
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
29

/2
02

5 
10

:4
6:

01
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Synthesis and an
Department of Chemistry, Governme

Faisalabad-38000, Pakistan. E-mail: asim

gcuf.edu.pk

† Electronic supplementary informa
https://doi.org/10.1039/d5ra02615f

Cite this: RSC Adv., 2025, 15, 18577

Received 14th April 2025
Accepted 23rd May 2025

DOI: 10.1039/d5ra02615f

rsc.li/rsc-advances

© 2025 The Author(s). Published by
ti-SARS-CoV-2 potential of novel
coumarin hybrids: a combined wet/dry lab
approach targeting MPro, Nsp15 and spike protein†

Rukhsana Kausar, Asim Mansha,* Ameer Fawad Zahoor *
and Muhammad Haroon

This study focuses on the synthesis of novel hybrids with a coumarin scaffold as potential SARS-CoV-2

inhibitors. All the novel coumarin-1,2,4-triazole hybrids 14(a–h) and phenylacetamide linked coumarin

derivatives 17(a–h) were synthesized by following a standard procedure in good to excellent yields i.e.,

51–75% for 14(a–h) and 62–82% for 17(a–h). The synthesized derivatives were subjected to in silico

modelling to evaluate their anti-SARS-CoV-2 potential, targeting Mpro (main protease), Nsp15

(nonstructural protein) and spike protein. Among all, compounds 14b and 14c expressed excellent

potency against their respective targets with corresponding binding affinities of −9.5 kcal mol−1 (6VWW),

−9.2 kcal mol−1 (6Y84), and −8.6 (6WPT) kcal mol−1, even better than all standards i.e., chloroquine,

lopinavir, remdesivir, favipiravir, and nirmatrelvir. The stability of the potent compounds (14b and 14c)

was further supported by a 100 ns MD simulation, emphasizing their potent and stable interactions with

the main protease, endoribonuclease, and spike protein. The current study highlights the coumarin-

based conjugates 14(a–h) and 17(a–h) as attractive and promising candidates for future pharmacological

interventions against SARS-CoV-2.
1 Introduction

Right from the outset of 2020, a testing situation emerged due
to the SARS-CoV-2 (coronavirus) pandemic. This deadly disease
affected 774.47 million people around the globe leading to more
than 7.03 million deaths.1 The global healthcare and socio-
economic structure have been disrupted signicantly due to
COVID-19.2 The healthcare facilities turned out to be over-
burdened by the immense responsibility of treating affected
people, resulting in a divergence of resources and attention
from other important medical needs.3–9 According to phylogenic
research, themain contributory agent of coronavirus is from the
sarbecovirus subgenus (genus b-coronavirus).10,11 It was
concluded from different research that the transmission of this
deadly pathogenic virus is controlled by ACE2 (host receptor)
and RBD (spike protein).12–20 SARS-CoV-2 had the ability to
undergo persistent mutations that spread around the world
during COVID-19.21–25 The new subvariants of COVID (Omicron,
delta, beta, and alpha) attenuate the prociency of known
antibody treatment together with antibody-mediated immunity,
established via infection and vaccination. Therefore, increasing
nt College University Faisalabad,

mansha@gcuf.edu.pk; fawad.zahoor@

tion (ESI) available. See DOI:

the Royal Society of Chemistry
number of these variants emphasize the need for development
of new coronavirus inhibitors.26 The coronavirus life cycle
commences with attachment of spike protein (S protein) with
host ACE2 (angiotensin-converting enzyme 2) receptors. The
viral genome causes the translation of Nsps (16 non-structural
proteins) by conning the host ribosomes and cause the
proteolytic cleavage by PLpro and 3Clpro. The sub genome
(synthesized from transcription of +ssRNA) translates the
structural protein i.e., nucleocapsid (N), membrane protein (M),
spike protein (S), and envelop (E). The mature protein and
+ssRNA assemble to form new virion aer successful tran-
scription and replication of genome. Therefore, main protease,
Nsps and spike protein make substantial contribution in
transmission and replication. Hence, blocking the activities of
these proteins may provide an intriguing therapeutic agent for
the treatment of SARS-CoV-2.27–29 Few traditional and FDA-
approved drugs (chloroquine 1,30–32 lopinavir 2,33–35 remdesivir
3,36–38 favipiravir 4,39–41 and nirmatrelvir 5 (ref. 42–44)) (Fig. 1)
have been known to provide some relief to combat coronavirus,
however, there is no particular drug synthesized specically to
combat COVID-19.

