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Stress stability testing and forced degradation were used to determine the stability of enalapril
maleate (EM) and to find a degradation pathway for the drug. The degradation impurities, formed
under different stressed conditions, were investigated by HPLC and UPLC-MS methods. HPLC anal-
ysis showed several degradation impurities of which several were already determined, but on
oxidation in the presence of magnesium monoperoxyphthalate (MMPP) several impurities of EM
were observed which were not yet characterized. The HPLC methods for determination of EM
were validated. The linearity of HPLC method was established in the concentration range between
Forced degradation 0.5 and 10 pg/mL with correlatior? coefficient greater than 0.99. The LOD of EM was 0.2 ;.Lg/.mL
Degradation impurities and LOQ was 0.5pg/mL. The validated HPLC method was used to determine the degradation
HPLC impurities in samples after stress stability testing and forced degradation of EM. In order to iden-
UPLC-MS tify new degradation impurities of EM after forced degradation UPLC-MS/MS", Orbitrap has been
MMPP oxidation used. It was found that new impurities are oxidation products: (S)-1-((S)-2-((S)-1-ethoxy-4-(o,m,p-
hydroxyphenyl)-1-oxobutan-2-ylamino)propanoyl)pyrrolidine-2-carboxylic acid, (2S)-1-((2S)-2-((2S)-
1-ethoxy-4-hydroxy-1-oxo-4-phenylbutan-2-ylamino)propanoyl)pyrrolidine-2-carboxylic acid. (S)-2-
(3-phenylpropylamino)-1-(pyrrolidin-1-yl)propan-1-one was identified as a new degradation impurity.
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1. Introduction

Enalapril maleate (EM) is a salt of enalapril and maleic acid,
with a chemical name 1-{N-[(s)-1-carboxyl-3-phenyl-propyl]-L-
alanyl-}-L-proline 1-ethyl ester maleate (Fig. 1) [1]. It is the first
nonsulfhydryl angiotensin-converting enzyme inhibitor [2] and
was discovered and developed by Patchett [3].

EM is indicated for the treatment of arterial hypertension [4,5],
rennin-dependent hypertension [6] and congestive cardiac insuffi-
ciency [4], either alone or in combination with other drugs [7]. In
the latter disease, the substance improves the symptoms, decreases
the mortality and diminishes the frequency of patient hospitaliza-
tions. It is a very powerful drug at low therapeutic doses [8] and
has minimal side effects [5].

The EM is a prodrug and as such is not manifested by a direct
biological activity. It has a 60% absorption that is unaffected by con-
current food intake. Enalapril is absorbed after oral ingestion and
hydrolysed in the liver to its active diacid, enalaprilat (impurity I -
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Fig. 1), which is responsible for the pharmacological action [5]. The
absorption of enalapril is weaker than that of enalaprilat [3].

According to International Conference on Harmonisation of
Technical Requirements for Registration of Pharmaceuticals for
Human Use (ICH) guidelines [9], impurities associated with active
pharmaceutical ingredients (API) are classified into the organic and
inorganic impurities, and residual solvents. Organic impurities may
arise during the manufacturing process (from the starting mate-
rial or intermediates in the multi-step analysis) and/or during the
storage of the drug substance (degradation impurities). Accelerated
stability testing has to be carried out to prove the stability of the
drug substance and its shelf life. The most commonly used analyt-
ical technique for impurity determination in drug substances and
drug products is high performance liquid chromatography (HPLC).
Mass spectrometry is often used for identification of unknown
impurities.

Because of the importance of the drug, the synthesis of enalapril
has been studied. A new process for preparing L-alanyl-L-proline
derivates [10,11] and alkyl-L-alanyl-L-proline derivates [12] has
been developed by KRKA, Slovenia.

