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Abstract: The imidazole group of histidine and the hydroxyl group of serine are the purported participants in the 
active site of a-chymotrypsin. Copolymers of 4(5)-vinylimidazole with vinyl alcohol and with p-vinylphenol were 
prepared in order to investigate whether interactions between two different functional groups within a vinyl polymer 
chain would occur in esterolytic catalyses. The substrates investigated were neutral and negatively and positively 
charged phenyl esters. Rates of solvolyses were determined in either 28.5 % ethanol-water or in 80% methanol-
water. The copolymer of 4{5)-vinylimidazole and p-vinylphenol was found a highly superior catalyst at high pH 
values toward each substrate investigated than any of its monomeric or polymeric analogs. These rate enhance
ments are not associated with the apparent dissociation constants of the imidazole or phenol groups, but can be at
tributed to bifunctional catalysis by imidazole and anionic phenol. One probable mechanism is the nucleophilic 
attack of imidazole on the substrate, followed by reaction of anionic phenol acting as a general base on the tetra-
hedral intermediate. Considerable rate enhancements were also observed for reactions catalyzed by copolymers of 
4(5)-vinylimidazole and vinyl alcohol. 

Bifunctional esterolytic catalyses displayed by homo-
polymers containing pendent imidazole or benz

imidazole groups were shown to be more efficient than 
the esterolytic catalyses exhibited by their respective 
monomeric analogs, imidazole and benzimidazole.8 

A substantial decrease in the enthalpy of activation 
was associated with the esterolytic action of the homo-
polymers (relative to the esterolytic action of the mono
meric analogs), with a smaller decrease in the entropy 
of activation. This combination, with its consequential 
higher catalytic efficiency, is a result of an over-all 
second-order but terfunctional interaction of the pen
dent catalytic groups and the substrate.4 Multifunc
tional catalyses displayed by the functional groups 
comprising the active sites of enzymes resemble the 
polymers in this respect. Apparently the high local 
concentration of pendent, catalytically active imidazole 
or benzimidazole groups facilitates their ability to act 
as multifunctional catalysts. 

The role of the imidazole function in a-chymotrypsin 
catalyses has been well investigated.5 A cooperative 
interaction of imidazole and hydroxyl groups underlies 
most of the mechanisms proposed.s'6 Although the 
major portion of chemical and physical evidence indi
cates the involvement of the serine hydroxyl, the low 
pATa value inferred from the descending slope of the 
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bell-shaped pH-rate profile of a-chymotrypsin with 
certain substrates promoted the suggestion of the in
volvement of the phenol group of tyrosine.7* 

It was natural to extend our investigation of synthetic, 
polymeric enzyme models containing pendent imid
azole groups to study whether the introduction of 
hydroxyl or phenol functions improves the catalytic 
action of the polymer. Furthermore, if such an en
hancement exists, it would be of interest to determine 
if such an effect is a result of bifunctional catalysis 
involving imidazole and hydroxyl or imidazole and 
phenol functions. Copolymers of 4(5)-vinylimidazole 
with vinyl alcohol8 and with />-vinylphenol were pre
pared and their catalytic effects toward a neutral 
substrate, /?-nitrophenyl acetate (PNPA, I), a positively 
charged substrate, 3-acetoxy-N-trimethylanilinium 
iodide (ANTI, II), and two negatively charged sub
strates, 4-acetoxy-3-nitrobenzoic acid (NABA, III) and 
sodium 4-acetoxy-3-nitrobenzenesulfonate (NABS, IV), 
were studied. In addition, the above solvolytic reac-

N(CH3),!" 

tions were compared to those of their respective mono
meric and polymeric analogs, i.e., imidazole, poly-4(5)-
vinylimidazole, phenol, poly-/?-vinylphenol, and a co
polymer of 4(5)-vinylimidazole and/>-methoxystyrene.9 

(7) (a) M. L. Bender, G. E. Clement, F. J. K<5zdy, and B. Zerner, ibid., 
85, 358 (1963); (b) A. Himoe and G. P. Hess, Biochem. Biophys. Res. 
Commun., 23, 234 (1966); M. Bender, M. J. Gibian, and D. J. Whelan, 
Proc. Natl. Acad. Sci. U. S., 56, 833 (1966). 

(8) C. G. Overberger and N. Vorchheimer, / . Am. Chem. Soc, 85, 
951 (1963). 