The in silicomodelling analysis brought about a seismic shi
in rational drug design by providing a time-effective and
economical solution to conventional experimental techniques.
By exploiting computational tools, researchers can quickly
screen extensive libraries of compounds, detect lead
compounds and can enhance their pharmacological features.45
RSC Adv., 2025, 15, 18577–18592 | 18577

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra02615f&domain=pdf&date_stamp=2025-06-03
http://orcid.org/0000-0003-2127-8848
http://orcid.org/0009-0000-2803-4630
https://doi.org/10.1039/d5ra02615f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02615f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015023


Fig. 1 Structures of important drugs used to combat SARS-CoV-2.

Scheme 1 Synthesis of thio-linked triazole coumarin hybrids 14(a–h).
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These strategies facilitate the prediction of toxicity, binding
affinities, and pharmacokinetic proles.46,47 Additionally, in
silico modelling approach assists the machine learning algo-
rithms that further enhances the scope of this methodology in
drug discovery process.48

The heterocyclic compounds49–51 are important naturally
occurring structural motifs52 found in biologically and phar-
maceutically important compounds.53 Literature survey
revealed that these derivatives can act as neuroprotective
agents,54 pesticide agents,55 anti-Alzheimer agents,56 anti-fungal
agents,57 anti-oxidative agents,58 anti-tyrosinase agents,59,60 anti-
mycobacterium tuberculosis agents,61 and anti-cancer agents.62

The heterocyclic coumarin scaffolds have also been exploited
for designing and synthesizing potential anti-SARS-CoV-2
inhibitors.63–65 Considering the biological and pharmaceutical
potential of coumarin derivatives, we have synthesized novel
coumarin hybrids in good to excellent yields. In silico computer-
aided molecular-docking strategy enables swi-identication of
inhibitory potential of targeted molecules. Therefore, all the
synthesized coumarin-based conjugates were analyzed using
Fig. 2 Substrate scope of coumarin–triazole hybrids 14(a–h).

© 2025 The Author(s). Published by the Royal Society of Chemistry
molecular docking and MD simulation. The complete set of
these novel-hybrids were tested against different targets such as
6Y84 (main protease (Mpro)), 6VWW (Nsp15), and 6WPT (spike
protein). These ndings may lead to in-future pre-clinical
investigations owing to the anti-viral potential of these conju-
gates against SARS-CoV-2.
2 Result and discussion
2.1. General protocol for construction of thio-linked triazole
coumarin hybrids (14a–h)

Initially, resorcinol 6 (1 equivalent) was made to react and stir
with ethyl acetoacetate (1 equivalent) in sulfuric acid (few drops)
to afford substrate 7 in 73% yield. In the next step, 7-hydroxy-4-
methylcoumarin 7 (1 equivalent) and bromoacetylbromide (1
equivalent) were allowed to stir in chloroform (15 mL) and
pyridine (1 equivalent) for 16 h to yield bromoacetyl derivative
of coumarin 8 (84% yield). By a reaction betweenmethyl alcohol
(1 equivalent) and various substituted carboxylic acid 9(a–h) (1
equivalent), different esters 10(a–h) were afforded in 72–77%
RSC Adv., 2025, 15, 18577–18592 | 18579
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Scheme 2 Reaction protocol of phenylacetamide linked coumarin derivatives 17(a–h). Reagents and conditions: (a) 2-bromoacetyl bromide,
pyridine, DCM, stirring at 30 °C (b) K2CO3, dimethylformamide (DMF).
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yields. Esters 10(a–h) were further converted into hydrazides
11(a–h) (85–89% yield) by reacting them with hydrazine hydrate
in the presence of ethanol. Hydrazides 11(a–h) were reacted
Fig. 3 Substrate scope of phenylacetamide linked coumarin derivatives

18580 | RSC Adv., 2025, 15, 18577–18592
with phenylisothiocyanate in DCM to afford intermediate 12
followed by reuxing it with aqueous sodium hydroxide to yield
differently substituted triazoles 13(a–h) in 75–80% yields.51 In
17(a–h).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the last step, triazoles 13(a–h) were reacted with bromoacetyl
derivative of coumarin 8 in the presence of DCM to afford tar-
geted triazole–coumarin hybrids 14(a–h). Aer the reaction
completion, n-hexane and water were added to get products'
precipitates. These precipitates were recrystallized with ethanol
to yield pure targeted coumarin–triazoles hybrids 14(a–h) in
good yields (51–75%) (Scheme 1, Fig. 2).
2.2. Synthesis of phenylacetamide linked coumarin
derivatives 17(a–h)

