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Spontaneous hydrolysis of phenyl chloroformate is inhibited
by micelles, but inhibition by SDS (n-C;,H,;;0SO3;Na) mi-
celles is much greater than inhibition by cationic or sulfob-
etaine micelles (n-C;5H33NR3X: CTAX, CTEAX, CTBAX, R =
Me, Et, Bu, respectively X = Cl, Br, OMs; n-
C4Hy9N*R,(CH,)3SO5™: SB3-14, SBP3-14, R = Me, Pr, re-
spectively, and n-C,,H,9gN*Me,(CH,),SO3;™: SB4-14, SB5-14,
n =4 and 5, respectively). — Inhibition by cationic micelles
increases with increasing head-group bulk and affinity of the

counterion for cationic micelles, while addition of NaClO, to
sulfobetaines inhibits reaction strongly. Values of ks relative
to reactivity in water, for cationic micelles, are 0.64 (CTACI)
and 0.32 (CTBABYr); sulfobetaines behave similarly, but the
corresponding values for SDS and sulfobetaine/ClO,~ mix-
tures are ca. 0.06. These head-group and counterion effects
indicate that depletion of water in the interfacial region
complements the charge effect in controlling reactivity in mi-
celles.

Introduction

Aqueous micelles and similar association colloids affect
reaction rates and equilibria by placing reactants in envir-
onments different from that of bulk solvent.'l The
pseudophase model treats overall rates as the sum of those
in water and those in micelles, and allows quantitative treat-
ment of variation of rate constants with concentrations of
reactants, surfactants or other amphiphiles, and, in some
systems, inert electrolytes. Implicit in this model is the as-
sumption that the interfacial reaction region behaves as
though it provides a uniform environment, the properties of
which are comparable with those of bulk solvents. Reactant
transfer is an equilibrium process that is much faster than
most thermal reactions, and Scheme 1 describes micellar
rate effects.

K

Sw + Dn <= SDn
k'w k'M
products

Scheme 1

Substrate S is distributed between water and micelles, de-
noted by subscripts W and M, with an association constant,
Kg, with respect to micellized surfactant (detergent) Dn.
([Dn] is total concentration minus the critical micelle con-
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centration (cmc), which is assumed to be the concentration
of monomeric surfactant). For spontaneous reactions, the
observed first-order rate constant, k.y,, is given by the asso-
ciation constant of the substrate and its first-order rate con-
stants in water and micelles: k' and &'y, respectively.

Bimolecular reactions with an added second reagent are
generally followed under first-order conditions, by using ex-
cess reagent. In such cases, k' and k’y; are functions of
local concentrations of the second reagent in water and mi-
celles; in favorable cases they can be measured experiment-
ally, but often have to be calculated by using a variety of
theoretical treatments.

The first-order rate constant, k.., with respect to S is
given by:

kobs = (k'w + k' Ks[Dn])/(1 + Ks[Dn]) (M

For reactions with a second reagent, k'w and k'y; are
related to local second-order rate constants and are func-
tions of local concentrations of this reagent; of a nucleoph-
ile in water and micelles, for example. This raises conceptual
and practical problems regarding estimation or direct deter-
mination of local concentrations in micelles.'-?! It is there-
fore much easier to arrive at conclusions regarding micellar
rate effects by examining spontaneous reactions rather than
those involving an added reagent. However, for both spon-
taneous reactions and those involving an added reactant,
micelles typically behave qualitatively as reaction media
that are somewhat less polar than water, and the use of
spectral probes indicates that micellar polarities, as given by
Eq, for example, are similar to those of mixtures of water
and solvents such as EtOH, dioxane, or MeCN.3-4

We are interested in the effects of changes in the sizes of
cationic head-groups and the nature of counterions on the
properties of interfacial regions of cationic, anionic, and
zwitterionic micelles. The surfactants of interest are: cetyl
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trialkylammonium chloride, bromide, and mesylate (n-
CsH33NR3X: CTAX, CTEAX, CTBAX, R = Mg, Et, Bu,
X = Cl, Br, OMs, respectively); sodium dodecylsulfate (-
C,H,50S05;Na, SDS); and a number of sulfobetaines [n-
C4sH>9N*R5(CH,);SO;7: SB3-14, SBP3-14, R = Me, Pr,
respectively, and n-C4H,9)N*"Me,(CH,),SO;7: SB4-14,
SB5-14, n = 4 and 5, respectively].

