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Determination of Rate Constants of Hydrolysis by a
Distribution Technique and its Application to isoPropoxy-

methyl-phosphoryl Chloride

LENNART LARSSON

Research Institute of National Defence, Dept. 1, Sundbyberg 4, Sweden

An improved formula ! for the determination of the distribution
constant of a compound reacting with one of the phases according to
a first order reaction is given. Based on this formula a method for the
study of rapid hydrolyses is described. The application of the method
is illustrated by the determination of the rate of the hydrolysis of
isopropoxy-methyl-phosphoryl chloride, and its relationship to that
of the corresponding fluorine derivative (Sarin) is discussed.

In an earlier paper! the author has deduced the following formula for
the calculation of the distribution constant of a compound which reacts
with one of the phases according to a first order or a pseudo-first order
reaction: k-t

In [A]aqz—‘”,;—“‘—‘i“o (1)
org
o ky 41
where [A],q = concentration of unhydrolysed compound in the aqueous
phase;
= integration constant;

k reaction rate constant of A in water;
k; = distribution constant of A between organic and aqueous
phase;
t time;

I

phase volume.

By plotting log [Al. against ¢ a straight line is obtained the slope of which,

a, is
’ 0.4343 k
lo| = ————— 2)
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Fig. 1. The reciprocal of the rate of the hydrolysis of 2-methoxy-ethyl nicotinate at
various ratios of xylene and water.

The application of the formula was illustrated by the determination of the
distribution constant of the ester 2-methoxy-ethyl nicotinate between xylene
and water. The rate constant of the hydrolysis was determined in a separate
experiment. However, both the rate constant and the distribution constant
can be determined simultaneously from a series of experiments where the ratios
of the phase volumes are varied. If eqn. (2) is rearranged to

1 — kd . Vorg + 1

la] — 04343k wy 0.4343 k ®)

it appears that a straight line is obtained when 1/|a| is plotted against
Vorg[Vaq. The rate constant, k, is thus obtained from the intercept of the
ordinate and the distribution constant, k;, from the slope of the line. This is
illustrated in Fig. 1 by the example given in the previous paper !. As shown
in Table 1, k£ and k, determined in this way agree well with earlier results.

Table 1. The rate constant of the hydrolysis of 2-methoxy-ethyl nicotinate and its
distribution constant between xylene and water.

According to
eqn. (3) previous paper !
k hours™ 5.36 x 102 - 5.07 x 1072
k, 4.67 4.28
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The problem can also be considered as a consecutive reaction i.e.:

Fo ky
Aorg —— Aqgq P
kaq

where P is a hydrolysis product. If this system is treated according to the
improved steady-state approximation given by McDaniel and Smoot 2, and
kag/korg = k4, then

In [A]aq = -

k-t
e y @)
5 (1 + kojg)+1

Vaq

If korg DD k; which is the case in slow reactions, eqn. (4) is reduced to eqn.
(1). In rapid reactions none of the constants can be neglected and we get,
analogously to eqn. (3)

1 . 1 (kd 1 ) ’l}org 1
o~ 04343 \ by T T/ vag T 04383 F; (5)

Obviously from this equation, k, can be determined, by plotting 1/ ||
against Vorg/Vaq; K4, however, cannot be determined, because it is not possible
to estimate Korg.

The distribution technique is particularly suitable for studies of rapid
hydrolysis. The diminished rate due to the inert phase added permits measure-
ments of reactions which in aqueous solutions run too fast for accurate deter-
minations. The technique was therefore used in the determination of the rate
constant of the hydrolysis of isopropoxy-methyl-phoshoryl chloride. The study
of this hydrolysis forms part of an investigation of the influence of the substi-
tuents on the rate of hydrolysis of Sarin analogues 3. Isopropoxy-methyl-
phosphoryl chloride is assumed to hydrolyse according to a first-order reaction
when the pH is maintained constant, and eqn. (5) is thus valid.

EXPERIMENTAL

Materials: Isopropoxy-methyl-phosphoryl chloride was synthesized by reacting
methyl-phosphoryl dichloride * with 4sopropanol, and was freshly distilled before use.
B.p. 51°C/4 mm Hg; n}y 1.4275; d;’ 1.140.

Chloroform: E. Merck; anal. reagent.

