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Synthesis and Biological Evaluation of Umifenovir
Analogues as Anti-SARS-CoV-2 Agents

Hiroaki Tanaka, Seiya Miyagi*,” Yusuke Yoshida,™ Justin Steven Lamb,”
Christian Nanga Chick,”™ Lokadi Pierre Luhata,’” Mizuho Shibata®,” Eri Tanaka,"”

Yumiko Suzuki,”’ and Toyonobu Usuki*®

The unprecedented novel coronavirus disease 2019 (COVID-19)
pandemic is a threat to global health and the economy. Since
the outbreak of COVID-19, great effort has been made to
reposition existing drugs to shorten development timelines, in
addition to vaccine development and drug discovery cam-
paigns. Umifenovir is a broad-spectrum antiviral agent used to
treat influenza in China and Russia and is currently undergoing

Introduction

In December 2019, the novel coronavirus disease 2019 (COVID-19)
was first reported in Wuhan, China" Since the outbreak, the
COVID-19 pandemic has severely impacted the health of millions
of people and the global economy. According to the World
Health Organization (WHO), as of 12 December 2021, 269 million
cases and 5.3 million deaths had been confirmed.” The novel
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
was identified as the causative virus for COVID-19, which shares a
highly similar RNA genome to that of SARS-CoV-1, the coronavirus
that caused the outbreak of SARS in 2003, resulting in 8,422
confirmed cases with 916 deaths The symptoms of COVID-19
include fever, cough, and difficulty breathing, which can rapidly
progress into a serious condition in some cases."

SARS-CoV-2 is an enveloped, large positive-strand RNA virus
that takes advantage of its spike glycoprotein (S-protein) to enter
host cells.”) The coronavirus S-protein is comprised of two
functional subunits, S; and S,. The S, subunit contains a receptor-
binding domain (RBD) and plays an essential role in binding to
the ACE2 receptor of host cells, while the S, subunit induces cell
entry via fusion of the viral envelope with cellular membranes of
host cells. It has also been noted that genome sequences of the
S, subunit are highly conserved among coronaviruses. Although
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clinical trials for the treatment of COVID-19. In this article, the
synthesis of umifenovir analogues and their biological evalua-
tion are reported. The inhibitory activities of analogues against
the binding of the spike glycoprotein (S-protein) of the novel
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
to the ACE2 receptor, which is a possible mode of action for
umifenovir to inhibit viral infection, were investigated.

the S-protein exists as a stable prefusion trimer at the viral surface,
conformational changes take place upon receptor binding and
proteolytic processing, which result in the initiation of a fusion
reaction by insertion of the hydrophobic fusion peptide into the
host membrane.”

Although vaccines and drugs including neutralizing anti-
bodies (e.g. casirivimab/imdevimab,” Ronapreve™, and RE-
GEN-COV™) as well as several antiviral agents (e.g.
Molnupiravir®) have been approved and are used to treat
COVID-19, a variety of antiviral drugs with different molecular
modes of action are urgently needed to reduce not only the
number of cases but also severity and rate of fatality. Since the
outbreak of COVID-19, huge efforts have been made to
reposition existing drugs such as remdesivir,” favipiravir,"” and
baricitinib,"™ as they can enable shorter development
timelines.'?

Umifenovir (1, arbidol, Figure 1), which has been approved
in China and Russia for the treatment of influenza, is a broad-
spectrum antiviral agent that works against a variety of viruses
including influenza, hepatitis B (HBV), hepatitis C (HCV), Lassa,
Ebola, and chikungunya."® The co-crystal structure of hemag-
glutinin (HA) of influenza virus and umifenovir (1) has been
solved, which revealed that 1 binds in a hydrophobic cavity in
the HA trimer stem, stabilizing its prefusion conformation. As a

umifenovior 1

Figure 1. Structure of umifenovir (1).
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result, 1 inhibits virus-cell fusion by blocking the large an anti-SARS-CoV-2 agent that serves as a therapeutic option

