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Toward an efficient and eco-friendly route for the
synthesis of dimeric 2,4-diacetyl phloroglucinol
and its potential as a SARS-CoV-2 main protease
antagonist: insight from in silico studies†

Triana Kusumaningsih, * Wahyu E. Prasetyo, Fajar R. Wibowo and
Maulidan Firdaus

As a consequence of the unavailability of an anti-viral drug for SARS-CoV-2, the prospect of developing

an antiviral drug is of great importance in this current emergency of the COVID-19 pandemic era. To

support the enduring research on the improvement of COVID-19 therapeutics, herein, we demonstrated

the development of highly effective and eco-friendly synthetic routes for the synthesis of dimeric 2,4-

diacetyl phloroglucinol 4a, a potent antibiotic and malarial drug candidate via phenol–aldehyde conden-

sation over silica sulphuric acid (SSA) catalyst and the arylation of dimethylammonium salts under

greener protocols, i.e., ultrasound-assisted (US) and liquid assisted grinding (LAG) methods. Through an

environmental assessment, the cleanness and environmental efficiency of the developed protocols were

evidenced to be improved compared with a recently published alternative synthetic pathway, which was

indicated by the presence of higher efficiency and lower environmental impact. In addition, we

accomplished molecular docking studies to permit the rapid screening of possible therapeutic ligands of

4a and its derivatives along with N3, Chloroquine, and Remdesivir as references against the crystal

structure for the recently released 3-chymotrypsin-like cysteine protease (3CLpro) of SARS-CoV-2.

Exclusively, our finding showed that compound 4d with an excellent binding affinity of �8.1 kcal

occupies the active site in varying ways at the N3 binding site of 3CLpro, confirming its fitness as a good

candidate for the therapeutic action against COVID-19. Furthermore, molecular target prediction,

pharmacokinetic studies, prediction of the activity spectra for substances (PASS), density-functional

theory (DFT), and the structure–activity relationship (SAR) analysis were also established to highlight the

prominence of this chemical scaffold.

Introduction

The current 2019-nCoV outbreak has now become a global
pandemic, killing hundreds of thousands of people by present-
ing symptoms linked with fatal respiratory illness.1–3 According
to worldometer data (www.worldometers.info), the cumulative
number of confirmed cases around the world has reached
112 263 225 confirmed cases, including 2 485 386 deaths as of
23 February 2021. However, to date, there is no specific drug
that has been discovered for this severe and highly contagious
viral disease.4 Thereby, since the first publication on February
2020 of the 3CLpro crystal structure of SARS-CoV-2,5 many

efforts have been devoted to examining various approved drugs
from FDA and secondary metabolites derived from natural
products in inhibiting this protein under molecular docking
analysis.6–9

Over the past decade, the role of natural products in inspir-
ing drug discovery has become exceptionally important.10,11 It
is worthy to mention that there are many studies that have
revealed the utilization of bioactive compounds derived from
natural products as novel candidate inhibitors against SARS-
CoV-2.12,13 Amongst these, phenolic compounds have been
frequently revealed to have good binding affinity with 3CLpro.
Among a large number of the varieties of natural products,
phloroglucinol and its derivatives, both natural and synthetic
analogues, represent a promising class of phenolic compounds
that offers a key structural unit in a large number of favorable
pharmacological potentials.14

As a privileged phenolic compound, the dimeric 2,4-diacetyl
phloroglucinol 4a (Fig. 1) and its derivatives constitute one of
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the most pivotal derivatives of the acylphloroglucinol class due
to their enormous potential as anticancer and antiviral agents.
For instance, the synthesized 4a and its derivatives were
reported to be active against various cancer cell lines (Calu1,
ACHN, Panc1, HCT116, and H460)15 and have anti-HIV activity,16,17

with promising properties as preclinical candidates. In addition,
there is a plethora of reports that have revealed the potential of 4a
and its derivatives, both natural and synthetic, as antibacterial,
antimalarial,18 and antidepressant therapeutics.19 Its structure
comprises two-unit monomers of diacylphloroglucinol, which
are linked by the methylene bridge containing four pharmaco-
phore features, i.e., hydrogen bond acceptor (HBA), hydrogen
bond donor (HBD), and hydrophobic (H) and ring aromatic
(AR), as illustrated in Fig. 1.15,20 Despite its magnificent
potential applications, a truly practical and convenient route
for the synthesis of 4a has not been published to date. Recently,
several efforts have been devoted to establish various synthetic
routes toward 4a and its derivatives,15,17,19,21 as presented in
Scheme 1. Generally, it was synthesized either via condensation
between diacylphloroglucinol (DAPG) and an aldehyde as a
methylene source with the presence of either homogenous acid
or base as a catalyst and several amounts of solvent under varied
conditions. However, most of these techniques face certain
several difficulties, i.e., low yields of products, the necessity of
long reaction time and high temperature, along with the use of
non-recyclable catalysts. Besides, recently, full attention has
been paid by both the academic and industrial chemical com-
munities in pursuing more sustainable synthetic pathways that
are in agreement with the green chemistry principles.22 As a
consequence, the development of a new approach with these
parameters for a facile, atom-efficient, and eco-friendly route is
highly desirable, in line with the goal of sustainable technology
and organic transformations.

