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ABSTRACT

We have analyzed the different catalytic effects of surfactant aggregates upon the rate-determining hydroxide ion induced deprotonation
reaction of 1. Vesicles are more effective catalysts than micelles, most likely providing a more apolar microenvironment at the substrate
binding sites. We suggest that this leads to a catalytic reaction involving less strongly hydrated hydroxide ions. In the case of DODAB and
DODAC vesicles, binding of cholesterol to the bilayer further increases the catalytic efficiency.

Ever since the thorough mechanistic characterization of the
elimination reaction1 f 2 by Kemp,2 this model reaction
for the important proton transfer from carbon has been a
prime target for enzyme mimics. Guided by Kemp’s impera-
tives on how to bring about catalysis, a number of catalytic
systems have been developed.3 Most notable is a large
solvent effect, in particular for anionic bases, where the rate
differences between aprotic and protic solvents amount to
up to 108. Our objective is to find out whether it is possible
to employ surfactant aggregates as simple enzyme mimics

for this reaction. In addition, the results could help in
understanding (artificial) enzyme efficiency in terms of
desolvation, entropy factors, etc.

Since the Kemp elimination catalyzed by anionic bases is
especially solvent sensitive, we looked at aggregate catalysis
at a high pH value (11.35, [NaOH]) 2.25 mM) where
turnover is expected to be dominated by the hydroxide-
catalyzed reaction. The reaction rate for the elimination is
considerably increased (up to 400 times) by the presence of
cationic micelles formed from C12PyrI, DTAB, CTAB,
CTACl, and OTACl4 with regard to the reaction in water.
The typical biphasic pattern is observed (Figure 1).5 In a
simple model the concentration of reactive hydroxide ions
in the micellar Stern layer increases up to a maximal value.
At still higher surfactant concentrations unreactive counter-
ions lead to a rate decrease as they replace hydroxide ions,
thereby reducing the available species of increased reactivity.
This experimental behavior can be explained quantitatively
on the basis of Romsted’s pseudophase model.6
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Comparing the reactivities in the micellar pseudophase
with the corresponding reactivity in bulk water (km

2 /kw
2 , see

Table 1), thekm
2 values are 3.6-6.6 times larger than the

corresponding value in bulk water (a situation usually not
encountered for nucleophiles).7 This can be attributed, at least
partly, to a medium effect. In fact, the Stern layer has a
dielectric constant of ca. 35,8 markedly lower than that of
water. The influence of the dielectric constant upon the
reaction rate was investigated by studying the elimination
reaction in ethanol. The bimolecular rate constant for the
reaction (kw

2 ) 14.69 M-1 s-1, kethanol
2 ) 6711( 65 M-1 s-1)

shows that a decrease of the polarity of the solvent results
in an increase in reaction rate. Therefore, we contend that
the catalytic effects observed are due to the increase of the
local reagent concentrations in the Stern layer and to the
lower dielectric constant resulting in hydroxide ions that are
less strongly hydrated.9 The catalytic efficiency of the
different micelles (kmax/kw, Table 1) increases with increasing
the chain length (47:117 for DTAB:CTAB and 230:413 for
CTACl:OTACl); this trend corresponds to the higher value
of the binding constant of1 to the micelle,Kass. It is also
interesting to point out the different catalytic effects for
micelles with the same chain length but with different
counterions (117:230 for CTAB and CTACl, respectively);
this trend is due to the different ability of the counterions to
be replaced by OH- ions.5

We have studied the effects of different vesicle-forming
surfactants: DDAB, DODAB, and DODAC10 at a constant
NaOH concentration (2.25 mM, pH) 11.35). Figure 2 shows

that the reaction rate increases to a maximum with increasing
concentration of the different vesicles, after which a slight
decrease inkobs is observed. Thekmax/kw values have
magnitudes up to 850 (Table 2) and show the high catalytic
efficiencies of vesicular bilayers.

Kinetic data can again be quantitatively analyzed using
the pseudophase ion-exchange model.6 As with the cationic
micelles, the cationic nature of the surfactants favors the
presence of OH- ions in the vesicular pseudophase and the
overall reaction rate is equal to the sum of the rates in the
vesicular and aqueous pseudophases.

In applying the pseudophase model (Table 2 summarizes
the kinetic data), we assumed a singlekves value correspond-
ing to the rate-determining deprotonation at the inner and
outer sides of the vesicle bilayer and a fast equilibrium of
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Figure 1. Influence of surfactant concentration on the alkaline
decomposition of1. (O) CTAB and (•) CTACl. [NaOH]) 2.25
mM (pH ) 11.35). [1]) 2 × 10-5 M. The lines represent the best
fit to the pseudophase model.

