Open Access Article. Published on 24 March 2022. Downloaded on 4/18/2026 6:50:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2022, 12, 9256

UPLC+

Identification, synthesis and characterization of
avanafil process impurities and determination by
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Jingiao Yuan,” Hu Liu® and Yiping Jin®

Avanafil is a phosphodiesterase type 5 inhibitor which is used to treat erectile dysfunction in men. The
process-related impurities of avanafil were investigated, and four kinds of impurities in several laboratory
batches with a content of 0.29-1.63% were detected by the newly developed gradient ultra-high
performance liquid chromatography (UPLC). Based on the synthesis route and UPLC-MS research, the

impurities are inferred as Imp-A, Imp-B, Imp-C and Imp-D. The structures of the impurities were inferred
from LC-MS studies and confirmed by synthesis, followed by spectroscopic characterization such as
NMR and mass spectrometry. Especially, the synthesis of Imp-D is firstly reported. The drug-related

substances can be separated well

by efficient and selective ultra-high performance liquid

chromatography on a Waters ACQUITY HSS C18 (50 x 2.1 mm, particle size 1.8 pm) column at 35 °C,
with the mobile phase consisting of ammonium formate (20 mM) and acetonitrile, and the detection at
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239 nm with a DAD detector. The method was validated in terms of specificity, linearity, precision,

accuracy and sensitivity, and satisfactory results were obtained. The results indicated this developed

DOI: 10.1039/d2ra01224c

rsc.li/rsc-advances

1. Introduction

Researchers have been exploring the treatment of erectile
dysfunction (ED) for a long time."* Currently, the first-line
drugs for ED are phosphodiesterase 5 inhibitors (PDE-5i).>°
Avanafil has been shown to be one of the PDE-5i with the fewest
side effects.>® As a fast-acting, highly selective oral PDE-5
inhibitor to treat erectile dysfunction in men, avanafil was
licensed by Tanabe Mitsubishi Pharmaceutical Company, Ltd to
Vivus, Inc. and approved by the U.S. FDA under the brand name
Stendra.”® Most pharmaceutical products are manufactured
through the application of fully synthetic methods. Due to the
wide range of reaction reagents used in the process, it is natural
that trace by-products are present in the final active pharma-
ceutical ingredient (API) as impurities. These impurities could
have a significant impact on the efficacy and safety of the final
product. According to the general guidelines on impurities in
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UPLC method for avanafil and the proposed synthesis mechanism can be used for quality control
purposes as required by regulatory agencies to ensure the safety and efficacy of the product.

APIs recommended by the International Conference on
Harmonization (ICH), the impurity greater than 0.10% in an API
should be identified and characterized for drugs with
a maximum daily dose equal to or less than 2 g.° On the one
hand, the identification and characterization of process-related
impurities can guide us in controlling these impurities to
acceptable levels by sequentially improving the reaction
conditions. On the other hand, pure impurities are needed to
validate the analytical method.

A number of studies have focused on stability methods for
avanafil. The analytical method used by Bhatt et al. was focused
on understanding avanafil formulations, without a mention of
impurities.' Another approach reported by Kumar et al
discusses the stability analysis of avanafil utilizing gradient
method under specific conditions, which showed degradation
impurities A and B."* Can's work in 2018 used LC-TOF-MS to
identify three avanafil degradation products, one of which was
impurity A.*> Patel et al. more recently systematically estab-
lished stable methods to comprehensively analyze and resolve
avanafil degrading impurities, including impurity A and B.****
Kammoun et al. identified impurity A in the brain and plasma
metabolites of rats administered avanafil orally using LC-QQQ-
MS.* 1t is well known that HPLC is the basic tool for drug
analysis.'® Impurity C was present as an intermediate in another
synthetic route of avanafil and became an impurity in the route
we applied.”” To the best of our knowledge, impurity D was
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reported for the first time and was also patented pending in
China. As the demand for drug development increased, UPLC
was invented and registered by waters. It has proven to be
increasingly popular among chemical analysts for its time
savings, low reagent consumption and better experimental
results.'®*® However, little attention has been paid to the process
impurities of avanafil, the level of which is critical for drug
approval in APIs. This study focused on the process impurities of
avanafil and the UPLC method developed was able to discrimi-
nate well between all process intermediates as well as impurities.

