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Abstract:

Micelles of 1-hydroxyethyl-2-dimethylalkylammonium bromides (I, alkyl = R = n-Cy;Hgs, #-Ci¢Hss)

are good catalysts for the hydrolysis of p-nitrophenyl diphenyl phosphate and ethyl p-nitrophenyl phosphate mono-
anion in the presence of hydroxide ion, with over 300-fold rate enhancement of hydrolysis of the triaryl phosphate in

the presence of I (R = C;sH3s).

This catalysis, and the variation of reaction rate with hydroxide ion concentration,

can be explained in terms of nucleophilic participation by the alkoxide ion of I, with pK. = 12.4 for the ionization

of the hydroxyl group of I (R = Ci¢H3s) and 12.9 for that of I (R = C;;Hs).

These hydroxy substituted surfactants

are no better catalysts than the corresponding alkyltrimethylammonium bromides for the reactions with fluoride
ion, suggesting that electrophilic catalysis is relatively unimportant.

In most micellar catalyzed reactions, the substrate is
incorporated into the micellar pseudophase and is
attacked by an external reagent or decomposes spon-
taneously.? However, a number of reactions have
been studied in which the surfactants (also called
detergents), which make up the micelle, contain reactive
groups,”® or in which the reagent contains a hydro-
phobic residue, and is therefore taken up very strongly
by the micelles,®~!! giving greater catalysis than micellar
systems which involve attack by external reagents, and
these are systems of interest because they provide closer
analogies with enzymic catalysts.

One example of such a reaction was the hydrolysis of
p-nitrophenyl diphenyl phosphate (II) in the presence of
hydroxide or fluoride ions and the cationic surfactant
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Micelles of IIT are better catalysts than simple cationic
micelles of, for example, cetyltrimethylammonium
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bromide (CTABr), for reaction with hydroxide but not
fluoride ion,!*-!% and it was suggested that at relatively
high pH the reagent was the micellized alkoxide ion of
II1.

This paper describes an extension of this earlier work
using micelles of the surfactant I, where R = n-C;;H,;
and n-Ci¢Hj;;. The substrates were p-nitrophenyl di-
phenyl phosphate and ethyl p-nitrophenyl phosphate
monoanion (IV). We had earlier examined the reac-
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tion of bis(2,4-dinitrophenyl) phosphate with hydroxide
ion in the presence of CTABr,!? but used IV for the
present investigation to avoid consecutive formation of
two molecules of nitrophenoxide ion. Kirby and
Younas have examined the reactions of methyl nitro-
phenyl phosphate monoanions with nucleophiles,**
but we used the ethyl derivative because it should be
slightly more hydrophobic and therefore taken up
more readily by micelles. Tri- and diaryl phosphates
which contain electron attracting groups are reactive
toward ‘“hard” nucleophiles,’® and are convenient
substrates for this type of investigation.

Experimental Section

Materials. The surfactants were commercial samples (CTABr)
or were prepared as the bromides by quaternizing the tertiary amine
with a long-chain n-alkyl bromide in refluxing EtOH following the
usual method!® (cf. ref 17). They were purified by recrystalliza-
tion from EtOH and had mp 198-200° (I, R = C;;H;;) and 208-
210°(1,R = C;Hay).

The phosphate esters were prepared by standard methods.1¢
Ethyl p-nitrophenyl phosphate was prepared as the lithium salt
from the diethyl phosphate®® using LiCl in acetone followed by
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precipitation with Et;O. The molecular weight calculated from
complete hydrolysis was 251 by analysis of inorganic phosphate,!?
and 250 by spectrophotometric determination of p-nitrophenol
(the theoretical value is 253).

Kinetics. The slower reactions were followed spectrophoto-
metrically using a Gilford spectrometer with a water-jacketed cell
compartment.1o-12 The triaryl phosphate was added toa cell as a
solution in dioxane so that the final solution contained 0.5 mol %
dioxane. Lithium ethyl p-nitrophenyl phosphate was added as an
aqueous solution.