Table 1. Kinetic Parameters for the Alkaline Decomposition of
1 in the Presence of Different Micelles Analyzed in Terms of
the Pseudophase Model

Figure 2. Influence of surfactant concentration on the alkaline
decomposition of1 in the absence of cholesterol, (∇) DDAB, (Ã)
DODAC, and (2) DODAB, and in the presence of 10.0% (w/w)
cholesterol, (X) DDAB, (∆) DODAB, and (•) DODAC (6.6% (w/
w)). [NaOH] ) 2.25 mM (pH) 11.35). [1]) 2 × 10-5 M. The
lines represent the best fit to the pseudophase model.

128 Org. Lett., Vol. 2, No. 2, 2000



the substrate for binding at both reaction sites. The assump-
tion of a single rate constant is reasonable, taking into
account that no two-phase kinetics were found.11 Moreover,
the outer area in small vesicles corresponds to ca. 70% of
the total available reaction area, and it is expected that the
major site of reaction occurs at the outer surface.

We have calculated the bimolecular rate constant in the
bilayer, kves

2 . In all the vesicleskves
2 is higher than the rate

constant in water, most likely due to the reduced micropo-
larity at the vesicular pseudophase. Thekves

2 values are
higher than those obtained for the micelles (km

2 ), compare
Tables 1 and 2, which is consistent with the lower micropo-
larity at the vesicular surface relative to that at the micellar
surface.12 We note that the different catalytic effects for
vesicles with different chain lengths (kmax/kw), at least for
DDAB and DODAC vesicles, are larger than those for the
reactions in the presence of micelles.

The catalytic efficiencies of the vesicles at 25°C follow
the order DDAB> DODAC > DODAB (kmax/kw; 860:550:
160, respectively). Initially we anticipated a higher rate
enhancement with an increasing chain length and an ac-

companying lower micropolarity at the vesicular binding
sites. However, the phase transition temperatures10 of the
respective bilayers indicate that the DODAB and DODAC
bilayers are in the rigid state at the reaction temperature and
that the DDAB bilayer is in the fluid (liquid crystalline) state.
Therefore, the relative inefficiency of bilayers with two C18

chains is attributable to membrane rigidity. This peculiar
catalytic effect varying with the ammonium bilayer mem-
brane rigidity has been observed previously.13

We note the different catalytic effects for vesicles with
the same chain length but different counterions, DODAB
and DODAC (kmax/kw; 160:550, respectively). Small amounts
of NaBr (at constant DODAC concentration) decrease the
rate of the deprotonation reaction considerably near its
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Table 2. Comparison of the Catalytic Efficiency of the Vesicles in the Presence and in the Absence of Cholesterol

Figure 3. Influence of cholesterol on the overall reaction rate at
three different DODAC concentrations: (Ã) 3.75 mM, (•) 4.50 mM,
and (∆) 6.00 mM. [NaOH]) 2.25 mM (pH) 11.35). [1]) 2 ×
10-5 M. The lines are merely to guide the eye.
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maximum. Addition of 0.50 mM NaBr leads to a decrease
in the reaction rate from 12.9 to 7.60 s-1.14

We also studied the influence of cholesterol upon the
deprotonation reaction in the presence of vesicles formed
from DDAB, DODAB, and DODAC (Figure 3). Except for
DDAB vesicles, the catalytic efficiency is higher than that
in the absence of cholesterol (Table 2).

Because of the presence of cholesterol, the bilayer initially
becomes less rigid and the phase transition temperature is
lower (33.0 °C with 17.2 wt % of cholesterol) and the
transition range is wider.15 But addition of cholesterol also
leads to a loss of counterion binding to the bilayer, which
becomes more nonpolar and lyophobic.16 Consequently we
have two opposite effects, the lower concentration of the
reactive OH- ions leading to rate retardation and less polar
vesicular binding sites that increase the reaction rate. In
accord with this rationalization, we find that at a constant

DODAC concentration close to the maximum reaction rate
(Figure 3), an increase in the binding of cholesterol results
in an increase in the observed rate constant.

In summary, we find that surfactant aggregates efficiently
catalyze the rate-determining deprotonation reaction of1.
The catalytic effects are reminiscent of those observed for
the unimolecular decarboxylation of 6-nitrobenzisoxazole-
3-carboxylate.13c Vesicles are more effective than micelles,
most likely providing a less polar microenvironment at the
substrate binding sites for the deprotonation of1. This
probably leads to a catalytic reaction involving less strongly
hydrated hydroxide ions, resulting in overall rate enhance-
ments up to a factor of 850. In the case of DODAB and
DODAC vesicles, binding of cholesterol to the bilayer further
increases the catalytic efficiency.
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