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Abstract-The effect of sodium dodecylsulphate (SDS) and cetyltrimethylammonium bromide (CTAB) on the rate of 
acylation of benzimidazole and its N-Me derivative by pnitrophenyl carboxylates over a wide pH range (5-I 1.5) has 
been studied. (i) Both cationic and anionic micelles produce but a weak effect on the acylation of both 
N-methyiben~mid~ole and the electroneutral form of ~nzimid~ole. The fact that no micellar effects seem to be 
present is accounted for by that the favourable con~bution due to increasing the reagent concent~t~on in the 
micellar “phase” (--IO&fold acceleration in the case of pnitrophenyl heptanoate) is almost completely compensated 
by the unfavourable effect of the micellar environment on the true second-order rate-constant. (ii) CI’AB micelles are 
extremely effective catalysts of acylation of benzimidazole anion. The mechanism of acceleration ( - Id times in the 
case of p-nitrophenyl heptanoate) is due to the reagents being concentrated in the micelles (-100 times), to the 
apparent p& shift of the nucleophile under the action of the surface micelle charge (-100 times) and to the 
favourable effect of the miceliar environment on the true second-order rate-constant (-10 times). (iii) The inhibiting 
effect of salts (F- <Cl- < BrO,- < Br- <NO,-) on micellar catalysis (a IOO-fold i~ibition in the presence of 0.12 M 
KNO,) has only one cause-a lower solubility of the anionic reagent by the cationic micelles. (iv) Comparison is 
made of the true reactivity of electroneutral (AH) and anionic (A-) forms of benzimidazole in the surface layer of the 
micelle. If in water A- exceeds AH by approx IO times with respect to nucleophility, in the micellar environment the 
ratio of the true second order rate-constants is as high as IO‘. A mechanism of this phenomenon is suggested, which 
may also help understand certain polymer and protein effects on the imidazole catalysis. 

INTRODWXION 
Studies of micellar effects have a series of important 
aspects.‘.’ The present work deals with the micellar 
effects in the reactions of imidazole. The choice of this 
subject was due to the fact that the mechanism of the 
imid~ole-catalysed reactions is one of the key problems 
of homogeneous catalysis, which is still far from being 
solved.‘.’ Moreover, bioorganic chemistry is also in- 
terested in imidazole catalysis, as the imidazole group is a 
part of the active centre of many enzymesUS 

We have studied the effect of ionogenic surfactant 

tSee prelimin~y communication.’ 
SAbbreviations used: CTAB, cetylt~metkyl~mon~um 

bromide; SDS, sodium dodecylsulphate; CMC, critical micelle 
concentration. 

micelles on acylation of benzimidazole and its N-methyl 
derivative by p-nitrophenyl carboxylates (Scheme I).t A 
wide pH range has been employed, so that the reaction 
involving benzimidazole anion could be studied (Schemes 
2-3). 

‘Ibe micellar effects in the hydrolysis of ~nitrophenyl 
esters catalysed by imidazole and its derivatives have long 
attracted attention.“” This study differs from the 
previous ones: Firstly, the pH-dependent micellar 
catalysis in our system (Schemes l-3) is extremely 
efficient. For example, acylation of bentimidazole by 
pnitrophenyl heptanoate accelerates up to ld times 
under the action of cationic CTABS micelles. Secondly, 
we have revealed the unusual phenomenon that micellar 
catalysis is substrate specific. For example, if only one 
N-Me group is incorporated into a molecule of ben- 

+ R,C(O)OGH,NOz 4 + o,NC&o- 
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A- + R~C(O)OCaftNO~ A + O,NCJi.O- 

0=&R, 

!SctmME3 

zimidazole (which does not noticeably alter the reaction 
rate in water), the effective reactivity of the nucleophile in 
the presence of CTAB micelles decreases by more than 
10’ times. The third aspect, is that the results of our 
experiments have been quantitatively evaluated in terms 
of the recently developed kinetic theory of miceliar 
catalysis.*“‘-“ 

This investigation has resulted in a general mechanism 
for the micellar effects on imidazole catalysis in 
hydrolysis of pnitrophenyl carboxylates (Discussion). In 
terms of this mechanism, some aspects of the polymer 
and protein which have previously been reported 
(~onciusion) may be explained. 

THEORY 

pH and Surjactant concentration ejkcts on the rate of 
bimolecular reaction with an ionogenic reagent 

Let us consider the kinetics of the bimolecular reaction 
in which one of the reagents exists in any of three forms, 
i.e. as cation AHx+, an electroneutral compound AH and 
anion A-: 

AH~+&AHSA- 

+B Ill 
II 

CB La 

products 

U) 

assuming that the overall rate of the bimolecular reaction, 

u = k,WlIBh + k2~A-I~Bl,, 

is only determined by the reactions involving the AH and 
A- forms. In this case, for the apparent rate constant, 
which is k, = o[A]tfB]t, the following pH-dependent 
expression is valid: 

(2) 

See the Refs in review.’ 

where kr and kz are the second order rate constants; IL 
and IL are dissociation constants; [A], = [AH*‘] + 
[AH] t [A-] and [Bk are the total concentrations of the 
reagents. 