2. Experimental

2.1. Chemicals and reagents

The laboratory batches samples (96.53%) of avanafil were
synthesized according to the route reported in literature*® and
provided by Chemical Synthesis Department, Harvest Pharma-
ceutical Technology Co., Ltd, (Hunan, China). HPLC grade
acetonitrile was purchased from Sigma-Aldrich. Ammonium
formate and formic acid were purchased from Sigma-Aldrich,
Aladdin and Shanghai Sinopharm, respectively.

2.2. Ultra-performance liquid chromatography (UPLC) and
chromatographic conditions

The UPLC method was developed for the analysis of the process
related impurities of avanafil. The chromatographic analysis
was performed on an Agilent 1260 UHPLC system (Agilent
Technology Co., Ltd, California, USA). The chromatographic
analysis was carried out on a Waters ACQUITY HSS C18 with
50 mm x 2.1 mm and 1.8 um particle size column due to well
resolution. The mobile phase composing of 20 mM ammonium
formate aqueous solution; pH was adjusted to 5.00 £ 0.05 with
dilute formic acid (mobile phase-A) and acetonitrile (mobile
phase-B). It was degassed and filtered, before delivering into the
system, through 0.22 pm filters under vacuum. The linear
gradient programme was optimized by the percentage change of
mobile phases and set as follows: T time/mobile phase-A:B (%):
T0/90:10, T1/90:10; T8/20:80; T10/90:10; T11/90:10; with flow
rate of 0.3 mL min . Injection volume used was 1.0 uL, and
kept the column temperature at 35 °C. The analytes were
detected in photo diode array detector at 239 nm.

2.3.
MS)

Liquid chromatography-mass spectrophotometry (LC-

The main text of the article should appear here with headings as
appropriate. LC-MS/MS analyses were performed on an Agilent
6470 triple quadrupole liquid mass spectrometer (Agilent
Technologies, USA) coupled to an Agilent 1290 Infinity II system
in positive and negative ESI mode. Analysis of all compounds
was performed on Waters C18 columns. The gradient elution
employed solution A and B as mobile phase components.
Mobile phase A was 20 mM ammonium formate buffer (pH was
adjusted to 5.00 with formic acid), while mobile phase B was
acetonitrile. The gradient program was set as follows: time
(min)/A:B (v/v); T0/90:10; T1/90:10; 78/20:80; T10/90:10; T11/
90:10 with flow rate of 0.3 mL min~'. Product MS spectra
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were acquired over a m/z range from 100 to 1000 Da; the oper-
ating parameters were as follows: a nebulizer gas pressure of 7.5
bar, a dry gas flow rate of 5.0 L min~ ', a capillary voltage of 3.5
kv, an ion flight time of 0.5 s, and a transfer capillary temper-
ature of 300 °C. All data is collected and processed by Agilent's
data analysis software Mass Hunter.

2.4. Semi-preparative liquid chromatography

Preparation was performed using a Bonna-Agela CHEETAH II
(Tianjin) medium pressure preparative liquid chromatograph
with a C18 spherical 20-35 pm 100A column. The medium-
pressure preparative detector at 254 nm with a flow rate of 30
mL min~"'. Mobile phase A was 20 mM ammonium formate
adjusted to pH 5.00 % 0.02 with formic acid and mobile phase B
was acetonitrile. The gradient program was set to (T min/mobile
phase A:B): T0/90:10, T10/90:10, T50/50:50, T60/50:50, T110/
10:90, T120/10:90, with a flow rate of 30 mL min ' and the
detection wavelength was kept at 254 nm. The corresponding
target Imp-C and D were pooled separately and evaporated to
dryness using a rotary evaporator.