Impurities of enalapril have been studied extensively since 1987
[4].EM and its degradation impurities which are the result of degra-
dation processes can be determined by several analytical methods
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Fig. 1. Structure of EM.

such as HPLC [1,2,6,13,14], nuclear magnetic resonance [15], spec-
troscopy [16], spectrofluorometry [8], potentiometric method with
enantioselective membrane electrode [6], capillary electrophoretic
separation [7], thermal Fourier transform infrared microspectro-
scope [17,18], polarographic determination [19] and isothermal
microcalorimetry [20]. Main degradation impurities and impurities
from the synthesis of EM are described in the European Pharma-
copoeia (Ph Eur) and can be determined by HPLC [21]. In the last
couple of years two new synthesis impurities and two new degra-
dation impurities have been discovered (Table 1).

Degradation of EM in solid-state occurs simultaneously and the
rate of degradation is increased with temperature and time of heat-
ing.It has been shown that the rate and pathways of EM degradation
in solutions are pH-dependant [1,21]. At pH below 5, the major
degradation product is diketopiperazine derivative (impurity D
from Ph Eur), and at pH above 5, the major degradation product
is enalaprilat (impurity C from Ph Eur).

Degradation impurities of EM and its stability after exposing
it to different temperatures and/or humidity have already been
explored by Bhardwaj and Singh [14]. They have also performed
forced degradation with different chemicals and identified two new
impurities (Table 1). When exposing EM to different temperatures
and/or humidity and after forced degradation with NaOH, HCI and
H,0, we have obtained similar results but several new impurities
were observed after exposing EM to magnesium monoperoxyph-
thalate (MMPP).

Oxidation is the most important pathway of drug decomposi-
tion. MMPP and H,0, were used to predict oxidation since they
form sufficiently stable radicals. Hence our research was focused on
quantifying and identifying new impurities. A novel UPLC analytical
method has been developed for faster identification of new impu-
rities. Identification of unknown degradation impurities of EM was
performed by Orbitrap mass spectrometer. Results of our analysis
can be used to better understand the degradation pathway of EM
and thus improve the selection of excipients for the pharmaceutical
formulation of the drug.

2. Experimental
2.1. Samples and chemicals

All of the chemicals, including samples of EM, secondary stan-
dard of EM and standards of impurity of enalapril from Ph Eur were
supplied by Krka, and were either synthesized or purchased from
commercial market. Used chemicals were analytical grade reagents
for HPLC or ultra grade for UPLC-MS/MS.

Table 1
Published impurities from Al-Omari et al. [1] and Bhardwaj and Singh [14].

Impurity Reference

Enalapril-lactone I (S)-synthesis impurity
Enalapril-lactone II (R)-synthesis impurity
Molecular ion m/z 252-degradation impurity
Molecular ion m/z 331-degradation impurity

Al-Omari et al. [1]
Al-Omari et al. [1]
Bhardwaj and Singh [14]
Bhardwaj and Singh [14]

Standard solutions were prepared in the solvent (sodium dihy-
drogen phosphate (pH 5.0; 0.02 M)-acetonitrile (95:5, v/v)) at
concentration 1 pg/mL.

2.2. Stability testing

EM powder was kept in vials incubated at 40, 50, 80°C and
at 40°C[/75% relative humidity (RH), for 1, 2, 3 and 4 weeks.
Afterwards, the sample solutions were prepared at concentration
1 mg/mL.

2.3. Forced degradation

Forced degradation of EM was performed in mixture of
water:reagent:solvent=50:10:40 (v/v/v) where either 1 M NaOH,
1M HCl, 3% H,0,, 10 mM MMPP, H,0 or the solvent was used as
reagent. The final concentration of EM in each case was 1 mg/mL.
Solutions were exposed to different temperatures, 10 min at 100 °C,
60 min at 60°C, 60 min at room temperature and 60 min at 4°C
(only for solutions where 3% H,0, or 10 mM MMPP were used as
reagent).