When considering the kinetics of reaction (1) which 
proceeds in the presence of the surfactant, one should 
take into conside~tion that the re ents are dist~buted 

“fT between the water and the micelles.’ This means that the 
overall rate of the reaction should be regarded as the sum 
of the rates in the aqueous and mice&r “phases”, as was 
previously suggested.” The problem becomes much 
simpler if one assumes that the equilibrium of reagents is 
promptly achieved and is not disturbed in the course of 
the chemical reaction.? In this case for the apparent rate 
constant, equation (2) is still valid, the only difference 
being that its constants are now the functions of the 
surfactant concentration: 

k 
_ (k,.&)KAHKeC + kg.b 

lapp - (1 + K&)(1 + KeC) 

k 
_ (kz,,/V)KA-K& + k2.b 

zwp - (1 t K&)( 1 t KeC) 

K, bPP 
=K ~+KAHC 

” 1 t Kn,,,+C 

l+KxC 
Ka - zi,+~ = K.2.b , + KAHC 

1% 

(3b) 

@a) 

Mb) 

where C is concentration of the surfactant from which 
CMC is subtracted; V is molar volume of the surfactant; 
indices m and b show that a value (for example, a rate or 
diss~iation constant) belongs to the mice&r or bulk 
phases, respectively. The binding constants should be 
determined by the following ratios (see”): 

KW = (PAH - l)V, KAHN* = (Pm,* - l)V, 

(5) 
KA- = (PA- - i)V, Ke = (PB - l)V, 

where P are the partition coefficients for the respective 
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reaction components which are equal to PAH = 
[A~l~~[AHl~, PM~- = lAH~l~~[AH~‘l~, etc. 

It should be added that Eqs (3) are valid only if P b 1 
(i.e. the reagents firmly bind to the micelles) and CV e I 
(i.e. the volume fraction of the micellar phase is small); 
see2,” for details. 

The theoretical dependence of the apparent rate 
constant, tW, on the surfactant concentration and pH 
may be found if Eqs (3) and (4) are combined with 
expression (2). Of course, in the general case we shall 
have a cumbersome formula; but for the purpose of this 
work consideration of some particular case will be 
sufficient and this will be done below. 

REWLTS 
S~eci~cjty towards the ~uc~e~p~j/e. It is well known that 

imidazole and N-~thyli~d~ole hardly differ in the 
acylation rate by pnitrophenyl carboxylates.’ As is seen 
from the data obtained by us (Fig I, see data without the 
surfactant) benzimidazole and its N-Me derivative display 
similar reactivities (at pH 8). It was interesting to establish 
to what degree the micellar effects are sensitive to the 
nature of these nucleophiles with equal reactivities in 
water. Such an experiment was run at pH g-&8, when 
benzimidazole exists in only one, electroneutral, form (cf 
the data on the effect of the surfactants on the apparent 
pK. values of benzimidazole’*). 

The anionic SDS micelles produce a rather weak effect 
on acylation of both benzimidazole (ffold acceleration) 
and its N-Me derivative (a 2-fold deceleration) (see Fig 1). 

The kinetic regularities which manifest themselves in 
the presence of CTAB are of much greater interest. As is 
seen in Fig 2, the effect of cationic micelles on the 
reaction proved to be different with different nuc- 
leophiles. In the case of ben~midazole (curve a), the 
micellar catalysis is extremely effective. The acceleration 

L I 
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Fig 1. Dependence of the apparent rate constant on the SDS 
concentration for acylation of benzimidazole (a) and N- 
methylbcnzimidazole (b) by pnitrophenyl heptanoate. Black 
circles-in the presence of 0.1 M NaCI. The curves are theoretical 
and correspond to Eq (8) with the use of the values of the rate and 
binding constants given in Tables 2 and 3. Experimental 
conditions: 30”; pH 8; 0.02 M borate buffer; 1 vol 96 of 

Fig 3. Dependence of the apparent rate constant on the CTAB 
con~nt~tion in acylation of benzimidazoie by ~~~ophenyi 
heptanoate (a), pnitrophenyl butyrate (b) and gnitrophenyl 
acetate (e). The curves are theoretical and comspond to Eq (I 1) 
with the use of the values of the rate constant k&V and of the 
binding constants given in Tables 1 and 3. The values of the rate 
constants of acylation by heptanoate. butyrate and acetate in the 
absence of CTAB are equal to 0.37, 0.45 and O-57 M-’ min-‘, 
respectively. Experimental conditions: 30”; pH 8.2; 0.02 M borate 

dimethylsulfoxide. buffer; 1 ~01% of dimethylsuifoxide. 

I I I 
0 5 IO IS 20 
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Fig 2. Dependence of the logarithm of the apparent rate constant 
(M-‘min-‘) on the CI’AB concentration in acylation of ben- 
zimidazole (a) and N-methyfbenzimidazole (b) by pnitrophenyl 
heptanoate. Experimental conditions: Up; pH 8.8 (a) and pH 8 (b); 

0.02 M borate but&z; 1 ~01% of dime~y~su~oxide. 

observed (-I@-fold) is 2-3 orders higher than the micellar 
effects previously obtained with imidazole.‘~B~‘o On the 
other hand, incorporation of just one N-Me group into the 
nucleophile molecule completefy eliminates the favoura- 
ble effect of the CTAB micelles on acylation (curve b). 

