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The recent emergence of pandemic of coronavirus (COVID-19)
caused by SARS-CoV-2 has raised significant global health
concerns. More importantly, there is no specific therapeutics
currently available to combat against this deadly infection. The
enzyme 3-chymotrypsin-like cysteine protease (3CLpro) is
known to be essential for viral life cycle as it controls the
coronavirus replication. 3CLpro could be a potential drug target
as established before in the case of severe acute respiratory
syndrome coronavirus (SARS-CoV) and Middle East respiratory
syndrome coronavirus (MERS-CoV). In the current study, we
wanted to explore the potential of fused flavonoids as 3CLpro
inhibitors. Fused flavonoids (5a,10a-dihydro-11H-benzofuro[3,2-
b]chromene) are unexplored for their potential bioactivities due
to their low natural occurrences. Their synthetic congeners are
also rare due to unavailability of general synthetic method-
ology. Here we designed a simple strategy to synthesize 5a,10a-
dihydro-11H-benzofuro[3,2-b]chromene skeleton and it’s four

novel derivatives. Our structural bioinformatics study clearly
shows excellent potential of the synthesized compounds in
comparison to experimentally validated inhibitor N3. Moreover,
in-silico ADMET study displays excellent druggability and
extremely low level of toxicity of the synthesized molecules.
Further, for better understanding, the molecular dynamic
approach was implemented to study the change in dynamicity
after the compounds bind to the protein. A detailed inves-
tigation through clustering analysis and distance calculation
gave us sound comprehensive data about their molecular
interaction. In summary, we anticipate that the currently
synthesized molecules could not only be a potential set of
inhibitors against 3CLpro but also the insights acquired from
the current study would be instrumental in further developing
novel natural flavonoid based anti-COVID therapeutic spec-
trums.

Introduction

The recent emergence of coronaviruses has been considered as
the biggest pandemic of this century as it posed a severe threat
to the existence of the human population. The novel coronavi-
rus (SARS-CoV-2) has led to a worldwide pandemic with more
than approx. 346 million cases and approx. 5.5 million deaths

already reported so far (WHO, 23 Jan, 2022).[1] However,
incomplete vaccination and absence of any promising ther-
apeutic drugs for these coronaviruses limit the countless efforts
to prevent the spread of the SARS-CoV-2 worldwide. Coronavi-
ruses belong to the family Coronaviridae, which consist of four
genera, a) α-coronavirus, b) ß-coronavirus, c) V-coronavirus and
d) Δ-coronavirus. The current threat, COVID-19 belongs to the
beta genus with approximately 96 % identity with the bat
coronavirus genome.[2] The SARS-CoV-2 has a ~ 32 kb RNA
Genome that is considered as the largest one among the
reported family members. The viral genome contains nucleo-
sides coding for both structural and non-structural proteins that
contribute to basic functions of the coronavirus, including
replication, assembly and it interacts with the recognized
receptor of the host. The major structural proteins of all
coronaviruses are spike glycoprotein (S), envelope proteins (E),
membrane proteins (M) and nucleocapsid proteins (N).[3]

In the therapeutic development against the COVID-19, the
main protein targets are non-structural proteins, 3 C like
protease (3CLpro), RNA-dependent RNA polymerase (RDRP) and
a structural protein, Spike glycoprotein (Figure S1). The RDRP is
a virus protein and it is mainly essential during the infection
phase for the virus. This enzyme is responsible for the
transcription and replication of the RNA genome. Spike
glycoprotein is the S protein, which facilitates the entry of
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coronavirus to the human host cell by interacting with ACE 2
receptors.

However, 3CLpro is encoded by the ORF 1a/b of corona
virus,[4] which is a replicase part at the 5’ side of the corona
virus (Figure S2). The amino acid sequence of 3CLpro from
SARS-CoV-2 has 96 % similarity with the same from SARS.[5] This
enzyme mediates proteolytic processing. It cleaves the replicase
polyproteins 1a and 1ab at around 11 sites (nsp 5–16).[6] This
produces non-structural proteins (nsps) which are important for
the viral replication and other processes. Thus, 3CLpro plays a
crucial role in the processing of the polyproteins. The recog-
nition sequence of this protein has been reported to be Leu-
Gln#(Ser, Ala, Gly) (# marks the cleavage site)[7] and human
proteases does not have similar cleavage specificity.[8] This
uniqueness helps 3CLpro inhibitors to supposedly having fewer
side effects for the infected animal’s system. Due to which, it
has been used as a potential drug target against corona virus
and drug repurposing trials have been performed against this
target.[9]

The inhibition of 3CLpro has been studied and protein-
inhibitor complex structures have been deposited in RCSB.[10]

Among them, the peptide-like compound, ‘inhibitor N3’, has
been crystallized showing binding in the pocket of 3CLpro (PDB
id: 6LU7).[10d] Interaction details of this inhibitor had shown that
it interacts with charged residues: GLU 166, polar residues: GLN
189, THR 190, HIS 164, HIS 163 and hydrophobic residues: PHE
140, CYS 145, GLY 143. The peptide part, i. e. ALA-VAL-LEU, of
inhibitor N3 was found to be interactive with residues GLU 166,
GLN 189 and THR 190 (Figure S3).

