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Abstract: A novel series of 1-aryl-N-[4-phenyl-5-(arylazo)thiazol-2-yl)methanimines has been synthe-
sized via the condensation of 2-amino-4-phenyl-5-arylazothiazole with various aromatic aldehydes.
The synthesized imines were characterized by spectroscopic techniques, namely 1H and 13C-NMR,
FTIR, MS, and Elemental Analysis. A molecular comparative docking study for 3a–f was calculated,
with reference to two approved drugs, Molnupiravir and Remdesivir, using 7BQY (Mpro; PDB code
7BQY; resolution: 1.7 A◦) under identical conditions. The binding scores against 7BQY were in the
range of −7.7 to −8.7 kcal/mol for 3a–f. The high scores of the compounds indicated an enhanced
binding affinity of the molecules to the receptor. This is due to the hydrophobic interactions and multi-
hydrogen bonds between 3a–f ligands and the receptor’s active amino acid residues. The main aim of
using in silco molecular docking was to rank 3a–f with respect to the approved drugs, Molnupiravir
and Remdesivir, using free energy methods as greener pastures. A further interesting comparison
presented the laydown of the ligands before and after molecular docking. These results and other
supporting statistical analyses suggested that ligands 3a–f deserve further investigation in the context
of potential therapeutic agents for COVID-19. Free-cost, PASS, SwissADME, and Way2drug were
used in this research paper to determine the possible biological activities and cytotoxicity of 3a–f.

Keywords: imines-tethered thiazoles; synthesis; COVID-19; in silico molecular docking; molnupiravir;
remdesivir; greener pastures

1. Introduction

Since the appearance of COVID-19, followed by the Delta variant and recently the
potentially more infectious Omicron strain pandemic caused by severe acute respiratory
syndrome, the world has taken action for protection, such as emphasizing the importance
of social distancing/masking [1,2]. However, the virus is still spreading scarily and has
caused extensive social, economic, and health disorders. Hence, efficient drugs are instantly
needed to end this pandemic and help the society return to routine. The good news is
that various COVID-19 vaccines have been developed and evaluated at an extraordinary
speed [3–8]. Having this in view, in this paper, we will test and evaluate our compounds
by comparing their performances to the two well-established drugs (Molnupiravir and
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Remdesivir). An in silco method will be employed as a preliminary study to filter and rank
our compounds as greener pastures at this stage [9–11].

Furthermore, urgent needs for novel antimicrobial and anticancer agents have di-
rected many researchers to design and synthesize a variety of bioactive heterocycles. Thi-
azoles are incorporated in most drugs such as Sulfathiazole (antimicrobial), Tiazofurin
(antineoplastic), Ritonavir (antiretroviral), and Abafungin (antifungal) [12]. In addition,
imine-containing azoles are highlighted to develop new potential drug candidates with
diverse therapeutic efficacy such as anticancer, antibacterial, antifungal, antioxidant, an-
timicrobial, and antiproliferative activities [13–16]. Moreover, Schiff’s bases have gained
prominence role for antimicrobial, antituberculosis [17], anticonvulsant, antidepressant,
analgesic, anti-inflammatory, antitumoral, vasodilator, and antiviral [18] activities. The
synergism of thiazole with imine moiety in a hybridized molecule may result in increas-
ing the biological potency, mainly because of the variation of substituents in the imine
derivatives. Electron-donating and electron-withdrawing groups on arylazo moiety may
affect biological activities. Promoted by the above observations, it was aimed to synthe-
size 1-aryl-N-[4-phenyl-5-(arylazo)thiazol-2-yl)methanimines and evaluate their biological
importance. It is important to mention here that we used 7BQY (Mpro, PDB) over 6LU7,
because the crystal structure of the COVID-19 main protease in complex with the inhibitor,
N3, has a resolution of 1.7 Å whereas 6LU7 is with a resolution of 2.16 Å. Furthermore, this
study aimed to rank the ligands with respect to two approved and widely used drugs.

