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ABSTRACT. Dephosphorylation of p-nitrophenyldiphenylphosphate (p-NPDPP) mediated by anions
of sodium 2-alkylbenzimidazole-5-sulfonate (R-BI"SO;Na) in CTABr micellar solutions are obviously
slower than that by anion of sodium benzimidazole-5-sulfonate (BI” SO;Na), and the reaction rates were
decreased with increase of lengths of alkyl groups. This presents a striking contrast o the reactions in
aqueous solutions without added CTABr, of which the reaction rates are on approximately same levels.
It seems due to steric effect of alkyl groups of R-BI"SO4Na in the Stern layer of micelle, and it is sup-
ported by measured activation parameters (4H", 4G* and 45%) of the reactions in aqueous and micellar
solutions. In addition te nucleophilic ability of benzimidazole moiety of R-BI”SO;Na on the reactions,
these compounds with long alkyl groups (nonyl to pentadecyl) are micellized for themselves, and increase
the reaction rates due to their micellar catalyses in aqueous solutions, not including CTABr.
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INTRODUCTION

Two studies were made by C.A. Bunton and
the authorl. 2 on dephosphorylation of p-nitro-
phenyldiphenylphosphate (p-NPDPP) mediated by
benzimidazolide and naphth-2,3-imidazolide ions
(BI" and NI") in micellar solutions of cetyl
trimethyl ammonium bromide (CTABr) and in so-
lutions of the phase transfer catalysts, ethyl tri-
n-~octyl ammonium bromide and mesylate (TEABr
and TEAMs, respectively). In these reactions evi-
dence that the imidazolide ions act as nucleophiles,
not as general bases, was given.

Recently the author also discussed dephos-
phorylation of p-NPDPP mediated by some
2-alkylbenzimidazolide ions (R-BI™)® and hydro-
lyses of carboxylic esters mediated by sodium
2-alkylbenzimidazole-5-sulfonates (R-BISO,
Na)* in aqueous and CTABr solutions, in which
nucleophilicities and steric effects of R-BI~
and R-BISO,Na were varied by a change of
their alkyl groups. In spite of a sharp increase of
the binding constants(K,) of the nonionic
nucleophiles, R-BI, with increase of the number

of methylene groups, reaction rates mediated by ~

Core
Scheme 1-—The conceptual “arichor effect” proposed
transition state of dephosphorylation mediated by R-Bl-
in Stern layer, where S is 9 or O , and
-=P-OAr ~""C-OR
U0
@ &

nucleophile is R-Bl- or R-BISQ;Na.

R-BI" were decreased as compared with those by
BI°, even though both the substrate and
nucleophile should be located in the Stern layer of
the micelle (Scheme 1). In the lattert, anions of
R-BISO;Na with long alkyl groups (nonyl to pen-
tedecyl) which form micelles of themselves increase
the reaction rates due to their micellar catalyses
in agueous solutions, not including CTABr.

In the present work we will discuss micellar
property of anions of sodium 2-alkylbenzimida-
zole-5-sulfonates (R-BI"SOgNa) with long
alkyl groups, which are newly prepared, on de-
phosphorylation of p-nitrophenyldiphenylphos-
phate (p-NPDPP).

EXPERIMENTAL SECTION

Materials. The preparation and purification of
CTABrs, p-NPDPP¢ and R-BI® has been
described. 2-Alkylbenzimidazole~5-sulfonic acids
(R-BISO;H) were prepared by the addition of
chlorosulfonic acid (CISO,H) to stirred aleoholic
solutions of R-BI at 5°C for 4 hours?. The
remaining chlorosulfonic acid was decomposed
by adding H,0, and the solutions were heated at
105-110 °C to eliminate HCl, and the product was
crystallized on cooling. The crude crystals were
neutralized by adding NaHCO,, and after
recrystallization from H,0 the products (R-
BISO;Na) were identified by IR and NMR spee-
troscopy.