Natural products are always good targets for drug develop-
ment for the simple reason of their biological compatibility.[11]

Recent studies showed that natural products are also effective
to develop 3CLpro inhibitors of SARS-CoV-2.[10a] Earlier, FRET
based assay showed that naturally occurring flavonoids like
herbacetin, pectolinarin, luteolin, etc. have antiviral activity
against coronavirus, SARS-CoV.[12] Molecular docking studies
also revealed that the natural product quercetin-3-β-galactoside
(Figure 1A) having flavonoid core possesses promising inhib-
itory potential against 3CLpro of SARS-CoV as well.[13] All these
results inspired us to check potential antiviral activity of new
flavonoids against SARS-CoV-2. Few years back, Chen et al.

isolated a new type of flavonoid compound “(�)-Paeoveitol”
(Figure 1B) from the root extract of Paeonia veitchii which is
being used from long time in Chinese folk medicine ‘Chuan-
Chi-Shao’, as analgesic, sedative and cardiovascular agent.[14]

Paeoveitol is a fused flavonoid having general structure of
5a,10a-dihydro-11H-benzofuro[3,2-b]chromene (Figure 1C). This
type of fused flavonoids where a benzofuran ring is unprece-
dentedly fused at “b” bond to oxygen of a benzopyran ring (6-
6-5-6 linkage) are relatively rare in nature[15] as compared to
plentily available fused isoflavonoids (Pterocarpans, 6a,11a-
dihydro-6H-benzofuro[3,2-c]chromene, Figure 1D)).[16] The
chemical structure of the Paeoveitol intrigued us to test its
efficacy against SARS-CoV-2. Thus, the flavonoid Paeoveitol had
been docked with the 3CLpro to study its binding affinity
around the active site and it was clearly fitted in the active site
of 3CLpro (Figure S4). The binding energy of Paeoveitol with
3CLpro was observed to be � 7 kcal/mol as compared to
� 4.47 kcal/mol of inhibitor N3.[17]

Interestingly, this compound was found near to the place of
the peptide part of inhibitor N3. The Paeoveitol found to be
interacting with residues LEU 141, SER 144 and CYS 145
(Figure S4). The CYS 145 interaction was found to be common
in between both inhibitor N3 and Paeoveitol. These findings
motivated us to design and develop more about these
flavonoids using a multidisciplinary study approach. Unfortu-
nately, the natural abundance and bioavailability of the
Paeoveitol is very low, which forced us to develop new fused
flavonoids with general structure of Paeoveitol which can be
synthesized easily in large scale and having similar or even
better interactions with 3CLpro than Paeoveitol. Only few
reports are available on synthesis of these novel fused
flavonoids based on Diels-Alder cycloaddition reactions.[18] This
intrigued us to devise a synthetic protocol for making this
skeleton easily accessible. Herein, we report a simple general
synthetic strategy to synthesize 5a,10a-dihydro-11H-
benzofuro[3,2-b]chromene skeleton. Four new fused flavonoid
derivatives were synthesized by the developed method. In-silico
ADMET screening of all the fused flavonoids were done to study
different physicochemical properties like cell permeability, lip-
ophilicity and water solubility, and different pharmacokinetics
properties like gastro intestinal absorption, blood brain barrier
(BBB) permeability, etc. Further, their pumping through cell and
degradations through enzymes were also studied. Finally,
molecular docking was performed to understand the in depth
interaction of these compounds with the protein. Implementing
the dynamics study molecular mechanism was studied which
enlightened the sound variation of structural and conforma-
tional dynamics within the complexes. In addition, a brief
explanation of compounds compatibility with the protein was
analysed. Through clustering analysis, the dynamic movement
pattern during the compounds binding with the protein and
populated clusters formed were obtained. The distance calcu-
lation also gives extensive analysis of intermolecular interaction
within the interacting and catalytic residues of the protein with
the compounds to evaluate their potential as 3CLpro Inhibitors
for COVID-19 therapeutics.

Figure 1. Structure of quercetin-3-β-galactoside (A), (�)-Paeoveitol (B) and
general structures of 5a,10a-dihydro-11H-benzofuro[3,2-b]chromene (C) and
Pterocarpan (6a,11a-dihydro-6H-benzofuro[3,2-c]chromene) (D).
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Results and Discussion

Synthesis

The methodology development started with the synthesis of
different substituted dihydroxychalcones (3a–d). At first, the
base catalyzed Claisen-Schimdt condensation reaction of 2’-
hydroxyacetophenones (1a–d) was performed with salicylalde-
hyde derivatives (2a–b) that furnished the desired products
(3a–d) with excellent yields (Scheme 1).

The next challenge was to develop a suitable protocol for
chemo-selective reduction of the carbonyl group present in the
α,β-unsaturated ketone moiety of 3a to corresponding 1,3-
bis(2-hydroxyphenyl)-propene in good yield. Initial study on
Lewis acid promoted ‘Luche’ type reduction of 3a with NaBH4

in presence of AlCl3
[19] led to the unwanted reduction of the

olefinic function of 3a keeping carbonyl function intact (data
not shown).

Then, chemo-selective reduction of carbonyl group (Luche
type 1,2 reduction[20]) of 3a using NaBH4 in presence of
CeCl3 · 7H2O/EtOH was tried taking the advantage of ortho-
hydroxyphenyl group (coming from acetophenone part) at-
tached to the enone functionality.[21] For this reaction, both the
hydroxy groups of chalcone 3a was protected first as their ethyl
carbonate derivative (4a) using ethyl chloroformate/triethyl-
amine (Scheme 2). Gratifyingly, reduction of 4a with CeCl3

(1.0 equiv.)/NaBH4(1.2 equiv.)/EtOH furnished the ethyl
carbonate derivative of cinnamyl phenol 5a as a sole product in
excellent yield. It is important to note that both reduction of
the carbonyl group and selective deprotection of one of the
ethyl carbonate groups of 4a (ortho to ketone group) occurred
in tandem to afford 5a. The chemo-selective reduction of 3a
could be explained by hydride transfer to the carbonyl group
activated by CeCl3/ethanol complex.[21] The resulting alkoxide
ion undergoes nucleophilic attack to ethyl carbonate group to
form a six-membered cyclic carbonate intermediate. Finally,
another hydride attack on the cyclic carbonate with concom-
itant extrusion of carbon dioxide led to the formation of 2-
cinnamyl phenol derivative 5a (Scheme 2).