(9) This copolymer, suggested by Professor H. Morawetz, appears to 
be an appropriate polymeric analog to the copolymer of 4(5)-vinyl-
imidazole and p-vinylphenol. 
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Experimental Section 
4(5)-Vinylimidazole was prepared by the procedure of Overberger 

and Vorchheimer, as also was poly-4(5)-vinylimidazole.8 

p-Vinylphenol. Upon heating 7.0 g (0.043 mole) of />-hydroxy-
cinnamic acid in a sublimator at 220° (0.01 mm), gas was liberated 
and 5.3 g of white solid condensed on the cold finger. The solid 
was washed with benzene and the mixture filtered to remove the 
unreacted p-hydroxycinnamic acid. After lyophilizing the benzene 
solution, 2.0 g of p-vinylphenol was obtained in 58 % yield based 
on recovered starting material. /j-Vinylphenol was purified by 
sublimation at room temperature (0.01 mm), mp 72-73° (lit.10 

72-73°). 
Poly-p-vinylphenol was prepared by allowing p-vinylphenol to 

polymerize on standing at room temperature in the solid state.10 

The polymer was dissolved in methyl ethyl ketone and twice pre
cipitated into benzene. The infrared spectrum (potassium bromide 
pellet) was similar to that reported by Sovish.10 A sample of re-
precipitated polymer was shown to have a molecular weight of 

4840 (DP ca. 40). 
Anal. Calcd for Q H 8 O : C, 80.0; H, 6.7; Found: C, 

77.9; H, 6.7. 
Copolymerization of 4(5)-Vinylimidazole and p-VinylphenoI. 

A solution of 0.97 g (0.007 mole) of /7-vinylphenol, 0.25 g (0.0027 
mole) of 4(5)-vinylimidazole, and 0.011 g of azobisisobutyronitrile in 
10 ml of benzene in a polymerization tube was cooled to —78°, 
flushed with nitrogen, degassed, and sealed under reduced pressure. 
The tube was heated for 24 hr in refluxing hexane, during which 
time polymer had precipitated. After filtration and washing with 
benzene, the off-white polymer was dissolved in methanol and 
twice precipitated into ethyl acetate. Infrared spectrum (potassium 
bromide pellet) revealed the presence of imidazole and phenol 
groups. 

Anal. Found: C, 75.2; H, 6.9; N, 8.5 (0.30 mole of 
imidazole and 0.59 mole of phenol per 100 g of polymer). 

Copolymerization of 4(5)-Vinylimidazole and /j-Methoxystyrene. 
In a polymerization tube was placed a solution of 1.00 g of p-me-
thoxystyrene (0.0075 mole), 0.25 g (0.0027 mole) of 4(5)-vinyl-
imidazole, and 0.018 g of azobisisobutyronitrile in 25 ml of benzene. 
After cooling and degassing, the tube was sealed in vacuo and heated 
in a refluxing methanol bath for 24 hr. The polymer was filtered 
and washed with benzene giving 0.37 g (30% conversion) of white 
powder. The polymer was purified by twice precipitating from 
methanol into ethyl acetate. 

Anal. Found: C, 67.3; H, 7.3; N, 17.6 (0.63 mole of imid
azole and 0.30 mole ofp-methoxystyrene per 100 g of polymer). 

Copolymerization of 4(5)-Vinylimidazole and Vinyl Acetate, a. 
A solution of 4.00 g (0.047 mole) of freshly distilled vinyl acetate, 
0.52 g (0.0055 mole) of 4(5)-vinylimidazole, and 0.008 g of azobis
isobutyronitrile in 14 ml of benzene was placed in a polymerization 
tube, cooled to —70°, flushed with nitrogen, and sealed under re
duced pressure. The tube was heated in a refluxing hexane bath 
for 30 hr. The precipitated polymer was filtered and washed with 
25 ml of benzene, yielding 0.62 g (13.7% conversion) of an off-white 
solid. The infrared spectrum (potassium bromide pellet) revealed 
the presence of imidazole and acetate groups. 

Anal. Found: C, 60.1; H, 7.0; N, 23.2 (0.83 mole of 
imidazole and 0.26 mole of acetate per 100 g of polymer). 

b. In the bulk, 1.1 g (0.012 mole) of 4(5)-vinylimidazole and 
20.0 g (0.24 mole) of freshly distilled vinyl acetate were copolymer-
ized according to the procedure of Overberger and Vorchheimer.8 

Anal. Found: C, 59.5; H, 5.7; N, 18.7 (0.66 mole of imidazole 
and 0.42 mole of acetate per 100 g of polymer). 

