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Determination of the kinetics of degradation of 13-
cis-retinoic acid and all-trans-retinoic acid in solution™
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Abstract: The degradations of 13-cis-retinoic acid and all-trans-retinoic acid in an organic solvent were determined with
an HPLC assay. The degradation curves at 70, 50 and 37°C all showed autocatalytic characteristics for both isomers. For
this kind of complex reaction, the usual method cannot be used to estimate the shelf-lives and half-lives at room
temperature. In this work a new method was developed to directly calculate the shelf-lives and half-lives. From this
equation the activation energy was found to change as the multiple step reaction progressed.
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Introduction

The stabilities of 13-cis-retinoic acid (cis) and
all-trans-retinoic acid (trans) in the solid state
have been studied [1]. The stabilities of these
compounds in solution are also of interest.
Several papers have investigated the solution
stability of the retinoic acids. Kitano studied
their stabilities in culture media, but did not
mention if the experimental conditions in-
cluded protection from light [2]. Mehta and
Calvert tried to determine the stability of a
trans eye-drop formulation at lower tempera-
tures and no degradation was detected, when
the samples were kept in the dark [3]. Oyler
and coworkers characterized more than 10
major decomposition products from trans in
90% methanol and also measured the degrad-
ation curves of trans and the formation curves
of the decomposition products at 80°C and
25°C, although they were not completed [4].
They found that degradation occurred by
oxidative autocatalytic processes. As expected,
the decomposition products are complicated
because the conjugated double bond in the
retinoic acid molecules may break down at any
site. These complicated decomposition
products create difficulty in studying the re-
action mechanism to determine the reaction
pathways. However, degradation curves are

needed to yield information about their stabil-
ity. In this work, degradation curves under
light protection condition at different tempera-
tures were determined and evaluated for the
estimation of the shelf-life and half-life at room
temperature.

Materials and Methods

Materials

All the samples (including the solid cis and
trans samples and the solvent) were supplied
by Hoffmann-La Roche, Inc. (Nutley, NJ,
USA). The solid sample lot numbers were
909046 for cis and 356019 for trans. They were
stored at 4°C in amberized bottles under
nitrogen atmosphere. The solvent was a mix-
ture of medium chain length diglycerides.

All organic solvents were of HPLC grade.
Purified water was prepared by a Millipore
system.

Sample solutions

The stock solutions were prepared at 1 mg
ml~! concentration level (ca 0.1%). For each
sample preparation, about 0.3 ml stock sol-
ution was taken into an amber ampoule. The
ampoules were sealed and placed in ovens at
70, 50 and 37°C and also at room temperature
of about 22°C. At suitable time intervals, one
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sample was collected and stored in the 4°C
refrigerator for subsequent HPLC analysis. On
the day of analysis, each solution was weighed
into a 5 ml volumetric flask and the flask was
filled to scale with the mobile phase of the
HPLC system.

HPLC assay

The HPLC system used in this study was
essentially the same as described before [1]
with a minor modification. A Waters Associate
HPLC apparatus (including a Model 6000A
solvent delivery system and a Model 440 UV
detector) was employed. In addition, another
variable wavelength UV monitor was incor-
porated in the line. The injector was a Rheo-
dyne model 7125 (20 wl). The columns were a
Cyg reversed-phase column, Hypersil ODS
(4.6 mm X 15cm, 10 pm), and a guard
column. The mobile phase, acetonitrile—
ammonium acetate (1%) (95:5, v/v), was
delivered at a flow rate of 1.1 ml min™!. The
detection was performed at 360, 280 and
254 nm. Figure 1 shows the three chromato-
grams for a cis sample. The cis component had
a retention time of 7 min. The early peaks were
due to decomposition products. Trans samples
had similar chromatograms, except that the
trans component had a retention time of 11
min. The peak height at 360 nm was used for
the quantitative degradation determination.
No significant isomerization between these two
isomers was observed while the samples were
protected from light. All operations were
performed in a darkened room illuminated
with yellow light.

Results

The degradation curves for both cis and
trans at 70, 50 and 37°C have been completed
and they are shown in Figs 2 and 3, respect-
ively. The degradation curves at room tem-
perature were not complete because of room
temperature fluctuation and time limitation. In
the figures, a is the fraction decomposed. Cis
and trans have the same kind of degradation
curves, which are characteristic of an autocata-
lytic reaction. The degradation is slow during
the induction period and accelerates after-
wards. The induction periods at 70°C are so
short that they can hardly be seen. At lower
temperature, e.g. 37°C, the induction delay is
substantial. The degradation curves of cis and
trans at room temperature remain within the
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Figure 1
The chromatograms of a 13-cis-retinoic acid sample.

induction period for 150 days or longer. The
difference between cis and trans is that cis has a
much faster degradation rate than trans.