In this regard, searching for more practical and eco-friendly
alternative protocols for the synthesis of 4a, we considered
combining solid catalysts, namely, silica sulphuric acid (H2SO4–
SiO2) or commonly shortened as SSA,27 and other sustainable
synthetic techniques, such as ultrasound-assisted (US) and
liquid-assisted grinding (LAG) method. Recently, enormous
attention has been paid to the development and utilization of

heterogeneous catalysts for promoting various organic trans-
formations due to their outstanding benefits and eco-friendly
nature.28–31 The development of the US method for promoting
chemical transformation has become a great growing interest
lately. The US method provides high product yields, improved
selectivity, easier operation methods, and faster reaction along
with waste reduction.32,33 In addition, since the discovery that the
addition of a small amount of solvent or solvent-less conditions
can enhance and expose new reactivity of the mechanochemical
reaction, the methodology termed as liquid = assisted grinding
(LAG) or solvent-drop grinding34–36 has recently become
increasingly in demand for breakthrough reactivity competing
with that of conventional solution-based reactions.37

As part of our continuation in response to the necessity of
following green chemistry principles for the synthesis of naturally
occurring phloroglucinol derivatives,31,38–40 in this work, we
demonstrated SSA as a highly efficient and eco-friendly catalyst
for the synthesis of 4a, which utilizes sustainable methods such as
ultrasound-assisted (US), grinding under solvent-free, or LAG
methods. Furthermore, to meet the green chemistry principles
for the synthesis of 4a, an environmental assessment was
demonstrated using the EATOS software,41 Andraos’s algorithm,42

and energy calculation metric.43 Herein, for the first time, we also
identified the potential inhibitors of the synthesized compound 4a
and its derivatives using molecular docking to the 3CLpro enzyme,
which is crucial in the management of SARS-CoV-2. Moreover,
molecular docking was also performed to test N3 as a native

Fig. 1 Pharmacophoric features of 4a labelled as follows: hydrogen bond
acceptor (HBA), hydrogen bond donor (HBD), hydrophobic (H), and ring
aromatic (AR) and its reported biological activities.15–20,23–26

Scheme 1 Various selected literatures for the synthesis of 4a.15,17,19,21
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inhibitor of the 3CLpro and the FDA-approved antimalarial drug
Chloroquine and antiviral drug Remdesivir to provide a comparison
with the binding stability of these synthesized compounds.

Experimental
Materials and instrumentation

All the reagents and solvents were purchased from Merck or
Sigma-Aldrich and utilized without additional purification.
Branson B1510R-DTH Ultrasonic Cleaner was used to perform
any reactions under sonication condition. Silica gel with pore size
of 60 Å, 230–400 mesh was used to perform column chromato-
graphy. Thin Layer Chromatography (TLC), which was performed
on gel 60 F254 (Merck) plate, was used to monitor the progress of
the reactions. UV light at l = 254 and 365 nm was used for the
visualization of the TLC spot. Agilent DD2 Nuclear magnetic
resonance (NMR) spectrometer was used to record the NMR
spectra, 500 MHz for 1H and 125 MHz for 13C using CDCl3 as
the solvent, operated at 25 1C using tetramethyl silane as the
internal standard. All of the collected spectra are shown in ESI S2
(ESI†). Melting Point Apparatus SMP10 Stuart was used to
measure the melting points of the isolated product.

Preparation of the SAA catalyst

The catalyst was prepared following the procedure from the
previous work.44 12.375 g of silica gel was soaked in 50 mL of
diethyl ether (Et2O) and 6.25 mmol of concentrated H2SO4. The
obtained mixture was stirred for 15 min at ambient temperature
and pressure under atmospheric nitrogen (N2) and dried at
60 1C for 18 h. The solvent in the resultant residue was then
removed by heating at 120 1C for 6 h. Finally, before further use,
the resultant SSA catalyst was placed in a desiccator for storage.

General procedure for the synthesis of
2,4-diacylphloroglucinols (2a–2c)

The synthesis of monomeric 2,4-diacylphloroglucinols was
performed by following the previous work.44 To the round
bottom flask, phloroglucinol 1 (1 mmol) and acetic anhydride
or acyl chlorides (2 mmol) were stirred at ambient temperature
and pressure for 5 min. Then, into the mixture, 20% (w/w) SSA
was added as a catalyst and sonicated at 60 1C for 15–20 min.
Upon reaction completion, the mixture was cooled to 25 1C,
diluted with 15 mL of water, and extracted with ethyl acetate
(EtOAc) (3� 15 mL). Finally, the solvent was evaporated and the
crude product was subjected to further purification through
short flash column chromatography using n-hexane/EtOAc
(95/5 - 70/30 gradient) in silica gel.

General procedure for the synthesis of 4a via the condensation
reaction

In a vial, monomer 2a (0.1 mmol), formaldehyde (0.5 mmol),
and SSA (20%) were placed. The resultant mixture was reacted
under ultrasound irradiation. The reaction typically took
10–15 min, which was monitored by TLC. Upon completion
of the reaction, 4 M hydrogen chloride (HCl) was used to

neutralize the crude solution. EtOAc (3 � 10 mL) was then
used to extract the aqueous layer. The combined organic layers
were dried over sodium sulphate anhydrous (Na2SO4). Finally,
the solvent was removed and the crude product was collected
and used without further purification.

General procedure for the synthesis of 4a via one-pot synthesis
using Eschenmoser’s salt

To a round bottom flask, a solution of the monomer of diacylphloro-
glucinol 2a (0.1 mmol) and the suspension of Eschenmoser’s salt45,46

(0.5 eq.) was heated at 60 1C in a small amount of chloroform
(CHCl3) under the US method in N2 atmosphere. The obtained
mixture was refluxed until most of diacylphloroglucinol con-
verted to the desired product. To the obtained mixture, 5 mL
dichloromethane (CH2Cl2) was then added and gently washed
with 5 mL of 1 N aqueous HCl and brine solution. CH2Cl2 (3 �
5 mL) was used to extract the resultant aqueous layer. The
combined organic layers were dried over magnesium sulphate
anhydrous (MgSO4), filtered with filter paper, and evaporated
using a rotary evaporator. The obtained crude residue was
purified by short flash chromatography using n-hexane/EtOAc
(95/5 - 80/20 gradient) in silica gel.

Arylation of dimethylammonium salt 3

A solution of the desired acylated phloroglucinol 2a (1.0 eq.)
was reacted with the corresponding dimethylaminomethylated
monomer (1.0 eq.) using a small amount of toluene under US
method at room temperature until most of the acylated phloro-
glucinol was converted to the expected product. Upon completion
of the reaction, the solvent was removed. Finally, before further
use, CH2Cl2 was used to wash the crude product.