Further optimization of the reaction revealed that 10 mol%
of CeCl3 · 7H2O is sufficient to afford 5a in high yield. The
catalytic action of CeCl3 can be explained by the activation of
carbonyl group through its co-ordination and subsequent
release from co-ordination after hydride transfer process. More-
over, the temperature played a crucial role in controlling the
reduction pathway. It was observed that while the reaction at
� 5 to 0 °C afforded 5a as a sole product in good yield, reaction
at a marginally higher temperature (2-5 °C), 2-(2H-chromen-2-
yl)phenyl ethyl carbonate (5’a, see SI) was formed as a side
product along with 5a. Using the optimized reaction condi-
tions, few more dihydroxychalcones (3b–d) were prepared and
reduced to corresponding 2-cinnamyl phenols (5b–d) in
excellent yields (Scheme 3).

Next, 5a–d were converted to corresponding 3-bromofla-
vans (6a–d) using an intra-molecular bromo-aryloxylation

Scheme 1. Synthesis of substituted dihydroxychalcones 3a–d. (a) 50 % aq.
KOH, EtOH, 25 °C, 12 h.

Scheme 2. (a) TEA (2.1 equiv.)/ethyl chloroformate (2.1 equiv.), dry THF,
25 °C, 2 h; (b) CeCl3 · 7H2O (10 mol%), EtOH, 25 °C, 10 min; (c) NaBH4

(1.2 equiv), EtOH, � 5 to 0 °C, 30 min.

Scheme 3. (a) TEA (2.1 equiv.)/Ethyl chloroformate (2.1 equiv.), dry THF,
25 °C, 2 h; (b) CeCl3 · 7H2O (10 mol%), EtOH, 25 °C, 10 min; (c) NaBH4

(1.2 equiv.), EtOH, � 5 to 0 °C, 30 min; (d) CuBr2 (2.1 equiv.), dry ACN, 25 °C, 5–
12 h; (e) 25 % aq. NH4OH, MeOH, 25 °C, 12 h.
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strategy. Cu(II) bromide is known to be a mild brominating
agent that dissociates to release Br2 along with Cu(I) bromide in
equilibrium.[22] Earlier, CuBr2 mediated intra-molecular cycliza-
tion reaction was reported in synthesizing benzo[b]furan/
benzo[b]pyran derivatives from substituted phenols.[23] All of
these inspired us to use similar reaction condition in the present
scenario. Gratifyingly, the reaction of 5a–d with Cu(II) bromide
in ACN clicked well as per our expectation and furnished
desired products 6a–d in good yields. The formation of the
products can be explained by a mechanism where first three
membered bromonium ion was formed at the olefinic site
followed by in situ intramolecular cyclo-etherification reaction
occurred at benzylic carbon (carbon at 1, Scheme 4) by a
regioselective SN2 type attack of the free hydroxyl group
present in proximity. The predominant formation of products
6a–d is controlled by the greater electrophilicity of the benzylic
carbon (path a; Scheme 4) and other possible products 6’a–d
did not form at all (path b; Scheme 4). In all the cases only
single trans-diastereomer is obtained which was quite obvious
due to the stereo-specific nature of the reaction. The trans
geometry of the products 6a–d are confirmed by the observed
coupling constant (J) values of 8–9 Hz in 1H NMR spectra which
are comparable with the reported J values of closely related 3-
iodochromans.[24]

With the 3-bromoflavan derivatives 6a–d in hand, final step
to construct the targeted compounds i. e., substituted 5a,10a-
dihydro-11H-benzofuro[3,2-b]chromenes, 7a–d were at-
tempted. It was envisioned that deprotection of the carbonate
functionality will regenerate the hydroxyl group and then an
intra-molecular cyclo-etherification will lead to the formation of
the target compounds. Initially, different mild reaction con-
ditions like NaBH4 mediated hydrolysis and catalytic hydro-
genolysis reaction were tried, but all these efforts were
unsuccessful. On the other hand, under strong reaction
condition, the reaction showed erratic behaviour. For example,
lithium aluminium hydride (LAH) mediated hydrolysis of 6c
furnished the target product 7c (25 % yield) directly instead of
otherwise expected corresponding hydroxy product (carbonate
deprotected product of 6c). But, the reaction did not work well
with the other substrates like 6a–b and 6d. For 6a and 6b,

probably the chroman rings were broken to non-characterizable
side products. Whereas for 6d, the reaction furnished 7d with
very low yield (10 %).

All these observations hinted that hydrolysis of carbonate
group and cyclo-etherification can be done in tandem probably
under some milder reaction condition. Then, we thought of
using mild basic condition as there is a fair chance that strong
basic condition can trigger an unwanted dehydrobromination
reaction. After the extensive literature survey on recent
advancement in carbonate hydrolysis in mild basic condition,
we found that recently L. Panzella et. al. easily deprotected
carbonate group to hydroxyl group by treating with aq. NH4OH
solution in synthesizing hydroxycinnamyl alcohol derivative
using a decade old protocol.[25] This reaction condition was tried
in our system. As per the expectation, under aq. NH4OH reaction
condition at 25 °C, 6a successfully followed the tandem route
i. e. deprotection of carbonate group and thereafter cyclization
to yield 7a without yielding any uncyclized decarbonated
product (Scheme 3).

