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Abstract: Hydrolyses of p-acetoxybenzoic acid catalyzed by water-soluble copolymers of A^S-benzimidazolyl)-
acrylamide (BI) were studied at 30° in the neutral pH region in 0.1-1.0 M aqueous KCl by employing a pH stat. 
The catalytic hydrolysis conformed to Michaelis-Menten kinetics as in the enzymatic reaction and formation of the 
catalyst-substrate complex was ascribable to the hydrophobic interaction. In the catalytic hydrolysis with co
polymers of BI and vinylpyrrolidone (VP) were observed rate accelerations due to accumulation of thep-hydroxy-
benzoate anion in the reaction system. Other undissociated phenols similarly accelerated the catalytic rate. These 
results were explained by the cooperative action of the BI unit and the phenolic compound bound onto the VP unit. 
In the catalytic hydrolysis with copolymers of BI and acrylamide (AA), the cooperative esterolytic action of the BI 
unit was not noted in spite of the intramolecular aggregation of the BI unit observed. Terpolymers containing the 
BI unit and jV-(p-hydroxyphenyl)acrylamide (AP) unit did not show a cooperative catalytic action and the AP 
unit simply increased hydrophobicity of the catalytic site. The intramolecular aggregation phenomena of these 
polymer catalysts were discussed on the basis of the hydrophobic nature of monomer units. The modes of aggre
gation suggested are consistent with the viscometric, potentiometric, and catalytic behavior of the polymer catalysts. 
The catalytic hydrolysis with 5(6)-acetamidobenzimidazole, a model compound of the BI unit, followed simple 
second-order kinetics. 

Hydrophobic interaction has been recognized to make 
significant contributions to the structure and 

activity of enzymes. Therefore, catalytic action of 
water-soluble polymers with hydrophobic character has 
been investigated increasingly in recent years as a model 
of an enzyme system.1_8 We showed previously that 
some water-soluble copolymers containing l-vinyl-2-
methylimidazole (MVI) units catalyzed hydrolysis of a 
phenyl ester according to Michaelis-Menten kinetics as 
in enzyme reactions. Hydrophobic forces were shown 
to be responsible for substrate binding,7 and neutral and 
charged molecules inhibited the catalysis competi
tively.8 

In the present study we selected the benzimidazole 
group for the catalytic site and prepared water-soluble 
copolymers from iV-(5-benzimidazolyl)acrylamide and 
comonomers. The benzimidazole unit is more hydro
phobic than the iV-methylimidazole group used in the 
previous study. Therefore it was interesting to study 
how the increased hydrophobicity of the catalytic group 

(1) Presented in part at the 18th Discussion Meeting of the Society of 
Polymer Science, Japan, Nov 1969, Tokyo. 

(2) I. Sakurada, Y. Sakaguchi, T. Ono, and T. Ueda, Makromol. 
Chem., 91, 243 (1966;. 

(3) S. Yoshikawa and O.-K. Kim, Bull. Chem. Soc. Jap., 39, 1515 
(1966). 

(4) (a) Yu. E. Kirsh, V. A. Kabanov, and V. A. Kargin, Vysokomol. 
Soedin, AlO, 349 (1968); (b) Yu. E. Kirsh, S. K. Phijinov, T. S. Sho-
mina, V. A. Kabanov, and V. A. Kargin, ibid., A12, 186 (1970). 

(5) I. M. Klotz and V. H. Stryker, J. Amer. Chem. Soc, 90, 2717 
(1968); G. P. Royer and I. M. Klotz, ibid., 91, 5885 (1969). 

(6) C. G. Overberger, M. Morimoto, I. Cho, and J. C. Salamone, 
Macromolecules, 2, 553 (1969). 

(7) T. Kunitake, F. Shimada, and C. Aso, / . Amer. Chem. Soc, 91, 
2716(1969). 

(8) T. Kunitake, F. Shimada, and C. Aso, Makromol. Chem., 126, 
276 (1969). 

MVI unit BI unit AP unit 

would affect the enzyme-like catalytic behavior of the 
copolymer. 

On the other hand, it appears established that the 
histidine and serine residues are involved in the active 
site of a-chymotrypsin,9 and several attempts have been 
made to attain enhanced catalytic efficiencies in the 
ester hydrolysis by combinations of the imidazole and 
hydroxyl functions within a catalyst molecule.1011 

Thus 7V-(/)-hydroxyphenyl)acrylamide was copolymer-
ized and the catalytic action of water-soluble copoly
mers containing the imidazole and hydroxyl functions 
was investigated. The data obtained are discussed in 
relation to the rate acceleration phenomena due to 
bound phenols observed in the vinylpyrrolidone co
polymer. p-Acetoxybenzoic acid was used as sub
strate. 

(9) P. B. Sigler, D. M. Blow, B. W. Matthews, and R. Henderson, 
J. MoI. Biol, 35, 143 (1968). 

(10) P. Cruickshank and J. C. Sheehan, J. Amer. Chem. Soc, 86, 
2070 (1964). 

(11) C. G. Overberger, J. C. Salamone, and S. Yaroslavsky, ibid., 89, 
6231 (1967). 
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Table I. Preparation of Polymer Catalysts0 

Copolymer 

BI-VP-I 

BI-VP-2 

BI-VP-3 

BI-AA-I 

BI-AA-2 

BI-AP-AA-I 
BI-AP-AA-2 
Bl-AP-AA-3 
AP-AA 

BI 

0.034 
/0.020 
\0.030 
/0.017 
\0.017 
0.04 

/0 .10 
\0 .10 
0.02 
0.05 
0.05 

Monomer, 
AP 

0.10 
0.05 
0.02 
0.06 

M 
VP 

3.00 
2.00 
3.00 
3.00 
3.00 

. 
AA 

2.00 
1.00 
1.00 
1.00 
1.00 
1,00 
2.00 

Polymerization 
time, 
min 

30 
30 
40 
30 
30 
75 

100 
80 
80 
80 
80 

100 

Con
version, 

% 
19.9 
16,5\ 
21.8] 
20.4/ 
19.2/ 
40.0 
13.8\ 
16.1/ 
15.0 
24.4 
30.8 
56.0 

BI 

2.90 

1.22 

0.91 

1.29 

7.83 

1.4 
3.2 
3.5 

Polymer unit 
mol % 

AP 

7.0 
3.4 

Ca. 1.5 
2.5 

70°; methanol solvent; azobisisobutyronitnle, 0.125 mol % of VP or AA monomer. 