Hydrolyses of Copolymers of 4(5)-Vinylimidazole and Vinyl Ace
tate, a. A solution of 0.30 g of the 1:0.31 copolymer of 4(5)-
vinylimidazole and vinyl acetate (prepared by method a above) in 
100 ml of water was heated for 20 hr at reflux. The solution was 
cooled, filtered, and lyophilized, giving 0.23 g of an off-white solid. 
The infrared spectrum (potassium bromide pellet) indicated that no 
acetyl functions were present. 

Anal. Found: C, 54.3; H, 6.7; N, 21.7 (0.78 mole of imid
azole/100 g of polymer). 

b. An opaque solution of 0.31 g of the 1:0.65 copolymer of 
4(5)-vinylimidazole and vinyl acetate (prepared by method b above) 
in 100 ml of water was refluxed for 2 weeks. The clear solution 
obtained was cooled, filtered, and lyophilized, yielding 0.25 g of 

(10) R. C. Sovish, / . Org. Chem., 24, 1345 (1959), and references cited 
therein. 

an off-white polymer. The infrared spectrum (potassium bromide 
pellet) indicated the disappearance of acetyl groups. 

Anal. Found: C, 57.7; H, 6.6; N, 19.4 (0.69 mole of imid
azole/100 g of polymer). 

/>-Nitrophenyl acetate, 4-acetoxy-3-nitrobenzoic acid, and sodium 
4-acetoxy-3-nitrobenzenesulfonate were prepared as previously re
ported.8.11 

3-Acetoxy-N-trimethylanilinium Iodide. To 1.0 g (0.0056 mole) 
of 3-acetoxy-N-dimethylaniline (prepared by treating 3-hydroxy-N-
dimethylaniline in dilute alkali with acetic anhydride) in 15 ml 
of dry benzene was added 3.0 g (0.021 mole) of methyl iodide. 
After heating overnight at 70°, 3-acetoxy-N-trimethylanilinium 
iodide was obtained in high yield. This compound was twice re-
crystallized from nitromethane, mp 209-210°. 

Anal. Calcd for CnH16NO2I: C, 40.83; H, 5.00; N, 4.36; 
1,39.51. Found: C, 40.94; H, 4.88; N, 4.43; I, 39.70. 

Spectrophotometric Titrations. Measurements of the state of 
ionization of phenol and the phenol groups in poly-p-vinylphenol 
and in the 1:1.95 imidazole-phenol copolymer were performed in 
80% methanol-water solutions at concentrations of approximately 
1O-4 M in phenol. Both the imidazole-phenol copolymer and 
poly-p-vinylphenol were insoluble in systems containing lower per
centages of alcohol. The ionic strength was adjusted to 0.02 by 
hydrochloric acid for measurements at low and intermediate pH. 
The optical density was recorded at 286 m^.12 The method of cal
culation of the fraction of phenolate ions was as previously de
scribed.3.12 

The plots of pH vs. apho - (the fraction of anionic phenol func
tions) for phenol and the phenol groups in poly-p-vinylphenol and 
in the 1:1.95 imidazole-phenol copolymer appear in Figure 1. 
The pKe. of phenol in 80% methanol-water as determined from 
Figure 1 is 10.9 at the point where apho- = 0.5. Similarly, the 
apparent pKB's of the phenol groups at half-neutralization in poly-
p-vinylphenol and in the imidazole-phenol copolymer are deter
mined to be 11.9 and 11.3, respectively. 

Kinetic Measurements. In the case of the 1:1.95 copolymer of 
4(5)-vinylimidazole and /7-vinylphenol, 2.6 X 10~4 M (in moles of 
imidazole) catalyst solutions were prepared in 80 % methanol-water. 
At pH 7 and above, solutions were buffered with 0.02 M tris(hy-
droxymethyl)aminomethane (Tris) and hydrochloric acid. At 
pH's 5.1 and 6.1, solutions were buffered with 0.02 M sodium ace
tate and acetic acid. At pH 3.3 hydrochloric acid was employed. 
In each instance the ionic strength was adjusted to 0.02 with potas
sium chloride. For comparison, 2.7 X 10~4 M solutions of poly-
4(5>vinylimidazole and 2.5 X 10 "~4 M solutions of imidazole and of 
the 1:0.48 copolymer of 4(5)-vinylimidazole and p-methoxystyrene 
were prepared under the same conditions. Similarly, 3.3 and 
2.7 X 10" 4M (in moles of phenol) of phenol and poly-^-vinylphenol 
were respectively prepared. 