The faster reactions, for example, of p-nitrophenyl diphenyl phos-
phate with hydroxide ion in the presence of the nucleophilic sur-
factants, were followed using a Durrum-Gibson stopped flow spec-
trophotometer. An aqueous solution of the substrate was in one
syringe and an aqueous solution of the surfactant and hydroxide
ion was in the other. The final concentrations of substrate were
approximately 105 M, and all experiments were at 25.0°

The units of the first-order rate constants, ky, are in sec™!, and the
second-order rate constants, ks, were calculated from &y and the
reagent concentration. The surfactant concentration is typically
expressed as Cp. In all our reactions, p-nitrophenoxide ion was
formed, and there was no attack by fluoride or alkoxide ion upon
the aryl group.

Results and Discussion

Reactions in the Presence of CTABr. The reactions
of ethyl p-nitrophenyl phosphate monoanion with
hydroxide or fluoride ion in the presence of CTABr
have kinetic forms similar to those found earlier
for reactions of bis(2,4-dinitrophenyl) phosphate and
p-nitrophenyl diphenyl phosphate.!™!¢ The rate en-
hancements are not large, being ca. sixfold for re-
action with hydroxide ion and fivefold for reaction with
fluoride ion (Tables I and II). The micellar catalyzed

Table I. Reaction of Ethyl p-Nitrophenyl Phosphate with
Hydroxide Ion in CTABr®

102Cctasr, M —_ Cneon, M———

0.02 0.10

0.75 0.75

0.25 1.25 0.85

0.29 1.83

0.50 2.94 2.81

0.59 3.57

0.88 4.08

1.00 4.36 4.00

1.50 3.86 3.36

2.00 3.50 2.84

@ Values 102k,, 1. mol~1sec~1at 25.0°,

Table . Reaction of Ethyl p-Nitrophenyl Phosphate with
Fluoride Ion in CTABre

102Ccranr, M 10y, sec™! 102CcTtaBr, M 104y, sec™!
1.56 1.50 7.28
0.25 4.38 2.00 6.67
0.50 6.54 3.00 4.83
1.00 6.90

¢ At25.0° with 0.1 M NaF at pH 9 (10~2 M borate buffer).

reaction is approximately first order with respect to
hydroxide ion, and in both the presence and absence of
cationic micelles, the reactivity of hydroxide is greater
than that of fluoride ion. The reaction of hydroxide
ion and ethyl p-nitrophenyl phosphate monoanion in
micellized CTABr is inhibited by added salts (Table III).
The salt effects increase with decreasing charge density
of the anion and are relatively independent of the nature

(19) C. H. Fiske and Y. Subba Row, J. Biol. Chem., 66,375 (1925),
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Table III.  Salt Effects upon the Reaction of Ethyl p-Nitrophenyl
Phosphate with Hydroxide Ion in CTABr

Salt
Coare, M NaCl KCl KBr KNO; NaOTos
0.0050 2.83 2.44 1.42
0.010 2.64 2.17 1.63 1.00
0.015 2.25
0.020 1.94 2.19 1.60 1.24 0.62
0.025 1.39
0.030 1.36 1.73 1.21 0.89 0.15

s Values of 103y, sec™! at 25.0° in 0.1 M NaOH and 0.88 X
1072 M CTABr. Inthe absence of added salt 103y = 4.08 sec™1.

of the cation, as is typical of attack by nucleophilic
anions catalyzed by cationic micelles. 5 11

Reactions with Hydroxide Ion in the Presence of the
Hydroxy Substituted Surfactant III (R = C;;H,;). The
reaction of ethyl p-nitrophenyl phosphate monoanion
(IV) and hydroxide ion was followed in the presence of
micelles of III (R = C;Hys). Despite the shorter
length of the alkyl groups, these micelles are almost as
good catalysts as those of CTABr (Tables I and IV)

Table IV. Reaction of Ethyl p-Nitrophenyl Phosphate with
NaOH in the Presence of III, R = Cj:Ha®

102Cp, M 103y, sec™1 102Cp, M 1034y, sec™!

0.75 1.00 3.05
0.25 1.67 1.50 3.48
0.25 0.23 2.00 3.47
0.50 2.09 2.50 3.40
0.50 0.34% 3.00 2.86

s At 25.0° with 0.10 M NaOH unless specified. ® With 0.01 M
NaOH.

suggesting that there is some effect due to the hydroxyl
group as was found earlier for reaction of p-nitropheny!
diphenyl phosphate,!? but because the rate enhance-
ment was relatively small, we did no further work on
this system.

