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ABSTRACT: The coronavirus (COVID-19) pandemic, along with its various
strains, has emerged as a global health crisis that has severely affected humankind
and posed a great challenge to the public health system of affected countries. The
replication of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
mainly depends on RNA-dependent RNA polymerase (RdRp), a key enzyme that is
involved in RNA synthesis. In this regard, we designed, synthesized, and
characterized hybrid thiouracil and coumarin conjugates (HTCAs) by ether
linkage, which were found to have anti-SARS-CoV-2 properties. Our in vitro real-
time quantitative reverse transcription PCR (RT-qPCR) results confirmed that
compounds such as 5d, 5e, 5f, and 5i inhibited the replication of SARS-CoV-2 with
EC50 values of 14.3 ± 0.14, 6.59 ± 0.28, 86.3 ± 1.45, and 124 ± 2.38 μM,
respectively. Also, compound 5d displayed significant antiviral activity against
human coronavirus 229E (HCoV-229E). In addition, some of the HTCAs reduced
the replication of SARS-CoV-2 variants such as D614G and B.617.2. In parallel,
HTCAs in uninfected Vero CCL-81 cells indicated that no cytotoxicity was noticed. Furthermore, we compared the in silico
interaction of lead compounds 5d and 5e toward the cocrystal structure of Suramin and RdRp polymerase with Remdesvir
triphosphate, which showed that compounds 5d, 5e, and Remdesvir triphosphate (RTP) share a common catalytical site of RdRp
but not Suramin. Additionally, the in silico ADMET properties predicted for the lead HTCAs and RTP showed that the maximum
therapeutic doses recommended for compounds 5d and 5e were comparable to those of RTP. Concurrently, the pharmacokinetics
of 5d was characterized in male Wistar Albino rats by administering a single oral gavage at a dose of 10 mg/kg, which gave a Cmax
value of 0.22 μg/mL and a terminal elimination half-life period of 73.30 h. In conclusion, we established a new chemical entity that
acts as a SARS-CoV-2 viral inhibitor with minimal or no toxicity to host cells in the rodent model, encouraging us to proceed with
preclinical studies.

■ INTRODUCTION
Coronavirus (COVID-19)1 is a positive, single-stranded RNA
that induces severe respiratory infections (SARS-CoV-2),
which emerged in late 2019 from Wuhan, China.2,3 As a
result of its widespread occurrence and rapid human
transmission leading to loss of lives, the World Health
Organization (WHO) officially declared it a pandemic.4−6 As
of April 6, 2023, human SARS-CoV-2 viral transmission has
reached 762,201,169 cases and 6,893,190 confirmed deaths
across the globe.7 Additionally, the mutated RNA of SARS-
CoV-2 has given rise to resistant and virulent novel variants,
imposing a significant burden on the scientific community to
develop successful medicines and vaccines.8−10 Although
existing vaccines and drugs can reduce the severity of the
disease, there is some cause for concern about the efficacy of
vaccines in the context of increasing numbers of muta-

tions.11−14 Despite many possible targets, the RdRp (nsp12)
complex is responsible for RNA replication and represents an
ideal target for innovative RdRp inhibitors.15−17 The use of
RdRp has been a crucial strategy for treating several viral
infections, including hepatitis C (HCV),18,19 dengue,20,21

zika,20,22 influenza,23,24 etc. Based on structural disparities
and the mode of action, RdRp inhibitors can be categorized
into two groups: nucleoside/nucleotide analogues (NAs) and
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non-nucleoside/nucleotide analogues (NNAs).15,25 These
nucleoside analogues are transformed into active nucleoside
triphosphates by cellular enzymes, which deceive and trick
SARS-CoV-2 RdRp and then are incorporated into the strand
to stop viral replication.9,14,25 Some commonly used clinically
approved repurposed SARS-CoV-2 nucleoside RdRp inhibitors
used to decrease morbidity and mortality are Remdesivir and
Molnupiravir.16,26−29 Other nucleoside RdRp inhibitors
include Favipiravir, Galidesivir, Ribavirin, Sofosbuvir, Azvu-
dine, and Taroxaz-26.8,15,30−34 Meanwhile, non-nucleoside
analogues (NNAs) disrupt viral replication by directly binding

to the active site of RdRp, which is one of their benefits over
NAs.15,25 To date, only a few RdRp NNAs have been
reported.15 Suramin, which is a NNA that inhibits SARS-CoV-
2 RdRp, was tested in antiviral assays, and its mode of action
was corroborated by a cryo-EM structure.35,36 In addition,
Lycorine, reported as a NNA, directly inhibits the activity of
SARS-CoV-2 RdRp.37

Recent studies have identified pyridobenzothiazole (HeE1-
2Tyr), 3-thioacetamide indole, quinoline, and 1,4-benzopyrone
(ARN25592) as non-nucleoside derivatives that are potent
RdRp inhibitors of SARS-CoV-2.15,35,38,39 Since many NAs

Figure 1. HTCA scaffold evolution that targets RdRp of the SARS-CoV-2 virus.

Scheme 1. Schematic Diagram Showing the Synthesis of Designed HTCAsa

a(A) Coumarin-Based Alkyl Halide’s Synthetic Scheme; (B) Title Compound’s Synthetic Scheme. Reagents and conditions: (i) 1,2-
dibromoethane/1-bromo-3-chloropropane, DMF, K2CO3, reflux; (ii) substituted benzyl bromides/benzyl chlorides, EtOH: H2O (1:1), KOH, 45
°C; (iii) 2a−d, acetone, K2CO3, reflux.
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and NNAs are reported as RdRp inhibitors, none are beneficial
for prolonged broad-spectrum effectiveness, and a specific
CoV-2 drug is still required to inhibit the SARS-CoV-2
variants.9,15,40 In contrast, we attempted to synthesize a hybrid
molecule containing nucleos(t)ide and non-nucleos(t)ide
mimicking analogues.

Hence, newer hybrid thiouracil−coumarin analogues
(HTCAs) are being developed as potent inhibitors of the
SARS-CoV-2 virus and its variants (Figure 1). Moreover,
computational studies suggest that the interaction of HTCAs
with the RdRp catalytical domain was comparable to RTP.

