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The degradation kinetics, products, and mechanisms of RS-10085(1), 2-[2-(1-ethoxycarbonyl)-3-phen-
ylpropyl]amino-1-oxopropyl]-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid(S,S,S),
in aqueous solution were investigated at 40, 60, and 80°C from pH 1 to pH 13. Pseudo-first-order
kinetics were observed throughout the pH range studied and the log(rate)—pH profiles reflected four
kinetic processes (k,, k',, K"y, and kqy) as well as the two pKa’s of 1. Excellent (>98%) mass balance
was obtained through products 2—5. At pH 4 or below, intramolecular cyclization leading to diketopi-
perazine 5 accounted for greater than 93% of the observed neutral- or water-catalyzed processes (k,
and k',). At pH levels greater than 5, hydrolysis giving 2 predominated and was responsible for the
observed neutral- or water-catalyzed (k”,) and specific base-catalyzed (kqy) kinetic processes. Some
epimerization leading to the S,S,R drug isomer (4) was also observed at pH levels greater than 7. The
relative acidity of the protons at the three chiral centers of 1 was qualitatively compared and was used
to explain the observed specificity in epimerization.

KEY WORDS: angiotensin-converting enzyme (ACE) inhibitor; RS-10085; degradation; kinetics;

products; diketopiperazine; peptides.

INTRODUCTION

RS-10085 (1) (Fig. 1), 2-[2-[(1-ethoxycarbonyl)-3-phen-
ylpropyl]lamino-1-oxopropyl]-6,7-dimethoxy-1,2,3,4-tetra-
hydro-isoquinoline-3-carboxylic acid(S,S,S), belongs to a
class of N-carboxyalkyl dipeptide analogues (1) that has re-
cently been discovered to be potent angiotensin-converting
enzyme (ACE) inhibitors (2,3). Like many of these dipeptide
ACE inhibitors, RS-10085 is being developed as the ester
derivative of the biologically active diacid form RS-10029 (2)
(Fig. 1) for better oral bioavailability (1). The hydrochloride
salt was selected as the drug form for development for its
crystallinity. In this paper, the kinetics, products, and me-
chanisms of the thermal degradation of RS-10085 in aqueous
solution are explored in order to facilitate the design of a
suitable intraveneous (iv) formulation for toxicological and
clinical studies.

EXPERIMENTAL

Materials

RS-10085 (1), RS-10029 (2), RS-10029 diketopiperazine
(3), compound 4 (S,S,R isomer of 1) and RS-10085 diketopi-
perazine (5) were obtained from the Institute of Organic
Chemistry, Syntex Research. High-performance liquid chro-
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matographic (HPLC)-grade acetonitrile and tetrahydrofuran
and nanopure water were used to prepare the mobile phase.
All other chemicals were analytical grade and were used as
received.

Instrumentation

A Radiometer Model PHM64 Research pH meter
equipped with a Radiometer Model GK2410C combination
electrode was used to measure the pH of the solution.
HPL.C was performed using a Spectra-Physics Model 3500
pump equipped with a Kratos 757 variable-wavelength UV
detector, a Micromeritics 728 autosampler, and a Spectra-
Physics 4100 computing integrator.

Dissociation Constants (pKa)

Three hundred and fifty milligrams of drug was added to
35.0 ml of water (0.0188 mol of 1) in a thermal-jacketed
beaker equilibrated to the desired temperature. With con-
stant stirring the drug solution was titrated with an 0.083 M
standard KOH solution. The pH was measured and the pKa
values were determined using the Noyes’ method (4).

HPLC Method

The reverse-phase HPL.C method employed an Altex
Ultrasphere—ODS 5-pm column and a mobile phase of am-
monium phosphate buffer (0.05 M, pH 2.0)/acetonitrile/tet-
rahydrofuran (55/35/10). The detection wavelength was 220
nm and the detector sensitivity was 0.05 AUFS. The lin-
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Fig. 1. Structures of RS-10085 (1) and RS-10029 (2).

earity of the method was demonstrated in the range of 0.05
to 5.5 pg compound injected using either peak area or peak
height measurement (r = 0.999). The stability specificity of
the method was supported by the complete disappearance of
1 when totally degraded samples were injected.

Kinetic Methods

Acetate, phosphate, and carbonate buffer solutions
containing 0.010 M total buffer concentration were freshly
prepared before use and KCIl was added to adjust the total
ionic strength to 0.10 M. The pH of each solution was mea-
sured at the reaction temperature. For very acidic and basic
solutions, aqueous HCl and KOH solutions were used to ob-
tain the desired pH.

