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Catalysis of the hydrolysis of esters of phosphorus acids by
n-decylammonium chloride/n-decylamine mixed micelles
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The effect of n-decylammonium chloride/n-decylamine mixed micelles on the rate of
hydrolysis of aryl esters of acids of four-coordinate phosphorus was studied spectrophotometri-
cally. The shape of the concentration curves is characteristic of the micellar catalysis
reactions. The binding constants of the substrate, critical micelle concentrations, and the rate
constants in the micellar phase were determined. A specific effect of the structure of

substrates on these parameters was shown.

Key words: esters of phosphorus acids, hydrolysis, rate constants,
n-decylammonium chloride, micellar catalysis.

The micellar catalysis of solvolysis and aminolysis of
esters of carboxylic acids by micelles containing an
amino group capable of a nucleophilic attack was stud-
ied in detail by a number of investigators! in order to
clarify the effect of hydrophobic and electrostatic inter-
actions between the substrate and the micelle on the
reaction rate. The electrostatic interactions significantly
affect catalysis of reactions of substrates devoid of high
hydrophobicity.2:3 The presence of both hydrophobic
and charged substituents in substrates leads to a specific
orientation of the substrate in the micelle.? As follows
from the studies on the effect of hydrophobic interac-
tions between the reactants on the reaction rates in the
mode! systems based on higher amines,4—8 the approach
of the reactants associated with the hydrophobic inter-
action results in an appreciable acceleration of reactions
(up to 10-fold) due to the entropy factor.6

Previously? we showed that mixed micelles consisting
of protonated and nonprotonated forms of n-decylamine
were formed in aqueous solutions of partly protonated
n-decylamine at various ratios n-decylammonium chlo-
ride (DAC)/n-decylamine (DA). When the degree of
protonation of an amine is less than 0.5, it is the neutral
form of higher amines that participates in the micellar
catalysis of hydrolysis of esters of phosphorus acids. !9

The aim of this work was the study of the catalytic
effect of mixed micelles DAC/DA in the reaction of
hydrolysis of esters of acids of four-coordinate phospho-
rus 1—8.

Experimental

The substrates were obtained using the known proce-
dures, =13 and their melting and boiling points are in agree-

n-decylamine,

R n-C ,H, .NH
)_.,\, + HO 107721, /\P\/, + ROH
R'* OR R OH
1-8
1:R = Ph, R’ = R** = CHoCl;
2: R = C4HgNO,-p, R* = CH,Cl, R** = OEt;
3: R = CgHgNOp-p, R° = CH,Cl, R"* = OBu";
4: R = CgH,NOp-p, R° = CH,Cl, R** = OPh;
5: R = C5H4N02-p, R = OC6H4NO2°D, R = Me;
6: R = CgHyNO,-p, R° = R** = OPh;
7: R = C6H4N02-p; R"=R'" = OC5H4C1-D.
8:R = C5H4N02-p; R = OC6H4N02‘D; R’ = OPh

ment with the published data. n-Decylamine (Fluka) was dried
over alkali and then distilled.

The kinetics of hydrolysis of substrates in the micellar
solutions was investigated at the constant degree of protona-
tion of n-decylamine, a = Cpac/(Cpa + Cpac) = 0.42. The
reactions were carried out in quartz cuvettes at constant
temperature (25+0.5 °C) at the initial concentrations of the
substrates of 8 107° mol L™!. The reaction kinetics was inves-
tigated spectrophotometrically on a Specord UV-VIS instru-
ment by monitoring the increase in the optical density of
solutions (D) at 400 nm for the p-nitrophenyl esters and at
290 nm for the phenyl ester. The observed first-order rate
constants ks were determined from the equation

In(D; — D) = —kgps* t + const,
where D, and D, are the optical densities after the completion
of the reaction and at time 1, respectively. The rate constants
for reactions catalyzed by n-butylamine as well as those for
alkaline hydrolysis of certain substrates were determined follow-
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ing an analogous procedure. The bimolecular rate constants for
the reaction catalyzed by n-butylamine were calculated from

the formufa k = K./ Cg,nnn, taking into account the degree
of protonation of the amine.