■ RESULTS AND DISCUSSION
Chemistry of HTCAs. Initially, compounds 2a−d were

synthesized by reacting 4-hydroxy coumarin/fluoro-substituted
coumarin with dihalo alkanes. Thiouracil was derivatized with
different benzyl halides, giving compounds 4a−c. Finally, the
coupling of compounds 2a−d and 4a−c was carried out using
potassium carbonate in acetone media (Scheme 1, Table 1).
The obtained HTCAs were characterized by using high-end
LCMS, 1H NMR, and 13C NMR techniques as well as melting
point.

Anti-SARS-CoV-2 Effects of Hybrid Thiouracil−Cou-
marin Analogues (HTCAs). Initially, we evaluated the
possibility of using HTCAs as SARS-CoV-2 viral inhibitors
using the Vero cell line (ATCC, CCL-81) as the host cell.41

For this purpose, Vero CCL-81 cells (2 × 104 cells/well) were
infected with the SARS-CoV-2 virus at a multiplicity of
infection (MOI) of 0.01 (200 PFU/well) and incubated for 2 h
at 37 °C. Later, the viral input was washed with DMEM, and
then, the cells were treated with a medium containing the
HTCAs at various concentrations (1.5, 3.75, 7.5, 15, 25, and
50 μM) for 48 h. RT-qPCR of the supernatant of HTCAs and
untreated infected cells was performed. The data revealed that
the RNA levels decreased upon HTCA treatment in a dose-
dependent manner. The most active compounds from HTCAs
were found to be 5d, 5e, 5f, and 5i, whose half-maximal
effective concentration (EC50) values were 14.3 ± 0.14, 6.59 ±
0.28, 86.3 ± 1.45, and 124 ± 2.38 μM, respectively. In parallel,
the toxicity of HTCAs to Vero cells (1.5, 3.75, 7.5, 15, 25, and
50 μM) was evaluated by treating the Vero CCL-81 cells. We
observed that there was no toxicity against tested Vero CCL-
81 cells.

Also, inhibition of HTCAs against human coronavirus 229E
(HCoV-229E) in the A549 cell line was examined by an MTT
colorimetric assay at different concentrations (1.56, 3.13, 6.25,
12.5, and 25 μM), and Oseltamivir was used as a control.
Promising antiviral activity was observed for 5d and 5e with
IC50 values of 15.44 and 24.35 μM, respectively. Further, the
efficacies of HTCAs were determined on various SARS-CoV-2
variants D614G and B.617.2 at different concentrations (2.5,
10, 25, and 50 μM). Some of the HTCAs were found most
effective against both variants with IC50 less than 10 μM and
have promising selectivity indices (Table 2). All dose−
response curves of HTCAs on SARS-CoV-2 and its variants
are presented in the Supplementary Figures.

In Silico Interactions between HTCAs and RdRp
(nsp12) of the SARS-CoV-2 Virus. Since SARS-CoV-2 had
a higher propensity to accept uracil as nucleotide substitution
and coumarin-based small molecules were reported to inhibit
the RNA polymerases in HCV virus, we hypothesized that
HTCAs could target RdRp of the virus.42 Therefore, the
cocrystal structure of Suramin-bound viral RdRp (2.6 Å),
determined by cryo-electron microscopy, was utilized (PDB
ID: 7d4f).36 Suramin that bound near the RdRp catalytic site
was considered for molecular docking purposes using the

Table 1. Structural and Physical Data of HTCAs

compound code R1 R2 n

5a (PC-01) H 4-F 1
5b (PC-02) H 4-F 2
5c (PC-03) F 4-F 1
5d (PC-04) F 4-F 2
5e (PC-05) H 3-CH3 1
5f (PC-06) H 3-CH3 2
5g (PC-07) F 3-CH3 1
5h (PC-08) F 3-CH3 2
5i (PC-09) H 4-Cl 1

Table 2. Anti-SARS-CoV-2 Effect of HTCAs Using Vero and A549 Host Cellsa,b

antiviral effect on SARS-CoV-2
(in the Vero CCL-81 cell line)

antiviral effect on HCoV-
229E (in the A549 cell line)

antiviral effect on SARS-CoV-
2 NIV2020-770 (D614G

variant)

antiviral effect on SARS-
CoV-2 Delta (B.617.2

variant)

compound
code

CC50 (in
μM) EC50 (in μM)

selectivity
index

IC50
(in μM)

selectivity
index

IC50
(in μM)

selectivity
index

IC50
(in μM)

selectivity
index

5a (PC-01) 76.80 NS NA NS NA <50 1.5 <25 3.0
5b (PC-02) 48 NS NA NS NA <10 4.8 <2.5 19.2
5c (PC-03) 22 NS NA NS NA <2.5 8.8 <10 2.2
5d (PC-04) >200 14.3 ± 0.14 13.97 15.44 12.95 <10 20 <10 20
5e (PC-05) 75 6.59 ± 0.28 11.4 24.35 3.06 <25 3 <10 7.5
5f (PC-06) 60 86.3 ± 1.45 <1 NS NA <25 2.4 <2.5 24
5g (PC-07) 60 NS NA NS NA <25 2.4 <10 6
5h (PC-08) 29 NS NA NS NA <2.5 11.6 <10 2.9
5i (PC-09) 55 124 ± 2.38 <1 NS NA <10 5.5 <2.5 22

aEC50 and IC50 of HTCAs against SARS-CoV-2 and SARS-CoV-2 variants are presented, determined by three independent experiments. bNote:
NS, not significant; NA, not applicable.
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accelrys DS version 2.5. The sdf file for Suramin, Remdesvir
triphosphate (RTP), and the lead SARS-CoV-2 virus inhibitors
was prepared for the docking studies.43,44 Using the reported
protocol of the CDOCKER program, we docked the
abovementioned ligands to the catalytic site of the RdRP
protein structure. The docking scores are summarized. The net
CDOCKER interaction energies of RTP, Suramin, 5d, 5e, 5f,
and 5i were found to be −9.09, −19.87, −7.41, −8.43, −7.14,
and −3.66 kcal/mole, respectively, indicating that interaction
of Suramin with the protein was the best (Figure 2A).