Experimental Section 
5(6)-Acetamidobenzimidazole. 5-Aminobenzimidazole was pre

pared by reduction of commercial 5-nitrobenzimidazole with tin 
and dilute hydrochloric acid. Colorless plates (hydrochloride 
monohydrate), yield 64-82%, mp 108-109° (lit.12 108.5-109°), 
were formed. Sodium acetate (2.1 g, 0.025 mol) was dissolved at 
70° in a mixture of 10 ml of acetonitrile and 50 ml of acetic acid. 
5-Aminobenzimidazole hydrochloride monohydrate (2.0 g, 0.013 
mol) was dissolved with stirring in this mixture at room temper
ature. Acetic anhydride (1.5 g, 0.015 mol) was added dropwise 
and stirring was continued for 2 hr. Ethanol was added in order 
to decompose excess acetic anhydride. A 100-ml sample of a 
saturated NaCl solution was added and the mixture was extracted 
with three 50-ml portions of tetrahydrofuran. Solvent was 
evaporated from the extract and the tan brown residue was re-
crystallized twice from a 1:1 mixture of 4 TV hydrochloric acid 
and acetic acid: colorless needles, mp 240-250° dec, yield 65-
70%. Anal. Calcd for C9H9N3O-HCl-H2O: C, 47.06; H, 
5.27; N, 18.30. Found: C, 47.04; H, 5.24; N, 19.07. Ir (KBr) 
showed 1660 (carbonyl), 1477 cm-1 (imidazole). The purity 
determined by titration was 98.6 %. 

iV-(5-Benzimidazolyl)acrylamide (BI Monomer). 5-Aminobenz
imidazole (2.0 g, 0.013 mol) was dissolved in a mixture of 2 ml of 
concentrated hydrochloric acid and 3 ml of water, and then added 
to 2.5 ml of 30% aqueous alkali and 50 ml of dioxane. The solu
tion was cooled in an ice bath and, with stirring, 4.7 ml of 4 /V 
aqueous sodium hydroxide and 1.6 g (0.018 mol) of acrylyl chloride 
(bp 67-70° (760 mm), prepared from benzoyl chloride and acrylic 
acid13) were simultaneously added from separate dropping funnels 
over 15 min. The reaction mixture was stirred for 1 hr at pH 8-10 
at 0-5° and then neutralized to pH 7. Sodium chloride was 
filtered and solvent was evaporated. The residual solid was 
dissolved in methanol, added with 2 ml of concentrated hydro
chloric acid, and solvent evaporated. This process was repeated 
once more, and the residue was recrystallized with charcoal treat
ment from water or from 1:1 aqueous acetic acid, mp 154-156°, 
yield 62-72%. Anal. Calcd for C10H9N3O HCl H2O: C, 49.70; 
H, 5.00; N, 17.39. Found: C, 49.66; H, 4.86; N, 16.49. 
Ir (KBr) showed 1680 (conjugated carbonyl), 1617 (vinyl), 1418 
cm'1 (imidazole). 

iV-(/>Hydroxyphenyl)acrylamide (AP Monomer). p-Aminophe-
nol (10.9 g, 0.1 mol) was dissolved in 40 ml of acetic acid, and 4.5 g 
(0.05 mol) of acrylyl chloride was added dropwise at 0-10°. After 
stirring for 1 hr, 200 ml of 1 N hydrochloric acid was added and the 
organic product was extracted with ether. The extract was dried 
over sodium sulfate and ether was evaporated. Colorless flakes 
appeared upon cooling the residue, yield 56-76%, mp 194-195° 
(lit.14mp 192-193°). 

p-Acetamidophenol was prepared by treating p-aminophenol with 
acetic anhydride in acetic acid, mp 169-171° (lit.16 mp 169-170.5°). 

(12) M. Stauble, HeIv. CMm. Acta, 32, 135 (1949). 
(13) G. H. Stempel, Jr., R. P. Cross, and R. P. Mariella, J. Amer. 

Chem. Soc, 72, 2299 (1950). 
(14) M. Greiger, Swiss Patent 318,201 (1957); Chem. Abstr., 53, 7663 

(1959). 
(15) H. E. Friez-David and W. Kuster, HeIc. Chim. Acta, 11, 94 

(1939). 

N-Vinylpyrrolidone (VP) (bp 90-93 ° (11 mm)) and acrylamide 
(AA) (mp 83.5-84.5°) were obtained by purification of commercial 
reagents by distillation and recrystallization, respectively.' The 
preparation of the substrate was described previously.16'17 

Preparation of Polymer Catalysts. Copolymerizations were 
carried out in methanol at 70° with azobisisobutyronitrile as 
initiator in sealed ampoules under nitrogen. Monomers and 
initiator were charged into an ampoule and the mixture was de
gassed by the freeze-thaw method. The copolymerization with 
vinylpyrrolidone proceeded homogeneously. The polymer was 
recovered by pouring the reaction mixture into excess ether, purified 
by reprecipitation from methanol and ether, and dried in vacuo. 
In the copolymerization with acrylamide the polymers precipitated 
during polymerization were collected on a glass filter, reprecipitated 
from water and methanol (or acetone), and dried in vacuo. The 
polymerization results are given in Table I. These copolymers were 
soluble in 1 M aqueous KCl. Increases in the content of BI and/or 
AP units resulted in formation of water-insoluble polymers. 

The content of the BI unit in copolymer was determined by titra
tion under the hydrolysis condition. The amount of the AP unit 
was determined by infrared spectroscopy: infrared spectra (KBr 
disk) of mixtures of p-acetamidophenol (model compound of the 
AP unit) and phthalimide were measured, and the intensity ratio 
of the aromatic out-of-plane bending vibrations (at 837 cm-1 with 
p-acetamidophenol and at 790 cm-1 for phthalimide) was plotted 
against the mole fraction of the mixture. A linear relation was 
obtained. Corresponding intensity ratios (835 and 790 cm-1) 
were determined for a mixture of a polymer sample with a known 
amount of phthalimide, and compared with the calibration curve 
mentioned above. The molecular extinction coefficients of the 
AP unit at 835 cm-1 and of p-acetamidophenol at 837 cm-1 were 
assumed to be identical. The copolymer compositions are in
cluded in Table I. 

