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The iodination reactions of ketones in the reversed micellar systems of dodecylammonium propionate (DAP) in

hexane were studied at 25.0 °C in relation to the enzymatic function of aldolase or enolase.

The reaction rate in the

DAP reversed micellar system is 108—107 times greater than that in the system without DAP, 100 times greater even
in comparison with that in DAP aqueous system at pH 6.8. As in the ammonium ion catalyzed reaction in aqueous
media, the reaction in the presence of DAP proceeds via ketimine formation between ammonium groups of DAP and

acetone and subsequent enolization of ketimine to enamine, which reacts very rapidly with iodine.

The catalytic

effect of DAP reversed micellar system in each reaction step was discussed. Further, this reversed micellar system
shows a marked selectivity for acetone as compared with higher analogs.

Recently, Fendler et al. reported that the reversed
micellar systems in nonpolar solvents catalyze several
reactions and provide a favorable model for active sites
of enzymes, and that the catalytic effect of these systems
is related to the reaction field furnished with water pool
in cores of reversed micelles, the polarity of which is
lower than that of bulk water.:? We also observed
that the reversed micellar system of dodecylammonium
propionate (DAP) in hexane shows an enzyme-like
behavior in the hydrolysis of adenosine 5’-triphosphate
(ATP).» We have studied the fundamental properties
of this reversed micellar system, and shown that the
catalytic effect is closely related to the properties of the
water solubilized in the cores of reversed micelles.)

The functional groups of enzymes usually show their
catalytic activities and specificities through some chemi-
cal interaction with substrates. It is of interest to
demonstrate the reaction in which the functional groups
of surfactant participate through the bond formation
with substrate in the reversed micellar system, in order
to clarify the enzymatic function.

In this paper, results of the studies on the iodination
reaction of ketones in DAP reversed micellar system are
given. The reaction is catalyzed by the conjugate acids
of primary and secondary amines in aqueous media,
proceeding via the formation of ketimine intermediate.?
It has been proposed that at the active sites of aldolase
and enolase their amine or ammonium groups partici-
pate in the reaction through the ketimine formation
with carbonyl groups of a substrate. The ammonium
group of DAP is expected to play a similar role in the
iodination of ketones.

Experimental

Materials. Preparation and purification of DAP were
described previously;» mp 55—56 °C (lit, 54—56 °C)®;
Found (Caled), C, 70.04 (69.44), H, 12.80 (12.82), N, 5.57
(5.40)%. Acetone was purified by the usual method. The
other ketones were of reagent grade.

Iodination Rates of Ketones. A given amount of
aqueous solution of iodine, containing a large excess of potas-
sium iodide to suppress the formation of N-iodo derivatives,®
was solubilized in hexane by DAP, the temperature of this
reversed micellar solution being maintained at 25.0 °C.
After the attainment of thermal equilibrium, the reaction was
started by addition of ketone or a ketone/hexane solution in

the UV cell of 10 or 2 mm in path length, and the decrease in
absorption of triiodide ion at 363 nm was recorded with a
Union stopped-flow spectrophotometer model RA-1100 with
an RA-108s digital-memory unit. For slow reactions, a
Hitachi 124 spectrophotometer was employed.

In DAP aqueous systems, the absorption band due to
triiodide ion appears at 353 nm. The reaction in hexane in
the absence of DAP, where the solution contains no potassium
iodide, was traced by measuring the decrease in absorbance
of iodine at 520 nm.

Ketimine Formation Reactions. The UV spectra of mixed
solutions of DAP and acetone in hexane were recorded with
a Union SM-401 spectrophotometer with an SM-4012 data-
analyzer at 25.0 °C, at least half an hour after preparation of
the sample solution in order to ensure the attainment of
equilibrium. The absorption band of the ketimine inter-
mediate was constructed from the spectra. The rates of
ketimine formation were traced by recording the increase in
absorption band of ketimine at 250 nm by the stopped-flow
method.

