2236 Russian Chemical Bulletin, Vol. 48, No. 12, December, 1999

Kinetics of reactions of ethyl p-nitrophenyl ethylphosphonate
with anionic nucleophiles in a detergentless microemulsion
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The kinetics of reactions of ethyl p-nitropheny! ethyiphosphonate with anionic nucleo-
philes in a detergentless water—oil microemulsion, formed in the n-hexane—water—isopro-
pyl alcohol system. was studied. The rate constants of the reactions in the microemulsion are
higher than those in aqueous solutions and increase with increasing isopropyl alcohol : water

ratio.
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Microemulsions (ME) are transparent stable disper-
sions of microdrops (radius of 0.5—3 nm) of a hydrocarbon
in water or water in a hydrocarbon, whose formation and
stability are promoted by additives of surfactants that
decrease the interfacial surface tension.!-2 The possibilities
of performing reactions in liquid media are extended due
to the capability of ME to solubilize different compounds.
The specific features of solubilization and interphase distri~
bution of reagents in ME can result in the acceleration of
some and inhibition of other reactions.3—7

"Detergentless” ME containing no typical surfactants
are formed in triple systems containing a hydrocarbon,
water, and some alcohols that possess surface activity
and are capable of stabilizing microdrops. Detergentless
ME of the water/oil (W/Q) type have been proposed as
a medium for enzyme-catalyzed processes.3—1? In such
ME, some reactions of nucleophilic substitution occur
much more rapidly than in aqueous media. For ex-
ample, in the system consisting of 2-butoxyethanol
(60 mol.%), n-decane (20 mol.%), and water (20 mol.%),
the rate constant of alkaline hydrolysis of 2,4-dinitro-~
chlorobenzene is 103 times higher than that in water.5 [t
has been found that oxidative processes with the partici-
pation of hypochlorite and involving the stage of nu-
cleophilic substitution occur rapidly in detergentless ME
based on the isopropyl alcohol—n-hexane—water sys-
tem.® In this work, we studied the kinetics of phospho-
rylation of anionic nucleophiles for the last system.
Ethyl p-nitrophenyl ethylphosphonate was used as the
substrate because the kinetics of its reactions with an-
ionic nucleophiles X™

(EtO)EtP(0)OCEH,NO,-p + X~ ==
=== (EtO)EtP{O)X + “OCgH4NO,-p

in an aqueous medium has been previously studied.!1-12

Experimental

Phenols, acetaldoxime, n-hexane, and isopropyl alcohol
were distilled prior to use. Ethyl p-nitrophenyl ethylphosphonate
was prepared by the known method.!3 Solutions of NH,F
(pure grade) and NaOH (reagent grade) and ME samples were
prepared with bidistilled water. The kinetics of the reactions
was studied in ME containing (w1.5%) n-C¢H,4 (11.9), PrOH
(58.5), and H,0 (29.6) (ME-1) and n-C¢H4 (41.3), PrOH
(48.7), and H;0 (10.0) (ME-2). The composition of ME was
identical to that used previously.8 ME was obtained by mixing
of the components.

The kinetics of the reactions was studied by spectropho-
tometry on an SF-26 instrument. The optical density (D) at
400 nm of the systems containing the substrate increases
during the reaction due to the formation of p-nitrophenolate.
The reactions were carried out in thermostatted (0.5 °C)
quartz celis. The initial concentrations of the substrate did not
exceed 107 mol L™!. The observed first-order rate constants
ky were determined by the equation

ln(DL ~ D)= "‘kll + h’l(DL - Do),

where D,, D, and D are the optical densities of the system at
the beginning, at the moment ¢, and at the end of the reaction,
respectively. The k; values were calculated by the weighted
least-squares method. The effective second-order rate con-
stants k; were calculated by the formula k,/CGy = k;, where Cp
is the concentration of the corresponding anion in the total
volume of the system.

