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anol, 54307-79-8; p-nitrobenzoic acid, 62-23-7; dl-cis-3,3,5-tri-
methylcyclohexanyl p-nitrobenzoate, 54307-80-1; dli-cis-3,3,5-tri-
methyleyclohexanyl ‘acid phthalate, 54307-81-2; phthalic anhy-
dride, 85-44-9; dl-cis-3,3,5-trimethylcyclohexanyl acid phthalate
cinchonine salt, 54307-82-3; cinchonine, 24831-03-6; (—)-cis-3,3,5-
trimethylcyclohexanyl acid phthalate, 54352-38-4; (—)-cis-3,3,5-
trimethylcyclohexanol, 54352-39-5; (—)-3,5-dimethyl-2-cyclohexe-
none, 54307-83-4; 3,3,5(S)-trimethylecyclohexanone, 33496-83-2;
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Micelles of the zwitterionic surfactant, N,N-dimethyl-N-dodecylglycine, catalyze the spontaneous decarboxyl-
ation of 6-nitrobenzisoxazole-3-carboxylate ion 170-fold and that of cyanophenyl acetate ion 690-fold, and they,
and micelles of the corresponding alanine surfactant, are better catalysts than dodecyltrimethylammonium bro-
mide by factors of almost 3-fold. The catalytic efficiency of cationic micelles of N,N-dimethyl-N-hydroxylethyl-2-
hexadecylammonium bromide is also increased 2-fold by conversion of this surfactant into a zwitterion at high
pH. Lecithin and lysolecithin are very poor catalysts, showing that the arrangement of charge in the zwitterionic
head group is of key importance. Catalysis by micelles of N,N-dimethyl-N-dodecylglycine is subject to large salt
effects which depend upon the anion, but differ from those typical of micellar catalysis. Salts having hydrophilic
anions tend to increase catalysis and those having hydrophobic anions decrease it. Chemically inert solutes such
as phenols and aliphatic amines change the catalytic effectiveness of micelles of cetyltrimethylammonium bro-
mide, but these micelles in aqueous ethylene glycol, or the reverse micelles in hexanol-water, are poor catalysts
both for decarboxylation and for the spontaneous hydrolysis of 2,4-dinitrophenyl phosphate dianion.

The spontaneous decarboxylations of 6-nitrobenzisoxa-
zole-3-carboxylate ion (I)® and 2-phenylcyanoacetate ion
(ID* are catalyzed strongly by cationic micelles®8 and by
cyclodextrins.” The micellar catalysis is enhanced by some
electrolytes, which is an unusual feature because micellar
catalysis is generally decreased by added electrolytes.®

These decarboxylations are much faster in organic or
aqueous organic solvents than in water,34 and these obser-
vations together with the unusual electrolyte effect on mi-
cellar catalysis suggest that these reactions may provide a
useful probe of the nature of the micellar surface.>6 The
enhancement of the rate of decarboxylation of I in cationic
micelles of cetyltrimethylammonium bromide (CTABr)

co,”
CN
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PhCH(CN)CO,” —> PhCHCN + CO,
I lfa,st

PhCH,CN

containing less than 1 equiv of sodium tosylate was ex-
plained in part in terms of an initial state electrostatic re-
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pulsion between the carboxylate moiety of the substrate
and tosylate ion occupying neighboring sites in the micelle,
and it seemed probable that micelles of zwitterionic surfac-
tants might be effective catalysts.!:12 Micelles of synthetic
zwitterionic surfactants and liposomes of phospholipids
have been shown to be effective catalysts of the addition of
eyanide ion to N-alkylpyridinium ions,!® but our interest
was in a micellarly catalyzed unimolecular reaction, where
the factors affecting the catalysis are more easily analyzed.5

Reverse micelles have been found to be powerful cata-
lysts for many bimolecular reactions,'* and therefore we
examined their effect upon the unimolecular decarboxyla-
tion of 6-nitrobenzisoxazole-3-carboxylate ion and also
upon the spontaneous hydrolysis of the 2,4-dinitrophenyl
phosphate dianion, because this reaction is similar to the
spontaneous decarboxylations of I and II in its solvent!®
and micellar effects.!® The spontaneous decomposition of
2,4-dinitrophenyl sulfate is catalyzed strongly by reverse
micelles of alkylammonium carboxylates in benzene.l”

The dependence of catalysis upon micellar charge is well
understood, and for bimolecular reactions catalysis is de-
creased by screening the micelle with counterion or by
going from ionic to zwitterionic head groups.®~12 The aim of
the present work was to examine the extent to which catal-
ysis of unimolecular reactions could be controlled by
changing the charge arrangement of the head group, or by
incorporation of inert solutes into the Stern layer.

