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Cycloheptaamylose cinnamate, an intermediate in the hydrolysis of m-nitrophenyl 
cinnamate by cycloheptaamylose, was isolated in pure form. The deacylation of 
acyl-cycloamyloses (cinnamate and acetate) catalyzed by noncovalently complexed 
6-nitrobenzimidazole (1) was studied. The reaction was enzyme-like. Saturation 
of acyl-cycloamylose by 1 was observed; the rate and dissociation constants were 
determined from Lineweaver-Burk plots. The catalyzed reaction rates at neutral 
pH were two to three times larger than those of the spontaneous reactions for cyclo- 
heptaamylose or cyclohexaamylose cinnamate, respectively. The catalytic effect of 1 
on the deacylation rate of cyclohexaamylose cinnamate became smaller as the pH of 
the solution was raised. The deacylation of cyclohexaamylose acetate was followed 
by nmr spectroscopy, whereas the deacylation of cycloamylose cinnamates was fol- 
lowed by uv spectroscopy and extraction of trans-cinnamic acid with ether. Thermo- 
dynamic parameters for the rates of deacylation of cycloamylose cinnamates and 
dissociation constants of cycloamylose cinnamate-1 complexes were obtained and 
discussed. 

INTRODUCTION 

Soon after it became known that cycloamyloses formed stable inclusion complexes 
in solution (Z-5), it was realized that this process might affect the reactivity of organic 
substances. Particularly, because of the binding of these substances within a cavity of 
specific dimensions, it was suggested that the cycloamyloses might be useful and re- 
latively simple models for enzymatic action. 

VanEtten et al. (6) found that cyclohexaamylose (a-CA) added in excess to basic 
aqueous solutions of phenyl acetates increased the rate of the appearance of phenolic 
products. They found that accelerations were independent of electronic effects and that 
the cycloamylose system exhibited many characteristics of enzyme-catalyzed reactions, 
such as saturation, competitive inhibition, and nonproductive binding. They also found 
that meta-substituted phenyl esters were cleaved more rapidly than corresponding 
para-analogs. 

1 Present address: College of Pharmacy, University of Michigan, Ann Arbor, Michigan 48104. 
Y. K. worked on the deacylation of cyclohexaamylose cinnamate and cycloheptaamylose cinnamate 
and brought this research to fruition. 

* Present address : College of William and Mary, School of Marine Science, Environmental Chemistry 
Department, Gloucester Point, Virginia 23062. V. S. initiated this work and worked on the deacylation 
of cyclohexaamylose acetate. 
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Brass and Bender (7) found that rates of substituted phenol release from diphenyl 
and bis-(p-nitrophenyl) carbonates and from diphenyl and bis-(m-nitrophenyl)methyl- 
phosphonate were accelerated in the presence of cycloamyloses. Griffiths and Bender 
(8) published a detailed review of cycloamyloses as catalysts. Recently, Manor and 
Saenger (9), from X-ray crystallographic studies on the inclusion complexes of u-CA, 
reported that a conformational change must necessarily be associated with the inclusion 
process, and they suggested that a-CA is an even better enzyme model than previously 
assumed. 

However, the utility of cycloamyloses as enzyme models is limited by two important 
factors, namely, (i) at neutral pH’s the rate acceleration is very small and (ii) the results 
are based on phenol release which reflects the acylation process, but the deacylation (the 
release of acetate or other carboxylate) of the covalent intermediate is very slow. In 
hydrolytic enzymes both acylation and deacylation are fast. To achieve effective cataly- 
sis it is essential either to introduce an internal neucleophile by covalent attachment in 
the right position of the molecule to accelerate deacylation or to use a nucleophile 
which will be able both to bind noncovalently in the cavity of the cycloamyloses and 
to accelerate the hydrolysis of the intermediate. 