Optimization of the reaction condition established that with
increase in reaction time at 25 °C, the yield of 7a gradually
increased giving the maximum yield (75 %) after 12 h. Under
refluxing conditions, the deprotection of carbonate group
occurred but it was associated with concomitant dehydrobromi-
nation to yield 7a’ and a trace amount of 7a was also isolated
there (Scheme 5). The rationale behind this observation may be,
at elevated temperature it can cross the activation barrier to
initiate dehydrobromination reaction even in the weak alkaline
condition whereas at room temperature the reaction becomes
kinetically controlled. Finally, using this optimized protocol, all
the 3-bromoflavan derivatives 6a–d were successfully trans-
formed into 5a,10a-dihydro-11H-benzofuro[3,2-b]chromenes
7a–d in excellent yields (Scheme 3). It is important to mention
that all the reactions furnished single diastereomer which
supports a diastereospecific SN2 type pathway for the final
cyclization reaction.

The structures of the 5a,10a-dihydro-11H-benzofuro[3,2-
b]chromenes, 7a–d were characterized by NMR spectroscopy.

Scheme 4. Proposed mechanism of the synthesis of 6a–d by bromination/
intramolecular cyclo-etherification tandem reaction.

Scheme 5. Optimization of cyclo-etherification reaction of 6a. [a] Isolated %
yield.
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For example, in 7c, typical doublet at 5.63 ppm and a multiplet
at 5.24–5.20 ppm in 1H NMR, and peaks at 82.4 and 79.3 ppm in
13C NMR support the formation of fused skeleton. Most
importantly, the observed coupling constant (J) value of 7.0 Hz
for the doublet at 5.63 ppm confirmed cis geometry of the
skeleton.[18a] See also the ORTEP renderings of 7c and 7d in
Figure 2.

Molecular electrostatic potential (MEP)

The potential inhibitor development for an enzyme needs to
examine the interaction profile between the enzyme and target
small molecules. The active site or recognition sites of enzymes
are usually on the surface or in a void pocket. Hence, the
surface of a small molecule is essential for binding. In this
direction, the Molecular Electrostatic Potential (MEP) had been
evaluated for all the fused flavonoids (7a–d). The MEP surfaces
have mainly three components i. e. electropositive (blue),
electronegative (red), and null value region (green/white). It
highlights the hydrogen bond acceptor and donor regions of
compounds (Figure 3). The MEP surface mappings are very
useful to explain the potential binding affinity of the com-
pounds towards the 3CLpro enzyme as discussed vide infra.

Molecular docking study

Binding affinity with 3CLpro

The docking with 3CLpro enzyme of SARS-CoV-2 of all the final
compounds (7a–d) was performed according to the template
used for docking (PDB id 6lu7) with inhibitor N3.[10d] First, 7a
was docked with the 3CLpro. It resulted in AutoDock score
� 6.9 kcal/mol (Table 1). This compound was found to be in the
active site and CYS 145, HIS 41, MET 49 and GLN 189 were
within the 4 Å distance (Figure S5, and Table S3). Similarly,
docking of other compounds 7b–7d was done (Figure 4, S6, S7
and Table S3) and their AutoDock scores were observed as
� 7.6, � 7.3 and � 7.1 kcal/mol respectively (Table 1). The
parameters used for executing the docking analysis, the center
Grid box was in x, y, z dimensions were taken as 64.039, 46.852,
58,802 respectively. The spacing was taken as 1 Angstrom.

Figure 2. Orthogonal ORTEP views of the crystal structure of compounds 7c
(a) and 7d (b).

Figure 3. Molecular Electrostatic Potential (MEP) of 7a–d.

Table 1. The AutoDock score of each compound after docking with
3CLpro of SARS-CoV-2.

Ligand 7a 7b 7c 7d

AutoDock Score [kcal/mol] � 6.9 � 7.6 � 7.3 � 7.1

Figure 4. The interaction between 3CLpro and the compound 7b. A) The
enzyme is in cartoon representation and compound in ball-stick representa-
tion. The interacting residues were shown in the stick from with their
distances in dashes. B) The two-dimensional representation of interacting
residues.
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While the number of points in x, y, z dimensions were taken as
19, 22, 20 respectively and the number of modes were selected
as 10 for the docking analysis. Thus, all the fused flavonoids
have shown high AutoDock score towards 3CLpro enzyme.

The interaction between all the fused flavonoids, 7a–d and
the 3CLpro enzyme had been analyzed to gather their binding
profile. Most of the residues in the catalytic domain of inhibitor
N3 were also shown interaction with the compounds. The
residues HIS 41, MET 49, TYR 54, PHE 140, ASN 142, SER 144,
CYS 145, HIS 163, HIS 164, MET 165, GLU 166, ASP 187, ARG
188, GLN 189, GLN 192 were found to be interacting with
compounds. The binding pocket is surrounded by the beta-
sheets structure with a small helix (Figure S8).

Further, the compound interactions were evaluated out by
finding residues within 4 Å and have been enlisted in Table S3.
These compounds had shown less polar contacts. Only for
compound 7d few polar contacts have been observed. The
highest binding energy compound, 7b has been shown with its
interacting residues (Figure 4). Rest interactions can be found in
Figures S5–S7.

Orientation of compounds in the active site of 3CLpro

All compounds had been observed to be placed in the catalytic
domain of 3CLpro, as shown in Figure 5B. The docking template
used, i. e. PDB id 6LU7,[10d] had an inhibitor N3 bound in the
active site (Figure 5A). This is a peptide-like inhibitor and the
binding energy had been reported to � 4.47 kcal/mol.[17] All the
fused flavonoids used in the present study had binding affinity
greater than � 6.9 kcal/mol.