Results

Mechanism of Iodination Reaction of Acetone in DAP
Reversed Micellar Systems. The iodination reactions
of acetone in DAP reversed micellar system were carried
out under conditions where acetone concentration was
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Fig. 1. The decrease in absorbance of triiodide ion at
363 nm. The typical instance of the initial stage and
the subsequent steady state of the iodination reaction
of acetone in the DAP reversed micellar system at 25.0
°C, where DAP, acetone, iodine and water concentra-
tions are 1 X 101, 5x 104, 1 X 104, and 1.11 x 10-1 M,
respectively.
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Fig. 2. Dependences of iodination rate of acetone (v) on
concentrations of acetone (iodine concentration is
1x 104 M) and iodine (acetone concentration is 5X
10-¢ M) in the DAP reversed micellar system at 25.0
°C, where DAP and water concentrations are 1x 10-1
and 8.33 x 10—2 M, respectively.

much smaller than DAP concentration so that the reac-
tion caused no large effect on micellar properties. A
short induction period was observed, after which the
reaction attained a steady reaction rate (Fig. 1). The
dependence of the rates of the steady reaction, v, on the
concentrations of various components was examined.
The rate was proportional to acetone concentration and
almost independent of iodine concentration (Fig. 2).
A similar behavior was observed in the aqueous system.”
The results indicate that the iodination step is very fast
and the preceding steps, especially the enolization step
of substrate, are slow and rate-determining. On the
other hand, the dependence of » on DAP and water con-
centrations is complicated (Figs. 3 and 4). These
results suggest that the effect of the reaction field in the
reversed micellar system is not as simple as that in the
aqueous ammonium ion catalyzed reaction, where the
rate is proportional to the ammonium ion concentration
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Fig. 3. Dependence of iodination rate of acetone (v) on
water concentration in the DAP reversed micellar
system at 25.0 °C, where DAP, acetone and iodine con-
centrations are 1x10-1, 5x 104, and 1x10-¢M,
respectively.
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Fig. 4. Dependence of iodination rate of acetone (v) on
DAP concentration at various [DAP]/[water] ratios;
(O): 1.20, (A): 0.901, (@): 0.719, and (A): 0.599,
where acetone and iodine concentrations are 5x 10—%
and 1x 10—* M, respectively.

together with the acetone concentration.®

The above results suggest also the existence of a reac-
tion intermediate. For the sake of confirmation, the
UV spectra of the DAP reversed micellar solution were
measured in the presence of acetone. The result is
shown in Fig. 5. Addition of acetone causes a broad
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Fig. 5. UV spectra of the DAP reversed micellar solu-
tions at 25.0 °C; (----- ): DAP (1.5x10-* M) in the
absence of acetone, ( ): DAP (1.5 x 10t M) in the
presence of acetone (7.5x10-*M) and (------ ): the
difference spectra of above two spectra.
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Fig. 6. Continuous variation method applied to the
absorption band of the intermediate at 250 nm at 25.0
°C. Total concentration of acetone and DAP is kept
constant at 2x 102 M.
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absorption band at 240—260 nm (4,,,=250 nm) as a
shoulder of the DAP absorption band. The continuous
variation method applied to this absorption band
revealed that it should be ascribed to a 1: 1 adduct of
DAP and acetone (Fig. 6). The equilibrium constants
of the formation of this intermediate, K;, and its molar
extinction coefficient, ¢, were obtained by means of the
equation

[Al, 11 1

P m o te @B )
where d is the absorbance of the intermediate at 250 nm,
and [D], and [A], are the initial concentrations of DAP
and acetone, respectively. The analysis reveals that
the reaction intermediate has an absorption maximum
at 250 nm (e=127), and this spectrum is not so different
from that of N-isopropylidenebutylamine in cyclo-
hexane (A;.,=246 nm, ¢=140).%

These results, together with a comparison of the re-
sults on the aqueous ammonium ion catalyzed reaction,
lead us to conclude that the iodination of acetone in
DAP reversed micellar system in hexane proceeds via
the formation of ketimine and subsequent enolization of
ketimine, as proposed for the ammonium ion catalyzed
reaction in aqueous media. The reaction mechanism
can be written as follows.

