms suggesting 
modes of catalysis such as those represented in eq 2-4. The 

fcotad = *i[Im] + M I m ] 2 + Jc3[Im][RCO2-] (1) 
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Figure 1. Plot of kobsi vs. the concentration of imidazole (Im) for the re
action of p-nitrophenyl acetate in acetonitrile with either 1 M protium 
oxide (O) or 1 M deuterium oxide ( • ) present. The concentration of 
tetra-rt-butylammonium perchlorate was kept at 1O-2 M. Reactions were 
followed at 314 nm at 30.1 0C. See text for additional details. 

R 

-V ^ H — N ^ N - * H - N ^ N -*• H - O t = 0 (3) 

H OR' 

RCO (4) 

dependence of &0bsd on the water concentration was not de
termined. The magnitude of the k-$ term led to the suggestion 
that this term represented a charge-relay mode of catalysis as 
represented by eq 4 although the role of the water molecule was 
not investigated by Haake and coworkers.9 We wish to report 
here our investigations into the role of proton transfers in this 
reaction and on the influence of the water concentration on 
ôbsd- We have shown that the observed reaction is not hy

drolysis but a nucleophilic reaction to give 1-acetylimidazole 
as the sole product. 

Table I. Values of k i and ki for the Imidazole-Promoted Reaction 
of p-Nitrophenyl Acetate in Acetonitrile Containing 1 M Water of 
Atom Fraction Deuterium n" 

103fci/M-
103A:2/M-2 

0.006 

0.25 
0.50 
0.75 
1.0(K 

2.88 ± 0.07 
2.84 ±0 .05 
2.72 ±0 .13 
2.81 ±0.11 
2.60 ± 0.05 

10.72 ±0.57 
9.81 ±0 .38 

10.36 ± 1.12 
8.11 ±0 .76 
8.68 ±0 .38 

k ,HlO/ ^ 1 D 2 O= U l ± 0 0 3 

fc2H2o/A.2D2o = 1.24 ± 0.09 

" Reactions were followed at 30.1 0 C at 314 nm. See text for a 
discussion of how the k \ and k 2 values were obtained. * 1 M H2O in 
acetonitrile. "' 1 M D2O in acetonitrile. 

[Im] 

Figure 2. Plot of &0bsd/[Im] vs. concentration of imidazole (Im). Prepared 
from the data of Figure 1 and Table I. The open circles (O) represent runs 
with 1 M protium oxide present while the filled circles ( • ) represent runs 
with 1 M deuterium oxide present. 

Results 
Every attempt was made to duplicate the kinetic procedures 

of Haake and coworkers as exactly as possible.9 Initial ex
periments were conducted in the absence of benzoate anion in 
order to evaluate k0bs& and, subsequently, k\ and k2 in protium 
oxide, deuterium oxide, and protium oxide-deuterium oxide 
mixtures of atom fraction deuterium n in acetonitrile. Figure 
1 shows the nonlinear dependence of /c0bsd upon imidazole 
concentration in pure protium oxide (n = 0) and pure deute
rium oxide (n = 1.0). Table I lists the values of k\ and k2 ob
tained from these and additional protium oxide-deuterium 
oxide mixtures. Values of k \ and k2

 wel"e obtained from plots 
of &0bsd/[Im] vs. [Im] as the intercept and slope, respectively. 
Figure 2 illustrates the linearity of these plots for n = 0 and 
1.0. 

Our values of 2.88 X IO"3 M - 1 s_ l and 1.07 X 10-2M-2 

s_1 are in reasonable agreement with the values of 3.1 X 10-3 

M-' S"1 and 1.3 X 10- 2 M- 2 S- ' obtained for A: 1 and k2, re
spectively, by Haake and coworkers in 1 M protium oxide in 
acetonitrile.9 The solvent isotope effects on k\ and k2 were 
determined in the present study to be k]Hl°/k\D2° = 1.11 ± 
0.03 and k2

H20/k2
D20 = 1.24 ± 0.09, respectively. Plots of k 1 

and k2 vs. the atom fraction of deuterium in the solvent are 
shown in Figures 2 and 3. The significance of the small isotope 
effects and shape of the plots will be discussed in the following 
section. 