Further, the catalytic site of 6LU7 was found to be a deep
cavity-like structure (Figure 5B). The binding of all compounds
clearly showed that they were well fitted in the catalytic pocket
(Figure 5B, C). This domain has both electropositive and electro-

negative residues in its vicinity (Figure 5C). Also, the MEP of
compounds (Figure 3) had shown the mixture of both electro-
negative and electropositive areas. It clearly implies that the
compounds have a potential binding affinity towards the
3CLpro enzyme.

Further, the peptide part of inhibitor N3 (Figure 5A) was
found to be completely inside the catalytic cavity. Thus,
interaction details of this inhibitor had been studied (Figure S9).
The peptide part was found to be interactive with residues GLU
166, GLN 189 and THR 190. The interaction analysis of all the
compounds, 7a-d showed that they interact with at least one
of these residues. Also, the residue CYS 145, which is at 2.9 Å in
case of inhibitor N3 (Figure S9), was found to be within 4 Å of
each compound selected in the present study. In addition, the
compounds showed interaction with at least one histidine
residue found in the vicinity of the active site. Thus, the binding
affinity and the interaction profile give support to the potential
binding in the active site of 3CLpro and hence the ability to
become a potential inhibitor.

Molecular dynamics (MD) simulations

The backbone variation of protein and complex structures

The Root Mean Square Deviation (RMSD) plot for the backbone
of apo protein and complex structures was calculated (Figure 6).
It was observed that. after 20 ns, every complex along with the
apo structure have all attained a stable state. In the apo
structure, the RMSD plot also showed stability after 20 ns but it
was later seen that, after 70 ns, it became highly dynamic in
nature and showed fluctuations. In case of complex 7a, the
trajectory shown is initially stable while after 85 ns there is a
leap of 0.1 nm. While in case of complex 7b, the trajectory
attained the stability after 20 ns and remained the same, after
85 ns there was also a leap observed not more than 0.1 nm but
soon became stable. In complex 7c, the trajectory shows

Figure 5. The surface representation of enzyme and binding pocket. A) The
inhibitor N3 bound structure of PDB id 6LU7. The inhibitor N3 is in ball-stick
form and a peptide part of it, is represented in magenta colour. B) The
docking of compounds with 3CLpro enzyme. It shows the binding pocket in
a dotted circle with the enzyme in surface representation. C) The catalytic
domain where all compounds had been found to be interacting.

Figure 6. Root Mean Square Deviation (RMSD) of apo and complex
structures. The apo, complex 7a, complex 7b, complex 7c, complex 7d
structure plots are represented by red, yellow, green, orange and purple
colour graphical representations respectively.
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stability with the same fluctuation having a small leap around
55 ns. While in complex 7d, initially the trajectory was shown
with a fluctuation but after 20 ns it became stable. The RMSD
fluctuations provides idea about the change in backbone of a
protein.[26] Here, the RMSD plot shows the comparative dynamic
behavior of the apo structure as well as the complex formed. It
is seen through the plots that 7c and 7d have much stable
plots while all the ligand complexes (7a, 7b, 7c, 7d) have less
variation than that of apo structure and hence are more stable
than the apo structure. Also, this indicates that complexes
formed through the compounds 7a–7d with 3CLpro reduced
the flexibility of protein and gives dynamical conformational
stability.[27]

The residue-wise fluctuations over MD trajectory

Root Mean Square Fluctuation (RMSF) allows us to analyze the
fluctuation of residual variation.[28] It is seen that the variations
for all the structures are quite similar, which were highlighted in
the pictures with black dotted lines (Figure 7). It is seen that
apo, complex 7b, complex 7c, complex 7d have high variation
in the F1 region which is the region having Ser 46 to Tyr 54
which also comprises active sites. But a variation in complex 7a
near Thr 225 residue and in complex 7b near the Ile 152 residue
shown high fluctuation. The F2 region of fluctuation, i. e. region
near the residues Gln 273 to Met 276 of the protein structure
have shown the high fluctuation in the Apo and all the
complexes. The fluctuation in all the complexes were much less
than the Apo structure which again depicts that the complexes
are much stable and lower energy than the Apo, which might
be due to the binding with the ligand. The RMSF indicates that
residual fluctuations are minimum in complex and the interact-
ing residues in active site has effect of ligand binding.

Radius of gyration analysis

The radius of gyration (Rg) value gives us an idea of how the
structural variation affects the compactness of the protein after
they are binding with the ligands. The proteins with folded and
unfolded confirmation have low and high Rg values respec-
tively. It was seen that the compactness of all the compounds
were mostly stable along with the apo (Figure 8). More Rg value
indicated high flexibility in protein. Apo protein and complex
Rg has shown no significant variation. This shows not much
change in the packing of protein. It is seen that the average
values of Rg were 2.25 nm, 2.24 nm, 2.23 nm and 2.24 nm for
structures complex 7a, complex 7b, complex 7c, complex 7d
respectively while the Apo is 2.21 nm. There is not much huge
fluctuation in the average values of Rg and it indicates that not
much decrease in globularity of the complexes with respect to
Apo protein. The small difference in Rg was expected in
complex structures.

Hydrogen bond analysis

Hydrogen bond formation is important to understand the
structural integrity of the protein, catalytic region and protein-
ligand interaction and it enables us to understand the protein
stability and conformation. There is not much considerable
change in the hydrogen bond interaction within the protein of
all the complexes. The average values of Hydrogen bonds
calculated for Apo, complex 7a, complex 7b, complex 7c and
complex 7d are 214, 216, 218, 212, 217 respectively (Figure 9).