Titration and hydrolysis procedures are the same as described 
previously.7-17 The rate of catalytic hydrolysis ccat. was obtained 
by subtracting the alkali consumption due to spontaneous hy
drolysis from the total rate of hydrolysis. The amount of alkali 
consumption due to hydrolysis per moie of substrate was estimated 
from pK* values of the product under the respective hydrolysis 
condition. The rate of spontaneous hydrolysis was small for this 
substrate. 

Results 

Titration and Viscosity Characteristics of Polymer 
Catalysts. Titration and viscometric behavior of the 
polymer catalyst are summarized in Table II. Titration 
data of polyelectrolytes do not follow necessarily the 
simple mass law relation employed for ti trations of 
small molecules, because of the electrostatic repulsion 
among charged units. 

Thus the logarithm of the intrinsic ionization con
stant pATint of an isolated site can be estimated by plot-

tie) E. R. Marshall, J. A. Kuck, and R. C. Elderfield, /. Org. Chem., 
1, 450 (1942). 

(17) T. Kunitake, S. Shinkai, and C. Aso, Bull. Chem. Soc. Jap., 
43, 1109 (1970). 
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Table II. Titration and Viscosity Characteristics 

Catalyst 

AcBI 
BI-VP-I 
BI-VP-2 
BI-VP-3 
BI-AA-I 
BI-AA-2 
BI-AP-AA-I 
BI-AP-AA-2 
BI-AP-AA-3 

P^a" 

5.41 
5.60 
5.59 
5.57 
5.23 
5.12 
5.25 
5.30 
5.26 

«' 

1.01 
1.03 
0.98 
1.24 
1.56 
1.01 
1.06 
1.10 

Ptfint" 

5.61 
5.62 
5.55 
5.58 
5.66 
5.27 
5.35 
5.49 

• — W 

1 . 0 M 
KCl 

0.578 
0.122 
0.229 

0.300 

dl/g . 
8 M 

aqueous 
urea 

0.796 
0.215 
0.679 

0.583 

° 30°, 1.0 M K C l , experimental error, ± 0 . 0 3 . 
Ubbelohde viscometer was used. 

30°; a modified 

ting the logarithm of the apparent ionization constant 
P-Kapp against degree of neutralization a in eq 1 and 

p/: a p p = pH + log[(l - a)/a] = 

pKint + 0A3AGel/RT (1) 

extrapolating to a = 1, i.e., to the uncharged state,18 

where AGel is the required electrostatic energy for the 
removal of an equivalent of protons at a given degree of 
ionization. The plots were considered to be linear, al
though some curvature was observed in a few cases at 
a < 0.5. Thus it was concluded that noticeable con
formational changes did not occur during titration, un
like in the case of poly(methacrylic acid) and poly(a-L-
glutamic acid).18 Similar results were obtained for co
polymers of vinylimidazole and vinylpyrrolidone.7,19 

The titration data were also plotted according to the 
modified Henderson-Hasselbach equation.20 The pK^ 

p # a = pH + n ' log [(I - Oi)Ja] (2) 

value corresponds to pH at the half-neutralization. 
The deviation of «' from unity is a qualitative measure of 
electrostatic interaction. These values were calculated 
from the linear plots obtained. 

The titration data of Table II suggest several inter
esting features of the behavior of imidazole groups em
bedded in polymer. There is no electrostatic effect ob
served in the BI-VP copolymer (n' ~ 1). In contrast, 
the BI-AA copolymer showed considerable electro
static effect, and the n' value increased from 1.24 to 
1.56, as the content of the BI unit increased from 1.29 to 
7.83 mol %. These «' values are unusually large if one 
takes into account low contents of the BI unit. Incor
poration of the AP unit into the BI-AA copolymer de
creased the electrostatic effect among the BI units, as is 
apparent from diminished n' values (n' < 1.1). The 
implication of the viscosity data will be discussed later. 

Catalytic Hydrolysis with 5(6)-Acetamidobenzimid-
azole (AcBI). The initial rate of the catalytic hy
drolysis of />acetoxybenzoic acid with AcBI catalyst 
was proportional to the substrate concentration (0.01-
0.07 M). The second-order rate constant (k') was 
0.012 min-1 Af"1 (30°, pH 8.0, 1.0 MKCl). 

Catalytic Hydrolysis with BI-VP Copolymers. In 
the catalytic hydrolysis with BI-VP copolymers, 
typical saturation phenomena of the initial rate were 

(18) H. Morawetz, "Macromolecules in Solution," Wiley, New York, 
N. Y., 1965, p 348. 

(19) I. M. Klotz and M. L. Lyndrup, Biopolvmers, 6, 1405 (1968). 
(20) A. Katchalsky and P. Spitnik, J. PoUm. Sci., 2, 432 (1947). 

Figure 1. Catalytic hydrolysis: catalyst, BI-VP-3; total imid
azole concentration, 1.10 mM; pH8.0; 30°; 1.0 MKCl. 

observed with increasing substrate concentration. 
An example is given in Figure 1. Thus it was con
cluded that the copolymer catalyzed hydrolysis of the 

N ^ N H 

AcBI 

substrate according to Michaelis-Menten kinetics 
(eq 3 and 4), as in the previous system,7 where C and 

"cat. 
catalyst -f substrate "^"^ catalyst-substrate — > • 

Am 
catalyst + product 

/Ccat.[C][S] 

Km+ [S] 

(3) 

(4) 

S denote catalyst and substrate, respectively. 
The kinetic constants, Km and fccat., were determined 

from the linear Lineweaver-Burk plot between l/k'cat, 
and 1/[S].21 The Michaelis constant Km may be as
sumed to represent a true dissociation constant of cat
alyst and substrate.7 The results are given in Table III. 

Table III. Catalytic Hydrolysis" 

Catalyst 

AcBI 
BI-VP-I 
BI-VP-2 
BI-VP-3 
BI-AA-I 
BI-AA-2 
BI-AP-AA-I 
BI-AP-AA-2 
BI-AP-AA-3 
AP-AA^ 

[C]," 
m M 

7.57 
0.94 
1.20 
1.10 
1.06 
1.09 
1.70 
1.50 
2.06 

Am, c 

IT lM 

24 
23 
23 
53 
77 
23 
31 
40 

^CiIt . , 

m i n - 1 

X 103 

9.7 
9.2 
9.2 

19 
18 
4.3 
5.0 
5.3 

kc-.it.! Km, 

M~l min - 1 

(k' = 0.012) 
0.40 
0.39 
0.39 
0.36 
0.23 
0.18 
0.16 
0. 11 
0.00 

"Reaction condition: pH 8.0; 30°; 1.0 M KCl. "Total 
imidazole concentration. Experimental error, < 5 % . "4No 
catalytic activity observed. 