Usual method

To deal with this kind of curve, the usual
method is to simulate the data with the first
order model [5]. Take the middle part of the
curve and fit in the first order rate equation to
see if a straight line is obtainable. The slope of
the straight line is the rate constant, the
intercept represents the lag time, 7. A lag time
estimates how long it takes for the reaction to
start its propagation phase.



AUTOXIDATIVE REACTION OF RETINOIC ACIDS

1.2
70°C
50°C
1.0 flﬁ o ® . u
0.8 .o. ] 37°C
n ¢ =
3
25°C
° °
o
1 L 1 A L
100 150 200 250
Time, days
Figure 2

Degradation curves of 13-cis-retinoic acid in sotution.
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Figure 3
Degradation curves of all-zrans-retinoic acid in solution.

This method has some shortcomings. Fitting
the data with a first order model is somewhat
arbitrary. There is no apparent break between
the induction phase and the propagation phase
on the degradation curves. It is hard to decide
which part of the curve should be included to
fit the model. For each curve in Figs 2 and 3,
certain parts of the data could be fitted to a
straight line. However, different parts of the
data yielded somewhat different parameters in
the rate equation. Practically, the data are
chosen in order to achieve a best fit. Further-
more, although the shelf-life and haif-life are
calculated from the rate constant plus ¢, and
the rate constant at room temperature can be
calculated with the Arrhenius equation, the #,
at room temperature is not available. There-
fore, there is no way to calculate the room
temperature shelf-life and half-life, which are
more important than rate constants for
pharmacists.

New method
In order to evaluate the room temperature
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shelf-life and half-life for autocatalytic re-
actions, a new equation was developed:

Fla,) E 1
lntn=lnT+R?. §))

The derivation of the equation is included in
the Appendix. In this equation, ¢, is the time
corresponding to the particular fraction o, on
the degradation curve at temperature 7. R is
the gas constant and E the activation energy. Z
is the preexponential constant in the Arrhenius
equation. F(a,) is the value of the function
F(a) at @ = a, (see Appendix).

The application of the above equation to the
degradation curves in Figs 2 and 3 is demon-
strated in Figs 4 and 5 for cis and trans,
respectively. At a particular a,, for example
a, = 0.1, three £ ; values can be read from the
three degradation curves at 70, 50 and 37°C in
Fig. 2 for cis. These three f, ; data are plotted
according to the equation and fitted by a linear
regression. At another a,, the same process is
repeated. Nine straight lines corresponding to
a, from 0.1 to 0.9 are plotted and their linear
equations are listed in Fig. 4 from bottom to
top. Trans degradation curves in Fig. 3 are
treated in the same way and the results are
shown in Fig. 5. As seen in the plots and the
linear correlation coefficients, they are all

6 = 21773 +8.3261x RA2 =0.999
51 = -23.627 + 8.7811x R*2 = 1.000
st = -23970+8.7818x RA2=0.997
3 = - 24537+ 8.8760x RA2 =0.995
o - 25238 + 9.0217x RA2 = 0997
= 2 = -26.851+9.4721x RA2 = 0.999
1 = -28.207 +9.8148x RA2=0.998
0 = -29.406 + 10.080x RA2=0.999
= - 32,022+ 10.749x RA2 = 1.000
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Application of the new equation to cis degradation curves
in Fig. 2.
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Figure 5
Application of the new equation to trans degradation
curves in Fig. 3.
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Table 1
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Shelf-life and half-life data measured and calculated for 13-cis-retinoic acid and all-

trans-retinoic acid in solution

Cis Trans

Temp. (°C) Meas. Calc. Meas. Calc.
Shelf-life, t, ; (day)

70 0.50 0.505 0.68 0.676

50 3.6 3.51 7.0 7.12

37 14.3 14.2 39.0 38.7

22 86.0 82.7 — 209
Half-life, ¢, s (day)

70 3.0 2.90 34 3.16

50 13.6 14.8 20.5 24.3

37 50.0 47.7 117 106

22 — 328 — 676

excellent straight lines for both cis and trans at
any a. Since a straight line is obtained at any
a,, the shelf-life at room temperature can be
calculated from the linear equation at a, =
0.1, and the half-life at room temperature can
be calculated from the linear equation at a, =
0.5. Table 1 lists the data measured and
calculated at all the temperatures studied.

Discussion

It is somewhat surprising that straight lines
are obtained when the new equation is applied
to the experimental data. From this fact, it is
concluded that F(e,) is independent of tem-
perature, since Z is assumed to be a constant.
But, as seen in the Appendix, F(wo,) is a
function of o and some constants, including
rate constants, which usually depend on tem-
perature. The fact that the experimental data
do behave in a linear fashion indicates that the
dependency of F(a,) on temperature is very
small.