Specificity towards ester. The micellar effects in 
acylation of benzimidazole by pnitrophenyl carboxylates 
depend to a slight extent on the length of tbe aliphatic 
chain in the ester molecule (Fig 3). For example, the 
maximal acceleration value (k,&,/(k&~ changes in 
the acetate-heptanoate series only 12-fold (Table 1). This 
does not agree with the W-fold increase reported for the 
same series by Gitler and Ochoa-Solano’ for acylation of 
imidazole covalently bound to the micelie.’ However, as 

4om 
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Table 1. Acylation of benzimidazole anion by pnitrophenyl carboxylates in the 
presence of CTAB micellcs. Conditions: 30”; 0.02M borate buffer, 1 vol % of 

dimethylsulfoxide 

Acetate 
Butyrate 
Heptanoate 

1260 1540b 324oob’* 
710 6700’ 2lOc@dJ ,;a 

850 l!ZW 32400’-* 14.1h 
8Oam 32WJ 14.3” 

93* 257006’* ll.2k 

“The pH-independent rate-constant of acylation of benzimidazole anion without a 
surfactant at pH > pL,. In Fig 4 the data on heptanoate, curve a, are given as an 
example. 

‘From the data in Fig 3 (pH 8.2). 
‘From the data in Fig 2, curve a (pH 8.8). 
‘In the presence of 0.12 M KNO,; from the data in Fig 5, curve c (pH 7.7). 
‘The pH-independent value. 
‘Calculated with the use of Eq (1 I), see Appendix, Approach II. 
‘Calculated with the use of Eq (13). 
“Calculated from the data for kl, and kl,JV (measured experimentally, see the 

same Table), with the use of V = 0.37 M-‘. see”. 

will be shown in the Discussion, this discrepancy may be 
very convincingly explained in terms of the kinetic theory 
of micellar catalysis. 

@f-Dependence. The pH-dependence of benzimidazole 
acylation by pnitrophenyl heptanoate has been studied in 
greater detail. The “rate-pH” profile of this reaction 
which proceeds in water (without the surfactant, see Fig 
4, curve a) agrees qualitatively with the data of Bruice et 
al. on acylation of imidazole derivatives by pnitrophenyl 

5 7 9 II 13 

PH 

Fii 4. psdependence of the logarithm of the apparent rate 
constant (M-’ min-‘) on the CTAB concentration in acylation of 
benzimidazole by pnitrophenyl he-ptanoate; (a) no surfactant: (b) 
1 mM CTAB (optimal concentration of the surfactant); (c) 10 mM 
CTAB; (d) 89 mM mAB; (e) 100 mM SDS; m) 0.12 M KNO,, no 
surfactant. The broken curves are theoretical with the PK.,, 
values given in’*. Experimental conditions: 30”; 0*02M borate 
buffer (pH > 7.5) or 0.02 M phosphate buffer (pH < 7.5); 1 vol % 

of dimethylsulfoxide. 

acetate.“” For example, curve a shows that the reaction 
rate depends on both pK, values for benzimidatole 
(Scheme 2); and the inflexion at a pH 8.8 is clearly due to 
the fact that the reactivity of benzimidazole anion is much 
(by more than 3 orders) higher than that of the 
electroneutral nucleophile. 

The “reaction rate-pH” profile in the presence of SDS 
micelles is of the same character. As is seen in Fig 4 
(curve e), anionic micelles hardly produce any affect on 
the behaviour of the electroneutral form of ben- 
zimidazole. The inhibiting effect observed at higher pH 
values is mainly due to the fact that in the presence of 
SDS micelles the fraction of the anionic form of 
benzimidazole, which has a high reactivity, decreases at 
the expense of the apparent pK.2 shift towards more 
alkaline pH range (cf data on the effect of the surfactants 
on the apparent PK. values of benzimidazole’6). 

With CTAB micelles the situation is quite different. As 
is seen in Fig 4 (curves b-c-d), over the whole pH range 
studied, the reaction markedly accelerates, the “log 
k., - pH” profile being a straight line with the slope equal 
to unity. 

So, the pH-dependent micellar effects in the ben- 
zimidazole acylation is extremely sensitive to the nature 
of the surfactant. The effects are most striking in the pH 
9.5-l I.5 range, where the -Id-fold acceleration ob- 
served in the presence of the CTAB micelles gives way to 
a -IO-fold deceleration in the presence of SDS (Fig 4). 

