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Min Xuea and Zhibin Xua

Istradefylline is a selective adenosine antagonist for the A2a receptor, and it is used to treat the Parkinson's

disease and improve dyskinesia in the early stage of the Parkinson's disease. An impurity in the istradefylline

intermediate A1 (6-amino-1,3-diethyl-2,4-(1H,3H)-pyrimidinedione) was identified by high performance

liquid chromatography (HPLC); it was separated by preparative HPLC and further characterized by UV, IR,

MS, NMR, 2D NMR and single-crystal XRD analyses. The impurity was identified as (E)-N-ethyl-2-cyano-

3-ethylamino-2-butenamide, which originated from the synthetic process of the intermediate A1. The

structure of this impurity might affect the efficiency and safety of istradefylline; therefore, the research

and control of this impurity are necessary for ensuring the quality of istradefylline.
1. Introduction

Parkinson's disease is a common progressive neurological
disease, where the lesions are mainly located in substantia
nigra, striatum and globus pallidus.1,2 Ageing is the most
important known risk, and the incidence of Parkinson's disease
rises dramatically with age. The incidence rates for people aged
50 to 59 and 70 to 79 are 17.4 and 93.1 per 100 thousand people,
respectively.3,4 There are individual differences in the Parkin-
son's disease and patients with hyperactivity as the main
symptom might be diagnosed in the early stage.5 The initial
symptoms in sequence are tremors, stiffness or slowmovement,
gait disorder, myalgia and spasm, mental disorders such as
depression and stress, language disorder and myasthenia, and
drooling and mask-like face. Currently, the main therapeutic
medicines can relieve the clinical symptoms of PD.6–9 However,
a single treatment method may not be completely effective, and
the entire treatment process should be targeted according to the
different stages and severity of the disease.10

Istradefylline (KW-6002, (E)-8-(3,4-dimethoxystyryl)-1,3-
diethyl-7-methyl-3,7-dihydro-1H-purine-2,6-dione), a selective
adenosine A2a receptor antagonist (Fig. 1), was developed by
Kyowa Hakko Kirin, Japan.11 It is used to treat Parkinson's
disease; it can improve the motor function of PD patients by
altering the activity of neurons and can also improve early
dyskinesia.12–14 During phase I and phase II clinical trials,
adjunct with L-dopa and other anti-Parkinson drugs,
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istradefylline was used for patients whose symptoms were not
well controlled, and it showed good safety and efficiency.15,16

Currently, istradefylline is synthesized by the amidation,
cyclization and methylation of intermediates A and B.17 Inter-
mediate A was synthesized from 1,3-diethylurea via cyclization
with cyanoacetic acid, nitrosation and reduction. Intermediate
B was prepared from veratraldehyde by condensation with
malonic acid and acyl chlorination (Fig. 2).

Impurities including organics, inorganics and solvent
residuals can be usually found in the nal drugs, and they
might originate from the starting materials, intermediates,
production processes and storage.18 Organics are the most
common impurities in pharmaceutical products, especially
unreacted intermediates, by-products or degradation products
that occur during storage. B. W reported the HPLC analysis of
istradefylline by isocratic elution using acetonitrile-phosphate
buffer as the mobile phase.19 However, no other studies
related to the analysis of istradefylline have been reported.

By-products usually have similar physical and chemical
properties to those of drugs due to their similar chemical
Fig. 1 Chemical structure of Istradefylline.
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Fig. 2 Reagents and conditions: (a) AC2O, 90–95 �C, 1 h; 40% NaOH, 90–95 �C, 15 min; (b) NaNO2, HAC, 60 �C, 0.5 h; (c) H2, Ni, 0.5 Mpa, 1 h; (d)
Py, reflux, 6 h; (e) SOCl2, DCM, DMF, rt, 2 h; (f) Py, DCM, rt, 16 h; (g) NaOH, C2H5OH, reflux, 15 min; (CH3O)2CO, DMF, K2CO3, 140 �C, 1.5 h.
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structures. In order to ensure that the drugs do not have adverse
effects, it is extremely important to control the impurities,
which might affect the efficiency and safety of the drugs.20