Properties of R-BISO,Na. The apparent
acid-dissociation constants(X,) for deprotonation
of R-BISO;Na in water and micellar solutions
were measured by spectral titration!. 3 monitored
at 283 nm (Table 1). We calculated the eoncentra-
tion of micellar bound R-BI"SO;Na indirectly
from the K, values (we failed in the direct spec-
tral measurement of the concentrations of the
materials because of complex shifts of the spectra.
If the spectra are simple, they should be usually
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Table 1. Ka values of sodium 2-alkylbenzimidazole-5-sulfonate, concentrations of their anions in aqueous and micel-
lar phase and their cme

Na N 101 Ka 106 [R-BI-SO;Na]
Soﬂb?-R in in ¢ d ¢ cmc
H water CTABr
R=-H 12.3 39.6 16.5 5.79 10.7
-CH;3 3.98 14.8 6.89 1.95 4.94
-C;H; 3.83 13.7 6.43 1.88 4.55
-CsHjp 3.77 13.0 6.12 1.85 427
=C7H,5 3.61 12.8 6.00 1.77 4.23
-CoHyg 342 12.6 5.90 1.68 422 3.40x10-3M
-Cy1Hys 3.29 12.3 5.77 1.62 4.15 1.95x 104 M
-Cy3Hg; 3.18 12.0 5.67 1.57 4.10 1.64 x 104 M
-Cy5H3; 3.07 11.8 5.58 1.51 4.07 6.80% 105 M

monitored at 283 nm in Beckman DU 8B UV-Visible spectrophotometer. apparent Ka vajues at optimum concentration
of CTABr (8 x 10-¢ M) in dephosphorlyation of p~NPDPP at 30 1 0.2°C. the molar concetration {I_] of R-BI"S0;Na in
8x 10-4M CTABr solution(10-2M carbonate buffer. pH 10.7). the molear concentration [£,] of R-BI-SO;Na in water
sotution (1020 carbonate buffer, pH 10.7), the molar concentration [7) of R-BI-SO3Na in miceliar pseudophase

(7= H ! 1/ measured by surface tensiometry

explained and calculate concentrations of the micel-
lar bound imidazoles from these.).

Determination of cmc of R~-BISO;Na with long
alkyl groups was made by surface-tensiometry
(Table 1).

Kineties. Dephosphorylations of p-NPDPP
mediated by R-BI~30,Na and/or OH™ are shown
in Scheme 2.

The formation of p-nitrophenoxide ion was
followed spectrometricallyl. 3 on a Beckman
DU-88 model in aqueous solution at 301 0.2 °C.
The first order rate constants for overall reaction,
k, , are in reciprocal seconds (sec-1). The meas-
ured rate constant(k ., ) include contributions from

oL+ or o= O

(R-917 50,80
%%)_, . 2(‘3:",. = {m%ﬂm}a N
) (:::FW) O‘I‘@
R, ) -.nj

Ax <H, -CHy = Gy
(N : I . @
Scheme 2.
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reactions with OH ™ of 0.001 M carbonate buffer
(pH 10.7) and with deprotonated R-BISQ;Na (R-
BI"SO;Na) (equation 1), where kg, koy- and

kpy- are the first order rate constants with R-
BISO;Na, OH™ and R-BI~ SO;Na, respectively,
and we assume that they are independent?. 3,

ky=kg_1+kop+ER-r 1)

Activation Parameters. Activation enthalpy
(AH™), free energy (AG") and entropy (4S™)
were measured. Experimental temperatures are
in the range 25-45 °C.

RESULTS AND DISCUSSION

K, values of R-BISO;Na. Measured X, valu-
es of sodium 2-alkylbenzimidazole-5-sulfo-
nates (R-BISOyNa) in water decreased slightly
with increase of length of the alkyl chain, because
of inductive or steric effects (Table 1), On the other
hand overall deprotonations of R-BISO;Na in
micellar solutions gradually increased with increase
of CTABr concentrations up to 10-2 M and was
followed by a gradual decrease, as found for BI!
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and R-BI3.