conformational rearrangements associated with membrane
fusion in the low pH of the endosome.¥ Although the detailed
mechanism of action by which 1 can inhibit SARS-CoV-2 viral
infection is not well understood, clinical pilot trials of 1 for the
treatment of COVID-19 are currently underway and have been
reported by several research groups. For example, Zhu and co-
workers reported that monotherapy of 1 may be superior to
lopinavir/ritonavir in treating COVID-19 based on a clinical
study conducted with 50 patients with SARS-CoV-2 virus
infection. In that study, on day 14 after administration, none of
the patients treated with 0.2 g of 1 three times a day showed
any viral load as determined by RT-PCR, as compared to
patients who received 400 mg/100 mg of lopinavir/ritonavir
twice a day (0% vs. 44%)." Reported clinical studies have
been supported and explained by an in vitro study by Wang
and co-workers, which showed that 1 has in vitro inhibitory
activity against the SARS-CoV-2 virus with an ICs, of 4.11 pM.1"®

Based on these reports, structure-activity relationship (SAR)
studies of umifenovir analogues may lead to the discovery of
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for the treatment of COVID-19. Thus, in this work, the synthesis
and the biological evaluation of novel analogues of umifenovir
(1) for the treatment of COVID-19 are reported.

Results and discussion

The syntheses of umifenovir analogues 2-9 were performed
starting from commercially available ethyl-5-hydroxy-2-meth-
ylindole-3-carboxylate 10 (Scheme 1)."” The phenolic hydroxyl
group of trisubstituted indole 10 was protected with an acetyl
group using acetic anhydride and pyridine in 83% yield. Next,
N-methylation of the acetyl indole 11 gave tetrasubstituted
indole 12 in 87 % yield. Tetrasubstituted indole 12 was trans-
formed to bromoindole 13 in 78% yield via double bromina-
tion on the C2 methyl and C6 using N-bromosuccinimide (NBS)
as a bromoine source and benzoyl peroxide (BPO) as a radical
initiator."® Thiolation of bis-bromoindole 13 was conducted to
afford thioethers 2 and 3 in the presence of o-methyl and o-
trifluoromethyl thiophenols in 81% and 75 % vyield, respectively.
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Scheme 1. Synthesis of thioethers 2, 3, and sulfone 4. Reagents and conditions: a) acetic anhydride (Ac,0), pyridine, reflux, 1 h, 83 %; b) iodomethane (Mel),
sodium hydride (NaH), N,N-dimethylformamide (DMF), 0°C, 2 h, 87 %; c) N-bromosuccinimide (NBS), benzoyl peroxide (BPO), carbon tetrachloride (CCl,), 90°C,
3 h, 78%; d) potassium hydroxide (KOH), methanol (MeOH), room temperature (rt), 3 h, 75 %; €) KOH, MeOH, rt, 3 h, 81 %; f) m-chloroperoxybenzoic acid

(mCPBA), dichloromethane (CH,Cl,), rt, 5 min., 78 %.
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Scheme 2. Synthesis of umifenovir analogues. Reagents and conditions: a) amines, 37 % formaldehyde solution (37 % HCHO), acetic acid (AcOH), reflux, 8 h.

The resulting thioether 2 was oxidized to give sulfoxide 4 using
m-chloroperoxybenzoic acid (mCPBA) in 78% yield. Finally,
thioethers 2, 3, and sulfoxide 4 were transformed to corre-
sponding umifenovir analogues 5, 6, 7, 8, and 9 by reaction
with a range of secondary amines via the Betti reaction in
70-86 % yield (Scheme 2).

These compounds were designed based on the reported SAR
study against chikungunya virus"® where the sulfinyl group at
the 2-position of the indole was shown to reduce the risk of cell
toxicity and the substituents on the benzene affected the activity.
Although the SAR study was performed against Chikungunya
virus, the similar trend would be expected because umifenovir (1)
has a broad spectrum of antiviral activity.