Estimations exist of second-order rate constants of reac-
tions of anionic nucleophiles in these cationic and zwitter-
ionic micelles.'! Within the uncertainties and assumptions
of the treatments, the micellar rate constants, relative to
those in water, are qualitatively consistent with independent
estimates of interfacial polarities!®# and treatments of kin-
etic solvent effects.’] This state of affairs also applies to
micellar effects on spontaneous reactions — Syl and Sy2
hydrolyses at alkyl centers, for example, or water-catalyzed
deacylations!!d-71 — for which only substrate transfer has
to be considered. Micelles inhibit most hydrolyses at alkyl
or acyl centers, with the exception of acyl chlorides pos-
sessing strongly electron-withdrawing substituents.[#]

Rate constants of these spontaneous hydrolyses typically
decrease on addition of organic solvents to water, especially
for Sy1 hydrolyses of nonionic substrates,”! and micellar
inhibitions are qualitatively consistent with the interfacial
region being less polar and “less aqueous” than water.[34
The high electrolyte content of ionic interfacial regions may
also inhibit hydrolyses, and there is a micellar charge effect
related to reaction mechanism.”#1 When bond-making by
water is important, such as in Sy2 hydrolyses and deacyla-
tions of carboxylic anhydrides, reactions in the micellar
pseudophase are faster in cationic or zwitterionic sulfobe-
taines than in anionic micelles. As bond-breaking becomes
more important, however, as in Syl hydrolyses, for ex-
ample, reactions are faster in anionic micelles than in their
cationic or sulfobetaine counterparts, although most reac-
tions are slower in micelles than in water. These generaliza-
tions apply regardless of substrate hydrophobicity or relat-
ive reactivities in water and micelles. Most experiments with
cationic micelles have involved trimethylammonium sur-
factants, but inhibition of the spontaneous Sy2 hydrolysis
of methyl naphthalene-2-sulfonate increases slightly with in-
creasing bulk of the cationic head-group,’ which should
reduce the polarity and water content of the interfacial re-
gion.[2¢:2:10]

Our intention was to examine other spontaneous hydro-
lyses in micelles with different head-groups and coun-
terions. We needed a substrate that would not react with
halide ions,’l and used phenyl chloroformate (1), hydro-
lysis of which can be followed by spectrophotometric means
in water and aqueous surfactants. Alternative substrates
such as benzoic anhydride react slowly, and some aroyl
chlorides too rapidly, for convenient work.[7?]

The hydrolysis of 1 is well studied and is assumed to in-
volve rate-limiting formation of a tetrahedral intermediate
with general base catalysis by a second water moleculel!!-12]
(Scheme 2). Negative charge is shown as localized on car-
bonyl oxygen and positive charge on water. The relative im-
portance of bond-making and bond-breaking in halofor-
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mate solvolyses depends on substrate structure and the re-
action medium; the evidence is summarized concisely by
Kevill and D’Souza.['?]

oar ¥
Oér 5+ \ &
H0 + H—? +  °C=0 —» | HO---H---Q--- C===0| —>
H Cl I!I Cl
OAr

| fast
— HO-—?—O' —» —» ArOH+ COZ; Cl

Cl
Scheme 2

In water-catalyzed deacylations, such as that of a chloro-
formate in micelles, positive charge on the nucleophilic
water molecule is dispersed into other water molecules, and
negative charge is dispersed into the organic moiety situated
close to the micellar head-groups. Therefore, reactivity in
the micellar pseudophase should be related to the availabil-
ity of water in the interfacial region, and also to interac-
tions with ionic head-groups in the transition state, relative
to the initial state.