The shape of the decomposition curves are
found to be similar to that described by the Ng
equation [6]: da/dt = kf(a), in which f(a) =
a'™*(1 — «)'™?. An attempt was made to
determine the constants, k, x and y in the Ng
equation using the data in Figs 2 and 3.
Unfortunately, their first derivatives, the
values of da/dt, are too scattered to locate the
o, point, which must be known before a
straight line can be made to evaluate these
constants [6]. Although the Ng equation was
put forward to describe solid state autocatalytic
reactions, it is possible that this equation may
also describe the degradation curves of the
autocatalytic reaction in solution, since this
equation was established based on the shape of

the degradation curve, not the physical state of
the reactants. In spite of the fact that the
constants in the Ng equation cannot be deter-
mined, it is expected that this new equation
will generate a straight line when it is applied
to the data in Figs 2 and 3. Because f(a) does
not contain any rate constants, it is tempera-
ture independent.

It is noted that the slopes of the straight lines
in Figs 4 and 5 change as a changes. From the
equation, the slope of the straight line yields
the activation energy. The plots of the activ-
ation energies calculated from the slopes
versus a for both cis and trans are shown in
Fig. 6. It is found that the activation energy is a
function of «. This would be expected for
multiple-step reactions. The activation energy

measured is the sum of each individual
reaction:

Eobs=r1E1+r2E2+...+r1E1 (2)

r,+r2+...+ri=1. (3)

E; and r; are the activation energy and fraction
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Plots of the activation energies versus a for both cis and
trans. The activation energies were calculated from the
slopes of the straight lines in Figs 4 and 5.
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of the individual reaction i in the multiple-step
reaction. These individual reactions are not
simultaneous. Some of them finish early while
others later. For example, the induction
reaction (the first reaction, see Appendix) may
have reached 50% completion before the chain
branching reaction (the last reaction) starts. At
a particular time ¢,, i.e. a particular fraction
a,, each r; has a different value. At smaller ¢,
and «,, the values of r; of the reactions that
occur first are larger, while those of reactions
that occur later are smaller. At larger ¢, and
a,, the values of r; of the reactions that occur
first become smaller, while those of reactions
that occur later become larger. Because r; is a
function of a, E,, changes as a changes. The
relationship is not linear in Fig. 6, but the
activation energy of the induction reaction can
be estimated as a is extrapolated to 0:

a=0,rn=1, Ey = E;. 4)

The new equation has a similar form to the
Arrhenius equation. While the Arrhenius
equation deals with the rate constant, this
equation deals with time ¢,. Actually, this new
equation may be considered to be a supple-
ment to the Arrhenius equation. The
Arrhenius equation can be utilized only if the
degradation data can be simulated with a
certain rate law. In the cases where the
degradation data cannot be fitted into a simple
equation, such as the autocatalytic reaction, no
rate constant exists. The Arrhenius equation is
therefore not applicable. However, the new
equation may be used to obtain the required
stability information.

Hansen and co-workers have developed the
same equation under the restrictions that the
reaction is zero-order and that ¢, is in the range
of the induction period [7]. With the avail-
ability of highly sensitive isothermal micro-
calorimetry techniques, the initial portion of
the degradation curve, approximated by zero
order kinetics, is measurable in many cases,
even at room temperature storage conditions.
In some cases like the solutions of retinoic
acids, microcalorimetry was not sufficiently
sensitive to measure the zero order slope. In
the past, this equation has been applied to zero
order and first order reactions, but under
accelerated high temperature conditions in
order to obtain the necessary sensitivity [8].
Extrapolation to storage temperature then
required the assumption that the Arrhenius
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slope remained constant. In this work as seen
in the Appendix, this equation was derived
without consideration of any particular rate
law. It could indeed be applied to simple
situations such as zero order and first order
reactions, besides more complex cases, and t,
was not limited to a certain part of the
reaction, but any point on the a—t curve. This
equation covers more complex reactions than
the Arrhenius equation for the calculation of
only shelf-life and half-life.

The new equation is useful for experimental
design. It can be used to predict the time
intervals to withdraw samples. If the rate law is
not known for a new compound, it is hard to
design the time intervals for the collection of
samples. To obtain a homogenous curve,
repetitive preparation of samples is required.
As seen in both Figs 2 and 3, the data densities
on the degradation curves at 70 and 50°C are
homogenous, because the samples at 70 and
50°C were prepared two or three times to
supplement the data on the 70 and 50°C curves,
since less than 40 days are required to start
over. The data for the degradation curves at
37°C are not homogenous, however. Too many
data were collected before 30 days and too
little afterwards. We did not have time to
supplement the data at 37°C, since more than
150 days are needed. If the new equation were
known at that time, the data at 70 and 50°C
could have been used to predict the time
intervals for sample withdrawing at 37°C. The
data densities on the two 37°C curves could
have been improved.