Results and Discussion

ME-1 and ME-2 are microemulisions of the
W/O type.§ The surface of aqueous microdrops is stabi-
lized by isopropyl alcohol, the whose hydroxyl group is
solvated by water, and the alkyl radical is present in
n-hexane surrounding the microdrops. Biphilic solvation
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of isopropyl alcohol provides the stability of the ME due
to a decrease in the free surface energy.2

The reaction rates of the S substrate with the hydro-
philic anions HO™ and F~ in the ME-l and ME-2
systems and in water under the éxperimental conditions
(at Gy >> [S]) follow the kinetics of the pseudo-first
order

—d[S]/dr = &, GolS], O

where &,y = k| is the observed first-order rate constant
and &, is the effective second-order rate constant con-
taining the contribution from the reactions in the vol-
ume of microdrops and interphase surface laver. The
invariability of k, with variation of Cy indicates the first
order with respect to the nucleophile (Table 1). A
similar kinetic behavior has been observed previously!4-13
for the reactions of phosphoric esters with the HO™ and
F~ anions in detergent ME of the W/O type containing
a cationic or non-ionogenic surfactant.

For the reactions of p-nitropheny! phosphates with
organic anions (phenolates, oxime anions) containing
hvdrophobic radicals, Eq. (1) is also fulfilled in aqueous
solutions.11.16.17 The only exception is the reaction of
the substrate with p-octyl phenolate, for which the
dependences of the rate constants k; in aqueous solu-
tions on the nucleophile concentration are complicated
due to the formation of p-octyl phenolate of anionic
micelles.’2 For the reactions of the substrate with pheno-
lates and the acetaldoxime anion in the ME-1 and ME-2
systems when ( is varied, k, decreases substantially
as the concentration of nucleophiles increases (Table 2).

The observed differences in the kinetics of the reac-
tions involving hydrophilic inorganic anions (HO™ and
F~) and organic anions with some hydrophobicity can be
a consequence of different localizations of these two
groups of anions in the ME under study. As is known,1-2
the W/O type ME contain a high-polarity region inside
water microdrops, a low-polarity region in the hydrocar-

Table 1. Rate constants of the reactions of ethyl p-nitrophenyl
ethylphosphonate with HO™ and F™ anions in agueous solu-
tions and microemulsions of the W/O type at 25 °C

Anion Medium Cy k- 102 ky
/moj L1 /s /Lmol™ts™!
HO~™ H,0 0.13 1.99 0.153
0.30 4.18 0.139
ME-1 0.05 1.18 0.236
0.10 243 0.243
ME-2 0.0024 0.120 0.500
0.0048 0.229 0.474
F- H,0 10 0.692 0.0069
1.8 1.31 0.0073
ME-1 0.05 0.0548 0.0110
0.10 0.112 0.0112
ME-2 0.00757  0.0251 0.033
0.0103 0.0323 0.032

bon phase, and an interphase surface layer that possesses
an intermediate polarity. The substrate containing polar
(PO and NO;) and hydrophobic (Et, Ph) groups is
amphiphilic and, hence, mainly located on the interphase
surface, although an insignificant fraction can be present
in the microdrops and hexane. The microdrops contain

Table 2. Rate constants of the reactions of ethyl p-nitrophenyl
ethylphosphonate with anions of sodium phenolates and the
acetaldoxime anion in aqueous solutions and W/O
microemuisions at 25 °C

Anion Medium G ky o 103 ko
/mot L™! /870 /Lmol™ts™!
MeCHNO™ H,O0 0.0166 1.65 0.099
©.0327 3.82 0.117
0.0415 3.77 0.091
0.0654 6.90 0.106
0.0830 7.87 0.095
ME-i  0.0128 2.79 0.218
0.0236 4.68 0.183
0.0330 5.0 0.153
0.0515 6.74 0.131
0.0655 7.84 0.120
0.0768 8.89 0.116
0.098 10.8 0.110
0.131 13.0 0.099
ME-2  0.0042 1.22 0.290
0.0083 1.84 0.222
0.0166 3.33 0.201
0.0308 3.57 0.116
0.0415 3.69 0.089
0.0750 394 0.053
0.0830 3.97 0.048
PhO™ ME-1  0.010 0.625 0.0625
0.020 1.16 0.0580
0.050 1.31 0.0262*
0.100 1.49 0.0149
0.200 1.85 0.0093
0.300 2.16 0.0072
ME-2  0.010 0.606 0.0606
0.020 1.07 0.0535
0.030 1.45 0.0483
0.040 1.56 0.0390*
0.150 4.22 0.0281
0.225 5.56 0.0247
0.300 7.30 0.0243
n-CgH 7CsH 0~ ME-1  0.010 0.581  0.0581
0.020 0.92 0.0460
0.050 1.56 0.0312
0.100 1.68 0.0168
0.200 1.97 0.0098
0.300 2.11 0.0070
ME-2  0.032 1.76 0.0550
0.063 2.13 0.0338
0.079 2.38 0.0301
0.095 2.96 0.0312
0.158 3.7 0.0235
0.237 5.06 0.0214
0.316 6.80 0.0215

