dJ. Org. Chem. 1985, 50, 4921-4924 4921

Micellar Effects upon Spontaneous and Carboxylate Ion Catalyzed
Hydrolyses of Benzenesulfonyl Chlorides

Clifford A. Bunton,* Marutirao M. Mhala, and John R. Moffatt

Department of Chemistry, University of California, Santa Barbara, California 93106

Received April 16, 1985

Spontaneous hydrolyses of benzenesulfonyl chlorides are inhibited by micelles of cetyltrimethylammonium
chloride (CTACI), sodium dodecyl sulfate (SDS), and N-hexadecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate
(SB3-16). The rate constants for hydrolyses of fully bound substrates are similar in CTACI and SB3-16. The
rate constants in CTACI (k*) and SDS (k") depend on the electronic effects of the 4-substituents and &% /&~ increases
in the sequence MeO < Me < H < Br < NO,. These micellar charge effects are ascribed to changes in the extents
of bond-making and -breaking in the transition state. Hydrolysis in micellized N-dodecyl-N,N-dimethylglycine
(B1-12) is inhibited, but this effect is offset by nucleophilic participation by the carboxylate moiety. Elec-
tron-withdrawing substituents strongly favor nucleophilic participation and for the 4-bromo and 4-nitro derivatives
second-order rate constants in zwitterionic betaine micelles of B1-12 are similar to those for reaction with

nonmicellized N,N,N-trimethylglycine in water.

Nucleophilic attack upon a sulfur atom of a sulfonyl
derivative or a sulfonate ester has been discussed in terms
of either a synchronous Sy2-type or an addition-elimina-
tion mechanism.'™ For nonsolvolytic reactions there is
considerable dependence upon both the reactivity of the
attacking nucleophile and the ease of departure of the
leaving group. We have much less evidence on the role
of bond-making in solvolytic reactions, although all the
evidence suggests that solvent molecules participate as
nucleophiles in hydrolyses of sulfonyl chlorides, for exam-
ple, and there is no evidence for an Sy1-like ionization.!
Most reactions have been examined in organic or aqueous
organic solvent mixtures.

ITonic micelles generally inhibit spontaneous hydrolyses
of acyl chlorides,>8 carboxylic anhydrides,?¢ diaryl carbo-
nates,” alkyl halides, and sulfonate esters.’’® The in-
hibition is understandable because all these reactions are
inhibited by a decrease in the water content of a mixed
solvent? and polarities at micellar surfaces appear to be
lower than that of bulk water.!® In addition micellar
bound water may be less reactive than bulk water, al-
though evidence is conflicting on this question.!'* Ionic
micelles also appear to have an additional effect which is
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Table I. Reaction in Solutions of N,N,N-Trimethylglycine®

[Me;*NCH,- substrate
CO,7 1, M 4-MeO 4-Me 4H 4-Br 4-NO,

61.0 38.6 30.7 19.6 24.5

0.01 61.8

0.05 61.7 321 214

0.075 64.1 39.2 32.6 33.0

0.1 64.5 494 34.2 23.2 39.0

0.15 48.2 28.4 41.0

0.2 71.9 48.7 415 309 44.0

0.3 76.9 51.3

¢ Values of 10%,, s, at 25.0 °C.

related to their charge.5%8 Reactions in which bond-
breaking dominates, e.g., Sy1-like reactions of alkyl halides,
are faster in anionic than in cationic micelles, although they
are slower than in water. Reactions in which bond-making
dominates, e.g., hydrolyses of carboxylic anhydrides or
diaryl carbonates are faster in cationic than in anionic
micelles.

This test has been applied to hydrolyses of substituted
benzoyl chlorides and aryl chloroformates.>® Electron-
withdrawing substituents, which should assist bond-mak-
ing, speed hydrolyses in cationic relative to anionic mi-
celles, but electron-donating substituents have the opposite
effect.

To date this approach has not been applied to the attack
of water upon heteroatoms, and we now apply it to spon-
taneous heterolyses of 4-substituted benzenesulfonyl
chloride (1).