Experimental Section

Materials. The preparation and purification of the substrates
and most of the surfactants have been described.5616.18

The N,N-dimethyl glycine and alanines were prepared by re-
ductive methylation,!® and were purified by recrystallization from
MeOH-Me2CO or EtOH-Et20 at 0°. Their melting points and op-
tical rotation agreed well with literature values. These amines were
quaternized with bromododecane, usually in 2-propanol, and the
glycine derivative (III) and the alanine derivative (IV)Z° were crys-
tallized from acetone. The rotation of the hydrobromide of N-do-
decyl-N,N-dimethyl-L-alanine was [«]®p —9.58° (lit.202 [a]20p
~9.50°).

Sodium salts were generally reagent grade or were prepared in
solution by neutralization of the acids, although the sodium arene-
sulfonates were recrystallized from EtOH, as were the mandelic
acids (Aldrich). The phenols and amines were redistilled, generally
under reduced pressure. ‘

Kineties. The reactions were followed spectrophotometrically at
25.0° using Gilford or Cary spectrophotometers with water-jack-
eted cell compartments.>816 The first-order rate constants, ky, are
in reciprocal seconds. The concentration of 6-nitrobenzisoxazole-
3-carboxylate ion was generally 7 X 1075 M, but because of the rel-
atively small absorbance change during reaction that of 2-cyano-
2.phenylacetate ion had to be in the range 7-10 X 1074 M.¢

The surfactants were dodecyl- and hexadecyltrimethylammon-
ium bromide (DDTBr and CTABr), N,N-dimethyl-N-dodecylgly-
cine and -alanine (III and 1V), and N,N-dimethyl-N-2-hydroxy-
ethyl hexadecyl ammonium bromide (V).

n-C12H25NMech2CO2— n-C12H25NMeZCHMeCOZ_
11 v
n-CqgH3sNMe,CH,CH,OH Br~
v

In the figures and tables Cp is used to denote the concentration
of surfactant (detergent).

Effect of Phospholipids. We examined the effect of a-lecithin
upon the decarboxylation of 6-nitrobenzisoxazole-
3-carboxylate ion using sonicated «-lecithin (Schwarz Mann, egg
white, sonicated at 0° for 5-min periods until clear). However al-
though the solutions were initially clear, they gradually became
cloudy during the reaction so that we could not get good rate data.
From the initial rate of formation of the phenoxide ion product we
estimated that 2 X 10™3 M sonicated «-lecithin in 2 X 1073 M am-
monia buffer at pH 9.2 increased the reaction rate by a factor of
less than threefold. Cordes and his coworkers noted that it was dif-
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Table I
Salt Effects on the Decarboxylation of
6-Nitrobenzisoxazole-3-Carboxylate Ion in the
Presence of Lysolecithin®

Added salt, mMd 108 kys sec=l . Added salt, m#r 108 tyy sec1

3.7 27 MgCl, 3.9
5.1 NaCl 6.6 0.26 CaCl, 4.4
6.0 NaBr 4.8 0.51 CaCl, 4.5
30 NaBr 2.9 1.3 CaCl, 5.5
13 NaNO, 2.5 5.1 CaCl, 8.3
13 MgCl, 4.6 13 CaCl, 8.7

@ With 6.3 X 104 M lysolecithin at 25.0°at pH9.5in 5 X 10-3 M
NH,CI buffer: in the absence of lysolecithin 106 & = 2.8 sec—2.

ficult to get good rate data for the reaction of cyanide ion with N-
alkylpyridinium ions using liposomes of sonicated phospholipids.1®

Because of these problems with sonicated «-lecithin we also
used lysolecithin (Sigma) because it forms normal micelles rather
than liposomes.2! Solutions of lysolecithin became cloudy during
reaction of I, but this cloudiness was removed by centrifugation.
Our first-order rate constants were determined by following the
formation of the nitrophenoxide ion for approximately 1 half-life
of reaction, and determining the absorbance of nitrophenoxide ion
at complete reaction after centrifugation. By this method we could
obtain reasonable first-order rate constants for up to 50% reaction.
These normal micelles of lysolecithin are also poor catalysts (Table
I), and only a low concentration of lysolecithin was used because of
turbidity at higher concentrations. We ascribe this low catalytic ef-
ficiency of both a-lecithin and lysolecithin to the nature of the
zwitterionic head group with its terminal quaternary ammonium
ion.