Salt effects. The reaction rate in the absence of the 
surfactant hardly depends on the ionic strength of the 
solution either in acylation of the electroneutral ben- 
zimidazole (pH 7.7, Table 2) or with benzimidazole anion 
(pH 10.3, Fig 4). At the same time, the micellar catalysis 
observed in the presence of CTAB micelles is strongly 
inhibited by added electrolytes (counter ions; Fig 5). For 
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Table 2. Acylation of electroneutral benzimidazole and N-methylbenzimidazole by pnitrophenyl heptanoate in the 
presence of CTAB and SDS micelies. Conditions: W, PO2 M borate buffer; I ~01% of dimethylsulfoxide 

Benzimidazole t SDS 
N-methylbenzimidazole + CTAB 
N-methylbanzimidazok + SDS 

k 
p&-z &-* 

0.37” 
0.35 
0.35 

okxlJM.I(Lb 

3b 
3-fold deceleration’ 

2.3-fold decelerationb 

kta& 
min-’ k,,/ki.b 

0.048b.d 0.033’ 
0.0086”’ o*Oo!Y 
O.OP 0.007’ 

“In the presence of 0.12 M KNO, or KC1 the values determined are 0.44 or O-42 M-’ min-‘, respectively. 
“From the data in Fig 1. 
‘From the data in Fig 2, curve b. 
“Calculated with the use of Eq (8); see Appendix, Approach I. 
‘Calculated with the use of Eq (8) and the values of binding constants indicated in Table 3. 
‘Calculated from the data for kg_,, and k,,/V (experimentally measured: see the same Table 2), with the use of 

V = 0.37 M-’ for CTAB and V = 0.25 M-’ for SDS.” 

16 1 
0 20 40 60 

%TABl, mM 

Fig 5. Dependence of the logarithm of fhe apparent rate constant 
(hi-’ min-‘) on the CTAB ignition in acylat~n of ben- 
timidazoIe by ~ni~ophenyi heptanoate in tht absence of salt (a), 
in the presence of 0*12 M KC1 (b), in the presence of O-12 M KNO, 
(c). Curves a and c are $eoretical, correspond to Eq (I 1) with the 
values of kJV and bmding (KAH, K,-, KJ constants given in 
Tabks 1 and 3. Experimental conditions: 30”; pH 7.7; 0*02M 

borate buffer; 1 ~01% of diiethylsulfoxide. 

example, the inhibiting effect of 0*12 M KNO, may be as 
high as two orders of magnitude, compare curves a and c. 

As is seen in Fig 6, the monovalent anions are in the 
following sequence with respect to the effectivity of their 
inhibiting action: F- < Cl- <BIG- < Br- < NOs-. In the 
reactions involving enzymes’9 and also in ionic reactions 
in which the micelles of Isaac slants take 
Part,%” anions make an analogous sequence with respect 
to their inhibiting capacity. 

DISCUWON 

When studying the reasons why the reaction rate 
changes under the action of surfactant micelles, one 
should analyse separately the following two aspects: first, 
how increasing the concentration of the reagents in the 
miceiles contributes to the acceleration of the reaction: 
and how the reactivity of the reaction components 
changes in a micellar environment in comparison with 
water. To answer these questions let us consider the 
experimental results in terms of the recently developed 
kinetic theory of miceliar catalysis?“-“ The theory 
makes it possible to find both the constants of binding of 

Fii 6. Dependence of the logarithm of the apparent rate constant 
(W’ min-‘1 on the concentration of added salts io acylation of 
benzimidazoie by pnitrophenyl heptanoate. Experimental condi- 
tions: 30”; pH 7.7; 0.02 borate btier; 1 ~01% of dimethylsulfox- 

ide; [CTAB] = 1 mM. 

the reagents with micelies and the true rate-constant in 
the micellar “phase”, based on the overall kinetic data, i.e. 
from experimentally established “reaction rate-surfactant 
concentration” profiles (Figs l-3). To solve this problem, 
the approaches described in the Appendix are applicable. 
The resulting “elementary” rate and binding constants are 
presented in Tables 1-3. 

Kinetic mice&r efects in acyiation of electroneutral form 
of benzimidozole and N-methylbenzimidazole 

(i) Eudv4th. A kinetic study of acylation of 
benzimidazole was performed over a wide, although 
limited, pH range, i.e. pK.,,<pH <plot- (Fig 4). It 
seems that under the unctions employed a reaction 
involving the electroneutral AH form (Eq 1) may only be 
detected if anion A- has a reactivity which does not 
exceed much that of AH, namely if 

kz,,lk,,, 4 K.IJIC~~. (6) 

In this case, the pa-~~dependenf overall rate of the 
process (measured experimentally in the range of 

‘Itin Vd. 3 I, No. 7-E 
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Table 3. Binding constants, K (l/mole) characterizing the incorporation of the reagents into the CTAB and SDS micelles (Eq 5). 
Conditions: W, 0.02 hf borate buffer; 1 vol I of d~ethylsu~oxide 

Benzimidazole Benzimidazole Benzimidazole 
N-methyl- cation electroneutral anion p-Nitrophenyl p-Nitrophenyl p-Nitrophenyl 

benzimidazole (AH,‘) form (AH) (A-) acetate butyrate heptanoate 
\ 

CTAB 34” <lb 33” 4OaMXW 21’ s3tY 3W 
37b w.i.. 36fW 

3cW 
SDS 30” 24otY 28” ISW 

30* - - 2000” 
30k 

“From the dependence of the difference spectrum of the reagent on the surfactant concentration.‘b 
b From the dependence of the apparent PK., value on the surfactant concentration.‘* 
‘At [CTAB]+CMC. Found from the dependence of the apparent pK, value on the CTAB concentration.‘6The dependence of K,- 

on CTAB concentration is given in’“. 
‘From the dependence of the apparent rate constant on the CTAB ~oncen~tion (Fig. 5, curve c), with the use of Eq (13). 
‘in the presence of 0.12 M 
‘Found by gel filtration.” 
‘From the dependence of the solubility of the reagent on the surfactant concentration.” 
‘From the dependence of the apparent rate constant, k.,, on the SDS concentration (Fig I), with the use of Eq (8); see Appendix, 

Approach 1. 

