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Abstract: Rates of hydrolysis of p-nitrobenzoylimidazole have been measured in H2O and D2O imidazole buffers, and rates 
of hydrolysis of p-chloro- and p-methylbenzoylimidazole and acetylimidazole have been measured in H2O imidazole buffers 
at 25°, ionic strength = 0.5 M. Rate terms and isotope effects were obtained with very good precision for water, lyoxide, Iy-
onium ion, and imidazole catalysis. A term for imidazolium ion catalysis was shown to be present for acetylimidazole and 
probably for p-methylbenzoylimidazole substrates. Hammett p values, followed by the p-nitrobenzoylimidazole D2O solvent 
isotope effects, ky\/ko, for the various catalytic terms are as follows: k0, 1.414 ± 0.002, 2.36 ± 0.05; fci_o-, 1-47 ± 0.08, 
(1.03 ± 0.02)-'; kL,o+, 1-00 ± 0.03, (1.33 ± 0.04)-'; /tGB, 1-24 ± 0.03, 2.83 ± 0.04. It is concluded that these reactions 
probably all involve general-base catalyzed rate-determining nucleophilic attack by water at the carbonyl carbon atom by an 
unusual mechanism in which the proton does not appear to move in the reaction coordinate motion (imaginary vibration) of 
the transition state including the imidazole catalysis term not previously correlated with the other terms. It is also shown that 
the term for imidazolium ion catalysis actually involves the kinetically equivalent imidazole general-base catalysis of hydrol
ysis of acetylimidazolium ion. 

While the demonstrated intermediacy of 7V-acetylimidaz-
ole in the imidazole-catalyzed hydrolysis of p-nitrophenyl 
acetate3,4 clearly showed a propensity on the part of imidaz
ole for nucleophilic catalysis, the finding that W-acetylim-
idazole is itself hydrolyzed in part through imidazole5-6 and 
imidazolium ion6 catalysis established imidazole as an effi
cient general acid-base catalyst as well. Such a mechanism 
was recognized as an important possibility for catalysis by 
the enzyme chymotrypsin, which requires an intact imidaz
ole group in the active site, at His-57, for catalytic activity, 
as well as by other serine proteases, and general catalysis by 
this imidazole moiety is believed to be involved in both the 
acylation and deacylation of the serine hydroxyl group.7-10 

In previous work, Klinman studied hydrolysis and imid
azole-catalyzed hydrolysis of substituted benzoylimidazoles 
(1), BI, in a range of pH around 7 . " In this range, several 

O 

i 
catalytic terms contribute to the rate, and it was noted that 
accurate data for imidazole catalytic terms required further 
data, which we now report. BI have also been studied at 
high pH, where only the hydroxide term is important, and 
at low pH, where the reaction is hydrolysis of the benzoyli-
midazolium ion, BIH+ .1 2"1 5 An indication of a catalytic 
term dependent on (imidazole) X (hydroxide) was found," 
thus implicating a total of six terms in the observed rate 
constant, as shown in eq 1, where L = H or D, Im stands for 
imidazole, ImL+ , for imidazolium ion, and fc0bSd is the ob
served pseudo-first-order rate constant. 

*01»d = ko + * L O - ( L O " ) + ^ L 3 O ( L 3 O + ) + feGB(Im) + 

&GA(ImI/) + fcImB(Im) (LO-) (1) 

The uncatalyzed and GB-catalyzed hydrolyses were of 
particular interest with regard to solvolysis and enzyme 
mechanisms. Two approaches to further mechanistic analy
sis were therefore taken. First, the study reported herein 
would examine the BI over a wider pL range than previous
ly,11 using more precise instrumentation and including as a 

check point acetylimidazole, which had been studied exten
sively by others.5-9,15 Second, a study of TV-benzoyl-TV'-
methylimidazolium ions would permit evaluation of water 
and imidazole catalytic terms in a kinetically simpler sys
tem expected to have only three catalytic terms in all. The 
work on this simpler system13 provided the key to evalua
tion of the BI data, l c as well as a simple, unified mechanism 
for essentially all catalytic terms, involving general-base 
catalyzed hydrolysis of rate-determining nucleophilic attack 
by water, with one proton partly transferred to the general 
base at the transition state but not being transferred as part 
of the reaction coordinate motion. 