*In water at the same concentration of phenolate,
ky = 0.016 L mol~!s~! at 25 °C.12
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some amount of isopropyl alcohol; therefore, their polar-
ity is lower than that of pure water, and the solubility of
the ionic compounds NaOH and NH,F (located in the
microdrops) decreases in the ME-1 and ME-2 systems.
The maximum decrease in the solubility of NaOH and
NH,F was observed in ME-2 with a higher PriOH : H.O
ratio. Due to a low solubility of the ionic compounds, the
rate constants of the substrate with the HO™ and F~
anions in the ME-1 and ME-2 systems were determined
in a narrow ( interval (see Table 1).

By contrast, the solubility of sodium phenolates and
MeCHNONa in the ME-1 and ME-2 samples is higher
than that in water. Probably, ions of salts of organic acids
are located in the interphase surface layer. A lower polarity
of this region favors the association of ions to form ionic
pairs. The observed decrease in k, with an increase in the
concentration of organic anions in ME-1 and ME-2 (see
Table 2) is related to the formation of ion pairs and their
low reactivity as compared to that of free ions.

The equation for the dissociation constant of the ion
pairs has the form

K= Cya¥/(1 ~ a),

where a is the degree of dissociation of the ion pairs.
Using the equation!®

ky = ky + (k; — kpa,

we can find the rate constants of the reactions involving
the ion pairs (kp) and free ions (k;). The estimation

Table 3. Estimation of the dissociation constants of ion pairs
(K) and rate constants of the reactions of substrates with
organic anions involving ion pairs (kp) and free ions (4;)

(performed on the basis of this equation by the least-
squares method) of the constants K, &;, and /cp for the
reactions of the substrate with organic tons (by the data
in Table 2) showed (Table 3) that &; >> kp in all cases.
The low reactivity of the ion pairs involving organic
anions is probably related to the formation of solvent-
separated ion pairs.18

The influence of ME on the reaction rates is charac-
terized by the rate constants &5, which increase by 1.6—
1.7 times for the reactions with the HO™ and F~ ions on
going from an aqueous medium to the ME-I system
(see Table 1). In the ME-2 system, the reaction rates
increase more sharply: for HO™, by 3.3 times, and for
F~, by 4.6 times (see Table 1). A different character of
the influence on the phosphorylation of anionic nucleo-
philes was observed for O/W detergent ME. It has been
found!3 that ME of the O/W type containing a cationic
{cetyl trimethylammonium bromide) or non-ionogenic
{poliyoxyethyiene-(10) oleate ester) surfactant inhibit the
phosphorylation of the HO™ and F~ anions by
p-nitropheny! phosphates.

The phosphorylation of the organic anions (phenolate
and oximate ions) in the ME-1 and ME-2 systems is also
faster (see Table 2) than that in aqueous solutions; how-
ever, one should take into account a change in the state
of these nucleophiles in a microemulsion medium due to
the association of their ions in ion pairs.

The characteristic feature of ME is the possibility of
phase inversion with temperature increase, which re-
sults? in a change in the type of ME on going from
W/0 to O/W. The phase inversion can result in a change
in the distribution of the reagents in ME and their
reactivity. In this connection, we studied the temperature
dependences of the reaction rate constants (Tables 4 and
3). In the ME-1 and ME-2 systems, these dependences
are described by the Arrhenius equation with rather high
correlation coefficients (r > 0.95), which indicates the

Anion ME K kg k;

/mol L™ Lmol=1s absence of phase inversion in the ME-1 and ME-2 sys-
— - tems in the temperature interval under study.