Molecular docking of compound 5d at the catalytical site of
RdRp of the SARS-CoV-2 virus revealed that the compound
5d and RTP share a common binding site. The binding mode
of the compound 5d with RdRp can be viewed in three
segments, in which the lactone or pyrone ring of 5d formed H-
bond interactions with RdRp key amino acid residues N497
and R569. In addition, the fluoro-coumarin ring of compound
5d formed cation−π stacking and van der Waals interactions
with K500, Q573, L576, and K577 residues of the RdRp
catalytical domain. Second, the ether linkage of the compound
5d had hydrogen bonding with N496, indicating the
requirement of a linker in the HTCAs. Finally, the benzylated
thiouracil was surrounded with the key amino acid residues
Y689, A688, I589, and L758, indicating that the interaction of
compound 5d was unique when compared to Suramin. The
interaction of compound 5e with the RdRp catalytical domain
was comparable to that of RTP and compound 5d. However,
compound 5e possessed two inter-hydrogen bondings with the
RdRp domain amino acids K500 and K577 by pyrone and
uracil rings (Figure 2B,C). Further, in vitro interaction studies
will explore the structure−activity relationship with respect to
the binding of HTCAs to the RdRp protein.
Pharmacological Features of Compound 5d. In order

to develop a druglike small molecule that inhibits the SARS-
CoV-2 virus, we further tested the lead compound 5d for acute
oral toxicity profile using female rats. The animals were
administered a single dose of compound 5d at 300 and 2000
mg/kg, p.o. and observed for clinical signs of toxicity for 14
days.45 There were no signs of toxicity and gross pathological
changes were observed at 300 mg/kg. However, administration
of 2000 mg/kg produced mortality. Based on the above
observations, the LD50 cutoff value of compound 5d was found
to be 500−1000 mg/kg and classified as Category-4 based on
the Globally Harmonized Classification System (GHS) for
Chemical Substances and Mixtures. Further, compound 5d was
assessed for its oral bioavailability by feeding male Wistar
Albino rats with a single prefixed dose (10 mg/kg, p.o), after
being overnight fasted, and blood samples of the animals were
collected at different time points through retro-orbital
puncture under mild anesthesia and their respective serum
was quantitated using HPLC analysis.46

The quantification of the chromatogram and other
parameters revealed that compound 5d showed Cmax and

Figure 2. In silico molecular interaction studies of HTCAs with the
RdRp catalytical domain of the SARS-CoV-2 virus. (A) Surface view
of the docked compounds such as RTP (pink-colored stick model),
Suramin (green-colored line model), and compound 5d (yellow-
colored ball-and-stick model) toward the catalytical domain of RdRp.
Interaction maps of key amino acids of RdRp and compounds 5d (B)
and 5e (C) are presented with parent amino acid colors.

Figure 3. HPLC quantification of compound 5d in male Wistar Albino rats.
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terminal elimination half-life of 0.22 μg/mL and 73.30 h,
respectively (Figure 3).
In Vitro Metabolic Stability of HTCAs. Since the liver

metabolic stability of HTCAs determines its druglike proper-
ties, when we require a longer bioavailability of tested samples.
Selective compounds with significant anti-SARS-Cov-2 activ-
ities were further subjected to in vitro metabolic stability
studies. Thus, the liver metabolic stabilities of compounds 5f,
5h, 5d, and 5e were evaluated by determining the metabolic
rates of mouse, rat, and human liver microsomes (Figure 4).47

We chose the abovementioned four compounds, as com-
pounds 5d and 5e showed broad-spectrum antiviral activity
when compared to 5f and 5h, which are selective against
SARS-CoV-2 variants. Reference drugs such as Verapamil and
Atenolol were used, and it was found that these drugs were
active toward liver microsomes, which were within the
acceptable in-house limits. Among the tested HTCAs, all are
metabolized in all tested species to varied extents. At 0.5 h after
incubation, >50% of compound 5e was found to be stable in
the human liver microsomes, which was comparable to
Atenolol. Thus, compound 5e showed metabolic stability
against rat and human liver microsomes.

ADMET Predictions of Lead HTCAs and Their
Comparison to RTP. We further predicted the ADMET
properties of lead compounds and compared them with RTP
using the computational online vNN-ADMET platform.48

Around 15 properties associated with ADMET were predicted
for compounds 5d, 5e, and RTP by using the general protocol
of the vNN-ADMET program.49 The results of the predicted
parameters related to in silico ADMET properties of
compounds 5d, 5e, and RTP obtained from the online vNN-
ADMET platform server are tabulated in Table 3. A
computational study revealed that compounds 5d and 5e will
not be hepatotoxic, whereas RTP was found to be hepatotoxic.
Compound 5e will not be metabolized rapidly by human liver
microsomes, whereas compounds 5d and RTP do undergo
rapid metabolism. In addition, all of the compounds such as
5d, 5e, and RTP will not inhibit the isoforms of CYP450s, the
common drug metabolizing enzymes. Compound 5e may pass
through the blood−brain barrier (BBB), but both 5d and RTP
were not predicted to cross the blood−brain barrier, an
important consideration since the SARS-CoV-2 virus is
observed to have significant neurological involvement. These
compounds may be substrates for P-glycoprotein, and both
compounds 5e and RTP are inhibitors of P-glycoprotein,
whereas 5d is not. Compounds 5d, 5e, and RTP are not
inhibitors of matrix metalloproteinases and most likely will not
cause chemical mutagenicity. We also determined the
maximum therapeutic doses recommended for the lead
compounds and compared them to RTP.

