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Forced degradation study of argatroban under conditions of hydrolysis (neutral, acidic and alkaline), oxidation,
photolysis and thermal stress, as suggested in the ICH Q1A (R2), was accomplished. The drug showed sig-
nificant degradation under hydrolysis (acidic, alkaline) and oxidation (peroxide stress) conditions. The drug
remained stable under thermal and photolytic stress conditions. In total, seven novel degradation products (DP-
1 to DP-7) were found under diverse conditions, which were not reported earlier. The chemical structures of
these degradation products were characterized by 1H NMR, 13C NMR, 2D NMR, Q-TOF-MSn and IR spectral
analysis and the proposed degradation products structures were further confirmed by the individual synthesis.
& 2018 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Argatroban, a derivative of L-arginine (Fig. 1), is a competitive
inhibitor [1] of thrombin and only interacts with active site of
thrombin. It directly prevents the activity of thrombin (factor IIa) and
has no direct effect on the generation of thrombin. The function of
argatroban is independent of the antithrombin in the body. Arga-
troban inactivates not only thrombin in free state in blood, but also
inactivates the thrombin combined with fibrin thrombus. Argatroban
has a small molecular weight and thus it enters into thrombus and
directly inactivates the thrombin already combined with fibrin
thrombus, and even exhibits an antithrombotic effect against an early
formed thrombosis. Argatroban is given intravenously and the drug
plasma concentration reaches steady state in 1–3 h [2].

ICH Q3A(R2) and Q3B(R2) recommend the characterization of
impurities/degradation products that are present at a level greater
than the identification threshold in a drug substance or drug product
[3–9]. The study of formation of impurities/degradants in the drug
substance, their isolation and characterization is very important since
it can help to understand the degradation pattern of the drug sub-
stance. This gives precious information about the drug stability under
various conditions, so such information is significant for determining
storage and other conditions of the bulk and formulated drug
niversity.

on and hosting by Elsevier B.V. Th

(V. Chidambaram
a).
substance. In addition, improvements in the manufacturing process
of bulk drug substance are difficult to achieve without understanding
the possible degradation pathways.

The present investigation deals with all degradation studies in-
cluding acid, base, thermal and photo stability on the drug substance
as per the above prescribed guidelines. The formed degradation
products were identified through LC–MS-Ion trap and Q-TOF NMR
spectral analysis and the proposed structures were confirmed by
comparing with individually synthesized compounds. Even though
there is no report on the degradants identified in the present study,
recently Secretan et al. [10] reported photo degradation study of ar-
gatroban in aqueous solution based on the LC–MS. Nevertheless, the
present study deals with the behaviour of argatroban drug substance
in acid, base, peroxide and thermal stress. The formed degradation
products were characterized completely by using advanced analytical
techniques such as LC–MS/MS, IR and NMR.

2. Experimental

2.1. Chemicals and reagents

Argatroban drug substance was prepared by Gland Pharma Ltd.
(Hyderabad, India). Analytical reagent grade sodium hydroxide (NaOH)
was purchased from S.D. Fine-Chem Ltd. (Mumbai, India), hydrochloric
acid (HCl), HPLC grade methanol (MeOH) and acetonitrile (ACN) from
Merck Specialities Pvt. Ltd. (Mumbai, India) and hydrogen peroxide
(H2O2) from Qualigens Fine Chemicals Pvt. Ltd. (Mumbai, India). Am-
monium formate (HCOONH4) and formic acid were purchased from
is is an open access article under the CC BY-NC-ND license
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Fig. 1. Argatroban and its structural elements (A–C) susceptible to chemical changes.
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Merck. Ultra pure water obtained from Millipore water purification
system (Bangalore, India) was used throughout the studies.

2.2. Instrumentation

The forced degradation samples were analyzed on an Agilent
HPLC (series 1200) equipped with a vacuum degasser, binary
pump, auto injector, diode array detector (DAD), and coupled to an
Agilent Ion-trap (6310)/Q-TOF 6530 (Agilent technologies, USA,
location Gland Pharma R&D, Hyderabad, India) operating in þESI-
MS and –ESI-MS modes. Chromatographic separation was
achieved on Inertsil ODS 3 V (250 mm � 4.6 mm, 3μm) column.
Mobile phase was degassed using transonic sonicator bath (570/
HELMA, Germany). The LC–MS system operation was controlled
using Chemstation and Mass hunter software.