Two relatively successful attempts have been made toward the former approach. 
One by Gruhn and Bender (10) involved the introduction of a relatively small N- 
methylacetohydroxamate function to a secondary hydroxyl group of u-CA. The other 
by Iwakura et al. (II), involved the covalent introduction of histamine by a double 
nucleophilic displacement of thep-tosyl ester and then the iodide of a secondary hydro- 
xyl of a-CA. They observed an acceleration of acylation at two pH’s (8.02 and 8.37) 
and reported a larger effect at lower pH. 

We attempted to find a good nucleophile, preferably a benzimidazole derivative, 
that will bind noncovalently to the cavity of cycloamyloses and thus accelerate the 
deacylation step. Cinnamoyl and acetyl groups were chosen as the acyl groups of the 
intermediate acyl-cycloamylose. 

EXPERIMENTAL 

Materials 

Cycloheptaamylose (/?-CA) was a gift of the Teijin Co. Ltd. (Tokyo, Japan); a-CA 
was obtained from the Aldrich Chemical Co. The cycloamyloses were recrystallized 
from distilled water. 

The syntheses of m-nitrophenyl cinnamate (2) and m-nitrophenyl acetate (3) were 
performed by the method of Spasov (12). The melting points were 115°C (literature, 
114-l 15°C (Z3)) and 55-56°C (literature, 55-56°C (14)) for 2 and 3, respectively. 

The benzimidazole derivatives, 6nitrobenzimidazole (1) 5nitrobenzimidazole (4), 
and benzimidazole (5), were purchased from the Aldrich Chemical Co. All other 
chemicals used were spectra-grade. 

Eastman chromagram sheets were used as tic plates. 

Preparation of Cycloheptaamylose Cinnamate 

/l-CA (10 g, 8.53 x 10m3 mole) was dissolved in 1000 ml of 5 x 10m4 Msodium hydrox- 
ide solution containing 500 ml of acetonitrile. Compound 2 (2.5 g, 9.28 x 10V3 mole) 
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in 100 ml of acetonitrile was gradually added to the above P-CA solution with stirring. 
The pH of the reaction medium was adjusted to 10.0 by the addition of 0.1 M NaOH 
solution. The reaction temperature was 22°C. After 1 hr, the reaction solution was 
adjusted to pH 2.5 with a few drops of about 3 M HCl solution. Then the reaction mix- 
tute was lyophilized. The lyophilized powder was dissolved in 1000 ml of distilled 
water and the insoluble compounds were removed by filtration. The contaminants 
in the filtrate were extracted three times with lOOO-ml portions of ether and the aqueous 
layer was lyophilized again. The lyophilized powder (about 6 g) was recrystallized from 
about 30 ml of distilled water (yield : -1.2 g). The product (7) was dried under vacuum 
at 80°C for 12 hr. 

Anal. Calcd for C,,H,,O,, (MW = 1265): C, 48.41; H, 6.01; calcd for C,,H,,O,,- 
2H,O (MW = 1301): C, 47.08; H, 6.21. Found: C, 46.95; H, 6.01. 

Anal. Calcd for C,,H,,O,, (MW = 1135): C, 44.44; H, 6.21; calcd for C,,H,,O,, - 
2Hz0 (MW = 1171): C, 43.08; H, 6.38. Found: C, 43.19; H, 6.56. 

A spot corresponding to unreacted and/or regenerated B-CA was not observed on 
the tic plates (15). 

The ir spectrum of 7 was very similar to that of P-CA with the exception of the band 
at 5.82 nm (string, C=O). 

The uv spectral peak of 7 was shifted to about lo-nm-longer wavelength than that of 
trans-cinnamic acid (6) and the intensity was increased. The uv spectra of the reaction 
solutions of 7 (a mixture of 6 and 7) have two isobestic points at 273 and 232 nm. The 
purity of 7 was determined by the following equation. 

Purity of 7 (%) = (A&/A&) x 100, (1) 

where Ab, is the absorbance of the reaction solution of 7 at the isosbestic point, 273 
nm, and Abs is that of a standard solution of 6 which is the same molar concentration as 
the 7 solution. 