2.4. High performance liquid chromatography (HPLC)

HPLC analyses were performed on an HP-1100 liquid chro-
matograph with PLRP-S, 250 mm x 4.6 mm, 5 wm column. Analyses
were performed by a gradient separation with two mobile phases.
Mobile phase A was a mixture of phosphate buffer (pH 6.8;
0.02 M)-acetonitrile (95:5, v/v) and phase B was a mixture of phos-
phate buffer (pH 6.8; 0.02 M)-acetonitrile (34:66, v/v). The starting
condition was 95% of phase A and 5% of phase B, then the amount
of mobile phase B was linearly increased to 60% in 20 min and held
at 60% for the next 5 min. Mobile phase A was linearly increased to
95% in 1 min and held at 95% for the next 4 min. The flow rate was
1.4 mL/min and separation was performed at 70°C. The injection
volume was 50 pl. The UV detector was operated at 215 nm.

HPLC method was validated for the determination of degrada-
tion products of EM. Linear relationship of the peak area of EM
was within the concentration range from 0.5 to 10 .g/mL. The cor-
relation coefficient (2) was more than 0.99 and relative standard
deviation (RSD) was less than 2.0%. The precision of the method and
stability of standard and sample solutions were also examined. The
results showed that solutions were stable for at least 16 h at room
temperatures. LOD of EM was 0.2 pg/mL and LOQ was 0.5 pg/mL.

Related substances of EM, formed during stability testing, were
evaluated as relative peak area according to EM (normalization).
Impurities, with exception of impurity H from Ph Eur, have similar
absorption coefficient as enalapril, therefore no correlation factor
was needed.

2.5. Ultra high performance liquid chromatography-mass
spectrometry (UPLC-MS (Orbitrap))

The chromatographic separation was performed on the Thermo
UPLC. Hypersil Gold, 100 mm x 2.0 mm, 1.9 pm column was used.
Separation was carried out with gradient elution of two mobile
phases; A was ammonium acetate (pH 6.8; 0.02M), and B was
100% acetonitrile. The starting condition was 90% A and 10% B, then
the amount of mobile phase A was linearly decreased to 57% in a
period of 10 min, and held at 57% for the next 5min. At the end
of a run, the mobile phase composition was reverted to the ini-
tial conditions and kept for 4 min. The flow rate was constant at
0.3 mL/min, and the column temperature was 60 °C. Injection vol-
ume was 4 pl. High-resolution accurate mass measurements were
performed on the LTQ-Orbitrap (Thermo Fisher Scientific) equip-
ment with an electrospray ionization (ESI) probe. MS identification
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Table 2
Levels of degradation impurities with RRT to EM exposed to different chemicals.
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Forced degradation conditions RRT and labels of degradation impurities

0.29 0.60 0.72 0.78 0.82 0.86 1.08 1.33 1.78 2.12
I 11 Illa IIb I\ Illc 11d \% Via VIb
Forced degradation at room temperature
1M NaOH 65.90
1M HCl 0.14
3% H,0, 0.13 1.00
10 mM MMPP 0.70 2.23 0.06 1.58 0.30 0.14
Water 0.14 0.32 1.90
Solvent 0.14 0.32
Forced degradation for 60 min at 60°C
1M NaOH 74.60
1M HCl 0.46
3% H,0,2 0.15 0.34 1.05
10 mM MMPP? 0.69 229 0.05 1.63 0.29
Water 0.24 0.30 1.00
Solvent 0.24 0.34 0.12
Forced degradation for 10 min at 100°C
1M NaOH 71.74 0.05
1M HCl 0.65 0.32 0.71
3% H,0, 0.27 0.18 0.18 0.18 0.20 0.71
10 mM MMPP 1.47 0.08 0.09 0.05 0.55 0.14 6.21 0.30 0.17 043
Water 0.38 0.32 0.32
Solvent 0.30 0.32
2 60min at 4°C.

of degradation impurities of EM was carried out in positive electro-
spray ionization (ESI) mode. The source temperature was 80 °C, and
ionization discharge voltage was 3.0 kV. Sheath gas, auxiliary and
sweep gas flow rate were 30, 15 and 1 AU, respectively. Capillary
temperature was 275 °C and the relative collision energy was 20%.

