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Abstract: The first—order rate constants and thermodynamic parameters (E, k] - mole™'] = 139.9 for RH=0%

and 133.6 for RH=76.4%; AH"|k) -

mole™'] = 137.4 for RH=0% and 131.1 for RH=76.4%; A(S* [J - (K"

- mole™)] = 354 for RH=0% and -207.8 for RH=76.4%) for the degradation of quinapril hydrochloride
— a mixture of amorphous and crystaliine forms (QHCI-AC) in solid state were calculated. The effect of
humidity on the stability of QHCI-AC in the humidity range 25.0% to 76% at 363K is described by the
equation /n k; = ax + b = (0.058 £ 0.0086) - RH% — (14.19 £ 0.50). Mechanism of degradation of QHCI-AC
was investigated at 363 K (relative humidity 76.4%) and 373 K (relative humidity 0%).
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Quinapril hydrochloride is a pro—drug which
after administration to the human body is hydro-
lysed to the active metabolite — quinaprilate. Qui-
naprilate (quinapril diacid), by acting on the en-
zyme angiotensin convertase (ACE) inhibits the
transformation of angiotensin I into angiotensin II.
This inhibition brings about peripheral vasodilata-
tion and reduction of aldosterone secretion with the
consequent depletion of sodium and concomitant
increase of potassium levels (1-3).

So far conducted studies of quinapril hydro-
chloride were dealing only with the amorphous form
of the drug (4-6). Because of the beneficial action of
quinapril hydrochloride in arterial hypertension and
the increasing interest in its application for the
treatment of this disease (7-10), investigations aiming
in more detail elucidation of the kinetics and mecha-
nisms underlying the process of quinapril hydro-
chloride degradation seem to be well substantiated.

The aim of this work is to investigate the
influence of temperature and humidity on the
stability of QHCI-AC in solid phase and estimation
of thermodynamic parameters.

In addition to that, the following parameters
were included into the study protocol: evaluation of
the mechanism of QHCI-AC decay (at an increased
relative atmospheric moisture, RH =76.4% and in
an anhydrous atmosphere, RH = 0%), kinetic inter-
pretation of the formation or decomposition of
degradation products under the experimental con-
ditions. Another aim was to describe an adequate
model of the reaction and evaluate the per cent
participation of the two decay processes, that is: of
cyclization and of hydrolysis in both, the moist and
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dry atmosphere. The investigations were performed
by means of ,,the enhanced ageing test”.

EXPERIMENTAL

Materials and reagents

Quinapril hydrochloride — a mixture of amor-
phous and crystalline state (QHCI-AC), quinap-
rilate — quinapril diacid (QAT), derivative quinapril
— diketopiperazine (DKP) and lovastatine were
derived from P.P.H.U. Biofarm Ltd. All other
reagents used were commercial preparations with
a pro analysis grade of purity.

HPLC method conditions

In this paper, a modified HPLC method was
applied, used earlier for the study of stability of
quinapril hydrochloride in tablets (11).

A Merck analytical colugnn (Hypersil MOS,
5 pm particle size, 250 mm x 4 mm ID Merck) was
used as the stationary phase. The mobile phase:
acetonitrile — solution A (50:50 v/v); preparation of
the working solution A: take exactly 0.0680 g of
KH,PO, and dissolve it in 450 ml of water in a 500
ml volumetric flask, adjust pH of this solution to
2.0 with 80% phosphoric(V) acid and made up the
volume with water to a total of 500 ml, mobile
phase flow rate 1.0 ml/min, internal standard:
lovastatine (methanolic solution 0.16 mg/ml), dete-
ctor UV: 215 nm.

HPLC - MS method conditions
Column: Hypersil MOS, 5 um particle size,
250 mm x 4 mm ID Merck, mobile phase:
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acetonitrile — water (90:10) with formic acid,
flow rate: 0.5 ml/min.

Validation method

Selectivity: the applied method is selective
towards the QHCI-AC, degradation products and
lovastatine (internal standard).

Linearity: the parameters of regression were
the following: y = (17.47 £ 0.33) - x; b — was
statistically insignificant, coeflicient of linear cor-
relation » = 0.999. The values of ZAa were com-
puted for f'=n-1 degrees of freedom, with ¢ = 0.05.