The purity of 7 (cycloheptaamylose cinnamate) calculated from Eq. (1) was 102%. 

Preparation of Cyclohexaamylose Cinnamate 

Five grams (4.78 x 10e3 mole) of a-CA was dissolved in 60% acetonitrile, 4 x 1O-4 
M NaOH solution. To the solution of R-CA was added 2 (2.0 g, 7.45 x 10m3 mole) in 
100 ml of acetonitrile. The other reaction conditions and procedures were the same as 
those of the synthesis of 7 except for the reaction time, volumes of distilled water, and 
ether used for extraction. The reaction time was 100 min. Distilled water, 300 ml, was 
used for the solubilization of the first lyophilized powder. The volume of ether used 
for extraction was 300 ml. As unreacted cycloamylose did not affect the deacylation 
rate of acyl-cycloamylose (see the results for 7 in Fig. 3), the final recrystallization from 
distilled water was not made. The purity of cyclohexaamylose cinnamate (8) was 39.2 %. 

Preparation of Cyclohexaamylose Acetate 

a-CA was dissolved, 3.88 g (3.71 x 10m3 mole), in 250 ml of pH 9.80 carbonate buffer, 
I = 0.2 M, and 18.6 ml (0.67 g, 3.71 x 10e3 mole) of 0.2 M 3 in acetonitrile was added 
to the solution. The reaction was followed spectrophotometrically (Cary 14 spectro- 
photometer) at 390 nm. The reaction mixture was magnetically stirred for 13 min to 
assure more than 98% reaction at room temperature. Then the pH of the reaction 



396 KURONO, STAMOUDIS AND BENDER 

mixture was adjusted to 4.9 with 3 ml of 4 NHCl and cooled to lo-12°C. The phenol in 
the solution was extracted twice with 300 ml ofether. The aqueous layer was immediately 
lyophilized. The lyophilized powder amounted to 5.5 g. The deacylation of cyclo- 
hexaamylose acetate (9) might be negligible under these conditions, because it was 
reported that acylation of a-CA by m-nitrophenyl benzoate was much faster than 
deacylation of a-CA benzoate (-300 times) (6b). Since the amount of salts (NaCI and 
buffer constituents) contained could be calculated, and since the amount of total powder 
was known, we determined that 63 % of this powder was 9. 

Kinetic Procedure for Determination of the Deacylation Rates of Cycloamylose Cinna- 
mates 

Buffer systems used were as follows: l/5 M acetate (pH 5.46), l/l 5 M phosphate 
(pH 7.35), and l/20 A4 borate-l/lo M NaOH (pH 9.34 and 10.94). 

The uv absorption difference spectrum between 6 and 7 or 8 was used for the determin- 
ation of the rate constant. Reaction solutions of 4.0 x IO-’ M 7 or 8 was placed in a 
water bath at constant temperature. At appropriate intervals the absorbance of the 
solution was measured by a Cary 14 spectrophotometer. Pseudo-first-order rate con- 
stants were then calculated using the usual first-order equation. 

For the nitrobenzimidazole-catalyzed reaction, the 6 in the reaction product was 
extracted with ether. Two milliliters of the 7 or 8 solution (1.0 x 10e3 M) containing 
nitrobenzimidazole was diluted to 25 ml with 0.1 MHCI solution. To 10 ml of the acidic 
solution an equal volume of ether was added and the mixture was shaken vigorously 
for 2 min. Five milliliters of the ether layer was added to 10 ml of pH 7.35 phosphate 
buffer, and 6 was again extracted into the aqueous layer. The absorbance of the aqueous 
solution was measured at 270 nm &,, of cinnamate anion). The pseudo-first-order rate 
constant was determined from the first-order plot. The rate constant determined from 
this extraction procedure was in good agreement with that from direct uv spectro- 
photometry. 

The initial rate of appearance of 6 was also measured for the very slow reaction of 8 
at pH 5.46. 