3. Results and discussion
3.1. HPLC analysis of EM after stress stability testing

EM was exposed to 40, 50 and 40 °C at 75% RH for different time
periods in accordance with stability tests. The samples were ana-
lyzed with validated HPLC method. The results were compared with
previously published results [1,4,6,14,22]. Relative retention time
(RRT) for each impurity of enalapril was determined and impurities
were quantified using normalization according to EM. Exposure of
EM to 40, 50 and 40°C/75% RH for different time periods resulted
in three major degradation impurities. Regardless of conditions the
sum of all degradation impurities was slightly above 0.5% which
is in good agreement with previously published results concluding
that EM is very stable in the solid state, if kept at room temperature

in an amber glass container [22] or under dry and humid conditions
[1].

It was also confirmed that degradation of EM in solid state
increased when kept for more than 1 week at 80°C [1]. The contin-
uous exposure to temperature of 80 °C for 2 weeks or more caused
the formation of new types of degradation impurities and increased
the level of degradation by one order of magnitude (4 weeks expo-
sure).

To better understand the degradation pathway of EM forced
degradation with different chemicals and at different temperatures
was also studied. Results of the HPLC analysis of solutions after
forced degradation are presented in Table 2. When treating EM with
1M NaOH, only the degradation impurity with RRT 0.29 is formed.
It appears that the 1 M HCI, 3% H,0,, water and solvent solutions
do not have effect on degradation of EM. The level of impurities
is a bit higher when the temperature is increased but the level of
all impurities stays below 2% meaning that acid, peroxide, water
and solvent are not particularly good agents for forced degrada-
tion of EM. When 10 mM MMPP was used for forced degradation,
the increased level of degradation impurities and the formation of
several already observed and also new impurities were observed,
especially when the sample was treated for 10 min at 100 °C. Table 2
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Fig. 2. HPLC chromatogram of EM treated with MMPP, with known impurities marked as impurity I, II, V, Vla and VIb and several new impurities: impurity Illa, b, ¢, d and IV.
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Table 3

m/z of (M+H)* for known and unknown degradation impurities of EM.
Degradation impurity 1 Il Illa I1Ib 1\% Illc 1id \% Via Vib
m/z of molecular ion 349 331 393 393 261 393 393 383 359 359

shows all of our results so a direct comparison between already
known and new impurities can be made. The chromatogram of such
solution is presented in Fig. 2.

3.2. Identification of impurities with UPLC-MS/MS" Orbitrap
EM treated with MMPP gave the highest amount of new degra-
dation impurities. In the chromatogram of this solution, known and

unknown degradation impurities can be seen and are marked as

Table 4

impurity [, II, III, IV, V and VI (Fig. 2). UPLC-MS/MS"-LTQ-Orbitrap
was used for identification of selected peaks. m/z values of (M+H)*
of EM degradation impurities marked in Fig. 2 are presented in
Table 3.

The major degradation impurities of EM (impurities I, I, V and
VI) are already known [14,21]. However, with forced degradations
used in this study, several new oxidation impurities marked as Illa,
b, ¢, d and a degradation impurity, marked as IV have been charac-
terized. In this work only MS? spectrum of enalapril (m/z 377) and

Fragment ions used to identify EM and impurities Illa, b, c and d with the same m/z (M+H)*.

Fragment ions

m/z for molecular ion and major fragments of enalapril and impurities III

enalapril Imp Illa Imp IlIb Imp Illc Imp IIId
NG
CH,
NJYO
L 377 393 (M+16) 393 (M+16) 393 (M+16) 393 (M+16)
( ;..--COOH
377 (enalapril)
0.0
CH,
Ao
T 303 319 (M+16) 319 (M+16) 319 (M+16) 319 (M+16)
303 (fragment ion 1); MS? mode
@»/\I 234 250 (M+16) 250 (M+16) 250 (M+16) 250 (M+16)
234 (fragment ion 2); MS? mode
Oy
134 150 (M+16) 150 (M+16) 150 (M+16) 150 (M+16)
134 (fragment ion 3); MS® mode
(@40
*j 130 130 130 130 146 (M+16)
NH,
130 (fragment ion 4); MS* mode
H * H
N .wCOOH
; ,‘ 116 116 116 116 116
116 (fragment ion 5); MS” mode
(@h @
\E*" 102 102 102 102 102

