STABLE WATER-SOLUBLE VITAMINS AND COENZYMES. VII. KINETICS AND
MECHANISM OF THE HYDROLYSIS OF THE CALCIUM SALT OF HOMOPANTOTHENIC
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The calcium salt of homopantothenic acid {pantogam, I) is an agent for metabolic ther-
apy.

The purpose of this work was to investigate the process of hydrolysis of T in aqueous
solutions for the development of a stable injection form of I.

EXPERIMENTAL

Pharmacopoeia quality substances were used in the work: I (VFS 42-834-79) and y-amino-
butyric acid (aminalom, II; FS 42-1019-75). Analytical reagents, as well as buffer agueous
and aqueous alcohol solutions, were prepared according to [3]. An acid solution of formal-
dehyde was prepared by mixing 0.1 ml of a 407 solution of formalin, 40 ml of 1 N hydro-
chloric acid, and 10 ml glacial acetic acid. The ionic strength was varied by varying the
concentration of the compoents of the buffer solution (sodium acetate and hydrochloric acid)
by dilution at a constant ratio.

The hydrolysis of I was studied in the temperature range 60-90°C (+0.1 °C). The course
of the reaction was monitored according to the change in the concentration of I, which was
determined spectrophotometrically according to the reaction product with the sodium salt of
1, 2-naphthoquinone-4-sulfonic acid (III) on a Specord UV VIS instrument using one centimeter
cuvettes; accuracy of the method 27%.

Methods of Kinetic Investigations

A 0.1-0.5-g weighed sample of T was dissolved in 100 ml of aqueous or aqueous alcohol
buffer solution. The solution obtained, with an initial concentration of T 1.98-.10-°-
9.91-10-°M, was placed in a thermostatically controlled vessel, equipped with a magnetic
mixer and reflux condenser, or poured into ampuls, which were then exposed in a constant-
temperature chamber. Samples were collected periodically from the reaction mixture, in-
cluding the zero sample (t = 0), for a total of seven samples. A 5-ml portion (exact vol-
ume) was collected with a pipette from each sample, cooled to 20°C. The sample was trans-
ferred to a 50-ml volumetric flask; depending on the pH the medium was neutralized accord-
ing to 0.027% phenolphthalein with 0.1 N solutions of sodium hydroxide or hydrochloric acid
and brought up to the mark with water (series of solutions A, concentrationof I 0.19-10 °-
0.99:10~3 M). A 2-10-ml portion was collected from each solution of series A, placed in a
25-m1 flask, 1 ml of a 1% solution of borax and 1 ml of a 0.5% solution of III were added,
and the mixture exposed for 10 min on a boiling water bath. After cooling to room temper-
ature, 1 ml of an acid solution of formaldehyde and 1 ml of 0.1 N sodium thiosulfate were
added. The contents of the flask were mixed and the volume of the solution brought up to
the mark with water. The solution obtained (series B) was exposed at room temperature for
20 min, and the optical density was measured at A =465 nm. The control solution, prepared
in the same way as solution B but without the solution A, was placed in a reference cuvette.
The optical density to be measured, D¢, corresponds to the content of IT in the reaction
mixture at the moment of time t, while the difference of the optical densities Dy — Do is
the optical density of a solution of series B, obtained from the zero sample, corresponds
to the change in the content of II in the course of the reaction, beginning with t =0.

A parallel determination of the content of II was made at the time of the end of the
reaction, i.e., at the stage of the maximum degree of conversion of the initial I to II.
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TABLE 1. Coeffi-

cient of Extinction
(e1) of the Product
of the Reaction of

IT with III
a
E = E €,at
8%% |25 | A
EcT (EZ max
88x [C8 | 465mm
0,791 1 0,235 2971
0,238 3009
0,240 3034
1,186 | 0,375 3162
0,375 3162
0,375 3162
1,582 1 0,495 3129
0,500 3160
0,510 3224
€4y 3112

TABLE 2. Maximum Degree of Conversion of

I to IT
Condition of = !
8 Xx [reaching of max-|2 o g
@& E - [imum degree of |g 845 Bt
pH |8% £ |conversio IEE=PY S0 .
Gagr < SEE |~ |EsE
o B time 'temper- S g o o ‘;j Ee
g2 S0 * lature # a0 A =L | e B
=19 Q5 h = ] . A 10} = -0 O
Seed C jo s8EH < [=o5
0,8 1,65 1 100 5871 1,89 94,3
0,9 1,65 1,6 100 5934 1,91 95,3
1,1 1,65 2 100 5745 1,85 92,3
12,5 1,65 1,5 100 5682 1,83 91,3