For the 1:0.31 and the 1:0.65 copolymers of 4(5)-vinylimidazole 
and vinyl alcohol, 2.6 and 2.5 X 10~4 A/catalyst solutions (in moles 
of imidazole) were respectively prepared in 28.5% ethanol-water 
with sufficient potassium chloride added to adjust the ionic strength 
to 0.02. Between pH values 7 and 9, solutions were buffered with 
0.02 M Tris and hydrochloric acid; pH values less than 7 
were buffered with 0.02 M sodium acetate-acetic acid. At pH 
10, solutions were buffered with 0.02 M triethylamine and hydro-
chloricacid. For comparison, 2.5 X 10~4 A/solutions of imidazole 
and of poly-4(5)-vinylimidazole were prepared under the same con
ditions. 

Kinetic measurements and the methods of calculation of the 
first-order observed rate constants (fcobsd = ^measd — ^biank) were 
performed as previously described.3 The temperature employed 
was 26°. All values of the first-order observed rate constants are 
reported for catalyst concentrations of 2.5 X 1O-4A/. 

Results and Discussion 
Synthesis. The previously reported procedures for 

the preparation of /?-vinylphenol were usually labori
ous, and resulted in poor yields.10 It was found, how
ever, that the preparation could be simplified. Py-
rolysis of ^-hydroxycinnamic acid in a sublimator at 
220° (0.01 mm) resulted in a 58 % yield of />-vinylphenol 

(11) C. G. Overberger, T. St. Pierre, and S. Yaroslavsky, J. Am. 
Chem. Soc, 87, 4310 (1965). 

(12) W. Stenstrom and N. Goldsmith, J. Phys. Chem., 30, 1683 
(1926). 
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(based on recovered starting material). The monomer 
underwent free-radical copolymerization with 4(5)-
vinylimidazole in solution. It also polymerized in the 
solid state on standing at room temperature to give a 
polymer of DP ca. 40. 

Copolymerization of 4(5)-vinylimidazole with vinyl 
acetate afforded copolymers of different compositions. 
It was found that the acetyl groups in these copolymers 
hydrolyzed conveniently in boiling water, the copolymer 
with the higher imidazole content at a faster rate.: 3 The 
ease of hydrolysis of the acetyl groups is probably re
lated to a neighboring group effect of the imidazole 
functions. 

Kinetics. The reactions of imidazole-containing 
polymers with substrates have been shown to be first 
order in catalyst and first order in substrate (for the 
concentration ranges investigated). Similar results 
were obtained for the 1:1.95 copolymer of 4(5)-vinyl-
imidazole and ̂ -vinylphenol. The first-order observed 
rate constants for the solvolyses of PNPA catalyzed by 
imidazole, by poly-4(5)-vinylimidazole, and by the 
1:1.95 copolymer of 4(5)-vinylimidazole and p-vinyl-
phenol in 80% methanol-water are reported in Table 
I. It is apparent that the imidazole-phenol copolymer 

Table I. First-Order Observed Rate Constants for 1:1.95 
Imidazole-Phenol Copolymer, Poly-4(5)-vinylimidazole, and 
Imidazole Catalyzed Solvolyses of PNPA0 

k0b,d X 104, min - 1 . 
1:1.95 

copolymer of 
4(5)-vinyl-
imidazole Poly-4(5)-

and vinyl-
pH p-vinylphenol imidazole Imidazole 

7.4 3.0 2.1 2.6 
8.2 5.1 3.0 2.4 
9.1 28.6 3.2 2.7 

° In 80% methanol-water at an ionic strength of 0.02. 

greatly enhances the solvolytic rate of PNPA as the pH 
of the solution is increased. This strong enhancement 
was not observed with either poly-4(5)-vinylimidazole 
or imidazole, both of which had nearly identical reac
tivities in the pH region studied. It was also observed 
that neither phenol, nor poly-/>-vinylphenol, nor the 
1:0.48 copolymer of 4(5)-vinylimidazole and/?-methoxy-
styrene affected the solvolytic rate of PNPA to a de
tectable extent. 