Precision: the precision of measurements of
decomposition rates of QHCI-AC was established
from the results of 8 repeated (under like con-
ditions) determinations of velocity constant rates of
degradation of QHCI-AC at 353 K, RH ~76%. The
obtained results have shown that the adopted proce-
dure for the determination of QHCI-AC is charac-
terised by a good RSD (1.015%) value.

Condition of the kinetic studies

Weighed samples (0.0100 g) of the substance
in open glass vials (5 ml) were placed in an
automatically controlled head chamber at approp-
riate temperature. To investigate the effect of humi-
dity, samples were placed in desiccators containing
aqueous saturated solution of appropriate inorganic
salts: sodium iodide for relative humidity RH
~25.0%. sodium bromide for RH ~50.9%, potas-
sium jodide for RH ~60.5%, sodium nitrate for RH
~60.5% and sodium chloride for about 76.4% and
placed into the head chamber (temperature 363 K).

Samples destined for investigation of the ef-
fect of temperature at a relative humidity of about
76.4% were placed in desiccators containing aque-
ous saturated solutions of sodium chloride and
inserted in the head chamber adjusted to 338 K,
343 K, 348 K, 353 K and 363 K.

To assess the stability of QHCI-AC in dry air,
the vials with the studied substance were immersed
in a sand bath, in the head chamber adjusted to 353
K, 358 K, 363 K, 368 K and 373 K.

Samples destined for investigation of the mecha-
nism of degradation QHCI-AC at a relative humidity
of about 76.4% were placed a in desiccator containing
aqueous saturated solution of sodium chloride and
inserted in the head chamber adjusted to 363 K.

Samples destined for investigation of the me-
chanism of degradation QHCI-AC in dry air were
immersed in a sand bath, in the head chamber
adjusted to 373 K.

For the determination, samples were cooled at
room temperature, dissolved in methanol, transfer-
red into a volumetric flask and made up to 25 ml
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Figure 1. Semilogaritmic plots ¢ = f(t) for the degradation of

QHCI - AC in solid phase

ay at relative humidity RH ~76% at ditferent temperatures,
b) in dry air at different (emperatures,

¢) at different humidity, at 363 K

with the same solvent. For the analysis, 1.0 ml of
this solution was mixed with 1.0 ml of the internal
standard solution.

RESULTS AND DISCUSSION
Kinetic studies

In the presence of increased humidity and
dry air, the concentration changes of QHCI-AC
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occurred according to the first order reaction model
¢ — 0. The plots In ¢; = f{t) were linear (Figure Ia,
1b and 1c) and the observed rate constants were
calculated by the least squares method according to
the equation: In ¢; = In ¢, — k - 1, where: ¢; and ¢,
represent concentration of QHCI-AC at time r and
0, respectively, k is the first—order rate constant.

The following statistical parameters of the re-
spective equations were computed: « + Aa, b + Ab,
S, S, S: and the coefficient of linear correlation.
The values of Aa and Ab were compouted for
[ = n-2 degrees of freedom, with o0 = 0.05.

The determined reaction rate constants were
employed for the calculation of the Arrhenius
relationship:

In ki = InA — E/RT, where k; represent the
respective reaction rate constants [s™'], A = frequ-
ency coefficient, E, = activation energy [J - mo-
le™'], R = universal gas constant (8.3144 J - K™
- mole™), T = temperature |K].

For the relationship In k; = f(1/T) straight line
plots were obtained for both the humid and dry
conditions of sample exposure (Table ). From the
parameters of the plot ln k; = f(1/T), the following
thermodynamic. parameters of the decomposition
reaction of QHCI-AC in solid phase, pertaining to
either of the conditions of sample incubation, i.e. in
dry air and in an atmosphere of RH = 76.4%, were
calculated: the activation energy (FE,), enthalpy
(AH™) and entropy (AS”) for a temperature of 293 K
(Table 1).

The effect of humidity on the stability of
QHCI-AC at 363 K, in the humidity range from
25.0% to 76.4% is described by the equation: In k; =
ax + b = (0.058 £ 0.086) - RH% —(14.19 £ 0.50)
(Table 2).