Some added salts increase the rate of decarboxylation in the
presence of lysolecithin (Table I). Calcium chloride is the most ef-
fective salt which we examined, probably because interactions be-
tween the phosphate moiety and calcium ions tend to convert the
zwitterionic micelle of lysolecithin into a normal cationic micelle,
although these interactions should also change the micellar struc-
ture. Sodium salts having relatively large anions, bromide or ni-
trate, have little effect or slightly inhibit the reaction (Table I).

Results

Decarboxylation of 2-Cyano-2-phenylacetate Ion
(IT). This substrate was not used extensively because its
decarboxylation was followed at 235 nm, where many so-
lutes absorb, and the overall absorbance change during
reaction is small.®

The cationic surfactant dodecyltrimethylammonium
bromide (DDTBr) is not as effective a catalyst as is CTABr
(Figure 1). For CTABr the rate enhancement is by a factor
of 660-fold at 25.0°, whereas for DDTBr it is 280-fold. (The
broken line in Figure 1 relates to CTABr.%) As is generally
found, the amount of surfactant required for catalysis de-

1 L L 1
2 3 5 8
102 Cpu M

Figure 1. Decarboxylation of 2-phenylcyanoacetate ion at 25.0° in
trisbuffer at pH 8: m, DDTBr; @, N,N-dimethyl-N-dodecylgly-
cine. (The broken line is for CTABr, ref 6.)
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Figure 2. Decarboxylation of 8-nitrobenzisoxazole-3-carboxylate
ion at 25.0° in ammonia buffer, pH 9.2: m, DDTBr; ®, N,N-di-
methyl-N-dodecylglycine; ¢ and ¢, L- and DL-N,N-dimethyl-N-
dodecylalanine, respectively. (The broken line is for CTABr, ref 5.)

creases with increasing length of the n-alkyl group, e.g., the
amount of surfactant required for 50% of the maximum
rate is 1.8 X 1072 M for DDTBr and ca. 0.5 X 1072 M for
CTABr. This difference comes in part from the lower cmc
of CTABr as compared with the other surfactants,2°® but
probably the substrate is drawn more deeply into the Stern
layer of the larger micelles formed by CTABr.

Micelles of the zwitterionic surfactant N,N-dimethyl-
N-dodecylglycine (III) give greater rate enhancements for
the reaction of II than does DDTBr, and despite the short-
er chain length are slightly more effective than micelles of
CTABEr. In the absence of surfactant® ky = 9 X 1077 sec™!.

Decarboxylation of 6-Nitrobenzisoxazole Carboxyl-
ate Ion in the Presence of Synthetic Surfactants. The
overall pattern for micellar effects upon this reaction are
qualitatively very similar to those described earlier for
reaction of 2-cyano-2-phenylacetate ion (II). Micelles of the
cationic dodecyl surfactant, DDTBr, are not as catalytical-
ly effective as those of CTABr; the respective rate enhance-
ments are 70- and 95-fold; the surfactant concentrations
for 50% rate enhancement are respectively 1.2 X 10~2 and
1.6 X 10~3 M (Figure 2).

Micelles of the zwitterionic dodecyl surfactants III, L-IV,
and DL-IV derived from glycine and alanine are better cat-
alysts than the cationic micelles, DDTBr and CTABr, even
though their hydrophobic n-alkyl groups are shorter than
that of the hexadecyl surfactant, CTABr.

Effect of Micelles of 1-Hydroxyethyl-2-hexadecyldi-
methylammonium Bromide. Micelles of the hydroxyethyl
surfactant V are effective catalysts for the decarboxylation
of 6-nitrobenzisoxazole-3-carboxylate ion (Table II).

The rate enhancement (90-fold) is very similar to that
given by CTABr, but if the hydroxide ion concentration is
increased so that V is converted into the zwitterion VI, the
catalysis increases (Table II), as expected for a zwitterionic
micelle. The pK, of V estimated kinetically is 12.4,'8 which,

n-C¢H;3NMe,CH,CH,OH + OH™ —
A%
n—CleHmi\IMegCHzCHQO-
VI

despite some dubious assumpt{ions,22 is in reasonable
agreement with pK, = 13.923 for choline, because micelliza-
tion should increase acidity.