Determination of the Kinetics of the Deacylation of Cyclohexaamylose Acetate 

1. Nuclear magnetic resonance spectra of a-CA and 9. Two-tenths gram of a-CA was 
dissolved in 10 ml of deuterium oxide and the solution was lyophilized. Lyophilized 
powder, 40-50 mg, was dissolved in 0.5 ml of deuterium oxide-carbonate buffer and the 
nmr of the solution was taken. The nmr spectrometer used was a Varian T-60. The 
nmr spectrum shows the following peaks based on the standard HDO peak whose chemi- 
cal shift was assigned 6 4.70 with respect to TMS (10): a doublet at 5.14 (6H) and two 
superimposed peaks at 3.97 and 3.82 (36H). 

The nmr spectrum of 9 shows the following peaks: a doublet at 6 5.14 (5.7H), two 
superimposed broad peaks at 6 3.97 and 3.82 (36H), a relatively sharp singlet at 6 
2.27 (2.6-2.9H), and a small sharp singlet at 6 2.01 (0.1-0.3H). 

2. Kinetics by the use of nmr spectra. A preweighed amount of lyophilized 9 powder 
was dissolved in 0.8 to 1 .O ml of carbonate buffer in D,O in a 5-ml beaker; an excess of 1 
was added directly into the solution. After adjustment of the pH with either dilute HCI 
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or NaOH in D,O, the solution was placed in an nmr tube and the nmr spectrum was 
taken immediately. 

The fact that the small peak at 6 2.01 in the spectrum of 9 increased with time the 
expense of the intensity of the large peak at 6 2.27 made this method feasible to follow 
the reaction. Actually, the peak at 6 2.27 is attributed to the protons of the methyl 
group of the acetyl moiety on M-CA. The peak at 6 2.01 was shown to be due to the pro- 
tons of the acetate ion. The actual kinetics were carried out by taking spectra at different 
times. The peaks obtained at lOO-Hz sweep width were cut and weighed. A spontaneous 
hydrolysis and a hydrolysis in the presence of 1 were run for each pH. 

RESULTS AND DISCUSSION 

Deacylation of C.vcloheptaamylose Cinnamate. 

The effect of benzimidazole derivatives (10) on the deacylation of 7 was studied at 
neutral pH. Figure 1 shows the results at pH 7.35 and 50°C. Nitrobenzimidazoles show 
a larger catalytic effect than 5 itself, which may be attributable to the hydrophobicity 

4 

[Benrimidorole Derivative] x IO3 (M) 

FIG. 1. The effect of benzimidazole derivatives on the rate of deacylation of 7 at pH 7.35 and 50°C. 
l ,l; A, 4; 0,5. 

of the nitrobenzimidazoles (6a). Therefore, the effect of 1 on the rate of deacylation 
was studied in detail. 

Figure 2 shows the catalytic effect of 1 on the deacylation rate of 7 at pH 7.35 and at 
various temperatures. The observed rate constants (kobs) did not increase linearly with 
the concentration of 1. The curves were treated by Lineweaver-Burk plots (16) which 
are also used for enzyme reactions to indicate saturation phenomena. The reaction 
scheme was generally shown as follows : 

Kdis. kc. t 
7+10 z 7*10 N /%CA+6+10 

/?-CA + 6, 
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I I I I 
0 2 4 6 

[l] x 10’(M) 

FIG. 2. The effect of concentration of 1 on the rate of deacylation of 7 at pH 7.35 and various tem- 
peratures. 0, 25°C; l ,37”C. 

where k,, and k,,, are the first-order rate constants of the spontaneous (uncatalyzed) 
reaction and the 7.10 complex, respectively, and I& is the dissociation constant of 
the complex. The constants were determined using the following equation (16). 

