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Abstract: In this study, we present the highly efficient and rapid synthesis of substituted dihy-
dropyrimidinone derivatives through an ultrasound-accelerated approach. We utilize copper ferrite
(CuFe2O4) magnetic nanoparticles as heterogeneous catalysts, employing the well-known Biginelli
reaction, under solvent-free conditions. The impact of the solvent, catalyst amount, and catalyst type
on the reaction performance is thoroughly investigated. Our method offers several notable advan-
tages, including facile catalyst separation, catalyst reusability for up to three cycles with the minimal
loss of activity, a straightforward procedure, mild reaction conditions, and impressive yields, ranging
from 79% to 95%, within short reaction times of 20 to 40 min. Furthermore, in the context of fighting
COVID-19, we explore the potential of substituted dihydropyrimidinone derivatives as inhibitors of
three crucial SARS-CoV-2 proteins. These proteins, glycoproteins, and proteases play pivotal roles in
the entry, replication, and spread of the virus. Peptides and antiviral drugs targeting these proteins
hold great promise in the development of effective treatments. Through theoretical molecular docking
studies, we compare the binding properties of the synthesized dihydropyrimidinone derivatives
with the widely used hydroxychloroquine molecule as a reference. Our findings reveal that some
of the tested molecules exhibit superior binding characteristics compared to hydroxychloroquine,
while others demonstrate comparable results. These results highlight the potential of our synthesized
derivatives as effective inhibitors in the fight against SARS-CoV-2.

Keywords: COVID-19; heterocycles; multicomponent reaction; Biginelli reaction; dihydropyrimidinones;
heterogeneous catalyst; copper ferrite; nanoparticles; molecular docking; hydroxychloroquine

1. Introduction

The Biginelli reaction, a well-known and highly significant multicomponent reac-
tion (MCR), has been a cornerstone in organic chemistry since its establishment by the
Italian chemist Pietro Biginelli in 1891 [1,2]. This reaction enables the synthesis of dihy-
dropyrimidinone (DHPM) derivatives, belonging to an important class of N-heterocyclic
compounds. The reaction proceeds via the one-pot condensation of an aliphatic or aryl
aldehyde, β-ketoester, and urea or thiourea under strong acidic conditions [1]. DHPMs
and their diverse derivatives have been garnering enormous amounts of attention due to
their wide range of biological activities over the past few decades [3,4]. These compounds
exhibit remarkable potential as anticancer, antiviral, antimalarial, anti-inflammatory, anti-
tubercular, antidiabetic, antiepileptic, antileishmanial, antibacterial, and antiproliferative
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agents. Moreover, several multifunctionalized DHPMs demonstrated their efficacy as A2B
receptor antagonists, powerful calcium channel blockers, mPGES-1 inhibitors, α-adrenergic
antagonists, and antihypertensive drugs [4–10]. The diverse pharmacological properties
exhibited by these Biginelli MCR-derived compounds make them a subject of continuous
interest for researchers and pharmaceutical chemists.

Numerous researchers recognized the importance of the Biginelli reaction and explored
various catalysts as alternatives to traditional protic acids like HCl [1], concentrated H2SO4,
and silica H2SO4 [11]. These catalysts include Lewis acids, solid acids, ionic liquids, and
bio- and organocatalysts [12,13]. The introduction of these catalysts has enabled significant
improvements in reaction efficiency, selectivity, and environmentally friendly characteristics.
By circumventing the drawbacks associated with traditional catalysts, these innovative ap-
proaches offer promising solutions to long-standing challenges in the Biginelli reaction. One
notable advantage of these catalysts is their heterogeneous nature, which facilitates catalyst
recovery and recycling, thus mitigating the need for complex separation techniques.