PLPP < pH < p&,kr,JkI,,) is determined entirely 
by the acylation of the electroneutral form of ben- 
zimidazole, i.e. 

kl, = k,,,. (7) 

This conclusion follows from an analysis of Eq (2). 
As is obvious in Fig 4, requirement (6) which holds 

when there is no surfactant (curve a), is afso true in the 
presence of SDS micelles (curve e). Therefore, based on 
Eqs (3) and 0, the apparent value of the pH-independent 
rate-constant, 1, may be presented as: 

k. _ (kr,&‘)KAHKsC + k1.b 
” - (I+ K&)(1 + KBC) ’ 03) 

We have analysed the experimental data (i.e. the 
“~-C” profile; Fig I, curve a) in terms of Eq (8); see 
Approach I in Appendix. As a result, we have found both 
the effective value of the true rate-constant in the micellar 
medium (k&V; Table 2) and binding constants KM and 
Ke which characterize the incorporation of the two 
reagents (benzimidazole and pnitrophenyl heptanoate) 
into the SDS micelles. As is obvious from Table 3, the 
values of the binding constants thus obtained agree with 
the values reported by other methods. This shows that the 
kinetic theory, Eqs (2-4) and, in particular, Eq (8), 
describes the experimental results correctly. 

(ii) Iklechanism. Let us analyse the physico-chemical 
reasons why the reaction is accelerated in the presence of 
SDS micelles. The value of maximal acceleration may be 
presented, based on (8), as follows (see also”): 

(9) 

provided that k,,,, 9 k1.b. It is seen in Table 3 that both the 
electroneutral benzimidazole and gnitrophenyl hep- 
tanoate firmly bind with the micelles (K*H 90, Ke *O). 
According to Eq (9), this should have resulted in a 
considerable (-100 times) acceleration of the reaction, if 
one assumes that V =0.25 l/mole.” However, in the 
experiment, the pH-independent rate of benzimidazole 
acylation by pnitrophenyl heptanoate increases insignifi- 
cantly in the presence of SDS micelles (Fig 1, curve a). 
Such apparent absence of micellar effect is due to the fact 
that when the reaction is carried out in a micellar medium 
instead of water, the true value of second order rate 
constant markedly decreases, i.e. k,,, d k,.b (Table 2). As a 
result, the favourable contribution by increasing the 
con~ntration of the reagents in the micelles makes to the 
acceleration of the reaction is almost fully compensated 
by the unfavourable effect of the micellar environment, 

A similar explanation may be offered for the absence of 
micellar effects in acylation of N-methylbenzimidazole 
(Figs 1 and 2, curves b). Here too, the binding between the 
reagents and micelles is rather firm (Table 3). However, 
the considerable increase in the concentration of the 
reagents in the micelles is compensated by the unfavoura- 
ble effect of the micellar environment on the reaction. 
One may see in Table 2 that the values of the true rate 
constant in both CTAB and SDS micelles are almost 100 
times as low as that in water. 

The fact that the true rate constant of acylation of the 
electroneutral form of benzimidazole (or N-methyl- 
benzimidazole) by pnitrophenyl carboxylates sharply 
decreases when the reaction is transferred from water to a 
micellar medium may be due to the fact that the transient 
state is more polar than the starting compounds (possibly, 
because the transient state is close to a tetrahedral 
complex with delocalized charges’“). If this is the case, 
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the reaction rate should decrease as does the dielectric 
permeability of the medium or its solvation ~apacity.“‘~ 
These very properties a inherent in the mice&r 
medium. For example, the dielectric permeability value in 
the micelles is much lower than in water trot only inside 
the micelles but also in the surface layer.* The content of 
water in the miceUe sharply decreases from the surface 
layer to the hydrophobic nucleusn The results of the 
model experiment also show that the above supposed 
reasons for the “inhiiting action” of the micellar medium 
are correct. it was found earlier* that an increase in the 
concentration of the organic component in a 
water-ethanol mixture induces a considerable decelera- 
tion in the acylation of imidaxole derivatives by p 
nitrophenyl carboxylates. 