2.5. Nuclear magnetic resonance spectroscopy (NMR)

The structures of the impurities were elucidated by NMR spec-
troscopy. The data recorded on a Bruker Avance III 400 (Bruker,
Switzerland) instrument were performed on "H NMR and “°C
NMR with DMSO-d¢ solvent.

2.6. The synthesis of Imp-A, Imp-B, Imp-C and Imp-D (Fig. 1)

Imp-A is named (S)-4-((3-chloro-4-methoxybenzyl)amino)-2-(2-
(hydroxymethyl)pyrrolidin-1-yl)pyrimidine-5-carboxylic  acid,
which is the intermediate 6 (M6) in the synthetic route of ava-
nafil (see ESI Section 3.1} for details).

Imp-B is named 2-[2-(hydroxymethyl)pyrrolidin-1-yl]-4-{[(4-
methoxyphenyl)methylJamino}-N-[(pyrimidin-2-yl)methyl]
pyrimidine-5-carboxamide. M2 was reacted with tetramethox-
ybianamine by nucleophilic substitution at room temperature
to obtain Imp-B-M3, and then oxidized with m-chloroperox-
ybenzoic acid (mCPBA) at 0-10 °C for 4 h, washed with 5%
aqueous sodium carbonate, then washed twice with purified
water and partitioned. The organic phase was nucleophilic ally
substituted with r-prolinol for 4 h. After washing with water, the
organic phase was hydrolyzed in NaOH solution at 60 °C for
12 h. The reaction solution was filtered with dilute hydrochloric
acid to give 4-(3-chloro-4-methoxybenzyl)amino)-2-(methylthio)
pyridine. The reaction solution was adjusted to pH = 5 with
dilute hydrochloric acid and filtered to give 4-((3-chloro-4-
methoxybenzyl)amino)-2-(methylthio)pyrimidine-5-carboxylic
acid (Imp-B-M6), which was then amidated with SM5 in the
presence of EDCI and HOBT for 8 h to give the impurity. The
reaction solution of Imp-B was obtained by amide condensation
for 8 h and concentrated by rotary evaporation at 40-45 °C. The
Imp-B was then purified according to the separation described
in Section 2.4 (see ESI Section 3.2} for details).

Imp-C is named 4-{[(3-chloro-4-methoxyphenyl)methyl]
amino}-2-(methylsulfanyl)-N-[(pyrimidin-2-yl)methyl]
pyrimidine-5-carboxamide, which is formed from the ethyl-4-
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((3-chloro-4-methoxybenzyl)amino)-2-(methylation)pyrimidine-
5-carboxylate (M3). The M3 was hydrolysized in NaOH solution
at 60 °C, and the reaction solution was adjusted to pH = 5 with
dilute hydrochloric acid to give 4-((3-chloro-4-methoxybenzyl)
amino)-2-(methylation)pyrimidine-5-carboxylic acid (Imp-C-
M4) by filtration. The Imp-C-M4 condensation with SM5 in
the presence of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDCI) and biphenyl-4-amidoxime (HOBT) gave
Imp-C (see ESI Section 3.3t for details).

Imp-D is named [1-(4-{[(3-chloro-4-methoxyphenyl)methyl]
amino}-5-{[(pyrimidin-2-yl)methyl]carbamoyl}pyrimidin-2-yl)
pyrrolidin-2-ylJmethyl-4-{[(3-chloro-4-methoxyphenyl)methyl]
amino}-2-[2-(hydroxymethyl)pyrrolidin-1-yl]pyrimidine-5-
carboxylate, which was obtained by the esterification of M6
(Imp-A) and avanafil by O-benzotriazole-tetramethyl urea hexa-
fluorophosphate (HBTU) at room temperature for 8 h, the
reaction solution was extracted with ethyl acetate and concen-
trated by rotary evaporation at 40-45 °C before being purified
according to Section 2.4 (see ESI Section 3.41 for details).

