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Abstract: The rate-surfactant profiles for the dephosphorylation of p-nitrophenyl diphenyl phosphate by phenoxide and p-
cresyl oxide ions and the reaction of phenoxide ion with 2 4-dinitrofluorobenzene (DNF) in micelles of cetyltrimethylammon-
ium bromide (CTABr) can be treated quantitatively in terms of the distribution of both reactants between the aqueous and mi-
cellar pseudophases. Distributions were measured directly under the reaction conditions. A similar treatment can be applied
to the reaction of aniline with DNF catalyzed by micelles of CTABr or sodium lauryl sulfate (NaLS). For reactions of aryl
oxide ions the rate enhancements of up to 4 X 103-fold can be explained almost completely in terms of increased reactant con-
centrations in the micellar pseudophase, but for the reaction of aniline this rate-enhancing effect is opposed by a negative “sol-
vent” effect of the micelles stemming from the low polarity of their surface.

The extent of micellar catalysis of bimolecular reactions
depends upon the incorporation of both reactants into the
micelle and the rate constant in the micellar pseudophase.* The
dependence of the overall rate constant upon surfactant con-
centration can, in principle, be treated quantitatively in terms
of the distribution of the substrate between water and the
micellar pseudophase for both spontaneous unimolecular re-
actions and for micellar-inhibited bimolecular reactions.8 But
for micellar-catalyzed bimolecular reactions observed rate
constants generally go through maxima with increasing sur-
factant concentration and the observed second-order rate
constants at or near the maxima are usually dependent on
reactant concentration.’

These maxima arise because increasing surfactant con-
centrations increase the concentration of micelles and therefore
the amounts of reactants in the micellar pseudophase. But
increasing the concentration of micellized surfactant means
that the reactants are distributed over a larger amount of mi-
celles which leads to a ““dilution” of reactants in the micellar
pseudophase and a decrease in the observed rate constants.
This explanation is consistent with the observation that added
electrolytes typically reduce micellar catalysis of bimolecular
reactions involving ion attack upon a substrate by competing
with that ion for the micelle.!°

0002-7863/79/1501-2429%01.00/0

These problems have been treated in several ways. Romsted
has developed equations which relate the concentrations of
both reagents in the micelle to those in water by treating mi-
cellar incorporation of hydrophilic ions in terms of a simple ion
exchange process and his equations empirically fit the rate
constant-surfactant profiles which are typical of bimolecular
micellar-catalyzed reactions. !

Another approach, which has been applied to reactions in-
volving hydrogen ions, is to use a specific ion electrode to es-
timate the amount of reactive ion in the water, and therefore
by difference in the micelle, and to show that when the sub-
strate is largely in the micelle the calculated second-order rate
constants for reaction occurring in the micellar pseudophase
are independent of surfactant or total hydrogen ion concen-
tration.!? A similar approach has been applied to reactions of
carbocations with anionic nucleophiles, except that here the
amount of micellar-bound anion was estimated indirectly.!3

A number of workers have analyzed micellar catalysis of
reactions of substrates with hydrophobic reagents by calcu-
lating, directly or indirectly, the amounts of each reactant in
the micellar pseudophase, assuming that one reactant does not
affect incorporation of the other,11.13-19

This method can be applied directly to reactions of nonionic
nucleophiles,!3:13.18 and to deacylation by thiolate ions,!7 be-
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Table I. Reaction of p-Nitrophenyl Diphenyl Phosphate in the
Presence of Thiophenoxide lon?

103[PhS], M
103[CTABr], M 0 0.6 I3 30
0.07 0.125
1.0 177 L.
2.0 1.70 10l 095 1.07
2.5 1.09 1.01
3.0 139 087 0.3 1.01
3.5 0.97 111
4.0 1.19 0.90 1.05
5.0 0.84 1.03
6.0 1.01 0.87 0.97
8.0 0.79 0.83
10.0 0.70 0.76 0.72

@ Values of 103k, s7!, at pH 9.5 in 0.05 M borate at 25.0 °C with
10~3 M substrate. ¥ Obtained by extrapolation from reactions in di-
oxane-H»O.

cause the thiol is fully ionized under the reaction conditions,
But there is a problem with anionic nucleophiles which are
generated by dissociation of weak acids, because the micelles
almost certainly affect the acid dissociation, and it may be
difficult to measure directly the extent of incorporation of the
reactive anion in the micelle. For example, anions of imidazoles
are excellent nucleophiles, but their incorporation into cationic
micelles has not been measured directly.!*!? Instead it has been
estimated from the binding constant of the nonionic imidazole
and the micellar effect upon the apparent pK, of the imidazole
and the pH of the solution. But this indirect method involves
assumptions about the significance of “pH” at the micellar
surface and is suspect because the measurements lead to the
improbable conclusion that the extent of binding of, for ex-
ample, the benzimidazole anion to a cationic micelle decreases
at high surfactant concentration.!419.20