Further, that the number of hydrogen bonds were calcu-
lated on pairs within 0.35 nm in between protein and ligand
complex structures. In complex 7a, the maximum hits were
found of 3 pairs, while for complex 7b, 7c, 7d were 2 but with
increasing in value with time variation (Figure S10). This
indicated that ligand were able to form hydrogen bond with
high frequency of occurring a hydrogen bond. However, the
other non-covalent interactions should have contributed to

Figure 7. Root Mean Square Fluctuation (RMSF) of apo and complex
structures. The apo, complex 7a, complex 7b, complex 7c, complex 7d are
represented by red, yellow, green, orange and purple colour graphical
representation respectively.

Figure 8. The Radius of Gyration Plot having comparative analysis of the Apo
and the complexes; The apo, complex 7a, complex 7b, complex 7c, complex
7d are represented by red, yellow, green, orange and purple colour
graphical representation respectively.
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molecular binding. Thus, to understand their contribution MM/
PBSA calculations were performed and discussed vide infra.

SASA calculations

The interaction area between the solvent and protein/protein-
ligand complexes were calculated and were plotted for each
snapshot against the function of time for all the complexes
along with the Apo structure. The values for apo, complex 7a,
complex 7b, complex 7c, complex 7d are 150.7 nm2,
150.1 nm2, 152.2 nm2, 150.4 nm2, 153.73 nm2. Higher value of
SASA implies more hydrophilicity. The SASA value for complex
7a and complex 7c are low while for complex 7b and complex
7d are high which shows that complex 7a and complex 7c are
more accessible to the solvent than that of complex 7b and
complex 7d (Figure S11). The SASA has not shown drastic
change in complex structures compare to apo protein, but has
small change and that was expected for complex structures.

Clustering of simulation trajectory

In cluster analysis, the most populated cluster is considered for
analysis as a representative conformation. Clustering analysis
was performed on the equilibrated region of the trajectory
using the GROMOS algorithm from simulation to get the cluster
and their center structures.

The RMSD values for complex 7a, complex 7b, complex 7c,
complex 7d are 0.23 nm, 0.225 nm, 0.224 nm and 0.249 nm
respectively. It depicts that they must have some conforma-
tional change after binding the ligands. It was seen the most
cluster formations were formed for all the complexes in
structure one. The number of clusters was formed are 4, 6, 7
and 7 for 7a, 7b, 7c and 7d respectively (Figure 10).

Clustering means grouping of very similar structures in one
group having less RMSD. The center pdbs from each cluster of a

complex system was taken and the pattern was observed (see
the Supporting Information animation file). It was observed that
the patterns give a probabilistic information about how drug is
interacting with the 3CLpro protein and its conformational
changes over the simulation. It was observed that the maximum
clustering members were found for all the structures in the final
portion of trajectory (cluster 1) with most deviating rmsd value
from the initial trajectory along with clustering member varying
from maximum to least. This enable us to think that the final
cluster might be the stable conferred structure for the complex.
Moreover, the pattern to represent the above explanation that
the drug interaction makes conformational change near the
active site and finally, the drug resides in the core. The
conformation where drug looks like well fitted in the cavity is a
cluster with high number of conformations in it. The detailed
interactions have been mentioned in Figure S12–S15 and
Table S4.

Further, we have taken this structure from most populated
cluster and compared the apo structure (Figure 11). The
structural change in the complex structure was observed and
hence the RMSD difference was observed. The amino acid
residues where variations were seen for each complexes are as
follows – for complex 7a: (Ser 1-Met 6), (Ser 46-Asn 51), Thr 224,
Thr 226, Asn 274, Gly 275, (Asn 277-Ser 284); for complex 7b:
(Ser 46-Leu 50), Phe 223, Thr 224, Gly 278, Arg 279, Gly 283, Ser
284; for complex 7c: (Ser 1-Lys 5), (Ser 46-Asn 51), Thr 224, (Gly
278-Thr 280), (Leu 282-Ala 285), Gln 306 and for complex 7d:
(Ser 1-Met 6), (Ser 46-Leu 50), (Phe 223-Thr 226), (Gln 273-Gly
275), (Asn 278-Leu 285). It is seen that in all complexes the
fluctuation in the residual region of (Ser 46-Leu 50) and some

Figure 9. Hydrogen bond Plots having comparative analysis of the Apo and
the complexes; The apo, complex 7a, complex 7b, complex 7c, complex 7d
are represented by red, yellow, green, orange and purple colour graphical
representations respectively.

Figure 10. A, B, C, D are the cluster representation of complex 7a, 7b, 7c
and 7d respectively. The ligands are represented in a golden ball and stick
model. The purple colour representation in all the structures are of the
individual complexes whereas the light blue colour cartoon representation
are of the Apo structures, where the variation in each loop are observed.
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changes near Gly 278-Ser 284 is constant which might enable
us to further investigate in these loops.