In a typical kinetic experiment, 1.5-ml aliquots of the
buffer solution containing 20-50 pg/mL of 1 were trans-
ferred to pretreated 2-ml Type I amber glass ampoules. The
ampoules were then flame-sealed and stored in a 40, 60, or
80°C oven until predetermined time periods when the am-
poules were removed and quenched to 0°C in an ice bath.
The samples were allowed to warm to room temperature be-
fore assaying by HPLC.

RESULTS AND DISCUSSION

At least three major forms of 1, i.e., the cation (1c),
zwitterion (1z), and anion (1a), exist in aqueous solution re-
flecting the pKa,, and pKa, of 1 (Scheme I).
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The effect of temperature on these two pKa values was
determined by titration and the results are summarized in

Table I. Effect of Temperature on the Dissociation Constants (pKa)

of 1¢
Temperature (°C) pKa, rKa,
80 3.02 4.74
60 3.07 4.94
40 3.05 5.11
25 3.03 5.40

a Obtained by the titration method; see Experimental for details.
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Table 1. The values of the carboxylic acid pKa were virtually
identical throughout the temperature range of 25 to 80°C as
expected, whereas the amino pKa decreased as the tempera-
ture increased, consistent with that expected for a typical
amine (5). At 25°C, the two pKa values of 1 compare very
well with that of enalapril (1), which is a structurally related
ACE inhibitor. The different temperature effects on the two
pKa’s of 1 further confirm the assigned charges on the
various species shown in Scheme I.

Kinetics

The aqueous stability of RS-10085 (1) was studied in
buffer solutions from pH 1 to pH 13 at 40, 60, and 80°C. The
kinetics of the degradation were analyzed by a stability-spe-
cific HPLC method (see Experimental) and were found to be
strictly first-order to four half-lives. Since very low buffer
concentrations were used (0.01 M), no correction was made
for possible buffer catalysis.

Typical first-order plots at 40°C and pH 2, 5, and 10 are
given in Fig. 2. The influence of pH on the decomposition
kinetics of 1 can best be depicted by the log (rate)-pH pro-
file shown in Fig. 3, in which the logarithm of the observed
rate constants (k,,,) is plotted against pH. Although other
kinetically competent systems are not ruled out, the shape
of the rate profiles in Fig. 3 indicates the occurrence of neu-
tral- or water-catalyzed processes for the cation 1c (k,) and
the zwitterion 1z (k',) and neutral- or water-catalyzed (k",)
and specific-base catalyzed (koy) processes for the anion la
according to the following rate expression:

rate = kg [1]; )

and
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Fig. 2. Pseudo-first-order kinetics of the degradation of 1 in
aqueous solution at 40°C: (a) pH 2.0 (@), (b) pH 5.0 (A), and (c)
pH 9.2 ().
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Fig. 3. Log(rate)-pH profiles for the degradation of 1 in
aqueous solution at 40°C (@), 60°C (H) and 80°C (A). The solid
lines are the nonlinear regression fit using Eq. (2). The dashed
line is the calculated log(rate)-pH profile at 25°C using the rate
data (Table II) and the activation parameters (Table III).

Jag(Kajay + ay® + Ka,Kay)] +
k'J[Kaay/(Kajay + ay® + KaKay))] + (2)
'y + komaow)KaKa,/(Ka,ay +
ay® + Ka,Ka,)]

kobs =

where [1], is the total concentration of the drug, ay*(Ka,ay
+ ay? + Ka,Ka,), Kajay/(Kaagy + ag®* + Ka,Ka,), and
Ka,Ka)/(Ka,ay + ay® + Ka,Ka,) are, respectively, the frac-
tions of 1c, 1z, and 1a, and ay and agy are, respectively, the
hydrogen ion and hydroxide ion activity at the reaction tem-
perature. Values for various apparent rate constants at dif-
ferent temperatures were determined according to Eq. (2)
using the pKa values listed in Table I and a nonlinear regres-
sion analysis method (6). The solid curves drawn in Fig. 3
were constructed from the apparent rate constants summa-
rized in Table II. The excellent agreement between the ex-
perimental results and those calculated from Fig. 3 indicates
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that Eq. (2) adequately describes the observed pH effect on
the degradation kinetics of 1.