One aim of our work was to measure the concentration of
reactive anion directly under the reaction conditions. We used
phenoxide ions as nucleophiles and were able to measure di-
rectly their binding to cationic micelles under conditions in
which the phenol was only partially ionized. The rate and
binding studies were made over a range of pH and nucleophile
concentration, so that they provide a stringent test of the kinetic
model. In most experiments to date only the surfactant con-
centration has been varied and the reactant concentrations and
pH have been kept constant.

Most of the work was on dephosphorylation of p-nitrophenyl
diphenyl phosphate (PNPDPP):

ArO + p-0O;NC¢H,OPO(OPh); — ArOPO(OPh),
+ p-OZNC(,H46
but some experiments were done on nucleophilic aromatic

substitution of 2,4-dinitrofluorobenzene (DNF) (cf. ref 15, 22,
and 23).

F PhO
NO, NO,
PhO + — + F
NO, NO,
F PhNH
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Most models of micellar catalysis treat the micelle as a
submicroscopic reaction medium, but a micelle is not homo-
geneous; for example, its interior is probably hydrocarbon-like,
and its surface is hydrophilic, and for an ionic micelle is par-
tially saturated by counterions.2*2% However, micellar-bound
polar solutes appear to residue largely in the Stern layer at the
micellar surface, and reactions of polar solutes probably occur
in this region.>7 In estimating reactant concentrations in the
micellar pseudophase one has to make assumptions about the
volume element for the reaction. We can, for example, assume
that the reactants are localized within the Stern layer,!2)3 or
estimate concentrations in terms of the total volume of the
micelle.}4-17

Most of our experiments were in solutions of cetyltrimeth-
ylammonium bromide (CTABTr), but for the aniline reactions
we also used sodium lauryl sulfate (NaLS). Recently Pisk-
iewicz has suggested a different treatment of micellar catalysis
based on the Hill equation which is used to treat enzymic ca-
talysis.2¢ This treatment leads to equations whose form is
similar to that of the equations derived using the distribution
model, but the parameters in the equations have different
significance, and the treatment assumes cooperativity of
substrate binding to the micelle whereas the models discussed
in ref 12-19 do not make this assumption.

Experimental Section

Rate Measurements. Reactions were followed spectrophotometri-
cally at 25.0 °C by methods already described.2223-27 The pH of the
solutions was maintained using 0.01 M borate buffer and the pH of
the reaction solutions was adjusted in the presence of surfactant. The
first-order rate constants, ky, are ins~!,

Effect of Thiophenoxide Ion on Reaction Rate. We had hoped to
induce attack of thiophenoxide ion on PNPDPP in micelles of CTABr
which are effective catalysts of the reaction of PhS— with DNF.23
However, attack of PhS~is too slow to be observed in water or in the
presence of CTABr (Table 1). Apparently the reactions are simply
those of hydroxide ion and water, and PhS— is a slight inhibitor of these
reactions. Because of the low solubility of thiophenol in water the rate
constants in the absence of surfactant were determined by extrapo-
lation of data obtained in the presence of 24-40% of dioxane.

Binding of Solutes to the Micelle. If the surfactant, (detergent), D,
is in large excess over the solute, S, the binding constant, K, is given
by?

K, = [Sm]/[SwI([D] ~ cmc) (M

where the subscripts denote solute in the micellar and aqueous pseu-
dophases, and cmc is the critical micelle concentration, i.., the con-
centration of monomeric surfactant. It is often convenient to define
the fraction of bound solute, f, as

S=1[Sul/(ISm] + [SwD (2)

In some cases the surfactant is not in large excess over Sm, and then
we modify eq | as

K = [Sm]/[Sw]([D] = [Sm] = emc) 3)

to allow for the amount of surfactant attached to solute.

Solubility. Existing procedures were followed.2’-2° For a solute
which could be hydrolyzed during the solubilization, e.g., DNF, we
first measured the absorbance of hydrolysis product, i.e., 2,4-dini-
trophenoxide ion, and then hydrolyzed the solute quantitatively and
measured the absorbance. This method was used to determine the
extent of binding of DNF and PNPDPP to CTABr. The solutions
contained 1073 M HBr to suppress reaction with OH~. This low
concentration of HBr should have little effect on the binding of non-
ionic solutes.