Results and Discussion

The influence of micelles on the rate of organic
reactions is often determined by binding of the sub-
strates with the micelles and distribution of reagents
between the micelles and water. Usually, hydrophobic
substrates are more sensitive to micellar catalysis or
inhibition,! which reflects an important role of hydro-
phobic interactions in binding of the substrates with
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Fig. 1. The dependence of the observed rate constants (kqpe)

for the hydrolysis of esters 1—5 on (; in the DAC/DA/H,0
system.
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Fig. 2. The dependence of the observed rate constants (qps)

for the hydrolysis of esters 6—8 on C, in the DAC/DA/H,0
system.

micelles. However, in addition to the concentration of
reagents in micelles and the difference in the reaction
rates in the bulk solution and in the micellar pseudophase,
micellar catalysis is also affected by other factors, which
make it difficult to interpret experimental resuits and
lead to manifestation of the substrate specificity of mi-
cellar catalysis.1.14—16

We investigated catalytic hydrolysis of esters of phos-
phorus acids, viz., of phosphates, phosphonates, and
phosphinates at a constant ratio of DAC/DA and variable
overall n-decylamine concentration in the DAC/DA/H,0
system. The dependences of the observed rate constants
kops on the overall concentration of n-decylamine in the
system (Cy = Cpac + Cpa) are presented in Figs. 1
and 2.

The concentration dependences of k., for phos-
phonates and phosphinate reach a plateau (see Fig. 1)
with an increase in C,, while those for phosphates pass
through a maximum (see Fig. 2). The difference in the
character of the concentration dependences is probably
due to the difference in the solubilization region of
substrates in the micelles. Phosphonates (2—5) and
phosphinate (1), which have higher basicity, can form
hydrogen bonds with the protonated form of the amine
being located at the micellar surface. Solubilization of
less basic phosphates (6—8) can, probably, occur in the
hydrophobic nucleus of the micelle.

The pseudophase model of the micellar catalysis'4
was used for a quantitative description of the concentra-
tion dependences of substrates 1—5 (see Fig. 1). First,
the micelle solubilizes the substrate, and the latter is
then subjected to catalytic hydrolysis following a general
base mechanism!® with the participation of the neutral
form of the amine. The hydrolysis of the substrates
under study is slow; therefore the equation for the
micellar catalysis!4 in the form given below can be
applied to the observed rate constant k..

kobs/(km =~ Kkops) = KS(CO ~ CCM), ¢y

where k, is the reaction rate constant in the micellar
pseudophase, K; is the binding constant of the substrate
with the micelle, and CCM is the critical concentration
of micelle formation.

The values of &, K, and CCM calculated from the
concentration dependences for substrates 1—5 are listed
in Table 1. The rate constants for hydrolysis of the
substrates catalyzed by n-butylamine and for alkaline
hydrolysis in the absence of micelles are also given
therein.

A comparison of the k, values with the catalytic
constants for n-butylamine (which cannot form mi-
celles) indicates that the structure of the substrate has a
specific effect on the reaction rate constants in micelles.

The acceleration of hydrolysis (P) in the
DAC/DA/H,0 system was evaluated as the ratio of the
maximum observed rate constant to the first-order rate
constant in the presence of n-butylamine at the same
concentrations of amines (see Table 1). The P value
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Table 1. The kinetic parameters for the hydrolysis of esters 1—5 in the presence of mixed
micelles DAC/DA, the rate constants for alkaline hydrolysis of substrates 1—8, and the rate
constants for hydrolysis in the presence of n-butylamine

Subst-  CCM K, ko KpunNH, Ko~ P
rate /mol L™ /L mol™! /57! /L mol=Ts7T

1 0.0030 64 0.0670 0.550 69 4
2 0.0055 30 0.0070 0.0133 4.0 9
3 0.0045 55 0.00182 0.0082 3.53* 55
4 0.0015 21 0.950 0.121 28 133
5 0.0045 82 0.214 0.110 27 60
6 0.0052 0.32 400
7 0.0043 1.44* 2270
8 0.0080 2.5 3820

* Determined in this work at 25 °C in KOH solutions, other values were taken from Ref. 7.
P values for the substrates 6—8 were estimated analogously to those for substrates 1—5 in the
presence of mixed micelles in the DAC/DA/H,0 system, 25 °C.