All the apparent rate constants listed in Table II were
found to obey the Arrhenius equation (Fig. 4). The corre-
sponding activation energies, entropies, and enthalpies de-
rived are summarized in Table III. The rate constants at 25°C
obtained by extrapolation were substituted into Eq. (2), af-
fording the pH dependence on the rate of degradation at
25°C (dashed line in Fig. 3). The results predict a 2-month
shelf life at 25°C at the pH of maximum stability, pH 4.5.

Product Distribution and Mechanism of the Degradation

In addition to product 2 due to ester hydrolysis, three
additional products, 3 (diketopiperazine analogue of 2), 4
(S,S,R drug isomer), and 5 (diketopiperazine analogue of 1),
were identified (Scheme II). An HPLC chromatogram
showing the separation of the degradation product peaks
and the drug peak using authentic samples is given in Fig. 5.
No R,S,S drug isomer which eluted between peak 4 and
peak 1 (not shown) was detected. Although an authentic
sample of S,R,S drug isomer is not available at the present
time, the excellent peak shape and the baseline separation of
4 in the degraded sample solutions (not shown) suggest that
the S,R,S drug isomer is not formed under the reaction con-

dition used.
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The material balance of the reaction determined using
HPLC response factors of products 2—-5 was found to be
excellent and exceeded 98% under all conditions studied.
The distribution of these products was similar at different
temperatures but depended strongly on the pH of the solu-
tion. Figure 6 shows such a dramatic pH dependence on
product distribution at 40°C and about 50% drug remaining.
Thus at pH levels equal to or below 4, the diketopiperazine

Table II. Effect of Temperature on the Apparent Rate Constants for the Degradation
of 1in Aqueous Solution

Rate constant®

Temperature
°C) ko (sec1) k'y (sec™ 1) K'y (sec™ 1) ko (M~1!sec™ )
80 6.86 x 10-5 3.29 x 10-6 7.93 x 10-¢ 1.20 x 10-!
60 1.01 x 10-5 5.83 x 1077 1.42 x 10-¢ 5.05 x 10-2
40 1.41 x 10-¢ 7.46 x 10-8 2.54 x 1077 1.40 x 10-2
25k 2.44 x 107 1.41 x 10-8 5.34 x 108 5.63 x 1073

2 Obtained from a nonlinear least-squares fit of the rate data (Fig. 3) to Eq. (2).
b Extrapolated from E, and logA given in Table III.
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Fig. 4. Arrhenius plots of the degradation of 1. The rate con-
stants k, (A), k', (@), k', (@), and kyy (M) are taken from Ta-
ble I1.

product 5 is predominant (>93%), with the formation of
small amounts of the hydrolysis product 2 (<3%) and its cy-
clized diketopiperazine analogue 3 (<2%). This result indi-
cates that intramolecular cyclization is responsible for most
of the two observed water- or neutral-catalyzed kinetic pro-
cesses (k, and k',).

Intramolecular cyclization leading to the formation of
diketopiperazine between the two neighboring amino acids
has recently been recognized as an important degradation
pathway for peptides (6—8). The diketopiperazine thus
formed, however, can further react at a comparable rate at
one of the two amide bonds. This amide hydrolysis often
complicates the dipeptide reaction kinetics because of the
regeneration of the dipeptide and formation of its inverted
analogue (8,9).

The degradation leading to the formation of diketopi-
perazine 5, on the other hand, remains first-order down to
3% remaining (Fig. 2). Further, excellent mass balance was
accounted for by products 2, 3, and 5 at pH levels below 4,
indicating the absence of an inverted 1 as a significant
product. The hydrolysis of the two amide bonds in 5 is
therefore insignificant under our reaction conditions. One
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Fig. 5. A HPLC chromatogram showing

the separation of degradation products
2-5 from the drug peak 1.

possible reason for the lack of observing a reversible reac-
tion under our conditions could be that intramolecular cycli-
zation of 1 is greatly facilitated by the favorable conforma-
tion resulting from the isoquinoline structure, which pro-
hibits the free rotation of the carboxylic functional group as
enjoyed in a simple dipeptide. Although no quantitative ki-
netic data are available in the literature for comparison with
our kinetic data, the common use of severe conditions (tem-
perature >110°C) necessary for studying the cyclization re-
action of peptides (7-9) seems to support our suggestion.
According to Scheme I, the major species present in
aqueous solution at pH levels below 4 are 1c and 1z. The
ammonium functional groups in these two species are not
nucleophilic and therefore do not attack the carboxylic acid.
The tautomers 1¢’ and 1z’ are probably the reactive interme-
diates for the two neutral- or water-catalyzed processes, .,
and k', respectively (Scheme III). A similar tautomer has
been suggested in the acid-catalyzed cyclization of 3-(2-
aminophenyl)propionate to the corresponding lactam (10).
The detailed reaction pathways after the initial attack as well