A two-step synthetic approach was applied to afford unreported
phenylacetamide linked coumarin derivatives 17(a–h). In the
rst step, a series of variously substituted 2-bromo-N-phenyl-
acetamides 16(a–h) were yielded by the reaction of bromo ace-
tylbromide and different anilines 15(a–h) in DCM and pyridine.
The stirring of 7-hydroxy-4-methyl coumarin 7 with the
substituted 2-bromo-N-phenylacetamide 16(a–h) in the pres-
ence of K2CO3 and DMF (dimethylformamide) yielded the cor-
responding phenyl acetamide linked coumarin derivatives
17(a–h) in good yields (62–82%), as outlined in Scheme 2 (Fig.
3).
2.3. Ligand–protein interactions analysis of 6Y84 MPro (main
protease)

SARS-CoV-2 depends on main protease for effective gene
expression and replication.66 The suppression of main protease
(Mpro) is considered as an efficient route and strategic approach
for the treatment of corona virus.67 The inhibitory potential of
all newly synthesized derivatives 14(a–h) & 17(a–h) was assessed
through molecular docking.68 The poses with lowest binding
scores were selected for interactions study and their binding
Table 1 Docking scores of compounds (14(a–h) & 17(a–h)) with
binding sites of 6Y84

Sr. no. Compounds Docking score (Kcal mol−1)

1 14a −7.8
2 14b −8.7
3 14c −9.2
4 14d −8.2
5 14e −7.9
6 14f −8.0
7 14g −7.2
8 14h −7.4
9 17a −7.9
10 17b −7.4
11 17c −7.5
12 17d −7.9
13 17e −7.8
14 17f −7.7
15 17g −7.3
16 17h −7.4
17 Chloroquine −5.8
18 Lopinavir −7.1
19 Remdesivir −7.6
20 Favipiravir −5.0
21 Nirmatrelvir −8.8

© 2025 The Author(s). Published by the Royal Society of Chemistry
affinities were compared with already known inhibitors (chlo-
roquine,69 lopinavir,70 remdesivir,71 favipiravir,72 and nirma-
trelvir73) potent against SARS-CoV-2. From the results (Table 1),
14c (−9.2 Kcal mol−1) displayed exceptional binding with Mpro

even better than standards i.e., chloroquine (−5.8 Kcal mol−1),
lopinavir −7.1 Kcal mol−1), remdesivir (−7.6 Kcal mol−1), favi-
piravir (−5.0 Kcal mol−1) and nirmatrelvir (−8.8 Kcal mol−1).

The comprehensive evaluation of compound 14c with active
site of 6Y84 (ref. 74) revealed that the carbonyl group of 14c
interacted with LYS100 (1.73 Å) and TYR101 (2.63 Å) via carbon–
hydrogen as well as conventional H-bonding interactions,
respectively. The aromatic rings of the synthesized hybrid 14c
were revealed to contribute in pi–alkyl and pi–sigma associa-
tions with VAL157 and LYS97 having bond distances of 5.22 Å
and 2.21 Å, which play a signicant role towards the inhibition
of SARS-CoV-2.75–80 (Fig. 4 & 5). In comparison, standards i.e.,
chloroquine, lopinavir, remdesivir, favipiravir and nirmatrelvir
displayed strong hydrogen bonding interactions with ARG298,
THR111, THR292, GLN110, ASN151, SER158, ARG4, SER284,
TRP207, and ASP289. These standards also established alkyl, p–
alkyl, p–p sigma, and pi–pi stacked hydrophobic interactions
with PHE294, VAL104, VAL297, VAL303, LYS5, PHE291 and
LEU286 (Table 2) (S49, ESI†).
2.4. Ligands–protein interactions analysis of 6VWW
endoribonuclease (Nsp15)

The 6VWW endoribonuclease (Nsp15) is accountable for the
lysis of viral RNA especially in the case of COVID-19 and
assumes a crucial function in eluding innate response of host.81

The synthesized compounds 14(a–h) & 17(a–h) were subjected
to molecular docking with 6VWW.82 As revealed by docking
analysis (Table 3), it was found that compound 14b displayed
exceptional binding affinity (−9.5 Kcal mol−1) with the active
site of endoribonuclease in comparison with the reference
ligands i.e., chloroquine,69 lopinavir,70 remdesivir,71 favipir-
avir,72 and nirmatrelvir,73 whose docking scores were observed
to be ranging from −6.1 to −9.2 Kcal mol−1.