Procedure: The rate of the hydrolysis of ¢sopropoxy-methyl-phosphoryl chloride dur-
ing the distribution between chloroform and & 0.100 M solution of potassium chloride
was studied at pH 7.00 and 25.0°C. The pH was maintained constant by means of an
automatic recording titrator > which was standardized before each run against a 0.056 M
solution of potassium hydrogen o-phthalate (pH 4.01). A constant temperature, circulat-
ing water bath maintained the jacketed reaction vessel at 4+ 0.1°C or better.

A 0.80 mM stock solution of the compound in dry chloroform was prepared. Txperi-
ments were performed with four different ratios of the volumes of chloroform solution to
aqueous solution as shown in Table 2. The total volume of each sample was 40 ml.
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Table 2. Ratio of the volumes of chloroform solution to aqueous solution.

‘ 5:35 10: 30 15:25 18 :22

The aqueous solution was in advance adjusted to the desired pH. The addition of pure
chloroform to the aqueous solution has no influence upon pH. Each set of experiment
was repeated five times. Some difficulties arose in getting & suitable speed of the magnetic
stirrer. Too rapid stirring caused great fluctuations of pH during the run owing to chloro-
form splashing over the electrodes and shielding them. On the other hand slow stirring
did not permit equilibrium to be attained. With a few exceptions the variations of pH
during the runs were -+ 0.1 or less. The products formed in the hydrolysis, hydrochloric
acid and 4sopropoxy-methyl-hydroxy-phosphine oxide, are assumed to be completely sol-
uble in the aqueous phase at the actual pH. The curves obtained were treated according
to Guggenheim ¢ Straight lines were obtained the slopes of which were calculated.
The straight lines indicate that no appreciable association did occur in the chloro-
form phase 1.

RESULTS AND DISCUSSION

When 1/|a| is plotted against vor/vaq for the hydrolysis of isopropoxy-
methyl-phosphoryl chloride in various ratios of chloroform and water at
pH 7.00 a straight line is obtained as shown in Fig. 2. The equation of the
line was calculated by the method of least squares with weighted values
(9:5:2:1). The intercept of the ordinate of the line was found to be (0.151 4
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0.041) x 10® which corresponds to a rate constant of the hydrolysis of (1.5 4
0.4) X 1072 gec.”L.

If it is assumed that the rate of the hydrolysis of ¢sopropoxy-methyl-
phosphoryl chloride is proportional only to the hydroxyl ion concentration as
is valid for Sarin 3, the bimolecular rate constant, %,, would be 1.2 X 10° 1
mole™ sec.”l, ¢.e. 5 X 10° times greater than that of the fluorine derivative
(Sarin). Because of the greater electronegativity of fluorine which makes the
phosphours atom more electron deficient and positive, the formation of the
P-OH bond is facilitated more in the fluorine than in the chlorine compound.
By using Pauling’s values of electronegativity of P, Cl and F a rough calcula-
tion according to Hannay and Smyth 7 shows that the P—F and P—CI bonds
are 43 and 17 9, ionic, respectively. If the difference in the ionic character
of the bonds is the rate determining factor, one would expect that the fluorine
compound would hydrolyse more rapidly than the chlorine compound. The
considerably greater hydrolytic stability of the fluorine derivative may,
however, be ascribed principally to the higher bond energy of the P—F bond,
120 kcal/mole, in comparison with that of the P—CI bond, 80 keal/mole 8.

The author is indebted to Professor G. Ljunggren, Director of this Institute, for the
kind interest he has shown in this work. The author wishes also to express his thanks to
Fil.li'c. K.-E. Almin, Swedish Forest Products Research Laboratory, for valuable dis-
cussions.

REFERENCES

. Larsson, L. Acta Chem. Scand. 10 (1956) 1071.

McDaniel, D. H. and Smoot, C. R. J. Phys. Chem. 60 (1956) 966.
Larsson, L. Acta Chem. Scand. 11 (1957) 1131.

Kinnear, A. M. and Perren, E. A. J. Chem. Soc. 1952 3437.

. Larsson, L. and Hansen, B. Svensk Kem. Tidskr. 68 (1956) 521.
Guggenheim, E. A. Phil. Mag. 2 (1926) 538.

Hannay, N. B. and Smyth, C. P. J. Am. Chem. Soc. 68 (1946) 171.

. Neale, E., Williams, L. T. D. and Moores, V. T. J. Chem. Soc. 1956 422.

L

Received October 24, 1957.

Acta Chem. Scand. 12 (1958) No. 2