The slope (a = 0.058 = 0.086) of the straight
linear plot In k; = f (RH%) characterises the effect
of humidity on the stability of QHC—AC. The value
b obtained by extrapolation of this dependence for

Table 1. The first-order rate constants and thermodynamic parameters for the decomposition of QHCI-AC in solid state

‘ T(K)rm 10°k £ Ak, 5! -r n Statistical evalution | Thermodynamic r‘
in ki = f(1/T) parameters
Rejative humidity, RH = 76.4%
363 69.66 t 0.37 0,9963 9 a4+ Aa=—16071 £ 960 E,=133.62£7.8
353 20.06 + 8.32 0.9982 12 S, = 3019 k) - mole'];
348 10.76 + 1.12 0.9985 11 b+ Ab =446 £ 0.26 AH™= 133.14 £ 104
343 5.032 £ 0.38 0.9931 11 S, = 0.866 k] - mole '],
338 2,722 £ 0.11 0.9965 11 r = —(.9995 AS” = -207.8 £ 242
[J-(K'- mole™"]
Relative humidity, RH = 0%
373 1.7 £ 0.75 0.9981 9 a * Aa=-16822 £ 1973 E.= 13986 £ 164
368 5.76 £ 0.36 0.9965 11 S, = 620.3 [kJ - mole™];
363 395 + 0.38 0.9928 9 b+ Ab =33.71 £ 543 AH” = 1374 £ 188
358 1.80 = 0.085 0,9961 10 S, = 1.70 [kl - mole™'|;
353 0.869 + 0.029 0.9986 12 r =-0.9979 AS* = 3536 £ 169
[J- (K" mole 'y

Table 2. The effect of humidity on the stability off QHCI-AC in solid state at 363 K

RH% 105k + Ak, s —r n Parameters of regression
In ki = {(RH%)

25.0 0.315 £ 0.024 0.9951 I atAa = 0.058 + 0.0086

50.9 0.722 + 0.072 0.9962 12 S. = 0.00269

60.5 2,13 £ 0.16 0.9950 11 bEAb = 14.19 £ 0.50

66.5 3.44 + 0.33 0.9942 9 Sy =0.1578

76.4 6.99 + 0.37 0.9963 9 r=0.9947
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RH =0% (b =k =6.833 - 107s™") is lower than the
value k at 363 K under dry air conditions (k = 9.953 -
10%s7"). Such results indicate differences in the
mechanism of degradation of QHCI-AC occurring
in the presence or absence of ambient humidity.

Mechanism of degradation of QHCI — AC in the
presence or absence of ambient humidity

Chromatography was performed as described
under Experimental.

The following signals on HPLC chromatog-
rams were observed:

e the QHCI-AC signal at fz = 6 min,

e three signals corresponding to the decom-
position of QHCI-AC in the experimental con-
ditions (RH = 76.4%, at 363 K): 1 = about 2.5 min,
3.5 min and 4.5 min,

¢ two signals corresponding to decomposition
of QHCI-AC in a dry atmosphere (RH = 0%, at
temp. 373 K): t; = about 1.5 min and 4.5 min.

Identification of degradation products of QHCI-AC
HPLC-MS method
Mass spectra of the degradation products of
QHCI-AC obtained by means of the ESI technique
allowed to define their molecular masses (Figure 2):

BEATA STANISZ

¢ degradation products formed at RH = 76.4%,
at 363 K; M = 410 (tz about 14 min; ES*, m/z =411
and ES™, m/z = 409), M = 420 (1 about 9 min; ES™,
m/z =421) and M = 392 (¢, about 6 min; ES™, m/z
= 393 and ES, m/z = 391),

e degradation products formed at RH = 0%, at
373 K; M = 420 (1 about 9 min; ES*, m/z = 421)
and M =452 (1, about 6.5 min; ES*, m/z = 353 and
ES~, m/z = 351).

The analysis of HPLC-MS spectra yielded the
following conclusion: the product with M = 420
(ES*, m/z = 421) is a derivative of QHCI-AC
— diketopiperazine (DKP), whereas the product
with a molecular mass M = 410 (ES*, m/z = 411
and ES™, m/z = 409) is diacid QHCI-AC, quinap-
rilate (QAT).