(21) H. Lineweaver and D. Burk, / . Amer. Chem. Soc, 56, 658 (1934). 
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Figure 2. Dependence of the catalytic rate on pH: catalyst, BI-
VP-3; total imidazole concentration, 1.1OmM; substrate, 40 mM; 
30°; 1.0 M KCl. 

20 40 
Time(min) 

60 

Figure 3. Variation of the catalytic rate with time: catalyst, BI-
VP-3; total imidazole concentration, 1.10 mM; substrate, 40 mM; 
pH8.0; 30°; 0.10 M K C l ; O, no additive; »,0.38 mMp-hydroxy-
benzoic acid added. 

The small variation in the BI-VP composition did not 
affect the kinetic behavior of the catalyst, and the kinetic 
parameters for these catalysts were constant within the 
experimental error. 

The catalytic rate decreased with decrease in ionic 
strength of the medium. For instance, vQStt. decreased 
from 6.4 X 10-6to4.1 X 10-6 Mmin- 1 ([C] = 1.1OmM, 
[S] = 0.040 M, pH 8.0, 30°), when the ionic strength 
(KCl) was decreased from 1.0 to 0.1. ucat, is depen
dent of Km and fccat. terms as given in eq 4. Since the 
reaction of the neutral imidazole group with a sub
strate molecule (fccat. term) will not be affected directly 
by the variation of ionic strength, the observed influence 
of ionic strength may be ascribed to the Km term. In 
fact, substrate binding based on hydrophobic forces is 
expected to increase with increasing ionic strength (c/. 
salting-out of organic substances). 

In Figure 2 is shown the variation of vcat. with pH of 
the reaction system. The total catalyst concentration 
was kept constant. ucat. increased with pH at the low 
pH region but reached a limiting value at high pH. 
The corresponding plot of the neutral benzimidazole 
fraction vs. ucat. was linear. Thus, only the unproton-
ated benzimidazole unit was effective as catalyst and the 
presence of the protonated BI unit showed little in-

Figure 4. Variation of the relative catalytic rate with the concen
tration of p-hydroxybenzoic acid in the reaction system: V0, the 
catalytic rate in the absence of p-hydroxybenzoic acid. The reac
tion condition is the same as that of Figure 3. 

fluence on the catalytic action of the neutral benzimid
azole unit toward the anionic substrate. 

Acceleration of Catalytic Hydrolysis. In the above 
experiments, the kinetic behavior was determined from 
the initial rate of hydrolysis in order to avoid the com
plex kinetic treatment due to the presence of the prod
uct. In most cases, the rate of alkali consumption 
was constant or decreased slowly with time at small 
extents of reaction. In the hydrolysis with BI-VP 
copolymers, however, the rate of alkali consumption 
initially increased with time, passed through a maxi
mum, and then decreased. This is clearly shown in 
the variation of pcat. with reaction time (Figure 3). The 
maximum corresponded to formation of 0.23 mM hy
drolysis products. ycat. in this case was determined 
from the tangent of the alkali consumption curve at the 
respective reaction time. Since the product concentra
tion was the only variable with time in this system, so
dium acetate and sodium ^-hydroxybenzoate were 
added separately to the reaction system. When 0.5 
mM sodium acetate was added, the variation of i?cat. 
with time followed the same course (the same initial rate 
was observed, and maximum ucat. occurred with 0.25 mM 
product concentration). On the other hand, addition 
of 0.38 mM sodium /?-hydroxybenzoate increased the 
initial rate by some 16% and the maximum disappeared 
(Figure 3). This rate variation was replotted in Figure 
4 against the concentration of/>hydroxybenzoic acid in 
the reaction system. The two separate curves in Figure 
3 merged into a smooth single curve in Figure 4. Thus 
it is suggested that the peculiar behavior of ucat. with 
time was induced by />-hydroxybenzoate ion accumu
lated in the system. The product concentrations at the 
maximum rate [P]max are shown in Table IV for the 

Table IV. Product Concentration at the Maximum Rate 

Polymer 

Bl unit 
in polymer, 

mol % 

[P] at 
U l X , 

M X 104 
[Plat 

Vm1J[C] 

Bl-VP-I 
BI-VP-2 
Bl-VP-3 

2,90 
1.22 
0.91 

4,5 
2,6 
2.4 

0,48 
0,22 
0.22 

Journal of !he American Chemical Society / 93:17 / August 25, 1971 



4251 

O 5 10 
(Additive) xld (M) 

Figure 5. Influence of additives on the initial rate of the catalytic 
hydrolysis: catalyst, BI-VP-3; total imidazode concentration, 
1.10 mM; substrate, 40 mM; pH 8.0; 30°; 0.10 M KCl; O, 
phenol; • , p-hydroxybenzoic acid; X, cyclohexanol; ©,benzoic 
acid; A, nitrobenzene; (J, 2,4-dinitrophenol. 

three BI-VP copolymers. Interestingly, [P]max in
creased with the content of the BI unit in copolymer, 
indicating that the rate acceleration is sensitive to the 
polymer composition. 

In order to define the role of/7-hydroxybenzoate ion 
more clearly, the influence of several additives on the 
initial rate was studied as shown in Figure 5. Addition 
of phenol and /vhydroxybenzoic acid gave rise to rate 
maxima at certain concentrations, whereas cylohex-
anol, benzoic acid, nitrobenzene, and 2,4-dinitrophenol 
simply decreased i?cat.. 2,4-Dinitrophenol (pKa = 4.1) 
is completely dissociated at pH 8.0. Thus it appears that 
the influence of the additives is closely related to the 
presence or absence of the undissociated phenol group 
under the hydrolysis condition. When additive mole
cules did not contain the undissociated phenol group, 
they simply decreased the initial i>cati. On the other 
hand, the influence was more complex, when additives 
contained the undissociated phenol group. The ccat.-
time curve possessed a maximum when the concentra
tion of these additives was smaller than that at which 
the rate ratio (v/vo) was maximal. At greater concen
trations of these additives, pcat. decreased with time 
without showing a rate maximum. For example, the 
Dcat.-time curve showed a small rate maximum with 0.4 
mM added phenol, but Dcat. decreased with time with 
0.88 mM added phenol (cf. Figure 5). The same situa
tion is clearly shown for /?-hydroxybenzoic acid in 
Figures 3 and 4. 