The presently reported work provides (1) a precise evalu
ation of the catalytic terms for the BI, (2) a demonstration 
that the /cimB term of eq 1 results from inhibition by sodium 
nitrate or some similar effect, showing up only at high pL 
and low (Im), and is not a significant catalytic term, (3) an 
evaluation of the significance of the &GA term for the sub
strates studied, and (4) a set of isotope effects in heavy 
water with good precision for the substrate p-nitrobenzoyli
midazole. The larger pL range and the use of a logarithmic 
weighting procedure in the least-squares fits1" give catalytic 
terms which differ significantly from those reported pre
viously,1' with much lower standard deviations, and the iso
tope effects and substituent effects appear to support the 
suggested mechanism. 

Experimental Section 

The materials and procedures were generally the same as re
ported by Klinman," with some differences, developed in the pres
ent work.'0 Many of these differences have already been recorded 
by Choi so that only matters not appearing in that workla are re
ported here.'0 

Deuterium Oxide, >99.7% purity, was purchased from General 
Dynamics Corp. This reagent was boiled for 10 min and cooled in 
a dry N2 atmosphere. Analysis by nmr using the method of stan
dard additions showed the H atom fraction after boiling to be 
0.13%. 

Acetonitrile-(?3, >99% deuterated, was purchased from Stohler 
Isotope Chemicals and was distilled from phosphorus pentoxide 
before use as solvent for p-nitrobenzoylimidazole in the kinetic 
runs in D2O. 

/V-Acetylimidazole was prepared by the method of Boyer,16 mp 
102-103° (lit.16 101.5-102.5°); \max 247 nm (H20-imidazole 
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Figure 1. Typical plots of kobii for iV-p-nitrobenzoylimidazole against 
free imidazole concentration in imidazole-imidazolium ion buffers, 
25.03°, ionic strength = 0.5 M. 

buffer) [lit.17 245 nm (H2O)]. 
Buffers. Seven stock buffers of varying pL, each of about 0.05 M 

imidazole free base and 0.5 M ionic strength (adjusted to this 
value with NaNO3), were separately diluted with 0.5 M NaNO3 
solution to yield seven series, each comprised of five buffer concen
trations at a given pL. Deviations from the stock buffer pL ob
served upon dilution were corrected.Ia The H2O buffers were at 
pH 6.073, 6.305, 6.890, 7.218, 7.575, 7.889, 8.156; the D2O buff
ers were at pD 6.640, 7.003, 7.329, 7.630, 7.921, 8.388, 8.710. 

Kinetic Measurements. The Cary Model 16 spectrophotometer 
was used with 1-cm silica cells for p-nitrobenzoylimidazole, with 
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0.5-cm silica cells for the other two BI, and with special 1-cm silica 
cells fitted with inserts to reduce the path length to 1 mm for 
acetylimidazole. The latter cells still contained 2 ml of buffer solu
tion and were satisfactory, while fixed 1-mm path-length cells, vol
ume 0.3 ml, were found to be unsatisfactory primarily because of 
time losses during initial stages of kinetic runs resulting from ef
forts to eliminate air bubbles at the glass-buffer interface. 

Absorption measurements were made generally at 1% reaction 
intervals, generally up to 90% completion. It was found necessary 
to replace the ultraviolet source lamp when a minimum sensitivity 
of 4 could no longer be obtained. Absorption measurements were 
made at the following wavelengths: P-NO2Bl, 260; p-ClBI, 252; 
P-CH3BI, 252; acetylimidazole, 247 nm. 

Observed rate constants, &0bsd, were calculated with the least-
squares computer program, LSKINI,1 8 modified for use on the 
IBM 360 computer.10 The generalized least-squares program of 
Lietzke19 modified for the IBM 360 and with logarithmic weight
ing of OL3O

+ and a\_o- was used to fit the fc0bsd values to appropri
ate forms of eq 1. Triplicate £0bsd determinations in a given buffer 
gave agreement within about ±1%. 