102 (fragment ion 6); MS* mode
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Fig. 3. MS? spectrum of EM.

product ion spectra for Il of the impurities of group Il (m/z 393) are
discussed. When comparing m/z for molecular ion of degradation
impurities Illa, b, c and d (Table 3) to m/z for molecular ion of EM,
it can be seen that the difference equals 16, which corresponds to
the mass of oxygen atom.

MS? of EM is shown in Fig. 3. All fragment ions used for identi-
fication of EM and impurities Illa, b, c and d are shown in Table 4.
The mass spectra of the four oxidation impurities of group III have
protonated molecular ion (M+H)* with m/z 393. Therefore, they can
only be distinguished by their retention times. The MS2 spectrum
of the (M+H)* shows peaks at m/z319 and m/z 250 due to the loss of
C3H50, and CgHgNO3, respectively. With additional fragmentation
of ion with m/z 250, the impurity IlId could be distinguished from
impurities Illa, b and c. In the case of impurity Illd the oxygen is still
bonded to the fragment ion 4.

MS2 and MS3 mass spectra of impurities Illa, b and c showed the
peaks at m/z 319 (fragment ion 1 with added oxygen), 250 (frag-
mention 2 with added oxygen) and 150 (fragment ion 3 with added
oxygen). With detailed analysis of mass spectrum and compari-
son to EM, we noticed that spectral data obtained from MS/MS"
studies show that the oxygen atom in impurities Illa, b and c is

IMPURITY VI

IMPURITY |

..... COOH
OH \ }

IMPURITY llla, b, ¢

0.0
CH3 CH,
N/]\fo il N/kfo H,0, /inc. T N/'\fo
| | |
H N .CcOOH H N .CooH H N

situated on the phenyl ring in either the ortho, meta or para posi-
tion.

MS?2 spectrum of the impurity Illd shows a fragment ion at m/z
375 corresponding to the loss of one molecule of water (results are
not shown). In the case of impurity IIl d after the MS? experiment
it cannot be determined whether an oxygen atom is situated on
the carbon chain or on the phenyl ring. The presence of the peak at
m/z 146 (fragment ion 4 with added oxygen) in the MS3 spectrum
suggests that an atom of oxygen is present on the carboxylic chain
of the EM. Furthermore, the presence of peaks at m/z 116 (fragment
ion 5) and 102 (fragment ion 6) in the mass spectrum indicate that
the position of oxygen is between the phenyl ring and nitrogen
group.

Impurity IV, eluted at RRT 0.82 on the HPLC chromatogram
(Table 2 and Fig. 2), and the MS spectrum showed peak at m/z 261,
which corresponds to the adduct ion (M—COOC,Hs+H)*. This might
imply that the impurity IV is actually EM without a COOC, Hs group.

To confirm predicted structures of molecular ions the chemical
formulas of degradation impurities were determined (Table 5). The
measured masses of (M+H)* for EM and new impurities were com-
pared to calculated masses, thus Am (measured-calculated mass).

HO.__0O
0 CH,
N /’\fo
N —
N
N o)
H
IMPURITY I

inc. T

MMPP or

o

IMPURITY IV

\

OHO = CH

IMPURITY llid

Fig. 4. Degradation pathways of identified degradation impurities of EM.
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Table 5

Differences between measured and calculated masses for m/z of molecular ion of
the degradation impurities of EM. The names of degradation impurities according
to I[UPAC nomenclature can be found below the table.