■ CONCLUSIONS
In conclusion, we designed and synthesized novel hybrid
thiouracil−coumarin analogues (HTCAs) as SARS-CoV-2
inhibitors. Results of our in vitro RT-qPCR data showed that
lead HTCAs such as 5d, 5e, 5f, and 5i reduced the replication
of SARS-CoV-2 with minimal or no toxicity to host cells. In
addition, some of the HTCAs exhibit significant antiviral
activity against human coronavirus 229E (HCoV-229E) and
SARS-CoV-2 variants (D614G and B.617.2). Further, the lead
HTCAs were taken for in silico interactions with the RdRp
catalytical domain of the SARS-CoV-2 virus. The in silico
molecular interaction studies demonstrated that 5d and RTP
share a common catalytical site of RdRp, but not with Suramin.
Our pharmacokinetic single-dose toxicity data from rodents
showed that the lead compound 5d could be used for further
studies with a relatively better classification of Category-4
based on GHS for Chemical Substances and Mixtures use on
animal models. Additionally, the in silico ADMET properties
showed that the maximum recommended therapeutic dose
(MRTD) of lead HTCAs (5d and 5e) was comparable to that

Figure 4. Stability (%) studies of in vitro mouse (A), rat (B), and
human (C) liver microsomes in the presence of selected HTCAs.

Table 3. vNN-ADMET Predictions of the Lead SARS-CoV-2 Virus Inhibitors and Their Comparison with RTPa

liver toxicity

metabolism

membrane transporters othersCYP inhibitors for

query DILI CT HLM 1A2 3A4 2D6 2C9 2C19 BBB Pgp In Pgp Sub hERG MMP AMES MRTD (mg/day)

5d Y N Y N N N N N N N Y Y N N 211
5e N N N N N N N N Y Y Y N N N 216
RTP Y Y Y N N N N N N Y N N N N 229

aNote: N, No; Y, Yes; DILI, drug-induced liver injury; CT, cytotoxicity; CYP, cytochrome P450; HLM, human liver microsomes; BBB; blood−
brain barrier; Pgp, P-glycoprotein; Sub, substrate; In, inhibition; hERG, human ether-a-go-go-related gene; MMP, matrix metalloproteins; AMES;
salmonella/microsome mutagenicity; MRTD, maximum recommended therapeutic dose. Online predictions and interpretations using a restricted/
unrestricted applicability domain are represented.
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of RTP. In conclusion, our results provided that the new
chemical entities (NCEs) can help develop drug candidates to
target COVID-19 variants in the future.
Experimental Materials and Methods. All chemicals

and solvents were purchased from TCI and Sigma-Aldrich.
The completion of the reaction was monitored by precoated
silica gel TLC plates. The 1H and 13C NMR were recorded on
an Agilent NMR spectrophotometer (400 MHz) in CDCl3
using TMS as an internal standard, and chemical shifts are
expressed as ppm.50−53 The mass of the HTCAs was
determined by LCMS using a Waters instrument (Xevo G2-
XS QTof) (waters column: Sunfire C18, 4.6 mm × 250 mm).
General Procedure for the Synthesis of HTCAs.

Substituted 4-hydroxy coumarin (1a−b) (1 mmol) was
dissolved in dimethylformamide (DMF, 10 mL), and
anhydrous potassium carbonate (0.7 mmol) was added. To
the above reaction mixture, 1,2-dibromoethane (1 mmol)/1-
bromo-3-chloropropane (1 mmol) was added and refluxed at
70 °C with continuous stirring for 2−3 h. After the completion
of the reaction (monitored by TLC), the mixture was diluted
with water. The precipitate was filtered and washed with water
and then purified through column chromatography to obtain
alkylated coumarins (2a−d).

2-Thiouracil (1 mmol) (3) and KOH (1.4 mmol) were
dissolved in ethanol/water in a 1:1 ratio. Then, the above
reaction mass was heated to 45 °C, and substituted benzyl
bromides (1.24 mmol)/benzyl chlorides (1.24 mmol) were
added. The completion of the reaction was monitored by TLC.
After completion of the reaction, the solvent was evaporated to
dryness using a rotary evaporator. Then, the crude obtained
was suspended in 10% aqueous NaHCO3 solution and the
precipitate was filtered off. Further, the crude was successively
washed with water, ethanol, and diethyl ether. The substituted
benzyl-2-thiouracils 4a−c were obtained as white solids.

Finally, 4a−c (1 mmol) was coupled with 2a−d (1 mmol)
by means of K2CO3 (2 mmol) in refluxing acetone. After
reaction completion, the solvent was distilled off using a rotary
evaporator, and hybrid thiouracil−coumarin analogues
(HTCAs) (PC-01 to PC-09) (5a−i) were obtained as solids.
The solid was filtered off and purified through column
chromatography (hexane/ethyl acetate::70:30).

4-(2-((2-((4-Fluorobenzyl)thio)pyrimidin-4-yl)oxy)
ethoxy)-2H-chromen-2-one (5a) (PC-01). 4a (100 mg, 0.423
mmol) was coupled with 2a (114 mg, 0.423 mmol) by means
of K2CO3 (117 mg, 0.847 mmol) in refluxing acetone. After
reaction completion, the crude obtained was purified by
column chromatography. Compound 5a was obtained as a
white solid (162 mg, 90% yield). MP: 146−148 °C; 1H NMR
(400 MHz, CDCl3): δ 8.28 (d, J = 5.6 Hz, 1H, pyrimidine-H),
7.76 (d, J = 7.6 Hz, 1H, chromene-H), 7.61−7.47 (m, 1H,
chromene-H), 7.46−7.32 (m, 2H, -C6H4), 7.31 (d, J = 8.4 Hz,
1H, chromene-H), 7.31−7.17 (m, 1H, chromene-H), 6.98 (t, J
= 8.4 Hz, 2H, -C6H4), 6.47 (d, J = 5.6 Hz, 1H, pyrimidine-H),
5.70 (s, 1H, -chromene-H), 4.81 (s, 2H, -CH2-O), 4.47−4.33
(m, 4H, -CH2-O (2H), and -CH2-benzyl (2H)); 13C NMR
(100 MHz, CDCl3): δ 171.0, 168.1, 165.2, 163.2, 162.6, 160.8,
157.7, 153.3, 133.2, 132.5, 130.4, 130.3, 123.9, 123.0, 116.7,
115.4, 115.3, 115.2, 104.2, 90.8 (Ar-C), 67.1, 63.5 (-CH2-O),
34.5 (-CH2-benzyl); LCMS (ESI): m/z calcd. for
C22H17FN2O4S: 424.4448; found: 425.1093 [M + H]+.