The mech~~m of the kinetic micellar elpect in ~cyia~ion of 
benzimid&~o~e anion 

(i) EuafuutiDn In contrast to the data obtained without 
surfactants (Fig 4, curve a) the “&-pH” protile observed 
in the presence of CTAB micelles (Fig 4, curves ti) is a 
straight tine with the slope being equal to unity over the 
whole pH range studied. This result, if analysed in terms 
of Eq (2) allows the conclusion that, in the presence of 
CTAB micelles, the overall kinetics of reaction (1) is 
determined entirely by the acylation of benximidaxole 
anion. Hence the following equation may be written for 
the true second order rate constant: 

which follows from (2) if pK.r, c pH < PK.+ on the 
assumption that k,,, is sufficiently low. Substituting (3) 
and (4) into Eq (lo), we have: 

(II) 

if one bears in mind the experimental fact (Fig 4) that in 
the presence of CTAB the acceleration of the reaction is 
so high that the reaction rate in water may be neglected. 

We have analysed the experimental results (i.e. the 
“krpp-C” profile, Fig 2, curve n) in terms of Eq (11). The 
only problem in the analysis is that the vahre of KA- is not 
constant; it decreases somewhat as the CTAB concentra- 
tion increases, which was demonstrated previously in the 
study of the surfactaut effect on the apparent pL value 
of benximidaxole.‘6 Therefore, from the kinetic data one 
may determine only the true-rate constant in the mice&u 
environment; see Approach II in Appendix. The k&V 
values are listed in Table 1. 

(ii) Maximal ucce~eration of ucy~at~n of ~enzim~~zoie 
anion. Let us make a quantitative analysis of the 
physico-chemical reasons determining such a considera- 
ble acceleration of the anionic reaction observed in the 
presence of CTAB micelles. As is seen in Fig 4, a value of 
acceleration equal to k&k,w,)oo is pHdependent. The 
micellar eflect reaches a rn~~ in the pH region where 
the two “k.,,,,-pH” profiles compared (the first in the 

presence of CTAB micelles, for example, curve b, and the 
other at c--O, curve a) are straight lines with the slope 
equal to unity. In this optimal range p&&,Jkta)< 
pH < p&, the value of the micellar effect, although 
being pH-independent, changes with the concentration of 
the surfactant (compare curves b-d in Fig 4). That an 
optimal surfactantconcentration exists is clearly seen in 
Fig 2 (curve a), where the “k.&Y protile at pH 88 is 
shown. According to theory,’ “-” using equations (10) and 
(II), the following equation for the pH-independent 
maximal a~~lerat~n ~o~espon~~ to the optimal 
concentration of the surfactant (which is lfQIKAHKS]): 

(12) 

(4 (b) (c) 

Factor (a) in the right-hand part of Eq (12) reflects the 
change in the reactivity of the substance on their being 
transferred from water to a rnicellar medium and it is 
equal to approx 10, as follows from Table 1. Factor (b) 
reflects the contriiution that increasing the concentration 
of the reagents in the miceUes makes into the acceleration 
of the reaction. Tire value of this con~bution, as seen in 
Table 3, is Id, if one assumes” that V = O-37 hi-‘. And 
factor (c) is the maximal shift of pKy, (see Eg 4b), 
which is equal to -Id, as follows from the K,+- and K,u 
results presented in Table 3. As a result, the overall 
maximal acceleration of the reaction calculated with the 
help of Eq (12) is approx Id times, a value not much 
different from 8 x 10‘ times (Table I) afforded by the 
“L&TAB]” profile at pH 8.8 (Fig 2, curve a). This 
indicates that the theory (Eqs I1 and 12) correctly predicts 
the experimental results. 

(ii) The intrinsic reactivity of benrimidazole anion in the 
miceilqt “@ruse”. The true rate-constant for the reaction 
of ~~~~0~ anion and p~~ophenyl heptanoate 
proceeding in the micellar “phase” (k& is by approxi- 
mately one order of magnitude higher than the k2.b value 
for the same reaction in water (see Table 1). This fact is 
clearly indicative of the effect of the micellar environ- 
ment. One could think that the phenomenon revealed by 
us (i.e. that kz, )r k2.s) is due to the fact that the dielectric 
~~bitity in the surface layer of cationic micelles is 
much lower than in water.’ However, on the other hand, 
this can not be accounted for by the mechanism 
commonly used for such case~,~ according to which the 
transient state (anion) is stabilized by an electrostatic 
interaction with a positive surface-charge. This is because 
“neutralixation” of the electrostatic potential of the 
miceUe under the action of added salt (0.12 M KNQ) does 
not change in any way the true t, value (compare the 
values of k&V in Table I). Another mechanism seems to 
be more plausible, i.e. when benzimidaxole anion is 
sorbed on a micelle, its nucleophilicity increases due to 
the weak solvation ability of the micellar medium. In this 
counexion, we may say that the content of water 
decreases from the surface layer to the hy~ophobic 
nucleus of the miceUe.n This concept agrees with the fact 
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that the rate of nucleophilic substitution SN2 involving 
anions sharply increases when the reaction takes place in 
an organic solvent instead of water (in the case of an 
aprotonic solvent, by several orders)PX” 

(iv) Specificity towards ester. In the light of the data by 
Gitler and Ckhoa-Solano’ (see also’), one might think it 
strange that the CTAB-induced micellar effect changes 
insignificantly in the series of pnitrophenyl carboxylates 
studies (Fig 3), in spite of their having different binding 
abilities (Table 3). It should be noted thereby that the 
maximal acceleration of the benzimidazole anion reaction 
(Eq 12) weakly depends on the binding constant (Ka) of 
the ester, as KgsKAH (which holds for butyrate and 
heptanoate); hence factor (b) is practically equal to 
K&J. This means that the contribution to acceleration 
by increasing the reagents concentration in the micelles is 
mainly determined by the binding constant of the 
nucleophile (K*H). 

