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The influence of detergentless microemulsion on the kinetics of hydrolysis
of di(p-nitrophenyl) methylphosphonate catalyzed by amines
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The influence of the detergentless water/oil microemulsion formed in the n-hexane—
water—2-propanol system on the kinetics of the hydrolysis of di{p-nitrophenyl)
methylphosphonate under the conditions of general base catalysis by primary, secondary, and
tertiary aliphatic amines was investigated. The leveling of the catalytic rate coastants and
basicities of the amines was found for this reaction in a microemulsion. The catalytic rate
constants for the amines containing hydrophilic groups increase in microemulsions as
compared to those in an aqueous medium, while the catalytic constants for the amines

containing hydrophobic groups decrease.
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Microemulsions (ME) are thermodynamically stable
transparent dispersions of two immiscible liquids with
micelles of 1—10 nm diameter stabilized by surfactant
additives.! When alcohols, e.g., 2-propanol, are used to
stabilize micelles, "detergentless” ME containing no sur-
factants can be obtained. Detergentless ME of the "wa-
ter/oil” (w/0) type have been proposed as a medium for
fermentative processes?-3 and some chemical reactions.
Data are available on the accelerating effect of w/o ME
on the reactions of nucleophilic substitution* and oxida-
tion.5 The reactivity of amines in the reactions of nu-
cleophilic substitution has been studied in such w/o ME
containing either anjonic or cationic surfactants.$7

In this work, the ability of aliphatic amines to per-
form general base catalysis in detergentless w/o ME
formed in a water—n-hexane—2-propanol system is stud-
ied for the hydrolysis of di(p-nitrophenyl) methyl-
phosphonate.

MeP(0){OCgH4NO,-p), + Hp0- NRy + 3H,0 —
- MeP(0)(OCgH4NO,-p)O™ + “OCgH,NO,-p +
+ 2H40 + Hy0 - NRy

Previously the kinetics of this reaction in an aqueous
medium under general base catalysis by amines have
been studied in detail 8—10

Experimental

We used di(p-nitrophenyl) methylphosphonate obtained
according 1o the procedure described in Ref. 11. Amines were

dried over NaOH and distilled directly before the runs. The
ME samples werc prepared by mixing specified volumes of
n-hexane, 2-propanol, and water calculated taking into ac-
count their densities.

The kinetics of the reaction were studied spectrophoto-
metrically on an SF-26 instrument by recording the optical
density at 400 nm, which is due to the formation of
p-nitrophenolate. The reaction was carried out in thermostatted
(£0.5°C) quartz cuvettes. The initial concentrations of the
substrate were less than 0.0001 mol L™, The observed first-
order rate constant (k;) was determined by the relation

In(Dy — Dy = —k; <t + In(D — D),

where Dy, D, and D are the values of the optical density of
the systemn at the beginning of the reaction, at the moment ¢,
and after the reaction was completed, respectively. The &,
values were calculated by the weighted least squares procedure.
The effective bimolecular rate constants k, were calculated
according to the formula

ky = k) (H* + K)/(Co- K,

where (, is the total concentration of amine in the system.
The values of the acidity constants (pX) of amines (at 25 °C)
in ME and the relative content of the neutral forms of amines
under the conditions of the runs o = K/(H* + K,) were
determined potentiometrically with the use of a pH-340
pH-meter.

Resuits and Discussion

The total rate of hydrolysis of O,0-di(p-nitro-
phenyl)methylphosphonate in water depends on the con-
centrations of amine and HO™ ions.371® Therefore, the
rate coustants in water k; were calculated taking into
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account the contribution of alkaline hydrolysis of the
substrate into the overall rate of the process. When the
reaction was carried out in the w/o ME formed in the
system n-hexane (41.3 wt.%)-—2-propanol (48.7 wt.%)—
water (10%),!2 no alkaline hydrolysis of the substrate
occurred at the concentrations of amines used. This is
scen from the dependence of &, on the concentration of
the neutral forms of amines C,, = a* . Examples of
such dependences are presented in Fig. 1 which shows
the first order with respect to amine for the reaction in
ME. The first order with respect to amine in ME is also
observed in the case of n-cetylamine., When the latter is
present in water, micelles are formed and deviations
from the linear dependence of &; on the concentration
of amine are observed.!3