Ultrafiltration. The general method of Dougherty and Berg was
followed using an Amicon 52 cell with a PM10 membrane.'> The
concentrations of solute in the filtrate and filtrand were determined
spectrophotometrically, if necessary after quantitative hydrolysis, as
described for the solubility method. This method was used with both
aniline and DNF, but it failed with PNPDPP, which appeared to bind
very strongly to the membrane. The experiments with DNF were made
in 10-4 M HBr.



Table II. Reaction of Phenoxide Tons with p-Nitrophenyl Diphenyl
Phosphate in Water?

Table IV. Micellar Catalysis of Aryl Oxide Reactions?

kw, 102k ¢ max,
reagent? 10%k ¢, s~ 102k w, M~ 1571 reaction Y e sl kel
1.19 PhO + DNF 0.68 16 (0.022) 750
0.0104 M PhOH 2.79 3.21 PhO + PNPDPP 0.032 2.9 (0.001) ~3000
0.0103 M p-MeC¢H4OH 2.56 344 p-MeC¢H4O + PNPDPP 0.034 3.9 (0.001) ~4000

a At 25.0 °C, pH 10, and 0.01 M borate buffer. ?Stoichiometric
concentrations.

Table III. Binding Constants?

solute K,M~1! solute K, M~
PhNH; 396 DNF 544 )
PhNH, 36¢ PNPDPP 16 X 104 4
PhNH; (14)°®

a In CTABr except for the values in parentheses, which are in
NaLS. ? By ultrafiltration. < By spectrophotometry. 4 By solu-
bility.

A correction has to be applied for transport differences of water and
the solutes through the membrane.'® These factors follow: 0.02 M
aniline. 1.01;0.04 M aniline, 1.04; 6 X 10~ M DNF, 1.19. The con-
centration of aniline was determined spectrophotometrically at 380
nm and of DNF at 358 nm afier complete hydrolysis.

Spectrophotometry. The extent of micellar binding can readily be
estimated from the spectral shifts provided that the spectra of the fully
micellar incorporated solute can be measured.30 Provided that Beers
law is obeyed we obtain

f=(A=Aw}/ (A — Aw) {4)

where A is the observed absorbance and Aw and Ay are the absorb-
ances in water and of the fully micellar-bound solute.

When this method was used to determine the incorporation of an-
iling into CTABr micelles we could not measure Ay directly, because
of the relatively low binding of aniline to CTABr. Equations 2-4 can
be rewritten to give

(4 = Aw)/([D] —cmc) = K Apm —KA (5)

provided that the concentration of bound aniline is small compared
with [D]. This procedure allows estimation of K, without the mea-
surement of Ay,

Micellar Binding of Phenols and Their Anions under Kinetic Con-
ditions. The rates were measured at pH 9-10, where both phenol and
aryl oxide ion are present. There are spectral shifts when phenols and
aryl oxide ions are bound to micelles of CTABr, but there is an ap-
parent isosbestic point (ip) at which free and micellar-bound aryl oxide
ions have the same extinction coefficients, and fortunately phenols
do not absorb at this wavelength, so that the absorbance gives the total
concentration of aryl oxide ion. The amounts of aryl oxide in the
aqueous and micellar pseudophases can then be calculated from ab-
sorbances at a wavelength at which free and bound ions have different
absorbances.

In practice we estimated the concentration of aryl oxide ion in two
ways.

Method A. The binding constants of the aryl oxide ions to micellized
CTABr were measured spectrophotometrically at pH 12, and then
the total amount of aryl oxide ion was measured under the kinetic
conditions (CTABr, pH 9-10) at the isosbestic point for free and
bound aryl oxide ion. It was assumed that the binding of aryl oxide
ion to micelles of CTABr (but not the total concentration of arlyl oxide
ion) would be independent of pH.

The binding constant, K, is related to [ArOy] by

[AfOM] _ K([D] — cmc — [ArOnm]) )
[ArO1] 1+ K([D] — cmc — [ArOwm])
where [ArOpwm] is the concentration of micellar-bound ArO written
in terms of the total volume of the solution, and [ArO+] is the total
concentration of aryl oxide ion.

This quadratic equation can be solved for K. (When [D] > [ArOwm]
eq 6 takes a simpler form.)

This method is illustrated by the following data for 2 X 1074 M total
phenol at pH 9.2. The binding constant of phenoxide, K, is 1980 M1,
measured at high pH, and [ArOr] at pH 9.2 was estimated from the

9 At25.0 °C in CTABr solutions, pH 10 and 6.67 X 1074 M total
phenol. ® Reaction in absence of surfactant. ¢ Maximum first-order
rate constants; the values in parentheses are the estimated first-order
rate constant for reactions of the phenols in water at pH 10.

absorbance at the apparent isosbestic point at 287.5 nm, where €, =
238s.