Results 

Plots of kobs<i vs. (imidazole) shown for /J-NO2BI in Fig
ure 1, which are representative of all the substrates studied, 
confirm the applicability at least in the pH range 6.073-
7.575 and pD range 6.640-7.921 of eq 2, i.e., omitting fcImB 

feobsd = ko + kh0.aL0. + ^ L 3 O ^ L 3 O + + k Q B ( I m ) + 

kaA(Imh*) (2) 

from eq 1. The curvature seen in Figure 1 for pH 7.890 and 
8.156 is not predicted by eq 1 or 2. A close examination of 
these and the similar plots for the other substrates studied 
shows consistently that such curvature is restricted to the 
region of low buffer concentration (but adequate buffer ca
pacity). It is in this region that the contribution of sodium 
nitrate to the ionic strength is maximal, and an explanation 
for the curvature may lie in the observation that sodium 
salts depress the rate of A^-acetylimidazole hydrolysis under 
some conditions.15 A similar effect was seen by Choi, l a who 
used potassium chloride rather than sodium nitrate, but it is 
reported that potassium and sodium, as well as chloride and 
nitrate, have very similar effects.15 Since the nature of the 
observed departure from linearity is such that it alone may 
be sufficient to account for all the £ I m B catalytic terms pre
viously suggested, the data were recalculated with the omis
sion of the offending buffers. Table I shows the results for 
P-NO2BI in D2O using eq 1-3 with just the omission of of-

feobsd = frl) + khoMho. + k L 3 o * « L 3 0 * + ^GB ( I m ) (3) 

fending buffers and with the entire data for the two upper
most pD values omitted. Similar results for other substrates 
lead us to reject eq 1 in all cases. In H2O, use of eq 2 gives 
values of &GA within their standard deviation of fit from 
zero for P-NO2BI an.d p-ClBI; therefore, only eq 3 is in
cluded. Data for both eq 2 and 3 are given forp-CHaBI and 
acetylimidazole, where fcGA appears to be significant. The 
best fit in terms of standard deviations is given by eq 3 in 
the case of p-CH3BI, however; the fits to eq 2 and 3 are 
more nearly equivalent in the case of acetylimidazole. 

Generally, the data with the omission of only the offend
ing buffers are probably best, but the results with omission 
of the two highest pL values entirely are almost as good. 
Since the latter procedure is probably more justifiable in 
view of the fact that we do not have absolute proof of the 
reason for the curvature at these two highest pL values, rate 
constants obtained with omission of the two highest pL 
values entirely are used below. 

Hammett p values20 and solvent isotope effects for H2O 
vs. D2O in the case of P-NO2BI are presented in Table II. 

If the intercepts of plots of /c0bsd vs. buffer concentration 

;, 7975 
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Table I. Least-Squares Rate Constants for Hydrolysis and Imidazole-Catalyzed 
Hydrolysis of BI (1) and Acetylimidazole, 25.03°, Ionic Strength = 0.50 M (NaNO3)* 

Substrate 

P-NO2BI 
(D2O) 

P-NO2BI 
(H2O) 
P-ClBI 
(H2O) 
P-CH3BI 
(H2O) 

TV-Acetylimidazole 
(H2O) 

Runs6 

100« 
120" 
no* 
120" 
139' 

99/ 
127» 

80/ 
98* 
IV 
98» 
IV 
98» 
76/ 
94" 
76/ 
94" 

105>to, 
sec - 1 

25.5 ± 0 . 4 
2 5 . 9 ± 0 . 3 
2 6 . 3 ± 0 . 4 
2 5 . 3 ± 0 . 6 
31.6± 1.2 
60.3± 1.0 
61.8 ± 0.7 
10 .0±0 .2 
9 .64±0.15 
2.81 ± 0.10 
2.78 ± 0.07 
2.74 ±0 .09 
2.72 ±0 .07 
5.70±0.13 
5.91 ±0 .14 
5.32 ± 0.16 
5.61 ±0 .14 