It was shown that the observed product spectrum (Xmax at 
314 and 410 nm) could be duplicated by omitting the p-n\-
trophenyl acetate and substituting equivalent concentrations 
of p-nitrophenol and 1-acetylimidazole. 

Two separate experiments in which the imidazole concen
tration was held constant and the concentration of benzoate 
anion was varied were carried out in order to evaluate £3 of eq 
1. Plots of &obsd/[Im] vs. [RCO2-] yield k2 as the slope. Be
cause of the importance of this experiment it was done twice 
by two different people using independently prepared solutions. 
The values of k^H2° and k%°2° obtained in these two separate 
experiments by measuring /c0t,Sd at eight different benzoate 
concentrations are shown in Table II. Considering the com
plexity of the experiment and the data treatment involved the 
agreement between the two experiments is reasonable. The 
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Figure 3. Plot of k \ vs. the atom fraction of deuterium, n, in the solvent 
(open circles). The values of k \ were obtained from the intercepts of plots 
like those shown in Figure 2. The theoretical line drawn through the filled 
circles was calculated from eq 5 in the text and represents the expected 
inventory for opposing isotope effect contributions. 

Table II. Values of k^ for the Imidazole-Benzoate Promoted 
Reaction of p-Nitrophenyl Acetate in Acetonitrile Containing 1 M 
Protium Oxide or Deuterium Oxide" 

kib/M -2 c - i i c / / M - 2 s -

1 M H2O 
1 M D2O 

D2O 

0.678 ±0.041 
0.465 ± 0.054 

1.46 ± 0.19 

0.627 ± 0.035 
0.481 ±0 .022 

1.30 ±0 .09 

a Reactions were followed at 30.1 0 C at 314 nm. See text for a 
discussion of how ki was determined. b Experiment number 1 (see 
text). c Experiment number 2 (see text). 

values of &3H2° of 0.627 and 0.678 M - 2 s_1 are somewhat 
lower than the literature value of 1.0 M - 2 s - 1 but we are 
confident of our values.9 These values set limits of 1.30 ± 0.09 
to 1.46 ± 0.19 for the value of k^°/k^°. Because of the 
complexity of the experiment and the relatively large errors 
involved no attempt was made to evaluate k^ in mixtures of 
protium oxide and deuterium oxide. 

Figure 4 shows the dependence of /c0bsd upon the concen
tration of water at constant imidazole concentration in the 
absence of benzoate anion. The significance of this result in 
view of the proposed mechanism will be discussed. 

Discussion 
The utility of solvent isotope effects in helping to delineate 

the role of proton transfers is well documented.10 Recent in
terest in this area has helped to spur the development of the 
proton inventory technique which involves the measurement 
of reaction rates in mixtures of protium oxide and deuterium 
oxide." This technique allows one to specify with some cer
tainty the number of protons making contributions to the ob
served solvent isotope effect as well as the magnitude of the 
individual contributions. Several reviews and papers have re
cently appeared which outline the theory of the proton inven
tory technique.10-12 For this reason the theory will not be 
discussed here. In greatly simplified terms, curvature in plots 
of rate constants vs. the atom fraction of deuterium in the 
solvent, n, results from multiple contributions to the observed 
solvent isotope effect. Linear plots will result when only a single 
proton contributes the entire isotope effect except under highly 
fortuitous circumstances.7,10a 

It is generally accepted that solvent isotope effects in the 
range of 2-3 are consistent with hydrolysis mechanisms in
volving general base catalyzed attack by water as represented 
by eq 2.11 Recently, the water-promoted hydrolyses of ace-
tylimidazolium ion and a related compound have been shown 

Figure 4. Plot of Zc2 vs. the atom fraction of deuterium, «, in the solvent 
(open circles). The values of ^2 were obtained from the slopes of plots like 
those shown in Figure 2. The theoretical line drawn through the filled 
circles was calculated from eq 6 in the text and represents the expected 
inventory for opposing isotope effect contributions. 

to be subject to a similar type of catalysis in which one molecule 
of water serves as a general base to catalyze attack by another 
water molecule.12 