General synthesis of 4a via arylation of dimethylammonium
salt

A solution of diacylphloroglucinol monomer 2a (1.0 eq.) with
the activated dimethylammonium salts from monomer 3 (1.0 eq.)
was heated at 80 1C in a small amount of toluene for a designated
time. The solvent was then removed and the crude product was
collected and used without further purification.

Reusability and heterogeneity of the SSA catalyst

After the completion of the reaction, the collected SSA catalyst
was stirred in 10 mL of EtOAc for 5–10 min. Then, it was filtered
and washed with 5 mL of EtOAc and acetone, respectively. After
that, before further use, the filtered catalyst was dried at 120 1C for
3 h. In addition, hot filtration was performed following the previous
methods44 to observe the possible leaching of SSA active sites.

Environmental assessment

To assess the environmental impact of the present method, the
combination between the Environmental Assessment Tool for
Organic Syntheses (EATOS) software established by Eissen and
Metzger41 and the algorithm by Andraos42 was performed.
The necessitated data related to their detail of stochiometric
data was attained from the recent literatures15,17,19,21 both for
EATOS and the Andraos algorithm. For further details about the
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energy efficiency profile, the energy calculation measurement estab-
lished by Clark and co-workers43 was accomplished. As a note, the
details of the workup and purification stages are not included in
this assessment due to the lack of procedural information.

Preparation of protein targets 3CLpro and ligands

The X-ray crystallographic structures of 3CLpro in the complex
with the inhibitor N3 was retrieved from the Protein Data Bank
database with PDB ID: 6LU7 (htttp://www.rscb.org/); then,
chain A was loaded into the AutoDock Tools (version 1.5.6)
software. Through this software, the ligand N3, water, and ions
molecules were removed. PrankWeb (http://prankweb.cz/) was
used to identify the active sites of the selected receptors. Finally,
before the docking studies were performed, polar hydrogen
atoms and Gasteiger charges were added.

Density-functional theory (DFT) studies

All of the studied compounds were sketched with PerkinElmer
Informatics ChemDraw (version 17.1). The quantum chemical
calculation for all the investigated molecular structures was
carried out in GAUSSIAN 09 suite of programs. The optimiza-
tion of all the stationary points of the desired molecules was
done using the 6-31G (d,p) basis set with the Lee–Yang–Parr
exchange–correlation (B3LYP) density functional in the gas
phase. It allows calculating the values of the orbital energy
HOMO and LUMO, total energy, gap energies (DEgap), and
several other molecular electronic properties.47,48 In addition,
molecular electrostatic potential (MEP) calculation derived
from Mulliken charge was performed to access the detailed
information of the nucleophilic and electrophilic sites.

Molecular docking studies

Molecular docking has been extensively used in structure-based
drug design.7 To assess the binding difference between the
synthesized 4a and its derivatives along with N3, Chloroquine,
and Remdesivir as the references with the 3CLpro, a compara-
tive molecular docking analysis was performed using the PyRx
software by the AutoDock wizard.49 The interactions between the
receptor and the result of the concerned ligands were compiled,
visualized, and analyzed using PyMol (version 1.7.4) and BIOVIA
Discovery Studio Visualizer 2020.

Molecular target prediction

The synthesized 4a and its derivatives may interact with several
proteins, or bind to proteins or other macro-molecular targets.
Accordingly, it is essential to predict the molecular targets for
these investigated molecules. It can be easily investigated using
the accessible free-of-charge Swiss Target Prediction (http://
www.swisstargetprediction.ch/index.php).50

Drug-likeness prediction and ADMET analysis

Drug-likeliness properties of the ligands were assessed using
SwissADME (http://www.swissadme.ch/). The ADMET (i.e., absorp-
tion, distribution, metabolism, excretion, and toxicity) analysis was
accessed using admetSAR (http://lmmd.ecust.edu.cn/admetsar1)
and pKCSM approach (http://biosig.unimelb.edu.au/pkcsm/).51

Prediction of the activity spectra for the substances (PASS)

The prediction of activity, particularly antiviral activities of 4a
and its derivatives, were assessed using PASS (http://www.
way2drug.com/). This is an accessible free-of-charge computer
program, which can estimate the activity of molecules.52

Results and discussion
Chemistry

Synthesis of 4a derivatives. In the first endeavor, we com-
menced this investigation on the condensation between two
monomers of 2,4-diacetylphloroglucinol (DAPG) 2a using for-
maldehyde as the linker under different reaction conditions, as
presented in Table 1. The retrosynthetic analysis depicts that
compound 4a can be proposed by the joining of two mono-
meric DAPG units through a methylene linkage, as represented
in Scheme 2.17

The used monomers were synthesized according to the
previous literature,44 as depicted in Scheme 3. To carry out this
phenol–aldehyde condensation reaction, various catalysts were
examined. A quick analysis of Table 1 revealed that this typical
reaction proceeded smoothly in the existence of catalyst, either
basic or acidic, to give the desired product 4a in moderate to
high yields in all the methods, i.e., oil-bath, stirring, and US
condition. It has appeared that in this typical reaction, the
catalyst shows a dominant role in ensuring efficient reaction
rate and yields, which was ascertained by the fact that no
product formed or lower yield was detected in the absence of
any catalyst under the three different methods (oil-bath, stirring,
and US method) even after prolonged reaction times.