2. Results and Discussions

The condensation reaction is an endeavor to synthesize imine compounds. Thus, the
condensation of 2-amino-4-phenyl-5-arylazothiazole (1) with various aromatic aldehydes
2 in boiling ethanol and catalytic drops of piperidine resulted in the formation of the
respective imine derivatives 3a–f, with electron-donating and electron-withdrawing groups
on arylazo moiety (Scheme 1).

Scheme 1. Synthesis of arylazothiazolimines 3a–f.

The isolated products gave analytical data consistent with the imine structures. 1H-
NMR revealed one singlet signal at δ = (9.41–9.51) ppm due to HC=N (Chart 1) [19]. The
molecular ion peaks and microanalysis results were also in accordance with theoretical
calculations for imine products.
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Chart 1. 1H-NMR of compound 3e as a representative example. More spectra are available on line as
Supplementary Materials: Figure S1: IR of compound (3a), Figure S2: 1H-NMR of compound (3a),
Figure S3: 13C-NMR of compound (3a), Figure S4: MS of compound (3a), Figure S5: IR of compound
(3e), Figure S6: 1H-NMR of compound (3e), Figure S7: 13C-NMR of compound (3e), Figure S8: MS of
compound (3e).

2.1. Molecular Modeling against 7BQY

The world is experiencing a tough time at many economic and social activities world-
wide. It has been hit severely by COVID-19 and many variants, including the new Omicron
variant [20–22]. Hence, we have been encouraged to study how ligands 3a–f might behave
in the main protease’s active site for COVID-19 (MPro; PDB code: 7BQY) compared to the
approved inhibitors, Molnupiravir and Remdesivir, in an effort to contribute to solving the
outbreak of the pandemic disease. In this study, we preferred to use the 7BQY, because it
has been docked against the well-known inhibitor N3 that appeared recently in Nature
journal [23]. In addition, both the approved drugs are known to block the activity of
RNA-dependent RNA polymerase (RdRp). However, they also affect viral replications
through Mpro activity [24,25]. It is vital to be armed against viral protein to hinder its
activities by inhibiting more than one of its proteins. Therefore, we carried out this study
using a computer-assisted method to filter the compounds ahead to any in vivo and other
experiments to minimize energy wastage following the recommendation from (COP26,
in Glasgow on 31 October–13 November 2021). In actuality, computational science tech-
niques and software are now at an excellent availability and an accuracy stage, making
computational experiments more feasible than before for the drug design business. It is
interesting to know that computer-aided drug designs have been in use for more than
40 years [26,27]. This study performed the binding affinities for ligands 3a–f with 7BQY.
In this computer-aided work, PyRx software (version 0.8) [28] considered 7BQY a flexible
protein and 3a–f, Remdesivir, and Molnupiravir rigid ligands. However, the displays of the
ligands before and after docking into 7BQY were not identical in all docking cases (Figure 1).
For example, the N=N bond in ligand 3a was oriented opposite to 3a in the protein cavity
of 7BQY, which may be due to the H-bond with His164(A) (Figure 1), indicating ligand
3a after docking in the protein cavity did not stay the same as it was before docking. The
superpositions of compounds 3a–f (color-coded), Molnupiravir, and Remdesivir (approved
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drugs by the FDA [29,30]) were docked against 7BQY using the same parameters for a
comparison (Figure 2).

Figure 1. A schematic 2D LIGPLOT (LIGPLOT software is a program to generate schematic diagrams
of protein-ligand interactions) representation showing 3a–f, Remdesivir, and Molnupiravir before
and after docking into the binding pocket of 7BQY. The variations in the ligands are highlighted by
yellow circles.
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Figure 2. The superpositions of compounds 3a–f and the approved drugs docked together into the
binding pocket of 7BQY. Ligands, drugs, and labels are color-coded.

The results were represented by PyMOL [31] in the square frame (Figure 2). For
the orientation comparison, each rectangular presents a ligand superimposed over either
Remdesivir or Molnupiravir.