Nanoparticles with large surface areas show remarkable catalytic activity in organic
reactions, and the utilization of heterogeneous catalysts for the Biginelli reaction has al-
ready been explored [14–16]. In recent decades, ultrasound-mediated processes gained
significant traction, with reports of several successful chemical procedures employing
this technique [17–20]. Ultrasound-assisted reactions offer numerous advantages over
conventional heating methods, including faster reaction times, the reduced formation of
undesirable by-products, the production of clean products with high yields, the simplicity
of operation in open systems, and milder reaction conditions. These favorable attributes
make ultrasound technology inherently “green”, “clean”, and “eco-friendly”. However,
the application of ultrasound in heterocyclic ring formation has been relatively underuti-
lized [21,22]. Motivated by this research gap and our fascination with ultrasound-assisted
heterocyclic synthesis [23], we elaborated an effective and fast method for the synthesis of
substituted 3,4-dihydropyrimidin-2-(1H)-ones, as reported in this study.

In the 21st century, nanotechnology gained significant focus and recognition as a key
area of research and development across various scientific and technological fields. Mag-
netic nanoparticles (MNPs), owing to their facile synthesis, easy separation, reusability,
high recoverability, technological significance, and diverse biological applications, garnered
significant attention [24]. One of the most notable types of iron-based magnetic materials
are ferrite nanoparticles, which exhibit superior structural and chemical stability compared
to bulk ferrites [25,26]. Among metal ferrite nanoparticles, copper ferrite (CuFe2O4) is
a particularly interesting choice for the synthesis of various heterocycles [27,28]. Com-
pared to traditional catalytic systems, CuFe2O4 nanoparticles offer several advantages such
as an easy setup, recyclability, cleaner reaction profiles, and the reduced generation of
organic waste. Surprisingly, despite these beneficial properties, CuFe2O4 nanoparticles
have not yet been explored in the synthesis of 3,4-dihydropyrimidin-2-(1H)-ones under
ultrasonic conditions.

However, the existing methods for the Biginelli reaction using alternative catalysts
still face various challenges, including prolonged reaction times, harsh reaction conditions,
difficulties in product isolation, by-product formation, and lower yields. Consequently,
there is a pressing need to develop novel catalysts that overcome these limitations. Build-
ing upon our ongoing efforts to synthesize a diverse range of biologically active com-
pounds [29–32], we sought to create a library of DHPM derivatives. Here, we present
a straightforward, efficient, and environmentally friendly procedure for the synthesis of
3,4-dihydropyrimidin-2-(1H)-ones (DHPMs). This approach involves the combination
of β-ketoester, urea/thiourea, and aromatic aldehyde in the presence of a small amount
of CuFe2O4 magnetic nanoparticles as innovative and eco-friendly heterogeneous cata-
lysts. Remarkably, this reaction proceeds under a temperature of 50 ◦C and solvent-free
conditions with the aid of ultrasonic treatment (Scheme 1).
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The emergence of the SARS-CoV-2 virus, responsible for the devastating COVID-19
outbreak, has led to the widespread occurrence of severe acute respiratory syndrome,
posing a critical global public health emergency. Given its unprecedented impact, it is
imperative to devise an efficacious therapeutic strategy to effectively control and manage
infections. Existing medications show limited efficacy in individuals with comorbidities
and immunological deficiencies. Consequently, researchers have been diligently working
toward the development of novel and effective anti-infection drugs [33–35]. Glycoproteins
and proteases play indispensable roles in viral entry, replication, and spread, making them
prime targets for antiviral drugs. Peptides, with their high specificity, effectiveness, and
safety [36–38], hold a special place in therapeutic approaches.

In recent years, numerous studies employing ligand and structure-based compu-
tational methodologies have risen to the challenge of identifying potential COVID-19
antiviral agents through virtual screening methods. Moreover, a notable advancement in
this pursuit involves the development of heterocyclic substances that primarily target the
COVID-19 main protease. Among these, nitrogen-containing heterocycles have emerged
as particularly promising antivirals against coronaviruses, demonstrating their efficacy
through the specific targeting of the primary protease of the virus (the main protease). The
ability of these nitrogenous heterocycles to establish essential hydrogen bonds with specific
biological targets makes them valuable candidates for drug development [39].