2.7. Preparation of sample solutions

A mixture of water and acetonitrile (50 : 50, v/v) was used as
a diluent in the sample preparation. Weigh the appropriate
amounts of avanafil and impurity A-D standards, and then
dissolve them with diluent to obtain 1500 ug mL™" of avanafil
stock solution and 150 ug mL ™" of each impurity stock solution.
Main paragraph text follows directly on here. The laboratory
batches samples (96.53%) of avanafil were provided by Chem-
ical Synthesis Department, Harvest Pharmaceutical Technology
Co., Ltd, (Hunan, China). HPLC grade acetonitrile was
purchased from Sigma-Aldrich. Ammonium formate and for-
mic acid were purchased from Sigma-Aldrich, Aladdin and
Shanghai Sinopharm, respectively.

3. Results and discussion

3.1. Detection of processes

Several laboratory batches of avanafil were analyzed using the
newly developed method described in Section 2.2, and the
results showed that the Imp A-D content was 0.89%, 0.57%,
0.57% and 1.44%, respectively. According to ICH, we have to
identify impurities higher than 0.10% since the maximum daily
dose of avanafil is 200 mg.>** The UPLC retention behaviour of
impurities is shown in Fig. 2. The retention time for avanafil
was 5.44 min, and 4.29 min, 5.02 min, 6.02 min, and 7.85 min
for Imp A-D, respectively.

3.2. Proposed structural elucidation of impurities

On the basis of the compatibility of the UPLC method with LC-
MS, we determined the molecular weight of these impurities by
analyzing the samples in positive ion mode using LC-MS. We
analyzed the structures by their fragmentation (see Fig. S1 and
S27 for representative chromatographic and mass spectrometric
analyses). Coupled with the understanding of the synthetic
route, the structures of the four impurities are presented. The
observed molecular structures are shown in Fig. 1.
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Imp-A is a raw material M6 for the synthesis of avanafil and
a product of the previous reaction step of avanafil. The purified
Imp-B, Imp-C and Imp-D were synthesized (Fig. 1) and charac-
terized by UPLC, MS and NMR (Fig. S1, S10-520, Tables S1 and
S21). The molecular weights of all intermediates were also
determined by mass spectrometry (Fig. S3, S5 and S77).

3.2.1. Structural elucidation of Imp-A.***>* The mass spec-
trum of Imp-A is shown in the Fig. S1.} The presence of the [M +
H]" peak at 393, indicates that the impurity has a relative
molecular mass of 392, which is consistent with M6 in the route.
M6 was not completely reacted in the last step and was not
removed in time for post-treatment, resulting in its residue in
avanafil. M6 lost the hydroxyl positive ion fragment to acquire
m/z 374.9, then broke the C-N bond to obtain m/z 154.9, as
verified by secondary mass spectrometry fragment ions
(Fig. S27). This is also supported by the 'H NMR data with less
methylene signal and three aromatic ring proton signals
compared to the 'H data of avanafil. White solid, mp = 181-
182 °C. 'H NMR (400 MHz, DMSO-d,) 6: 8.68 (s, 1H), 8.45 (d, ] =
4.7 Hz, 1H), 7.41 (d, J = 3.7 Hz, 1H), 7.29 (dd, J = 8.4, 1.8 Hz,
1H), 7.08 (t, ] = 7.2 Hz, 1H), 4.57 (d, ] = 6.1 Hz, 2H), 4.18-4.00
(m, 1H), 3.81 (s, 3H), 3.61 (dt,J = 10.2, 5.2 Hz, 1H), 3.46 (m, 2H),
1.92 (m, 4H). **C NMR (100 MHz, DMSO-dg), ¢: 168.79, 161.52,
160.31, 153.86, 133.57, 129.79, 129.52, 128.05, 121.15, 113.12,
95.84, 61.99, 61.30, 59.64, 59.50, 42.67, 27.89, 23.13.