The second-order catalytic rate constant for the reac
tion of imidazole with PNPA in 80 % methanol-water 
at pH 9.1 can be calculated as 1.1 l./mole min. The 
same constant in 28.5% ethanol-water at pH 9.0 is 
17 l./mole min.3 Bruice and Lapinsky determined the 
catalytic rate constant for the reaction of phenolate 
ions with PNPA in 28.5 % ethanol-water to be 19 l./mole 
min.14 According to the ultraviolet titrations per
formed, the fractions of anionic phenol in 80% meth
anol-water at pH 9 are ca. 0.10, 0.14, and 0.04 for the 
imidazole-phenol copolymer, phenol, and poly-p-vinyl-
phenol, respectively. Assuming a similar rate depres-

(13) N. Vorchheimer, Ph.D. Thesis, Polytechnic Institute of Brook
lyn, 1962. 

(14) T. C. Bruice and R. Lapinsky, / . Am. Chem. Soc, 80, 2265 
(1958). 
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Figure 1. Spectrophotometric titrations. Plots of apho- vs. pH for 
phenol (O) and the phenol groups in poly-p-vinylphenol (A) and in 
the 1:1.95 copolymer of 4(5)-vinylimidazole and p-vinylphenol (D) 
in 80% methanol-water, p = 0.02. 

sion to that of imidazole in 80% methanol-water, at 
the practical concentrations used, no significant sol
volytic rates due to the reaction of phenolate ions should 
be detected in the pH region studied. Indeed, no 
appreciable solvolytic reactions were observed with 
either phenol (pKa = 10.9) or poly-/>-vinylphenol (pATa 
= 11.9) with PNPA up to pH 9.1. The high solvolytic 
rate observed for the imidazole-phenol copolymer 
(pAra's of phenol and imidazole15 groups of 11.3 and 
5.6, respectively) cannot be attributed to an additive 
contribution of the phenolate ions to the imidazole-
catalyzed reaction.16 Furthermore, since there was 
no significant rate of solvolysis of PNPA by the 1:0.48 
copolymer of 4(5)-vinylimidazole and /j-methoxysty-
rene (where there are no phenoxide groups present), 
the pH-rate profiles (for data in Table I) indicate that a 
contribution of bifunctional imidazole-phenolate catal
ysis exists. The catalytic rate constant for the reac
tion of the copolymer with PNPA can then be described 
as a composite of the following terms3'! x 

&4aiMapho- + ksaPh0-

where aIM is the fraction of neutral imidazole, aiM-
that of anionic imidazole, and «Pho- that of anionic 
phenol. The over-all contribution of the first three 
terms can be estimated from the observed rate constants 
of imidazole and poly-4(5)-vinylimidazole (Table I), 
while A:5apho- must be negligible in the pH region 
studied. Therefore, kt can be estimated as ca. 100 
l./mole min. Three mechanisms may describe the 
bifunctional action of the phenolate ions and the 
imidazole groups. 

These conclusions were further substantiated by the 
action of the imidazole-phenol copolymer on the nega
tively charged substrates. The first-order observed 
rate constants for the solvolyses of NABA and NABS, 

(15) Determined potentiometrically in 80% methanol-water ac
cording to the procedure in ref 3. 

(16) Under similar experimental conditions a copolymer of p-vinyl-
phenol and l-vinyl-3-methylimidazolium iodide, with an apparent ptf, 
of the phenol groups of 10.2, was observed to have no measurable 
catalytic effect on PNPA or ANTI." 

(17) H. Morawetz, C. G. Overberger, J. C. Salamone, and S. Yaro-
slavsky, / . Am. Chem. Soc, in press. 
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Table II. First-Order Observed Rate Constants for 1:1.95 
Imidazole-Phenol Copolymer, Poly-4(5)-vinylimidazole, and 
Imidazole Catalyzed Solvolyses of NABA" 

PH 

3.3 
5.1 
6.1 
7.4 
8.2 
9.1 

' ^obsd X 103, min-1 

1:1.95 copolymer of 
4(5)-vinyl 
imidazole 

and 
p-vinylphenol 

0.2 
3.5 
6.4 
1.3 
4.0 
7.1 

Poly-4(5)-
vinyl-

imidazole 

0.1 
5.2 
6.9 
3.6 
1.5 
1.0 

Imidazole 

0.1 

0.3 
0.5 
1.0 

° In 80% methanol-water at an ionic strength of 0.02. 