Molecular docking emerged as a highly valuable approach in the quest for new drugs
targeting specific proteins. Among the various forms of docking, protein–ligand docking
holds particular importance in the pharmaceutical industry. It enables the exploration
of correct ligand conformations within a protein structure, being a powerful tool for
drug discovery [29,40,41]. In line with this, we conducted molecular docking studies of
13 synthesized compounds with three key proteins associated with COVID-19: the main
protease (PDB: 6LU7) [41], the pre-fusion spike glycoprotein with a single receptor-binding
domain (PDB: 6VSB) [42], and the papain-like protease of SARS-CoV-2 (PDB: 6W9C) [43].
Autodock Vina and Discovery Studio Visualizer [44] software were employed for these
docking studies.

2. Results and Discussion
2.1. Characterization of CuFe2O4 Nanoparticles

CuFe2O4 nanoparticles were successfully synthesized via a straightforward co-precipitation
process employing NaOH as the precipitating reagent. The nanoparticles were characterized
via X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), and transmission
electron microscopy (TEM) [45,46].

2.2. 3,4-Dihydropyrimidin-2(1H)-one Synthesis

To assess the effectiveness of the proposed synthetic procedure, a model reaction
was conducted at 50 ◦C using 4-methoxybenzaldehyde (1), ethyl acetoacetate (2) and urea
(3). The reaction was performed in different solvents using an ultrasound irradiation
approach (with an operating frequency of 24 kHz), with CuFe2O4 nanoparticles as the
catalytic component and a minimal amount of tetrabutyl ammonium hydrogen sulfate
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(TBAHS) serving as the phase transfer catalyst (Table 1). The selection of solvents plays
a crucial role in multi-component reactions (MCRs) due to the presence of various reactive
functional groups.

Table 1. Optimization of reaction conditions a.
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a Reaction conditions: 1 (1.0 mmol), 2 (1.0 mmol), 3 (1.2 mmol), CuFe2O4 (1–20) mol%, 50 ◦C, UI (30 min).
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Observations revealed that the desired product was obtained in yields of 57% in H2O,
49% in toluene, 63% in CHCl3, 72% in CH3CN with an extended reaction time, and 85% in
EtOH. Notably, utilizing 10 mol% CuFe2O4 catalysts yielded ethyl 4-(4-methoxyphenyl)-6-
methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxy (DHPM16) with a maximum yield of
92% under solvent-free conditions (Table 2, entry 16).

However, increasing the catalyst concentration from 10% to 20% did not lead to
an improvement in the yield of compound DHPM16, as indicated in Table 1. Furthermore,
several aryl aldehydes and β-keto esters were tested in combination with urea/thiourea
to explore the reaction, and the results are presented in Table 2. The results showed the
condensation was completed within 20–40 min and products were obtained in high yields
(79–95%).

The model reaction (Table 2, entry 16) was conducted using various catalysts with a re-
action time of 30 min. The yields obtained were 81%, 84%, 85%, 89%, and 92% when ZnO
nanoparticles, TiO2 nanoparticles, CaFe2O4 nanoparticles, CoFe2O4/Cu(OH)2 nanocom-
posites, and CuFe2O4 nanoparticles were used, respectively (Table 3). In contrast, con-
ducting the reaction without a catalyst resulted in a significantly lower yield of 65%.
Additionally, the efficiency of copper ferrite for the synthesis of the model compound
3,4-dihydropyrimidin-2(1H)-one was also compared with some of the materials reported
in the earlier literature, as shown in Table 3. From the collected data, it is clear that our
catalytic conditions, in terms of the absence of solvent, cost-effective process, time, and
high yield, are efficient in the fast synthesis of the products.
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Table 2. CuFe2O4 magnetic nanoparticles employed in the synthesis of 3,4-dihydropyrimidinones
via Biginelli condensation a.
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M. P

Reported
M. P Ref.