The ligand–protein interactions disclosed that the ASN200
interacted with the C]O group of 14b via conventional
hydrogen bonding at the corresponding distance of 2.75 Å. In
addition, coumarin core of 14b established conventional
hydrogen bonding as well as C–H interactions with LYS71 (2.62
Å) and SER198 (3.22 Å), respectively. The naphthyl and
coumarin core of 14b were found to be engaged with VAL295
(4.82 Å), LEU252 (3.63 Å), LYS277 (4.38 Å), LEU266 (5.25 Å),
LEU201 (4.47 Å) and PHE259 (5.86 Å) via pi–alkyl, alkyl and pi–
pi T-shaped hydrophobic interactions (Fig. 6 & 7).83–85 In
comparison, standards i.e., chloroquine, lopinavir, remdesivir,
favipiravir, and nirmatrelvir established C–H and conventional
hydrogen bonding interactions with LYS71, GLY165, LYS90,
ARG199, LYS277, ASP268, SER198, ASN200, SER274, LEU201
and GLN202 (Table 4). Moreover, all of them also interacted
with LYS277, LEU252, VAL295, LYS90, TYR279, ARG91, LEU266,
SER198, LEU201 and LYS277 via hydrophobic interactions
(Fig. S50, ESI†).
RSC Adv., 2025, 15, 18577–18592 | 18581
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Fig. 4 Interactions of 14c with binding pocket of 6Y84.

Fig. 5 (A–C) 3D binding interactions of 14c with 6Y84 receptor. (D) 2D representation of binding analysis of 14c with 6Y84 receptor.
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Table 2 Ligand–protein interactions study of 14(a–h) & 17(a–h) with binding sites of 6Y84

Ligand–protein interactions (6Y84)

Sr. no. Compounds

Hydrophobic interactions Hydrogen bonding interactions

Interacted residues Interactions Distance (Å) Interacted residues Interactions Distance (Å)

1 14c VAL157 p–Alkyl 5.22 LYS100 C–H bonding 1.73
LYS97 p–Sigma, p–alkyl 2.21, 4.24 TYR101 Conventional H-bonding 2.63

2 Chloroquine PHE294 p–p stacked 4.30 ARG298 Conventional H-bonding 2.83
VAL104 Alkyl 4.66 THR111 C–H bonding 3.40

THR292 C–H bonding 3.69
GLN110 Conventional H-bonding 2.38

3 Lopinavir PHE294 p–Alkyl 5.21 ARG298 Conventional H-bonding 2.41
VAL297 p–Alkyl 4.74
VAL104 Alkyl 4.59
VAL303 p–Sigma 5.11

4 Remdesivir PHE294 p–p stacked 3.91 THR111 C–H bonding 2.59
VAL297 p–Alkyl 4.45 ASN151 Conventional H-bonding 2.73

SER158 C–H bonding 3.43
5 Favipiravir ARG298 Conventional H-bonding 2.79

GLN110 Conventional H–Bonding 2.77
6 Nirmatrelvir LYS5 Alkyl 4.02 ARG4 C–H bonding 3.46

PHE291 Alkyl 4.68 SER284 C–H bonding 3.34
LEU286 Alkyl 4.37 TRP207 Conventional H-bonding 2.28

ASP289 Conventional H-bonding 1.98

Table 3 Docking scores of compounds (14(a–h) & 17(a–h)) with
binding sites of 6VWW

Sr. no. Compounds Docking score (Kcal mol−1)

1 14a −8.4
2 14b −9.5
3 14c −9.1
4 14d −8.9
5 14e −7.2
6 14f −8.3
7 14g −8.0
8 14h −8.2
9 17a −7.7
10 17b −7.6
11 17c −7.6
12 17d −8.0
13 17e −8.1
14 17f −7.6
15 17g −6.9
16 17h −7.2
17 Chloroquine −6.1
18 Lopinavir −7.6
19 Remdesivir −8.9
20 Favipiravir −6.1
21 Nirmatrelvir −9.2
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2.5. Ligands–protein interactions analysis of 6WPT (spike
protein)