Table 2. The kinetic parameters of alkaline hydrolysis of the phosphates in the

presence of mixed micelles DAC/DA

Subst- CCM- 103 KX, K, k108 ky/koy A P,

rate /mol L™! /L mol™! /s

6 4.0 628 11 1.84 60 24 1492
(1440)*

7 35 194 32 6.5 50 46 2749
(2310)*

8 2.5 291 33 1.47 61 50 4299
(3233)*

* (kyu/Kow) - A, V' was taken as 0.35 L mol™!. P, is the ratio of the maximum kg,
to koy (pH 9.32, koy values, L mol™! s~!, were taken from Table 1).

increases with the lengthening of the hydrocarbon radi-
cals in the alkoxy groups of the substrates (¢f. 2 and 3 in
Table 1).

According to the previous investigations,!4 the shape
of the concentration dependences for phosphates 6—8
(see Fig. 2) is characteristic of bimolecular processes in
micelles under strong binding of the substrate and nu-
cleophile. Evidently, in the case of phosphates 6—8, a
change in the mechanism of catalysis occurs, and the
hydroxide ion becomes the second reactant. This can
result from the low basicity of phosphates and the
presence of three hydrophobic phenyl groups; as a conse-
quence, the phosphates 6—8 are solubilized in the hy-
drophobic nucleus of the micelle locating the phospho-
ryl group in the Stern layer,!8 where hydroxide ions
can also be present. In the system under study
(DAC/DA/H,0) at a = 0.42 (pH 9.32), the maximum
rates for the substrates 6—8 are observed at C ,, =
0.0123, 0.012, and 0.011 mol L™!, respectively.

The concentration of the reacting ion in the Stern
layer can be far higher than that in the aqueous phase
due to the ion exchange between counterions and the
reacting ion.!? As a result, the concentrations of the
substrate and hydroxide ion can be comparable, thus

determining the shape of the concentration dependences
in Fig. 2. The latter can be described by the Berezin
equation!? written in the form

. ko K Ky (Cy — CCM)
o = VI + K.(C, — CCM)I[L + K5(Co —CCM)]* @

where K, is the rate constant in the micellar pseudo-
phase, C, is the overall concentration of decylamine,
and K|, is the binding constant of the hydroxide ion. The
values of k,,, K;, and K, for the phosphates 6—8 are
presented in Table 2.

The optimum concentrations of the surfactants esti-
mated! as C,,, = (K;K,)™%3 are close to the values of
Cpa at their maximum and are equal to 0.0133, 0.0126
and 0.01 mol L™} for substrates 6—8, respectively. We
also calculated! the reaction acceleration effects due to
the accumulation of the reactants in the micelle 4 =
KK, /IV(KDS3 + K%5)?], and due to an increase in the
reactivity upon the transfer of reactants from water into
the micelle, k./kon. These values are close to the
experimental values of the accelerations (P;) for the
micellar catalysis of the alkaline hydrolysis of phos-
phates 6—8.
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It is interesting to note that a correlation was found
between the rate constants for the reaction catalyzed by
n-butylamine and those for alkaline hydrolysis of the
substrates. The following regression equation can be
written:

log (kpunnH,) = 0.944 - log (koy-) — 2.31
(r = 0937, s = 0.29, n = 8).

The existence of this correlation attests to the simi-
larity of the mechanisms of two reactions that are com-
pared and the similar effect of substituents at the phos-
phorus atom on the reaction center. In contrast to this,
in the micelle-catalyzed hydrolysis of substrates, no
correlation was observed between k., and rate constants
for the alkaline hydrolysis of substrates, or between
those for the reaction catalyzed by a-butylamine. Such
behavior of &, indicates a certain substrate specificity of
the micellar catalysis in the hydrolysis of substrates 1—5
catalyzed by nonprotonated amino groups of mixed
micelles according to the general base mechanism.

A more significant manifestation of the substrate
specificity for phosphates 6—8 is the change in the
reaction mechanism in the micellar pseudophase, a tran-
sition to the micelle-catalyzed alkaline hydrolysis.
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