k,
(CH,),C=O + DAP =

=1

h
[(CH,),C=NR or (CH3)20=1:\}R] =,
H
CH, )
| 2
CH,=C-NHR ----- > product (R=n-C;Hy) (2)

where £, k_;, and £, are the rate constants of formation,
decomposition and enolization, respectively, of keti-
mine. The step of formation of carbinolamine caused
by addition of ammonium ion to acetone and the step
of dehydration of carbinolamine to form ketimine could
not be discriminated from each other. A combined
step is given in terms of £, and 4_, in scheme (2). There
is a possibility of direct enolization of acetone catalyzed
by DAP. However, this pathway could be neglected,
since the reaction rate during the induction period is
much smaller than the steady rate. According to the

TABLE 1. IODINATION RATE CONSTANTS OF ACETONE
IN VARIOUS SYSTEMS AT 25.0 °C

Solvent DAP(M) Water(M) k(s ko (M- s-1)
Hexane® I1x10* 8.33x10-2 2.02x10-2 2.02x10-%
Hexane® 1x10-1 1.11x10* 1.75x10-2 1.75x10-1
Hexane® 1x10* 1.39x10-* 1.50x10-2 1.50x10-1
Hexane®) 1x10-1 1.67x10-* 1.38x10-2 1.38x10-
Hexane® 0 0 5.2 x10° —

Water® _ _

(pH 6.8) 4%x10-2 — 7.6 X105 1.9 x10-8
Water® ~

(pH 6.8) 0 — 2.1 x10°® —

a) Acetone: 5x 104 M, iodine: 1x 104 M; b) acetone:
1x 101 M, iodine: 2% 10~ M; c) acetone: 1 x 10-3 M,
iodine: 2.5x 10-% M; d) acetone: 5x 10-1 M, iodine:
2.5% 10-5 M; e) £° is defined by the following equation,
v=k°[A],.
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above mechanism, the initial rate, v, and the apparent
second-order rate constant, k,p,, at the steady state are
given under the conditions [D],>[A], as follows:

ky[D]o[Al,

v = kapp[D]o[A]o = K. +[Dl,

3)
where K= (k_,+k,)/k;.

Kinetic Analyses of Iodination Reaction of Acetone.
The first-order rate constants, £°, and the second-order
rate constants, £, in various reaction systems are given
in Table 1. The values of K, and £, could be estimated
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Fig. 7. Iodination reaction of acetone in the DAP re-

versed micellar system at 25.0 °C. Plot according to
Eq. 4 at various [DAP]/[water] ratios; (O): 1.20,
(A): 0.901, (@): 0.719, and (A): 0.599; where ace-
tone and iodine concentrations are 5x 10~% and 1Xx
10-* M, respectively.
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Fig. 8. Iodination reaction of acetone in the DAP re-
versed micellar system at 25.0 °C. Plot according to
Eq. 5 at various [DAP]/[water] ratios; (O): 1.20,
(A): 0901, (@): 0.719, and (A): 0.599; where ace-
tone and iodine concentrations are 5x 10~¢and 1 x 10—
M, respectively.
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TaBLE 2. IODINATION REACTION OF ACETONE IN DAP REVERSED MICELLAR SYSTEMS AT 25.0 °C
DAP] K k k- k K (K gated)
bstrat [ i 1 1 2 m m
Substrate Water]  (M™) (M5 (1) () M)
Acetone 1.20 6.8 4.0x10-t 5.8x10-2 8.3x10-2 0.31 (0.35)
Acetone 0.599 6.9 3.2x10-* 4.7x10-2 4.2x10-2 0.21 (0.28)
Acetone-d 0.599 6.9 3.2x10- 4.6x10-2 1.6x10-2 0.16 (0.19)
Substrate: 5x 10-¢ M, jodine: 1x 10-4, DAP: 5x 10-2 —1.5x 10t M.
TaBLE 3. JODINATION RATES OF OTHER KETONES (R-CO-R’) IN DAP REVERSED
MICELLAR AND DAP AQuUEoOUS sysTEMS AT 25.0 °C
Reversed Micellar® Aqueous™ kr Values in Ref®
R R’ PN, PN, z‘t:p RN
Fiaa? kia ko ko Ko kK
Methyl Methyl 1.4x10-* 1 1.9x10-2 1 74 1 1
Methyl Ethyl 3.8x10-2 0.27 1.3x10-8 0.67 29 0.54 —
Ethyl Ethyl 1.6x10-3 0.011 5.3x10-4 0.27 3.0 0.20 0.96
Isopropyl Isopropyl 9.2x10-5 0.00066 2.0x10-5 0.010 4.6 0.014 0.064
Isobutyl  Isobutyl 2.6x104 0.0019 3.0x10-4 0.15 0.87 — —
Methyl Phenyl 2.5%x104 0.0018 2.5x104 0.13 1.0 — —
Ethyl Phenyl 6.1x10-5 0.00044 2.4x104 0.12 0.25 — —