Table III. First-Order Observed Rate Constants for 1:1.95 
Imidazole-Phenol Copolymer, Poly-4(5)-vinylimidazole, and 
Imidazole Catalyzed Solvolyses of NABS" 

Figure 2. pH-rate profiles for the solvolyses of NABA and NABS 
catalyzed by 1:1.95 copolymer of 4(5)-vinylimidazole and p-vinyl-
phenol (A, O) and imidazole (A, • ) , respectively, in 80% methanol-
water, n = 0.02. 

each catalyzed by the imidazole-phenol copolymer, by 
poly-4(5)-vinylimidazole, and by imidazole, are re
ported in Tables II and III, respectively. The data for 
the imidazole-phenol copolymer and imidazole cata
lyzed reactions are represented in Figure 2. Although 
neither phenol nor poly-jp-vinylphenol affected the solvo
lytic rates of NABA and NABS at pH 9.1, the first-order 

II* 
R-C-OR 

ft 
T) H^ 
O -

I 

$ 
I 

fN\ 
7 

I rn R-C-OR 

H ^ 
0" 
I 

$ 
II 

observed rate constants for the 1:0.48 copolymer of 4(5)-
vinylimidazole and />-methoxystyrene catalyzed solvol
yses of NABA and NABS at pH 9.2 are 1.1 and 2.9 X 
1O-3 min -1, respectively. 

The shapes of the pH-rate profiles for the imidazole-
phenol copolymer catalyzed reactions are similar to 
that obtained for the reaction of NABS with poly-5(6)-
vinylbenzimidazole.J1 The bell-shaped portions of the 
curves in Figure 2 must represent the solvolytic rates 
as a result of the electrostatic attraction of the nega
tively charged substrates to the partly protonated 
imidazole functions on the polymer chain.11,18 At 
high pH values poly-5(6)-vinylbenzimidazole was found 
highly reactive toward negatively charged NABS, 
while no reaction ensued with monomeric benzimid-
azole anions (presumably due to the electrostatic re
pulsion).11 This difference was rationalized by the 

(18) R. L. Letsinger and T. J. Savereide, J. Am. Chem. Soc, 84, 
114, 3122 (1962); R. L. Letsinger and I. Klaus, ibid., 86, 3884 (1964). 

'obBd A IU- , m i n 

PH 

3.3 
5,1 
6.1 
7.4 
8.2 
9.1 

1:1.95 
copolymer of 

4(5)-vinyl-
imidazole 

and 
p-vinylphenol 

0.4 
6.2 
8.3 
4.1 
9.5 

17.5 

PoIy-
4(5)-vinyl-
imidazole 

0.7 
8.9 

10.3 
6.9 
3.8 
1.3 

"In 80% methanol-water at an ionic strength of 0.02. 

existence of terfunctional interactions among substrate 
and the pendent benzimidazole groups on the polymer 
chain. Similarly, no solvolytic reactions were observed 
at high pH between the anions of phenol or poly-p-
vinylphenol and the negatively charged substrates. 
The fact that the imidazole-phenol copolymer revealed 
much higher solvolytic fates than either imidazole, 
poly-4(5)-vinylimidazole, or the copolymer of 4(5)-
vinylimidazole and /j-methoxystyrene at high pH values 
with the negatively charged esters can again be corre
lated to bifunctional catalysis by imidazole and phen-
olate ions. For the reaction of the imidazole-phenol 
copolymer with NABA and NABS, R4, can be estimated 
as ca. 250 and 700 l./mole min, respectively. 

Employing the positively charged substrate ANTI, 
it was noted that neither phenol, poly-/?-vinylphenol, 
poly-4(5)-vinylimidazole, nor the 1:0.48 copolymer of 
4(5)-vinylimidazole and />-methoxystyrene had any 
effect on the solvolytic rate in the pH region investi
gated. However, with this substrate the imidazole-
phenol copolymer at pH 9.1 revealed a rate enhance
ment of ca. 63 times that of imidazole (Table IV). 
This rate enhancement must be partly due to the elec
trostatic attraction of ANTI to the anionic sites in the 
copolymer, thereby facilitating a solvolytic attack from 
either imidazole or phenolate ions, or from their com
bined action on the substrate. From the results of the 
reaction of ANTI with a copolymer of 4(5)-vinylimid-
azole and acrylic acid,19 it can be concluded that at a 

(19) C. G. Overberger, R. Sitaramaiah, T. St. Pierre, and S. Yaro-
slavsky, ibid., 87, 3270 (1965). 
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Table IV. First-Order Observed Rate Constants for 1:1.95 
Imidazole-Phenol Copolymer and Imidazole Catalyzed 
Solvolyses of ANTI" 

PH 

7.4 
8.2 
9.1 

• ATobsd X 10s, 
1:1.95 copolymer of 
4(5)-vinylimidazole 
and />-vinylphenol 

0.1 
2.1 

37.7 

m m - 1 . 