The IR spectra of the compounds were taken from Shimadzu FTIR
Spectrophotometer (Model No: IR PRESTIGE-21, location Gland
Pharma R&D, Hyderabad, India) by using KBr disc technique. The 1H,
13C NMR, and 2D NMR spectral analysis were carried out on Bruker
(400 MHz, Location ALR fine chemical Pvt. limited, Hyderabad, India).
The samples were dissolved in DMSO-d6 and CD3OD by using tet-
ramethylsilane (TMS) as an internal standard. Melting points in °C
were recorded on DSC-60 Shimadzu instrument.

Hydrolytic and thermal forced degradations were carried out
using autoclave and hot air oven equipped with digital temperature
control capable of controlling temperature within the range of71
and72 °C, respectively (Cintex precision hot air oven, Mumbai, lo-
cation Gland Pharma R&D, Hyderabad, India). Photo degradation was
carried out in photo stability chamber (Thermo lab Scientific equip-
ments, Vasai, location Gland Pharma R&D, Hyderabad, India) equip-
ped with fluorescent lamp for 1.2 million lux hours and UV light for
200 W h/m2 and capable of controlling temperature and humidity in
the range of72 °C and73% RH, respectively. The chamber was set at
a temperature of 25 °C and at relative humidity (RH) of 60%. The light
Fig. 2. Argatroban degradation
system complies with option 2 of the ICH guideline Q1B. The auto-
clave studies were carried out in Fedegari instrument (USA).

2.3. Forced degradation study

Argatroban drug substance sample was subjected to stress under
different conditions individually as well as in combination as per ICH
guidelines. All stress samples were diluted with water prior to the
injection to obtain a final concentration of 1 mg/mL. Acidic and alka-
line hydrolysis of argatroban was conducted in 0.1 M HCl and 0.1 M
NaOH, respectively. The drug substance was diluted with acidic and
alkaline solutions to obtain a concentration of 1 mg/mL and hydrolytic
studies were carried out at 80 °C for 2 h. For oxidative stress study, the
sample was diluted with 0.3% peroxide solution to obtain a con-
centration of 1 mg/mL subsequently and the drug was exposed to
autoclave at 120 °C for 30 min. Photo degradation studies were carried
out by exposing the drug substance to a light energy of 1.2 million lux
hours and an integrated UV energy of 200W h/m2. A parallel set of the
drug solutions were stored in dark at the same temperature to serve as
a control. Thermal studies were conducted on the solid drug substance
by heating at 80 °C for 7 days in a hot air oven. All the reaction so-
lutions were diluted with the mobile phase before HPLC analysis.

2.4. HPLC method and sample preparation

The forced degradation samples were analyzed on Agilent HPLC
(series 1200) equipped with a vacuum degasser, binary pump, auto
injector, DAD. The drug and its degradation products were opti-
mally resolved on Inertsil ODS 3 V, C18 (250 mm � 4.6 mm, 3 mm)
column and eluted with mobile phases A (20 mM of ammonium
formate at pH 3.5 adjusted with formic acid) and B (acetonitrile).
The gradient profile is as follows: linear gradient 10%–35% of B in
25 min, 65% B in 40 min, 70% B in 55 min and re-equilibration of
the column from 58 to 65 min with 10% of B. The flow rate was
0.8 mL/min; UV detection at λmax 259 nm was used for monitor-
ing. All the stress study samples (acid and base hydrolytic, oxi-
dative, thermal and photolytic stress) were neutralized and diluted
with the mobile phase and filtered through a 0.22 mm membrane
filter before injection.

2.5. LC-MS-Ion trap and Q-TOF-MSn parameters

The chromatographic conditions for LC–MS-Ion trap and Q-TOF
-MSn studies were the same as those for the HPLC method. The LC–
MS-Ion trap and Q-TOF-MSn studies were carried out using positive
products (DP-1 to DP-7).