Results and Discussion

Effects of Cationic Micelles

Inhibition by cationic micelles is shown in Figure 1 and
in Table S1 of the Supplementary Materials, and increases
significantly with increasing head-group bulk. Hydrolyses
were followed in the presence of dilute acid (1-1073M Me-
SO;H), which suppresses reaction with OH™. Inhibition
also increases as the affinity of the counterion for CTA™"
increases, and so k., decreases in the sequence Cl~ >
OMs™ > Br~ for univalent ions. Some limited data exist
for reaction in micelles of (CTA),SO,, which (in terms of
[CTA™]) is very similar to CTABr in its rate effects,/’#] since
Br~ and SO,>~ have high affinities for cationic micelles.[']

- T . ; - T .
0,02 0,04 0,06 0,08 0,10
[Surfactant], M

Figure 1. Reaction of 1 in cationic surfactants, CTABr (full
square), CTEABr (full rhombus), CTBABTr (full circle), CTAOMs
(hollow square), CTACI (full triangle). Lines are from fitting to
Equation (1).
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Equation (1) describes inhibition by the cationic micelles
and the lines in Figure 1 are simulated by using Equa-
tion (1) with the fitting parameters in Table 1.

Table 1. Fitting parameters for the micellar reaction of 1]

Surfactant 103 kyy, s~ @
CTACI 8.6
CTAOMs 8.3
CTABr 5.2
CTEABr 4.8
CTBABr 4.0
SB3-14 8.3
SBP3-14 6.5
SB4-14 ca. 7t
SB5-14 < 110
SDS 1.00M

[l At 25.0 °C, MeSOsH or HBr 1073 M, kw=13.4-1073, s7!; Kg =
100 m~! for CTACI, CTAOMs, CTABr, and SDS, and 150 m~! for
the other surfactants. — ! See text.

Effects of Sulfobetaine Micelles

Sulfobetaine micelles behave similarly to cationic micelles
in inhibiting hydrolysis (Figure 1 and Figure 2 and Table S2
of the Supplementary Materials). An increase in the tether
length has little effect on inhibition, but SB4-14 and SBS5-
14 are only sparingly soluble in water and could not be used
at concentrations higher than 0.015 m. Inhibition by SB3-14
and SBP3-14 fits Equation (1), and variations of ks with
concentrations of these surfactants are simulated with the
parameters in Table 1.

/L
T T T —/ T T T T
0,00 0,01 0,02 0,04 0,06 0,08 0,10

[Surfactant], M
Figure 2. Reaction of 1 in sulfobetaine surfactants, SB3-14 (full

square), SBP3-14 (V), SB4-14 (full circle), SB5-14 (full triangle).
Lines are from fitting to Equation (1).

Hydrolysis in sulfobetaine micelles is further inhibited by
addition of NaClOy, (Figure 3 and Table 2, and Table S4 of
the Supplementary Materials), which interacts strongly with
micelles of SB3-14 and displaces water from the interfacial
region.!'3] These experiments were performed using 0.05 M
surfactant, where reaction is largely in the micellar
pseudophase (Figure 2), and the solubilities of SB4-14 and
SB5-14 are sharply increased by NaClO,. Pairing of ionic
centers should lessen the solubilities of these sulfobetaines
in water, but this should decrease on addition of ClO,~,
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which pairs with the cationic center. The significance of

these observations is considered later in relation to SDS
kinetic effects.

[NaCIO,], M
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Figure 3. Reaction of 1 in SDS (rhombus) refers to the lower axis,
line is from fitting to Equation (1). Reaction in [sulfobetaine] 0.05
M with added NaClO,4, SB3-14 (full square), SBP3-14 (triangle),
refers to the upper axis.

Table 2. Effect of NaClO,4 upon the reaction of 1 in sulfobetaine
micelles of SB4-14 and SB5-14

[NaClO,], m SB4-141] SB5-141]
- ca 9.0l < 110
0.05 5.42 5.06

0.6 2.13 2.19

1.0 1.67 1.62

2.0 0.85 0.85

[l Values of 103 kg, 57!, at 25.0°C, [MeSO;H] = 11073 M, and
0.05 m surfactant. — [®I Approximate values, see text.