There is no evidence that the decarboxylation of I is af-
fected by added strong bases of nucleophiles,® so the in-
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Table II
Effect of Hydroxide Ion on the Catalysis of the
Decarboxylation of 6-Nitrobenzisoxazole Carboxylate

Ion by Micelles of V¢
102 Cp, #

Cou ¥ 0.04 0.4 0.8 1.0 1.2 4.0 5.0
pH 9° 2.55
pH 10° 2.35
0.002 2.72
0.005 2.71
0.008 2.89
0.01 241 3.24 3.26 3.01 3.40
0.02 3.38
0.04 4.15
0.10 5.16
0.12 4.94
0.18 5.47
0.20 5.26 5.39 5.41
0.30 5.77
0.50 6.14 5.75
0.90 6.35 6.40

a Values of 10¢ &y, sec™1, at 25.0°. % 10~ 3 M ammonia buffer.

creasing catalysis by micelles of zwitterionic surfactant VI
must be a medium effect due to the changing charge of the
head group. [In high concentration (>1 M) sodium hydrox-
ide increases the rate of decarboxylation catalyzed by di-
methyldodecylglycine (III), and this increase is considered
in the discussion of electrolyte effects, but this rate en-
hancement was observed only at hydroxide ion concentra-
tions very much greater than those used with the hydroxy-
ethyl surfactant.]

" Effect of Added Solutes on Decarboxylation Cata-
lyzed by Zwitterionic Micelles. The salt effect upon the
decarboxylation of 6-nitrobenzisoxazole-3-carboxylate ion
catalyzed by micelles of CTABr was unusual in that salts
having hydrophilic anions increased the reaction rate, and
salts of some aromatic acids which increased reaction rate
in low concentration decreased it at high. Salts having
nonaromatic hydrophobic anions decreased the reaction
rate at all concentrations, as did thiocyanate ion, which can
interact strongly with a cationic micelle.® Salts generally
decrease micellar catalysis,?11 and the behavior of the
nonaromatic hydrophobic anions was typical, in that such
ions generally retard reaction by competing with ionic re-
agents for the micelle. The effects of the hydrophilic anions
were explained in terms of a reduction in the charge densi-
ty of the micelle when relatively hydrophilic ions cluster
around it. The unusual effects of aromatic anions were con-
sidered to be caused by changes in micellar structure by in-
sertion of anions such as tosylate.?

The salt effects upon decarboxylation catalyzed by zwit-
terionic micelles are also unusual, and brook no simple ex-
planation. For simplicity we consider salts of organic and
inorganic acids separately.

The pattern for the effects of sodium salts of organic
acids is straightforward (Figure 3). Sodium formate, ace-
tate, and oxalate have relatively little effect, but the other
more hydrophobic salts inhibit reaction, and the retarda-
tion parallels anion hydrophobicity, at least qualitatively.
Because micelles of zwitterionic surfactants catalyze decar-
boxylation of the carboxylate ions I and II we assume that
they also take up relatively hydrophobic carboxylate or sul-
fonate anions, and the micelle then goes from being formal-
ly uncharged to anionic, and should become ineffective as a
catalyst. This explanation is consistent with the absence of



1324 J. Org. Chem., Vol. 40, No. 9, 1975

Coaits M

Figure 3. Effect of sodium salts of organic acids on the decarbox-
ylation of 6-nitrobenzisoxazole-3-carboxylate ion in micelles of
N,N-dimethyl-N-dodecylglycine at 25.0° in ammonia buffer, pH
9.2: @, AcO~; A, Me3CCO,~; m, CF3CO,—; v, CCI3COy™; o,
(CO27)g; O, n-CgH13CO2—; A, HCO»-; 0O, PhCO,~; v, f)-
MeCgHsSO3™.

the rate maxima in plots of ky against salt concentration
which we observed in CTABr-catalyzed decarboxylation in
the presence of, for example, sodium tosylate.?