3.2.2. Structural elucidation of Imp-B."*'* The mass spec-
trum of Imp-B (Fig. S11) shows the presence of a 450.3 [M + H]"
peak, indicating that the relative molecular mass of the impu-
rity is 449, which is 35 Da less than that of avanafil. The
intensity of [M + 2]" is not 33.3% relative to the intensity of the
base peak, which can be inferred that the impurity does not
contain chlorine atoms. Based on the synthesis route, it is
difficult to carry out a dehalogenation reaction and the impurity
free of chlorine atoms was involved in the reaction from the
starting material, (3-chloro-4-methoxyphenyl)methanamine,
incidentally. The molecular weight difference between the
positive ion fragment m/z 341.2 and the Imp-A fragment m/z
374.9 is the molecular weight of one chloride, as is that of the
ions m/z 121.1 and m/z 154.9 (as shown in Fig. S1 and S2+). After
examination of the starting material, which contained dech-
lorinated impurity Imp-B-M3 ((4-methoxyphenyl)methanamine)
in a similar proportion to the Imp-B contained in avanafil. This
was also demonstrated by NMR, where the hydrogen spectrum
data showed two types of hydrogen on the benzene ring, i.e. no
chlorine atom substitution. Yellowish oily substance. "H NMR
(400 MHz, DMSO-d) 6: 9.10 (m, 1H), 8.75 (d, J = 4.9 Hz, 2H),
8.54 (s, 1H), 7.37 (t,J = 4.9 Hz, 1H), 7.26 (d, J = 8.6 Hz, 2H), 6.87
(d,J = 8.6 Hz, 2H), 4.58 (d, J = 5.7 Hz, 2H), 4.51 (d, J = 5.0 Hz,
2H), 4.13 (s, 1H), 3.72 (s, 3H), 3.65 (d, J = 10.6 Hz, 1H), 3.51 (d, ]
=11.4, 8.2, 5.6 Hz, 2H), 2.04-1.79 (m, 4H). >C NMR (100 MHz,
DMSO-dg), &: 167.94, 161.31, 161.17, 160.39, 158.74, 157.73,
132.15, 129.45, 120.13, 114.22, 98.63, 62.61, 59.46, 55.43, 47.71,
45.35, 43.16, 28.06, 23.23.

3.2.3. Structural elucidation of Imp-C."” The mass spec-
trum of Imp-C (Fig. S11) shows the presence of the [M + H]" peak
at 431, indicating that the relative molecular mass of the
impurity is 430, which is 64 Da less than that of avanafil. With

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01224c

Open Access Article. Published on 24 March 2022. Downloaded on 4/18/2026 6:50:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
Hl
NH cl ~2O
o o A ~ s )OR t
s OH
RN S 1 A Yo N)\N N)\N N OH A o NN
EtO OEt Sm2 X b NTSN sm3 ! | H NN b
‘ NN =R N = < c NN S sm4 | a _ o« -
2 )H/ c|)\% W” = | N & N . YN
OEt HO' N — COOEt H
oA COOEt 07~ COOEt NN COOH
COOE! GOOR @ o 9
sm1 M1 M2 M3 w4 ms M6
NH. l .
2
\0@ \)S\ SN
imp-B-SM3 ) f
cl N: ‘N e N/)\/NHz
G~ Oy % ]@”uﬁ)
N NN
N on N ow s ) ~5 COOH

Imp-C-M4

A COOE N
o f N cl Ny !
\mp-B-MS Imp-B-M4 Imp-B-M3 1)d; 2)e N/)\/NHZ ol J\l)‘ N
N OH
R l SM5 o (\AO%/HZ* \OU\H COOH NA‘N
P - N
= { cl N
N s YN U N M6 N

0 CF (oS 1 o) N W - ” N
N N 2 A OH NZON 1)e; 2)f o o N/\Ifj
Nz

OH NN c L
R ey SR
— s
e H
NJY 1)d; 2)e o o NN ~o 07N
g H cooH H

Imp-B-M6 Imp-B

Fig. 1 Synthesis of avanafil?® and Imp A-D. Reagents and conditions:

fragment ions of m/z 322, m/z 289, and m/z 155, it fractures
similarly to Imp-B, and the structure is depicted in ESI Fig. S2.7
Based on our analysis, the synthetic reaction was carried out
and M3 was hydrolysed and then condensed to give this
impurity, the peak position of which was consistent with the
impurity peak in avanafil as detected by UPLC. The structure
was further confirmed in the "H NMR data: two sets of three
protons appeared in the high field region of the hydrogen
spectrum as 6 = 2.45 and 3.82 signals, inferred to be protons of
the methylthio group of the pyrimidine ring and the methoxy on
the benzene ring, respectively. White solid, mp = 159-160 °C.
'H NMR (400 MHz, DMSO-d,) 6: 9.26 (t, ] = 6.0 Hz, 1H), 9.18 (t, ]
= 5.9 Hz, 1H), 8.76 (d,J = 4.9 Hz, 2H), 8.62 (s, 1H), 7.38 (m, 2H),
7.27 (dd,J = 8.4, 2.1 Hz, 1H), 7.08 (d, = 8.5 Hz,1H), 4.63 (d, ] =
5.8 Hz, 2H), 4.57 (d, ] = 5.9 Hz, 2H), 3.82 (s, 3H), 2.45 (s, 3H). *C
NMR (100 MHz, DMSO-d), 6: 173.43, 167.42, 166.95, 159.84,
157.85, 155.15, 153.98, 132.93, 129.64, 128.02, 121.20, 120.30,
113.21, 104.64, 56.52, 45.45, 42.90, 14.02.

3.2.4. Structural description of Imp-D. According to the
mass spectra (Fig. S11), there is a [M + H]" peak of 858.0, indi-
cating that the relative molecular mass of this impurity is 857,
which is 373 larger than the relative molecular mass of avanafil;
and we found just one m/z 466 daughter ion (Fig. S1 and S2+),
which has 392 less molecular weight than the impurity, and we
venture to guess that it differs by one M6 from the parent ion.
Because the molecular weight is much larger than that of

450
3504
52250-
g
1504 - Cé
. @ g Q Q
so{ £ £ < g £
~ = N
40 45 50 55 60 65 70 75 80 85
t/min

Fig. 2 Liquid chromatogram of avanafil.
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(@) NaOH; (b) POCls; (c) mCPBA,; (d) EDCI; (e) HOBT; (f) HBTU.

avanafil, after excluding the intermediate state of M6 combined
with the condensation agent and the chelation of avanafil with
the mobile phase in the previous step, it has undergone
a polymerization reaction in combination with the reaction
conditions of the process route. The polymerization reaction
was the esterification of M6 (Imp-A) with avanafil. The reaction
product of avanafil with M6 was prepared by synthesis and
detected by UPLC at the same time as the peak of this impurity
in avanafil, and Imp-D was prepared by NMR analysis to further
confirm its structure. White solid, mp = 111-113 °C. Anal. calcd
for C4yH4sCLN1;O6: C, 57.34; H, 5.28; Cl, 8.26; N, 17.94; O,
11.18; found: C, 57.38; H, 5.31; Cl, 8.21; N, 17.90; O, 11.20. 'H
NMR (400 MHz, DMSO-dg) 6: 9.17 (t,] = 6.0 Hz, 1H), 8.76 (t, ] =
7.8 Hz, 3H), 8.56 (s, 1H), 8.47 (m, 2H), 7.42 (m, 2H), 7.15 (dd, J =
107.5, 19.9 Hz, 5H), 4.55 (m, 6H), 4.34 (s, 2H), 3.81 (s, 6H), 3.50
(m, 8H), 1.94 (m, 8H). "*C NMR (100 MHz, DMSO-d), 6: 167.88,
167.74, 166.58, 165.73, 161.16, 161.00, 160.62, 160.54, 160.26,
157.77, 153.87, 133.66, 129.82, 129.56, 129.20, 128.08, 127.54,
121.15, 120.19, 113.08, 95.24, 95.07, 61.91, 61.23, 59.62, 59.41,
56.48, 47.84, 47.72, 45.34, 42.69, 28.37, 27.93, 23.25, 22.95.