10->fcLo-, 
1. mol-1 sec-1 

37 .7±0 .4 
37 .1±0 .2 
37.1 ± 0 . 2 
38 .8±0 .7 
34.7± 1.0 
36 .5±0 .4 
35 .4±0 .2 
4.96 ±0 .07 
5.15 db 0.03 
1.49 ± 0.04 
1.49 ± 0.02 
1.49 ±0 .04 
1.48 ±0 .02 
3.33 ±0 .04 
3.17±0.05 
3.30±0.06 
3.15 ± 0.03 

10- 2 ^L 8 O+, 

1. mol-1 sec-1 

10.01 ±0 .21 
9.78±0.17 
9.28±0.34 
9.76±0.42 
7.34±0.82 
7.50±0.14 
7.29±0.12 
2.02 ±0 .03 
2.07 ±0 .02 
0.824 ±0.024 
0.830 ±0.020 
0.856± 0.016 
0.856± 0,012 
2.82±0.04 
2.80 ±0 .04 
3.03 ±0 .03 
2.98 ±0 .03 

104/tGB, 
1. mol-1 sec-1 

64 .6±0 .7 
64.7± 0.8 
63.2 ± 1.2 
65.8± 1.8 
52.1 ± 3.8 

183 ± 2 
183 ± 2 
36 .2±0 .4 
36 .4±0 .4 
11.8 ± 0 . 3 
12 .0±0 .3 
12 .2±0 .2 
12.3 ± 0.2 
24 .0±0 .4 
24 .5±0 .5 
26.1 ± 0 . 4 
26 .3±0 .4 

10«*GA, 
1. mol - 1 sec - 1 

45 ± 25 
14 ± 30 

190 ± 54 

12 ± 7 
10 ± 6 

78 ± 10 
68 ± 14 

10-^imB, 
l.2mol_2sec_i 

-43 ± 18 
51 ± 31 

0 The rate constants in this table were obtained by fitting fc0bed values, each determined in a separate kinetic run, to eq 1 (all six rate con
stant columns filled), eq 2 (fcimB empty), or eq 3 (kax and /cimB empty); standard deviations of fit are also given. The first row of catalytic 
terms given for each substrate is the one used in subsequent calculations and discussion. b Number of separate kinetic runs (Ar0bed values) 
used in the least-squares fit to derive the rate constants given in the row. c pD 6.640-7.921 data used. * pD 6.640-8.170 data used, but with 
omission of the two lowest imidazole concentrations at pD 8.388 and the three lowest imidazole concentrations at pD 8.710.' pD 6.640-8.710 
data used, with no omissions. / pH 6.073-7.575 data used. « pH 6.073-8.156 data used, but with omission of the lowest imidazole concen
tration at pH 7.889 and the two lowest imidazole concentrations at pH 8.156. * pH 6.073-8.156 data used, but with omission of the two lowest 
imidazole concentrations at pH 7.889 and the two lowest imidazole concentrations at pH 8.156. 

Table II. Hammett p Values for BI (1) in H2O 
and D2O Solvent Isotope Effects forp-N02BI, 25.03° 
Ionic Strength = 0.50 M (NaNO3)" 

Catalytic 
constant kH/kT> 

ko 
ki.o-
kuo + 
kan 

1.414 ±0.002 
1.47±0.08 
1.00 ±0 .03 
1.24±0.03 

2.36±0.05 
(1.03±0.02)-1 

(1.33 ±0 .04) - ' 
2.83 ±0 .04 

" The p value for koA could not be calculated since onlyp-CH3BI 
had a statistically significant value. 

are plotted against «LO-> it is found that good straight lines 
are obtained if the intercepts at the two higher pL values 
are taken to be the ones resulting from linear extrapolation 
of points for the higher imidazole concentrations only (cf. 
Table I for specification of which imidazole concentrations 
were omitted). Strong curvature in these plots results if a 
curvilinear extrapolation is used to estimate the intercepts 
at the two higher pL values. 

Discussion 

It will be noted that the recognition of curvature prob
lems at the higher pL values has led to a data analysis 
which gives excellent precision in the rate constants for the 
catalytic terms appearing in eq 3. Further, the plots of in
tercept against a L o- indicate rather strongly that the data 
at low imidazole concentrations at the two highest pL 
values are "wrong," i.e., subject to some specific inhibition 
effect, perhaps by sodium and nitrate ions present to main
tain the ionic strength. In turn, this recognition shows that 
the ^imB term of eq 1 is not present within the limits of the 
data. 