The pattern for the effect of inorganic salts (Figure 4) is
also straightforward. The effects appear to depend upon
the anion; for example, the chlorides of Lit, Na*, K+, and
NH4* have little effect on the rate, or depress it slightly,
and potassium nitrate retards the reaction. However, fluo-
rides, sulfates, carbonates, and phosphate and sodium hy-
droxide increase the reaction rate, although relatively high
concentrations (>2 M) are required for large rate increases.
The anions which give these rate enhancements have high
charge densities and they tend to organize water molecules
about them, i.e., they are structure-making ions,2* and we
note that formate and acetate ions, which behave different-
Iy from the other organic anions (Figure 3), are also “struc-
ture makers”,

In these solutions of high ionic strength, ions will be
close to the micellar surface,®!! and may compete with the
carboxylate groups of the micellized surfactant for water
molecules, and therefore change micellar structure. Any ef-
fect which decreases the ability of water molecules at the
micellar surface to hydrogen bond to carboxylate ions
should assist reaction, first by decreasing the ability of
water molecules to hydrate the substrate which is bound to
the micelle, and second by reducing screening of the car-
boxylate head groups of the surfactant, and therefore in-
creasing the initial-state charge repulsions which are re-
sponsible for the high catalytic effectiveness of the zwitter-
ionic surfactants. It has been noted that ions can change
the “dynamic basicity” of water,25 although this conclusion
was based on experiments involving proton loss from car-
bon acids, which does not proceed via a hydrogen-bonded

" species.

Some effects of uncharged solutes upon the decarboxyla-
tion of 1 catalyzed by zwitterionic micelles should be noted
here. Ammonia has an appreciable effect on the reaction
rate (Figure 4), and urea somewhat diminishes the micellar
catalysis (by ca. 25% in 4 M urea). Urea disrupts water
structure and modifies those of micelles and macromole-
cules, and its effects on reactions in micelles have been ex-
plained in these terms.?8 The effect of urea on decarboxyla-
tion of I in CTABr is similar to that found here.?

Decarboxylation in Zwitterionic Micelles of N,N-
Dimethyl- N-dodecylalanine and the Effect of Sodium
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C

M

solute
Figure 4, Effect of inorganic solutes on the decarboxylation of 6-

nitrobenzisoxazole-3-carboxylate ion in micelles of N;N-dimethyl-
N-dodecylglycine.

Table I11
Inhibition of Micellarly Catalyzed Decarboxylation by
Mandelate Tons?
Surfactant
Na mandelate L’ DL-IV®
DL — 0.66 0.55
p(-) 0.63 0.64
L(+) 0.64 0.65

@ Values of kmS/km® for decarboxylation of I in micelles of 0.2 M
L- and DL-IV at 25.0° in 2 X 10-3 M ammonia buffer, pH 9.2, and
7.7 X 1075 M substrate. ® Using 0.35 M salt; in the absence of
added salt 10¢ ky = 5.60 sec~1. ¢ Using 0.32 M salt; in the absence
of added salt 10% ky = 6.12 sec~1.

Mandelate. The differences in the rates of reaction of 6-
nitrobenzisoxazole-3-carboxylate ion in micelles of the
zwitterionic L- and DL-dimethyldodecylalanines (Figure 2)
suggest differences in the surface structures of the micelles
of the optically active and racemic surfactants. The micel-
lar catalysis is reduced by sodium mandelate, and the inhi-
bition is similar to that found on the addition of relatively
hydrophobic carboxylate ions to N,N-dimethyl-N-dodecyl-
glycine (Figure 3). However, there are only small differ-
ences in the inhibitions shown by the various mandelates
(Table III), and as expected D- and L-mandelates have the
same effects on reaction rates catalyzed by the DL surfac-
tant (DL-IV), but DL-mandelate ion behaves differently.

However, the relative inhibitions by the various mandelate

ions of decarboxylation catalyzed by micelles of the L sur-
factant are within experimental error, so that only the ef-
fects upon catalysis by the DL surfactant appear to be sig-
nificant. Effects due to surfactant or inhibitor chirality
which rely upon physical interactions seem to be small be-
cause micellization depends upon the sum of a large num-
ber of weak physical interactions. Moss and Sunshine have
used micelles of optically active surfactants as catalysts for
reactions of optically active substrates (generally carboxyl-
ic esters) and found essentially no stereoselectivity toward
enantiomeric substrates.2” However, appreciable stereo-



Micellarly Catalyzed Spontaneous Dicarboxylations

Csotuter M
Q.2 04 OiG 0.8 1.0

T T

06

04

0.2

A
2 s 4 6
10 Csolute: M

Figure 5. Effect of solutes on the decarboxylation of 8-nitrobenz-
isoxazole-3-carboxylate ion in 2 X 1072 M CTABr: O @, phenol; 01
m, p-cresol; ¢, benzene; A, anisole; A, CF3CO3Na; ¢, n-CyoHa1-
CO2Na. The open points represent runs at pH 7.5 and the solid
points runs in 0.1 M NaOH except for A, which was at pH 9.2.