4-(3-((2-((4-Fluorobenzyl)thio)pyrimidin-4-yl)oxy) pro-
poxy)-2H-chromen-2-one (5b) (PC-02). 4a (100 mg, 0.423
mmol) was coupled with 2b (101 mg, 0.423 mmol) by means

of K2CO3 (117 mg, 0.847 mmol) in refluxing acetone. After
reaction completion, the crude obtained was purified by
column chromatography. Compound 5b was obtained as a
white solid (160 mg, 86% yield). MP: 138−140 °C; 1H NMR
(400 MHz, CDCl3): δ 8.24 (d, J = 5.6 Hz, 1H, pyrimidine-H),
7.78 (d, J = 7.6 Hz, 1H, chromene-H), 7.54 (t, J = 7.2 Hz, 1H,
chromene-H), 7.43−7.30 (m, 2H, -C6H4), 7.31 (d, J = 8.4 Hz,
1H, chromene-H), 7.31−7.18 (m, 1H, chromene-H), 7.04−
6.90 (m, 2H, -C6H4), 6.41 (d, J = 5.2 Hz, 1H, pyrimidine-H),
5.69 (s, 1H, chromene-H), 4.63−4.50 (m, 2H, (-CH2-O), 4.35
(s, 2H, -CH2-benzyl), 4.34−4.21 (m, 2H, (-CH2-O), 2.35 (t, J
= 5.6 Hz, 2H, (-CH2-); 13C NMR (100 MHz, CDCl3): δ
171.0, 168.4, 165.4, 163.2, 162.7, 160.72, 157.4, 153.3, 133.3,
132.4, 130.4, 130.3, 123.9, 122.9, 116.8, 115.6, 115.4, 115.2,
104.1, 90.7 (Ar-C), 65.8, 62.6 (-CH2-O), 34.5 -CH2-benzyl),
28.1 (-CH2-); LCMS (ESI): m/z calcd. for C23H19FN2O4S:
438.4714; found: 439.1230 [M + H]+.

6-Fluoro-4-(2-((2-((4-fluorobenzyl)thio)pyrimidin-4-yl)-
oxy)ethoxy)-2H-chromen-2-one (5c) (PC-03). 4a (100 mg,
0.423 mmol) was coupled with 2c (122 mg, 0.423 mmol) by
means of K2CO3 (117 mg, 0.847 mmol) in refluxing acetone.
After reaction completion, the crude obtained was purified by
column chromatography. Compound 5c was obtained as a
white solid (161 mg, 86% yield). MP: 126−128 °C; 1H NMR
(400 MHz, CDCl3): δ 8.29 (d, J = 5.6 Hz, 1H, pyrimidine-H),
7.49−7.32 (m, 3H, chromene-H), 7.33−7.21 (m, 2H, -C6H4),
6.98 (t, J = 8.4 Hz, 2H, -C6H4), 6.47 (d, J = 5.6 Hz, 1H,
pyrimidine-H), 5.74 (s, 1H, chromene-H), 4.80 (t, J = 4.4 Hz,
2H, -CH2-O), 4.42 (t, J = 4.4 Hz, 2H, -CH2-O), 4.38 (s, 2H,
-CH2-benzyl); 13C NMR (100 MHz, CDCl3): δ 171.1, 168.0,
164.4, 163.2, 162.1, 160.7, 159.8, 157.7, 157.4, 149.4, 133.1,
130.4, 130.3, 120.2, 119.9, 118.4, 118.3, 116.4, 116.3, 115.4,
115.2, 109.0, 108.8, 104.1, 91.5 (Ar-C), 67.3, 63.4 (-CH2-O),
34.5 (-CH2-benzyl); LCMS (ESI): m/z calcd. for
C22H16F2N2O4S: 442.4352; found: 443.0991 [M + H]+.

6-Fluoro-4-(3-((2-((4-fluorobenzyl)thio)pyrimidin-4-yl)-
oxy)propoxy)-2H-chromen-2-one (5d) (PC-04). 4a (100 mg,
0.423 mmol) was coupled with 2d (109 mg, 0.423 mmol) by
means of K2CO3 (117 mg, 0.847 mmol) in refluxing acetone.
After reaction completion, the crude obtained was purified by
column chromatography. Compound 5d was obtained as a
white solid (170 mg, 88% yield). MP: 142−144 °C; 1H NMR
(400 MHz, CDCl3): δ 8.24 (d, J = 5.6 Hz, 1H, pyrimidine-H),
7.50−7.37 (m, 1H, chromene-H), 7.42−7.29 (m, 2H,
chromene-H), 7.32−7.20 (m, 2H, -C6H4), 7.03−6.89 (m,
2H, -C6H4), 6.40 (d, J = 5.6 Hz, 1H, pyrimidine-H), 5.71 (s,
1H, chromene-H), 4.55 (t, J = 6.0 Hz, 2H, (-CH2-O), 4.34 (s,
2H, -CH2-benzyl), 4.33−4.20 (m, 2H, -CH2-O), 2.34 (t, J =
6.0 Hz, 2H, -CH2-); 13C NMR (100 MHz, CDCl3): δ 171.1,
168.3, 164.5, 163.2, 162.3, 160.7, 159.8, 157.4, 157.3, 149.4,
133.2, 130.4, 130.3, 120.0, 119.8, 118.5, 118.4, 116.5, 116.4,
115.4, 115.2, 108.8, 108.6, 104.0, 91.4 (Ar-C), 66.1, 62.6
(-CH2-O), 34.5 (-CH2-benzyl), 28.0 (-CH2-); LCMS (ESI):
m/z calcd. for C23H18F2N2O4S: 456.4618; found: 457.1150 [M
+ H]+.