7'cThe value of e, is unchanged for 2 h af-

ter completion of the reaction.

te, is the coefficient of extinction of

II, £1 =3112.
To obtain the value of the optical density D, corresponding to this value, 5 ml of the reac-
tion mixture was placed in a 50-ml volumetric flask, 20 ml of water and 2.5 ml of 2 N hy-
drochloric acid were added, the mixture boiled for 1.5 h on a water bath, and after cooling,

neutralized according to phenolphthalein with 2 N sodium hydroxide and brought up to the
mark with water (solution C). Then the content of IT was determined in solution C (see

series A), and D _ was established.
The value of the effective rate constant K.¢f was calculated according to a first-order

kinetic equation.

12,808 1
k=7 i x>
Dy — D,
X=Da—D,

RESULTS AND DISCUSSION

Compound I is the closest analog of the potassium salt of D-pantothenic acid (IV), the
kinetics and mechanism of the hydrolysis of which were outlined in [3]. There is only one
study on the hydrolysis of I; in addition to a colorimetric determination and the physico-
chemical properties of homopantothenic acid (I) it cites the values of the rate constant of
the reaction at one temperature, 90 +0.1°C [4]. From the data cited it follows that the pH
range 5.0-6.0 corresponds to the greatest stability of TI.
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Fig. 1. Semilogarithmic plots of the kinetic curves
of hydrolysis of I in aqueous solution. a) At 90°C
and pH 1.06 (1), 1.24 (2), 1.28 (3), 1.31 (4), 1.60
(5); b) at 60°C and pH 7.33 (1) 6.08 (2), 5.95 (3),
5.57 (4)3c) at90°C and pE10.30 (1), 9.75 (2), 9.44
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Fig. 2. Dependence of the effective rate constant of hydrolysis
of I (logkeff) 1in aqueous buffer solutions on the pH values
at 60°C.

Fig. 3. Dependence of the effective rate constant of hydrolysis
of T (log keff) on the temperature (T) at pH 1.03 (1) and 10.10
(2).

Fig. 4. Dependence of the effective rate constant of acid hy~
drolysis of I (log keff) on the dielectric constant () at 60°C
and pH 4.3-4.5.

Just as in the case of IV, the hydrolysis of I in acid, neutral, and alkaline media pro-
ceeds with cleavage of the CG—N amide bond, as a result of which II or its salt is formed;
they are determined in the course the kinetic experiment by a spectrophotometric method ac-
cording to the colored product with III. For a determination of the mole fraction of de-
composed I, the amount of II formed is related to the amount of I, analyzed by the same
method, according to VFS 42-834-~79, with the exception of the fact that the spectrophoto-
metric determination is performed in water.

Stoichiometry and Order of the Reaction

Tables 1 and 2 present the values of the coefficients of extinction of the products of
the reaction of III with a known sample of II (g,) and a sample of the reaction mixture taken
at the end of the reaction (e,). From the ratio e€,/e; =2 it follows that in the hydrolysis
of 1 mole of I, 2 moles of TI (or a salt of IT) are formed. The maximum degree of conversion
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TABLE 3. Dependence of the Effective Rate
Constants of the Hydrolysis of I on the
Initial Concentration

T Initial cc%ncen— .
emperature, °C tratio I° .104,h
P LT Y Fagg 1000
1,98 2,61
60 4,445 5,94 2,52
9,91 2,43
TABLE 4.  Depen-
dence of the Effec—
tive Rate Constant
of Hydrolysisof I
on the pH valuein
Weakly Acid Medium
at 60°C
pH keff 10%,h -1
4,31 0,148
5,12 0,060
5,19 0,067
5,45 0,084
5,95 0,090
6,08 0,188
TABLE 5. Dependence of the
Effective Rate Constant of
the Hydrolysis of I on the
Dielectric Constant
Alcohol
. concen- . 104,
Medium  |Fation, %| (oo ’?efg !
B
eight
Ethanol—
water
7 50 47,5 1,34
The same 35 57,8 0,90
» » 20 67,1 0,82
Water 0 78,3 0,77
TABLE 6. Comparison of kg g¢f

of the Rates of Acid and Alka-
line Hydrolysis of IV and T at

90°C

Compound IV

Compound I

e ™1 a —1
PH | fff 10°min PH | ke 10° mind

NI~~~ O

Q0 ~J UL D 00 M= ~J U

of I to II during acid and alkaline hydrolysis is 91-957%.

reaction is practically irreversible.
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The hydrolysis of I in acid, neutral, and alkaline
media proceeds as a first-order reaction with respect to the initial compound, which is demon-



strated by the linearity of the semilogarithmic plots of the kinetic curves for varicus pH
values (Fig. 1). Under set experimental conditions (constant pH, ionic strength), the values
of the effective rate constants do not depend on the initial concentration of I (Table 3).