Reactions in the Presence of the Hydroxy-Substituted
Surfactants (I). Micelles of the hydroxy-substituted sur-
factants (I, R = CyH,; and CisH3;) are good catalysts
for the reactions of p-nitrophenyl diphenyl phosphate
and ethyl p-nitrophenyl phosphate monoanion with
hydroxide ion. The rate enhancements (up to 300-
fold) of the reaction with hydroxide ion (Figures 1-4)
contrast sharply with the relatively small rate enhance-
ments of the reaction with fluoride ion (Table V).

Table V. Reaction of p-Nitrophenyl Diphenyl Phosphate with
Fluoride Ion in the Presence of I, R = Ci:Hj;; CicHase

Co, M R = C;Hss R = CiHss
0.11 0.11
0.00125 3.81
0.0025 5.52
0.0050 4.12
0.010 1.00 3.4
0.015 1.34 2.82
0.020 1.30 2.29
0.030 1.12 1.74
0.040 0.96 1.46
0.050 0.85
0.070 0.65

a Values of 102y, sec™!, at 25.0° at pH 9.0 (10-2 M borate buffer)
with 0.01 M NaF.
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Figure 1. Hydrolysis of p-nitrophenyl diphenyl phosphate in I
(R = CyiHjyy), with the indicated concentrations of hydroxide ion
at 25.0°,
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Figure 2. Hydrolysis of p-nitrophenyl diphenyl phosphate in I
(R = Cj¢Hyy), with the indicated concentrations of hydroxide ion at
25.0°,

Table VI. Second-Order Rate Constants for the Reaction of
Ethyl p-Nitrophenyl Phosphate with Fluoride Ion
Catalyzed by I, R = CpHzs

Cxer, M 10%:, 1. mol—! sec™!
1.56
0.05 5.6
0.10 6.0
0.15 5.3
0.50 4.

& Maximum values of k2 at 25.0° in 10~2 M borate buffer pH 9.
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Figure 3. Hydrolysis of ethyl p-nitrophenyl phosphate in I (R =
CisHj;), with the indicated concentrations of hydroxide ion at 25.0°.
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Figure 4. Hydrolysis of ethyl p-nitrophenyl phosphate in I (R =
CieHjs), with the indicated concentrations of hydroxide ion at
25.0°,

In addition, CTABr and I (R = C;¢H3;) catalyze the re-
action to similar extents (for reaction in CTABr ky ~
3.4 X 10-2? sec~! with 0.01 M sodium fluoride!?), but
I is always a2 much better catalyst than CTABr for re-
actions with hydroxide ion. Similar observations were
made on the reaction of fluoride ion with ethyl p-
nitrophenyl phosphate monoanion catalyzed by I (R =
C12Hss) (Figure 5 and Table VI). The differences be-
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Table VII. Rate Enhancements for Reactions with Hydroxide and Fluoride Ions®

Surfactant-

Reaction CmHgsNMesBl' CTABr I (R = C12H25) I(R = CloHu)
0,NCH,OPO(OPh); + OH~ 4.8 (0.015) 12¢ (0.003) 83 (0.012) 310 (0.002)
0.NCH,OPO;Et~ + OH~ 6.3(0.01) 29 (0.025) 86 (0.015)
0:NCH.OPO(OPh); + F~ 10.5% (0.015) 35¢(0.002) 13 (0.015) 52 (0.003)
0O.NCH.OPO,Et~ + F- 4.6 (0.015) 4.2(0.02)

« Rate enhancements calculated from values of ky at the optimum surfactant concentration relative to reaction in the absence of surfactant
at 25.0° and calculated for 0.01-0.02 M NaOH or NaF; the values in parentheses are the approximate surfactant molarities for maximum

rate enhancement. ® Reference 12. ¢ Reference 11.
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Figure 5. Reaction of ethyl p-nitrophenyl phosphate in I (R =
C1;Hs;s) and fluoride ion at 25.0°,

tween the catalytic effectiveness of these nucleophilic
and nonnucleophilic surfactants for reactions of hy-
droxide and fluoride ions are illustrated by the maxi-
mum rate enhancements relative to reaction in the
absence of surfactant (Table VII). (These rate en-
hancements depend upon reagent concentration, but
small changes in the concentration of hydroxide or
fluoride ion affect them only slightly. The surfactant
concentrations for maximum catalysis are given in
parentheses in Table VII.)