The istradefylline intermediate A1 (Fig. 2) is the active frag-
ment in the intermediate A, and its impurities are directly
related to the impurities of istradefylline. The purpose of this
study is to separate the impurities of the istradefylline inter-
mediates by prep-HPLC and conrm their structure by UV, IR,
NMR, MS and single-crystal X-ray diffraction analyses.
2. Experiment and methods
2.1. Materials

Istradefylline intermediate A1 was obtained from Shandong
Xinhua Pharmaceutical Co., Ltd. (Zibo, China). Acetonitrile and
puried water were used for sample preparation and mobile
phase. HPLC grade acetonitrile was purchased from Merck
(Darmstadt, Germany). Water was puried through a Milli-Q
water purication system (Millipore, USA).
2.2. HPLC analysis of the impurity

HPLC analyses were performed on an LC-20AD system (SHI-
MADZU, Kyoto, Japan) equipped with an SPD-10 Avp detector.
The impurity was prepared by dilution into the mobile phase
and then was ltered through a 0.45 mm organic membrane.
The impurity was analyzed by HPLC on Agilent ZORBOX
equipped with a C18 chromatographic column (150 � 4.6 mm,
5 mm). Mobile phase A (acetonitrile) and mobile phase B
(puried water) were used for HPLC. The separation was
accomplished by a gradient elution according to the program
(Tmin/A : B): T0/20 : 80, T15/60 : 40 and T20/90 : 10 to T50 at the
ow rate of 1.0 mL min�1. The column temperature was set at
35 �C and the detector wavelength operated at 268 nm (Fig. S1†).
14494 | RSC Adv., 2020, 10, 14493–14499
2.3. Separation of impurity

A prep-HPLC method was developed for the separation of the
impurity present in the istradefylline intermediate A1. Inter-
mediate A1 (0.4 g), water (8 mL) and acetonitrile (8 mL) were
dissolved in an ultrasonic water bath. Preparative performance
liquid chromatography was carried out on KNAUER-AZURA
(Knauer, Germany). The impurity was separated and puried
by prep-HPLC on Ceres B equipped with a preparation column
(250 � 30 mm, 7 mm) using acetonitrile/water (30/70, v/v) as the
mobile phase at a ow rate of 30 mLmin�1 and detected at a UV
wavelength of 268 nm.
2.4. Characterization and analysis of the impurity

The separated impurity was characterized by UV, IR, MS, NMR,
2D NMR and single-crystal X-ray diffraction. Ultraviolet
absorption spectra were recorded on UV-2550 (SHIMADZU,
Kyoto, Japan). Infrared absorption spectra were recorded on
Vertex-70 FT-IR (Bruker, Germany) over the range of 4000–
400 cm�1 by the pressed tablet method using KBr.

For NMR analysis, we used deuterated dimethylsulfoxide
(DMSO-d6) as the solvent and tetramethylsilane (TMS) as the
internal standard. 2D NMR correlation spectra (Correlated
Spectroscopy (COSY)), 1H Detected Heteronuclear Single
Quantum Coherence (HSQC), 1H Detected Heteronuclear
Multiple Bond Correlation (HMBC) and Distortionless
Enhancement by Polarization Transfer Spectroscopy (DEPT)
were recorded on INOVA-600 (Varian, USA) for the assignment
of the related chemical groups.

The high-resolution mass spectrum (HRMS) was detected on
1200RRLC-6520 Accurate-Mass Q-TOF (Agilent, USA) with ESI in
positive ion mode.