4-(2-((2-((3-Methylbenzyl)thio)pyrimidin-4-yl)oxy)
ethoxy)-2H-chromen-2-one (5e) (PC-05). 4b (100 mg, 0.430
mmol) was coupled with 2a (115 mg, 0.430 mmol) by means
of K2CO3 (119 mg, 0.861 mmol) in refluxing acetone. After
reaction completion, the crude obtained was purified by
column chromatography. Compound 5e was obtained as a
white solid (168 mg, 93% yield). MP: 140−142 °C; 1H NMR
(400 MHz, CDCl3): δ 8.27 (d, J = 5.2 Hz, 1H, pyrimidine-H),
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7.76 (d, J = 7.6 Hz, 1H, chromene-H), 7.53 (t, J = 7.2 Hz, 1H,
chromene-H), 7.30 (d, J = 8.0 Hz, 1H, chromene-H), 7.28−
7.13 (m, 4H, chromene-H (1H), and -C6H4 (3H)), 7.06 (d, J
= 6.0 Hz, 1H, -C6H4), 6.45 (d, J = 5.2 Hz, 1H, pyrimidine-H),
5.66 (s, 1H, chromene-H), 4.80 (s, 2H, -CH2-O), 4.37 (s, 4H,
-CH2-O (2H), and -CH2-benzyl (2H)), 2.31 (s, 3H, -CH3);
13C NMR (100 MHz, CDCl3): δ 171.3, 168.0, 165.2, 162.5,
157.6, 153.2, 138.1, 137.1, 132.4, 129.4, 128.3, 127.9, 125.7,
123.8, 123.0, 116.7, 115.3, 103.9, 90.7 (Ar-C), 67.1, 63.4
(-CH2-O), 35.2 (-CH2-benzyl), 21.3 (-CH3); LCMS (ESI):
m/z calcd. for C23H20N2O4S: 420.4809; found: 421.1351 [M +
H]+.

4-(3-((2-((3-Methylbenzyl)thio)pyrimidin-4-yl)oxy) pro-
poxy)-2H-chromen-2-one (5f) (PC-06). 4b (100 mg, 0.430
mmol) was coupled with 2b (103 mg, 0.430 mmol) by means
of K2CO3 (119 mg, 0.861 mmol) in refluxing acetone. After
reaction completion, the crude obtained was purified by
column chromatography. Compound 5f was obtained as a
white solid (180 mg, 96% yield). MP: 94−96 °C; 1H NMR
(400 MHz, CDCl3): δ 8.24 (d, J = 5.6 Hz, 1H, pyrimidine-H),
7.78 (d, J = 8.0 Hz, 1H, chromene-H), 7.60−7.46 (m, 1H,
chromene-H), 7.30 (d, J = 8.0 Hz, 1H, chromene-H), 7.30−
7.12 (m, 4H, chromene-H (1H), and -C6H4 (3H)), 7.04 (d, J
= 6.4 Hz, 1H, -C6H4), 6.40 (d, J = 5.6 Hz, 1H, pyrimidine-H),
5.69 (s, 1H, chromene-H), 4.63−4.50 (m, 2H, -CH2-O), 4.35
(s, 2H, -CH2-benzyl), 4.32−4.19 (m, 2H, -CH2-O), 2.41−2.26
(m, 5H, -CH2-O (2H), and −CH3 (3H)); 13C NMR (100
MHz, CDCl3): δ 171.4, 168.3, 165.4, 162.7, 157.4, 153.3,
138.1, 137.2, 132.4, 129.6, 128.4, 127.9, 125.9, 123.9, 122.9,
116.8, 115.6, 103.9, 90.7 (Ar-C), 65.8, 62.6 (-CH2-O), 35.3
(-CH2-benzyl), 28.1 (-CH2-), 21.3 (-CH3); LCMS (ESI): m/z
calcd. for C24H22N2O4S: 434.5075; found: 435.1477 [M + H]+.

6-Fluoro-4-(2-((2-((3-methylbenzyl)thio)pyrimidin-4-yl)-
oxy)ethoxy)-2H-chromen-2-one (5g) (PC-07). 4b (100 mg,
0.430 mmol) was coupled with 2c (124 mg, 0.430 mmol) by
means of K2CO3 (119 mg, 0.861 mmol) in refluxing acetone.
After reaction completion, the crude obtained was purified by
column chromatography. Compound 5g was obtained as a
white solid (174 mg, 92% yield). MP: 102−104 °C; 1H NMR
(400 MHz, CDCl3): δ 8.28 (d, J = 5.6 Hz, 1H, pyrimidine-H),
7.43 (d, J = 6.8 Hz, 1H, chromene-H), 7.31−7.12 (m, 5H,
chromene-H (2H), and -C6H4 (3H)), 7.06 (d, J = 6 Hz, 1H,
-C6H4), 6.45 (d, J = 5.2 Hz, 1H, pyrimidine-H), 5.70 (s, 1H,
chromene-H), 4.79 (s, 2H, -CH2-O), 4.37 (s, 4H, -CH2-O
(2H) and -CH2-benzyl (2H)), 2.32 (s, 3H, -CH3); 13C NMR
(100 MHz, CDCl3): δ 171.4, 168.0, 164.4, 162.1, 159.8, 157.7,
157.4, 149.4, 138.2, 137.1, 129.5, 128.4, 128.0, 125.8, 120.1,
119.9, 118.4, 118.3, 116.4, 116.3, 109.0, 108.8, 103.9, 91.5 (Ar-
C), 67.4, 63.4 (-CH2-O), 35.3 (-CH2-benzyl), 21.4 (-CH3);
LCMS (ESI): m/z calcd. for C23H19FN2O4S: 438.4714; found:
439.1230 [M + H]+.