(v) Mechanism of salt effect. The inhibiting effect of 
added salts on ionic reaction catalysed by CTAB micelles 
has been described by many authors.sa.r, This phenome- 
non is explained by the fact that an increase in the 
counterions concentration leads to a decrease in the 
sorption ability of cationic micelles towards an anionic 
reagent.“.“.” This mechanism of inhibition was sup- 
ported by experimental evidence of this work (see below). 

Let us analyse the overall kinetic data (..k,&Y 
profiles, Fig 5) in terms of Eq (10). To do this, it should be 
taken into account that there is hardly any CTAB-induced 
apparent PIG shift if the concentration of the added salt 
(KNO,) is high.” Hence, Eq (10) by combining it with (3) 
takes on the following form: 

(k&r)KA.-KeC K.2.b 

kw = (1 + K,,-C)( 1 t KeC) ’ [H’l (13) 

assuming that, like in Eq (ll), the reaction rate in water 
may be neglected, as the acceleration of the reaction 
under the action of CTAB micelles is sufficiently high 
even if salts are added. 

We have analysed in detail the “kpp&” profile in the 
presence of 0.12 M KNO3 in terms of Eq (13) (Fig 5, curve 
c); thereby the approach was the same as used in the case 
of Eq (8) (see Approach I in Appendix). As a result we 
have found, firstly, that addition of salt does not affect the 
true reaction rate constant in micelles (compare the values 
of k2.,JV in Table 1). Secondly, added salt does not atfect 
either the constant of binding between CTAB micelles 
and pnitrophenyl heptanoate (KB, Table 3).* The only 
reason for the inhibiting action is that in the presence of 
0+12M KNOa the benzimidazole anion binds with the 
micelles not more effectively than electroneutral form AH 
(i.e. K*- = KA”) (see Table 3). 

*It was previously shown with the use of a dierent method that 
0.12 hi KNO, does not affect the binding of either electroneutral 
form of benzimidazolc or o-nitroohenyl heptanoate with CTAB . . . 
micelles.‘6 

tSee” and Refs cited therein. 

CONCUJSlON 

Special attention should be paid to comparison of true 
reactivity of benzimidazole and its anion in a micellar 
medium. In water benzimidazole anion (A-) has only a ld 
times higher reactivity than the electroneutral form (AH), 
such as kZa = 10’ kl.b, see Tables 1 and 2; this, by the way, 
agrees with the data on imidazole.” In a micellar medium 
the difference in their reactivity is over lo” times, 
kz.,,, = 10” k,.,,, (see Tables 1 and 2). This is due to the fact 
that the true values of the second order rate-constant 
decreases in the micelles by two orders of magnitude as 
compared to that in the aqueous phase in the case of 
electroneutral benzimidazole (Table 2), whereas with the 
anion the effect of the micellar medium is favourable 
(Table 1). The mechanism of this phenomenon was 
analysed in the Discussion, but we would like to point out 
that these facts are important for understanding certain 
polymer and protein effects in the imidazole action. 

In the light of this paper, one may understand why 
many attempts to create enzyme-like catalysts on the 
basis of synthetic polymers having an electroneutral 
imidazole group were far from successful (only 3040 
times acceleration or even much less), see review” and 
some more recent works.‘2’3 In such systems there is a 
certain active centre in which the catalytically active 
imidazole group is inside (or in the vicinity) of the 
hydrophobic cavity. It follows from the kinetic analysis 
that such a structure of the “enzyme model” can hardly 
lead to effective catalysis. In this case the positive effect 
of increasing the concentration of the reagents (due to the 
hydrophobic interaction between the substrate and the 
polymer catalyst) is almost entirely compensated by the 
usually unfavourable effect of the active centre environ- 
ment, i.e. low dielectric permeability or weak solvation 
ability. 

For the same reason, in the active centre of 
a-chymotrypsin, the reactivity of the imidazole group 
of His-57 is intensified at the expense of its inter- 
action with the carboxylate of Asp-102, 
COO-. . . HIm&OOH , , , Im-.t As the active centre of 
this enzyme is hydrophobic, the polyfunctional interac- 
tion leading to the formation of the imidazole anion 
(possible in the transient state only) may enhance the 
catalytic effect by 10” times, as should be inferred from 
the data of the present work (if one proceeds from the 
reactivity of the electroneutral and anionic forms of 
benzimidazole in a hydrophobic micellar medium (see 
Tables 1 and 2), compare kl, and kin, respectively). 

APPJJNDlx 
The kinetic theory of micellar catalysis”“-” allows the 

true vaIucs of rate constants of the second order reaction 
in the mice&u “phase” and the binding constants of the 
reagents with micelles to be found from overall kinetic 
data (i.e. from “k,&’ profiles). The general aspects of 
the problem were analysed in review.’ Next we describe 
two aspects which proved feasible in this work. 