selectivity has been found using a functional micelle de-
rived from L-histidine.28
Effect of Aromatic Solutes on Decarboxylation Cat-
alyzed by CTABr. There is considerable spectral and
other evidence that aromatic compounds interact strongly
with both cationic micelles and unmicellized tetraalkylam-
monium ions,>2%-32 and the enthalpies of transfer of a
number of aromatic compounds from water to CTABr have
been found to be much larger than for otherwise similar ali-
phatic compounds.3! This favorable enthalpy change is in-
dicative of a strong interaction between the cationic head
groups and the aromatic residues. The unusual salt effects
of arenesulfonate and similar anions upon the decarboxyla-
tion of 6-nitrobenzisoxazole-3-carboxylate ion I in CTABr
were explained in terms of an insertion of the phenyl group
into the micelle and NMR and uv spectroscopic evi-
dence,>3? and the effects of micelles on buffer equilibria of
" aromatic acids can be similarly explained.3° Uncharged ar-
omatic compounds having electron-releasing groups (OH or
OMe) decrease the catalysis of the decarboxylation of I by
CTABr (Figure 5), but in agreement with earlier work ben-
zene has very little effect.> The aromatic solutes are in con-
siderable excess over the substrate, whose concentration is
<10~* M, and they can reduce the reaction rate both by in-
serting into the micelle and excluding substrate and by
modifying the surface structure of the micelle. This inser-
tion should be assisted by electron-releasing groups which
should increase the interaction between the =-rich phenyl
group and the quaternary ammonium head groups of the
micelle. Paradoxically, the phenoxide ions increase the cat-
alytic effectiveness of the cationic micelle, and behave sim-
ilarly to arenesulfonate ions in this respect,® and this effect
may be in part due to Coulombic initial state repulsions be-
tween the carboxylate ion of the substrate and the anionic
oxygen of the phenoxide ion.12
For comparison purposes the inhibitions by sodium de-
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Table IV
Effect of n-Alkylammonium Chlorides on
Decarboxylation in CTABr®

Alkyl 10% &y, sec™!
3.38°
n-Butyl 3.02
n-Octyl 2.84
n-Nonyl 2.1
n-Decyl 2.38
n-Dodecyl 1.34

@ At 25.0° with 2 X 10-2 M alkylammonium chloride in 2 X 10-2
M CTABr and 0.022 Tris buffer, pH 7.2 In the absence of added
amine salt.

Table V
Effect of n-Alkylamine Decarboxylation in CTABre

Alkyl Crypy, # 0.0t 0,015 0,02
n-Butyl 3.55
n-Hexyl 3.05
n-Octyl 3.10 2.65
n-Nonyl 3.41 3.89 4.08
n-Decyl 3.80 4.43 5.26
n-Dodecyl 3.81 4,12

@ Values of ky, sec~2, at 25.0%; in the absence of amine 104 ky =
3.71sec™1in2 x 10-2 CTABrand 0.1 M NaOH.

canoate and trifluoroacetate are shown in Figure 5, and the
uncharged benzenoid compounds are effective inhibitors
by comparison with these relatively hydrophobic carboxyl-
ate ions. Decanoate is as expected a much better inhibitor
than trifluoroacetate, and it probably interacts so strongly
with CTABr that a catalytically ineffective anionic comi-
celle is formed. Examples of other inhibiting anions are
given in ref 5 and trifluoroacetate ion is similar to trimeth-
ylacetate ion in its ability to reduce catalysis by CTABr.

Effect of n-Alkylamines and Their Hydrochlorides
on the Decarboxylation of I in CTABYr. Decarboxylation
is inhibited by solvents which strongly hydrogen bond to
the carboxylate ion,3 and we noted earlier that the sub-
strate in a cationic micelle should be less strongly hydrogen
bonded than in water. On this hypothesis incorporation of
a primary alkylammonium ion into the cationic micelles
should inhibit reaction, as is observed (Table IV), because
a primary alkylammonium ion should be a good hydrogen-
bonding donor. Increasing the length of the n-alkyl group
should bind the ammonium ion more strongly to the mi-
celle, and the inhibition is greatest with the most hydro-
phobic ammonium ion (Table IV).