Fig. 3. HPLC chromatogram of force degradation products (DP-1 to DP-7) and standard solution of argatroban. (A) acid hydrolysis, (B) alkaline hydrolysis, (C) peroxide
hydrolysis, and (D) argatroban API.
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as well as negative electro spray ionization. The operating conditions
for LC–MS-Ion trap 6310 scan of argatroban and degradation pro-
ducts in þ ESI mode were optimized as follows: Octopole RF am-
plitude, 187.1 Vpp; capillary exit, 128.5 V; capillary, 3500 V; skimmer,
40.0 V; Octopole, 1 DC 12.0 V; Octopole, 1 DC 1.7 V; nebulizer,
65.0 psi; dry gas, 9.0 L/min, and dry temperature, 350 °C; vaporizer
temperature, 250 °C; and the mass scan range, 120–1000 m/z.

The operating conditions for QTOF 6530 model Agilent scan of
argatroban and degradation products in þESI mode were opti-
mized and the source parameters are as follows: gas temp, 290 °C;
gas flow, 8 L/min; nebulizer, 40 psig; sheath gas temp, 290 °C;
sheath gas flow,11 L/min; and scan segment, positive polarity. The
scan source parameters were as follows: VCap, 3500; nozzle vol-
tage, 1000 V; fragmentor, 150; skimmer1, 65 and Octopole RF peak,
750. The operating conditions for MSn scan of all the degradation
products of the drug were in þESI mode and the mass spectra
were recorded across the range of 100 - 1000m/z.

2.6. Isolation of degradation products (DP-2&DP-7) by preparative HPLC

A Shimadzu preparative HPLC equipped with UV–visible de-
tector was employed for the isolation of DP-2 using Sunfire C18
(250 mm � 19 mm, 10 mm) column. The flow rate was 15 mL/min
and the detection was carried out at 259 nm. The mobile phase
consisted part A (0.1% formic acid) and part B (acetonitrile). A
gradient elution of T (min)/% of B: 0.01/10, 15/30, 21/60, 22/10, and
26/10 was followed for linear gradient.

3. Results and discussion

3.1. Stress decomposition behavior

The UV absorption spectrum of argatroban showed an ab-
sorption maximum λmax at 259 nm and hence, it was chosen as
detection wavelength in HPLC. Numerous variations in mobile
phase compositions and columns led to the optimized chromato-
graphic conditions that resolved argatroban and all degradation
products formed under different conditions in a single run. These
chromatographic conditions were used to study degradation be-
havior of argatroban as well as for LC–MS-Ion trap/Q-TOF-MSn

studies. There was no degradation observed in LC–PDA chroma-
togram of the standard solution of argatroban.

In total, argatroban drug substance was degraded into seven
major degradants which were denoted as DP-1 to DP-7 (Fig. 2) in



Fig. 4. UV spectra of argatroban and its degradation products (DP-1 to DP-6).

Fig. 5. Proposed mass fragmentation pattern of argatroban in þESI mode.
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accordance with the sequence in which the peak appeared from left
to right in the chromatogram under various stress conditions.
However, DP-4 (6.5%) was observed in both acid and peroxide stress.
Besides, DP-4 further converted into corresponding N-oxide product
(DP-7) in peroxide stress. Subsequently, DP-4 further degraded into
DP-1 (0.5%) by hydrolysis of the amide functionality under acid
stress. Similarly, DP-2 (8.8%) was also one of the major degradants in
acid stress and formed through internal cyclization of DP-3 (4.4%),
which in turn degraded from argatroban under acid stress. The
chemical structure of DP-2 was confirmed by high resolution mass
spectrometry(HRMS), NMR and heteronuclear multiple bond corre-
lation (HMBC) studies. Apart from these, two major degradants were
also observed in base stress, DP-5 (15.0%) and DP-6 (3.0%). There was
no degradation observed under thermal and photolytic conditions
and hence argatroban drug substance was found to be stable in
thermal and photolytic conditions.

3.2. LC-PDA study

LC-PDA chromatogram showing separation of all the degrada-
tion products of argatroban using a PDA detector is shown in Fig. 3.
The UV absorption behavior of degradation products (DP-1, DP-2,
DP-3, DP-4, DP-5 and DP-6) was similar to that of argatroban (λmax

259 nm) and the UV absorption spectra is shown in Fig. 4. How-
ever, DP-1, DP-4 and DP-7 showed maximum absorbance at
280 nm, which indicates that these degradant products have dif-
ferent chromophoric nature with respect to argatroban, which
indirectly gave evidence that these three degradants have an ex-
tended conjugation in their structural motif.