Inhibition by SDS

Anionic micelles of SDS strongly inhibit hydrolysis of 1
(Figure 3, and Table S3 of the Supplementary Materials),
in agreement with earlier evidence on this and other spon-
taneous hydrolyses.l”-8! Very dilute SDS does not sharply
decrease ko, because the cmc in watert™! is ca. 8:1073 m,
although it will be somewhat decreased by the substrate and
added acid. Monomeric or premicellar SDS apparently has
little effect on the rate of hydrolysis. The decrease in kg,
with [SDS] fits Equation (1) and the line in Figure 3 is de-
rived from simulation using the values of Kg and k'y; given
in Table 1. However, limitations exist for quantitative treat-
ment of rate data based on the pseudophase model when
substrates are not very hydrophobic, such as with Kg = 10?
M~ !and k'y >> k’y;. Reasonable fits can be obtained with
various combinations of Kg and k'y; the following sets of
values which give acceptable fits (within 5% limits), for ex-
ample, are in the range of Kg = 80 M~ !, k'py =0.6-10"3 57!
and Kg =100 M~ !, k'py =1.0-1073 s~'. We cannot determine
Ky directly, because of hydrolysis, and therefore have to ac-
cept these uncertainties in k'y;. However, these values of Kg
are typical of organic solutes with a phenoxy group.['®]
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Even in relatively concentrated SDS there is a minor reac-
tion in the aqueous pseudophase, affecting values of ks,
and its contribution is dependent on the value of Kg. There
is also a more fundamental limitation in the quantitative
validity of the pseudophase treatment [Equation (1)], invol-
ving the assumption that the rate and equilibrium constants
are independent of [surfactant]. Surfactants have relatively
high molecular weights (for SDS, for example, My, = 288),
and 0.2 m surfactant may affect the properties of bulk water.
This problem is less acute for reactions of hydrophobic sub-
strates that are fully bound in dilute surfactant, or micelle-
accelerated reactions, in which there is little contribution
from reaction in the aqueous pseudophase.

Menger and Portnoy!'”! showed how a linearized form of
Equation (1) could be used to estimate values of Kg and
k', by, in effect, extrapolating the data to infinite [surfact-
ant], but this form is not useful for estimating k'y; when it
is much less than k'

Rate-surfactant Profiles

Variations of ks with [surfactant] fit the pseudophase
treatment, and the fitting parameters obtained by using
Equation (1) are given in Table 1, except for reactions in the
sparingly soluble sulfobetaines SB4-14 and SB5-14. In the
limited range of concentration that could be examined (Fig-
ure 2), SB4-14 and SBP3-14 gave similar values of ks and
we assume that they should give similar values of k'ys, but
for reaction in SB5-14 we can only conclude that k', is less
than 11-1073 s~!. The value of k'y; for hydrolysis in the
hexadecyl surfactant, SB3—16,1%4 is 6:1073 s~ ! and is sim-
ilar to that in SB3-14 (Table 1).

Effects of Micellar Structure

Hydrolysis is inhibited by micelles, regardless of surfact-
ant structure or charge. This agrees with earlier data on this
reaction, and extensive evidence from other micelle-medi-
ated deacylations.[®~3a] Inhibition is understandable, in that
these reactions are inhibited by decreases in solvent polarity
and water content, and these are less in micellar interfacial
regions than they are in water.>4!

Values of k'\; in cationic micelles decrease with increas-
ing head-group bulk (Figure 1 and Table 1) as, but to a
lesser extent, in the Sy2 hydrolysis of methyl naphthalene-
2-sulfonate.l’! Cationic and sulfobetaine micelles have very
similar effects upon values of k'y; for Sn2 and other spon-
taneous hydrolyses,7-8¢18] indicating that their interfacial
regions behave similarly as reaction media. This conclusion
is consistent with other evidence from, for example, nonsol-
volytic bimolecular!!*!1 and E1cBP2% reactions involving
nucleophilic or basic anions. However, reactions of nucleo-
philic anions are slower in sulfobetaine micelles than in cat-
ionic micelles, because of the higher affinity of the latter for
anions. However, provided that transfer equilibria are taken
into account, second-order rate constants in the micellar
pseudophase are similar for cationic and sulfobetaine mi-
celles.[13190] Although sulfobetaine micelles have no net
charge, the positive charge density at the cationic surface is
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higher than the negative charge density at the sulfonate sur-
face, which accounts for their interaction with anions of
high charge density, such as OH™ and F~.['82!] They also
interact specifically with anions of low charge density,!'?]
and interactions with ClO4~ are discussed later. Many cat-
ionic micelles have low fractional charge a, i.e., the head-
groups are largely neutralized by anions,!'*~ !¢l and sulfob-
etaine micelles behave, in many respects, like cationic mi-
celles with o — 0.