The association of ligand with target receptor 6WPT was also
explored using molecular docking. The same docking protocols
were used to dock all ligands (14(a–h) & 17(a–h)) with binding
pocket of receptor 6WPT. The ligands (14(a–h) & 17(a–h))
© 2025 The Author(s). Published by the Royal Society of Chemistry
exhibited docking scores between −6.2 to −8.6 Kcal mol−1.
Among them, 14c displayed the highest potency with binding
affinity of −8.6 Kcal mol−1. However, chloroquine,69 lopinavir,70

remdesivir,71 favipiravir,72 and nirmatrelvir73 interacted with
target receptors with binding scores of −5.3, −7.1, −7.0, −6.0,
and −8.0 Kcal mol−1 respectively (Table 5).

The protein–ligand interaction study revealed that 14c
interacted with coumarin and triazole core by making conven-
tional and C–H bonding interactions with LYS1038 (2.42 Å),
SER1037 (3.35 Å), GLY1035 (3.43 Å), and GLN1036 (2.53 Å). The
compound 14c also exhibited strong hydrophobic associations
with GLU1031, and TRP886 having bond distances of 4.07 and
4.72 Å (Fig. 8 & 9).86–88 Additionally, standards i.e., chloroquine,
lopinavir, remdesivir, favipiravir, and nirmatrelvir established
both hydrophobic interactions (with ALA890, LEU1034, TRP886,
LYS1038, LYS90, PRO863, ILE870, PRO862, PHE823 and
VAL860) and hydrogen bonding interactions (with TRP886,
ARG905, LEU1034, GLY1035, GLN1036, HIS1058, ASP867,
THR827, PHE823¸ THR778, ASP867 and THR732) (Fig. S51,
ESI†) (Table 6).
2.6. Dynamic simulation studies

Molecular dynamic (MD) simulations present dynamic valida-
tion of docking results, facilitating a clearer perception about
the structural stability of 14b and 14c complexes. Multiple
benchmarks such as RMSF, RMSD of C-alpha atoms and
protein–ligand interactions have been extracted from the MD
trajectories.

2.6.1 RMSD analysis of 14b and 14c with target receptors.
MD simulation trajectories are employed to estimate devia-
tion in complexes via protein Ca RMSD. The dynamic stability
RSC Adv., 2025, 15, 18577–18592 | 18583
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Fig. 6 Interactions of 14b with 6VWW binding pocket.

Fig. 7 (A–C) 3D binding interactions of 14b with active site of 6VWW. (D) 2D representation of binding analysis of 14b with 6VWW receptor.
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Table 4 Ligand–protein interactions study of (14(a–h) & 17(a–h)) with binding sites of 6VWW (Nsp15)

Ligand–protein interactions (6VWW)

Sr. no. Compounds

Hydrophobic interactions Hydrogen bonding interactions

Interacted residues Interactions Distance (Å) Interacted residues Interactions Distance (Å)

1 14b VAL295 Alkyl 4.82 ASN200 Conventional H-bonding 2.75
LEU252 Alkyl 3.63 LYS71 Conventional H-bonding 2.62
LYS277 Pi–Alkyl 4.38 SER198 C–H bonding 3.22
LEU266 Pi–Alkyl 5.25
LEU201 Pi–Alkyl 4.47
PHE259 Pi–Pi T-shaped 5.86

2 Chloroquine LYS277 Pi–Alkyl 3.73 LYS71 Conventional H-bonding 2.80
LEU252 Pi–Alkyl 3.46 GLY165 C–H bonding 3.74
VAL295 Alkyl 4.53
LYS90 Alkyl 4.04

3 Lopinavir TYR279 Alkyl 5.04 LYS90 Conventional H-bonding 2.42
ARG91 Pi–Alkyl 3.68 ARG199 Van der Waals
LEU266 Pi–Sigma 3.52 & 4.92 LYS277 C–H bonding 3.10
SER198 Amide Pi–alkyl 4.53
LEU201 Alkyl 3.81
LYS90 Pi–Alkyl 5.83