This method was used for the experiments at pH 9.2 and for the
experiments at pH 10 and 2 X 104 M total phenol.

Method B. In this method all measurements are made under the
kinetic conditions. The total concentration of aryl oxide ion is calcu-
lated from the absorbances at the apparent isosbestic point between
free and micellar bound aryl oxide ion, and the fraction of micellar-
bound aryl oxide ion is calculated from the absorbances at wavelengths
at which the free and micellar-bound aryl oxide ions have different
absorbances. The disadvantage of this method is that it relies upon
small changes in absorbance.

This method was used only for the experiments at pH 10 with 6.67
X 10™* M total phenol or p-cresol. The results of methods A and B
agreed for the phenol solutions, although only the data from method
B are used in the kinetic analysis.

The apparent isosbestic point between aryl oxide ion in water and
in the micelles is at 287.5 nm for phenoxide ion (e 2385) and at 297
nm for p-cresyl oxide ion (e 2250), which allows estimation of the total
amount of aryl oxide ion. The distribution of aryl oxide ion between
the aqueous and micellar pseudophases is calculated from the ab-
sorbances at 300 nm for phenoxide ion, for which ¢ 2330 in CTABr
micelles and € 1000 in water, and at 312 nm for p-cresyl oxide ion, for
which € 1890 in CTABr micelles and € 620 in water.

Results

Nonmicellar Reaction of Aryl Oxide Ions with PNPDPP.
The overall first-order rate constants, ky, and the second-order
rate constants, kw, for reaction in water, calculated in terms
of the concentration of aryl oxide ion, are in Table I1. The
values of kw take into account the contribution of the reactions
with OH~ and H,O and the incomplete ionization of the
phenols.

Under these conditions these ions are poorer nucleophiles
than hydroxide ion, as expected from the pK, values; cf ref 31.
For reaction of hydroxide ion the second-order rate constant
is0.33 M~ s7132

Binding Constants. The binding constants for the substrates
and aniline are in Table III. Where comparisons can be made
these values are in reasonable agreement with existing values.
For example, our value for DNF in CTABr is similar to that
of 2,4-dinitrochlorobenzene in CTABTr,28 and our value for
aniline in NaLS is similar to that of Dougherty and Berg.!® The
value of K for PNPDPP is similar to those found earlier in
NaLS and Igepal.?’

The extents of binding of aryl oxide ions to CTABr are
considered together with discussion of the rate measure-
ments.

Overall Micellar Catalysis of Aryl Oxide Reactions. The
maximum observed rate enhancements of the reactions with
the aryl oxide ions at pH 10 and 6.67 X 10~ M stoichiometric
phenol are in Table IV, and the individual rate constants are
in Figure 1 and Table V. The rate constants for reaction of
phenoxide ion with DNF are larger than those reported ear-
lier,?3 probably because in the present experiments we adjusted
the pH for each surfactant concentration, whereas in the earlier
experiments CTABr was added to borate buffer at pH 10. The
overall rate enhancements given in Table IV are based on the
observed first-order rate constants for reactions with the
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Figure 1. Micellar effects upon the first-order rate constants of dephos-
phorylation at 25.0 °C. The lines are calculated. Solid points, pH 10; open
points, pH 9.2. Phcnoxide ions, 44,2 X 1074 M: @, 6.67 X 1074 M.,
Cresylate ions, B, 6.67 X 1074 M.

Table V. Values of Second-Order Rate Constants for Reaction of
DNF with Phenoxide lon?

kay, M~1s71

103[CTABr], M f obsd calcd
4 0.68 240 224
S 0.70 220 220
6 0.72 205 217
7 0.73 205 211
8 0.74 211 205
10 0.75 202 193
12 0.76 194 182
13 0.76 180 176
15 0.77 152 167
16 0.78 170 164
18 0.79 171 157
20 0.79 143 148

a At 25.0 °C, pH 10, and 6.67 X 10~4 M stoichiometric phenol.

phenols in water and aqueous CTABr at pH 10 and part of the
rate enhancement is due to increased ionization of the phenol
in the presence of CTABr. In estimating the rate enhancements
for reactions of PNPDPP we correct for the contribution due
to reaction with OH~, which is significant in water but not in
aqueous CTABr. This correction is very small for reactions
with DNF.