For catalysis by any of the mechanisms shown in eq 2-4 one 
would expect significant solvent isotope effects to be incurred 
if either a water proton or imidazole proton or both are trans
ferred. Furthermore, mechanisms 3 and 4 should result in 
nonlinear proton inventories since multiple proton transfers 
are involved. Mechanism 4, if truly operative, would be ex
pected to give an isotope effect similar to the enzymatic sys
tems. The deacetylation of acetyl-a-chymotrypsin gives a 
solvent isotope effect of kH^°/kD2° = 2.4.6 

The magnitude of the solvent isotope effect on k \ and kj is 
clearly too low to suggest any significant proton transfer unless 
some inverse isotope effect of unknown origin is also present 
to diminish the observed effect. Although it is difficult to 
imagine how such an inverse effect might arise in this system 
it is useful to consider the shape of the proton inventories to be 
expected for k\ and ki if such a mechanism is operating. 

For the k\ term it is likely that a mechanism operating as 
shown in eq 2 would give a normal solvent isotope effect of 
about 2.5 for the transferring proton. Such a proton would 
exhibit an isotopic fractionation factor of 0.4. If an inverse 
solvent isotope effect of unknown origin and having a frac
tionation factor of 2.25 is incurred then this two-proton tran
sition-state model would still give the observed solvent isotope 
effect. However, the proton inventory for such a model, rep
resented by eq 5, would exhibit an upward bulge as shown in 

k„ = M l - n + OAn)(I -n + 2.25«) (5) 

Figure 3. The absence of any such curvature in the observed 
inventory confirms that no unusual effects, however unex
pected, are occurring for this system. Such an analysis further 
illustrates the additional information that can be gained by 
doing a complete proton inventory as opposed to measuring a 
simple solvent isotope effect. In other words, the absence of a 
significant solvent isotope effect does not necessarily rule out 
proton transfers in the transition state of a reaction. 

A similar analysis for the ki term is now considered. The 
mechanism of eq 3 would involve two "in-flight" protons each 
of which might be expected to make an equal contribution to 
an observed solvent isotope effect of about 2.5. Each would 
exhibit an isotopic fractionation factor of (2.5) - 0 5 or 0.63. 
Assuming again an offsetting inverse effect of unknown origin 
we arrive at eq 6. Such a model generates the proton inventory 

k„ = k0(l - « + 0.63«)2(l -n + 2.04«) (6) 

with the upward bulge in Figure 4. Again the observed in
ventory rules out any such unusual transition state. 



Hogg, Morris, Durrani / Serine Protease Charge-Relay Model 1593 

The proton inventories of Figures 3 and 4 can be generated 
equally well by the models represented by eq 7 and 8. Equation 

kn = k0(\ -n + ncf>i*) (7) 

K = M^i.oAo)" (8) 
7 is a simple linear model in which the entire effect comes from 
a single transition-state proton having the fractionation factor 
required to generate the observed solvent isotope effect for the 
k] and A: 2 terms. The fractionation factors would be 0.903 and 
0.81 for k\ and kj, respectively. It has been shown that for a 
transition state in which a very large number of protons each 
contribute a very small normal isotope effect eq 8 predicts the 
shape of the proton inventory.10e The product of the ratio of 
the rate constant in D2O to the rate constant in H2O raised to 
the n power, where n is the atom fraction of deuterium in the 
solvent, times the rate constant in H2O represents a "medium" 
effect. Such an effect represents a net loosening of the binding 
for a very large number of bulk solvent protons. Either of the 
models represented by eq 7 or 8 is consistent with the small 
isotope effects and the observed proton inventories for the k\ 
and &2 terms. In both cases the calculated inventories (not 
shown) fall within the error bars for the experimental 
points. 

The above considerations clearly rule out the operation of 
mechanisms 2 and 3 as written. The isotope effect on k$ is 
somewhat larger but it is still well below the range to be ex
pected for a multiple proton transfer mechanism as shown in 
eq 4. Although no proton inventory was done for this term we 
feel the arguments presented above are equally applicable here. 
Taken alone these results suggest that either the water is not 
involved or that it is involved as a simple nucleophilic catalyst. 
Evidence for the former possibility is presented below. 