4 Remdesivir ARG91 Alkyl 3.36 ASP268 Conventional hydrogen bond 3.22
LEU266 Alkyl 5.20 LYS90 Conventional hydrogen bond 2.48
LEU201 Alkyl 4.32 SER198 Conventional hydrogen bond 3.34
LYS277 p–Alkyl 3.73 ASN200 Conventional hydrogen bond 2.59

5 Favipiravir LYS90 p–Alkyl 5.01 LYS71 Conventional hydrogen bond 3.54
SER274 Conventional hydrogen bond 2.30
ARG199 Conventional hydrogen bond 2.34

6 Nirmatrelvir LYS90 Alkyl 4.23 LYS90 Conventional hydrogen bond 2.53
SER274 Conventional hydrogen bond 2.12
LYS71 Conventional hydrogen bond 2.64
SER198 C–H bonding 3.39
LEU201 Conventional hydrogen bond 2.95
GLN202 Conventional hydrogen bond 2.24

Table 5 Docking scores of compounds (14(a–h) & 17(a–h)) with
binding sites of 6WPT

Sr. no. Compounds Docking score (Kcal mol−1)

1 14a −7.5
2 14b −7.9
3 14c −8.6
4 14d −7.6
5 14e −7.5
6 14f −7.4
7 14g −7.9
8 14h −7.4
9 17a −7.9
10 17b −7.9
11 17c −6.2
12 17d −7.5
13 17e −7.4
14 17f −6.9
15 17g −7.9
16 17h −6.5
17 Chloroquine −5.3
18 Lopinavir −7.1
19 Remdesivir −7.0
20 Favipiravir −6.0
21 Nirmatrelvir −8.0

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of potent compounds 14b and 14c with respective receptors
(6VWW, 6Y84 and 6WPT) were assessed through 100 ns MD
simulations via RMSD. These RMSD calculations of protein–
ligand complexes were calculated with reference to the orig-
inal state, that served as an indicator for determining ligand–
protein complex stability. Compound 14b displayed confor-
mational changes in RMSD during the initial 40 ns, aer
which moderate stability was attained from 40–100 ns with
the 6VWW receptor. Similarly, compound 14c, when com-
plexed with 6WPT, showed stability in RMSD from 35–100 ns
aer an initial conformational change period. Additionally,
14c exhibited slight deviations with the binding pocket during
the initial 0–35 ns period, aer which higher stability was
attained between 35–100 ns with main protease (6Y84)
(Fig. 10).

2.6.2 RMSF analysis of potent 14c and 14b complexes.
During MD simulation period, average deviation of each
protein residue from its initial position is calculated via RMSF.
Moreover, stability of each complex is determined by RMSF of
corresponding amino acid. The analysis of MD simulation via
RMSF unearthed new observations about the exibility of
protein–ligand complexes with individual residues. During
MD simulation period, complexes with relatively higher RMSF
values tend to be more exible as compared to those having
RSC Adv., 2025, 15, 18577–18592 | 18585
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Fig. 8 Interactions of 14c with active site of 6WPT receptor.

Fig. 9 (A–C) 3D interactions of potent compound 14c with spike protein. (D) 2D representation of binding analysis of 14c with 6WPT receptor.

18586 | RSC Adv., 2025, 15, 18577–18592 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Ligand–protein interactions study of (14(a–h) & 17(a–h)) with binding sites of 6WPT

Ligand–protein interactions (6WPT)

Sr. no. Compounds

Hydrophobic interactions Hydrogen bonding interactions

Interacted
residues Interactions Distance (Å)

Interacted
residues Interactions Distance (Å)

1 14c GLU1031 Pi–sigma, Pi–Pi T-shaped 4.07 GLN1036 Conventional H-bonding 2.53
TRP886 Pi–sigma, Pi–Pi stacked 4.72 LYS1038 Conventional H-bonding 2.42

GLY1035 C–H bonding 3.43
SER1037 C–H bonding 3.35

2 Chloroquine ALA890 Alkyl 4.21 ARG905 C–H bonding 3.41
LEU1034 Pi-alkyl 4.85 TRP886 C–H bonding 4.48

LEU1034 Conventional H-bonding 2.72
3 Lopinavir LEU1034 Alkyl 4.19 GLY1035 C–H bonding 3.35

ALA890 Alkyl 4.13 GLN1036 Conventional H-bonding 2.06
TRP886 p–p stacked 3.87
LYS1038 Alkyl 4.17
LYS90 Pi-alkyl 5.83