Effects of head-group bulk on hydrolysis of 1 are due to
decreases in polarity and water content of the interfacial
region when methyl is replaced by larger alkyl groups such
as butyl, and this conclusion is consistent with estimates of
the water contents of these regions.[>’! We can explain some
aspects of the relationship between k'y; and head-group
structure in terms of changes in polarities of the interfacial
regions, but the strong inhibition of hydrolysis of 1 and
other spontaneous bimolecular hydrolyses by anionic mi-
celles of SDS shows that charge cannot be neglected. The
surface of an SDS micelle should be “water-rich” and water
activity in this region is not much lower than that of bulk
water;?? in addition, hydrogen bonding to the sulfate ion
should increase the nucleophilicity of bound water.[>?!

The charge effect of micelles on spontaneous hydrolyses
appears to be related to charge asymmetry in the interfacial
region and contrasting charge distributions in the transition
states of spontaneous bimolecular hydrolyses, viz-a-viz Sy 1
hydrolyses.”-83 In the transition state for hydrolysis of
11121 or a similar acyl compound (Scheme 2), negative
charge builds up on the organic moiety and interacts unfav-
orably with the anionic head-group of an SDS micelle, as
compared with a cationic head-group. Conversely, in an
Sx 1 reaction, positive charge at the alkyl center in the trans-
ition state interacts unfavorably with a cationic head-
group.”-84] Therefore, in analyzing kinetic micellar effects
on spontaneous hydrolyses, we have to consider not only
polarity and water content, but also surface charge distribu-
tions at micellar surfaces, which depend on interactions be-
tween counteranions and head-groups. The charge interac-
tions in chloroformate hydrolysis, with one water molecule
acting as a nucleophile and the other as a general base,!'?
are illustrated in a simplified form in Scheme 3, in which
counterions are eliminated for clarity, charges are shown as
fully developed in the transition states, and the reaction
center is depicted as adjacent to the micellar head-groups.

Substituents change the relative extents of bond-making
and bond-breaking in hydrolyses where water is the nucle-
ophile, and this affects relative reactivities in water and mi-
celles, and the charge effect. For example, hydrolyses of 4-
nitrophenyl chloroformate and nitrobenzoyl chlorides are
accelerated by cationic and sulfobetaine micelles, although
hydrolyses of the parent compounds are inhibited by mi-
celles.’] Relative rate constants of hydrolyses of 4-substi-
tuted benzenesulfonyl chlorides in water and in micelles are
sensitive to electronic effects, and electron-withdrawing
groups strongly promote reactivity in cationic micelles over
that in anionic ones, even though the molecularity of the
reaction does not change.['®]
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Effects of Anions

The fractional micellar charge, a, of cationic micelles in-
creases — i.e., the affinity for anions decreases — as the
charge density of monoanions is increased, but decreases
on going from monoanions to dianions.['&1¢~1&14.24] ya[yes
of k'y for a series of anions in CTA™ micelles correlate
with values of a, in the sequence CI~ > OMs~ > Br~ =
(SO4%7)p.s. Values of k’y; in (CTA),SO, are based on
[CTA"].74 The large difference between values of k'y; in
cationic and anionic micelles (Table 1) indicates that charge
neutralization of cationic head-groups reduces k'y;. How-
ever, consideration of the effects of NaClO,4 upon values of
k' 1n sulfobetaine micelles (Figure 3 and Table 2) indicates
that micellar charge is not the only factor responsible for
the rate effects.