3.3. Proposed mechanisms of impurity formation

Imp-A was formed due to an incomplete reaction in the final
stage of amide condensation, according to the proposed struc-
ture. Despite adequate post-treatment, a tiny amount of solvent

—— Mixed impurities solution
Blank solution

mAU

t/min

Fig. 3 Liquid chromatogram of blank solutions and mixed impurities
solution.
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is excessive due to its low content in comparison to the main
component. It is always a little in the main component,
regardless of polarity. Imp-B was formed as chlorine-deficient
impurities were present in the starting material, and their
characteristics are assumed to be comparable and that to their
similar structure and API. To obtain it, Imp-B-M3 underwent
oxidation, substitution, hydrolysis, and amide condensation
reactions. Imp-C is caused by incomplete oxidation of a minor
quantity of M3's methylthio group. Imp-D was produced since
Imp-A does not yield 100% API and the reaction conditions
allowed for esterification condensation during amide
condensation.

3.4. Synthesis and analysis of impurities

Four process-related impurities, including Imp-A, Imp-B, Imp-C
and Imp-D, were synthesized by the designed routes (Fig. 1).
Imp-A is the intermediate 6 (M6). The synthesis of Imp-B is
a five-step reaction, which obtained from the reaction of M2 and
Imp-B-SM3 (tetra-methoxybenzamide) through nucleophilic
substitution, oxidation, nucleophilic substitution, hydrolysis
and amide reaction. Imp-C is synthesized by hydrolysis and
amide reaction of M3 in the avanafil synthetic route. Imp-D was
obtained by esterification reaction between M6 and avanafil,
and then separation and purification.

The detailed experimental procedures have been described
in Sections 2.6. The synthesized impurities were spiked and
analyzed using UPLC as described in Section 2.3 to check their
retention times (Fig. 3). The retention times of the synthetic
impurities, Imp-A (4.29 min), Imp-B (5.04 min), Imp-C (6.01
min), and Imp-D (7.85 min) were significantly matched in the
crude avanafil sample (Fig. S4, S6, S8 and S91). Thus, the
impurity structure assumed in Section 3.2 was strongly
confirmed by its synthesis. Furthermore, the purities of these
compounds were analyzed by UPLC (Section 2.3) and they were

Table 1 Retention time and resolution of avanafil and its impurities
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all found to be more than 97%. In addition, spectral data such
as 'H NMR, *C NMR and ESI-MS were recorded to characterize
the structures of the synthesized impurities.

3.5. Optimization of the chromatographic conditions

To satisfy the necessity for a quicker adsorption and removal
rate of the column, the UPLC technique was devised, and
a gradient elution was chosen to identify all contaminants.
Initially, a C18 column and the most common mobile phases
were 0.1% formic acid solution (A) and methanol (B), but the
separation of the main component from Imp-A was not possible
and the resolution of the other components was not greater
than 1.5. The organic phase was changed to acetonitrile because
of the poor solubility of the main component in methanol. To
obtain a stable and satisfactory resolution phosphate buffer was
chosen and the pH was initially adjusted to 5.00 with sodium
hydroxide solution, which was found to give a more satisfactory
separation. In addition, 190 nm and 239 nm were the maximum
absorption wavelengths for the avanafil and impurities, but
190 nm is the cut-off wavelength of acetonitrile, so the 239 nm
was chosen as the detection wavelength. To develop a LC-MS
compatible liquid chromatographic method, a volatile ammo-
nium formate solution was used and the pH was adjusted with
1% formic acid and examined at pH 3.5-6.5. It was found that
the separation of the components between pH 4.5-6.5 occurred
well, and pH = 5 was chosen as the suitable condition. At the
same time, the concentrations of 5-20 mM ammonium formate
were investigated, which showed the different concentrations
had very little effect on the stable separation. The 20 mM
ammonium formate solution was finally chosen to give the
system a relatively strong buffer strength.