3.3. Fragmentation pathway of argatroban

Seven stages mass spectra (MS7) of argatroban were performed
to outline its mass fragmentation pattern for supplementary
characterization of the degradation products (Fig. 5). The drug was
detected as parent ion (M1) at m/z 509.2478 corresponding to its
molecular mass of 508.2467 Da. Fragmentation of M1 in MS2

spectrum produced product ion of m/z 384.1700 possibly due to
the loss of 4-methylpiperidine-2-carboxylic acid (143.0946 Da).
The MS2 fragmented ions, further fragmented in MS3 at m/z
237.0652 and m/z 146.0970, were proposed to be formed by the
loss of N-sulfo-5-guanidinopentanoic acid (237.0652 Da) and loss
of 3-methyl-1, 2, 3,4-tetrahydroquinoline (146.0970 Da), from MS2

moiety, respectively. The MS3 which was employed as precursor



Fig. 6. Fragmentation patterns of (A) DP-2, DP-3 and DP-4; (B) DP-1 and DP-7; and (C) DP-5 and DP-6.
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ion to record MS4 spectrum showed a daughter ion of m/z
193.0759. This is due to elimination of CO2 (44 Da) from COOH
group and N-sulfo-5-guanidinopentanoic acid moiety, respec-
tively. The MS5, MS6, and MS7 were further fragmented to three
fragmented ions of m/z 162.0939, m/z 129.1135 and m/z 112.0869,
respectively. In order to facilitate characterization of the de-
gradation products, the chemical structure of argatroban has been
viewed as two components i.e., 4-methylpiperidine-2-carboxylic
acid and 3-methyl-1,2,3,4-tetrahydroquinoline-8-sulfinic acid
connected through a C-N bond linkage.

3.4. Characterization of degradation products

3.4.1. Characterization of DP-1
The LC–MS result shows that the mass for DP-1 was at m/z

380.1387 as a parent ion (M1). Fragmentation of M1 in MS2



Fig. 6. (continued)
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spectrum produced a product ion of m/z 321.0903 (MS2) due to the
elimination of guanidyl moiety (58.0405 Da). The further MS3

fragmentation of MS2 ion produced an ion at m/z 223.0535. The
MS4 fragmentation of MS3 formed a daughter ion at m/z 206.0270
due to the elimination of ammonium ion. In addition, MS5 frag-
mentation of MS4 generated a daughter ion at m/z 142.0651 due to



Fig. 6. (continued)
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elimination of sulfonyl group. Based on the fragmentation, it is
suggested that the compound has a quinoline ring in the structural
motif. Based on LC–MS results and MS/MS fragmentation pattern it
is concluded that DP-1 is formed by the acid hydrolysis of DP-4.
The compound was further confirmed by 1H (Fig. S1), 13C NMR and
IR spectral analysis.

3.4.2. Characterization of DP-2
Four stage MS/MS fragmentation studies were performed to

characterize DP-2. The LC-MS result shows that the mass was
found at m/z 366.1594 for the parent ion (M1) in positive mode.
The probability of the formation of the degradant by internal cy-
clization of DP-3 is due to loss of water molecule. The further MS2

fragmentation of M1 produced a daughter ion at m/z 307.1110 by
the elimination of guanidyl group, which confirmed that the de-
gradant has an eight membered cyclic ring. Besides, MS3 frag-
mentation of MS2 ion generated a daughter ion at m/z 210.0583 by
the cleavage of sulfonamide bond, confirming that the compound
has a tetrahydro quinoline ring attached through sulfonamide
group. Further, MS4 fragmentation of MS3 generated a daughter
ion at m/z 146.0964 by the elimination of sulfonyl group, which
confirms that the compound has a sulfonyl moiety. Based on the
above MS/MS fragmentation pattern, DP-2 was confirmed as
containing an eight membered cyclic ring attached with quinoline
sulfonyl group. The structure of the compound was further con-
firmed by 1H (Fig. S2), 13C NMR and HMBC studies.