Unprotonated n-alkylamines slightly change the micellar
catalysis (Table V). The rate at first decreases as the length
of the n-alkyl group increases, but then increases. Possibly
the less hydrophilic amines merely interact with the micel-
lar surface, whereas the more hydrophobic ones comicellize
and increase reaction rate by decreasing charge density of
the micelle, and we note that the nonionic surfactant Igepal
increases the rate of decarboxylation of I by a similar
mechanism.5

Micellar Effects in Aqueous Organic Solvents. With
ionic surfactants in mixtures of relatively hydrophobic al-
cohols and water, normal ionic micelles form when the
water content is high, but with decreasing water content
the nature of the aggregate changes, and when the water
content is low, reverse micelles form.143¢ However, normal
micelles form in ethylene glycol®® and presumably also in
its mixtures with water. The rates of some reactions are
very sensitive to reverse micelles in nonpolar solvents, but
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Table VI
Effect of Organic Solvents on the Decarboxylation of
6-Nitrobenzisoxazole and on Phosphate Ester

Hydrolysis®
Substrate
CO,”
Solvent O 0N PO;™
H,O 3 x 107 0.8 x 107
95% n-HexOH (w/w) 1.24 x 107 2.2 x 10

71.5% (CH,OH), (w/w) 3.2 X 107

@ Values of &y, sec™?, at 25.0°.

Table VII
Effect of CTABrin Organic Solvents on Decarboxylation
of 6-Nitrobenzisoxazole Carboxylate lon®

10% CDb 10% kyy sec™! 103 CDb 10* Py, sec_l
1.24 11.2 2.63
0.06 1.34 21.0 3.76
0.52 1.59 0.32°¢
3.2 1.98 6.2 2.46°
7.0 2.14 11.0 2.88¢
9.4 2.37 16.0 3.28°

o At 25.0° with 3 X 10~ M KOH unless specified and 1-hexanol-
water (95:5 w/w) unless specified. ¢ As mole fraction. ¢ In ethylene
glycol-Ho0 (77.5:22.5 w/w) and 3 X 10-3 M NaOH.

to date these have generally been bimolecular reactions in-
volving acids or bases,’*3* although the decomposition of
2,4-dinitrophenyl sulfate occurs readily in benzene contain-
ing n-alkylammonium carboxylates.!” The rate of the SN1
bromodecarboxylation of 3-bromo-3-phenylpropionate ion
to give mainly styrene was not especially sensitive to re-
verse micelles,3® but it is also relatively insensitive to sol-
vent effects,?” and we also examined two reactions which
are highly solvent sensitive. One was the decarboxylation of
6-nitrobenzisoxazole carboxylate ion (I),% and the other was
the spontaneous hydrolysis of the 2,4-dinitrophenylphos-
phate dianion (VII).15 Both these reactions are catalyzed

by normal cationic micelles in water.>16
NO,
1
OZNO— OPO#~ >
viI

NO,

H,0 -
OZNAG—O' + POy — H,PO,

In agreement with earlier evidence the reaction rates in
the absence of surfactant are increased by addition of or-
ganic solvents, and micellar effects on these reactions in
both n-hexanol-water and ethylene glycol-water are small
(Tables VI-VIII). In contrast to the small micellar catalysis
of decarboxylation of I in these solvents by CTABr there is
a 95-fold rate enhancement in water,? and for hydrolysis of
the 2,4-dinitrophenylphosphate dianion in water the rate
enhancement is 25-fold.1® These results are understandable
if we assume that decreased hydration of the substrate
when it is incorporated into the micelle is important, be-
cause in going from initial- to transition-state electrons are
transferred from the hydrophilic carboxylate or phosphate

Bunton, Kamego, Minch, and Wright

Table VIII
Effect of Surfactants in 1-Hexanol-Water on
Phosphate Ester Hydrolysis®

Surfactant 108 CDb 10* ’%,sec'1
2.2
CTABr 7.2 1.05
CTABr 20 0.71
ve 1.3 1.87
Ve 5.4 0.93
A 8.8 0.84

@ At 25.0° in 1-hexanol-water (95:5 w/w) and 5 X 103 M KOH.
® Surfactant concentration as mole fraction. ¢ n-CigHzsN™Mea-
CH,CH,0OHBr".

groups into the organic residue, where they are delocalized
by resonance. Thus the role of a cationic micelle should be
considerably reduced when initial-state hydration is de-
creased by addition of an organic solvent.