Single crystals were picked and analysed for X-ray structural
analysis on a Bruker apex2 X-ray diffractometer with Mo-Ka
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 HPLC chromatogram of (a) gradient elution, (b) acetonitrile/water (35 : 65, v/v), and (c) acetonitrile/water (30 : 70, v/v).
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View Article Online
radiation (l ¼ 0.71073 �A) at 296 K. The parameters of crystals
are summarized in Table 3. The single crystal X-ray diffraction
spectrum is shown in Fig. S11.†
3. Results and discussion
3.1. Separation of the impurity by prep-HPLC

To obtain a sufficient amount of the impurity for characteriza-
tions, prep-HPLC was used to obtain the impurity. The HPLC
This journal is © The Royal Society of Chemistry 2020
protocol including the elution method, mobile phase and
injection volume was optimized and the results are shown in
Fig. 3.

According to Fig. 3, good separation can be achieved by
gradient elution, and the peak of the intermediate A1 is far away
from the impurity peak (a ¼ 4.1); however, the column balance
required a long time with a large solvent demand in the
preparative mode. Therefore, isocratic elution was applied.
When acetonitrile/water (35 : 65, v/v) was applied (a ¼ 2.47),
RSC Adv., 2020, 10, 14493–14499 | 14495
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Table 1 Comparative 1H and 13C NMR data of impurity (DMSO-d6, 25
�C)a

Position

Impurity chemical shis (ppm)

DEPT13C 1H No. of H Multiplicity

1 167.68 — — — *

2 70.13 — — — *

3 167.78 — — — *

4 17.34 2.17 3H — b
5 120.81 — — *

6 37.97 3.32 2H Overlap a
7 14.90 1.14 3H J ¼ 7.2 Hz b
8 33.49 3.10 2H J ¼ 7.1, 5.8 Hz a
9 15.18 1.00 3H J ¼ 7.1 Hz b

a Highlighted: a position part in the molecule, a-negative peaks in
DEPT, b-positive peaks in DEPT, * four quaternary carbons.
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there was a small impurity peak in the front of the target
impurity peak, which might be included by the impurity peak
when a large amount of the sample was injected. Consequently,
acetonitrile/water (30/70, v/v) was further investigated; the
impurity and intermediate A1 could be separated well (a¼ 2.89),
and the small impurity peak before the target impurity could
also be separated well. Then, a larger injection volume (4 mL)
was tested further, and the small impurity peak before that of
the intermediate A1 could still be completely separated. Thus,
the prep-HPLC conditions were set as follows: acetonitrile/water
(30 : 70, v/v), isocratic elution, and 4 mL injection volume.
Under these conditions, the separation was satisfactory, and
economical solvent demand and short run time were achieved.
The nal pale yellow impurity product was extracted with
dichloromethane and concentrated to dryness under a reduced
pressure.

3.2. Characterization of the obtained impurity

The impurity obtained from prep-HPLC was characterized by
UV, IR, MS, NMR, 2D NMR and proton correlation spectroscopy.
The UV absorption spectra of the obtained impurity in H2O, HCl
(0.1 mol L�1), NaOH (0.1 mol L�1) and methanol solutions are
shown in Fig. S2.† There is an absorption peak at 285 nm, which
Table 2 H–H, H–C correlation of the impurity by COSY, HSQC and HM

No.

Impurity

dC/dH COSY HSQC H

1 167.68 — — H
2 70.13 — — H
3 167.78 — — H
4 17.34/2.17 — — —
5 120.81 — — H
6 37.97/3.32 H-7 H-6 H
7 14.90/1.14 H-6 H-7 H
8 33.49/3.10 H-9 H-8 H
9 15.18/1.00 H-8 H-9 H
8-NH 7.09 H-8 — —
6-NH 10.69 H-6 — —

14496 | RSC Adv., 2020, 10, 14493–14499
is the K-band transition peak of the carbonyl group. The K band
is characteristic of a p–p* transition, and it can be deduced that
the impurity contains the structure of a conjugated group.