Acknowledgement — Support for this work by Hoffmann-
La Roche Inc. is gratefully acknowledged.

References

(11 X. Tan, N. Meltzer and S. Lindenbaum, Pharm. Res.
9, 1203-1208 (1992).

[2] Y. Kitano, J. Dermat. 12, 237-242 (1985).

[3] A.C. Mehta and R.T. Calvert, Pharm. J. 14, 214-215
(1987).

[4] A.R. Oyler, M.G. Motto, R.E. Naldi, K.L. Facchine,
P.F. Hamburg, R. Burinsky, R. Dunphy and M.L.
Cotter, Tetrahedron 45, 7679-7694 (1989).

[5) S.-M. Chen and L. Chafetz, J. Pharm. Sci. 76, 703-706
(1987).

[6] W.L. Ng, Aust. J. Chem. 28, 1169-1178 (1975).

[7] L.D. Hansen, D.J. Eatough, E.A. Lewis, R.G.
Bergstrom, D. Degraft-Johnson and K. Cassidy-
Thompson, Can. J. Chem. 68, 2111-2114 (1990).

[8] J.T. Carstensen, Drug Stability: Principles and Prac-
tices, p. 32. Marcel Dekker, New York (1990).

[9] K.A. Connors, G.L. Amidon and V.J. Stella,
Chemical Stability of Pharmaceuticals, p. 85. Wiley,
New York (1986).



822

Appendix

Derivation of a new equation for shelf-life and half-life
evaluation

RH + R - R + R'H (A1)
R + O, — ROy (A2)
RO, + RH — ROOH + R- (A3)
RO, + RO, — (A4)

R: + RO, 220 nas (AS)

R + R > (A6)

ROOH — products. (A7)

Above is a general model for an autooxidative reaction
[9]. Where R’- is the radical present in the solution.
Equation (A1) is the induction reaction, equations (A2)
and (A3) are the propagation reactions, equations (A4),
(AS5) and (A6) the chain termination reactions, equation
(A7) is the chain branching reaction. Actually, an auto-
oxidative reaction is more complex than this model. For
example, the chain branching products may contain some
radicals, which will participate in the above reactions. For
the purpose of developing a general equation, this simpler
model is employed.

Since what is measured is the retinoic acid concen-
tration, [RH}, the rate equation should be written as:

_ d[RH]

- = kRH] + &[RH][RO; ]

(A8)

In order to solve equation (A8), an expression of [RO']
in terms of [RH] is needed. Applying steady state
assumption to [RO,'],

©[R-Y[O,] = ks[RH][RO2] + kRO, + ks[R][RO}.
(A9)

Equation (A9) contains a new variable, [R-]. The steady
state assumption is applied to [R-],

ko[R-]". (A10)

In principle, equation (A8) can be solved in terms of
[RH] and rate constants ki, k, ks, k4, ks and ke.
Practically, because equations (A9) and (Al0) contain
square terms, it is difficulit to solve [R-] and [ROy] in a
complete expression. Hence a function f is used to
represent this expression. Equation (A8) can be written

XINYITANetal.

__ d[RH]
dt

= Kf([RH].k), (AL1)

where k is an assigned rate constant for the equation
(A11), f([RH],k) is a function with the variable, [RH],
and some rate constants, k;.

For simplicity, o is used instead of [RH],

&~ (a) (A12)
_ [RH]o.— [RH]
a = ——%oiﬁ-]n—— . (A13)
Exchanging df and f(a),
do
roN k dt (Al4)
Integrating equation (A14),
Fla) =kt (A15)

Because the exact form of f(a) is unknown, its inte-
gration form is represented with F(a), F(a) = [def(a).
Equation (A15) indicates that when « is at a particular
value, a,, F(a) is a constant, F(o,). That means the
product of the apparent rate constant k and t,, the time
corresponding to a,,, can be calculated from F(,),
kt, = F(a,). (A16)
For example, a, = 0.1, t,; is shelf-life; o, = 0.5, o5 is
half-life,

ko, = F(0.1) (A17)

k tos = F(0.5). (A18)

The Arrhenius equation can be used to replace the & in
equation (A16),

k = Ze—E/RT

- Fa,) eE/RT.

ta (A19)

The logarithm of equation (A19) can be used to evaluate
the-shelf-life and half-life:

—
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