2H,0 ~
X S0,Ct —— X S0;” + H0* + ¢~

1a, X=OMe
1b, X=Me
¢, X=H
1d, X=Br
1o, X'N02

The cationic surfactant was cetyltrimethylammonium
chloride (CTACI, C,gHg3NMe;Cl), and the anionic sur-
factant was sodium dodecyl sulfate (SDS, C,,H,;080,Na).
We also used two zwitterionic surfactants, the sulfobetaine,
N-hexadecyl-N,N-dimethyl-3-ammonio-1-propane-
sulfonate (SB3-16, C;¢H33N*Mey(CH,)3;S0O;57) and the be-
taine, N-dodecyl-N,N-dimetylglycine (B1-12, C;;HysN*
Me,CH,CO;), which has a potentially nucleophilic car-
boxylate ion at the head group. This nucleophilic attack
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Table II. Hydrolysis in Cationic and Anionic Micelles®

substrate
4-MeO 4-Me 4-H 4-Br 4-NO,

[D], M CTACI SDS CTACI SDS CTAC! SDS CTACI SDS CTACI SDS
0.01 23.9

0.05 3.78 6.20 5.28 2.35 23.4 5.16
0.075 2.54 4.17 23.3

0.1 2.16 3.70 2.22 1.99 3.49 3.25 4.70 1.49 21.3 4.73
0.15 1.74 2.51 4.47 1.28 19.3 2.85
0.2 1.53 2.13 1.79 1.30

0.25 241 1.72 19.9 2.42
0.3 1.18 1.61 4.25 0.92 2.36
0.35 22.1 1.81
0.4 1.18 1.42 22.2 1.64
0.5 1.36 0.78 1.90 0.90 4.26 0.80 22.8 1.65
0.6 1.25 0.63 1.99 0.78 0.73

0.7 1.10 0.57 1.87 0.69 4,15 0.65

0.8 1.19 0.57 1.79 0.66

¢ Values of 10%,, s™, at 25.0 °C.

in the micelle can be compared with reaction of N,N,N-
trimethylglycine in water.

Results and Discussion

The first-order-rate constants, 10%,, s, for the spon-
taneous hydrolyses of the following derivatives in water
are the following: 4-MeO, 6.10; 4-Me, 3.86; 4-H, 3,07; 4-Br,
1.96; 4-NO,, 2.45. Substituent effects are small for hy-
drolysis in water with strongly electron-donating or -
withdrawing groups slightly speeding reactions; cf. ref 1-4.

Reaction in water is speeded by N,N,N-trimethylglycine,
but the rate enhancements are not large (Table I) as ex-
pected because the carboxylate ion is not a strong base!s
(pK, = 1.84), and it should be a weak nucleophile. We saw
no deviation from first-order kinetics in these reactions
which suggests that the first formed mixed anhydrides (2)
are rapidly hydrolyzed. Deacylations of betaine esters and

N
—@-sozm + MeaNCH,C0,~ —
1

X

fast
AL LN

+
X $0,°0C0:CHpNMes + CI” %5

2

.
x—@-—soa' + MesNCH,CO,”

related derivatives are generally faster than those of the
otherwise similar nonionic compounds!® and hydrolysis of
2 should be fast under the reaction conditions.

The rate enhancements are insensitive to electronic
effects of substituents although electron-withdrawing
groups appear to favor nucleophilic attack (Table I).
However, k,, does not increase linearly with [Mes*-
NCH,CO,], suggesting that the betaine is exerting a
medium effect as well as reacting nucleophilically. Such
effects are understandable because a high concentration
of betaine had to be used, and only with the bromo and
nitro derivatives (1d,e) was it reasonable to estimate sec-
ond-order rate constants for nucleophilic attack.