In all our experiments, the micellar catalysis increased
as expected with increasing length of the long alkyl
group of the surfactant. However, for reactions of
fluoride ion, changes in the head groups of the sur-
factant had little effect on the overall rate enhance-
ments; ¢f. ref 11,

In our earlier work we noted that because micelles
of the hydroxy substituted surfactants (III) were no
better catalysts than simple cationic micelles for the re-
action of fluoride ion with p-nitrophenyl diphenyl
phosphate, the catalysis did not involve nucleophilic
attack by an external anion, concerted with electro-
philic assistance to P-O bond breaking, as in the hypo-
thetical transition state (V).!? The present results
strengthen this conclusion,

,
505 570 55
Cou-1 M

Figure 6. Variation of the maximum rate constants for reaction in
the micellar phase with hydroxide ion concentration. Open points,
p-nitrophenyl diphenyl phosphate (left-hand scale); solid points,
ethyl-p-nitrophenyl phosphate (right-hand scale). Squares, I (R
= CuHjy;); circles, I (R = CigHi). The broken lines are calcu-
lated using eq 1 and the data given in Tables IX and X.
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The reactions in the presence of I are reasonably
close to first order with respect to fluoride ion (Table
VI), but for those with hydroxide ion plots of k,
against Cog - are nonlinear (Figure 6) in agreement with
earlier results on hydroxide ion reactions in the presence
of III,12

These micellar catalyzed reactions are inhibited by
added salts (Figure 7 and Table VIII) as is typical of bi-
molecular micellar catalyzed reactions, The salt ef-
fects as measured by k./ko (where k. and k, are respec-
tively the rate constants in the presence and absence of
added salt) are generally larger in 0.0 M thanin 0.15 M
hydroxide ion (Table VIII), possibly because of mech-
anistic differences depending on the concentration of
hydroxide ion. However, salt effects upon micellar
catalysis depend upon both exclusion of reagents from
the micelle and changes in its structure,® and it is there-

(20) C. A. Bunton, M. J. Minch, and L. Sepulveda, J. Phys. Chem,,
75, 2707 (1971); C. A. Bunton, A. Kamego, and M. J. Minch, J. Org.
Chem., 37, 1388 (1972); C. A. Bunton in “Reaction Kinetics in Micelles
and Membranes,” E. H. Cordes, Ed., Plenum Press, New York, N. Y.,
1972,
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Figure 7. Salt inhibition of the reaction between ethyl p-nitro-
phenyl phosphate and 0.01 M NaOH in the presence of 0.025 M I
(R = CHHZE)-

Table VIII. Effect of Hydroxide Ion upon the Salt Effects upon
the Hydrolysis of Ethyl p-Nitrophenyl Phosphate in the
Presence of I, R = C2Has

Salt Cs, M ——Cor~y M——
0.01 0.15

NacCl 0.10 0.65 0.71
0.20 0.63

0.30 0.40 0.55

0.40 0.52

0.50 0.30 0.43

KCl 0.05 0.88 0.72
0.10 0.73 0.65

0.30 0.39 0.52

0.50 0.27 0.43

KNO; ‘0.05 0.4} 0.57
0.10 0.48

0.30 0.15 0.33

0.50 0.11 0.25

KBr 0.10 0.46 0.51
0.30 0.22 0.34

0.50 0.17 0.26

NaOTos 0.05 0.18 0.27
0.10 0.11 0.14

0.225 0.05 0.08

@ Values of k./ko in 0.025 M surfactant at 25.0°; in the absence
of added salt 102 £, = 0.181in 0.01 M and 1.6 sec™!in 0.15 M NaOH.

fore difficult to make mechanistic assignments from
these effects.

In these experiments we did not study the variation of
k, with low surfactant concentration in great detail,
but as is generally found, small amounts of surfactants
have little effect on the rates of reactions, which in-
crease sharply as micelles are formed from the mono-
meric surfactant,-¢

Reactions with Hydroxide Ion. In our earlier work
on the reaction of p-nitrophenyl diphenyl phosphate
with hydroxide ion in the presence of cationic micelles
of surfactants which contained a hydroxyl group, we
assumed that reaction followed Scheme I, where the
substrate was incorporated in the micelle. Provided
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Scheme I
0
H,C—O0~ ” /OR
I &+ OzN—O—O-—P\ —
HzC_NR3 OR

© on

HzC_O_P< —

I or *+ ozN—Q—o

HQC—NRQ
that all the substrate is incorporated into the micelle,
the variation of rate constant, ky;, with hydrox-
ide ion can be explained in terms of the following
equations!?