Analysis of the Rate-Surfactant Profiles. Dephosphoryla-
tion. For reactions of either phenoxide or p-cresy! oxide in
CTABr we neglect contributions of reactions with either water
or hydroxide ion and reactions in water (Table Il and ref 27).
This approximation is least satisfactory at very low surfactant
concentration where there is a certain amount of substrate in
the water, and we do not attempt to analyze these data. In
addition, there are problems when the surfactant concentration
is close to the critical micelle concentration (¢cmc), because the
reactants may interact with the surfactant to form submicellar
aggregates or comicelles,26:27-33

The fractions, f, of total phenol which are bound to the mi-
celle as aryl oxide ion are given in Figure 2 and Table V. It is
important to note that the values of f do not go through max-
ima at high [CTABr], although the indirect method of cal-
culating these values using the apparent dissociation constants
(cf. ref 14 and 19) suggests that they should.

The observed first-order rate constant can be written as

ky = km'K([D] —eme)/(1 + K(([D] —cme))  (7)

where K is the binding constant of the substrate, expressed in
terms of concentration of micellized surfactant, and kn’ is the
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Figure 2. Fraction, /. of stoichiometric phenol bound as aryl oxide ion to
CTABr micelles. Key as in Figure 1.

first-order rate constant in the niicellar pseudophase, with
respect to substrate,® and

(8)

where mx® is the concentration of micellar-bound nucleophile,
N, relative to micellized surfactant:!213

kv’ = kamy®

mn® = [ArOm]/([D] = ¢me) 9)
so that
_ kumK[ATOM]
ke = 1 + K,([D] — cmc) (10)
[ArOw]/ky = 1/kuK+ ([D] —cmc)/ky  (10a)

Assumptions are made in applying this treatment to the
kinetics: (1) that each reactant does not affect the binding of
the other, and (2) that the cmc under the experimental con-
ditions gives the concentration of monomeric surfactant over
all the experimental conditions, despite changes in relative
concentrations of surfactant and added solute (cf. ref 13). The
problem is greatest at low surfactant concentration, because
of the form of the approximations, and here there could also
be a cooperativity phenomenon, as discussed by Piskiewicz,2
or possibly reaction in submicellar aggregates.2”-33 In addition,
eq 7 applies only when there is a large excess of micellized
surfactant over substrate, so that it fails at low surfactant
concentration. For these reasons we could not apply the
treatment to reactions in very dilute surfactant. (This problem
has been discussed earlier.'3) Also we did not attempt to study
the rate-surfactant profile for reactions at pH 9.2 or with 2 X
10~4 M total phenol at low [CTABr] because under these
conditions the spectral shifts are small and it is then difficult
to estimate the concentration of bound pheonoxide ion. The
form of eq 10a allows estimation of k from the slope of a plot
of [ArOm]/ky against [CTABr] without knowledge of the
cmg, but the intercept is so small that we did not attempt to
estimate K kinetically.

The estimated values of ky are in Table VI. These rate
constants and the independently measured values of [ArOwm]
(Figure 2) and K for PNPDPP in CTABr (Table III) can be
used to predict values of ky (Figure 1). In making the calcu-
lations we took the cmc of CTABr at pH 10 and 6.67 X 1074
M total phenol to be 2.5 X 10=% M, based on the spectral shift
measurements (Experimental Section). The calculations are
relatively insensitive to the value of the cmc except at the very
low surfactant concentrations. The predicted and observed
values of ky agree reasonably well, except at low surfactant
concentrations, because eq 10 is derived on the assumption that
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Table VI. Values of Rate Constants for Dephosphorylation by Aryl
Oxide Tons in CTABr
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Table VII. Kinetic Analysis of the Reaction of Aniline with DNF
in CTABr?

104([ArO7) ky, M—1 51

Ar + [ATOHT]), M pH kwm,s™! [CTABr],M f kg, s7! caled obsd?
CeHs 6.67 10 0.11 0.010 0.12 0.0334 0.173 0.164
p-MeC¢Hy 6.67 10 0.12 0.025 0.30 0.0323 0.256 0.234
CgHs 6.67 9.2 0.11 0.040 0.40 0.0364 0.255 0.262
CgHss 2.00 10 0.13 0.040¢ 0.44 0.0378 0.277 0.295
CeHs 2.00 9.2 0.14 0.0504 0.36 0.0354 0.229 0.228
0.050 0.47 0.0372 0.252 0.264

the surfactant is in large excess over the reactants, but also
because of perturbation of the micelles by the solutes which
is most serious in dilute surfactant.

The values of ky for phenoxide and p-cresyl oxide ion are
very similar (Table VI), so that the greater micellar catalysis
of the reaction of p-cresyl oxide ion (Table IV and Figure 1)
is simply due to its more extensive incorporation in the micelle
(cf. ref 11).