The superpositions revealed a close overlap between the ligands and either of the drugs
in the protease site. Furthermore, the binding energies of Molnupiravir and Remdesivir
were −7.0 and −7.6 kcal/mol, respectively. Compounds 3a–f showed binding energies in
a range of −7.7 and −8.7 kcal/mol, indicating possible similar biological activities to the
two drugs [32,33]. This may suggest a further possible study of compounds 3a–f in the
context of a potential medicine for COVID-19 is recommended. The reason for choosing
these approved drugs is that they are active against different viral diseases, including
influenza [32]. It is essential to mention that all the docked molecules against the target
enzyme COVID-19 were ranked according to their binding energies, shown in ascending
order and color-coded molecules (Figure 3).

The binding affinity was attributed to many hydrogen bonds (green lines) and hy-
drophobic interactions (red lines) between ligands 3a–f and the receptor’s active amino
acid residues, as shown in Schematic 2D LIGPLOT (Figures 1 and 2). It could be seen that
3b formed two H-bonds with Glu166 and His41(A), whereas Molnupiravir formed three
H-bonds with Phe140(A), His163(A), and Gly143(A), (Figure 4). Detailed key symbols can
be found in a recent report [34].
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Figure 3. Binding affinities of compounds 3a–f against the COVID-19 protease 7BQY and the
approved medicines for a comparison.

Figure 4. A schematic 2D LIGPLOT representation of Molnupiravir and 3b against the complex
7BQY showing the hydrogen and hydrophobic interactions.

All interactions were summarized for compounds 3a–f and the approved drugs in
Figure 5.
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Figure 5. The numbers of hydrophobic interactions and H-bonds revealed upon docking 7BQY
protease against compounds 3a–f and the approved drugs.

The box plot produced with Minitab 19 presented the number of hydrogen and
hydrophobic interactions between the amino acid residues of the Mpro substrate of COVID-
19 (7BQY) and compounds 3a–f in comparison to the two approved medicine. One of
the approved drugs is already known and developed to treat Ebola virus cases infection
by Gilead Sciences Inc., (Foster City, CA, USA) [35,36]. Recently, Molnupiravir [37] was
approved to treat COVID-19 orally [38]. It is a broad-spectrum ribonucleoside inhibitor of
RdRp RNA influenza and respiratory syncytial viruses such as COVID-19 [37].

The number of hydrogen bonds varied between the ligands 3a–f and the two approved
medicine docked with the COVID-19 Mpro pocket, with a mean of 0.29 + 1.34 and 0.33 + 5.80,
respectively (Figure 5). The maximum number of hydrogen interactions was 2 in ligands
3a–f and 4 for the approved drugs (Figure 6). All compounds in this study displayed H-
bonds. The hydrophobic interactions for the different amino acids varied between ligands
3a–f and the approved medicines (Figure 6). The minimum hydrophobic interactions were
0 for both, whereas the maximum hydrophobic interactions were 6 and 5 for ligands 3a–f
and the approved medication, respectively (Figure 5).

Figure 6. Box plot representing the comparison between hydrogen and hydrophobic bonds among
the amino acid residues of the COVID-19 Mpro substrate-binding pocket produced by docking with
the six newly synthesized ligands 3a–f, Remdesivir, and Molnupiravir.
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The nine docking poses of ligands 3a–f and the approved drugs Remdesivir and
Molnupiravir showed an excellent fitting with the COVID-19 Mpro substrate pocket. The
mean of the nine poses for each ligand was analyzed and compared using one-way ANOVA
and Tukey’s pairwise comparison. The binding affinity readings of the nine poses were
significantly varied (Table 1).

Table 1. One-way ANOVA for the binding affinities of the 9 poses (pose 0 to pose 8).

Source of Variance DF F-Value p-Value

Ligands and
approved drugs 7 7.42 0.00

Number of poses 8 7.12 0.00

The variation was shown clearly in the interval plot, which demonstrated a negative
relationship between the pose number and the binding affinity. The highest binding affinity
was recorded for pose 0, using the pooled STDEV of ±0.37 (Figure 7).