Among the catalyst used, carrying out the reaction in the
presence of homogenous acid catalysts like acetic acid (AcOH),
H2SO4, HCl, and methanesulfonic acid (MSA) furnished the
product in low to moderate yields under both the reaction
conditions (Table 1). Nevertheless, the expected product was
found to be in slightly higher yield under the US method
compared to the yield of the reflux or stirring method. No
product was detected in the presence of weak acid AcOH. The
use of strongly acidic such as HCl, H2SO4, and MSA furnished
low to moderate yield of the desired product 4a, which ensures
further improvement in the yield and a noticeable decrease in
the reaction time compared to the AcOH catalyst. Furthermore,
the used of the conventional base catalyst 1% KOH19 was also
found to be insignificant in furnishing the expected product.
When several organic solvents, such as CHCl3 and methanol
(MeOH), were introduced, they were also observed to be inferior
in all the cases as compared to the solvent-free condition.
However, when CHCl3 was used as a solvent, the expected
product yield was higher than that using MeOH. The use of
highly polar protic solvent such as MeOH could decelerate the
rate of this typical reaction by deactivating the nucleophile via
HB interactions. Besides, strong dipole moments could also
stabilize the negative charge localized on the reactants, which
can trigger an enhancement in the activation energy; thereby,
the rate of the condensation reaction is decelerated.53,54
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Afterwards, we turned to the utilization of heterogeneous
Brønsted acid catalyst SSA in a similar reaction. Switching the
catalyst from a homogenous acid catalyst to a heterogeneous
Brønsted acid catalyst SSA (20%) was followed by the formation
of the product in yields of 44% and 56% when the reaction was
performed by conventional stirring and US method using 4a,
respectively. Moreover, increasing the temperature of the reaction
to 60 1C caused insignificant conversion to 4a, which established
that heating might not be crucial for the formation of 4a. To our
delight, when performing the solvent-less reaction under solvent-
free and room temperature with CHCl3 under conventional

stirring and US method, a high yield of 4a was observed, i.e.,
88% and 94%, respectively. With the view of further optimization
study, increasing the amount of the SSA catalyst to 30% and
reducing it to 10%, the yield of 4a obtained was insignificantly
improved on being catalyzed with 20% (w/w) of SSA. Therefore,
20% of SSA was evidenced as the ideal amount for effective
conversion. In order to obtain the investigated catalytic activity of
SSA, the reaction was also catalyzed using neat silica gel; regret-
tably, no product formation was observed.

After corroborating the feasibility of the reaction, in our next
endeavor, another green alternative method such as LAG37 was
performed. With a small amount of CHCl3 (50 mL solvent/
100 mg or Z = 0.5), a good yield of 90% of 4a was successfully
isolated after 15–20 min of reaction (Scheme 4). Disappointingly, it
was observed that the desired product also formed in low yield
(o30%) by the absence of CHCl3 as a solvent. Therefore, the
solvent-less condition proved to eb a superior system for the
synthesis of 4a under the US method in the presence of 20% (w/w)
of SSA at ambient temperature. To validate the reproducibility of the
reaction, under similar conditions, this reaction was repeated three
times and smoothly furnished the product 4a in 90%, 90%, and
92% yield, respectively.

Scheme 2 Disconnection approach to 4a.

Scheme 3 Reagents and conditions: (a) acetic anhydride (2 mmol), SSA
(20% w/w), 60 1C, US, 15–20 min, or 80 1C, 30–45 min, (b) RCOCl
(2 mmol), SSA (20% w/w), 60 1C, US, 15–20 min, or 80 1C, 30–45 min.

Table 1 Condensation of two units of DAPG 2a (1 eq.) using 37% HCHO (0.5 eq.) under different reaction conditions

Entry Reagent/solvent

Oil-bath/classical stirring (r.t.) US

Solvent rankingbT (1C), t Yielda (%) T (1C), t Yielda (%)

1 Neat r.t, 6 h c r.t, 1–2 h — nr
2 Solvent-free, ACOH (15 eq.) r.t, 3 h c r.t, 1–2 h o10 nr
3 Solvent-free, conc. H2SO4 (10 eq.) r.t, 3 h 26 r.t, 1 h 35 nr
4 MeOH, conc. H2SO4 (10 eq.) r.t, 6 h 38 r.t, 1 h 44 Recommended
5 MeOH, conc. H2SO4 (10 eq.) 64, 4–5 h 49 64, 45 min 52 Recommended
6 Solvent-free, HCl (15 eq.) r.t, 6 h o15 r.t, 1 h 21 nr
7 Solvent-free, MSA r.t, 3 h 35 r.t, 45 min 39 nr
8 CHCl3, MSA 60, 5 h 34 r.t, 30 min 42 Highly hazardous
9 Solvent-free, 1% KOH r.t, 3 h 45 r.t, 1 h 60 nr
10 MeOH, 1% KOH r.t, 3 h 75 r.t, 1 h 80 Recommended
11 MeOH, silica gel r.t, 3 h c r.t, 1 h — Recommended
12 Solvent-free, SSA (20%) r.t, 3 h 44 r.t, 1 h 56 nr
13 MeOH, SSA (20%) r.t, 3 h 38 r.t, 1 h 51 Recommended
14 CHCl3, SSA (20%) r.t, 3 h 47 r.t, 1 h 59 Highly hazardous
15 CHCl3, SSA (20%) 60, 3 h 51 60, 1 h 55 Highly hazardous
16 Solvent-less CHCl3, SSA (20%) r.t, 3 h 88 r.t, 15–20 min 94 Highly hazardous
17 Solvent-less CHCl3, SSA (20%) 60, 3 h 87 60, 30 min 95 Highly hazardous
18 Solvent-less CHCl3, SSA (10%) r.t, 3 h 54 r.t, 15 min 61 Highly hazardous
19 Solvent-less CHCl3, SSA (30%) r.t, 3 h 75 r.t, 15–20 min 88 Highly hazardous

nr: not reported. a Isolated yield. b Ranking of solvent with respective to CHEM21 solvent guide of ‘‘classical’’ solvents.55 c No reaction.

Scheme 4 Synthesis of 4a under the LAG method.
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Substrate scope. As a further effort, under the previously
optimized reaction conditions, several of the 4a derivatives
were synthesized with slightly lower yields by the condensation
of different acylphloroglucinols and aldehyde (Scheme 5).
Incidentally, these reactions were processed forcefully to generate
lower yield when the formaldehyde and acetyl chain were
replaced with bulkier aldehyde and acylphloroglucinol types.
The yield of the targeted products also did not increase even
after the reaction time and temperature were increased.

It is worth mentioning that the steric hindrance factor, in
consequence of the bulky alkyl chains and/or aldehyde groups,
might have significantly affected the selectivity of the product
as stated by our previous literatures,15,17,56 which also investigated
the same typical reaction. Therefore, the release of the active
methylene intermediate was low. Despite that, the overall yield
of compound 4b, 4c, and 4d is still considerable in high yield.
Furthermore, an effort to evaluate the role for the formation of
heterodimeric between monomer 2a and 2c using this accom-
plished method was also carried out, which was thwarted by the
reactivity of the reaction that was only led to the formation of
homodimer 4a.