Concerning the additives which did not contain the 
undissociated phenol group, the initial rate decreased 
with increasing concentrations of additives. How
ever, the rate maximum appeared in the ocat.-time curve 
at the reaction time when 0.20 ± 0.05 mM/j-hydroxy-
benzoic acid was accumulated in the system. There
fore, in spite of the overall decrease in pcati due to the 
presence of inhibitory additives, the rate maximum was 
induced by accumulation of the certain amount of the 
product. 

Catalytic Hydrolysis with AA Copolymers. The ki
netic results for the catalytic hydrolysis with AA 
copolymers are given also in Table III. The substrate 

1.0 

0.8 
V/Vo 

0.6 

OA 

0.2 

0 2 4 6 
Cp-HBA) X103 (M) 

Figure 6. Variation of the relative rate of the catalytic hydrolysis 
with the concentration of p-hydroxybenzoic acid: catalyst, BI-
AA-I; total imidazole concentration, 1.06 mM; substrate, 40 mM/ 
pH 8.0; 30c; 0,10 M KCl; V0, i w . in the absence of p-hydroxy-
benzoic acid. 

saturation phenomena were less pronounced with the 
BI-AA copolymers relative to those of the BI-VP 
copolymers, as is apparent from the difference in 
Km values. The intracomplex rate constants /ccat. were 
greater than those of the BI-VP copolymers (19 X 10~3 

min - 1 vs. 9.5 X 10 -3 min -1). When the AP unit was 
additionally incorporated into the BI-AA polymer, the 
binding capacity of the catalyst increased to some ex
tent, but /ccat. decreased by a factor of approximately 4. 
The Km and fccat. values decreased with increasing con
tents of the AP unit in the terpolymer. This result 
shows that the AP unit in the polymer catalyst acted to 
reinforce the binding site. The phenol group did not 
show the esterolytic activity by itself, as reflected by the 
lack of the catalytic activity with the AP-AA copolymer. 

The AA copolymers did not give rate maxima in their 
k'cat.-time curves, unlike the BI-VP copolymers. Figure 
6 shows the influence of added /j-hydroxybenzoic acid 
on the initial rate with a BI-AA copolymer (BI-AA-I). 
There were no rate maxima observed. Thus the rate 
acceleration due to bound phenols could not be found 
for the BI-AA copolymer. 

Discussion 

Intramolecular Aggregation of Polymer Catalysts. 
It is well known that the tertiary structure of globular 
proteins is largely maintained by hydrophobic forces.22 

Similarly, synthetic vinyl polymers are expected to 
show intramolecular aggregation phenomena if hydro
phobic groups are properly located along the polymer 
chain. The aggregation may be likened to formation 
of the tertiary structure, though in a very crude sense, and 
it is expected that a new catalytic site of different nature 
be formed. For example, aqueous poly(methacrylic 
acid) is known to take a compact conformation in the 
undissociated state, and unfolding of the polymer chain 
occurs upon neutralization.23-27 Eizner, et a/.,28,29 dis

til) E.g., J. C. Kendrew, Brookhacen Symp. Biol. 15, 216 (1962). 
(23) T. M. Birshtein Ye. V. Anufrieva, T. N. Nekrasova, O. B. 

Ptitsyn, and T. V. Sheveleva, Vysokomol. Soedin, 7, 372 (1965); J. 
Polym. Set., Part C, 16, 3519 (1968). 

(24) J. Eliassaf, ibid.. Part B, 3, 767 (1965). 
(25) A. M, Liquori, G. Barone, V. Crescenzi, F. Quadrifoglio, and 

V. Vitagliano, J. Macromol. Chem., 1 (2), 291 (1966). 
(26) M. Mandel, J. C. Leyte, and M. G. Stadhouder, J. Phys. Chem., 

71, 603 (1967). 
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Figure 7. Schematic representations of the mode of intramolecular 
aggregation and substrate binding: S, substrate. For explana
tion, see text. 

cussed the conformational transition of macromolecules 
possessing both lyophilic and lyophobic groups. Na-
kagawa and Inoue30 developed a statistical theory for 
the solution state of polysoap and discussed the transi
tion from polyelectrolyte to polysoap, i.e., intramolec
ular micellization. 

The mode of intramolecular aggregation is probably 
influenced by the distribution and the size of hydro
phobic groups. Figure 7 shows schematic representa
tions of typical modes of the intramolecular aggregation 
of the side chains employed in our hydrolysis studies. 
The polymer was assumed to be uncharged for the sake 
of simplicity, and the hydrophobicity of the side chain is 
shown by circles and ellipses. The type I polymer 
possesses side chains of intermediate hydrophobicity. 
The VP and MVI units belong to this class. The type 
II polymer consists of side chains of intermediate and 
large hydrophobicity, and the type III polymer consists 
of side chains of large and small hydrophobicity. The 
BI, AP, and phenylimidazole (PI, cf. ref 31) units may be 
represented by ellipses (large hydrophobicity), and hy
drophobicity of the AA unit is considered to be small 
(small circle in Figure 7). 

Aqueous poly(vinylpyrrolidone) is known to bind 
various organic substances,32-34 and we proposed in a 
previous publication that small organic molecules are 
surrounded by the polymer segment in the bound state.7 

This loop hypothesis is supported by contraction of 
polymer upon binding of small molecules and by the 
constancy (10 ± 3) of the number of the monomer unit 
required to constitute one binding site.34 Concentrated 
aqueous urea is known to unfold globular proteins by 
destruction of hydrophobic bonds.3536 Similarly the 
intramolecular aggregation of side chains due to hy
drophobic forces would be destroyed in concentrated 
urea solutions. Since the intrinsic viscosity of an 
aqueous solution of poly(vinylpyrrolidone) did not in
crease by addition of 8 M urea,37,38 this polymer does 

(27) E. E. Kern, and D. K. Anderson,/. Polym. Sci., Part A-I, 6, 2765 
(1968). 

(28) O. B. Ptitsyn, A. K. Kron, and Yu. Ye. Eizner, ibid.. Part C, 
16, 3509 (1968). 