Figure 7. Interval plot of the binding affinities of the nine poses. The interval plots for the binding
affinities of the synthesized ligands and the approved drugs were blotted for the interval calculated
using a pooled standard division at a confidence level of 95%.

Significant differences using ANOVA (p-value) was 0.00, which was lower than 0.05
(Table 1). The Tukey pairwise comparison analysis also showed the detailed variation of
the binding affinity readings as a mean of those of the nine poses between the ligands and
the approved drugs (Table 2 and Figure 7).

Compound 3f had the highest binding affinity with an average binding energy
(−7.81 ± 0.48 kcal/mol) with no significant differences at a p-value of 0.05 compared with
other ligands, except 3c and the approved drugs (Table 2). All the ligands recorded higher
binding affinities than the approved drugs (Table 2). However, ligands 3e (average binding
energy: 7.25± 0.46 kcal/mol) and 3c (average binding energy: 7.13± 0.46 kcal/mol), which
had the lowest binding affinity in comparison with the other ligands, had no significant
variation with Remdesivir and Molnupiravir (Table 2).
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Table 2. Means and SDs of the binding affinities of the nine docking poses for compounds against
the COVID-19 main protease 7BQY.

Ligand and Approved Medicines Average Binding Energy
(kcal/mol)

3f −7.81 ± 0.48 a

3d −7.52 ± 0.21 a,b

3a −7.41 ± 0.29 a,b,c

3b −7.36 ± 0.50 a,b,c

3e −7.25 ± 0.46 a,b,c,d

Ligands

3c −7.13 ± 0.46 b,c,d

Remdesivir −6.93 ± 0.33 c,d
Approved medicine

Molnupiravir −6.71 ± 0.23 d

Notes: Different letters denote statistically significant differences using Tukey’s multiple comparison test at
p ≤ 0.05.

2.2. In Silico Toxicity Prediction for Compounds 3a–f

The ProTox-II server used to detect toxicity of the synthesized compounds 3a–f. It
predicts possible toxicity for a potential chemical to be used as a drug [29,30]. The re-
sults showed that the LD50 (mg/kg) in parallel with the toxicity class for 3a–f and the
approved medicine as a comparison. Ligands 3a–d were classified into toxic class 3 with
LD50 (300 mg/kg). Ligands 3e and 3f and the approved medicines (Remdesivir and Mol-
nupiravir) were predicted to be under toxic class 4 with the first three having an LD50 of
1000 mg/kg and Molnupiravir having an LD50 of 826 mg/kg. The average LD50 values, for
the six ligands and the approved drugs, were similar (43.51 ± 1.60 mg/kg). They all had
the same prediction accuracy of 54.26% (Table 3).

Table 3. Acute oral toxicity predicted by the ProTox-II web server for ligands 3a–f and the ap-
proved drugs.

Ligand
Oral Toxicity Prediction Results

Predicted LD50
(mg/kg)

Predicted
Toxicity Class

Average
Similarity (%)

Prediction
Accuracy (%)

3a 300 3 44.61 54.26

3b 300 3 42.28 54.26

3c 300 3 44.32 54.26

3d 300 3 45.74 54.26

3e 1000 4 43.73 54.26

3f 1000 4 42.98 54.26

Molnupiravir 1000 4 40.93 54.26

Remdesivir 826 4 79.41 69.26

The ProTox-II web server was used to predict organ toxicity (hepatotoxicity). Com-
pounds 3a–f and Molnupiravir were expected to have weak activities, behaving as toxic
compounds to hepatot, but no activity was expected from Remdesivir. Ligand 3b was
noticed to have the highest carcinogenic and mutagenic probabilities of 0.77 and 0.75,
respectively. However, ligand 3d, Molnupiravir, and Remdesivir were predicted to have no
carcinogenic and mutagenic activity. Ligands 3a, 3c, 3e, and 3f were found to have weak
carcinogenic and mutagenic activities. All ligands, as well as the approved drugs, had
no immunotoxicity with a probability of 0.99. Interestingly, the ligands and the approved
drugs behaved similarly with an average hepatotoxicity activity probability of 0.74 + 0.08
(Table 4).
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Table 4. Organ toxicity and toxicological endpoints-predicted activity calculated using the ProTox-II
web server for ligands 3a–f, Molnupiravir, and Remdesivir.