Concentrations of R-BISO;Na in Micellar
Pseudophase. The concentrations of R-
BI" S0O;Na in aqueous and micellar solutions (car-
bonate buffer, pH 10.7) are calculated from their
K, values, and are shown in Table 1. Concentra-
tions in micellar pseudophase, 1], were calculat-
ed from equation 2, where (] and (f] are the
concentrations of R-BI"S(;Na in aqueous and to-
tal reaction solutions, respectively. Values of the
calculated (I,] are given in Table 1.

[Im_]:u-ml]_[fw_] (2)

The concentration ratios of R-BI"SO,Na
and BI-SOy;Na, [R-BI SO;Na)/[BI SO;Na]
in Table 2b, in the micellar pseudophase are
much smaller than unity; for example, in 10-*
M CH;-BISO;Na solution the ratio is 0.45 and
in 10-* M heptyl-BISO;Na is 0.39, respectively.

First Order Rate Constants in CTABr Sol-
utions, To minimize perturbation of micellar
structures, we used 6.66x10-¢M p-NPDPP
and 10-4 M R-BISOyNa solutions. And we as-
sumed that the cme of CTABr in the reaction so-
lutions was 3x10-4 M, instead of 8x10-4 M
which is the eme in pure water, because it was ex-
pected that the solutes decreased the cmel. 3,

The values of kg_; for dephosphorylation of
p-NPDPP in equation 1 are very small and can be
neglected (k, =koy-+kg_;). Micellar ef-
fect upon the dephosphorylation of p-NPDPP
are shown in F4g. 1, and the first order rate con-
stants(k . ) increase with increase of CTABr con-
centrations, and reach maxima at ca. 8x10-4+ M
surfactant concentration, followed by a gradual
decrease. These rate maxima are characteristics
of bimolecular reactions of hydrophobic substrates
and follow equation 3, where [D,] is concentration
of micellized surfactants, [N,] and [N,,) are con-
centrations of nucleophiles in water and in micel-
lar pseudophase, K, is binding constant to

200} R«

o—a -cH,
o—0 -C\H,
8—n -CH,
X=X =CyH,y
A—aA4 -CgHyy
BH—A -CpHpy
L W—8 -CyHyy

“CuHyy

10° ky . (sed)

10° [CTaBr)

Fig. 1. Micellar effects upon dephosphorylation
mediated by R-BISO;Na; 6.66 x 10-64f p-NPDPP,
1x10-4Af R-BISO3Na, carbonate buffer (pH 10.7),
30+90.2°C.

CTABr, k, and k,, are second order rate cons-
tants, and %,, and k,, are first order rate constants

in aqueous and micellar pseudophase,
respectivelys.
k — kﬂ’[Nl‘] +k~K5[NN:I
v 1+K.0D,]
by +ho K,
= 3
1+K,[D,] @

The mechanism of dephosphorylation of p-
NPDPP mediated by BI™ and R-BI~ was shown
in previous studies!- 3, and we predict that the
reactions mediated by R-BI~SO;Na also follow by
this mechanism shown in Scheme 2, because the sul-
fonate group of the nucleophiles should not change
the mechanism. However there are increases of
overall reactivity of the nucleophiles, because of
the negatively charged sulfonate group in positive-
ly charged Stern layer of micelle (cf. ref. 3 and Ta-
ble 2).
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Effect of R-BI-S0,Na Concentration in Ste-
m Layer on the Reaction Rates and “Steric”
Effect. Dephosphorylations mediated by R-
BI"80;Na with R varried from methyl to heptyl
in CTABr solutions (carbonate buffer, pH 10.7) are
slower than that mediated by BI"SO;Na by fac-
tors of 0.14 to 0.25 fold. The larger binding cons-
tants (K,) of substrate to micelle, generally lead to
larger rate constants. However, rate constants
mediated by R-BI~SO;Na decreased with increas-
ing K, of the imidazoles as in the previous study
of dephosphorylation of p~-NPDPP mediated by
R-BI™2 and hydrolyses of carboxylic esters by R
BISO,Na*. We think that these decreases are due
to one or two of the followings.

First, concentration of R-BI-SO;Na in the
micellar pseudophase may be only 0.14 to 0.25 fold
of that of BI-SO;Na. We tried to determine these
values to know whether or not this assumption is
correct.