Table III. Summary of Activation Parameters for the Degradation of 1 in Aqueous-

Solution
E, AHY ASt
Rate constant (kcal mol—1) logA (kcal mol—1) (cal mol-* K~ 1)
ko 21.3 + 0.57 9.0 = 0.38 20.7 = 0.56 —194 =+ 1.2
k' 20.8 = 0.31 7.4 + 0.21 20.7 = 0.31 —26.8 = 1.3
k' 18.9 + 0.65 6.6 = 0.43 18.2 = 0.64 -30 = 3.6
kou 11.8 = 0.91 6.4 = 0.60 11.2 = 0.92 -31 =*=5.5
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Fig. 6. The distribution of the degradation of products 2—5 as a function of pH at
40°C and ~50% remaining determined by HPLC response factors.

as the rate-determining step of the cyclization process
cannot be elucidated with the present data.
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The small amount of ester hydrolysis product observed
at pH 4 or below probably comes from specific-acid cata-
lyzed hydrolysis of esters (11). The minor product 3 at pH 4
or below must have come from a secondary reaction(s), i.e.,
hydrolysis of 5 and/or cyclization of 2. Attempts to resolve
these mechanisms through product distribution—time course
profiles (not shown) from degraded solutions at pH levels
below 4, however, were inconclusive due to the small quan-
tity of 3 formed at different time points.

As the pH increases from 3.5 to 5, hydrolysis product 2
becomes more predominant and eventually accounts for
293% of the total products at pH levels above 5 (Fig. 6).
This result indicates a change in degradation pathways from
cyclization to hydrolysis at pH levels of about 4 to 5. The
neutral- or water-catalyzed (k}) and specific base-catalyzed
(kon) kinetic processes [Eq. (2)] observed at pH levels

above 5 can be attributed to hydrolysis of 1a. However, to
account for the significant £”, term observed at pH levels
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between 6 and 9 (Fig. 3) and for the decrease in hydrolysis
rate at pH levels below pKa,, an intramolecular general base
catalysis from the amino group onto the water molecule is
suggested (Scheme IV).

The intramolecular general base catalysis, however, is
not available for 1z where the amino group is positively
charged. Alternatively, a kinetically equivalent process in-
volving an intramolecular general acid-specific base catal-
ysis from the ammonium functionality of 1z can be sug-
gested (12). This would indicate that the hydrolysis reaction
is actually controlled by two respective specific base-cata-
lyzed processes for 1z and 1a. Again, the present data do not
allow the distinction between these two mechanisms.

At pH levels above 7, a small amount (<3%) of the
S,S,R drug stereoisomer 4 was detected by HPLC, indi-
cating epimerization at the third chiral center (counting from
left to right) in the basic region. A qualitative comparison of
the relative acidity of the protons at the three chiral centers
provides some insight for the observed specificity in epimer-
ization. At pH levels above 7 the proton at the first chiral
center is expected to be the least acidic because it is the only
proton among the three that is next to an acid-weakening
group, a carboxylate (13). The proton at the second chiral
center is adjacent to two acid-strengthening groups (i.e., an
amine and an amide) and a neutral methyl group. All three
groups attached to the third chiral center, on the other hand,
are acid-strengthening groups. The a-ester at the third chiral
center is a stronger acid-strengthening group than the amide
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(13) at the second chiral center and the y-phenyl group has
yet a slightly more positive effect on the acidity at the third
chiral center than the methyl at the second. The proton at
the third chiral center therefore should be the most acidic,
thus giving the observed specificity in epimerization.

CONCLUSION

Through detailed kinetic and product analysis the major
degradation mechanisms of 1 in aqueous solution were iden-
tified. The two pKa’s of 1 appeared to be strongly related to
each other and controlled the relative importance of the deg-
radation pathways. Diketopiperazine and diacid drug forms
were also found to be the major degradation products for
enalapril maleate granulations and tablets (14). Thus, the
aqueous stability results revealed in this study may be ap-
plied to other ACE inhibitors possessing a similar dipeptide
structure (1).
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