Imidazole 

0.1 
0.2 
0.6 

0 In 80 % methanol-water at an ionic strength of 0.02. 

concentration of phenolate ions of 10% (at pH 9.0) 
the first possibility would not appear in a high rate of 
reaction. The results obtained with poly-/?-vinylphenol 
also rule out the second possibility. Bifunctional 
catalysis involving imidazole and phenolate ions with a 
substrate attracted to the copolymer chain by electro
static forces, or a terfunctional reaction in which the 
frequency factor is enhanced due to the opposite charges 
of the reactants,20 must account for the high rate. 

Considerable rate enhancements over imidazole and 
poly-4(5)-vinylimidazole in 28.5% ethanol-water were 
observed for the reaction of the two copolymers of 4(5)-
vinylimidazole and vinyl alcohol with PNPA. The 
more obvious increase was with the copolymer of 
the higher imidazole content (Table V). In Figure 3 

Table V. First-Order Observed Rate Constants for 1.0.31 and 
1:0.65 Copolymers of 4(5)-Vinylimidazole and Vinyl Alcohol, 
Poly-4(5)-Vinylimidazole, and Imidazole Catalyzed 
Solvolyses of PNPA" 

&obsd X 10a, min -1 

1:0.65 

pH 

1:0.31 
copolymer 

of 
4(5)-vinyl-
imidazole 
and vinyl 
alcohol 

copolymer 
of 

4(5)-vinyl-
imidazole 
and vinyl 
alcohol 

Poly-4(5)-
vinyl-

imidazole Imidazole 

6.0 
7.1 
8.0 
9.1 

1.5 
4.1 
6.4 
9.4 

1.3 
3.3 
4.6 
6.6 

1.2 
2.8 
4.6 
5.6 

0.8 
2.9 

4.2 

• In 28.5% ethanol-water at an ionic strength of 0.02. 

the first-order observed rate constants are plotted 
against pH. This plot is analogous to that previously 
reported for the imidazole and poly-4(5)-vinylimidazole 
catalyzed solvolyses of PNPA in that polymeric imid
azole is a more efficient catalyst than imidazole at in
creased pH.3 

It is possible that these enhanced reactivities are due 
to a modification of the apparent dissociation constants 
of the hydroxyl functions in the copolymers. Bruice 
and co-workers have shown that the enhanced reac
tivity of N-acetylserinamide is a result of the lowered 
pATa of the hydroxyl group.21 In analogy, the apparent 
pA"a of the hydroxyl groups in a copolymer of vinyl 
alcohol and l-vinyl-3-methylimidazolium iodide17 could 
be expected to be affected to a larger extent than in the 
copolymers of 4(5)-vinylimidazole and vinyl alcohol. 

(20) A. A. Frost and R. G. Pearson, "Kinetics and Mechanism," 
John Wiley and Sons, Inc., New York, N. Y., 1961, p 145. 

(21) T. C. Bruice, T. H. Fife, J. J. Bruno, and N. E. Brandon, Bio
chemistry, 1, 7 (1962). 

PH 

Figure 3. pH-rate profiles for the solvolyses of PNPA catalyzed by 
imidazole (•), poly-4(5)-vinylimidazole (O) and 1:0.31, (A) and 
1:0.65 (D) copolymers of 4(5)-vinylimidazole and vinyl alcohol in 
28.5% ethanol-water, n = 0.02. 

However, no significant enhanced reactivity of the 
quaternized imidazole-alcohol copolymer was observed 
with its reaction with PNPA under experimental condi
tions similar to those employed in this investigation. 
Therefore, in the copolymers of 4(5)-vinylimidazole 
and vinyl alcohol, the possibility of some bifunctional 
contributions involving imidazole or imidazole anions 
and the hydroxyl function cannot be overruled. Some 
sigmoid pH-rate profiles of a-chymotrypsin catalyzed 
reactions, if not describing the rate-determining de-
acylation step,7b can be interpreted as a result of the 
interactions of imidazole and later imidazole anions 
with the hydroxyl function.22 

The imidazole-alcohol copolymers also exhibited 
enhanced activities in the catalyzed solvolyses of the 
negatively charged esters NABA (Table VI, Figure 4) 
and NABS (Table VII, Figure 5). At pH 6, the sol-