4 Remdesivir PRO863 Alkyl 4.96 HIS1058 C–H bonding 2.64
ILE870 Alkyl 4.82 ASP867 Conventional hydrogen

bond
3.35

THR827 Conventional hydrogen
bond

2.09

PHE823 Conventional H-bonding 2.50
5 Favipiravir PRO863 p–Alkyl 4.64 THR778 Conventional H-bonding 2.59
6 Nirmatrelvir PRO862 Pi–alkyl 4.95 ASP867 Conventional H-bonding 1.79

PHE823 Alkyl 5.09 THR732 Conventional H-bonding 2.49
VAL860 Pi–alkyl 5.30 HIS1058 Conventional H-bonding 1.91
PRO863 Pi–alkyl 4.74
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low RMSF values. Compound 14b exhibited minimal uctua-
tions, ranging from 0.8 to 2.4 Å, at residues 55–250 of 6VWW
receptor. Similarly, compound 14c exhibited a similar uctu-
ation prole with the spike protein, achieving stability between
0.8–2.9 Å at residues 25–325, aer which higher uctuations
were observed between residues 350–400. Additionally,
compound 14c displayed slightly higher uctuations due to
conformational changes between residues 25–75, aer which
minimal uctuations were observed within a range of 0.6–2 Å.
The corresponding RMSF analysis images have been presented
in Fig. 10.

2.6.3 Protein–ligand contacts 14b and 14c with target
receptors. To interpret the suppressive potential of compound
14b and 14c against SARS-CoV-2, a comprehensive analysis of
the different interactions formed between the active site and the
potent compound was conducted during a 100 ns simulation
time. Within the simulation trajectory, ligand–residue interac-
tions greater than 30% are referred as protein–ligand contacts.
The compound 14b formed prominent hydrophobic interac-
tions with LYS277 (40%) of 6VWW receptor (Fig. 11). Moreover,
14c displayed moderate hydrophobic bonding interactions with
TRP886 and TYR904 of spike protein (Fig. S52, ESI†). Addi-
tionally, 14c formed strong hydrophobic as well as hydrogen
bonding interactions with LYS97 (53%) and PHE150 (66%)
(Fig. 12).

The stable protein–ligand complexes are formed as a result
of these signicant interactions duration the MD simulation.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3 Materials and methods
3.1. Materials

The analytical-grade solvents, chemicals, and reagents (purity$
99%) used throughout this investigation were sourced from
Sigma-Aldrich. The NMR signals are denoted as singlet (s),
doublet (d), triplet (t) andmultiplet (m). The value of J (coupling
constant) is given in hertz (Hz). For thin layer chromatography,
aluminum plates precoated with silica gel 60F-254 (Merck) were
employed, and the resulting chromatograms were visualized
under UV illumination at 254 nm to 365 nm. Melting point
determinations were performed using a Gallenkamp apparatus.
An AVANCE AV 400MHz spectrometer was used to record NMRs
of all synthesized compounds. MS spectra were tracked in Agi-
lent 6400 series (triple quadrupole) instrument. CE-440
Elemental analyzer was used to determine (CHN) elemental
analysis.
3.2. Synthesis of substituted 4-methyl-2-oxo-2H-chromen-7-
yl-2-((4-phenyl-4H-1,2,4-triazol-3-yl)thio) acetate 14(a–h)

A mixture of 4-methyl-2-oxo-2H-chromen-7-yl-2-bromoacetate
(8, 0.22 mmol) in DCM was combined with various 4-phenyl-
4H-1,2,4-triazole-3-thiols (13a–h, 0.21 mmol) and K2CO3 (0.23
mmol). The reaction mixture was agitated at room temperature
for 20 hours. The reaction progression was tracked using thin-
layer chromatography (TLC). Upon reaching completion, the
target compounds (14a–h) were isolated by adding distilled
RSC Adv., 2025, 15, 18577–18592 | 18587
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Fig. 10 RMSD and RMSF plots of 14b and 14c with 6VWW, 6WPT and 6Y84.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0/
29

/2
02

5 
10

:4
6:

01
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
water and n-hexane to the reaction mixture, inducing precipi-
tation. The resulting solids were collected through ltration,
dried, and subsequently recrystallized from ethanol.
3.3. Synthesis of substituted 2-((4-methyl-2-oxo-2H-
chromen-7-yl)oxy)-N-(p-tolyl)acetamide 17(a–h)