a) DAP: 1x 10-1 M, ketone: 5 10-¢ M, iodine: 1x 104 M, water: 1.67x 10-1 M.
)M s-1,

ketone: 1 X 10-3 M, iodine: 2.5 X 10-5 M.

kinetically from the iodination rate, ». For this purpose,
Eq. 3 is transformed into the following equations.

[Al, Ky 1 1

A0 om 4
v kL R ®
1 1 K

—— = —[D]y + == 5

kapp kz [ ]0 k2 ( )

The plots of [A]y/v against 1/[D], and of 1/k,,, against
[D], give straight lines (Figs. 7 and 8), and the &, and
K., values can be determined from their slopes. The
[DAP]/[water] ratio was kept constant so as not to
affect the state of DAP reversed micelles in these experi-
ments.3%

The values of k; and k_; can be determined by the
measurements on the ketimine formation reaction be-
tween DAP and acetone; the %, value was obtained
directly from the measurement on the increase in ab-
sorption of ketimine at 250 nm, and the £_; value was
estimated from £k; and K; values. The results are
summarized in Table 2. The K, values can be calcu-
lated from k,, k_,, and k, values, and the calculated
values are given in Table 2 as K& in parentheses.
The values are close to those obtained experimentally,
indicating the validity of the reaction mechanism.

Jodination Reactions of Other Ketones. The iodina-
tion rate constants of higher analogs of acetone in the
DAP reversed micellar system, ki,,, and those in the
DAP aqueous system, &7, are given in Table 3, where
ki and T, represent the relative rates of higher ketones
to acetone. For the sake of comparison the reported
values of relative rates of higher ketones to acetone in the
iodination reaction catalyzed by hydroxide anion, &%,
and by hydronium cation, 4, in aqueous system are
also given.%10

Discussion

Catalytic Effect of DAP Reversed Micellar Systems in
lodination Reaction of Acetone. The results given in

b) DAP: 4x10-2 M,
d) See Refs. 8 and 9.

Table 1 indicate that the rate constant of iodination of
acetone in the DAP reversed micellar system is 108—107
times greater than that in the system without DAP, and
about 100 times greater even in comparison with that
in the DAP aqueous system. The second-order rate
constants of the iodination reactions in aqueous solutions
catalyzed by various catalysts are given in Table 4.5:1)

IODINATION RATE CONSTANTS OF ACETONE
CATALYZED BY VARIOUS ACID-BASE
CATALYSTS AT 25.0 °C5,1D)

TABLE 4.

Catalyst k(M- s-1)
OH- 1.7x10-1
CH,;COO- 2.4x10-7
CH;NH, 1.9x10-2
H,O 8.3x10-12
H,0+ 2.5x10-8
CH,;COOH 1.0x10-7
CH,NH,* 3.0x10-

These reactions proceed wvia prototropic mechanism
catalyzed by general acid-base catalysts, the rate con-
stants obeying the Brensted relationship.! However,
the ammonium ion catalyzed reaction is much faster
than that expected from this relationship. As a reason
for this acceleration, the reaction mechanism wzia keti-
mine formation has been proposed.®