The values of ky for phenoxide ion are only slightly affected
by changes in pH or the phenoxide concentration (Table VI)
even though these changes markedly affect the concentration
of undissociated phenol. Therefore it seems that the presence
of undissociated phenol has no major effect upon the micellar
catalysis. A decrease in the stoichiometric concentration of
phenol seems to increase ky, slightly (Table VI) but the dif-
ferences are probably within the experimental error because
estimation of the concentration of micellar-bound phenoxide
ion depends on measurement of small spectral shifts.

Reaction of DNF with Phenoxide Ion. Phenoxide ion is so
much a better nucleophile than hydroxide ion toward DNF
that we neglect the contribution of the hydroxide ion reaction,
but initially we include the contribution of reaction of phen-
oxide ion in water, so that the first-order rate constant for re-
action in the presence of CTABr is given by?®

ke = {kw’ + km'K([D] = eme)}/{1 + K([D] = emc)}
(1)

where kw’ = [PhOw]kw, [PhOw] is the molar concentration
of phenoxide ion in water, and kw is a second-order rate con-
stant, M~! s~!. The other symbols have been defined. Rear-
rangement of these equations gives

koAl + K([D] — cme)} = kwn + (kmKs — kw)f (12)

where

k> = ky/([ArOHT] + [ArO1]) (13)
n = [ArO1]/([ArOH1] + [ArO1]) (14)

and
f = [ArOm]/([ArOH1] + [ArO1]) (15)

where the subscripts T and M denote total and micellar in-
corporated materials, respectively, the concentrations are in
moles per liter of total solution, and values of f are in Figure
2 and Table V.

Our experiments were done at sufficiently high [CTABr]
that kw#n can be neglected, so that eq 11 gives

Slka = 1/(kmKs — kw) + ([D] —cme) /by (16)

A plot of f/k, against [CTABr] is linear and from the slope
km = 7s~L Inorder to estimate K kinetically we need the cmc
under kinetic conditions and we used a value of 2.5 X 10=4 M,
based on the original kinetic measurements,2334 and from the
intercept we estimate K = 57 M~!, which is in good agreement
with that of 54 M~! determined by solubility (Table III). The
values of k predicted by these parameters agree reasonably
well with the observed values (Table V).

4 At 25.0 °C with 0.05 M aniline unless specified. ® Reference 22,
©0.025 M aniline. 4 0,075 M aniline,

Table VIIL. Kinetic Analysis of the Reaction of Aniline with DNF
in NaLSe

ks, M-1g-1
[NaLS], M f kwm,s™! calcd obsd?®
0.010 0.07 0.020 0.058 0.050
0.025 0.17 0.0251 0.082 0.080
0.040 0.24 0.0254 0.089 0.088
0.040¢ 0.26 0.0254 0.094 0.093
0.0404 0.22 0.0250 0.082 0.080
0.050 0.29 0.0274 0.091 0.097

7 A125.0 °C with 0.05 M aniline unless specified. ® Reference 22.
¢ 0.025 M aniline. 4 0.075 M aniline.

Reaction of Aniline with DNF. Most examples of micellar
effects upon bimolecular reactions involve ionic reactants, so
that micelles of opposite charge catalyze and of like charge
inhibit reaction. In addition, if acid-base equilibria are involved
they may be affected by the micelles. The reaction of aniline
with DNF is very convenient in that it is catalyzed by both
cationic and anionic micelles,?? and is a convenient system for
the application of equations analogous to eq 6-11.'5 Cationic
micelles of CTABr are more effective catalysts than anionic
micelles of NaLS, and reactant incorporation and reactivity
in the micelle have to be considered. Extending eq 6, 7, and 11
to this reaction we obtain

(kao{l + K([D] = cme)} — kw)/f = kmKs — kw (17)

where k is the overall second-order rate constant with respect
to the total concentrations of the reactants, and f =
[PhNHm]/[PhNH2T].

Equation 17 allows us to calculate ky provided that K, kw,
/. and the cmc are known. The binding constants K of DNF
to CTABr and NaLS are in Table III and kyw = 0.03 M~!
s71.22 The values of f for aniline estimated from spectral or
ultrafiltration measurements in Tables VII and VIII were
measured directly under the reaction conditions. We used the
cmc in water, simply because our surfactant concentrations
are much larger than the cmc so that even if this value is too
high no serious error will be introduced.

The treatment of the data is illustrated in Tables VII and
V111, and our values of ky and the other parameters predict
values of the second-order rate constants, k», which agree with
experiment. The only data point which does not fit within ex-
perimental error is that at the lowest concentration of NaLS,
where the treatment is least satisfactory.

The mean values of kw are respectively in CTABr0.035s™!
and in NaLS 0.026 s~' (omitting the first data point).