The IR spectrum of the impurity is shown in Fig. S3† and the
absorption bands at 3361 cm�1, 2963 cm�1, 2929 cm�1,
2187 cm�1, 1699 cm�1, 1624 cm�1, 1453 cm�1 and 1376 cm�1

correspond to the functional groups, namely, NH, CH3, CH2,
CO, CONH and CN. It can be deduced that the impurity has
similar functional groups to that of intermediate A1.

The 1H NMR, 13C NMR and DEPT data of the impurity are
shown in Table 1 and the proton correlation data are shown in
Table 2. In the 1H NMR spectrum of the impurity (Fig. S4†),
there are seven groups of hydrogen with the integral ratio of
1 : 1 : 2 : 2 : 3 : 3 : 3 from low eld to high eld. It can be
deduced that the impurity contains three methyl groups, two
methylene groups and two hydrogens. In addition to the two
methylene groups and two methyl groups, the impurity has one
more methyl group than the intermediate A1. In the 13C NMR
spectrum of the impurity (Fig. S5†), the molecular backbone of
the impurity has nine carbons, which is inconsistent with that
of A1, which has eight carbons. According to the chemical shi
and DEPT data, the impurity contains three primary carbons,
two secondary carbons and four quaternary carbons. It can be
deduced that the structure might contain two methylene
groups, three methyl groups, one secondary amine, a cyano-
bonded ketone and a carbon–carbon double bond.

The MS spectrum of the impurity shows a protonated
molecule [M + H]+ atm/z 182.1 in Fig. S6,† which is signicantly
different from that for the intermediate A1 (m/z 183.1008).

Therefore, it can be deduced according to the above-
mentioned characterization that the impurity is a by-product
of intermediate A1 and is identied as (E)-N-ethyl-2-cyano-3-
ethylamino-2-butenamide, as shown in Fig. 4.

In order to further conrm the deduced structure of the
impurity, the DEPT spectrum (Fig. S7†), 1H–1H correlation
spectrum (COSY) (Fig. S8†), 13C–1H correlation spectrum
(HMQC) (Fig. S9†) and remote 13C–1H correlation spectrum
(HMBC) (Fig. S10†) were obtained to characterize hydrogen and
carbon. The structure was conrmed again as (E)-N-ethyl-2-
cyano-3-ethylamino-2-butenamide.
BC

C StructureMBC

-8,4 4�

-4 4�

-6,4 4�

1�

-4 4�

-7 2�

-6 1�

-9 2�

-8 1�

—
—
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Table 3 Crystal data and structure refinement for the impurity

Parameter Content

Empirical formula C9H15N3O
Formula weight 181.24
Temperature/K 150
Crystal system Monoclinic
Space group P21/c
a/�A 8.28(4)
b/�A 12.60(6)
c/�A 9.92(5)
a/� 90
b/� 105.94(10)
g/� 90
Volume/�A3 995.63(8)
Z 4
rcalc g cm�3 1.21
Reections collected 11 037
Goodness-of-t on F2 1.06
R indexes R1 ¼ 0.0883, wR2 ¼ 0.1261
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According to the COSY spectrum, combined with the HSQC
and DEPT spectra, H (d1.00) is a set of three peaks with three
protons related to H-8 (d3.10) and correlated to C-9 (d15.18),
which is conrmed to be H-9. H (d1.14) is a set of three peaks
with three protons related to H-6 (d3.32) and correlated to C-7
(d14.90), which is conrmed to be H-7. H (d2.17) is a set of
single peaks with three protons correlated to C-4 (d17.34) and
remotely related to C-1(167.68), C-2(70.13), C-3(167.78) and C-
5(120.81), which is conrmed to be H-4. H (d3.10) is related to
H-9 (d1.00) and correlated to C-8 (d33.49), which is conrmed to
be H-8. H (d3.32) is related to H-7 (d1.14) and correlated to C-6
(d37.97), which is conrmed to be H-6.