Since the pK, values of methylamine (pK,=10.26)
and dodecylamine (pK,=10.63), or those of acetic acid
(pK,=4.76) and propionic acid (pK,=4.87) are nearly
equal to each other at 25.0 °C, no large difference
should exist between them as general acid-base catalysts.
Then, it could be anticipated that the contribution of
DAP as a general acid-base catalyst would be very small
in the DAP aqueous system of pH=6.8. In fact, the
catalytic effect of DAP in aqueous media is very high,
and the reaction is considered to proceed mainly via
ketimine formation. This catalytic mechanism could
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be applied to the DAP reversed micellar system, al-
though a rate acceleration is enhanced by the micellar
effect. '

The catalytic effect of reversed micellar system can be
discussed in detail by considering the role of micelles in
each step of Scheme (2). The K; value in DAP reversed
micellar system is 6.8—6.9 (Table 2). In aqueous
system the absorption band of ketimine was not clearly
observed. However, the K; value could be roughly
estimated from the decrease in absorption band of
acetone at 280 nm, where the absorption due to keti-
mine and DAP is negligibly small. The K; value ob-
tained for DAP and acetone in aqueous system is 0.24
0.1 at 25.0 °C, close to the values 0.21—0.23 for methyl-
amine and acetone, and 0.08 for butylamine and ace-
tone.!%13)  The K; value in aqueous system is much
smaller than that in the reversed micellar system. It is
therefore concluded that the stabilization of ketimine as
a reaction intermediate would be one of the important
factors for determining the catalytic effect of the re-
versed micellar system.

The results on hexadeuterated acetone are included
Table 2. An isotope effect is observed only at the
enolization step (k,), ensuring also the reaction mecha-
nism illustrated in Scheme (2).

Dependence of Iodination Rate on Water Concentration.

The enolization rate, k,, of ketimine is affected by water
concentration. A major part of water in the DAP
reversed micellar system in hexane is solubilized in the
cores of reversed micelles,® iodine existing in the cores of
reversed micelles. The %, value is nearly proportional
to the [DAP]/[water] ratio (Fig. 9). A similar effect

-1

0.2 0.1 0.0 01
log([DAP]/[water])

Fig. 9. Dependence of enolization rate constant of keti-
mine (k,) on [DAP]/[water] ratio in the DAP reversed
micellar system at 25.0 °C, where acetone and iodine
concentrations are 5x 104 and 1x10-*M, respec-
tively.

was observed for the ATP hydrolysis and was explained
by a change in the microenvironment of substrate solu-
bilized in the cores of reversed micelles.®) This suggests
that the enolization of ketimine occurs in the cores of
reversed micelles to afford enamine, to which iodine
adds rapidly.

We see from the rate Eq. 3 that, when the &, value
increases, the K, value increases and approaches the

Iodination of Ketones in DAP Reversed Micellar Systems
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value of ky/k,, the k,,, value becoming governed mainly
by the k; value. On the other hand, it is clear from
Table 2 that the water concentration largely affects the
value of k,, but not £;,. Therefore, it can be expected
that the dependence of the reaction rate on water con-
centration becomes smaller with the lowering in water
concentration or increase in the k, value. This ex-
pectation agrees with the results shown in Fig. 3.

Iodination Reactions of Other Ketones. It is sup-
posed that the rate-determining step of the base-cat-
alyzed reaction is the proton transfer from ketone, while
that of the acid-catalyzed reaction is the proton transfer
from protonated ketone.!¥ Therefore, it could be
expected that the acid-catalyzed reaction would be less
affected by the electronic effect of substituents than the
base-catalyzed reaction. The reaults in Table 3 show
that k%, values are similar to &3 values suggesting that
the enolization of ketimine in the DAP aqueous system
proceeds via proton transfer from the form (CH,),C=NR.

On the other hand, in the DAP reversed micellar
system the kI, values of higher alkyl ketones are much
smaller than the &%, values. The ratio ki, [k, is the
largest for acetone, and decreases remarkably as the
substituents become larger. The selectivity of the
iodination reaction catalyzed by the reversed micellar
system would be caused by the steric factor rather than
the electronic factor of the substituents. Existence of
the microscopic heterogeneous phase, 7.e. a bulk hexane
phase and a reversed micellar phase with core water,
would play an important role in governing the selectivi-
ty through the distribution of substrate or intermediate
between these two phases. The results are of interest in
relation to the specificity of enzyme.
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