Physical evidence (NMR spectroscopy and conductivity
data) shows that ClO,~ binds readily to micelles of SB3-
14, which therefore become anion-like;!’*!% this, by analogy
with the behavior of SDS micelles (Figure 3), should inhibit
reaction. However, reaction in mixtures of sulfobetaines
and NaClO, is, with high [NaClQy], slightly slower than in
high [SDS] with largely micelle-bound substrate (Figure 3).
Hydrolysis of methyl naphthalene-2-sulfonate is slower in
SB3-14 and NaClO, than in high [SDS], which shows that
the rate decrease is due not only to development of anionic
character in micelles of SB3-14, but also to displacement of
water from the interfacial region by ClO, .9l Interfacial
regions of betaine micelles are very openl®)! and accessible
to water, which can be displaced by ClO4~ or other anions
of low charge density.

This evidence that incorporation of ClO4~ into sulfob-
etaine micelles inhibits SN2 and water-catalyzed hydrolyses,

Eur. J. Org. Chem. 2001, 1115—1120

by partially displacing water and by exerting a charge effect,
has a bearing on reactivities in cationic micelles. Dedi-
azotization trapping shows that Br~, which has a high affin-
ity for cationic micellar head-groups, displaces water from
the interfacial region.>! The sequence of values of 'y
CTACI > CTAOMs > CTABr (Table 1) is due to decreases
in both the cationic character and the water content of the
micellar interfacial region. It is difficult to separate these
factors for spontaneous bimolecular hydrolyses, but Sy 1 hy-
drolyses are consistently faster in anionic micelles than in
cationic ones, although both inhibit reaction. Both Sy1 and
Sn2 hydrolyses are accelerated by increases in water con-
tents of mixed solvents,”] and therefore differences in the
behavior of cationic and anionic micelles in these reactions
are related to charge asymmetries at the micellar surfaces,
which are more important than changes in local water con-
tent.

As a counterpoint to the specificity of micellar effects
upon spontaneous deacylations and Sn2/Sy1 hydrolyses, we
note that spontaneous decarboxylations?®! and cycliza-
tions!'%-2°! of anionic substrates are accelerated by cationic
and zwitterionic betaine micelles (these substrates have little
affinity for anionic micelles, which complicates analysis of
their rate effects). These reactions are accelerated by de-
creases in solvent polarity and water content, because local-
ized negative charge in the initial state is dispersed into an
organic moiety in the transition state.?”! The factors that
influence micellar effects upon these reactions are similar to
those that affect rates of spontaneous hydrolyses in aqueous
micelles, and it is reasonable to draw analogies between
micellar interfacial regions and bulk solvents as reaction
media. These analogies extend to bimolecular reactions,
such as of basic or nucleophilic anions, but here allowance
has to be made for anion transfer equilibria between water
and micelles.

Experimental Section

Materials: Surfactants were materials used earlier as de-
scribed;”-%131 compound 1 was obtained from ACROS. Reactions
were carried out in redistilled, deionized, CO,-free water.

Kinetics: Hydrolysis was followed spectrophotometrically at 25.0
°C in Shimadzu UV-160A or HP 8452 spectrometers at 270 nm,
with 2:107* M 1. We added 1073 m MeSO;H or HBr to suppress
any reaction with base, and in water we obtained the same values
of kops with MeSO3;H and HBr (HBr was always used with the
bromide ion surfactants, Supporting Material). The substrate was
added in MeCN and the final solutions contained 1 vol% MeCN.

First-order rate constants k., (s~') were calculated from the integ-
rated first-order rate equation, with absorbances measured at com-
plete reaction; values in water and micelles agreed with earlier da-
ta,[7&11.121 although slightly different conditions were used. In simu-
lating the micellar rate data we used the following values of cmc
(mMm): CTACIL, CTAOMs, 1.4; CTABr, 0.8; CTEABr, 0.7; SB3-14,
SBP3-14, 0.3; and SDS, 70. Surfactant concentrations were so
much greater than the cmc that their values did not affect simula-
tions.
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