Table VI. First-Order Observed Rate Constants for 1:0.31 and 
1:0.65 Copolymers of 4(5)-Vinylimidazole and Vinyl Alcohol, 
Poly-4(5)-Vinylimidazole, and Imidazole Catalyzed 
Solvolyses of NABA" 

PH 

4.1 
6.0 
7.1 
8.0 
9.1 

10.3 

1:0.31 co
- kohsi X 10 

1:0.65 co-
polymer of polymer of 
4(5)-vinyl-
imidazole 
and vinyl 
alcohol 

0.6 
4.6 
4.4 
2.7 

1.0 

4(5)-vinyl-
imidazole 
and vinyl 
alcohol 

0.5 
3.6 
3.1 
1.6 

0.6 

Poly-4(5)-
vinyl-

imidazole 

0.4 
2.8 
2.9 
1.6 

1.0 

Imidazole 

0.2 
0.5 

0.8 

" In 28.5 % ethanol-water at an ionic strength of 0.02. 

volytic rates of NABA and NABS catalyzed by the 
1:0.31 copolymer of 4(5)-vinylimidazole and vinyl 
alcohol are nearly twice those of the poly-4(5)-vinyl-

(22) See footnote 19 in T. C. Bruice and G. 
Soc, 80, 148 (1958). 
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Figure 4. pH-rate profiles for the solvolyses of NABA catalyzed 
by imidazole (•), poly-4(5)-vinylimidazole (O), and 1:0.31 (A) and 
1:0.65, (D) copolymers of 4(5)-vinylimidazole and vinyl alcohol in 
28.5% ethanol-water, y. = 0.02. 

imidazole catalyzed reactions. It is possible that the 
electrostatic attraction of the substrate to the protonated 
sites on the polymer chain will enhance the catalytic 
effect of the hydroxyl groups in a fashion similar to 

Table VII. First-Order Observed Rate Constants for 1:0.31 
and 1:0.65 Copolymers of 4(5)-Vinylimidazole and Vinyl Alcohol, 
Poly-4(5)-vinylimidazole, and Imidazole Catalyzed 
Solvolyses of NABS" 

pH 

4.1 
6.0 
7.1 
8.0 
9.1 

10.3 

1:0.31 co
polymer of 
4(5)-vinyl-
imidazole 
and vinyl 
alcohol 

1.2 
10.1 
9.4 
5.7 

3.3 

- kobsi X 10 
1:0.65 co
polymer of 
4(5)-vinyl-
imidazole 
and vinyl 
alcohol 

1.3 
8.2 
7.4 
3.4 

2.2 

Poly-4(5)-
vinyl-

imidazole 

0.9 
6.1 
6.2 
3.4 

2.7 

Imidazole 

0.0 
0.3 
1.2 
1.3 
1.6 

"In 28.5% ethanol-water at an ionic strength of 0.02. 

that of the imidazole groups. In several instances com-
plexation has been demonstrated to increase the action 
of hydroxyl groups, e.g., in cyclodextrins23 and in co-
balt-hydroxyl complexes.24 Furthermore, the intra
molecular assistance of hydroxyl groups or hydroxyl 

(23) F. Cramer and W. Kampe, J. Am. Chem. Soc, 87, 1115 (1965); 
H. Hennrich and F. Cramer, ibid., 87, 1121 (1965). 

(24) J. P. Collman and D. A. Buckingham, ibid., 85, 3039 (1963). 

Figure 5. pH-rate profiles for the solvolyses of NABS catalyzed by 
imidazole (•), poly-4(5)-vinylimidazole (O), and 1:0.31 (A) and 
1:0.65 (•) copolymers of 4(5)-vinylimidazole and vinyl alcohol in 
28.5% ethanol-water, n = 0.02. 

anions has been proven in several instances.26 Since 
we have observed that a copolymer of l-vinyl-3-methyl-
imidazolium iodide and vinyl alcohol had no enhanced 
effect on the solvolytic rates of NABA and NABS,17 

it is possible that a bifunctional contribution of imid
azole and hydroxyl functions also becomes apparent 
as a result of the electrostatic contribution of the sub
strate to the polymeric catalyst. An alternative possi
bility is that a proper spacing of the imidazole groups 
on the polymer chain (caused by a dilution with inert 
functional groups) could perhaps increase the over-all 
catalytic capabilities of the polymer. This possibility 
is now being investigated by diluting the imidazole 
functions with varying concentrations of inert groups. 
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