Spontaneous hydrolyses of the sulfonyl chlorides are
inhibited by micelles of SDS, CTACI, and the zwitterionic
sulfobetaine (SB3-16), and the increased reaction rate in
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Table III. Hydrolysis in Sulfobetaine Micelles®

substrate

[D], M 4-MeO 4-Me 4-H 4-Br 4-NO,

61.0 38.6 30.7 19.6 24.5
0.003 16.5
0.005 15.9
0.01 8.24 5.91 8.0 5.75 23.2
0.02 5.8
0.03 3.68 3.28 5.3 4.28 23.0
0.04 4.2
0.05 2.71 2.39 3.8 3.98 22.7
0.075 2.13 1.89 3.95 22.6
0.1 22.2
0.15 22.0

®Values of 10%,, s%, at 25.0 °C.

Table IV. Reaction in Zwitterionic Carboxylate Ion

Micelles®
substrate
[D], M 4-MeO 4-Me 4-H 4-Br 4-NO,
61.0 38.6 30.7 19.6 24.5
0.005 56.2 32.4 85.9
0.01 41.2 43.9 189
0.02 36.7 243
0.03 34.0 49.7 58.4 280
0.04 33.7 274
0.05 32.4 51.4 68.0 276
0.075 30.6 50.7 73.6 1410
0.1 29.2 50.5 84.2 271 1600
0.15 49.5 83.8 2160
0.2 30.7 54.3 2650
Values of 10%,, s}, at 25.0 °C.
Scheme I
Kl
Sy + D, Su

ty Jk"’
products

solutions of the micellized nucleophilic betaine (B1-12) is
almost certainly due to nucleophilic attack by the car-
boxylate moiety (Tables II-IV).

It is convenient to consider first hydrolyses in solutions
of the nonnucleophilic surfactants,'” and it is necessary to
estimate the first-order rate constant, ky’, for reaction of
the micellar-bound substrate.

(17) The sulfonate moiety should be too weakly nucleophilic to react
with the substrates.
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Table V. Micellar Charge Effects

substrate
4MeO 4Me 4-H 4-Br 4-NO,
104kCTACl1 S_] 0.85 1.0 1.6 4.1 21
10%gpg, 57! 075 035 03 0.5 1.0
104ESB, g1 0.85 1.0 1.5 3.6 22
E*/k 1.1 3 5 5 21
k* /RSB 1.0 1 1 1.2 1
k*/k~(ArCOCl* 0.1 0.2 0.6 5 12

%Reference 6.

Micellar effects upon spontaneous or micellar-inhibited
nonsolvolytic redctions can be treated on the basis of
Scheme I,'® where D, is the micellized surfactant, K, a
binding constant of substrate, S, and subscripts W and M
denote aqueous and micellar pseudophases, respectively.

The variation of the overall rate constant with [surfac-
tant] is given by

ky = (ky' + kK ([D] — emc)) /(1 + K ([D] - emc))

(1)

where the concentration of the monomeric surfactant is
assumed to be given by the critical micelle concentration,
cme.'®

Equation 1 can be rearranged into a reciprocal form, but
it is unsatisfactory for estimating k’y if the reaction is
strongly inhibited.”'** However, provided that the substrate
is extensively micellar bound, 1 « K ([D] - emc), and if
[D] » cmc, eq. 1 gives

k, = kw'/K D] + k'y (2)

and kl\g’ is given by extrapolation of a plot of k, against
1/[D].

We denote values of ky’ in CTACI, SDS, and the sul-
fobetaine (SB3-16) as k¥, k-, and 5B, respectively, and they
are given in Table V. The low solubility of the sulfo-
betaine surfactant made it difficult to obtain good values
of kSB, except for hydrolysis of the nitro derivative where
reaction is rapid and precipitation is not a problem. Values
of k*/k™ are sensitive to the electronic effects of the 4-
substituents but values of k*/kSB are close to unity.