3.6. Method validation

The developed and optimized method was validated in terms of
specificity, linearity, sensitivity, precision, accuracy. The results
indicated this developed UPLC method can be used for quality
control purposes of avanafil and the processed impurities.
3.6.1. Specificity. The mixed control solutions and the

Impurities RT (min) Resolution blank solution were taken and determined by the developed

method to examine the specificity of the method. As shown in
Imp-A 4.29 - Fig. 3, the solvent had no effect on the determination of each
Imp-B 5.02 5.35 £0.03 | . ) ) o
Avanafil 5.44 5.81 + 0.03 impurity. The resolution of each component is shown in Fig. 1
Imp-C 6.02 3.88 + 0.03 to be greater than 1.5 (Table 1), which indicates that the method
Imp-D 7.85 12.35 £ 0.1 has good specificity.
Table 2 Summary of linearity and sensitivity

Linearity
LOD (ug LOQ (ug Linear correlation Linear regression

Compound mL™Y) mL™Y) coefficient (R?) equation Range (ug mL ™)
Avanafil 0.10 0.30 0.9993 y = 9.2395x — 0.4212 0.3-3.0
Imp-A 0.0125 0.0375 0.9995 y = 15.701x + 4.3281 0.3-2.25
Imp-B 0.05 0.15 0.9998 y =14.677x + 1.2176 0.3-2.25
Imp-C 0.05 0.15 0.9999 y = 9.4336x — 0.1289 0.3-2.25
Imp-D 0.05 0.15 0.9994 y =9.7574x + 0.1656 0.3-2.25
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Fig. 4 Linear fit plots of avanafil and its impurities.

3.6.2. Sensitivity and linearity. The sensitivity and linearity
of the limit of detection (LOD) and limit of quantification (LOQ)
for avanafil and 4 impurities were normalized by estimating the
signal/noise ratio (S/N) as 3 for LOD and S/N as 10 for LOQ by
injecting a series of known solution with dilution concentra-
tions (Table 2). Linearity was assessed at six variable concen-
tration levels for each compound, ranging from 0.03 pg mL ™" to
2.25 ug mL~' for each impurity and 0.03 pg mL™" to 3.00 pg
mL ™" for avanafil. All of the samples were examined using the
chromatographic conditions described in item 2.2.

The linear regression was performed by the least squares
method with the peak area of each component as the vertical
coordinate and the concentration of the solution as the hori-
zontal coordinate (Fig. 4). The results of the linearity obtained
from this method showed good linearity of avanafil with
impurities (Table 2). The correlation coefficient R* > 0.999 for
linear regression analysis of all samples.

3.6.3. Accuracy. Accuracy was assessed by performing
recovery studies by adding 20%, 50%, 100% and 150% of the
impurity limit concentration and using 1500 pg mL™" of ava-
nafil as the background solution, with three parallel prepara-
tions of 4 levels of solution. Recoveries ranged from 92.17% to
103.14% (Table 3).

3.6.4. Precision. The mixed control solution was taken for
six consecutive determinations, and the RSDs (%) of the peak
areas of the four Imp A-D were calculated as 0.085, 0.093,
0.136 and 0.962, indicating the precision of the instrument
was good.

Table 3 Summary of precision and accuracy

Precision (RSD%)  Accuracy (%)

Compound Intra-day Inter-day 20 50 100 150 RSD
Imp-A 0.085 0.865 98.4 92.17 95.52 98.59 0.031
Imp-B 0.093 0.407 98.51 99.14 101.24 101.26 0.014
Imp-C 0.136 2.187 99.8 95.37 100.54 98.81 0.023
Imp-D 0.962 1.648 98.24 103.14 97.12 99.76 0.026

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The precision of the method, including reproducibility
(intra-day) and intermediate precision (inter-day), was assessed
by examining six different samples spiked with impurities at the
100% level on 3 days. The variation in RSD (%) values indicated
that the method was precision (Table 3).

4. Conclusions

The avanafil synthesis process may contain a range of
contaminants, and this study discovered the impurities that are
difficult to remove in the final phase. Four process-related
impurities of avanafil were synthesized and determined by
LC-MS, "H NMR, *C NMR. To ensure the reliability of the
quality of avanafil API synthesis, a new stable UPLC method was
developed. The method was specific, sensitivity, accuracy,
precision and reproducibility. Understanding impurity routes is
critical for obtaining APIs with the requisite purity, especially
for future avanafil quality research.
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