3.4.3. Characterization of DP-3
Similarly, LC-MS/Q-TOF results of DP-3 show that the mass at

m/z 384.1700 for the parent ion (M1) confirms that the compound
is generated by the direct hydrolysis of argatroban. For further
confirmation of the structure, MS/MS fragmentation study was
chosen. The MS2 fragmentation of M1 at m/z 384.1700 shows a
daughter ion at m/z 175.189 which matches with the arginine



Table 1
LC–MS/Q-TOF data of (DP-1 to DP-7) along with their possible molecular formulae and major fragments.

Degradation impurities Experimental mass Best possible molecular formula Theoretical mass Error in mmu Major fragments (error in mmu, chemical formula)

Argatroban 509.2478 C23H37N6O5Sþ 509.2540 � 6.2 384.1700 (� 5.3, C16H26N5O4Sþ)
384.1647 237.0652 (� 3.0, C6H13N4O4Sþ)
237.0622 162.0839 ( 5.5, C5H15N4Sþ)
162.0894 146.0964 (� 1.8, C10H12Nþ )

146.0946 129.1135 (� 1.8, C5H13N4
þ)

129.1117 112.0869 (� 1.6, C5H10N3
þ)

112.0853
DP-1 380.1347 C16H22N5O4Sþ 380.1387 � 4.0 363.1365 (� 8.1, C16H21N5O3S)

363.1284 223.0535 (� 2.6, C10H11N2O2Sþ )

223.0509 206.0270(� 2.3, C10H8NO2Sþ)
206.0247 142.0651 (� 1.8, C10H8Nþ)
42.0633

DP-2 366.1564 C16H23N5O3Sþ 366.1594 � 3.0 307.1010 (� 2.9, C15H19N2O3Sþ)
307.1081 210.0583(0.4, C10H12NO2Sþ)
210.0579 146.0964 (� 1.6, C10H12Nþ)
146.0948

DP-3 384.1656 C16H25N5O4Sþ 384.1700 � 4.4 175.1189 (� 2.4, C6H15N4O2
þ)

175.1165 210.0583 (0.6, C10H12NO2Sþ)
210.0577 112.0869 (� 1.2, C5H10N3

þ)
112.0857

DP-4 505.2168 C23H33N6O5Sþ 505.2227 � 5.9 380.1387 (� 5.0, C16H22N5O4Sþ)
380.1337 223.0536 (� 2.8, C10H11N2O2Sþ)
223.0508 206.0270 (� 2.0, C10H8NO2Sþ)
206.0268 142.0651 (� 1.4, C10H10Nþ)
142.0637

DP-5 467.2266 C22H35N4O5Sþ 467.2322 � 5.6 324.1376 (� 6.2, C15H22N3O3Sþ)
324.1341 210.0583 (� 2.5, C10H12NO2Sþ)
210.0558 144.1019 (� 1.5, C7H14NO2

þ)
144.1004 146.0964 (� 1.6, C10H12Nþ)
146.0948

DP-6 510.2312 C23H36N5O6Sþ 510.2380 � 6.8 493.2347 (0.9, C23H35N5O5S)
493.2356 385.1440 ( 3.6,C16H25N4O5Sþ)
385.1476 210.0583 (� 3.0, C10H12NO2Sþ)
210.0553 146.0964 ( � 1.8, C10H12Nþ)
146.0946

DP-7 521.2176 C23H33N6O6Sþ 521.2177 � 0.1 396.1342 (1.2, C16H22N5O5Sþ)
396.1354 239.0499 (0.4, C10H11N2O3Sþ)
239.0503 224.0609 (� 0.3, C10H12N2O2S2þ)
224.0612 206.0270 (1.8, C10H8NO2Sþ)
206.0288
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moiety due to the cleavage of sulfonamide, confirming that the
compound has L-arginine connected with quinoline ring through
sulfonamide linkage. Further, MS3 fragmentation of MS2 ion de-
livered a daughter ion at m/z 131.1291 by the elimination CO2

moiety from CO2H group. Furthermore, the MS4 fragmentation of
MS3 ion generated a daughter ion at m/z 112.0869 by the elim-
ination of ammonia. Based on the MS/MS fragmentation results
the structure of the compound was assigned and is shown in Fig. 6.
The structure of the product was further confirmed by 1H (Fig. S3),
13C NMR and IR spectral analysis.