(DOH),,1 + OH- === (DOH),DO-

’

(DOH).DO~ + Sm —> products

+
where D = RNMe,CH,CH,- and S,, is the substrate in
the micellar phase and K’ = K,/K,. The first-order
rate constant k’ refers to the decomposition of the
micellized surfactant in a micelle having one ionized
hydroxyl group. (In this treatment we assume that
only one substrate is taken up per micelle, but we could
instead assume that the micelle has reactive sites each
of which can take up only one surfactant molecule.)
The two treatments lead to the same conclusions. Pro-
vided that Cou- >> Cpon and the maximum values of
k, at the optimum surfactant concentration (Figures
1-4) give k™, the first-order rate constant for reaction
in the micelle, we obtain eq 1,!? where K, is the acid dis-

km = k,COH‘(Ka/Kw)
1 + COH-(KB,/KW)

sociation constant of the micellized surfactant.
The values of k’K,/K,, (Table IX) are given by the

D

Table IX. Kinetic and Equilibrium Parameters for Reactions
in the Presence of Nucleophilic Surfactants

kKo Kgm—

Surfactant II v K./K
I,R = CpHss 36 0.21 12
I, R = CHss 150 0.96 40

initial slopes of plots of k,; against Cogx-, provided that
reaction in the absence of hydroxide ion and of sur-
factant can be neglected. Equation 1 can be rear-
ranged to eq la, and a plot of the left-hand side term of

k'K, Coxn- K,
ZoeOBT | 4+ 22Con- 1
k=K., L+ g, Con (12)
eq la against Con - gives K,/K. These plots are shown

in Figure 8.

The slopes of these lines should depend upon the
nature of the surfactant, and be independent of the sub-
strate, but this condition is only partially satisfied
(Figure 8). However, the slopes of the broken lines
drawn in Figure 8 give approximate values of K./Kw
for micelles of I (R = CyHas, CisHis) which give the
values of the first-order rate constant k’ (Table X).
(This table also contains data for nonnucleophilic sur-
factants for comparison purposes.) These parameters



Table X. Comparison of Rate Constants for Reactions of
Alkoxide Ion of I and Hydroxide Ion in Cationic Micelles®

k’, secml——— ks, 1. mol~! sec™?!

LR = CreHoy;-
Substrate C12H25 I, R = CmHsa NMe;Br CTABr
NO:C¢H.,OPO(OPh). 3(1.8) 3.8(0.7) 1.65 5.5
NO.CsHOPO:Et~ 0.017 0.024 (0.5) 0.044

2 The values in parentheses are the concentrations of hydroxide
ion calculated to give the same rates of reaction in the presence of
nonnucleophilic cationic micelles as those found for chemical de-
composition of the substrate-micelle complexes formed from the
corresponding nucleophilic surfactants (I, R = Ci:Hy;; CieHas).

used in eq la give a reasonably satisfactory fit for the
variation of k, with Cox- as shown in Figure 6, where
the broken lines are calculated using the rate and
equilibrium parameters given in Tables IX and X.
The fit with experiment is as good as can be expected
because our treatment neglects the effects of substrates
and electrolytes upon the properties of the micelles:2!
and upon the rate and equilibrium constants. Salt ef-
fects upon the overall reaction rates (Figure 7 and
Table III) are small for low concentrations of salts, ex-
cept for salts having anions of relatively low charge
density, e.g., tosylate, and should therefore be small for
the hydroxide ion, except at the higher concentrations
where the deviations are largest. These deviations
(Figures 6 and 8) are similar to those observed earlier
using the nucleophilicsurfactant (III).12