1 &iss 1 1 

ko,w - kn = k,,, - k,, ‘[10] + k,,, - k,, ’ (2) 

where kobs is the observed rate constant in the presence of 10. 
The rate and dissociation constants calculated from Eq. (2) are summarized in Table 

1. For the reaction of 1, kcat was about two times larger than k,,. The following explana- 

TABLE 1 

RATE AND DISWCIATION CONSTANTS OF THE DEACYLATION OF 7 IN THE PRESENCE AND ABSENCE OF 
BENZIMIDAZOLE DERIVATIVES’ 

Catalysts 
Temperature 

(“Cl h, olr-‘1 kc,, W-9 k&u. Kens. W> 

1 25 3.47 x 10-d 7.75 x 10-b 2.23 3.71 x 10-S 
37 2.22 x 1o-3 4.72 x 1O-3 2.12 8.00 x 1O-J 
50 2.39 x 1O-2 4.62 x 1O-2 1.93 2.64 x 10-Z 

4 50 2.39 x lo-* 4.01 x 10-Z 1.68 1.63 x 1O-2 

D [7] = 1.0 x lo-” iU, pH 7.35, I = 0.15 M, l/15 Mphosphate buffer. 

tion may be given for this catalytic effect of 1. The binding of the nitrophenyl group of 
1 within the cavity of 7 brings the imidazole portion of the molecule close to the carbonyl 
group of 7, leading to nucleophilic catalysis of hydrolysis. The rate ratio, k,,,/k,,, 
decreased with increasing temperature. This is attributed to the difference of activation 
energy between kun and kCat. As temperature increased, Kdiss increased, which resulted 
from the endothermic reaction of the complex. In the reaction of 4 with 7, k,,,/k,, was 
somewhat smaller than the reaction of 1 with 7. 
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Figure 3 shows the effect of B-CA concentration on the deacylation rate of 7 at pH 
7.35 and 50°C. For both k,, and kobs there was no effect of /?-CA. These results enabled 
the use of samples of 8 and 9 containing appreciable amounts of IX-CA for the kinetics 
of the deacylation of acyl-cyclohexaamyloses. 

3.0 - 

Tr- 
.c > 

0 ” 

--b 2.5 - 
Y 
2 

2 
B 

2.0 - 

T 

0 I 

[P-CA] x IO3 ,:I 

FIG. 3. The effect of D-CA concentration on the rate of deacylation of 7 at pH 7.35 and 50°C. o, 
kocs ([l] = 6.0 x lo+ M); 0, k,. ([7] = 1.0 x lo-” M). 
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FIG. 4. The pH-rate constant profile for the deacylation of 8. 0, k,, at 25°C ([8] = 1.0 x 10-3 M); 
0,k0b.at25”C([l] = 5.0 x 10m3M);C,k,.at37”C([8] = 1.0 x 10-3M);v,k0,,at37”C([1] = 5.0 x 10-j 
M); n , k,, at 50°C ([S] = 1.0 x 10e3 M); 0, k,,,. at 50°C ([l] = 5.0 x 1O-3 M). 
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Deacylation of Cyclohexaamylose Cinnamate 

Figure 4 shows the pH-rate profiles for the deacylation of 8 in the presence and 
absence of 1. Table 2 gives the values of the rate and dissociation constants calculated 

TABLE 2 

RATE AND DISSXIATION CONSTANTS OF THE DEACYLATION OF 8 IN THE PRESENCE AND ABSENCE OF 1" 

PH 

Temperature 

(“C) k.. W’) kc,, Or’) Llkm Kiss (M) 

5.46 25 2.12 x 10-s 6.66 x 10-S 3.14 3.30 x 10-X 

7.35 25 4.62 x 1O-4 1.46 x 1O-3 3.17 5.50 x 10-s 
37 3.54 x 10-S 9.09 x 10-S 2.57 1.08 x 10-z 
50 2.05 x 1O-2 4.14 x 10-Z 2.02 2.09 x 1O-z 

9.34 25 5.42 x lo-’ 1.54 x 10-l 2.85 1.49 x 10-Z 

10.94 25 1.28 - - - 

’ [S] = 1.0 x 1O-3 M. 