The DEPT spectrum shows the presence of three sets of
primary carbon peaks. The primary carbon peak (d14.90) is
related to H-7 (d1.14) and remotely related to H-6 (d3.32), which
is conrmed to bemethyl C-7. The primary carbon peak (d15.18)
Fig. 4 Structure of (E)-N-ethyl-2-cyano-3-ethylamino-2-butenamide.

This journal is © The Royal Society of Chemistry 2020
is related to H-9 (d1.00) and remotely related to H-8 (d3.10),
which is conrmed to be methyl C-9. The primary carbon peak
(d17.34) is related to H-4 (d2.17) and not remotely related to the
HSQC spectrum, which is assigned to C-4. Two sets of secondary
carbon peaks can be observed in the DEPT spectrum. The
secondary carbon peak (d37.97) is related to H-6 (d3.32) and is
remotely related to H-4 (d2.17), which is conrmed to be
methylene C-6. The secondary carbon peak (d33.49) is related to
H-8 (d3.10) and remotely related to H-9 (d1.00), which is
conrmed to be methylene C-8. Four sets of quaternary carbons
peaks can be conrmed from the DEPT spectrum. The quater-
nary carbon peak (d167.68) is related to H-8 (d3.10) and H-4
(d2.17) in the HMBC spectrum, which is assigned to quater-
nary C-1. The HMBC spectrum shows that C (d70.13) is remotely
related to H-4 (d2.17), which is conrmed to be quaternary C-2.
C (d167.78) is remotely related to H-4 (d2.17) and H-6 (d3.32),
which is conrmed to be quaternary C-3. C (d120.81) is remotely
related to H-4 (d2.17), which is conrmed to be quaternary C-5
(Table 2).
3.3. Formation mechanism of the impurity

Although the formation mechanism of an imidazole diketone
from the condensation of cyanoacetic acid with diethyl urea has
not been reported, Baccolini reported that the condensation
reaction of 2-carbonyl propionaldehyde and 2,3-diol propio-
naldehyde with urea can be carried out to obtain 5-methyl-
imidazolidine-2,4-dione.21 Based on the structure of 5-
methylimidazolidine-2,4-dione, we deduce that the formation
mechanism of (E)-N-ethyl-2-cyano-3-ethylamino-2-butenamide
might be as follows (Fig. 5): when condensation reaction is
carried out, cyanoacetic acid reacts with diethyl urea and acetic
anhydride to obtain intermediate A1. Simultaneously, the
intermediate A1 will undergo a decarboxylation reaction at
a high temperature to generate (E)-N-ethyl-2-cyano-3-ethyl-
amino-2-butenamide.
RSC Adv., 2020, 10, 14493–14499 | 14497
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Fig. 5 Reaction mechanism.
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(E)-N-Ethyl-2-cyano-3-ethylamino-2-butenamide as a byprod-
uct of intermediate A1 reacts in the subsequent synthetic
process. It might eventually affect the safety and efficiency of
istradefylline, but its pharmacology and toxicity are unknown
yet. The presence of the impurity in the intermediate A1 poses
a signicant risk to the safety and efficiency of istradefylline.
The strict control of the reaction temperature and the reduction
in acidity during the synthetic process, especially during the
distillation of acetic acid, may reduce the formation of this
byproduct. Through research using analytical methods, we can
reduce the quality risk of the drug by using HPLC to detect and
control this impurity.
4. Conclusions

In this study, an impurity from the istradefylline intermediate
A1 was separated by prep-HPLC. Its structure was identied as
(E)-N-ethyl-2-cyano-3-ethylamino-2-butenamide by means of
UV, IR, MS, NMR, 2D NMR and single-crystal X-ray diffraction
analyses. The impurity is actually a by-product of the interme-
diate A1, and it is formed due to the high temperature and acidic
conditions employed during the synthesis of intermediate A1.
The structure of this impurity has a potential impact on the
safety and efficiency of istradefylline. In order to ensure the
quality of istradefylline, HPLC is needed to detect and control
the content of this impurity.
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