Dependence of the Effective Rate Constant of the Hydrolysis of I on the pH of the Medi-
um. The influence of pH on the rate of hydrolytic decomposition of I was studied in the
range of pH values 2.0-10.2. Figure 2 presents the dependence of the effective rate constant
of hydrolysis of I (kefg) on the hydrogen ion concentration in logarithmic coordinates. As
can be seen from Fig. 2, increasing the pH to 5.0 leads to a sharp drop in the value of keff,
which reaches minimum values in the range of pH 5.0-5.5 and then increases sharply when the pH
is increased to 10.2. The minimum values of k. ¢f at 60°C are cited in Table 4. The general
form of the function is characteristic of specific acid-base catalysis [1]. The range of pH
corresponding to optimum stability of I is somewhat shifted in the more acid direction in
comparison with IV.

Influence of Temperature. The dependence of the effective rate contant of hydrolysis
of T in acid and alkaline media on the temperature in the temperature range 60-90°C is
described by an Arrhenius equation (Fig. 3). The average value of the effective activation
energy is 20.2*0.2 kcal/mole at pH 1.0 and 22.4 0.6 kcal/mole at pH 10.1. The average
value of the effective activation energy of hydrolysis of I in acid medium is somewhat higher
than the corresponding value for IV, which at pH 1.2 is 18.9+ 0.4 kcal/mole, which is evi-
dence of greater reactivity of IV.

Influence of the Ionic Strength and Dielectric Constant of the Medium. The dependence
of the effective rate constant of acid hydrolysis of I on the ionic strength (u) was inves-
tigated under conditions of a constant pH value (3.5-3.6) and concentration of I (9.91+107°M).
At values of u 0.26, 0.41, and 1.0, the effective rate constants of hydrolysis of I
(kagfp®10% h™") are 5.65, 6.07, and 8.60, respectively, i.e., when the ionic strength is in-
creased more than fourfold, the rate constant increases by a factor of 1.5, and a negligible
salt effect is observed.

The influence of the dielectric constant (e) on the effective rate of acid hydrolysis of
I was studied in ethanol—water solvent mixtures at pH 4.3-4.5 (u= 0.01; 60°C. The dielec—
tric constants were calculated as described in [3]. Table 5 presents the values of kggg
found experimentally for varidus compositions of the medium (the change in e with the temper-—
ature is rather small and was not considered in the calculations). The results obtained are
evidence that the effective rate constant of the hydrolysis of I is almost independent of the
polar properties of the medium. The dependence constructed in a plotcﬁ?logkeff versus 1/¢
(the parameters of the Kirkwood equation for ion-dipole interaction) is linear with a small
slope (Fig. 4).

The observed dependences on the electrostatic and polar properties of the medium (in-
crease in kegf with increasing ionic strength and decreasing dielectric constant of the me-
dium) are characteristic of the interaction of an ion with a dipole molecule. However, on
account of the greater dispersal of the charge in the transition state, these effects for I,
just as for IV, are negligible.

Mechanism of the Reaction. By analogy with the hydrolysis of IV, the hydrolytic de-
composition of I should be classified as a reaction of specific acid-base catalysis (the
catalysts are H30 + and OH™, respectively), the rate of which is described by the expres-
sion:

d|AH 4 A~
— A dj 1 kyp ot [HyOT] [AH] + &, [AH] + kopy— [OH—] [A7] 4 &,[A7] (1)

where [AH + A"} is the total concentration of dissociated and nondissociated homopantothenic
acid (V); [AH] and [A ] are the concentrations of undissociated V and its anion, respec-
tively;kHso-FkOH— are the rate constants of the limiting step of acid and alkaline hydro-
lysis, respectiveély; ki and k, are the rate constants of noncatalytic conversions of undis-
sociated and dissociated forms, respectively. Since hydrolysis proceeds slowly in the ab-
sence of acids and bases (see Table 4, Fig. 2), the terms k,;[AH] and k.[A"] can be neglect-
ed; then Eq. (1) takes the form:

d [AH - A—
- d;l— .. kg ot [HO%] [AH] + koy— [OH-] [A™], {2)
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Fig. 5. Dependence of the effec-
tive rate constant (log kgfg) of
acid hydrolysis of I on the acid-
ity of the medium (a) and alka-
line hydrolysis of I on the con-
centration of hydroxyl ions (b)
at 90°C.