Approach Z. Eq (8) will be convenient to use in the 
following form: 
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(14) 

where 

a = l/(k,.,/V)K~~Ke, 

/3 = (KAH + K~)/(k~.m/V)LiKn, 

Y = l/(k!.rn/V). 

(15) 

The value of a can be found as the ordinate intercept of 
the curve plotted in coordinates of Eq (14), CD., - kd 
vs CkJ(t,- k,.,,). Then the results of the experiment 
may be presented in the coordinates of linear Eq (16): 

(16) 

which follows from (14). Evidently, j3 and y may be 
found as the ordinate intercept and the slope of the 
corresponding straight line, plotted in coordinates of Eq 
(16). Finally, knowing a, /3 and y one may, with the help 
of Eq (IS) calculate the values of KA”, Kg and k,,,/V 
sought for. 

In certain cases when micelles cause a marked 
acceleration of the reaction and, hence, b, %= k,.,,, Eqs 
(14) and (16) may be simplified: 

E= (2 tgctyc’ 

and 

c!!y=B+rc. 

(17) 

By way of examples in Fig 7 the data on the effect of 
CTAB micelles on acylation of benzimidazole by p 
nitrophenyl heptanoate are analyzed in terms of Eqs (17) 
and (18). 

Approach II. Eq (1 I) is convenient to present as: 

X = (k&V). KA-, (19) 

where 

x = k&l + KAHC)(I + Ke) [H-l 
KeC 

.-. 
K (20) 

.2.b 

The value of X was calculated with the overall values 
of k., measured experimentally (,,b-C” profiles in Figs 
2 and 3) and also the data on K,,H, Kg given in Table 3 and 
p&b = 12.35 (see’“). The values of KA- have been taken 
from Ref 16. 

By way of example, Fig 8 shows the experimental 
results in terms of Eq (19). 

C,mM 

2 4 8 8 
I ’ ’ 8 ’ r l- 

I 
5 IO IS 20 

C,mM 

Fig 7. A graphical analysis of the “k.,-C” profile. Experimental 
results (Fig 5, curve c) are presented (A) in terms of Eq (17) and 

(B) in terms of Eq (18). 

K,.M-’ 

Fig 8. A graphical analysis of the ‘I.,,-C” profile. Experimental 
results (Fig 2, curve a) are presented in terms of Eq (19). 

EXPERtMEWAL 

Materials. A commercial CTAB was the product of Chemapol 
purified by recrystallization.” CMC (which was equal to 
6 x IO-’ M without the reagents at 25”) was determined by the 
electroconductivity method.X 

SDS (Koch-Light) was purified as in ref 35. CMC determined as 
described” by the dye method with Rodamine 6G, is equal to 
5 x IO-‘hi (without the reagents, 25”, 1 vol % of dimethyl- 
sulphoxide). 

pNitrophenyl carboxylates were synthesised by Dorovska.” 
Benzimidazole, chemical grade, the product of Soyutkhimreactiv 
was twice recrystallised from alcohol. N-methylbenzimidazole 
was synthesised as described” and purified by repeated distilla- 
tion in vacuum. The components for the buffer solution and the 
analytical grade salts (Soyuzkhimreactiv) were used without 
purification. 

Kinetics. The kinetics of the reactions studied (Schemes l-3) 
were assayed spectrophotometrically, liberation of either p- 
nitrophenolate-ion (4OOnm) or non-dissociated form of p 
nitrophenol (320 nm) was followed with the help of a “Hitachi- 
Perkin-Elmer-124” recording spectrophotometer. The reaction 
was run at 30” either in 0.02 M phosphate buffer at pH < 7.5 or in 
0.02 h4 borate buffer at pH b7.5. A usual procedure was the 



718 K. MART~NEK et al. 

following: to a I cm optical cuvette containing 2.97ml of the 
buffer with a certain concentration of the surfactant and 
benzimidazole (or N-methylbenzimidazole), 0.03 ml of the ester 
soln in dimethylsulfoxide were added; the initial concentration of 
the ester in the cuvette was from 5 x IO-” to 4 X IO-’ hf. The initial 
concentration of benzimidazole (from 8x IO-’ to 5~ IO-‘hi) 
greatly exceeded that of the ester in all experiments. Owing to 
such concentration ratios of the reagent, the “product vs time” 
curve could be analysed in terms of the pseudofirst order kinetics, 
k, = k,,,,+ k.,, (benzimidazole], using the method of 
Huggenheim. The value of k.,.,, which corresponds to the 
spontaneous (alkaline) hydrolysis of the ester, did not exceed 10% 
of t. and was, as a rule, much lower. The second order rate 
constant, L,, was determined from the slope of a straight line 
obtained if k.,b is plotted against the initial concentration of 
benzimidazole (or its N-Me derivative). The dependence of k.,, 
upon the surfactant concentration was analysed in terms of the 
kinetic theory of micellar catalysis,‘.“-” see also Theory and 
Appendix. 
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