Ligands
Hepatotoxicity Carcinogenicity Immunotoxicity Mutagenicity Cytotoxicity

Activity Probability Activity Probability Activity Probability Activity Probability Activity Probability

3a Yes 0.58 Yes 0.59 No 0.99 Yes 0.57 No 0.80

3b Yes 0.55 Yes 0.77 No 0.99 Yes 0.75 No 0.76

3c Yes 0.55 Yes 0.60 No 0.99 Yes 0.58 No 0.82

3d Yes 0.57 No 0.59 No 0.99 No 0.55 No 0.82

3e Yes 0.58 Yes 0.57 No 0.99 Yes 0.63 No 0.73

3f Yes 0.58 Yes 0.57 No 0.99 Yes 0.63 No 0.73

Molnupiravir Yes 0.56 No 0.50 No 0.96 No 0.50 No 0.74

Remdesivir No 0.56 No 0.55 No 0.90 No 0.62 No 0.55

2.3. Drug Likeness Evaluation

SwissADME was used to predict the possibility of using ligands 3a–f as drugs by
evaluating physicochemical properties, drug-likeness, and pharmacokinetics [39–41]. The
same analysis was also carried out for Molnupiravir and Remdesivir. The physicochemical
properties evaluated by ADMT included the molecular weight (g/mol), the molecular
refractivity, and the topological polar surface area (Å2). Table 5 summarizes the physio-
chemical properties, lipophilicity, and the drug-likeness evaluation. The molecular weight
ranged between 368.45 and 429.45 g/mol for the ligands, which was higher than that of
Molnupiravir (329.31 g/mol) and lower than that of Remdesivir (602.58 g/mol) (Table 5).
All ligands, including Molnupiravir, had drug-likeness bioavailability ranging between
150 and 500 g/mol. The total surface area polarity (TSAP) was in the expected range of
20 and 130 Å2. The TSAPs of most ligands 3a, 3c, and 3d were 78.21 Å2, and the TSAPs of
3e and 3f were also similar at 87.44 Å2. However, the TSAP of 3b was 144.26 Å2 closer to
that of Molnupiravir (143.14 Å2), whereas Remdesivir showed the most significant value
(213.36 Å2). The solubility (H should not be higher than six for those molecules that might
be used as drugs). Ligands 4–7 had H-Bond acceptor (HBA). 3a, 3c, and 3d had four HBAs,
3e and 3b had five HBAs, and 3b had seven HBAs. All ligands 3a–c had lower HBAs than
Molnupiravir and Remdesivir, which were 8 and 12, respectively.

Table 5. Physicochemical properties and lipophilicity of ligands 3a–f in comparison with the ap-
proved drugs Molnupiravir and Remdesivir.