3.4.4. Characterization of DP-4
The LC–MS/MS QTOF results revealed that the parent ion mass

was found at m/z 505.2168 (M1) for DP-4. Based on the difference
in UV absorbance and four mass units less than that of the parent
drug, oxidation might happen in the degradant. In order to identify
the structure, further MS/MS fragmentation study was conducted.
The MS2 fragmentation of M1 generated a daughter ion at m/z
380.1387, confirming the cleavage of amide bond, and is similar to
the fragmentation observed in the parent drug but only differs in
mass by 4 units, indirectly revealing that DP-4 has fully aromatized
ring. Moreover, the MS3 fragmentation of MS2 by the loss of 17 units
due to the elimination of OH group from carboxylic acid indicates
that the compound has a carboxylic acid group in the structure.
Further, MS4 fragmentation of MS3 produced a daughter ion at m/z
223.0535 due to the heterolytic cleavage of C-N bond in the pre-
cursor ion and further MS5 and MS6 fragmentations finally delivered
a daughter ion at m/z 142.0651, confirming the 4-methyl quinoline
ring. Based on the MS6 fragmentation, DP-4 has a 4-methyl quinoline
ring in the structure. Based on the LC-MS/QTOF and MS/MS frag-
mentation the structure of the compound is deduced as fully ar-
omatized compound and the structure is shown in Fig. 6. The de-
gradation product structure was further evidenced by 1H (Fig. S4), 13C
NMR and IR spectral analysis.

3.4.5. Characterization of DP-5
The mass was found for DP-5 at m/z 467.2323 for the parent ion

(M1), which was formed by the cleavage of formamidine group
from the guanidyl moiety of argatroban under base hydrolysis. The
MS2 fragmentation of the parent ion at m/z 467.2323 produced
two daughter ions at m/z 324.1378 and at m/z 144.1019, respec-
tively by the cleavage of the amide bond. The fragmentation pat-
tern suggested that DP-5 has a tetrahydro quinoline as well as a
4-methyl-piperdine-2-carboxylic acid moiety. Similarly, the MS3

(at m/z 210.0583) and MS4 (m/z 146.0964) fragmentations confirm
that the compound has a terahydro quinoline ring. Based on the
LC-MS/QTOF and MS/MS fragmentation, the structure of the
compound is deduced and is shown in Fig. 6. The proposed
structure was further confirmed by 1H NMR (Fig. S5) and 13C NMR
spectral data.

3.4.6. Characterization of DP-6
The LC–MS/MS QTOF results of DP-6 show a mass at m/z

510.2381 for the parent ion (M1) in positive mode and it is found



Fig. 7. Argatroban and degradation products (DP-1 to DP-7) degradation pathway.

Fig. 8. Proposed mechanism for the formation of DP-4.
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that it has only one mass unit more than that of the parent drug
argatroban. This suggests that some hydrolysis happened under
base stress and the guanidine was hydrolyzed to uridyl moiety,
which confirms the mass difference. Further, MS2 fragmentation of
M1 produced a daughter ion at m/z 493.2347 due to elimination of
hydroxyl radical from carboxylic acid. The MS3 fragmentation of
MS2 ion produced a fragmented ion at m/z 385.1540 by the elim-
ination of 4-methyl piperdine-2-aldehyde fragment, which sug-
gests that the degradant has a structure similar to that of
argatroban except the uridine moiety. Further, MS4 and MS5

fragmentations showed daughter ions at m/z 385.1540 and m/z
146.0964, confirming that the compound has a tetrahydro quino-
line ring. The proposed structure of the compound was further
confirmed by 1H NMR (Fig. S6) and 13C NMR analysis.

3.4.7. Characterization of DP-7
Under peroxide stress conditions, two degradation products

(DP-4 and DP-7) were observed. Among these two impurities, DP-
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4 is major and DP-7 is minor. The DP-4 was confirmed by the in-
dividual synthesis and the synthetic sample retention time was
perfectly in agreement with the retention time of the degradant
formed in the stress study. Besides, DP-7 (N-oxide) formed from
DP-4, which was confirmed by mass. In order to confirm the same,
peroxide stress study was also performed with the synthetic DP-4
and the generated N-oxide HPLC retention time matched with that
of the DP-7 formed from argatroban peroxide stress.