It has been assumed that the products with
molecular masses M = 392 (ES*, m/z = 393 and
ES™, m/z = 391) and M = 452 (ES*, m/z = 353 and
ES™, m/z = 351) are formed in consecutive reac-
tions.

To prove this assumption — changes in the
P/P, (P; — area of peak QHCI-AC; P;, — area of
peak internal standard) values for QHCI-AC and
for its degradation products obtained in the HPLC
procedure were analysed and the formation as well
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Figure 2. Mass spectra of the degradation products of QHCI-AC
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as degradation velocity constants for each product
were calculated.

Kinetic interpretation of the decomposition of
QHCI-AC in dry air (RH = 0%) at 373 K

Velocity constants for both the formation and
degradation of the individual compounds were
determined by the least squares method according
to the equations:

e degradation of QHCI-AC and derivative
quinapril — diketopiperazine (DKP) (Figure 3a,
Table 3)

I(P/Pi)orci ac = In (Po/Piouciac — ki - t

I(P/Pi)pkp = In (Po/Pi)pxp — k> - ¢

time interval 1 = f) — t.

¢ formation of the quinapril derivative — dike-
topiperazine (DKP) (Figure 3b, Table 3)

In(P;~= P)pxp = In (Py'= P)pgxp — k; - 1

P = P/P;,

P* — theoretical values, computed from the
equation describing the degradation of DKP for
a given time interval t = t) = 4,

The velocity constants of QHCI-AC degrada-
tion and the formation of quinapril derivative
— diketopiperazine (DKP) do not show any statis-
tically significant differences (Table 3). These re-
sults indicate that the degradation of QHCI-AC in
a dry, (anhydrous) atmosphere proceded in a reac-
tion according to the following Scheme 1.

To prove that the reaction QHCI-AC — DKP
is not accompanied by another reaction, we have
calculated the value of the ordinate (P,‘)ke for t
using the following relationship: In (P/Pi)pke
= f{t), and taking into consideration results from
the time intervals 1,,.,, — . Next, the theoretical
value of Ppkp/P;, = f{cpxp,mole - ') was calculated.
The calculated value for time =0 ¢, pxr = 8.419

447

- 10~ mole - 1" and the value of initial concent-
ration of QHCI-AC at zero time ¢ gncrac = 8.431

10 mole - 1" are well comparable and thus
indicate that the decomposition of QHCI-AC in
a dry (anhydrous) atmosphere (RH = 0%, at 373 K)
involves solely the cyclization reaction without
involvement of any other process.

10 A
PI/Pi.S.
L g
1 ¢ .
¢ [ ]
* 1
0.14
0.01+—— T T ‘ T
0 200 400 600 800 1000
hours
10 B
P-P,
PP,
1
1
0.1
QHCI-AC
0.01 T T T
0 20 40 60 80
hours

Figure 3. Semilogarithmic plots:

a) P/P,, = f(t) for derivative QHCI-AC DKP (1)

b) P/P,, = f(t) for degradation of QHCI-AC and P~ P, = f(t) for
formation of derivative QHCI-AC DKP (1) in air dry at temp. 373 K.

Table 3. The apparent first-order rate constants for the degradation of QHCI-AC and the rate constants of formation and degradation of

their products

Decomposition Symbol ki + Ak; [s7"] ks £ Ak, [s7'] ks + Ak; [s7']
terms
373K QHCI [M = 438] (6.99 £ 0.72) - 107
RH = 0% DKP [M = 420] (1.17 £ 0.99) - 107 (7.69 £ 0. 41) - 107
363K QHCI [M = 438] (6.97 £0.32) - 10
RH = 76% DKP [M = 420] (699 £ 0.72) - 107 (4.76 £ 0.28) - 107
QAT (M = 410] (6.94 £ 1.01) - 10°° (1.78 £ 0.20) - 10

QHCI — Quinapril hydrochloride (mixture of amorphous and crystalline forms)

DKP — derivative QHCI-AC (diketopiperazinc)
QAT - quinaprilate (diacid quniapril hydrochloride)
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Kinetic interpretation of the decomposition of
QHCI-AC in relative humidity RH = 76.4%, at
363 K