ChemistrySelect 2022, 7, 202202097 (3 of 5)

Biological assays of the compounds prepared in this work
were then performed, focusing on inhibition of the binding of
the S-protein and ACE2 receptors. Although the detailed
mechanism of action is unclear, we focused on a docking study
by Hu and co-workers, which showed that umifenovir (1) and
the RBD in the S-protein of SARS-CoV-2 have a high binding
affinity of —5.38 kcal/mol, where Asp*?® forms a hydrogen bond
with 1 along with two hydrophobic m-alkyl bonds associated
with Pro*® and Phe*®™ |n this assay, the plate-coated S-
protein containing RBD, S;, and S, subunits of SARS-CoV-2 was
subjected to biotin-labeled ACE2-His and the test substances.
To identify the inhibitory effect of the test substances, the
absorbance was measured as a readout following treatment

© 2022 Wiley-VCH GmbH
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Figure 2. Inhibitory activity of umifenovir analogues. The result was obtained from a single experiment (n=1).

with streptavidin-horseradish peroxidase (HRP). The inhibition
rate was determined by comparing the absorbance of the test
substances and the vehicle.

Inhibitory activity with a maximum inhibition rate of up to
20% was confirmed, so profound inhibition was not observed
in this assay (Figure 2). Although concentration-dependent
increases of the inhibition rate at low concentrations were
observed in some cases (Figure 2, dark blue), the precipitation
of the compounds in aqueous media at concentrations from 20
to 100 uM hampered evaluation at higher concentrations.

This assay was based on the hypothesis that umifenovir
analogues bind to the RBD of the S-protein and affect its
affinity to the ACE2 receptor; however, a decent inhibition rate
was not detected. As the detailed mechanism of action for how
1 inhibits viral infection is not well understood, there still
remains the chance for detecting the biological activity of
umifenovir analogues based on other possible modes of action.
For example, although a co-crystal of the S-protein of the
SARS-CoV-2 virus and 1 has not been reported, Vankadari
recently reported the therapeutic potential of 1 against SARS-
CoV-2 based on a protein sequence analysis and docking study,
where the sequence similarity of a short region of the
trimerization domain in the S, domain (aa 947-1027) of the
SARS-CoV-2 S-protein and that of influenza virus H3 N2 HA
suggested that 1 might block the receptor’s trimerization,
resulting in inhibition of host cell adhesion and viral
infection.”” In addition, the mechanismsof action by which 1
inhibits viral infection would depend on the binding site of the
S-protein, because the proposed model of coronavirus entry
includes multiple steps: (A) the S-protein promotes virus
attachment to host cells via binding to a transmembrane
receptor using the RBD, (B) activation of the S-protein trimer
via protease cleavage at the S, site, (C) shedding of the S,

ChemistrySelect 2022, 7, 202202097 (4 of 5)

subunit trimer frees the fusion machinery, and (D) subsequent
conformational changes of the S-protein result in fusion of the
viral and host membranes.” Therefore, further consideration of
assay systems as well as analysis of the binding site are needed
to assess the biological activity of umifenovir analogues as a
therapeutic candidates for the treatment of COVID-19.

Conclusion

In conclusion, we have synthesized a series of umifenovir
analogues and evaluated their biological activities, focusing on
their inhibitory activity against the binding of the S-protein of
SARS-CoV-2 and the ACE2 receptor, which is a possible mode
of action in which umifenovir (1) inhibits viral infection. A
maximum inhibition rate of up to 20% was confirmed, but
strong inhibition was not observed. As the detailed mode of
action is still unclear, the use of alternative assay systems along
with analysis of the binding site is necessary to detect the
biological activity of umifenovir analogues to aid in the
discovery of a novel anti-SARS-CoV-2 agent.
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