Second, because of the bulky alkyl groups of R-
BI™SO;Na, there is a steric effect, and the steric
hinderance could slow the reaction. And in addi-
tion alkyl groups of R-BI”SO;Na may penetrate
into the core of micelle due to their hydrophobici-
ty and be relatively fixed at given position?. If this
assumption is correct, the ability of R-BI"SO;Na
to attack p-NPDPP, as compared with that of
BI"S0gNa, may be decreased of mobility of
molecules. We tend to believe the second expla-
nation.

The relative rate constants(kg_g;-sons/*i1-

SO,Na in Table 2f) in the micellar pseudophase
are decreased, as compared with the concentra-
tion ratios ([R-BI"SO,Na]/[BI"SO,Na] in the
pseudophase. For example, for 10-* Mmethyl-
BISO,Na the concentration ratio of the anions
and the relative rate constant are 0.45 and 0.25
respectively (Table 2b and 2f). It is considered
that the larger decrease of rate than that of
concentration ratio is due to steric effect of the

oo -
® in 3x15° M CTaBr solution

0 in aqueous solulion

[1¥] ]

e CHy OGN Gy Gyt ~CeHy CuHyy GyMyr ~CeHy

Fig. 2. Relationship between alkyl groups of R-Bl-
SO3Na and the first order rate constantratios

(%k-BI-sO:Na’*B1-s03Na) on dephosphorylations in
aqueous and 8 x 10~4 M CT ABr solutions: carbonate buf-
fer (pH 10.7). 6.66x105M p-NPDPP, 10-3M
R-BISO; Na, 301 0.2°C,

methyl group in Stern layer of CTABr micelle.
And, as shown in Fig. 2, same situation is
occurred in all the reactions mediated by R-
BI"SO,Na with R varried from methyl to
heptyl. However the rate-decrease followed by an in-
crease in the reactions mediated by long alkyl-
BI-SO;Na,

We assume that the difference (0.20) of the
two ratios mentioned above is due to second
effect, that is, a steric effect of ca. 44%. We de-
fine this steric effect (%) of alkyl groups of nu-
cleophiles as the equation 5, where A is theore-
tical first order constant-ratios (%'r-B1-30,N/
%’g1-so,na) Which is equal to concentration-ra-
tios ([R-BI SO;Na)/(BI"SO;Na]}) in micellar
pseudophase, and B i experimental rate constant-

steric effect(%)=100(A—B)/A 5)

ratioss. All the calculated steric effects are shown
in Table 2g and F'ig. 3. These steric effects are larg-
er when the alkyl group-lengths of R- BISO;Na
are increased (from methyl to heptyl). This situa-
tion is similar to dephosphorylations of p~-NPDPP
mediated by R-BI™. We proposed a model in the
previous study? and refered it as an “anchor ef-
fect” of alkyl groups of the nucleophiles into micel-

Journal of the Korean Chemsical Society
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Stertc effect (%)

t I ! 1 L 1 ) 1
“CHy  ~GHy  Cghy Gy Ty Cnby “CpHp GgHa

Fig. 3. Calculated percentage(%) of ““Stéric effect” in
the whole decreasing of 4k_prs0.N2/*BI-s0sNa) that are
equal to {-Bl-SO;Nal{BI-S03Na], B are experimental
(rR-BI- SOsNa# -0

lar core. This effect is characteristic of micellar
reactions mediated by methyl to heptyl-
BI"SO,Na, (Table 2i), which is not observed in
aqueous solution, and it means not due to differ-
ence of inherent reactivities of BI"SQ;Na and
R-BI " SO;Na.

On the other hand, when we used nonyl to
pentadecyl-BISQ;Na as nucleophiles, the predict-
ed steric effect was sharply decreased (Fig. 3). This
interesting appearance can be explained by micel-
lization of R-BISO;Na with long alkyl group [se
first order rate constants of the reactions in aque-
ous solution, not including CTABr, (Table 2h and
Fig. 2) and eme values in Table 1].