Velocity constants for both the formation and
degradation of the individual compounds were
determined by means of the method of smallest
squares, for which the following equations were
used:

e degradation of QHCI — AC, quinapril deri-
vative — DKP and quinaprilate — QAT (Figure 4a,
Table 3)

In(P/Pi)onciac = In (Py/Pi)onci ac — ki - t

(PP Jpip = In (Py/Pi)pkp — ka2 - 1

ln(Pi/Pi.\)QA'I' =In (P(/Pi\)y/\/' —k; -t

e formation of quinapril derivative — DKP
and quinaprilate — QAT (Figure 4b, Table 3)

(P~ P)pgr = In (Py'= P)pxp — k) - 1

In(Pi'— Poar = In (Py'- P)oar —k; - 1

P =P/p,

P* — theoretical values, computed from the
equation describing the degradation of DKP and
QAT for a given time interval t = t; — t,

The velocity constants of QHCI-AC degrada-
tion and formation of quinapril derivative — DKP
and quinaprilate — QAT do not show any statistical-
ly signiticant differences. These results indicate
that the degradation of QHCI-AC in RH = 76% and
a temperature of 363 K, proceeded in a parallel
reaction according to the following Scheme 2.

To show, to what extent the individual reac-
tions participate in the decay of QHCI-AC, I have
calculated the ordinate value (Py‘)pxp for 1, using
the following relationship: In (P/P)pxkr = flt) or
(Po')oar for ty In (P/P;)oar = f(t) and taking into
consideration results from the time intervals 1,,,, — #
Next, the theoretical values of Ppxp/Piy = flcoke,
mole - 'y and Pya/Piy = flcpar, mole - 1) were
calculated which amount t0 ¢, gar = 5.019 - 107
mole - 17", ¢ e per = 3.328 - 107 mole - I' (initial
concentration value of QHCI-AC at zero time
Coonerac = 8431 - 107 mole - 1"y, The obtained

values indicate that the decomposition of
QHCI-AC under conditions of increased relative
moisture (RH = 76.4%) and temperature (363 K)
involves hydrolysis of the ester bond and the
cyclization reaction. The share of each of those
processes is 59.53% and 39.47%, respectively.

CONCLUSIONS

l. In a dry atmosphere, the degradation of
QHCI-AC conducts to quinapril derivative — dike-

0.01+ ®

0.001 T T T T
0 200 400 600 800 1000
hours

QHCI-AC

hours

Figure 4. Semilogarithmic plots:

a) P/P;, = (1) for DKP (1), QAT (2)

b) P/P,, = f(t) for degradation of QHCI-AC and P;*= P, = (1) for
formation of derivative QHCI-AC DKP (1) and QAT (2) at
relative humidity (~76%) at 363 K.

COOHCOOCH20H3 ﬁ COOCH,CH,
COF 0 a2 COULTC
N Ay
N
j‘]/kCHs cyclization j]/k CHs
o 0
M =438 M=420[ ES;m/z = 421]

Scheme |. Degradation of QHCI-AC in dry air, at 373 K.
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Scheme 2. Degradation of QHCI-AC under conditions of increased relative moisture (RH + 76.4%) at 363 K.

topiperazine (at temperatures ranging from 343 to
373 K) and proceeds according to the first order
reaction in the case with QHCI in amorphous form
only. The cyclization product — diketopiperazine
undergoes further degradative processes.

2. Further studies have shown that in a dry hot
atmosphere the cyclization reaction of QHCI-AC is
not accompanied by any other parallel chemical
process and the reaction proceeds with a 100%
yield.

3. The activation energy of cyclization of
QHCl in dry air, for a mixture of amorphous and
crystalline forms does not show any significant
differences compared with the respective activa-
tion energy for QHCI when in amorphous form
solely (4).

4. In the presence of moisture, the decom-
position of QHCI-AC proceeds with involvement
of two parallel reactions — the hydrolysis, yielding
quinaprilate and cyclization — yielding a DKP
derivative. The yields of these reactions is as
follows: 59.53% for the hydrolysis and 39.47% for
the cyclization.

5. Quinaprilate — the product of hydrolysis
also undergoes cyclization to yield a product with
a molecular ion mass of M = 392, whereas the
product of cyclization DKP may be hydrolyzed to
yield a compound with a molecular ion mass
M = 392 (Scheme 2).
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