(29) Yu. Ye. Eizner, Vysokomol. Soedin,, Ser. A, 11 (2), 364 (1969). 
(30) T. Nakagawa and H. Inoue, Kolloid-Z. Z. Polym., 195, [2], 93 

(1964). 
(31) T. Kunitake and S. Shinkai, J. Amer. Chem. Soc, 93,4256 (1971). 
(32) W. Sholtan, Makromol. Chem., 11, 131 (1953). 
(33) J. Eliassaf, F. Eriksson, and F. R. Eirich, / . Polym. Set., 47, 

193 (1960). 
(34) P. Molyneux and H. P. Frank, / . Amer. Chem. Soc, 83, 3169, 

3175 (1961). 
(35) C. Tanford, ibid., 86, 2050 (1964). 
(36) G. Nemethy, Angew. Chem., Int. Ed. Engl., 6, 195 (1967). 

not appear to be intramolecularly associated in the ab
sence of substrate molecules. Therefore, the formation 
of the catalytic loop may find an analogy in the "in
duced fit" conformational change39 of enzyme mole
cules. 

In the type II polymer a large hydrophobic group is 
conceived to be associated with the neighboring inter
mediately hydrophobic group because of the positional 
advantage. The direct aggregation of the large hydro
phobic groups appears unlikely in this type. The local 
aggregation of the side chains (Figure 7, type II) is not 
expected to lead to appreciable contraction of the 
polymer coil. A substrate molecule will interact with 
both types of the side chain, although the contribution 
of the intermediate group to substrate binding is prob
ably smaller than that in the type I polymer. 

The electrostatic effect was not observed in the titra
tion of BI-VP copolymers and PI-VP copolymers.31 

In addition, the intrinsic viscosity of an aqueous co
polymer of VV-cyclohexylacrylamide and vinylpyr-
rolidone did not change upon addition of 8 M urea.;is 

Although the corresponding viscosity data for the BI-
VP polymer are not presently available, these results are 
consistent with the above-mentioned presumption that 
direct association of large hydrophobic groups (BI or 
PI) are not appreciable and aggregation of the local hy
drophobic groups is present in an aqueous solution of 
the type II polymer. 

Okubo and Ise40 recently showed that aqueous 
poly(acrylamide) did not bind naphthalene or biphenyl 
in contrast to aqueous poly(vinylpyrrolidone). Thus 
the binding capacity of the AA unit (shown by small 
circles) due to hydrophobic forces is considered to be 
negligible. In the type III polymer, therefore, aggrega
tion would occur among large hydrophobic groups, and 
the extent of aggregation would increase as its content 
increases. When the aggregation occurs between side 
groups far apart along the polymer chain, the polymer 
coil should contract considerably. The intrinsic vis
cosity of the BI-AA and PI-AA copolymers31 increased 
appreciably in 8 M aqueous urea. Moreover, the in
crement increased with the content of the BI unit in co
polymer (Table II). Similarly, a copolymer of N-
cyclohexylacrylamide (10 mol %) and acrylamide 
showed an increase in the intrinsic viscosity from 0.78 
dl/g (aqueous solution, 30°) to 1.87 dl/g in 8 M aqueous 
urea.38 These data support the mode of association de
picted in Figure 7. The electrostatic effect observed in 
the BI-AA copolymer, when compared with its absence 
in the BI-VP copolymer, also suggests the occurrence of 
the direct interaction between charged BI units. The 
greater n' value and the greater viscosity increment ob
served for BI-AA-2 relative to those in BI-AA-I would 
indicate that the extent of the intramolecular aggrega
tion increases with increasing BI contents. The intra
molecular association of this type offers a very inter
esting possibility of bifunctional catalysis. By incor
poration of the AP unit into the BI-AA system, the 
electrostatic effect almost disappeared, i.e., n' « 1. 
Since the intrinsic viscosity of the terpolymers increased 

(37) S. Saito and T. Otuka, J. Colloid Interface ScL, 25, 531 (1967). 
(38) Y. Horikawa, Master's Thesis, Faculty of Engineering, Kyushu 

University, 1970. 
(39) D. E. Koshland, Jr., Cold Spring Harbor Symp. Quant. Biol., 28, 

473 (1963). 
(40) T. Okubo and N. Ise, / . Phys. Chem., 73, 1488 (1969). 
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appreciably in 8 M aqueous urea (see Table II), the 
intramolecular aggregation was not lost and aggregation 
among the BI unit in the BI-AA copolymers was re
placed by that between the BI and AP units in the ter-
polymer. In this type of polymer catalysts a substrate 
molecule will bind on a single side chain or on a site 
composed of more than one side chains, and the binding 
capacity of the polymer catalyst will vary with the con
tent of the hydrophobic group because these two types 
of the binding site are expected to show different 
binding capacities. 

It is to be noted at this point that the modes of aggre
gation of Figure 7 were proposed for polymers with rel
atively short side chains. The size of substrate mole
cules is similarly assumed to be relatively small. It is 
readily expected that the mode of aggregation (and 
binding) would be different when polymer catalysts 
and/or substrates with long alkyl chains were employed. 

Michaelis-Menten Kinetics. It is shown in the 
Results that all the benzimidazole-containing poly
mers catalyzed the hydrolysis of /?-acetoxybenzoic 
acid according to Michaelis-Menten kinetics. That 
is, the BI unit in the copolymer, but not AcBI catalyst, 
possesses sufficient binding capacity toward the sub
strate molecule under the hydrolysis conditions used. 
The binding capacity is considered to be intrinsically 
based on the hydrophobic interaction between catalyst 
and substrate. However, the binding tendency may 
as well be strongly influenced by the dipolar inter
action.7 Recently, Connors and coworkers41 con
cluded that the molecular complexes of theophylline 
with cinnamate esters were formed in aqueous solution 
in such a way as to permit extensive local dipole and 
induced dipole interactions in the face-to-face orienta
tion. The flat benzimidazole ring appears to be favor
able for the face-to-face orientation of the substrate 
molecule, and this orientation may not necessarily 
favor the chemical interaction of the imidazole unit with 
the ester group. 

As mentioned previously, Michaelis-Menten kinetics 
are observed as long as the catalyst-substrate complex is 
formed, irrespective of whether or not the enzyme-like 
pathway (eq 3) is more efficient than the bimolecular 
pathway.7 The relative importance of these two path
ways can be determined by comparing the kCSLiJKm term 
with the hypothetical second-order rate constant of the 
catalytic system. AcBI is considered to be a suitable 
model compound of the isolated BI unit in the polymer 
catalyst. As is evident from Table III, the catalytic 
efficiency of AcBI Qc' = 0.012 M~l min -1) was much 
smaller than those of the polymer catalysts (kcatJKm — 
0.1-0.4 M - 1 min -1). Thus it is concluded, for the 
polymer catalysts used, that the enzyme-like pathway is 
more efficient than the possible bimolecular pathway. 