14 4-H- OEt O 20 DHPM14 94 200–202 198–200 [48]

15 4-Cl- OEt O 30 DHPM15 90 210–212 211–213 [48]

16 4-OMe- OEt O 30 DHPM16 92 206–208 200–202 [48]

17 4-Me- OEt O 40 DHPM17 89 202–204 205–206 [48]

18 2-Cl- OEt O 25 DHPM18 81 214–216 211–214 [48]

19 4-OH- OEt O 25 DHPM19 79 208–210 209–220 [48]

20 3-NO2- OEt O 30 DHPM20 86 218–220 217 [48]

21 4-Br- OEt O 30 DHPM21 88 198–200 197 [48]

22 4-NO2- OEt O 35 DHPM22 90 244–246 243–245 [48]

23 2,4-di-Cl- OEt O 25 DHPM23 80 202–204 202–204 [48]

24 3-OH- OEt S 30 DHPM24 81 180–182 183–184 [48]

25 4-H- OEt S 40 DHPM25 91 204–204 200–205 [48]

26 3-NO2- OEt S 35 DHPM2 87 208–210 206–207 [48]

27 3,4-di-OMe- OEt O 30 DHPM27 80 176–178 175–177 [48]

28 3,4-di-OMe- OEt S 20 DHPM28 72 212–214 212–214 [48]

29 3,4,5-tri-OMe OEt O 20 DHPM29 68 180–182 180–181 [48]

30 4-Me- OEt S 35 DHPM30 84 194–196 194–196 [48]

31 3-Br- OEt O 30 DHPM31 88 190–192 190–192 [48]

32 4-Br- OEt S 25 DHPM32 80 180–182 182–183 [48]

33 4-OH- OMe O 20 DHPM33 85 244–246 242–244 [48]

34 4-OMe- OMe S 25 DHPM34 80 152–154 152–154 [48]

35 4-NO2- OMe O 30 DHPM35 84 230–232 233–235 [48]

36 4-F- OMe O 30 DHPM36 89 194–196 193–195 [48]

37 4-H- OMe O 35 DHPM37 92 206–208 208–210 [48]

38 4-Br- OMe S 25 DHPM38 84 152–154 153–154 [48]

39 4-OH- OMe S 20 DHPM39 79 246–248 245–246 [48]

40 4-Cl- OMe O 20 DHPM40 89 204–206 204–206 [48]

41 4-OMe- OMe O 40 DHPM41 90 190–192 189–193 [48]

42 4-Br- OMe O 40 DHPM42 91 220–222 218–220 [48]
a Reaction conditions: 1 (1.0 mmol), 2 (1.0 mmol), 3 (1.2 mmol), CuFe2O4 (1–20 mol%), 50 ◦C, UI (40 min)
b Isolated Yield.
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Table 3. Comparative performance of CuFe2O4 magnetic nanoparticles with other catalysts in the
preparation of 3,4-dihydropyrimidin-2(1H)-one (DHPM16).

Entry Catalyst Condition Time
(min) Yield a Reference

1 CoFe2O4 Solvent-free/80 ◦C 90 85.4 [49]

2 HoCl3 Solvent-free/80 ◦C/UI 150 92 [50]

3 n-TiO2-NH2 Solvent-free/100 ◦C 270 91 [51]

4 Y(OAc)3·X H2O Acetic acid/reflux 270 89 [52]

5 ZnO Solvent-free/TBAHS/50 ◦C/UI 30 81 This work

6 TiO2 Solvent-free/TBAHS/50 ◦C/UI 30 84 This work

7 CaFe2O4 Solvent-free/TBAHS/50 ◦C/UI 30 85 This work

8 CoFe2O4/Cu(OH)2 Solvent-free/TBAHS/50 ◦C/UI 30 89 This work

9 CuFe2O4 Solvent-free/TBAHS/50 ◦C/UI 30 92 This work

10 - Solvent-free/TBAHS/50 ◦C/UI 30 65 This work
a Isolated Yield (%).

To assess the sustainability and reusability of CuFe2O4 nanoparticles, a recovery and
reusability study was conducted. The nanoparticles were subjected to a reaction involving
4-methoxybenzaldehyde (1, R = −4 − OMe), ethyl acetoacetate (2, R1 = −OEt), and urea
(3, X = −O) in the presence of CuFe2O4 (10 mol%) under ultrasound irradiation, at 50 ◦C,
for 20 min. The results showed the reusability of the catalyst up to three cycles, reducing
the activity from 92 to 80%. The slight decrease in activity can be attributed to the inevitable
loss of catalyst during the recycling process.