6-Fluoro-4-(3-((2-((3-methylbenzyl)thio)pyrimidin-4-yl)-
oxy)propoxy)-2H-chromen-2-one (5h) (PC-08). 4b (100 mg,
0.430 mmol) was coupled with 2d (110 mg, 0.430 mmol) by
means of K2CO3 (119 mg, 0.861 mmol) in refluxing acetone.
After reaction completion, the crude obtained was purified by
column chromatography. Compound 5h was obtained as a
white solid (179 mg, 92% yield). MP: 68−70 °C; 1H NMR
(400 MHz, CDCl3): δ 8.25 (d, J = 5.2 Hz, 1H, pyrimidine-H),
7.45 (d, J = 7.2 Hz, 1H, chromene-H), 7.31−7.14 (m, 5H,
chromene-H (2H), and -C6H4 (3H)), 7.05 (s, 1H, -C6H4),
6.41 (d, J = 5.2 Hz, 1H, pyrimidine-H), 5.72 (s, 1H, chromene-
H), 4.56 (t, J = 5.2 Hz, 2H, -CH2-O), 4.35 (s, 2H, -CH2-

benzyl), 4.26 (t, J = 5.2 Hz, 2H, -CH2-O), 2.41−2.27 (m, 5H,
-CH2- (2H), and −CH3 (3H)); 13C NMR (100 MHz,
CDCl3): δ 171.4, 168.3, 164.5, 162.4, 159.8, 157.5, 157.4,
149.4, 138.1, 137.2, 129.6, 128.4, 127.9, 125.9, 120.1, 119.8,
118.5, 118.4, 116.5, 116.4, 108.9, 108.6, 103.9, 91.4 (Ar-C),
66.1, 62.6 (-CH2-O), 35.3 (-CH2-benzyl), 28.0 (-CH2-), 21.4
(−CH3);LCMS (ESI): m/z calcd. for C24H21FN2O4S:
452.4979; found: 453.1504 [M + H]+.

4-(2-((2-((4-Chlorobenzyl)thio)pyrimidin-4-yl)oxy)
ethoxy)-2H-chromen-2-one (5i) (PC-09). 4c (100 mg, 0.396
mmol) was coupled with 2a (106 mg, 0.396 mmol) by means
of K2CO3 (109 mg, 0.791 mmol) in refluxing acetone. After
reaction completion, the crude obtained was purified by
column chromatography. Compound 5i was obtained as a
white solid (153 mg, 88% yield). MP: 128−130 °C; 1H NMR
(400 MHz, CDCl3): δ 8.27 (d, J = 5.6 Hz, 1H, pyrimidine-H),
7.75 (dd, J = 8.0, 1.2 Hz, 1H, chromene-H), 7.61−7.47 (m,
1H, chromene-H), 7.36 (d, J = 8.4 Hz, 2H, -C6H4), 7.31 (d, J =
8.4 Hz, 1H, chromene-H), 7.32−7.16 (m, 3H, chromene-H
(1H), and -C6H4 (2H)), 6.46 (d, J = 5.6 Hz, 1H, pyrimidine-
H), 5.69 (s, 1H, chromene-H), 4.79 (t, J = 4.4 Hz, 2H, -CH2-
O), 4.41 (t, J = 4.4 Hz, 2H, -CH2-O), 4.36 (s, 2H, -CH2-
benzyl); 13C NMR (100 MHz, CDCl3): δ 171.0, 168.3, 165.4,
162.7, 157.8, 153.5, 136.3, 133.1, 132.7, 130.3, 128.8, 124.1,
123.2, 116.9, 115.5, 104.4, 91.0 (Ar-C), 67.3, 63.6 (-CH2-O),
34.7 (-CH2-benzyl); LCMS (ESI): m/z calcd. for
C22H17ClN2O4S: 440.8994; found: 441.0851 [M + H]+,
443.0818 [M + 2H]+.

Cell Culture Studies on the Vero Cell Line. The Vero cell
line (ATCC, CCL-81) was cultured at 37 °C in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco, Grand Island)
supplemented with 10% fetal bovine serum (FBS, Gibco) in
the atmosphere with 5% CO2. Cells were digested with 0.25%
trypsin and uniformly seeded in 96-well plates with a density of
2 × 104 cells/well prior to infection or drug feeding.

The A549 cell line was procured from ATCC; stock cells
were cultured in F-12K media supplemented with 10%
inactivated fetal bovine serum (FBS), penicillin (100 IU/
mL), and streptomycin (100 μg/mL) in a humidified
atmosphere of 5% CO2 at 37 °C until confluent. The cell
was dissociated with a cell dissociating solution (0.2% trypsin,
0.02% EDTA, 0.05% glucose in PBS). The viability of the cells
was checked and centrifuged. Further, 50,000 cells/well were
seeded in a 96-well plate and incubated for 24 h at 37 °C in a
5% CO2 incubator.

Antiviral Activity Assay. We evaluated the antiviral
efficiency of HTCAs against the SARS-CoV-2 virus in vitro.
Vero cells were seeded into 96-well plates at a density of 2 ×
104 cells/well and then grown for 24 h. The Vero cells were
infected at a multiplicity of infection (MOI) of 0.01 (200
PFU/well) for 2 h at 37 °C. Virus input was washed with
DMEM, and then, the cells were treated with a medium
containing various concentrations (1.5, 3.75, 7.5, 15, 25, and
50 μM) for 48 h. The supernatant was collected, and the RNA
was extracted and analyzed by relative quantification by RT-
PCR.
The monolayer of A549 cell culture was trypsinized, and the
cell count was adjusted to 5 × 104 cells/mL using respective
media containing 10% FBS. To each well of the 96-well
microtiter plate, 100 μL of the diluted cell suspension (50,000
cells/well) was added. After 24 h, when a partial monolayer
was formed, the supernatant was flicked off, the monolayer was
washed once with a medium, and 100 μL each of different test
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concentrations of test drugs were added onto the partial
monolayer in microtiter plates. The plates were then incubated
at 37 °C for 24 h in a 5% CO2 atmosphere. After 24 h
incubation, the cells were infected with human coronavirus
229E (HCoV-229E) with 104 TCID50/100 μL and incubated
for 24 h. Post viral infection, the supernatants were removed
and 100 μL of MTT (5 mg/10 mL of MTT in PBS) was added
to each well. The plates were incubated for 4 h at 37 °C in a
5% CO2 atmosphere.54 The supernatant was removed, 100 μL
of DMSO was added, and the plates were gently shaken to
solubilize the formed formazan. The absorbance was measured
using a microplate reader at a wavelength of 590 nm. The
percentage inhibition of cytopathic effect (CPE) was calculated
using the following formula and the concentration of the test
compound needed to inhibit CPE by 50% (IC50) values is
generated from the dose−response curves for the cell line. The
Oseltamivir drug was taken as a control.