Discussion

Effects of Changes in Surfactant Structure. Decar-
boxylations of the anionic substrates I and II are strongly
catalyzed by cationic micelles,®® and replacing one methyl
in the head group of CTABr by a 2-hydroxyethyl group
does not affect the catalysis, but the rate of reaction in the
micelle is approximately doubled when the pH is high
enough to convert V into the zwitterion VI. Consistently,
micelles of zwitterionic surfactants are better catalysts
than the corresponding cationic micelles.

The charge distribution in zwitterionic micelles derived
from an amino acid is similar to that of a cationic micelle
surrounded by counterions (Scheme I). In both cases a sub-

Scheme 1
co,”
X X + +
CO,” CO,” CO,” CO,”  NMe TMeS
CH, CH,
+ + + +
NMe, NMe; NMe, NMe, (IZHg CIHQ
P
1,302— ITOQ~
[
Cationic micelle Zwitterionic Phospholipid
micelle

strate having its organic residue located between the am-
monium head groups will be subject to Coulombic repul-
sions between its carboxylate ion and the negative charges
on or adjacent to the micelle, but in the transition state the
negative charge moves out of the carboxylate group and
into the heterocyclic moiety, giving the transition state
considerable carbanionoid character, as shown below for
decarboxylation of I. Thus the negative charge will move

(1 - 6)

0 QA ’1’0
00,” e
I
N A
O.N 0 O,N 0



Micellarly Catalyzed Spontaneous Dicarboxylations

Table IX
Micellar Catalysis of Decarboxylation?
Substrate
CO,™
O/‘
Surfactant PhCH(CN)COz' O,
n~C1pH,sNMe; Br” 280 (0.018) 70 (0.012)
n-CygHssNMe, Br™ 660 (< 0,005)° 95 (0.0016)°
n-C15Hy;NMe,CH,CO," 690(0.013) 170 (0.01)
DL-y-CyH, - NMe,CHMeCO;," 210 (0.0086)
L-~p~Cy,H,;NMe,CHMeCO," 185 (0.008)
n-C4Hy;NMe,CH,CH,0H ~90

n-C 1gH33NMe,CH,CH,0" ~200°

a Values of rate constants relatiye to those in water (km/ko) at
25.0°; the values in parentheses are the molarities of surfactant
required for 50% catalysis. ? Reference 6. ¢ Reference 5.% pH ~ 14.

closer to the quaternary ammonium center, with which it
will interact beneficially.

The situation will be completely different with a micelle
or liposome of a phospholipid,!®" where the cationic ammo-
nium ion moiety is at the head of the surfactant. The unfa-
vorable initial-state interactions will be absent, and as the
charge moves into the organic residue in the transition
state it will interact unfavorably with the anionic phos-
phate group.

The zwitterionic micelles of III and IV are between two-
and threefold more catalytically effective than the corre-
sponding cationic micelles even though the micellar surface
should be highly aqueous, which should decrease Coulom-
bic interactions. Jencks has noted that unfavorable initial-
state interactions, e.g., the introduction of steric strain in a
substrate which is relieved in the transition state, may be
important factors in enzymic catalysis.3® Coulombic repul-
sions should be much greater in a hydrophobic cavity than
at the surface of a micelle in water, where the dielectric
constant is relatively high,3? so that unfavorable initial-
state Coulombic interactions which we observe in our aque-
ous systems could be playing a much more important role
in enzymic catalysis.

In our system the hydrophobic interactions between the
substrate and the micelle overcame the local Coulombic re-
pulsions between anionic groups. The concentration of sur-
factant required for 50% of the total rate enhancement is
an indication of the strength of micelle-substrate bind-
ing,10 and it is not particularly affected by the nature of the
micellar head group (Table IX). Table IX also summarizes
the micellar rate enhancements of decarboxylation. There
are examples in which bimolecular reactions are catalyzed
by zwitterionic micelles,?~!! but generally a zwitterionic mi-
celle is a much poorer catalyst than the corresponding cat-
ionic micelle, as expected from electrostatic considerations.

As noted in the Results section, the effects of phenols
and alkylamines are obtained with solute concentrations
similar to that of the surfactant, suggesting a close interac-
tion between the micelle and these chemically inert solutes
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which affects the micellar catalysis without changing the
effective micellar charge.
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6; n-C16H3sN*MesCHoCH20™, 54385-45-4.
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