Substituent effects upon k*/k~ (Table V) are qualita-
tively similar to those observed for hydrolyses of benzoyl
_ chlorides®® except that with all the sulfonyl chlorides k* /&~
> 1. These observations are consistent with the hypothesis
that values of k*/k™ are related to the relative extents of
bond-making and -breaking in the transition state. If
bond-making is significant, k*/k~ > 1,% as is observed in
hydrolyses of the sulfonyl chlorides. The values of k*/k"
increase with increasing electron withdrawal by the 4-
substituent in the sequence MeO < H ~ Me < Br < NO,.
A plot of log k*/ k™ against o, is approximately linear with
p = 1.3. This sequence is very similar to that for hydrolyses
of benzoyl chlorides for which a plot of log k*/k™ against
o gives p ~ 2.8

The electronic effects upon k*/k~ (Table V) are con-
sistent with the hypothesis that micellar charge effects are
related to extents of bond-making and -breaking in the
transition state.588 It is highly unlikely that spontaneous
hydrolyses of arenesulfonyl chlorides or similar compounds
follow a dissociative mechanism in aqueous media,! al-
though bond-breaking seems to be of major importance
in solvolyses of benzoyl chlorides in polar solvents, and
some authors consider that hydrolysis can follow an Sy1
reaction, cf. ref 9b, 19. The results are also inconsistent
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Commun. 1984, 388.
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Scheme II
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3
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ArSOz~ + H0* + CI©

Scheme III¢
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S

Ho0 H0
RCO," \‘ 2/ RCO,™
products

@ R = Me,'NCH, ; R = C,,H,;”NMe,CH,.

with an addition—-elimination mechanism in which sub-
strate is converted completely into a hydrate (or its anion)
which slowly loses chloride ion. However, reaction could
involve formation of an intermediate which either returns
to reactants or goes forward to product; alternatively,
addition of water could be concerted with loss of chloride
ion. The concerted mechanism seems more realistic from
one point of view which is that hydrate intermediate would
probably be a strong acid in water (Scheme II). In that
event it would rapidly give the anion 3 which would readily
lose CI". Alternatively, water addition could be concerted
with transfer as in many spontaneous hydrolyses of acyl
derivatives.” In either event the transition state in water
would have considerable anionic character, which is in-
consistent with the small electronic effects in the reaction.

Thus it seems reasonable to treat these hydrolyses as
concerted additions of water and elimination of chloride
ion and to assume that the relative importance of these
two steps depends upon both substrate structure and re-
action medium. For hydrolysis of the 4-nitro compound
le in cationic micelles it appears that bond-making is
dominant and that the structure of the transition state is
similar to that of the hypothetical anionic intermediate
3, but that loss of Cl- becomes more important when
electron-donating groups are present. It has been pointed
out that nucleophilic attack upon sulfonyl halides and
similar compounds differs from that upon benzoyl halides
in that sulfur can readily increase its covalency and ac-
commodate negative charge.l’* However, the small elec-
tronic effects upon the spontaneous hydrolysis in water
suggests that this increase is small and much less than that
associated with attack of stronger nucleophiles.

The sulfobetaine (SB3-16) forms a zwitterionic micelle
with the anionic sulfonate group extending from the mi-
cellar surface into the water. If the substrate is located
near the quaternary ammonium ions, it will be in an en-
vironment similar to that provided by a cationic micelle.
In many respects the two systems should be similar in that
for CTACI the extent of fractional charge neutralization;
B, is ca. 0.7.2! 'Thus zwitterionic micelles can be regarded
as being similar to hypothetical cationic micelles for which
8 =1, i.e., in which there is complete charge neutralization
by bound counterions. Similar rate effects of sulfobetaine
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87, 1409.
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micelles have been observed in hydrolyses of benzoyl
chlorides, alkyl halides, and sulfonic esters, but with the
glycine derivative (B1-12) nuclephilic participation by the
carboxylate moiety is important.

Zwitterionic micelles of the glycinate-derived surfactant
(B1-12) have a carboxylate moiety which can attack the
sulfonyl group. As for reactions of the nonmicellized be-
taine (Table I) kinetics are clearly first order so there is
no indication of buildup of a mixed anhydride under the
reaction conditions. The overall micellar effects depend
upon the balance between inhibition of the spontaneous
reaction and rate enhancement due to nucleophilic par-
ticipation by the carboxylate moiety, although nucleophilic
attack predominates. The various reactions are shown in
Scheme III.