Distance variation among compounds and interacting
residues

The molecular docking has shown that Gln 189, His 41, Cys 145
were the residues interacting with the ligands. Thus, for the
distance calculation, the interaction with the Gln 189 (most
interacting residue), His 41, Cys 145 (the dyad of the protease)
were chosen to investigate the distance variation with time. The
distance was calculated from center of mass and the atom of
the residue. In case of Gln 189, the distance variations (highest
to lowest) were found in between 0.99–0.34 nm for complex
7a, 1.16–0.32 nm for complex 7b, 1.26–0.30 nm for complex
7c, 0.90–0.34 nm for complex 7d (Figure S16). For His 41, the
variations (highest to lowest) were 0.70–0.40 nm for complex
7a, 1.1–0.36 nm for complex 7b, 1.44–0.36 nm for complex 7c
and 1.22-0.38 nm for complex 7d (Figure S17). Lastly, the
distance fluctuation (highest to lowest) observed for Cys 145
were 1.12–0.37 nm for complex 7a, 1.34–0.50 nm for complex
7b, 1.25–0.30 nm for complex 7c and 2.24–0.46 nm for complex
7d (Figure S18). These variations were from COM of ligands and
were expected to show such variation. It indicated that the
compounds remained around these catalytic residues and did
not jumped from the cavity location and ultimately these
suggest that compounds were well fitted in the cavity space.

MM/PBSA calculations

The free binding energy calculation was performed for each
system using g_mmpbsa tool (Table 2). It was resulted into
binding free energy of � 114.33, � 128.775, � 136.940 and
� 96.175 kJ/mol for complex structures with compound 7a, 7b,
7c and 7d respectively. The van der Waals, electrostatic
interactions represent the non-bonded energy component and
it was observed to be very low as expected as their contribution
was expected to higher for good binding. Further, polar
solvation and SASA (non-polar) energy components were
calculated and they had contributed less as compared to non-
bonded. Thus, the free binding energy of all ligand was found
less negative indicating good binding. The compound 7c has
higher binding energy and 7d is less among all.

ADMET screening

The compound designed for having potential drug value should
have properties to have a therapeutic dose value. Thus, to filter
its bioavailability criteria the ADMET values are important. In
the physicochemical properties of all the compounds, 7a–d, the
molecular weight of all compounds has been found less than
500 g/mol. Additionally, the rotatable bond, hydrogen bond
acceptors, hydrogen bond donor and topological polar surface
area (TPSA) were also depicted in Figure 12. The hydrogen
bond donors had been observed to be in between 0–2,
hydrogen bond acceptors had fallen in range 2–5 and rotatable
bonds were maximum 10. The TPSA value of all the compounds
are very less with maximum TPSA for molecule 7d which is
27.69 Å2. Since this value is far less than 140 Å2, the cell
permeability is acceptable for all compounds and they could be
completely absorbed through cell membrane.

Lipophilicity is the measure for drug affinity in lipid
surroundings, which has essential use for transportation of into
the cell and binding with a receptor.[29] Hence it has important
value in pharmacokinetic value. It is exerting influence on
reactivity, solubility, degradation of drug, reactivity, etc. This
value, partition coefficient between n-octanol and water (log Po/
w), had been calculated by iLOGP,[30] XLOGP3,[31] WLOGP,[32]

MLOGP[33] and SILICOS-IT[34] methods (Figure 12). The consensus
value was the arithmetic mean of all these values. These values
mainly lied between 6.61 to 2.45 and the consensus had fallen

Figure 11. Different most populated clusters of different complexes of 7a to
7d.

Table 2. The MM/PBSA calculation showing contribution of different energies.

Complex Binding energy
[kJ/mol]

van der Waals energy
[kJ/mol]

Electrostatic energy
[kJ/mol]

Polar solvation energy
[kJ/mol]

SASA energy
[kJ/mol]

7a � 114.337
�12.918

� 151.103
�15.273

� 4.267
�2.492

53.635
�10.962

� 12.602
�0.933

7b � 128.775
�18.258

� 164.328
�20.504

� 3.619
�2.788

52.685
�12.243

� 13.513
�1.157

7c � 136.940
�0.597

� 167.259
�0.543

0.012
�0.081

45.172
�0.342

� 14.878
�0.045

7d � 96.175
�0.399

� 115.443
�0.389

� 3.646
�0.070

32.833
�0.332

� 9.922
�0.043
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in range 5.37 to 2.92. That shows that all the molecules have
good oral absorption.

The aqueous or water solubility, Log S, defines the solubility
of organic compounds in water and it has impact on transport,
uptake, distribution and bioavailability of compounds.[35] It has
been predicted through ESOL,[36] Ali[37] and Silicos-IT method[34]

(Table S5). The 7c was predicted to be poorly soluble (PS) by all
three methods and others and moderately soluble (MS) or
soluble (S). This suggest that the MS and S molecules could be
considered for taking through oral or parenteral route.

In the pharmacokinetics study, all the compounds have
high Gastro-Intestinal absorption which makes them good
candidates for oral dosing. Blood brain barrier (BBB)
permeability[38] has been found to be suitable for all four
compounds which implies that they have good drug distribu-
tion index. All the compounds 7a–d were found to be Pgp
substrate[39] and hence they could be actively pumped through
the cell. In the prospect of binding with metabolic enzymes
CYP1 A2 inhibitor, CYP2 C19 inhibitor, CYP2 C9 inhibitor,
CYP2D6 inhibitor and CYP3 A4 inhibitor binding has been
stated in Table S6 and they showed degradation through at
least one enzyme. Further, log Kp,[40] the measure for skin
permeability, had been predicted and more negative values
imply less permeable.

Furthermore, the drug-likeness evaluation is based on the
chemical structures and physicochemical properties. This assess-
ment had been performed using Lipinski,[41] Ghose,[42] Veber,[43]

Egan[44] and Muegge[45] methods (Table S7). The results indi-
cated that 7a, 7b and 7d follow all the rules whereas
compound 7c violates two rules. This implies that all the
compounds are drug-like. Additionally, all the compounds have

sufficient bioavailability score indicating high potential for
being drug candidates. The synthetic accessibility scores had
also been depicted and it was found to moderate to synthesize
these compounds. Moreover, all the compounds were scanned
for pan-assay interference compounds (PAINS) and no com-
pounds found positive for it. Lastly, the toxicity results
concluded that all the four compounds have successfully
accepted toxicities mentioned in Table S7. Thus, overall ADMET
states that the molecules are not toxic and mostly they are
drug-like.