Scalability. To further highlight the optimized reaction, an
experiment of gram-scale phenol–aldehyde condensation of
DAPG 2a and aldehyde was also evaluated. As can be seen in
Scheme 6, in the presence of 20% (w/w) SSA, the reaction between
2a and formaldehyde smoothly furnished 1.14 g (92% yield) of the
desired product 4a within 30–40 min of the reaction under solvent-
less US condition. Nonetheless, the completion of the scaled
reaction under both US and LAG took a slightly longer time as
compared to when performed at the mg scale. It can be attributed
to the poor heat transfer and insufficient mixing between the
reactants and catalyst during the scale-up reaction under
solvent-less method. However, in general, compound 4a could
be practically prepared by both the present methods.

Proposed mechanism. Scheme 7 illustrates a plausible
mechanistic route for the synthesis of 4a derivatives via phenol–
aldehyde condensation. A reasonable first step is the formation of

electrophilic species. We hypothesize that an active site of SSA
activates the aldehyde species by protonating the oxygen atom
from the carbonyl group of aldehydes, which produce a partial
positive charge of the carbonyl carbon atom (CQO). Thus, the
electrophilicity of the carbocation increases. Finally, because of the
high level of electron density of diacylphloroglucinols, it will act as
a strong nucleophilic species and attack the carbocation of the
aldehyde at ortho–para to the hydroxyl groups in order to yield the
dimeric diacylphloroglucinol.

Reusability of the catalyst. Due to the pressure from both
environmental and economic aspects, the recyclability of het-
erogeneous catalysts is a remarkably critical aspect, particularly
for industrial processes. Under the optimized conditions of the
reaction, gratifyingly, the desired product and the catalyst
can be easily separated only by simple filtration using ethyl
acetate after the completion of the reaction and can be used
extraordinarily for 7 consecutive runs (Fig. 2). It is worthy to
note that the use of an environment- friendly catalyst, low
reaction temperature, and the use of solvent-free conditions
stand as the main advantages of this present developed method.

Synthesis of 4a using Eschenmoser’s salt. After phenol–aldehyde
condensation was accomplished, alternatively, we eventually

Scheme 5 Substrate’s scope of the reaction.

Scheme 6 Preparative scale synthesis of 4a.

Scheme 7 A plausible mechanism for the formation of 4a via phenol
aldehyde condensation.
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directed to another alternative synthetic strategy of 4a using
Eschenmoser’s salt. It was previously reported by Minassi and
Appendino, which is a reactive iminium ion and could be an
appropriate promoter for the synthesis of arzanol with yield up
to 61%.45

Another highlight of the utilization of Eschenmoser’s salt
was also reported by Grayfer et al. in 2016 for promoting the
synthesis of Mallotojaponin in excellent yields.46 Reacting 2a
with 0.5 eq. of the Eschenmoser’s salt allowed the synthesis of
4a in 40% yield under solvent-less conventional heating and
56% yield under the US method (Scheme 8). An attempt to
improve the yield of 4a was demonstrated by reacting 3 eq. of
Eschenmoser’s salt with 1 mmol of 2a, dimethylammonium salt
was exclusively formed, giving 3 in 95% and 99% yield under
solvent-less classical stirring and US method, respectively. In line
with this, we were also pleased to demonstrate this reaction under
the LAG method. Astonishingly, under this greener method, the
outcome was somewhat hopeful; we achieved the same product of
4a in 80% yield after the addition of 100 mL CHCl3/100 mg of
monomer (Z = 1) after 15–20 min reaction. A comparison between
solvent-less magnetic stirring, US, and LAG method implies that
the reactions times are more considerably reduced with the US
method, which is due to the mechanical effects associated with the
sound waves and high reactant concentrations.57

Afterward, reacting 3 with 1 eq. of the starting monomer, 2a
could be obtained as the desired product in 80–90% yield after
refluxing in toluene for 3–5 h. Meanwhile, when several

recommended solvents55 such as EtOH and EtOAc were used
in place of toluene, no reaction occurred, which indicated that
toluene has an important role in the reaction. Alternatively, the
solvent-less reaction was established for the synthesis of 4a
under the US method. Remarkably, the reaction took a shorter
time (0.5 h) and the yield was higher (96%) than the reaction
with an excess of toluene. It is noteworthy to mention that in
this study, solvent-less reaction is superior to the conventional
reaction that used a large amount of solvent.

Environmental assessment of the synthetic strategies. In an
attempt to assess the sustainability of the synthetic processes of
4a, we compared the greenness of our developed routes with
respect to the existing literatures.15,17,19,21 As a further effort,
we analyzed these procedures, i.e., method A, B, C, D, E, F, G,
and H using several green metrics computational tools, EATOS
tool41 and the worksheet developed by Andraos,42 as presented
in ESI S3 and Fig. S1 (ESI†). The EATOS tool takes into account
the amount and the nature of substances and waste while the
Andraos considers the number of materials involved and waste
produced. Since the measurement of energy requirement is not
included in EATOS and Andraos evaluation, a straightforward
energy calculation established by Clark and co-workers43 was
also demonstrated.

As can be seen in ESI S3 and Fig. S1A (ESI†), both our
developed methods, US (method E) and LAG (method F), have a
better environmental compatibility factor compared to previously
published literatures, which is characterized by the lower value of
S�1(mass index), E-factor, Eiin (environmental index input), and
Eiout (environmental index output) when equal chemistries of the
reactions are compared. From the result, it seemed that the
present developed methods G and H showed lower environmental
profile compared to the methods G and H due to the utilization of
the solvent during the reaction. It is worthy to note that the
demonstrated phenol–aldehyde based solvent-free or solvent-less
condition permitted to an environmental impact factor improve-
ment. In addition, the result obtained from Andraos algorithm
also clearly exhibited that the present developed method (Method
E) is relatively closer to the ideal conditions, rivaling the other
previous reported method or the present developed method
(Method F, G, and H) in all the aspects (ESI S3 and Fig. S1B, ESI†).