Thus, mechanisms involving no significant proton transfers 
but still accounting for all the terms of the kinetic rate law must 
be formulated. D'Andrea and Tonellato have recently postu
lated carboxylate ion-imidazole dimers as the effective cata
lytic species in a similar hydrolysis in benzene.13 We would like 
to propose a similar mechanism for the present system. We 
have shown that the product of this reaction is acetylimidazole 
which undergoes no further reaction. This was proven to be the 
case since the observed product spectrum in the imidazole-
promoted reactions could be duplicated by adding, instead of 
/7-nitrophenyl acetate, equivalent concentrations of p-nitro-
phenol and acetylimidazole. No detectable change in this 
spectrum was detected as a function of time. It was also shown 
that imidazole did not catalyze the hydrolysis of initially added 
1-acetylimidazole under the kinetic conditions. Likewise, 
initially added 1-acetylimidazole would not catalyze any re
action of p-nitrophenyl acetate in the absence of imidazole. 
Thus, it was shown that 1-acetylimidazole did not undergo 
solvolysis to generate any imidazole which would then be ex
pected to catalyze thep-nitrophenyl acetate reaction. It was 
necessary to rigorously purify the 1-acetylimidazole used in 
these experiments since trace imidazole impurities initially 
gave confusing results. Thus, convincing evidence against the 
involvement of water directly in the reaction and evidence in 
favor of a nucleophilic role for imidazole or some imidazole-
benzoate dimers has been obtained. 

It is not surprising that the rate constant for the term in
volving catalysis by benzoate and imidazole is ~100X more 
effective than that for catalysis by two molecules of imidazole 
in view of the work done on acid-base relationships and sol
vation in acetonitrile.14 Acetonitrile solvates anions very poorly 
and, thus, benzoate anion would be expected to be more likely 
to form hydrogen-bonded dimers than would imidazole mol
ecules. There is a considerable amount of evidence in the lit
erature which supports the existence of the hydrogen-bonded 
dimers postulated to occur in this system.14,15 

1.4 -

1,3 -

1.0 . 

0.9 I 1 1 1 1 1 1 1 1 1 1 1 
0 .2 .4 .6 .8 1.0 

[H2O] 

Figure 5. Plot of ka^i vs. the concentration of water for the reaction of 
p-nitrophenyl acetate with 0.2 M imidazole and 1O-2 M tetra-H-butyl-
ammonium perchlorate in acetonitrile at 30.1 0C. 

Such dimers will be influenced by the water present in this 
system to an unknown extent. The influence of the water 
concentration on /c0t,Sd for a constant imidazole concentration 
is shown in Figure 5. A dramatic decrease in rate is observed 
upon the initial addition of water followed by a more-or-less 
gradual leveling of the water effect. It is suggested that this rate 
decrease probably reflects a decrease in A: 2 with increasing 
water concentration since water should compete with imidazole 
for hydrogen bonding sites. This effect should be even more 
dramatic for the Â  term since water should effectively solvate 
the benzoate anion and reduce its ability to form the reactive 
imidazole-benzoate dimers. 

An attempt to measure the effectiveness of A'-methylim-
idazole as a catalyst was carried out at 50 0 C. Even at this el
evated temperature the observed rate constant at 2 X 10_1 M 
A'-methylimidazole was approximately 100X lower than for 
an equivalent imidazole concentration at 30.1 0 C. This is the 
expected result since A'-methylimidazole is incapable of 
forming hydrogen-bonded dimers and the only possible kinetic 
role would be a nucleophilic mode of catalysis by a single 
molecule. 

Conclusion 

Although an initially attractive proposal it appears that the 
system under study does not operate by a charge-relay mech
anism. Efficient nucleophilic catalysis by imidazole-imidazole 
and benzoate-imidazole dimers involving no significant proton 
transfer appears to account for the observed kinetics and iso
tope effects. Additional proton inventories on charge-relay 
models such as those recently proposed by Bender and co
workers8 should yield valuable information on the feasibility 
of such mechanisms in enzymic systems. 