Comparison of the values of the first-order rate con-
stant, k’, and the second-order rate constants, k,, for
reactions of the substrates with hydroxide ion in the
absence of added surfactant show that the alkoxide ion
in the micelle is a very effective catalyst. The rate
enhancements are similar to those found for reactions
involving effective intramolecular nucleophiles.22 For
example, for the reactions of p-nitrophenyl diphenyl
phosphate with the hexadecyl surfactant (I, R = Cy,-
His), k' = 3.8 sec!, whereas for reaction with hy-
droxide ion in the absence of surfactant?® k, = 0,48 1,
mol-! sec=1; ie., the rate constant in the micellar
phase is that calculated for aqueous 8 M sodium hy-
droxide and for the corresponding reaction of ethyl p-
nitrophenyl phosphate monoanion k’ = 0.024 sec!
and k; = 0.007 1. mol~! sec™!, so that the rate constant
in the micellar phase is that calculated for aqueous 3.5
M sodium hydroxide. As noted earlier these com-
parisons underestimate the effectiveness of the alkoxide
ion in the micelle as a nucleophile because the negative
charge should be able to migrate rapidly about the
micelle, and therefore be close to the substrate for only
a fraction of the time. 2

The nucleophilicity toward p-nitrophenyl diphenyl
phosphate of the micellized alkoxide ion of I (R =
Ci2H;;), as given by the value of k’ = 3 sec™!, is con-
siderably greater than that of the alkoxide ion of III
(R = Cy2H;;) which is used in our earlier investiga-
tion,!? and for which k’ = 0.6 sec™!, probably because

(21) E. W. Anacker and H. M. Ghose, J. Phys. Chem., 67, 1713
(1963); J. Amer. Chem, Soc., 90,3161 (1968).

(22) T. C. Bruice and S. Benkovic, “Bioorganic Mechanisms,” W. A.
Benjamin, New York, N. Y., 1966; W. P. Jencks, '‘Catalysis in Chem-
istry and Enzymology,” McGraw-Hill, New York, N. Y., 1969.

(23) C. A. Bunton, S, J. Farber, and E. J. Fendler, J. Org. Chem., 33,
29 (1968).
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Figure 8. Kinetic analysis of the reaction of p-nitrophenyl di-

phenyl phosphate (open points) and ethyl p-nitrophenyl phosphate
(solid points) with hydroxide ion in the presence of optimum con-
centration of surfactant (squares I (R = CyuHss); circles, I (R =
C16H33)-

III is a secondary alcohol, and the nucleophilicity of
its alkoxide ion will be reduced sterically and electroni-
cally by the phenyl group. The choline anion is a
good nucleophile toward p-nitrophenyl dipheny! phos-
phate, being approximately 35 times as reactive as the
hydroxide ion,!? and this high reactivity is also shown
by its micellized derivatives (I). This high nucleo-
philicity, relative to basicity, can be ascribed, at least
in part, to favorable electrostatic interactions between
the quaternary cationic center in choline and its deriva-
tives, and the dispersed negative charge in the transi-
tion state. !?

The values of the first-order rate constant, k’, for
reactions of these nucleophilic surfactants are compared
with those of the second-order rate constants, ks, for
reaction with hydroxide ion in the presence of the
optimum amounts of nonnucleophilic cationic micelles
(Table X). The values in parentheses are the hydroxide
ion concentrations which would give equivalent rates
to those found with the alkoxide ions, assuming that
reaction with hydroxide ion is second order.

The values of k£’ for the micellized alkoxide ion-sub-
strate complex (Table X) increase only slightly with in-
creasing length of the alkyl group of the micelle, and the
greater catalytic effectiveness of I (R = C;¢H;;) over
I (R = C;;H,;) is related to more effective substrate in-
corporation and greater ionization of the hydroxyl
group (i.e., larger K,) than to the reactivities of the
alkoxide ions.

Assuming that the micellized surfactant does not
affect the autoprotolysis constant of water, we calculate
pK. = 12.9 for the dodecy! and 12.4 for the hexadecyl
surfactants (I). These values are very similar to
pK. = 12.7 for the dodecyl surfactant (III) and are, as
expected, slightly smaller than pK, =~ 13.9 for choline.?*
They depend, however, upon the questionable assump-
tion that the autoprotolysis constant of water in close
proximity to the micelle is the same as that in bulk
water, and the micelles might cause major changes in
the structure of water which is solvating the micelle.

(24) R. M. C. Dawson, D. C. Elliott, W, H, Elliott, and K. M. Jones,
“Data for Biochemical Research,’ Clarendon Press, Oxford, 1959.
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