MeCHNO mEl 3'3029 0026 0.54 For the reactions with a more reactive HO™ ion, the
_ E-2 017 0 0.28 observed activation energy £, and the pre-exponent A
PhO :}g'i 88:: 8009 8832 are lower than those in the case of the reaction with the
- ’ ) e F~ ion (see Table 4). An increase in the ; rate con-
n-CeH7CeH40™ m}é; gg:; g006 8'8% stants for the reactions with the HO™ and F~ ions in the

ME-1 and ME-2 systems, as compared to those in an

Table 4. Rate constants and parameters of the Arrhenius equation for the reactions of ethyl p-nitrophenyl
ethylphosphonate with HO™ and F~ anions in aqueous solutions and W/O microemulsions

Anion Medium Cy ks - 102/L mot~ts™! E, logA
/mol L™t 15 °C 25 °C 35 °C 45 °C 35 °C /kJ mol™!
HO™ H,0 Q.30 0.082 0.139 0.236 0.407 — 40.6%1.1 4.27+0.18
ME-I 0.02 — 0.234 0.375 0.590 1.04 40.01£2.2 4.37+0.36
ME-2 0.0048 -— 0.477 0.921 (.29 2.02 38.1£3.1 4.37+0.52
F- H,O 0.50 — 0.0064 0.0134 0.0284 0.0470 54.9+2.4 5.43+0.41
ME-| 0.10 - 0.011 0.024 0.043 0.082 53.8%1.6 5.48+0.27

ME-2 0.01 - 0.0323 0.0659 0.130 0.225 33.0%1.2 5.79+0.20
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Table 5. Rate consi. at and parameters of the Arrhenius equation for reactions of ethyl p-nitrophenyl! ethylphosphonate
with anions of phe.:olutes and the acetaldoxime anion in aqueous solutions and W/O microemulisions

Anion Medium Gy ky - 102/ E, logA
/mol L™} 25°C  35°C 45°C 55°C /kJ mol™!

MeCHNO™ H,0 0.05 0.515 0.990 1.44 1.94 35.6£4.0 3.981+0.67
ME-1 0.05 0.645 1.33 1.97 3.42 44.0%3.1 5.53%0.52
»E-2 0.075 0.394 0.636 1.09 2.16 45.5£3.3 5.55%0.55

PhO~ +H,0 0.05 0.079 0.174 0.362 0.547 53.3x4.0% 6.27£0.68*
s1E-1 0.20 0.185 0.425 0.591 1.130 46.9x4.9 5.52+0.82
ME-2 0.20 0.437 0.805 1.63 2.28 46.2+£3.7 5.74%0.63

n-CgH;;CeH 0~ H,0 005 0.138 0210 0.444  0.944 52.8+5.7* 6.340.95%
ME-] 0.20 0.197 0.369 0.676 1.18 48.6=0.2 5.81%£0.03
ME-2 0.20 0.475 0.845 1.73 2.07 41.9%£5.8 5.04£0.97

* According to Re: 1L

aqueous medium, is mai:ly determined by a decrease in
E,. For the HO™ and F~ ar.ons (see Table 4) in water,
ME-1, and ME-2, logk- ar : E, are interrelated, which
is reflected (at 25 °C) by th  regression equation

logh; = —0.092E, + 1.0 « =6, r= 0964, sd = 0.22).

It follows from this equa: - -hat the phosphorylation of
the HO™ and F~ anions .n vater and ME of the W/O
type compose a reaction ser s with the general mecha-
nism of the medium effect :'n the reactivity of nucleo-
philes.’? The observed E, va.ue and the reactivity of the
hydrophilic anions in the M - under study is determined
by the distribution of the an ons between the volume of
microdrops and the interphas: surface layer, the solvation
of the anions by the compon-nts of the medium, and the
polarity of the microenviror:ment that depends on the
concentration of isopropyl al-ohol in the systems.

For the reactions with orzanic anions, the E, values
were determined in the reg.on of (,;, where ions are
predominantly associated ir ion pairs, which is indi-
cated by a substantial dec-zase in the &, constants
obtained for low values of ( . (see Table 2). Therefore,
for the reactions with phen lates and oximate, the £
values in the ME-1 and ME -2 systems are determined
by ion association along vith the above mentioned
factors. As a result, the E, va ue in the ME-1 and ME-2
systems is lower for the r-a. ions with phenolates (see
Table 3) and somewhat nai =er for the acetaldoxime
anion than those in aquecss olutions.