Discussion

Validity of the Model. The variation of observed rate con-
stant with surfactant concentration can be fitted to a simple
model of micellar catalysis which treats the micelle as if it were
a separate phase and assumes that the reactants are distributed
between it and water.5-12
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Table IX. Comparison of Second-Order Rate Constants in
Aqueous and Micellar Pseudophases

ka kzmv
substrate nucleophile surfactant  M-1s=1 M-ls~!
PNPDPP PhO~ CTABr 0.032 0.0174
PNPDPP p-MeC¢H4O~ CTABr 0.034 0.017
DNF PhO~ CTABr 0.68¢6 1.0
DNF PhNH, CTABr 0.03¢ 0.0050
DNF PhNH;, NaLS 0.03¢ 0.0036

@ Mean of data from experiments at pH 9.2 and 10 and 2 and 6.67
X 10=% M total phenol. ¥ Reference 23. ¢ Reference 22.

The treatment is simplest for the reaction of aniline with
DNF, because here the surfactant concentrations are well
above the cmc, so that our conclusions are little affected by
changes in the cmc, and thereby in the amount of micellized
surfactant. Aniline is not strongly incorporated in the micelles
so that we use relatively large amounts of surfactants.

The reactions of aryl oxides fit the model reasonably well
over a range of pH and nucleophile concentration, except at
low surfactant concentrations, where it is most likely to fail.
In addition such relatively hydrophobic solutes as phenols and
their anions and PNPDPP could alter micellar structure.

We feel that there may be a major problem in the estimation
of the binding constants of hydrophobic anions from micellar
effects upon the apparent pK, and the binding constant of the
nonionic conjugate acid. For example, this method, as applied
to micellar binding of benzimidazole anions, predicts that the
extents of incorporation decrease at high concentration of
cationic surfactant.!41® This conclusion is probably an artifact
stemming from the maxima which are often observed in plots
of apparent K, of weak acids against surfactant concentration.
We find such maxima in plots of K, against [CTABr] for
phenols and oximes under conditions in which the measured
pH is kept constant, but there are no maxima in the directly
measured amounts of bound aryl oxide or oximate anion.2!
Almost certainly this behavior is caused by exclusion of hy-
drophilic ions, e.g., hydroxide or the buffer, from the micellar
surface by the bromide ions which build up with increasing
[CTABr], cf. ref 11, and does not indicate reduced incorpo-
ration of the hydrophobic nucleophilic anion (Figure 2).

Another problem in the rationalization of rate-surfactant
profiles is that their form is approximately quadratic (cf. ref
11, 14, and 28), and they can often be fitted using a range of
values of binding constants of the reactants, and it is therefore
desirable, where possible, to estimate these binding constants
independently of the kinetics. In addition, it is relatively easy
to fit the rate-surfactant profiles to empirical equations using
disposable parameters,26.28

Rate Constants of Reactions in the Micelle. Use of the
pseudophase model in principle allows comparison of the rate
constants in the micelles and in the aqueous solvent. For uni-
molecular reactions the rate constants are independent of
concentration and the comparison can be made directly,” but
for bimolecular reactions we must choose concentration units.
The concentration of reactant in the micellar pseudophase can
be calculated in terms of the total volume of the micelles'+-'6
or of the Stern layer.!2:13 We use this second approach and on
the assumption that the approximate volume of the Stern layer
in 1 mol of micellized CTABr or NaLS is 0.14 L the second-
order rate constant, k>™, M~! s~ in the micelles is given
by

kzmz0.14kM (18)

The second-order rate constants k,™ and kw for reaction
in the micellar and aqueous pseudophase are compared in
Table IX. The calculation of k™ inevitably involves assump-
tions about the volume element of reaction, and it may not be
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reasonable to treat the Stern layer as if it were a homogeneous
reaction medium, but the data in Table IX provide further
evidence that concentration of reactants is a major source of
micellar rate enhancements. The differences between kw and
ky™ for reactions of aryl oxide ions are understandable in view
of uncertainties in the units of concentration in the micellar
pseudophase and the possibility that the reactants have dif-
ferent average locations in the micelle.