A proposed mechanism for the formation of 3,4-dihydropyrimidin-2-(1H)-ones is
depicted in Scheme 2 [53]. The overall catalytic activity of a chemical reaction is primarily
dependent on the availability of acidic sites on the catalyst surface. In the synthesis of
dihydropyrimidinones, Lewis and Bronsted acid catalysts are typically employed. With
tripositive Fe3+ and dipositive Cu2+ ions present, CuFe2O4 nanoparticles exhibit strong
Lewis acid characteristics. Thus, the acidic sites of the CuFe2O4 catalyst play a crucial role
in regulating the entire catalytic cycle during the synthesis of dihydropyrimidinones.
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The Lewis acidity of Fe3+ arises from its higher electronegativity, while the acidity of
Cu2+ results from the acquisition of a stable and filled d-subshell upon electron acceptance.
Initially, the Lewis acidic sites of the catalyst interact with the oxygen lone pairs on the
carbonyl group of aromatic aldehydes, creating a positive charge at the carbonyl carbon.
Subsequently, these sites react with urea, leading to the formation of intermediate 5 through
water molecule elimination. The cyclization of the formed intermediate with β-ketoester
then yields the corresponding 3,4-dihydropyrimidin-2-(1H)-ones (Scheme 2).

2.3. Molecular Docking Studies

Based on a comprehensive literature review [37–40,54], proteins that play a crucial
role in the pathogenesis of SARS-CoV-2 were selected as molecular targets. The crystal
structures of the COVID-19 main protease (PDB: 6LU7) at a resolution of 2.16 Å, pre-fusion
spike glycoprotein with a single receptor-binding domain (PDB: 6VSB) at a resolution of
3.46 Å, and the papain-like protease of SARS-CoV-2 (PDB: 6W9C) at a resolution of 2.7 Å
were obtained from the Protein Data Bank and analyzed.

The results obtained from the molecular docking studies of 13 potential ligands with
different proteins of SARS-CoV-2 are summarized in Table 4. The interactions between
ligands and proteins were analyzed using various models of ligand–protein interactions,
and their binding affinities (docking scores) were determined. The docking scores provided
an indication of the binding strength between the ligands and the target proteins.

To further investigate the ligand properties, DFT (Density Functional Theory) stud-
ies were conducted. These studies provided additional insights into the electronic and
structural properties of the ligands.

The docked models with the lowest binding energy and highest binding affinity were
identified as the most stable ligand–target protein complexes. Ligands with the highest
binding affinities were selected for further analysis. The structures with high docking scores
were visually inspected to identify specific amino acids involved in ligand–protein binding,
providing valuable information about the binding interactions at the molecular level.

Table 4. Results of molecular docking studies.

Ligand Ligand Structure
Optimized Geometry

Energy
(au)

(DFT Studies)

Binding Affinity (kcal/mol)

For SARS-CoV-2
Main Protease

(6LU7)

For
S-Glyco-Protein

(6VSB)
For Papain-like

Protease (6WNC)

DHPM1
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Table 4. Cont.
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Optimized Geometry
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(au)

(DFT Studies)

Binding Affinity (kcal/mol)
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Main Protease
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S-Glyco-Protein
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Protease (6WNC)

DHPM3
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Table 4. Cont.

Ligand Ligand Structure
Optimized Geometry

Energy
(au)

(DFT Studies)

Binding Affinity (kcal/mol)

For SARS-CoV-2
Main Protease

(6LU7)

For
S-Glyco-Protein

(6VSB)
For Papain-like

Protease (6WNC)

DHPM8
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Table 4. Cont.

Ligand Ligand Structure
Optimized Geometry

Energy
(au)
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S-Glyco-Protein
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For Papain-like

Protease (6WNC)
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tein and papain-like protease of SARS-CoV-2 are presented in Supplementary Information.