It is difficult to separate the contributions of the various
reactions except for the 4-bromo and 4-nitro derivatives
(1d and le). With these compounds nucleophilic attack
by the carboxylate moiety in the micelle is so much faster
than the other reactions that we can neglect their con-
tributions and the first-order rate constant is given by??

ky = my*kuKs([D] - emc) /(1 + Kg([D] - ecme)) (3)

where ky is the second-order rate constant of reaction in
the micelle, expressed in terms of the mole ratio my® of
carboxylate moiety to total surfactant.?

The values of ky are 0.028 and ~0.3 s! for the bromo
and nitro derivative, respectively (eq 3 and Table IV).
Second-order rate constants in micelles can be compared
with those in water, or other solvents, provided that both
are expressed in the same units. The rate constants in the
micelle, ky (eq 3) are expressed in reciprocal seconds,
because mole ratios are dimensionless. They can be con-
verted into second-order rate constants, k,™, M g7}, by
writing concentration as molarity in the micellar pseudo-
phase. The conversion factor is the molar volume of the
reaction region, which has been assumed to be 0.14 L,
based on the volume of the Stern layer of a nonfunctional
micelle.??® This value will be used here, eq 4, although
it may be too low for a functional micelle such as that of
the betaine surfactant (B1-12).

ko™ = 0.14ky (4)

The values of k,™ are 0.004 and 0.04 M s7! for the
bromo and nitro derivatives, respectively. These values

(22) Bunton, C. A.; Hamed, F. H,; Romsted, L. S. J. Phys. Chem. 1982,
86, 2103.

(23) This mole ratio equals 1 under our conditions.
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S. J. Am. Chem. Soc. 1978, 100, 5420.

(25) Other estimates of this value range up to 0.35 L,% and its value
probably depends upon the particular reaction and surfactant.
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can in principle be compared with those of the second-
order rate constants, ky, M1 s71, for reaction of 1d,e in
water which are approximately 0.006 and 0.015 M s for
the bromo and nitro derivatives, respectively (Table I).
The values of kyw are only approximate because we neglect
medium effects of the betaine, but despite these uncer-
tainties the second-order rate constants in the micelles of
B1-12 are similar to those in water. This similarity has
been observed for reactions in other functional micelles
and comicelles?>?627 and is consistent with the generali-
zation that rate enhancements of most bimolecular reac-
tions are due largely to concentration of the two reactants
in the micellar pseudophase.142426-2

Electron-withdrawing groups, e.g., NO, or Br, increase
the importance of bond-making as compared with bond-
breaking and their role is evident from the rapid reactions
in cationic micelles of CTACI or zwitterionic micelles of
SB3-16 (Tables II, III, and V). Similar micellar effects
have been observed in reactions of aryl chloroformates and
benzoyl chlorides.?®

Experimental Section

Materials. The surfactants were prepared or purified by
standard methods, except for the sulfobetaine (SB3-16) which
was provided by Dr. K. Jones of Unilever Research. The are-
nesulfonyl chlorides were commercial samples and were distilled
or recrystallized. Solutions were made up in deionized, redistilled
HZO:

Kinetics. Reactions were followed spectrophotometrically with
Hewlett-Packard diode-array or Gilford spectrophotometers at
25.0 °C in water. The wavelengths were 230 nm for benzene-
sulfonyl chloride and 270, 245, 250, and 282 nm for the 4-methoxy,
4-methyl, 4-bromo, and 4-nitro derivatives, respectively. Reaction
with OH™ was suppressed by addition of 10 M HCl. All reactions
followed first-order kinetics for at least 4 half-lives. [Substrate]
was 10° M, and reaction was started by adding substrate in 2-6
uL of MeCN to 1-3 mL of the aqueous solution, so that the
solution contains 0.1% MeCN.

The sulfobetaine surfactant (SB3-16) is not sufficiently soluble
to be used at high concentration, and we took care to avoid
precipitation in the course of reaction.
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