% CPE inhibition ((OD of control OD of sample)

/OD of control) 100

=
×

RNA Extraction and RT-qPCR Assay. Viral RNA was
extracted from 100 μL of supernatant of infected cells using the
automated nucleic acid extraction system following the
manufacturer’s recommendations. SARS-CoV-2 virus detec-
tion was performed using the SSIII QRT PCR (Invitrogen,
USA) on BioRad Realtime PCR System (BioRad, USA). A
standard curve was generated by determination of copy
numbers from serial dilutions (103−109 copies) of the IVT
as described earlier.55

Molecular Docking Studies. Discovery Studio (DS) version
2.5 software was used in the present study. ChemBioDraw
version 8.0 was used to draw the 2-D structure of lead HTCAs.
The 3-D structure of RdRp (PDB Id: 74df) protein of SARS-
CoV-2 virus was retrieved from PDB database. Suramin
cocrystallized protein was considered for molecular docking
studies, after removing water molecules, Suramin, and other
heteroatoms from the protein. The catalytic site of RdRp was
made by using the sphere selection parameter of DS tool.
Using the CDOCKER default settings, the molecular docking
studies were carried out between the RdRp protein and RTP,
Suramin, and lead HTCAs manually one after the other. The
Discovery Studio 2.5 platform was used to visualize and study
the 2-D, 3-D, and surface view of ligand interaction with the
RdRp Protein.

Animals and Husbandry. Wistar Albino rats (weight 150−
200 g, 8−10 weeks old) were housed under an ambient
condition (temperature of 20−25 °C and relative humidity of
45−55% with a 12/12 h light/dark cycle). Animals were
acclimatized for 5 days before the start of the study. They were
provided with standard rat chow and mineral water ad libitum.
Experimental procedures were performed in accordance with
the ethical guidelines for the study and were approved by the
Institutional Animal Ethical Committee (JSSAHER/CPT/
IAEC/057/2020), JSS Medical College, Mysuru, India.

Acute Oral Toxicity. The study was conducted according to
OECD test guideline 423, Acute Toxic Class Method
(Adopted on December 17, 2001) with minor modifications.
Female animals were administered with a single dose of
compound 5d at 300 and 2000 mg/kg, p.o. and observed for
mortality, morbidity, body weight change, feed intake, and
clinical signs of toxicity for 14 days.

Oral Bioavailability. Animals received a single prefixed dose
(10 mg/kg, p.o) of compound 5d after being overnight fasted,
but with free access to water. Blood samples were collected at 0
min, 5 min, 1 h, 6 h, 24 h, 36 h, and 48 h (3 animals/time
point) through a retro-orbital puncture under mild anesthesia,
and plasma was separated and stored at −20 °C.

Chromatography Conditions. Analytical separation was
performed using a Phenomenox luna C8 Column (250 mm ×
4.5 μm, 5 μm) equipped with an Auto sampler. 0.1% formic
acid in methanol was used as the mobile phase (Shimadzu
LC2030). The other chromatographic conditions used were as
follows: flow rate, 1.5 mL/min; oven temperature: 25 ± 5 °C;
injection volume, 10 μL.

Preparation of Standard Solutions for Linearity. 5 mg of
the sample was diluted in 5 mL of methanol (HPLC grade) to
make the concentration 1000 μg/mL. Later, 0.5, 1, 1.5, 2.0, 2.5,
and 3.0 mL of the stock solution were pipetted out and diluted
to 10 mL of methanol to obtain the concentrations of 50, 100,
150, 200, 250, and 300 μg/mL, and from the solutions,
linearity ranges of 5, 10, 15, 20, 25, and 30 μg/mL were
prepared by mixing 200 μL of each concentration with 100 μL
of the blank plasma, vortexed for 20 s, made up to 2 mL using
methanol, and centrifuged at 10,000 RPM for 10 min at 4 °C.
The supernatant was filtered through syringe filters of pore size
0.22 μm and used for chromatographic analysis.

Mouse, Rat, and Human Liver-Microsome Stability Assay.
This experiment was carried out with mouse, rat, and liver
microsomes to evaluate the metabolic stability of title
compounds. The compounds 5f, 5h, 5d, and 5e were of
interest and were tested at 1 μM by incubating with
microsomes + NADPH for 30 min at 37 °C. The reaction
was stopped by adding acetonitrile containing an internal
standard. Samples were extracted and centrifuged to obtain
supernatant fractions. Supernatants were submitted for LCMS/
MS analysis. Simultaneously, a “0” minute control was
included, in which the reaction was immediately stopped
with acetonitrile and processed as detailed. Reference control
compounds of known metabolism (Verapamil, high metabo-
lism; Atenolol, low metabolism) were also included. Another
control, namely, “minus NADPH” (all reagents except for
microsome), was included and processed in similar conditions,
and the stability of the test compound was evaluated in a buffer
during incubation.

Use of the vNN Web Server. Around 15 ADMET
parameters were determined using the vNN Web Server by
querying each molecule into the web portal after logging in to
the server (https://vnnadmet.bhsai.org/). The obtained results
were tabulated and analyzed.

Statistical Analysis. Data were expressed as mean±SD.
Plasma concentration values below the lower limit of
quantitation (LLOQ) of the assay (1 μg/mL) were assigned
a value of zero (μg/mL) for the purpose of mean calculation. If
the resulting mean concentration returned a value below the
LLOQ, it was treated as below level of quantification. The area
under the test article serum concentration vs. time curve
(AUC) was calculated using the linear trapezoidal method
(linear interpolation). PK parameters describing the systemic
exposure of the test article in the test system were estimated
from observed (rather than predicted) plasma concentration
values and the maximum value (Cmax), the dosing regimen,
the AUC, and the terminal elimination phase rate constant
(Kel) for each group. The PK profiles were characterized by
noncompartmental analysis of 5d serum concentration data
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with targeted sampling time points using validated computer
software (WinNonlin, version 3.2, California).
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