Nuecleophilic and Micellar Effect of R-BI~
80,Na. R-BISO;Na with long alkyl groups (nonyl
to pentadecyl) are good micellar forming sub-
stances (Table 1). The steric effects of anions of
these compounds on dephosphorylation are shar-
ply decreased as compared with expected one (Ta-
ble 2g and Fig. 3). We conclude that this
appearance is due to micellization of the
nucleophiles (R-BI SO3Na), and the reaction
rates are increased. As shown in Table 2h, the first
order rate constants of dephosphorylation medi-
ated by H- to heptyl-BI”SQ;Na in aqueous solu-
tion without added CTABr micelle are very low and

Yol. 34, No. 6, 1990

ca. 10-5 sec-1,

However, the reactions mediated by nonyl- to
pentadecyl-BI™S0O;Na are increased by factors of
14 to 43 folds. It means that the expected large
steric effect of long alkyl groups of R-BI~SO,;Na
is compensated by micellar effect of these
nucleophiles. In other words, hydrophobic p-
NPDPP comes into the Stern layer of micelles of
R-BI™ SO;Na and reacts with BI™ moity of these
functional micelles followed by an increase of the
reaction rate. That is, R-BI SOgNa with long
alkyl groups have dual effects to accelerate the
reaction rates by nucleophilicity of their BI- moi-
ties and by micellar catalytic effect of these com-
pounds (R-BI”SO;Na with long alkyl groups act
as imidazole-functional micelles in aqueous so-
lation).

Activation Parameter of the Reactions. We
measured activation parameters of reaction in
aqueous and micellar solution to compare inherent
reactivities of anions of R-BI (R-BI") and R-
BISOyNa (R-BI-80,;Na) on dephosphorylation of
p-NPDPP.

As shown in Table 3, activation enthalpies
(AH™"), free energies (AG") of the reactions of p-
NPDPP mediated by R-BI™ and R-BI"80;Na in
aqueous solutions, not including surfactant, are
quite high. However, the values of the reactions
in CTABr micellar solutions are relatively lower
than values in agueous solutions. It is consistent
with increases of the reaction rates in micellar so-
lutions as compared with the reactions in aqueous
solutions. :

When we compard the parameters (AH " and
AG") of the reactions mediated by R-BI~ and
R-BI"SO;Na in aqueous solutions, there are not
much differences between the values of the reac-
tions by Bl "and methyl-BI ", and BI " SO;Na and
methyl-BI " SO;Na. However, in micellar solutions
there are large difference between the values. It
means that the inherent reactives of BI” and R-
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BI™ in water are almost equal, and the decrease
of the reaction rates mediated by R-BI™ (or R-
BI"SO,Na) as compared with those by BI™ (or
BI"S0,Na) are due to an interaction of R group
with micelle, a steric effect.

On the other hand, when we compared the
AH" values of the reactions mediated by R-
BI™ and R-BI 80;Na in micellar solutions, ones
having longer group (methyl to butyl) gradually
leveled the parameters up. It is consistent with
gradual decreases of the reaction rates by chang-
ing of R groups of the nucleophiles from methyl
to heptyl (F%g. 1 and Teble 1 and 2). And AS*
values of the reactions by methyl-BI~ in the
micellar solutions were sharply increased as com-
pared with those of the reaction by BI~, while
4G~ values were not much increased. The in-
creased 45" values in the micellar reactions indi-
cate that the reactants require more ordering in
going to the transition states than they would do
in the uncatalyzed reactions, in same way of en-
zymatic reactions!?, Thus, the mechanism of the
enzymaticl® and micellar!! reactions would impose
upon the reactants its own orientation and steric
requirements, a different means of achiving spat-
ical proximity of the reactants, and its own solvent
and concentration effects.

However, in the reactions mediated R-BI
S0O;Na with long alkyl groups, the 4H* val-
ues gradually decreased by changing the alkyl
groups from nonyl to pentadecyl, and it is consis-
tent with gradual increases of the reaction rates
(Tabie 1 and 2) due to abilities of micellization of
R-BI"SONa.
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