The values of k,™ are less than kw for the reaction of aniline
with DNF, so that the micelle has a rate-inhibiting “solvent”
effect. Such a submicroscopic “solvent” effect is understand-
able because the extensive incorporation of the reactants in the
micelle implies a strong initial state stabilization which may
well be more important than any stabilization of the transition
state. In addition, reactions of amines with nonionic substrates
are markedly slowed by nonpolar solvents,?® and there is
considerable evidence that the polarity of the Stern layer of an
ionic micelle is less than that of water.3-3¢ This submicroscopic
solvent effect upon reactions between nonionic reagents seems
to be general. 1437

Our second-order rate constants for reactions of aryl oxide
lons in the micelle are very similar to those in water (Table 1X).
Berezin and his co-workers report rate constants for deacyla-
tions by the benzimidazole anion which are considerably larger
in micelles of CTABr than in water.!* It is possible that this
apparent positive “solvent” effect of the micelle arises from
the method of estimating the concentration of benzimidazole
anion in the micelle from the values of the apparent K, in the
presence of cationic micelles and the extent of incorporation
of the nonionic benzimidazole.

Our spectrophotometric method of estimating the extents
of micellar incorporation of anions of weak acids is useful only
when the reactants have chromophoric groups which undergo
spectral shifts on micellar incorporation and we are examining
the relation between micellar binding and the apparent K, of
phenols.

There is now considerable evidence that second-order rate
constants in the micellar pseudophase are not especially larger
than in water, and are indeed often smaller. For example, the
rate constant of the reaction of thiophenoxide ion with p-ni-
trophenyl diphenyl phosphate is vanishingly small in water,
and both reactants are taken up strongly by cationic micelles
so that the rate constant must also be vanishingly small in the
micellar pseudophase. Although micellar incorporation can
sharply speed bimolecular reactions, it appears to speed ex-
isting reactions rather than introduce new reaction paths.

So far as we are aware the only failures in the pseudophase
model of micellar catalysis occur with bimolecular reactions
in which a negative nucleophilic aniou, e.g., OH™ or F~, is the
only counterion to the micelle, and here the reaction rates do
not correlate with the concentrations of substrate and nucle-
ophile in the Stern layer.3®
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Abstract: A nitrone-based entry into the tropane class of alkaloids is described. Syntheses of pseudotropine and d/-cocaine are
discussed. The synthetic utility and the high degree of regiochemical and stereochemical control inherent in the nitrone cy-

cloadditions are stressed.

Introduction

The tropane alkaloids (e.g., atropine (1a), scopolamine
(2), pseudotropine (1c), cocaine (1d)) incorporate an 8-aza-
bicyclo[3.2.1]octane moiety, usually esterified at the 3 position
in combination with a tropic acid.!-2 These alkaloids, isolated
from a variety of plant sources (e.g., Hyoscyamus niger, At-

la, R

cu,—N R 1 ® Ho Ry ® OCOCH(CH,OH)CgHg, Ry ® H
3 3 b, Ry * Ry = H, Ry = OH
H C,R2=R3=H,R1=OH
d, Ry = OCOCgHy, R, = H, Ry = CO,CH,4
R
1 e Ry = OH, R, * H, Ry * CO,CHy
Ry
-
CHy CH3/N R
Ry
H
\\O
OCOCH (CH,OH) CgHy 3a Ry =Ry = H
5 b, Ry = H, R, = CO,CH,

¢ Ry ® COZCHj, Ry, = H

ropa belladonna), have a long and important history in med-
icine. Hyoscyamus was mentioned in the Ebers papyrus (ca.
1550 B.C.) as a treatment for abdominal distress and to expel
“magic of the belly”.? Belladonna extract is still widely used
for its antispasmodic, antisecretory, and sedative action in the
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symptomatic treatment of functional gastrointestinal disor-
ders.* Cocaine, a notorious member of this alkaloidal family,
is found in Erythroxylon coca, indigenous to the higher ele-
vations of Peru. The natives of this region, descendants of the
Incas, still chew the coca leaf for its stimulatory properties. The
drug has significant historical importance in the pioneering
development of local anesthesia; however, owing to its un-
predictability, toxicity, and addictive nature, its medicinal use
has been limited to topical application, primarily in ophthal-
mology.>

Synthesis in the tropane family was initiated by Willstatter’s
preparation of tropinone (3a) in an extended series of trans-
formations starting from cycloheptanone. '2¥Soon thereafter,
Robinson devised an efficient, superbly elegant approach in-
volving the condensation of succindialdehyde, methylamine,
and the calcium salt of 1,3-acetonedicarboxylic acid (4) to
afford (eq 1) tropinone (3a) in 42% yield.® This yield was in-

CHO
( + CH3NH2 +

CHO 4

creased to 92.5% by careful control of reaction conditions (i.e.,
pH, temperature, etc.).” Efforts to extend the Robinson syn-
thesis to cocaine encountered stereochemical complication.
Thus, condensation of the monomethyl ester of acetonedi-
carboxylic acid, methylamine, and succindialdehyde led to a

feo(crCoylplca —= 3 (
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