The kinetic parameters and the titration characteris
tics were the same with the three BI-VP copolymers. 
The variation of the composition of these copolymers 
appears not to affect the nature of the catalytic site 
noticeably, although more subtle influence may be pres
ent as shown by the data of Table IV. 

Overberger, et ah, observed an enhanced esterolytic 
activity of poly(vinylbenzimidazole) relative to benz-

(41) (a) J. A. Mollica, Jr., and K. A. Conners, / . Amer. Chem. Soc, 
89, 308 (1967); (b) P. A. Kramer and K. A. Conners, ibid., 91 , 2600 
(1969); (c) K. A. Conners, M. H. Infeld, and B. J. Kline, ibid., 91 , 
3597 (1969). 

imidazole and explained the results in terms of the co
operative action of the polymeric imidazole group in the 
overall second-order kinetics.42-44 It is similarly ex
pected that the intramolecular association of the imid
azole group in the type III polymer might cause an en
hancement of the catalytic efficiency due to the formation 
of a cooperative multifunctional catalytic site. How
ever, the increase in the extent of association of the BI 
unit as inferred from the titration and viscosity data 
(BI-AA-I vs. BI-AA-2) did not affect /ccat. and unex
pectedly decreased the binding capacity {Km, 53 m.M vs. 
11 mAf, Table III). Therefore, BI units may be asso
ciated in the catalytic site in a conformation as to be not 
suitable for the cooperative action. More specifically, 
a plane-to-plane conformation of the associated BI 
units would certainly not be suitable for creation of a 
cooperative multifunctional catalytic site. 

In the previous study MVI-VP copolymers (low 
MVI contents) showed an approximately seven times 
greater capacity than an MVI-AA copolymer. This 
difference may be considered to be a measure of the 
contribution of the VP unit in a catalytic loop to sub
strate binding (type I polymer). As the binding capac
ity of the catalytic unit increases, the interaction of a 
bound substrate with the catalytic unit will increase and, 
therefore, the contribution of the neighboring VP units 
to binding relative to that of the catalytic unit will de
crease. This is confirmed by the smaller ratio of Km 

values for the BI-VP and BI-AA copolymers (2 ~ 3), 
compared to the ratio (~7) of MVI-VP and MVI-AA 
copolymers. Therefore, the catalytic loop of the type 
I polymer can be said to be tighter than that of the type 
II polymer. In the PI polymers this ratio was about 4, 
probably indicating a smaller contribution of the PI 
unit relative to the BI unit to the overall binding capac
ity. 

In the absence of the cooperative character in the 
catalytic site of the BI-AA polymer, a greater /ccat, value 
for this polymer relative to those for the BI-VP poly
mers indicates that the product formation on the surface 
of the BI unit is faster than that proceeding in the cat
alytic loop of the BI-VP polymer. The intracomplex 
process (/ccat.) was much slower than would be antic
ipated from the rate of the intramolecular catalysis by 
the imidazole group,45 and this can be ascribed to de-
stabilization of the highly polar transition state of the 
product formation in hydrophobic environments of the 
catalytic site. As will be described in the accompanying 
publication,31 the intracomplex rate is inversely cor
related with the binding capacity which is based on hy
drophobic forces. 

Intracomplex Pathway. It has been shown that, in 
the reaction of benzimidazole with /?-acetoxybenzoic 
acid, the path through jV-acetylbenzimidazole accounts 
for at least 90% of the conversion of ester to hydrolytic 
products.4647 Probably this applies to the bimolecular 

(42) C. G. Overberger, T. St. Pierre, N . Vorchheimer, J. Lee, and S. 
Yaroslavsky, ibid., 87, 296 (1965). 

(43) C. G. Overberger, T. St. Pierre, and S. Yaroslavsky, ibid., 87, 
4310(1965). 

(44) C. G. Overberger, T. St. Pierre, C. Yaroslavsky, and S. Yaroslav
sky, ibid., 88, 1184(1966). 

(45) T. C. Bruice and S. J. Benkovic, ibid., 85, 1 (1963). 
(46) T. C. Bruice and G. L. Schmir, quoted by T. C. Bruice and S. J. 

Benkovic, "Bioorganic Mechanisms," Vol. 1, W. A. Benjamin, New York, 
N . Y., 1966, p 48. 

(47) T. C. Bruice and S. J. Benkovic, see ref 46, Chapter 1. 
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catalysis by acetamidobenzimidazole. However, 
since there is no assurance that the intracomplex reac
tion follows the same route as that of the bimolecular 
path, the general base catalysis of the BI unit remains as 
a mechanistic possibility. 

In the case of general base catalysis, the BI unit acts 
as a true catalyst, and fccat. is identical with the turn
over constant. On the other hand, in the case of nu-
cleophilic catalysis, the intracomplex process involves 
acylation and deacylation steps 

catalyst + substrate "̂ ~̂ ~ catalyst-substrate —> 

acetylbenzimidazole , MQ <f % COOH 
intermediate \ / 

L d°m'> catalyst + CH3COOH (5) 

Then the kinetic parameters observed will be expressed 
by48 

7 ^acyl^deacyl ss-\ 
K-cat. — T ~ i r VP) 

^acyl T" ^deacyl 

Km = Ks- J-ff— (7) 

where Ks, substrate constant, is the equilibrium constant 
of dissociation of the catalyst-substrate complex into 
catalyst and substrate. 

In the present study, the kinetic constants were deter
mined from the initial rate, i>cat.. If deacylation is very 
slow with respect to acylation in the case of nucleophilic 
catalysis, i?cat may represent the rate of acylation. 
That this is not the case is readily seen from the amount 
of acid released. For instance, in column no. 4 (BI-
VP-3) of Table III, the amount of the BI unit in the reac
tion system (25 ml) was 2.75 X 10~5 mol (= 1.10 X 
10-3 M X 25 ml/1000 ml). Assuming the quantitative 
acylation of the BI unit, the amount of alkali required to 
neutralize /?-hydroxybenzoic acid released is 1.65 X 
10"6 mol (= 2.75 X 10"6 M X 0.06, the degree of disso
ciation of the phenol group is 6% at pH 8.0, and the 
carboxyl group has been neutralized prior to addition 
of catalyst). The hydrolysis was usually followed up to 
5 ~ 15 X 10-3 mol of alkali consumption, and the alkali 
consumption increased with time linearly or with slight 
downward or upward curvature. Therefore, the 
amount of alkali added is much greater than that ex
pected from acylation alone, and it is concluded that 
vcat. determined from the slope of alkali consumption 
curves represents the catalytic (turnover) rate. The 
same conclusion was obtained for the catalysis of the 
model compound, AcBI. 