The catalytic effect of amines on the hydrolysis of a
substrate is characterized by the effective rate constants
k, presented in Table | along with the pK| values for
amines. On going from water to ME, a decrease in &; for
amines containing either alkyl or benzene group at the
N atom is observed. The decrease in k; becomes more
pronounced when the length of the alkyl groups and
their number at the N atom increase. On the other
hand, in the case of ethanolamine and morpholine
containing hydrophilic groups in the alky! radicals, a
similar change in the medium results in an increase in
ky. The influence of the reaction medium on the cata-
lytic abilities of various amines is characterized by the
ky(ME)/ky(H,0) value (sce Table 1).

Together with the change in k;, a significant de-
crease in pKj, i.e., a decrease in basicity, is observed for
hydrophobic amines on going from water to ME. Unlike
this, the pX| values for hydrophilic amines (e.g., ethano-
lamine, morpholine) increase only slightly in ME as
compared to water. A dependence between the pK|
values for the primary and secondary amines in the two
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Fig. 1. Dependence of ki/s™! at 25°C in the water/oil

microemulsion on the concentration of amines: I, BuNH,
(o = 0.96), 2, EyNH (e = 0.94), 3, Et3N (a = 0.97).

media (ME and water) exists, which points to the level-
ing of the pK values in ME.

pK, mE = (0.62£0.10) - pK, w0 + (3.2£L.1)
n=10,r=0902, 5s=0.28

The basicities of the tertiary amines also approach
each other considerably on going from water to ME.

Table 1. The catalytic rate constants for the hydrolysis of di(g-nitrophenyl) methylphosphonate
in water and w/o ME at 25 °C and pX, of amines studied

Anvine pKa k2 - l02/mol_' L st kMB/kHIO
H,0 ME H,0 ME

n-Butylamine 10.83 10.08 6.318 4.66 0.74
n-Hexylamine 10.60 9.63 — 5.1 -
Cyclohexylamine 10.64 9.87 395U 3.37 0.85
n-Heptylamine 10.66 9.60 — 5.28 _—
n-Decylamine 10.3% 9.25 — 5.64 -
n-Cetylamine - 9.07 103¢ 3.92 0.04
Benzylamine 9.35 8.79 2.694 1.33 0.50
2-Ethanolamine 9.50 9.62 1.401! 3.1 2.21
Diethylamine 10.94 10.30 15911 4.27 0.27
Pipcridine 11.25 10.26 1548 6.09 0.40
Morpholine 8.36 8.42 068411 1.19 175
Dimethylbenzylamine 891 7.66 — 0.350 -
N-Butylpiperidine 10.53 §.26 — 0.29 -
N-Methylmorpholine 741 7.21 0.252"  0.109 0.43
Triethylamine 10.71 9.30 9.431 0.57 0.060

aThe literature data."4 8 The literature data.’S < Extrapolated from the temperature depen-
dence of the rate constant of the reaction at pre-miceliar region !t Y The constant is

determined by us.
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pKyme = (0.51920.18) * pK, 0 + (3.23£1.7)
n=4 r=1090, s = 049

Leveling of catalytic activities of amines is observed
in w/o ME (see Table 1). As a consequence, the Bransted
relation logk, = f(rK,) for the primary and secondary
amines is characterized by a smaller slope as compared
to that obtained for the same reaction in water.!3

log(ky mg) = (0.360£0.037)pK, — (4.9940.35)
n=7 r=0975, s =007

Long-chain amines (e.g., n-hexylamine—n-cetyl-
amine), for which significant deviations from the depen-
dence found are observed, are not included in the latter
correlation. A similar dependence for tertiary amines
also shows a smaliler slope as compared to that in an
aqueous medium. 13

log(ky mg) = (0.22240.070)p K, — (4.32+0.59)
n=4,r=0908, s =01l

Leveling of the reactivity of amines of different struc-
turc was previously observed in the aminolysis of esters
of carboxylic acids in the w/o ME formed in the system
cetylpyridinium bromide (16.7)—n-butanol (16.1)—
n-hexane (3.7)--water (63.5) (wt.%).7

The study of the temperature effect on the hydrolysis
of the substrate showed that the activation energy (£),) in
the w/o ME (Table 2) is 20—30 kJ mol™! lower than
that in water and the pre-exponential factor of the
Arrhenius equation (A) is 3—4 orders lower that those
for the reactions in water.!® The E, and A values found
are cffective and depend on the thermodynamic param-
cters of the intermediate equilibrium stages.