ESI S3 and Fig. S1C (ESI†) presents the requirement of
energy intake for the synthesis of 4a from all the investigated
methods. As we note, because the method F was performed by
manual grinding with hand, thus, we excluded the LAG method
from the energy intake requirement calculation. The energy con-
sumption of the method E (present method), which was assisted
by the US method, was characterized by the lowest energy usage
compared to those of previous literatures and the present methods
(method G and H). The difference between the energy require-
ments of methods A and E, however, is less noticeable, in which
the two reactions are assisted by the MW and US methods,
respectively (the detailed calculation of the requirement of energy
intake is given in ESI S4 and Table S1, ESI†). Finally, considering
all the used green metrics in this study, it is noticeable that the
present developed method (Method E) pointedly enhanced the
synthetic strategy for 4a compared to that of previous literatures.

Fig. 2 Yields obtained with recycled SSA on 4a under optimum condition.

Scheme 8 Synthesis of 4a using Eschenmoser’s salt.
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In silico studies

Molecular target prediction. Initially, we demonstrated
molecular target studies, which is a critical key for discovering
the potential phenotypes, cross-reactivity or predicting the
potential side effects, and optimizing produced by the action
of the 4a derivatives.50,58 The top 25 of the targets predicted for 4a
derivatives against 3CLpro of SARS-CoV-2 are shown in ESI S5 and
Fig. S3 (ESI†). Astonishingly, all the 5 synthesized compounds
have excellent properties of drug ability, which could interact with
various classes of enzymes or proteins.

Molecular docking studies. The 3CLpro main protease is one
of the ideal targets for SARS-CoV-2 drug development since it has
an important role in controlling the main roles of the virus.59

Structurally, it comprises a dimeric protein, which holds two sym-
metric units designated as protomers, which are divided into three
domains, (domain I, II, and III) in each of its protomers. The domain
III contains five a-helices and is linked with domain II through an
extended loop region (residues 185–200). Further, the 3CLpro has CYS
A:145 and HIS A:41 catalytic dyads, and a substrate-binding site is
positioned in the cleft between domains I and II (Fig. 3).59,60

Through molecular docking, the structural conformations
between the active sites of the drug candidate to the desired
target are possible to be predicted.61 Further, molecular docking
of 3CLpro of SARS-CoV-2 was performed on a set of synthesized
compounds, viz., 4a–e, in order to identify the critical ligand–
protein interactions. Of note, N3, Chloroquine, and Remdesivir
were included as controls. It was observed that all the synthesized
ligands had a binding affinity for 3CLpro, which surpassed that of
the reference inhibitors, as presented in Table 2. Remarkably, all
the ligands had excellent binding stability, occupying the active
site in varying ways at the N3 binding site of 3CLpro, as exhibited
in ESI S6 and Fig. S3 (ESI†).

Both the controls and the ligands bind to the active site of
the 3CLpro, which majorly interacted with the residues through

hydrogen bonding (HB) and non-covalent interactions. The
result showed that N3 interacted via the conventional HB to
His A:41, GLU A:166, ASP A:187, and GLN A:189, accompanied
with various non-covalent interactions, i.e., MET A:49, LEU
A:50, ASN A:142, and PRO A:168. It was noticed that the N3
docked complex is stabilized by HB interactions at the catalytic
dyad HIS A:41. Further, the Chloroquine and Remdesivir docked
complex suggested that these complexes are also stabilized by
HB and hydrophobic interaction at the catalytic dyad of 3CLpro.
Both Chloroquine and Remdesivir interacted with catalytic dyad
CYS A:145. Accordingly, we can also accomplish like others that
the binding of N3, Chloroquine, and Remdesivir to the catalytic
residues of HIS A:41and CYS A:141 of 3CLpro may be an essential
key beside the inhibition of its protease activity.

As the highest docked compound, compound 4d interacted
with the both of the catalytic dyad of 3CLpro through HB
interaction formed by CYS A:145 and the hydroxyl group
(–OH) and pi–sigma interaction formed by HIS A:41 and acetyl
group (–CH3) of compound 4d, as presented in Table 2 and
Fig. 4. Moreover, its interaction is observed to be consistent
with that of the used positive controls, i.e., N3, Chloroquine,
and Remdesivir. Compound 4a, 4b, 4c, and 4e have also
interacted with one or both of the catalytic dyads of 3CLpro

through HB and/or hydrophobic interactions. Generally, it is
worth highlighting that all the synthesized ligand-docked com-
plexes are stabilized by HB or non-covalent interactions to one
or both the residues of the catalytic dyad of 3CLpro. This
confirms that 4a and its derivatives may serve as a potential
inhibitor candidate against 3CLpro of SARS-CoV-2. All of the 2D
and 3D representations of the investigated compounds are
presented in ESI S7 and S8 (ESI†).

Generally, we found that HB and hydrophobic interactions
were the most frequently observed in these studied protein–
ligand complexes. In biological complexes, HBs are influential
directional intermolecular interactions and play a major role in
the specificity of molecular recognition.62,63 Previously, it is
already known that the main driving force in drug–receptor inter-
actions is the hydrophobic interactions.64 The densest clusters are
those formed by aromatic carbon in the ligands and aliphatic
carbon in the receptors. It is interesting to note that the existence
of aromatic rings is an important key in the inhibition of small
molecules. Interestingly, the aromatic ring system is the most
effective, with benzene being the most common ring system, against
about 76% of the approved drugs.65,66 Thus, not surprisingly, the
synthesized 4a and its derivatives along with N3, Chloroquine, and
Remdesivir side-chains are frequently involved in hydrophobic
interactions.