The koA term may be of significance in cases where the 
carbonyl group is not already substituted by electron-defi
cient groups. It is likely that this term involves the kinetical-
Iy equivalent imidazole-catalyzed hydrolysis of protonated 
substrate (protonated on the second nitrogen atom of the 
imidazole moiety) by analogy with k]_,o+, where compari
sons with TV-acyl-iV'-methylimidazolium ions have estab
lished this type of mechanism.13'5-21-22 This conclusion is 

strongly supported in the case of acetylimidazole, where the 
&GA term can be compared with available data for /V-ace-
tyl-TV'-methylimidazolium ion at 25°, ionic strength = 0.2. 
The iV-methylimidazole-catalyzed hydrolysis of the latter 
ion was found to have a rate constant k'cB = 0.30 1. mol - 1 

sec - 1 .2 1 It is easily shown that the rate constant k"aB for 
the imidazole-catalyzed hydrolysis of N-acetylimidazolium 
ion, making the assumption that the entire /CGA term found 
really corresponds to the kinetically equivalnt &"GB> is given 
by ^GA times the ratio of the acidity constant of acetylim-
idazolium ion to that of imidazolium ion. At ionic strength 
1.0 and 25°, this ratio is 1.38 X 10"4/6.16 X 10"8,23 '24 and 
since it is a ratio, this should be a good approximation for 
ionic strength = 0.5. Using &GA from Table I, k"oB = 0.18 
1. mol - 1 sec - 1 . Thus, the entire &GA term is accounted for 
by the 7V-acetyl-7V'-methylimidazolium ion model; indeed, 
&'GB is nearly twice ^ " G B , as has previously been found for 
the /CL3O

+ terms. la '5 '21 '22 The &"GB term is experimentally 
difficult to evaluate,6 but we believe the above arguments 
establish its existence and mechanistic form as general-base 
catalyzed hydrolysis of the protonated acetylimidazole. 
This comparison was made by Oakenfull and Jencks,23 but 
only in their Figure 7; the corresponding rate constant 
(&"GB) was not reported in their tables.22'23 

In the previous study, isotope effects were found to be 
virtually independent of substituent. la Since isotope effects 
should not change a great deal between 15 and 25°, the iso
tope effect (Table II) for /J-NO2BI may be compared with 
those previously reported for p-ClBI, BI, and /J-CH3BI at 
15°. There was strong curvature in Hammett plots for the 
previous data, '3 believed to be an artifact arising from the 
limited range of substituents which could be studied. The 
present data (Table II) provide much more precise p values 
which, however, can probably be justifiably compared with 
the p values derived from the previous work. 

For the rate term k0, the p value is quite similar to the 
15° value (1.35), and the isotope effect is almost exactly 
equal to the mean of the 15° isotope effects for ^0- For the 
rate term &LO-, P is somewhat higher, though still by a 
small amount, than the 15° value (1.32), and the isotope ef
fect is similar to those at 15° (1.06 - 1 , 1.03-1, 1.13"1) for 
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kLO-- For the rate term &L3O
+, the p value is very close to 

the 15° value (0.99), and the isotope effect is almost exactly 
equal to the mean of the 15° isotope effects for &L3O

+-
The interpretation of the 15° data13 suggested that the 

mechanism involves general-base catalyzed rate-determin
ing nucleophilic attack upon the BI for ^0 (water acting as 
base) and kto~, upon BIL+ (water acting as base) for 
^L3O+ (actually k"o, kinetically equivalent), and upon 
BMI+ (iV-benzoyl-TV'-methylimidazolium ions) for k'o 
(water acting as base) and k'as (./V-methylimidazole acting 
as base). The ko term was shown to involve little contribu
tion from the kinetically equivalent &"LO-, i.e., attack of 
lyoxide on BIL+, since the lyoxide term, &'LO-, for BMI+ 

was about 14 times smaller than the calculated k"]_o-. The 
similarity of isotope effects and substituent effects for ko 
and other terms then strongly suggests that this term is gen
eral-base catalyzed by water.12 The k"o term, however, was 
about two times smaller than the k'o term for BMI+, dem
onstrating that k"o accounts for this entire rate term with 
little, if any, contribution from the kinetically equivalent 
*L3o+.,a 