The results obtained are in line with the below-
presented scheme of the hydrolysis of the substrate (s)
catalyzed by amines in the w/o ME

s + RNHE-HZO
Ho flr, =
Product
Interface ! u /r
s + ANH, - H,0
{ 1]4120
n-Hexane ’Kn u"zz
s RNH,

Here K, K; and K|, K3, are the equilibrium con-
stants for the distribution of the substrate between the
ME aqueous core, the surface of micelles, and the
hydrocarbon phase, respectively.

It can be suggested that hydrophilic amines, ethano-
lamine and morpholine, are able to catalyze the hydrolysis
of the substrate in the bulk of micelles and at the
interface. A minor transfer of these amines into the
hydrocarbon phase is suggested. Amines with enhanced
hydrophobicity can partially occur in the hydrocarbon
phase, where the hydrolysis of the substrate is impossible
because of the practical absence of water. In particular,
the lowering of the rate constants k, in ME for tertiary
amines containing three hydrophobic substituents at the
N atom can be due to the smaller content of amines at
the interface.

When the substrate and amine capable of nucleo-
philic attacking pass into the hydrocarbon phase, ami-
nolysis of the substrate can occur.!®6 We studied the
kinetics of the reactions of the substrate with n-butyl-
amine and n-cetylamine in hexane. At 19, 25, and
35°C, the bimolecular rate constants for the reaction
with n-butylamine (ky/mol™! L s™') are equal to 0.059,
0.057, and 0.060, respectively. This fact indicates that
the activation energy for the aminolysis reaction is close
to zero and is consistent with the data for similar
reactions.!6:17 In the case of n-cetylamine, the k, values
at 19, 25, and 35°C are equal to 0.052, 0.053, and
0.049, respectively, also indicating that the activation
energy is close to zero. The estimation of the possible
contribution of a side reaction to the catalytic rate
constant observed was performed by us based on the
yield of p-nitrophenol.

The hydrolysis of the substrate occurs with the elimi-
nation of only one p-nitrophenoxyl group, whereas the
aminolysis of the substrate involves successive replace-
ment of two p-nitrophenoxyl groups. For the reaction
with n-butylamine in the w/o ME, the formation of one
mole of p-nitrophenol was observed (based on the ex-
tinction of the product), in accord with the general
scheme of the process presented above, i.e., no notice-
able contribution of the aminolysis of the substrate to
the rate constant being estimated is seen.

The catalytic alcoholysis of the substrate can be
another side process during the reaction in ME.'® The
values of the catalytic rate constants of the alcoholysis of
the substrate in 2-propanol estimated at 25 °C are equal
to 0.005 mol™! L s™! in the presence of n-butylamine

Table 1. Parameters of the Arrhenius equation for the hydrolysis of di(p-nitrophenyl)
methylphosphonate in w/o ME in the presence of alkylamines at various temperatures

Amine ks 102/mot™! L 57! E, logA
25°C  35°C  45°C 55°C kI Mt

ButNH; 4.66 5.83 7.12 10.9 222434 2.55+0.56

n-CoH 33 NH; 392 559 657 - 204540  2.19%0.68

Et,NH 4.27 5.64 8.49 10.1 244104 2.9010.38

EtyN 0.57 0.82 .09 1.62 27.8%1.5 2.6210.24
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and to 0.0005 mol™! L s™! in the presence of triethyl-
amine. These values are onc order less than the rate
constants for the reaction in ME in the presence of the
same amines; thercfore one can suggest that the alco-
holysis of the substrate does not contribute substantially
to the rate constants k, obtained in ME (see Table 1).

The work was financially supported by the Russian
Foundation for Basic Research (Project No. 97-03-
32372).
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