Impurity m/z of (M+H)* Chemical formula Am (ppm)
EM 377 Co0H2505N, (EM) 0.3
I 349 Ci8H2405N;, 2 0.2
11 331 CygH2204N, P 0.2
11 393 Co0H2506N> © 0.9
A 261 Ci6H2401N, 4 13
\' 383 CyoH3405N; © 0.2
VI 359 CaoH2604N, f 0.2

3 Impurity I (S)-1-((S)-2-((S)-1-carboxy-3-phenylpropylamino)propanoyl)
pyrrolidine-2-carboxylic acid.

b Impurity Il (S)-2-((3S,8aR)-3-methyl-1,4-dioxohexahydropyrrolo[1,2-
a]pyrazin-2(1H)-yl)-4-phenylbutanoic acid.

¢ Impurity Illa, b, ¢, (S)-1-((S)-2-((S)-1-ethoxy-4-(m,o,p-hydroxyphenyl)-1-
oxobutan-2-ylamino)propanoyl)pyrrolidine-2-carboxylic acid. Impurity IIId
(2S)-1-((2S)-2-((2S)-1-ethoxy-4-hydroxy-1-oxo-4-phenylbutan-2-ylamino)
propanoyl)pyrrolidine-2-carboxylic acid.

d Impurity IV (S)-2-(3-phenylpropylamino)-1-(pyrrolidin-1-yl)propan-1-one.

¢ Impurity \% (S)-1-((S)-2-((S)-4-cyclohexyl-1-ethoxy-1-oxobutan-2-
ylamino)propanoyl)pyrrolidine-2-carboxylic acid.

f Impurity VI (S)-ethyl 2-((3S,8aS)-3-methyl-1,4-dioxohexahydropyrrolo[1,2-
a]pyrazin-2(1H)-yl)-4-phenylbutanoate.

Measured m/z of molecular ions was also confirmed with Mass
Frontier Software.

3.3. Proposed degradation pathway of EM

The degradation of EM is an autocatalytic reaction of first order
kinetics with respect to substrate concentration. Enalapril has two
major ways of degradation in solid state: hydrolysis of ethylic ester
to enalaprilat (degradation impurity I) and intermolecular cycliza-
tion to a diketopiperazine derivative (degradation impurity VI)
[4,22].

By forced degradation of EM (Table 2) under alkali conditions
mainly degradation impurity I is formed. Even at room tempera-
ture, 66% of impurity [ was detected. Impurities Illa, b, and ¢ were
formed in oxidation media at increased temperature (in HyO, with
heating to 0.2% and less in MMPP, to maximum 0.1%) and impurity
IlId was formed after addition of MMPP with or without heating
(from 1.6% to 6.2% at room temperature). Impurity IV is formed at
increased temperature (0.5%) and after addition of oxidation chem-
icals (the amount of impurity increases from 0.6% to 2.2% after
addition of MMPP). Level of impurities VI (a and b) is increased
at higher temperature and after addition of water and H,0, with-
out heating or after addition of HCI, H,0,, MMPP and water with
heating.

MS/MS" analysis (Table 4) showed that impurities Illa, b,
¢ and impurity IlId are oxidation products of EM. Impurity
V is formed during the synthesis of EM and is not a degra-
dation impurity. Formation of other degradation impurities in
MS/MS analysis can be explained by the mechanism shown in
Fig. 4.

4. Conclusions

Stability test confirmed that EM is stable at 40 °C/75%RH, 40 and
50°C for 4 weeks. The degradation of EM occurs after exposure
to 80°C for 3 weeks. Mainly, level of impurity IV and impurities
VI (a and b) is increased. Forced degradation of EM using differ-
ent chemicals shows that EM is stable in acid, peroxide, solvent

and water solutions, less stable in the presence of oxidizing agent
MMPP, and unstable in basic solutions. The degradation process
was accelerated with the addition of MMPP, and five new degrada-
tion impurities (impurities Illa, b, ¢, d and IV) were formed.
Impurities Illa, b and ¢ have additional oxygen atom on the
phenyl ring in either the ortho, meta or para position. Impurity Illd
showed added oxygen atom between the phenyl ring and nitrogen
group. Impurity IV is formed when COOC,Hs group is branched
off the enalapril. The structures of five new degradation impurities
were confirmed with the determination of exact molecular mass.
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