Drug-likeness prediction and ADMET analysis. Further, to
get an insight about the pharmacokinetic parameters, the synthe-
sized 4a and its derivatives along with Chloroquine, Remdesivir,
and N3 were screened following Lipinski’s rule of five67 using
SWISSADME server. This rule describes the principle of molecular
properties for a drug’s pharmacokinetics in the human body, i.e.,
ADMET is represented as radar representation, as exhibited in ESI
S9 and Fig. S6 (ESI†). The red area of the radar plot characterizes
‘‘good’’ oral bioavailability whereas the red bold line signifies

Fig. 3 Ribbon structure representation of SARS-CoV-2 main protease
(PDB ID: 6LU7) with its domains.
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values of considered properties of the investigated molecule.
As presented in Table 3, except Chloroquine, all of the synthesized
compounds, N3, and Remdesivir obeyed Lipinski’s rule. Com-
pounds 4b, 4c, and 4e obeyed Lipinski’s rule in the number of HB
and the molecular weight. N3 suffered from a number of rotatable
bonds and molecular weight. Accordingly, the violation of 2 or
more of compounds 4b, 4c, 4e, N3, and Remdesivir predicts a
molecule as a non-orally available drug. However, because of the
high polarity value of these compounds, they could be given
intravenously. Notably, compound 4a and 4d satisfied the criteria
of Lipinski’s rule with a slight deviation in the number of HB.

Afterwards, to predict the absorption level of the synthesized
4a and its derivatives, intestinal absorption (human), Caco-2
permeability, and P-glycoprotein substrate or inhibitor was
employed. Among the synthesized compounds, compound 4d
and 4e are characterized by the higher value of Caco-2, as
presented in Table 4. Besides, all the synthesized compounds
are considered to be easily absorbed, which is indicated by the
value of human intestinal absorption (HIA) no less than 30%.
According to the BBB value, all of the synthesized compounds also
revealed that these mentioned molecules are poorly distributed in
the brain. In addition, the toxicity prediction (Table 4) revealed
that all the investigated compounds displayed negative AMES
toxicity, which is classified as non-carcinogenic. These in silico
studies were fairly matched as compared with the previous
literature.17 Compound 4a derivatives, particularly for analogue
compound 4e, showed good anti-HIV activity. This compound
showed an IC50 of 0.28 mM and a CC50 of 3.15 mM, representing
a good safety index for further study as a potential lead
molecule.

Prediction of the activity spectra. A portion of the envisaged
biological activity, particularly the antiviral activities for 4a and
its derivatives along with N3, Chloroquine, and Remdesivir as
the references, are given in ESI S10 and Table S2 (ESI†). This
result is mainly reported as the list of antiviral activities along with
a suitable Pa and Pi ratio, which approximates the possibility for
the investigated compound to be active and inactive, respectively.
Accordingly, 4a and its derivatives revealed various antiviral
properties compared to the used references, which means that
these compounds are better than compound N3, Chloroquine,
and Remdesivir.

Table 2 Interacting amino acid residues of 3CLpro of SARS-CoV-2 with the synthesized compounds 4a–e along with N3, Chloroquine, and Remdesivir

Complexes
Binding energy
(kcal mol�1) H-bond Other interacted residues

4a �7.6 LEU A:141, GLY A:143, SER A:144, CYS A:145, HIS A:163,
MET A:165, GLU A:166, ARG A:188

—

4b �7.1 ASN A:142, GLY A:143, CYS A:145, ARG A:188 LEU A:27, HIS A:41, MET A:49, MET
A:165, PRO A:168

4c �7.2 GLY A:143 HIS A:41, CYS A:145, GLU A:166
4d �8.1 LEU A:141, SER A:144, CYS A;145, HIS A:163, MET A:165,

GLU A:166, ARG A:188
HIS A:41

4e �7.8 GLY A:143, MET A:165, GLU A:166, ARG A:188 CYS A:145, GLN A:189
N3 �7.5 His A:41, GLU A:166, ASP A:187, GLN A:189 MET A:49, LEU A:50, ASN A:142, PRO A:168
Chloroquine
(antimalarial)

�5.7 LEU A:141, GLY A:143, CYS A:145, HIS A:163,
MET A:165, GLU A:166, ARG A:188

—

Remdesivir
(antiviral)

�7.8 LEU A:141, ASN A:142, GLY A:143, SER A:144, CYS A:145,
HIS A:163, GLN A:189

MET A:49, MET A:165

Fig. 4 3D positioning of compound 4d inside the active pocket of 3CLpro

(A), 3D representation of compound 4d docked into the active pocket of
3CLpro, forming seven hydrogen bonds with LEU A:141, SER A:144, CYS
A;145, HIS A:163, MET A:165, GLU A:166, ARG A:188 (B).

Table 3 Physicochemical properties of the synthesized compounds 4a–e along with N3, Chloroquine, and Remdesivir

Lipinski filters 4a 4b 4c 4d 4e N3 Chloroquine Remdesivir

MW (g mol�1) 432.4 544.6 600.7 446.4 508.47 680.8 319.9 602.6
RB 6 10 14 6 7 22 8 14
HBA 10 10 10 10 10 9 2 12
HBD 6 6 6 6 6 5 1 4
TPSA (Å2) 189.7 189.7 189.7 189.7 189.7 197.8 28.16 213.4
c log P 1.42 3.74 5.09 1.88 2.43 2.69 �4.15 1.50
MR. 108.8 147.3 166.5 113.6 133.3 184.1 97.41 150.43
Viol. 1 2 2 1 2 2 0 2
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DFT study. Through the DFT study, it is possible to establish
the correlation between the molecular structure and the experi-
mental results, which provides some essential and crucial data on
the structure and reactivity from the molecular perspective.68,69

The value of HOMO, LUMO, DEgap, I, and A of the investigated
compounds as the computed quantum chemical parameters are
presented in ESI S13 and Table S3 (ESI†). The HOMO and LUMO
values are depicted by its electron-donating and receiving ability,
respectively, and are two key well-established aspects prompting
the bioactivities and reactivity of a molecule or a bioactive
compound.70,71

In this work, the HOMO calculated energies of the 4a and its
derivatives (�6.63 to �6.54 eV) are comparable with that of N3
(�6.50 eV) and Chloroquine (�6.24 eV). However, their LUMO
energies (ranged from �2.16 to �2.27 eV) were observed only at
the same level as that of N3 (�2.23 eV). The DEgap of 4a and its
derivatives also revealed more stability (therefore less activity)
than N3.