Experimental Section 

Materials. p-Nitrophenyl acetate was prepared from acetyl chloride 
and p-nitrophenol and had mp 76.5-77.5 "C (lit.16 77.5-78.0 0C). 
Imidazole (Eastman) was 3X recrystallized from benzene and had 
mp 89.5-90.5 0C (lit.17 90-91 0C). Benzoic acid (Mallinckrodt) was 
twice recrystallized from water and had mp 121-122 0C (lit.17 122.4 
0C). Tetra-n-butylammonium perchlorate (Eastman) was recrys
tallized from absolute ethanol and dried in vacuo before use. Aceto
nitrile was purified as previously reported.12 Tap-distilled water was 
redistilled from an all-glass apparatus before use. Deuterium oxide 
(Aldrich; 99.8 atom % deuterium) was purified via distillation. 1-
Acetylimidazole (Aldrich) was recrystallized from isopropenyl acetate 
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and dried in vacuo over phosphorus pentoxide and had mp 101.5-102.0 
0C (lit.18 101.5-102.5 0C with bath preheated to 95 0C). TV-Meth-
ylimidazole (Sigma) was purified by distillation before use. 

/V'-Imidazole-rf was prepared according to the procedure of Gar-
finkel and Edsall.19 Estimation of the deuterium content by Mr. Josef 
Nemeth20 indicated that deuteration had occurred at more than one 
site during the exchange process. It had been spectroscopically verified 
that the NiH undergoes essentially quantitative exchange under the 
conditions of the preparation with some C2H exchange occurring.19 

Based on these observations we estimated the N1H site to be at least 
95% deuterated. 

Benzoic-acid-d was prepared according to the procedure of More 
O'Ferrall et al.21 Mr. Josef Nemeth20 determined the acid to be 95.1% 
deuterated. 

Tetramethylammonium benzoate was prepared according to the 
procedure of Kolthoff and Chantooni for a similar compound.22 These 
hygroscopic crystals were stored over magnesium perchlorate in 
vacuo. 

Kinetics. Every attempt was made, where applicable, to duplicate 
the conditions specified by Haake and coworkers in their study of this 
system.9 Stock solutions of the various reactants in acetonitrile were 
prepared and appropriate volumes were pipetted into a 1 -cm quartz 
UV cell to give a total volume of 3.00 mL. The total salt concentration 
was kept at 10-2 M using tetra-n-butylammonium perchlorate and 
tetramethylammonium benzoate. In the imidazole experiments the 
only salt present was tetra-«-butylammonium perchlorate. The con
centration of water was kept at 1.0 M. The concentration of p-nitro-
phenyl acetate was about 6.5 X 10 -5 M and the reactions were fol
lowed at 30.1 0C. 

The imidazole concentration was varied from 1.5 X 1O-2 to 2 X 
10 - ' M in those experiments done to outline its role in the catalysis. 
Benzoate catalysis was studied with 2 X 10_l M imidazole present. 
The concentration of benzoate anion was varied from 10-3 to 9 X 10-3 

M. An equivalent amount of benzoic acid was added in the benzoate 
studies. 

Reactions were monitored by following the increase in absorbance 
at 314 nm using a Cary 118C spectrophotometer. All reactions were 
followed for at least 3 half-lives with infinity values being taken at 10 
half-lives. The system followed good pseudo-first-order kinetics for 
at least 3 half-lives as evidenced by plots of In (A*, — A1) vs. time. The 
reported rate constants were calculated using a nonlinear least-squares 
computer program. Equally good kinetics were obtained at 410 nm 
(abosorbance increase) or 270 nm (absorbance decrease). 

For runs with deuterium oxide and/or protium oxide-deuterium 
oxide mixtures separate stock solutions of the isotopically labeled 
reagents were prepared in acetonitrile. Appropriate volumes of these 
"isotopically pure" stock solutions were added to the UV cell for a 
given run. Thus, the isotopic composition of exchangeable protons 
which could contribute to any isotope effects in each run was main
tained exactly at the desired value. 

When it was necessary to characterize reactions as a function of 
starting material spectrum, product spectrum, etc., an automatic re
petitive scan accessory was used. 

Product Characterization. A kinetic solution containing no initially 
added p-nitrophenyl acetate but containing 6.5 X 10~5 M p-nitro-
phenol and 6.5 X 10-5 M 1-acetylimidazole was found to duplicate 
the observed product spectrum for the imidazole-promoted runs. There 
was no observable change in this spectrum as a function of time. 

Under the reaction conditions, /j-nitrophenyl acetate did not un
dergo any observable reaction if the imidazole was omitted and re
placed by an equivalent amount of 1-acetylimidazole. 
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