by Eq. [2] for the 8-l system. The slope of the pH-rate constant profile for the spontane- 
ous reaction was +I in the range of pH 7.3 to 11.0, which was the same result as that 
obtained previously (6b). The catalytic effect of 1 became smaller as the pH was raised. 
This may be attributed to the incursion of external hydroxide ion catalysis. The dis- 
sociation constant between 1 and 8 at pH 9.34 was larger than that at pH 7.35 and 25°C 
(see Table 2), which may show that anionic 1 (pK, 10.3) was included less into the cavity 
of 8 than the free form of 1 (pK, 3.6 (17). 

T 
r‘ I 

3.0 

t 

7 8 9 

PD 

FIG. 5. The pH-rate constant profile for the deacylation of 9 at 22°C. 0, k.. ([9] = 4.0 x lo-’ M); 0, 
k,,, ([l] = 1.5 x lo-’ M). 
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At pH 7.35 and 25°C kJk,, for 8 was 3.17, whereas the ratio was 2.23 for 7. This 
difference might result from the size of the cavity of the cycloamyloses. As M-CA has a 
smaller cavity than P-CA, the imidazole group of 1 in the hole of 8 may be closer to the 
carbonyl group of the ester than that in 7. The effect of temperature on the rate and 
dissociation constant for 8 at neutral pH was similar to that for 7. 

Deacylation of Cyclohexaamylose Acetate 

The pH-rate constant profiles for the deacylation of 9 in the presence and absence of 
1 are shown in Fig. 5. The slopes of the profiles were similar in form to the deacylation 
of 8 and the same explanations as those made for the deacylation of 8 probably hold. 
Table 3 shows the values of k,, and kobs in the presence of 1 and k,,,,Jk,, at various pD’s 
in D,O. There was a somewhat larger catalytic effect of 1 than that for 8. 

TABLE 3 

PSEUDO-FIRST-ORDER RATE CONSTANTS FOR THE DEACYLATION OF 9 IN 

THE PRESENCE AND ABSENCE OF 1” 

7.60 - 6.40 x lo-’ - 

8.20 2.56 x 1O-3 8.70 x 1O-3 3.40 
8.60 5.33 x 1o-3 1.50 x 10-Z 2.81 
9.10 2.26 x 1O-2 2.39 x 1O-2 1.06 

u [9] = 4.0 x 1O-2 M, [l] = 1.5 x 10e2 M in DzO, room temperature. 

The Eflect of Temperature on the Deacylation Rates of 7 and 8 and the Gissociation 

Constants qf 7- or 8-l Complexes 

Thermodynamic parameters in the deacylation rates of 7 and 8 and for the dissocia- 
tion constants of 7 or 8 with 1 are listed in Table 4. Activation energies for the rates of 
deacylation of 7 or 8 at pH 7.35 were calculated from the Arrhenius equation using the 
rate constants in Tables 1 and 2. The activation energy for the reaction catalyzed by 
1 was lower than that for the spontaneous reactions with both 7 and 8. Using Van’t 

TABLE 4 

THERMODYNAMIC PARAMETERS FOR THE RATES OF DEACYLATION OF 7 AND 8 AND THE DISSOCIATION 

CONSTANTS OF THE CORRESPONDING COMPLEXES 

k “II k cat K di.9 

AEn 
(kcal/mole) 

A.5 
(kcal/mole) 

AF” 
(kcal/mole) 
at 298°K 

AH0 
(kcal/mole) 

TAS’ 
(kcal/mole) 
at 298°K 

- 

7 31.0 28.8 3.3 13.1 9.9 
8 28.1 24.0 3.1 9.5 6.4 
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Hoff plots the enthalpy change and entropy change for the dissociation constants were 
determined from the terms -2.303 R (slope) and 2.303 R (intercept), respectively. The 
bindings of 1 to 7 or 8 are probably due to a favorable enthalpy change. 
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