The reaction was performed by dissolving 7-hydroxy-4-
methylcoumarin (7, 0.0045 mol) and various 2-bromo-N-phe-
nylacetamides (16a–h, 0.0045 mol) in DMF (6 mL) in the pres-
ence of K2CO3 (0.0049 mol) as a base. The reaction mixture was
18588 | RSC Adv., 2025, 15, 18577–18592
stirred at ambient temperature for 22 hours, with periodic
assessment of reaction progress via TLC. Aer the reaction was
complete, the target compounds (17a–h) were isolated as
precipitates by adding water to the reaction mixture. The
precipitates were washed with water, dried, and then crystal-
lized from ethanol to access the pure compounds.
3.4. In silico studies

The synthesized coumarin scaffolds underwent computational
molecular docking analysis to assess their binding affinity and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Protein–ligand contacts plot of 14b with 6VWW receptor.
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anti-SARS-CoV-2 potential. Docking studies were performed
with Autodock Vina 1.1.2.89 The 3D crystallized protein struc-
tures (6Y84, 6VWW, and 6WPT) were downloaded from PDB
(Protein Data Bank). The standards (chloroquine lopinavir,
remdesivir, favipiravir, nirmatrelvir) and targeted compound
structures were drawn via ChemDraw soware. The AutoDock
Tools package was utilized to nd the binding pocket by using
grid box. The search grids for 6Y84, 6VWW, and 6WPT were
determined as follows: 6Y84 (x = 11.869, y = 0.552, z = 4.89),
6VWW (x = −71.795, y = 21.929, z = −24.02), and 6WPT (x =

211.008, y= 222.549, z =−172.693), all with 40 xyz dimensions.
The exhaustiveness was set to 8 for all targeted receptors.90–92

The poses with the lowest binding scores were chosen for
further ligand–protein interaction study using Discovery Studio
v24.1.0.23298. MD (molecular dynamics) simulations (100 ns)
were run to determine stability of all the protein–ligand
complexes. All the complexes were prepared using Maestro
(academic version) from Schrödinger LLC, which corrected
structural irregularities. MD simulations were performed by
using Desmondmodule in order to examine the conformational
changes and dynamic properties of complexes. The Desmond93

system builder module was utilized to launch orthorhombic
cubic box and solvent model (TIP3P).94 Counterions (Na+ and
Cl−) were incorporated to attain charge neutrality, and 0.15 M
© 2025 The Author(s). Published by the Royal Society of Chemistry
NaCl was added to simulate isotonic conditions.95 The system
underwent energy minimization using the OPLS2005 force
eld,96 followed by a 100 ns molecular dynamics simulation at 1
atm pressure and 300 K temperature, generating 1000 trajec-
tories, which were then analyzed using the Simulation Inter-
action Diagram (SID) tool to compute RMSD, RMSF, and
protein–ligand contacts.

4 Conclusion

To conclude, two series of coumarin derivatives 14(a–h) & 17(a–
h) have been synthesized in good to excellent yields ranging
from 51–75% for 14(a–h) and 62–82% for 17(a–h). All of these
hybrids 14(a–h) & 17(a–h) were docked against three targets
known as 6WPT (spike protein), 6Y84 (main-protease) and
6VWW (Nsp15). Remarkable potency was exhibited by 14b and
14c against the selected targets, even better than all chosen
standards (chloroquine, lopinavir, remdesivir, favipiravir, and
nirmatrelvir). Compounds 14b and 14c interacted with their
respective targets, 6VWW and 6Y84/6WPT, by forming hydrogen
bonds and hydrophobic interactions. Molecular dynamic
simulations were performed to assess the conformational
stability and binding efficacy of potent inhibitors, as deter-
mined by RMSD, RMSF and ligand–protein contact analysis.
RSC Adv., 2025, 15, 18577–18592 | 18589
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Fig. 12 Protein–ligand contacts plot of 14c with 6Y84 receptor.
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The results of this computational study predict that the
compounds 14b and 14cmerit further investigations through in
vitro and in vivo assays to evaluate their potential as therapeutic
agents against SARS-CoV-2.

Data availability

All data is contained in the manuscript and ESI.†
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95 B. Jójárt, R. Kiss, B. Viskolcz, I. Kolossváry and
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