The products ky,gt [Hs0F] and ko= [OH™] are the effective rate constants of acid and
alkaline hydrolysis of I, which proceeds as a first-order reaction at a constant pH of the
medium. The value of kp,0+ was found from the experimental dependence of 1/kgff on 1/ho
(where ho =~ [Hs0T] at an activity coefficient assumed equal to one) in the range of pH
1.26-2.63, where V is in an undissociated form (pK of V is 4.5 at 25°C [4]). The straight
llne obtained (Fig. 5a) intercepts a segment on the y axis equal to 1kn, ot with slope
l/\ gaot KB), where Kp is the equilibrium constant of formation of the transition state dur-
ing hydrolysis. We find the values ky, ot = (2.1 £ 0.3)- +10~? min=*, Kg=49%5 liter/mole by
the method of least squares.

By analogy with an acid hydrolysate of substituted amides, it is assumed that acid hy-
drolysis of I, like that of IV, proceeds according to a bimolecular acid hydrolysis mecha-
nism Apce [2, 3]. The limiting step of the process is the conversion of the active inter-

O_,
) |
mediate form H,0%— (I: R R, where R = —CH(OH)C(CHs).CH,0H, R' = —CH,CH,CH,COOH, to the
R

reaction products, accompanied by cleavage of the acyl carbon—mitrogen bond. TIn an Apce
mechanism a dependence of the reactivity on the steric effects of substituents close to the
reaction site is observed [2]. The inhibiting effect of the substituent increases with its
size. The molecules of homopantothenic (V) and pantothenic (VI) acids have the general for-
mula R=C(0)NHR' and differ in substituents R’ at the nitrogen: R'=—CH,CH,CH,COOH for

V and R' = — CH,CH,COOH for VI (in both compounds R = —CH(OH)C(CH3),CH,0H). In I the
substituent R' is one CH, group larger. Precisely this may explain the fact that the hy-
drolysis of I in acid medium at the same pH values occurs several times more slowly than

the acid hydrolysis of IV (Table 6).

By analogy with the alkaline hydrolysis of amides, for the acid hydrolysis of I we
should assume a Bpg. mechanism [2, 3]. The reaction is considered as reversible addition
of an OH ion to the molecule of I at the carbonyl group. Decomposition of the active inter-
mediate form determines the rate of alkaline hydrolysis. The mechanism of biomolecular
basic hydrolysis Bjc-2 is characterized by a negligible decrease in the rate in a homologous
series of substituents close to the reaction site.

A comparison of the values of the effective rate constants under conditions of alkaline
hydrolysis (at close pH values) confirms this pattern (see Table 6). The mechanism of the
alkaline hydrolysis of I confirms a linear dependence of the effective rate constant on the
basicity of the medium in the range of pH 9.4-10.3 (where I is entirely dissociated) in a
plot of 1/kggf versus l/[OH_]. The straight line obtained (Fig. 5b) intercepts a segment on
y axis equal to l/k H The value of kop-, found according to the method of least squares,
is (5.4 +0.7)+107° min~'; the equilibrium constant of the transition state is equal to
(1.7 = 0.1) 10" liters/mole.

Since the numerical value of the rate constant of acid hydrolysis is somewhat lower
than of alkaline hydrolysis, while the equilibrium constants of formation of the intermediate
form in both cases of hydrolysis are rather large, the interval of pH values corresponding
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to the greatest stability of T is shifted in the acid direction (5.0-5.5). For IV the rate
constants of alkaline and acid hydrolysis differ less: 4.3:1072 and 3.3°107° min™'; the pH
range corresponding to the greatest stability of IV is closer to neutral (5.7-6.2).

Thus, as a result of our kinetic investigation we studied the influence of various fac-

tors on the stability of I and determined the conditions ensuring its greatest stability in
solutions.

LITERATURE CITED

1. E. T. Denisov, Kinetics of Homogeneous Chemical Reactions [in Russian], Moscow (1978),
p. 173.
2. K. Ingold, Theoretical Bases of Organic Chemistry [Russian translation], Moscow (1973).

W

E. I. Kozlov, M. Sh. L'vova, and T. V. Ozerinina, Khim.-farm. Zh., No. 2, 210-217
(1983).
4. T. Kodama, M. Samejimi, F. Amano, et al., J. Vitaminol., 13, 298-304 (1967).

511