The data on isotope and substituent effects suggested 
that the general-base mechanism of the previous paragraph 
was common to all the catalytic terms and was of an unusu
al type, in that the proton was partly transferred from the 
nucleophilic water molecule to the general base but was not 
actually moving in the reaction coordinate motion (imagi
nary vibration) of the rate-determining transition state.la-25 

General-base catalysis normally involves transfer of a pro
ton to the base in a single reaction step, with the proton 
moving extensively as part of the reaction coordinate mo
tion, thus developing primary H/D isotope effects. The 
small isotope effects observed and their lack of substituent 
or base dependence suggested that they are not primary iso
tope effects. Therefore, a mechanism with the proton partly 
transferred to the base but not moving in the reaction coor
dinate motion was suggested, and the (secondary) isotope 
effect was then supposed to arise mainly from this partly 
transferred proton, as has been shown by kinetic studies in 
H2O-D2O mixtures to be the case in the intramolecular 
general-base catalysis by carboxylate anion of hydrolysis of 
O-dichloroacetylsalicyclic anion.25 This mechanism in turn 
requires a tortuously curved reaction path, difficult to fit 
onto a suitable energy surface, or else an intermediate with 
a "partly-transferred" proton, or else a pair of consecutive 
transition states (with perpendicular reaction coordinate 
motions),la all which are considered to be unusual mecha
nistic phenomena. 

The close correlation of data on ko, &LO~, and ^L3O+ at 
15 and 25° supports the conclusion that these terms at 25° 
follow the same mechanistic path as suggested for 15°. We 
consider this agreement, especially the isotope effects at a 
higher temperature and for a new para substituent, to pro
vide additional support of the previous interpretation in
volving a nearly constant transition-state structure for all 
substituents and general bases. 

With the above correlations in mind, the new data pro
vide a probable interpretation for /CQB, a term which was 
not determined at 15°. In particular, the isotope effect is 
close to those for k'as for the 7V-methylimidazole-catalyzed 
hydrolysis of BMI+ (2.70, 2.69, 2.98) and strongly suggests 
that &GB does proceed by rate-determining nucleophilic at
tack by water upon BI, general-base catalyzed by imidaz
ole, and proceeding through the unusual type of transition 
state described previously. The p value seems somewhat 
low, however, compared with those for ko and ky_o-, yet one 
might have expected it to fall between those for the weaker 

base water and the stronger base LO - . This difference also 
appears to be associated with a somewhat higher isotope ef
fect for imidazole catalysis than for water or LO - . For the 
BMI+, the p values are not directly comparable, but one 
does find lower p or p+ values for A:'GB than for k'o and sim
ilarly larger isotope effects.13 The &'LO- term cannot be 
compared since it is proceeding by a mechanism involving 
direct nucleophilic attack by lyoxide on BMI+. la Perhaps 
these observations indicate incursion of a reaction coordi
nate involving a small degree of proton motion. 

Since k'aB appears to involve this general-base mecha
nism, it seems certain that the k"aB term also involves the 
same mechanism, and thus that imidazolium ion catalysis is 
actually the kinetically equivalent imidazole general-base 
catalyzed rate-determining nucleophilic attack by water 
upon the acylimidazolium ion, by the unusual mechanism 
proposed for other terms. 

In sum, the present work (1) provides correlation of 25 
and 15° data, suggesting similar mechanisms, (2) demon
strates that &GA for acetylimidazole really corresponds to 
the kinetically equivalent imidazole general-base catalyzed 
hydrolysis of acetylimidazolium ion, and (3) provides accu
rate data for imidazole-catalyzed hydrolysis of benzoylim-
idazoles, showing that this term probably proceeds by an 
unusual general-base catalysis mechanism. 
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