As an example of ligand–enzyme interactions, the binding interactions of DHPM 12
(Figure 1) and DHPM 13 (Figure 2) with the SARS-2 main protease (PDB: 6LU7) are illustrated.
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Figures 3 and 4 show the interactions of the ligands DHPM 1 and DHPM 12 with the
pre-fusion spike glycoprotein (PDB: 6VSB).
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3. Experimental Details
3.1. Synthesis of Copper Ferrite Nanoparticles

Cu(NO3)2·5H2O (0.5M) and Fe(NO3)3·9H2O (1.0M) were separately dissolved in
distilled water and thoroughly mixed at 70 ◦C. The solution pH was adjusted to 12 via
the drop-wise addition of 6 M NaOH solution using a burette. Once the desired pH was
reached, no more NAOH was added, and the mixture was further stirred for a designated
period. The formed precipitate was subjected to agitation for 2.5 h at 70 ◦C. Subsequently,
the precipitate was filtered, followed by washing with ethanol and deionized water until
a pH of 7 was obtained. The washed precipitate was then dried at 60 ◦C. The resulting
powder was further subjected to calcination at 300 ◦C for 2.5 h, resulting in the formation
of CuFe2O4 nanoparticles [46].

3.2. Synthesis of 3,4-Dihydropyrimidinones via Ultrasonic Irradiation Method

To a mixture of aromatic aldehydes 1 (1 mmol), β-keto ester 2 (1 mmol), urea/thiourea
3 (1.2 mmol), a minimal amount (0.005 mmol) of tetrabutyl ammonium hydrogen sulfate
(TBAHS), and CuFe2O4 nanoparticles (10 mol percent) were added, followed by stirring.
The reaction mixture was then subjected to sonication (TOMY, UD 201, acoustic power
45 W with digital water bath temperature controller) at 50 ◦C for the specified duration, as
mentioned in Table 2. The reaction progress was followed with TLC (ethyl acetate/n-hexane
(10:3). Once the reaction was completed, the mixture was cooled to room temperature and
washed with brine. Ethyl acetate was used for the extraction process. The catalyst was
separated from the extraction mixture using a magnetic separation method.

The organic layer was separated and dried with anhydrous sodium sulfate. The
solution was then concentrated under low pressure. To purify the crude product, re-
crystallization was carried out from a mixture of hot ethanol and water, resulting in the
formation of 3,4-dihydropyrimidinone derivatives with high yields. Structural confirmation
of the majority of the products was performed using physical techniques. Additionally,
spectroscopic data such as 1H-NMR and 13C-NMR were employed to confirm the structures
of some products, with a comparison to data in the literature. 1H NMR spectra of some
compounds are presented in Supplementary Information.

3.3. Analytical Data of Some Representative Compounds

Ethyl4-(4-methoxyphenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (DHPM16):
M. P: 206–208 ◦C; IR (KBr): 3520, 3275, 2899, 1665, 762, 702 cm−1; 1H NMR (400 MHz,
DMSO-d6): 1.04–1.10 (t, 3H, -OCH2CH3), 2.22 (s, 3H, -CH3), 3.70 (s, 3H, -OCH3), 3.91–3.96
(q, 2H, -OCH2CH3), 5.05 (s, 1H, -CH-Ar), 6.82–6.87 (d, 2H, J = 8.0 Hz, Ar-H), 7.11–7.09 (d,
2H, J = 8.0 Hz, Ar-H), 7.62 (s, 1H, NH); 9.11 (s, 1H, NH); 13C NMR: (100 MHz, DMSO-d6)
14.2, 17.6, 53.2, 55.8, 61.7, 106.4, 114.1, 125.7, 135.6, 147.3, 150.2, 156.5, 158.6, 167.2; ESI-MS:
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m/z 291.18 [M+1]+, Anal. Calcd forC15H18N2O4: C, 62.06; H, 6.25; N, 9.65. Found: C, 62.10;
H, 6.24; N, 9.68.

Ethyl4-(4-hydroxyphenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (DHPM19):
M. P: 209–220 ◦C; IR (KBr): 3518, 3235, 2985, 1648, 762, 686 cm−1; 1H NMR (400 MHz,
DMSO-d6): 1.07–1.04 (t, 3H, -OCH2CH3), 2.18 (s, 3H, -CH3), 3.97–3.90 (q, 2H, -OCH2CH3),
4.99 (s, 1H, -CH-Ar), 6.65–6.63 (d, 2H, J = 8.0 Hz, Ar-H), 6.99–6.97 (d, 2H, J = 8.0 Hz, Ar-H),
7.57 (s, 1H, NH); 9.07 (s, 1H, NH); 9.28 (s, 1H, OH); 13C NMR: (100 MHz, DMSO-d6) 14.8,
17.4, 53.2, 61.7, 106.4, 115.7, 126.4, 135.9, 147.6, 150.2, 156.5, 167.2; ESI-MS: m/z 277.11
[M+1]+, Anal. Calcd forC14H16N2O4: C, 60.86; H, 5.84; N, 10.14. Found: C, 60.84; H, 5.86;
N, 10.12.