Thus, this work showec tt : in the studied ME of the
W/Q type the phosphoryla ;0 - of anionic-nucleophiles is
faster than that in aqueo:'s ‘lutions. For these reac-
tions, a lower (relative to w¢ :r) solubility of inorganic
salts and a higher solubility ¢~ organic salts in such ME
should be taken into account

Refere:ces

H. Robinson, Chemistry i+ Britain, 1990, 26, 342.
N.

1. B.
2.V. Matveenko, T. F. S-itova, and 1. L. Volchkova,

.Yu. L. Khmel 'niskii, A. K. Gladilin, 1.

Vestn. MGU, Ser. 2, Khimiva, 1996, 37, 99 [ Moscow Univ.
Bufl., Ser. 2, Chem., 1996, 37 (Engl. Transl.)].

. M. L. Moja. C. fzquierdo, and J. Cassado, J. Phys. Chem.,

1991. 93. 6001.

. S. M. Garlick, H. D. Darst, R. A. Mackay, K. G. Haddaway,

and F. R. Longo. J. Colloid Interface Sci., 1990, 135, S08.

. M. 1. Blandamer, J. Burgess. and B. Clark, J. Chem. Soc.,

Chem. Commun., 1983, 639.

.F. M. Menger and A. R. Elrington, J. Am. Chem. Soc.,

1991, 113, 9621.

. V. E. Bel’skii, F. G. Valeeva, and L. A. Kudrvavtseva, /zv.

Akad. Nauk, Ser. Khim., 1998, 1339 [Russ. Chem. Bull.,
1998, 47, 1302 (Engl. Transl.}].

.Yu. L. Khmelnitsky, I. N. Zharinova, I. V. Berezin, A. V.

Levashov, and K. Martinek, Ann. N. Y. Acad. Sci., 1987,
501, i61.

.Yu. L. Khmelnitsky, R. Hilhorst, and C. Veeger, Eur.

J. Biochem., 1988, 176, 263.

N. Neverova,
A. V. Levashov, and K. Martinek, Bioorgan. Khim., 1989,
15, 1611 [Sov. J. Bioorg. Chem., 1989, 15 (Engl. Transl.)].

. V. E. Bel’skii. F. G. Valeeva, L. A. Kudrvavtseva, and B. E.

lvanov, Iov. Akad. Nauk, Ser. Khim., 1992, 456 | Bull. Russ.
Acad. Sci., Div. Chem. Sci.. 1992, 41, 363 (Engl. Transl.)].

. V. E. Bel’skii, F. G. Valeeva, and L. A. Kudryaviseva, /zv.

Akad. Nauk, Ser. Khim., 1996, 850 {Russ. Chem. Bull.,
1996, 45, 805 (Engl. Transi.)}.

. V. E. Bel’skii, L. A. Kudryaviseva, O. M. 1l'ina, and B. E.

Ivanov, Zh. Obshch. Khim., 1979, 49, 2469 [J. Gen. Chem.
USSR, 1979, 49 (Engl. Transl)).

.G. D. Smith, C. E. Donelan. and R. E. Barden, J. Colloid

Interface Sci., 1977, 60, 488.

.R. A. Mackay and C. Hermansky, J. Phys. Chem., 1981,

85, 739.

. G._V. Rutkovskii, A. V. Begunov. and Yu. A. Ignat’ev,

Zh. Org. Khim., 1983, 19, 793 |J. Org. Chem. USSR, 1983,
19 (Engl. Transl.)].

.F. G. Valeeva, V. E. Bel'skii, S. B. Fedorov, L. A.

Kudryavtseva, and B. E. Ivanov, Zh, Obshch. Khim., 1987,
57, 1711 {J. Gen. Chem. USSR, 1987, 57 (Engl. Transl.)].

. 1. P. Beletskaya and A. A. Solov’vanov, Zh. Vsesoyuzn.

Khim. O-va im. D. I. Mendeleeva, 1977, 22, 286 | Mendeleev
Chem. J., 1977, 22 (Engl. Transl.)}.

. R. Schmid and V. N. Sapunov, Non-forma! Kinetics, VCH,

Weinheim, [982.

Received November 20, 199§;
in revised form May 12, 1999