Although the rates of acylation and deacylation 
cannot be evaluated separately at present, the linearity 
of the alkali consumption curves and greater efficiencies 
of the polymer catalysts relative to that of the model 
compound suggest that /cdeaCyi is greater than fcacyi. 
The observation of second-order kinetics for the cat
alytic hydrolysis with acetamidobenzimidazole (rate de
termined from alkali consumption) preclude that de
acylation is rate determining for this system. The same 
appears to be true for the polymer catalyst, though 
further studies are needed for confirmation. 

(48) B. Zerner and M. L. Bender, / . Amer. Chem. Soc, 86, 3669 
(1964). 

Rate Enhancement Due to Bound Phenols. In the 
catalytic hydrolysis with the BI-VP polymers, rate 
accelerations were induced by accumulation of phenolic 
compounds in the reaction system. In contrast, 
several other additives decreased the catalytic rate. 
The binding constants of some of these additives with 
poly(vinylpyrrolidone) have been determined by equi
librium dialysis (30°, 0.1 AfNaCl):34 phenol, 14.5 M-1 ; 
sodium />-hydroxybenzoate, 69 Af-1; sodium benzoate, 
33 Af-1; nitrobenzene, 88 Af-1. These values are in 
the same range as the binding constant of substrate 
with the BI-VP polymer (K^1 = 41-43 Af-1, 30°, 1.0 
Af KCl). Interestingly, the order of the influence of 
additives on ucat. is correlated with their binding ten
dencies with aqueous poly(vinylpyrrolidone) given 
above, irrespective of whether the influence is positive 
(rate acceleration) or negative (rate depression): p-
hydroxybenzoate is more effective than phenol in rate 
enhancement and the rate-depressing influence of ni
trobenzene is stronger than that of benzoic acid. These 
correlations and the closeness of the binding constant of 
substrate and additives strongly indicate that both 
acceleration and depression of rates were caused by 
substances bound on the polymer chain. Inhibition of 
the catalytic hydrolysis with several neutral and charged 
molecules was previously observed in a related system,8 

and, therefore, the rate-depressing additives can be as
sumed to inhibit the catalytic hydrolysis in a competi
tive fashion. 

In a catalytic pathway of the Michaelis-Menten type, 
the rate enhancement due to additives may be caused by 
the increase in the amount of the Michaelis complex 
and/or by the increase in /ccat. Since both enhance
ment and depression were observed in the presence of 
additives, the rate enhancement cannot be attributed to 
the increase, if any, in the amount of the catalyst-sub
strate complex, and the rate of the intracomplex product 
formation must have been affected by phenolic com
pounds bound on the polymer chain. The rate accel
eration was not observed in the catalytic hydrolysis 
with the BI-AA polymers, where />-hydroxybenzoic 
acid simply showed an inhibitory action (Figure 6). 
Therefore, phenolic compounds directly bound with the 
BI unit cannot be involved in the rate enhancement and 
the noncatalytic binding site (VP sequence) must play 
an essential role. 

We now consider that the acceleration was caused by 
participation in the product-forming step of the phe
nolic sustances bound near the catalytic site. With the 
BI-VP polymer, the substrate molecule is bound in the 
catalytic loop and surrounded by the BI unit and the 
neighboring VP units simultaneously. The catalytic 
loop of the BI-VP copolymer can be considered to be 
loose (see above), and an additive molecule may be able 
to bind at a site located close to the catalytic site. If 
the additive molecule contains the phenolic function, 
imidazole and phenol functions may cooperatively act 
on the bound substrate. This means that substrate and 
additive molecules coexist in an expanded catalytic 
loop. This situation is represented schematically in 
Figure 8. The phenolic additives can also be bound 
directly at the BI unit and, in this case, only the in
hibitory effect will be observed. The influence of 
phenolic additives on pcat. (Figures 4 and 5) can be ex
plained by a combination of these two effects. At low 
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additive concentrations, rate-enhancing contribution of 
the additive bound near the catalytic site prevails. The 
catalytic site becomes occupied with the additive mole
cule increasingly with increasing concentrations of the 
additive, and rate depression ensues. From the binding 
constant given above, the total amount of the bound 
additive at the rate maximum was estimated to be 20-
25 mol % of the BI unit present. 

As the tightness of a catalytic loop (contribution of 
the VP unit to substrate binding) increases, formation 
of an expanded catalytic loop becomes difficult. This 
is probably the reason why the rate acceleration was not 
observed with the MVI-VP and PI-VP polymers.3' 

The benzimidazole group may catalyze the hydrolysis 
of the substrate as a general base or, more preferably, 
nucleophilic catalyst as mentioned above. Therefore, 
the properly located phenol group may be involved in 
the catalytic process as a general acid catalyst (1) or as 
an imidazole-assisted nucleophilic catalyst (2). This 

COO" 

cooperative catalytic effect is mechanistically somewhat 
different from the cooperative action of benzimidazole 
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Figure 8. Schematic representation of an expanded catalytic loop 
accommodating substrate and phenol: S, substrate; P, bound 
phenol. For explanation, see text. 

and phenolate anion on phenyl ester assumed in the 
overall second-order process by Overberger, et al.i1 

Absence of the Cooperative Action in the Terpolymer. 
From the above discussion, it is expected that suitably 
located imidazole and phenol functions in the polymer 
chain show a cooperative esterolytic effect. However, 
when the esterolytic action of the BI-AP-AA terpoly
mer was examined, the result was disappointing. 

The AP unit in the terpolymer increased the binding 
capacity and at the same time decreased /ccat (Table 
III). These changes are explicable by increased hy-
drophobicity of the catalytic site as shown in the cor
relation of the binding tendency and the intracomplex 
rate.31 It is interesting that bound phenols are effec
tive for the cooperative action whereas the pendent 
phenol group is not. The conformation of the cat
alyst-substrate complex, the spatial arrangement of the 
substrate molecule and the catalytic groups, may in
fluence the occurrence of cooperativity. At present we 
do not know how to construct intentionally cooperative 
catalytic sites. 
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