Hence, the structure of the N-oxide was further confirmed by 1H
(Fig. S7), 13C NMR, HRMS and MS/MS fragmentation studies. The 1H
NMR spectrum of the isolated compound displayed a singlet at lower
chemical shift value δH 8.24 ppm due to imine proton of quinoline
ring, whereas the DP-4 shows chemical shift for imine proton around
δH 8.91 ppm, providing strong evidence that the compound has
N-oxide on the quinoline ring. Other proton chemical shift values
observed for DP-7 were almost similar to that of DP-4. Besides, NH,
NH2 and OH protons were confirmed by disappearance with D2O
exchange. The MS2 fragmentation of DP-7 produced a daughter ion at
m/z 396.1342 due to heterolytic cleavage of amide, which confirms
that DP-7 has an amide linkage in the back bone of the structure.
Further, MS3 fragmentation of ion at m/z 396.1342 produced a
daughter ion at m/z 239.0485 by the heterolytic cleavage of sulfo-
namide, which indicates that the N-oxide formation took place on
the quinoline ring. Similarly, MS4 fragmentation of ion at m/z
239.0485 produced a fragmented ion at m/z 224.0609 by loss of 16
mass units due to loss of oxide, which confirms that the N-oxide
formation happened on the quinoline ring. Besides, MS5 fragmenta-
tion of ion at m/z 224.0609 gave a daughter ion at m/z 206.0270 by
the elimination of ammonia. Based on the MS/MS fragmentation
pattern, the structure of DP-7 was established and is shown in Fig. 6.
The chemical composition of DP-7 was further confirmed by HRMS
analysis and the observed mass 521.21762 was correlated for the
chemical composition of C23H33O6N6S [MþH]þ and the calculated
mass is 521.21776 for C23H33O6N6S [MþH]þ . The chemical compo-
sitions and the HRMS data of all degradation products (DP-1 to DP-7)
obtained and the MS/MS fragmentation results are shown in Table 1.

3.5. Postulated degradation pathway mechanism

The most probable mechanistic explanation for the formation of
degradation products DP-1 to DP-7 from argatroban is depicted in
scheme (Fig. 6). The degradation product DP-4 was formed by acid
hydrolysis, followed by ring aromatization in 3-methyl-1,2,3,4-tetra-
hydroquinoline of argatroban. Similarly, the degradation product DP-
1 was expected to be formed by acid hydrolysis of amide bond in DP-
4. However, DP-3 was generated by the acid hydrolysis of amide of
4-methylpiperidine-2-carboxylic acid in argatroban. Apart from
these, DP-2 was formed in acid hydrolysis by the internal cyclization
of DP-3 with the elimination of a water molecule. In addition, pro-
duct DP-5 was formed by the elimination of formamidine from
guanidyl moiety of argatroban under alkaline medium. Besides, DP-6
was formed due to base hydrolysis of imine group in the guanidyl
resulting in the formation urea derivative of argatroban. Further-
more, peroxide stress conditions produced two degradation products
(DP-4 and DP-7), among which DP-4 is major and DP-7 is minor.
Subsequently, DP-7 (N-oxide) was formed due to the oxidation of DP-
4 under peroxide stress. The N-oxide formation was evidenced by
HRMS and MS/MS fragmentation pattern. The degradation product
(DP-4) was confirmed by the individual synthesis. The degradation
pathway is depicted in Fig. 7. A probable mechanism was proposed
for the formation of DP-4 and is shown in Fig. 8. Initial protonation of
sulfone followed by imine formation and subsequent protonation
and aromatization gave the corresponding quinoline ring under
acidic and peroxide stress conditions.
4. Conclusion

Degradation behavior of argatroban was explored by exposing
it to ICH defined stress conditions. The drug showed significant
degradation under hydrolysis (acidic, alkaline) and oxidation
(peroxide stress) conditions. The drug remained stable under
thermal and photolytic stress conditions. In total, seven degrada-
tion products (DP-1 to DP-7) were formed under varied conditions
which were found to be previously unknown. DP-1 to DP-4 were
formed as common hydrolytic degradation products under acid
stress conditions and DP-5 and DP-6 were formed as common
hydrolytic degradation impurities under alkaline stress conditions.
The two major degradation products (DP-4 and DP-7) were gen-
erated under peroxide stress conditions. The degradation products
were completely characterized with the help of advanced analy-
tical techniques LC–MS-Ion trap/QTOF and NMR, and confirmed by
individual chemical synthesis.
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