Notably, the level of LUMO energy has shown an essential
impact on the increase in the reactivity of 4a and its derivatives
along with the existing references. Moreover, the shape and
placement of the LUMO orbital should be considered. Previously,
there are many studies that have revealed that the biological
activity of the molecules is determined by the placement of the
LUMO orbitals together with their energies.72 Fig. 5A represents
the frontier molecular orbital (FMO) shapes for compound 4d and
N3. The HOMO is mostly localized on the aromatic ring, carbonyl,
and hydroxyl groups for compound 4d and the pyrrolidine ring for
N3. On the contrary, in both the cases, the empty LUMO orbital is
delocalized over the entire molecule. The determination of the two
parameters such as I and A is also important, which allows us to
measure the global reactivity descriptors.

Furthermore, we also determined the other quantum chemical
such as ZS, w, m, and o, which are essential to describe the
reactivity and stability of the investigated compounds, as presented
in ESI S13 and Table S3 (ESI†). According to ESI S13 and Table S3
(ESI†), it was observed that all the synthesized compounds, along
with Chloroquine and Remdesivir, are characterized by the higher
value of Z than that of N3. This indicates that these compounds
are more stable than N3 as the reference. Further, the values of S,
w, m, and o also signify that the reactivity for 4a and its derivatives
is higher than that for N3, Chloroquine, and Remdesivir, which
fairly matched with the molecular docking findings.

Afterwards, the MEP map was established to provide identifi-
cation and prediction about the reactive sites for nucleophilic and
electrophilic attacks of the investigated compounds and further
explanation to know the processes of biological recognition and
interactions of HB,73 as depicted in Fig. 5B. The map depicts
negative electrostatic potential regions (red) of compound 4d
mostly centered over the carbonyl functional groups of the acyl
moiety, while the methyl groups of the acyl moiety and aromatic
rings represent the positive regions (blue). For N3, the negative
electrostatic potential regions are mostly focused over the oxygen
atoms of carbonyl groups while the positive values are centered
over the N atoms. The MEP maps of all the synthesized compounds
along with the references are given in ESI S12 and Fig. S8 (ESI†).

SAR study. The SAR of the synthesized 4a and its derivatives
is derived from their binding affinities to the 3CLpro active site
in order to designate the role of the substituents present in 4a
compounds. This privileged scaffold 4a comprises three main
functionalities, i.e., aromatic, hydroxyl, and acyl groups, as
displayed in Fig. 6. First, the role of the substituents at the R1
position was studied. The presence of longer substituents than
methyl such as butyryl (4b) and valeryl (4c) chains makes them
structurally them less active, which was marked from the higher
binding energies in the same case of interaction. On the contrary,
the lower binding energy and a higher number of HB interactions of
compound 4d (�8.1 kcal mol�1) and 4a (�7.6 kcal mol�1) can be
assigned to the less steric hindrance due to the presence of methyl
substituents at the R1 position. This observation was in good
agreement with the in vitro evaluation by Chauthe et al. in 2012.15

They revealed that compound 4a and 4d secured better anticancer
activity against Calu-1 than compound 4b and 4c. These results
clearly specified the importance of the alkyl length at the R1
position affecting the biological activity of 4a derivatives.

Then, we noticed that the interaction between compound
4a–d and the catalytic dyad CYS A:145 of 3CLpro was facilitated

Fig. 5 HOMO and LUMO plots of compound 4d and N3. Positive and
negative phases are shown in red and green colors, respectively (A). MEP
maps of compound 4d (left) and N3 (right). The values of electrostatic
potential are illustrated with different colors, which increase in the order
red o orange o yellow o green o blue (B).
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through the hydroxyl or carbonyl group of the phloroglucinol
ring. On the other hand, any interactions between the synthe-
sized compounds with the catalytic dyad HIS A:41 was facilitated
through pi–alkyl interaction for compound 4b, 4c, and 4e,
whereas it was through pi-sigma interaction for compound 4d.
In the case of phenylene ring substituting the methylene bridge (R2),
compound 4e exhibited a lower binding energy (�7.8 kcal mol�1)
than that of compound 4a. The result of the interaction with
compound 4e was surprising; the interaction with catalytic dyad
CYS A:145 was favored with the aromatic ring system through
pi–alkyl interaction instead of with the hydroxyl or carbonyl group
at the phloroglucinol system. Moving to methyl as the substituent at
position R2, compound 4d, the lowest binding energy may be
attributed to the existence of additional interaction with both the
catalytic dyad of 3CLpro, i.e., CYS A:145 and HIS A:41. Hence, with
respect to the basis of molecular docking, ADMET properties, and
SAR analysis, compound 4d was labelled as the most considered
analogue for further study.

Conclusions

To summarize the above studies, we have successfully demon-
strated an efficient and eco-friendly route for the synthesis of 4a
derivatives over a superior heterogeneous SSA catalyst. The
demonstration of the present US method (Method E) significantly

shows magnificent benefits, both in terms of the sustainability
and efficiencies compared to previous literatures, which has been
assessed using EATOS software, Andraos algorithm, and energy
requirement calculation. From the protein–ligand docking ana-
lysis, our findings confirmed that compound 4d displayed a
remarkable inhibition ability with the binding energy of
�8.1 kcal mol�1, which clearly showed that it may suppress
3CLpro by binding at both the catalytic dyad at the CYS A:145 and
HIS A:41 residue, along with the highly conserved substrate-
recognition pocket of the SARS-CoV-2 with N3 as a native
inhibitor. Besides, our designed compounds also revealed good
pharmacokinetic and toxicological properties. Finally, due to the
suitable docking result and pharmacotherapeutic profile, we
recommend our most promising compound as well as 4d for
further assessment, i.e., in vitro and in vivo to reach an effective
therapy so as to inhibit the 3CLpro enzyme of this viral disease.
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