Conclusion

Current study has shown the conservative nature of the 3CLpro
and established this as a wonderful target for development of
Covid-19 inhibitors. We introduced cis-fused flavonoids which
are quite less explored but interesting and inexpensive
compounds for the preparation of novel therapeutics. An easy
and practical route for the synthesis of the cis-fused flavonoids
i. e. 5a,10a-dihydro-11H-benzofuro[3,2-b]chromenes in good
yields from easily accessible dihydroxychalcones has been
developed using low-cost reagents. A new protocol i. e., NH4OH
mediated one pot tandem deprotection-cycloetherification was
developed to obtain the cis-fused flavonoids. 3D structure of
3CLpro was further explored for docking and molecular
dynamics simulation studies of newly synthesized cis-fused
flavonoids and the binding energy and interactions are showing
potential towards an excellent binding spectrum. Through
docking studies the binding energy of the complexes were
calculated and residual interaction were identified. Further
through molecular dynamics simulation RMSD, RMSF, SASA,
Hydrogen Bond, Radius of gyration of all the complexes were
calculated and variation within them were observed. Clustering
analysis provides us the populated clusters and the structural
transition leading to the different interactive configuration
obtained within the complexes to get the stable conformation.
The distance calculation of the interacting and the catalytic
residues (Gln 189, His 41 and Cys 149) of the protein with the
atoms of the compounds were contemplated with detail study.
Finally, In-silico ADMET study shows extremely promising results
towards drug like nature of the series of fused flavonoids in
terms of solubility, extremely low toxicity, etc. Thus, the current
study not only provides us a series of such potential small
molecules but also open a platform towards further designing
of potential small molecule inhibitors against 3CLpro enzyme of
SARS-CoV-2. Further in-vitro and in-vivo optimization are
needed for transforming these synthesized inhibitors into
established drugs.

Experimental Section

Synthetic procedures and characterization methods

Details of all synthetic procedures along with characterization
methods are provided in the Supporting Information.

Figure 12. A) Physicochemical properties-Rotatable bonds, H-bond accept-
ors, and H-bond donors, B) Topological Polar Surface Area (TPSA) and C)
Lipophilicity values of all compounds.
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Structural preparation and ADMET screening for in-silico
study

The small molecule in-silico structure formation was performed
using ChemDraw Ultra[46] to build in 2D. Then, the Chem3D tool
was used to get three-dimensional structures of the 2D structures
and mm2 based minimization,[47] from the in-built tool of it, was
carried out energy minimization. On the other hand, the 3CLpro
enzyme of SARS-Cov-2 was obtained from RCSB, PDB id – 6LU7.[48]

Apo form of protease was extracted from it and then minimized
using GROMACS,[49] Linux-based open-source software. AMBER
ff99sb-ILDN[50] had been used for the minimization calculations. In
order to calculate Molecular Electrostatic Potential Surfaces (MEPS),
the molecular Gasteiger charges were calculated and JMOL was
used to visualize the MEP surfaces.[51]

The OpenBabel software[52] was used to get SMILEs from SDF
structures of small molecules. Then absorption, distribution,
metabolism and excretion (ADME) assessment had been carried out
using Swiss ADME online web server.[53] The toxicity screening was
performed using the toxicophores screening from FAF-Drug 4.[54]

Molecular docking of small molecules with target 3CL
protease

After structural preparations, enzyme and ligand pdbqt file
generation had been executed by AutoDock Tools 1.5.6.[55] The grid
was generated by using the template PDB 6LU7 for docking. The
grid was centered at (64.039, 46.852, 58.802) and the dimension
was used at 20 along all axes. The docking was performed using
the AutoDock Vina.[56] The run was performed for getting 10 states.
From these resulting states, the lowest energy configuration was
extracted. The interactions were calculated using the MAT web
server.[57] The visualization and figure preparation was performed
by using PyMOL.[58]

Molecular dynamics (MD) simulations

For the apo simulation, the 6LU7 proteins from 3CLpro enzyme of
SARS-Cov-2 was obtained from RCSB.[48] The simulation was
performed using WebGro software (https://simlab.uams.edu/index.
php) which is based on GROMACS.[59] The GROMOS96 54a7 force
field was chosen. The ligand topology was obtained from PRODRG
2.5 server.[60] The apo structure and complex structures with ligands
were subjected to the simulation in an explicit solvent at 300 K.
Each system was subjected to the cubic box and used SPC water
models for solvation. To neutralize the system, ions were added by
Na+ and/or Cl� as salt types. Energy minimizations of the proteins
were performed using steepest descent in presence of solvent
subjected to a max of 5000 steps. Then the equilibration process
was performed after energy minimization using the NVT and NPT
ensemble at 300k temperature. After equilibration, final production
molecular dynamics simulations were performed for 100 ns for
each system.

The analyses of the results were performed on the trajectory: the
root mean square deviation (RMSD), root mean square fluctuations
(RMSF) using python and the visualization, calculation were
performed using PyMOL, while the clustering was performed using
GROMACS[61] and the binding affinity calculation using MM/PBSA
program.[62] PyMOL was used for figures and the plotting of the
graph.

Supporting Information

The Supporting Information (SI) contains detailed descriptions
of the chemical syntheses of compounds along with complete
characterization data, i. e., NMR spectra, crystallographic data,
docking, molecular dynamics simulations, and ADMET study
data.
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