Methyl4-(4-fluorophenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (DHPM36):
M. P: 194–196 ◦C; IR (KBr): 3526, 3238, 2965, 1668, 790, 676 cm−1;1H NMR (400 MHz,
DMSO-d6) δ 9.23 (s, 1H, NH), 7.74 (s, 1H, NH), 7.29–7.17 (m, 2H, Ar-H), 7.11 (t, J = 8.7 Hz,
2H, Ar-H), 5.12 (s, 1H, -CH-Ar), 3.50 (s, 3H, -OCH3), 2.22 (s, 3H, -CH3). 13C NMR (101 MHz,
DMSO) δ 166.23, 163.01, 160.60, 160.08, 152.51, 149.27, 141.41, 141.38, 128.68, 128.60, 115.74,
115.53, 99.39, 53.65, 51.27, 18.30. ESI-MS: m/z 265.07 [M+1]+, Anal. Calcd forC13H13FN2O3:
C, 59.09; H, 4.96; N, 10.60, O, 18.16. Found: C, 59.11; H, 5.02; N, 10.57, O, 18.20.

3.4. Molecular Docking and DFT Studies

The crystal structures of the COVID-19 proteins were obtained from the Protein Data
Bank and analyzed using Discovery Studio Visualizer. Molecular docking studies were
performed using the software Autodock Vina 4.2 and Discovery Studio Visualizer [44]. To
further investigate the ligand properties, DFT (Density Functional Theory) studies were
conducted using Spartan 14 software with the B3LYP method and the 6-311++G (d, p) basis
set [46]. The structures with high docking scores were visually inspected using Discovery
Studio 4.0 software.

4. Conclusions

We successfully developed an efficient and trouble-free ultrasound-accelerated method
for synthesizing 3,4-dihydropyrimidinone compounds using copper ferrite as a catalyst.
Notably, this technique adheres to the principles of green chemistry as it operates without
the use of solvents, demonstrating operational simplicity, economic viability, and environ-
mental friendliness. The method proves to be both time- and cost-effective, allowing for the
high-yielding production of compounds with swift reaction times. Moreover, its versatility
enables its application for various purposes.

In addition to the synthetic achievements, we conducted molecular docking studies
on 13 selected compounds out of the total 42 compounds. The results revealed that the
compounds DHPM-12 and DHPM 13 exhibit enhanced interaction with the binding site
of COVID-19 major protease (Mpro) compared to the reference ligand hydroxychloroquine.
Similarly, the interactions of DHPM 1 and DHPM 12 with pre-fusion spike glycoprotein
(PDB: 6VSB) and DHPM 2 and DHPM 5 with the papain-like protease of SARS-CoV-2 (PDB:
6W9C) correlate well with the interactions of the reference ligand, hydroxychloroquine. These
findings provide valuable insights into the potential of these compounds as effective inhibitors.

This communication serves as a pathway for young researchers to delve into ex-
perimental investigations of the interactions between different 3,4-dihydropyrimidinone
derivatives and various COVID-19 viruses.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pr11082294/s1. Molecular Docking Studies; Docking results of 13 different
ligands with COVID-19 main protease at 2.16 Å resolution (PDB: 6LU7); Docking results of 13 different
ligands with Pre-fusion spike glycoprotein with single receptor binding domain at 3.46 Å resolution
(PDB: 6VSB); Docking results of 13 different ligands with papain-like protease of SARS-CoV-2 at 2.7 Å
resolution (PDB: 6W9C); Spectral data (1H NMR) of some representative compounds.

https://www.mdpi.com/article/10.3390/pr11082294/s1
https://www.mdpi.com/article/10.3390/pr11082294/s1
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