Physicochemical 3a 3b 3c 3d 3e 3f Molnupiravir Remdesivir

Molecular weight (g/mol) 368.45 429.45 382.48 416.93 412.51 412.51 329.31 602.58

Heavy atom 27 31 28 29 30 30 23 42

Arom. heavy atom 23 23 23 23 23 23 6 15

Fraction Csp3 0.00 0.00 0.04 0.04 0.08 0.08 0.62 0.48

Rotatable bond 5 6 5 5 6 6 6 14

H-bond acceptor 4 7 4 4 5 5 8 12

H-bond donor 0 1 0 0 0 0 4 4

Molar refractivity 111.86 122.71 116.83 121.84 123.32 123.32 76.02 150.43

Polar surface area (Å2) 78.21 144.26 78.21 78.21 87.44 87.44 143.14 213.36

Lipophilicity

MLOGP 4.05 2.57 4.27 4.74 3.92 3.92 −1.15 0.18

WLOGP 6.98 6.59 7.28 7.94 7.29 7.29 −1.65 2.21

XLOGP3 6.36 5.83 6.72 7.35 6.69 6.69 −1.34 1.91

Drug-likeness evaluation

Lipinski 0 0 1 1 0 0 0 2
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The bioavailability radar of the six ligands was drawn based on the physicochemical
properties, lipophilicity, size, polarity, solubility, unsaturation, and flexibility (Figure 8).
The optimal range of these properties is pink, whereas the red line represents ligands
and approved drugs properties. As shown in Figure 8, all ligands fell entirely for size,
polarity, and flexibility, except 3b which was slightly out for polarity. All the six ligands
were slightly out for polarity and solubility; however, they were all out for the unsaturation
fractions property (Figure 8). Molnupiravir was entirely in the pink area and slightly out
for polarity like 3b. Thus, the bioavailability radar for Remdesivir showed that it fell in the
red area at lipophilicity, solubility, and unsaturation. It is out of the other three— properties
size, polarity, and flexibility. The six ligands fulfilled some properties of drug-likeness, but
not all. All ligands, except 3b, were predicated to be orally bioavailable and flexible with
a suitable size (Figure 8). SwissADME was also used to evaluate the pharmacokinetics
properties of ligands 3a–f. There was no P-glycoprotein (P-gp) substrate for all of them,
except 3b and Remdesivir, justifying their good intestinal absorption. The bioavailability
exhibited low gastrointestinal (GI) absorption and the blood–brain barrier (BBB) permeant
for all of them, including both medicines (Table 6). The study’s components interacted
with one or two isoenzymes of the cytochrome P (CYP) family, confirming their better
effectiveness with little toxicity, which was most similar to Molnupiravir (Table 6).

1 

Figure 8. Bioavailability radar for ligands 3a–f and the approved drugs Molnupiravir and Remdesivir.

Importantly, when applying the Lipinski rule of five (ROF5), i.e., a molecular weight
of <500 g/mol, a logP value of <5, the number of H-bond donors of <5, the number of
H-bond acceptors of <10 [42], and an additional rule proposed by Veber concerning the
number of the rotatable bonds of <10 [43], all the six ligands were likely to be bioavailable
as drugs. However, some were better than others when summing oral bioavailability rules,
toxicity, and docking. For example, 3f had the highest binding affinity when docked to
the Mpro of SARS-CoV-2, and it also met the ROF5. This can also be applied to the other
ligands; thus, the poorest ligand was 3c, with the lowest binding affinity in its docking and
the least extent to which it met the ROF5.
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Table 6. The pharmacokinetics properties of ligands 3a–f in comparison with those of the approved
drugs, Molnupiravir and Remdesivir.

Pharmacokinetics 3a 3b 3c 3d 3e 3f Molnupiravir Remdesivir

Gastrointestinal (GI) absorption Low Low Low Low Low Low Low Low

Blood–brain barrier (BBB) permeant No No No No No No No No

P-glycoprotein (P-gp) substrate No No No Yes No No No Yes

Inhibitor

CYP1A2 Yes No No No No No No No

CYP2C19 Yes No Yes No No No No No

CYP2C9 Yes Yes Yes No Yes Yes Yes No

CYP2D6 No No No No No No No No

CYP3A4 No No No No No No No Yes

3. Materials and Methods

The requisite starting materials such as acetophenone, iodine, and thiourea used to
prepare 2-amino-4-phenylthiazoles [44–46] were procured from Sigma-Aldrich without
any further purification. All the solvents were purified and dried by a standard method.

3.1. Instruments

An electrothermal Gallenkamp apparatus was operated to measure the melting points
for the newly synthesized compounds. A Pye-Unicam SP300 instrument in potassium
bromide discs was used to measure IR spectra. A Varian Mercury VXR-300 spectrometer
(300 MHz for 1H-NMR and 75 MHz for 13C-NMR) was manipulated to measure the 1H-
NMR and 13C-NMR spectra, and the chemical shifts were related to those of the solvent.
GCMS-Q1000-EX Shimadzu and GCMS 5988-A HP spectrometers were used to record the
mass spectra of the samples at an ionizing voltage of 70 eV. Elemental analyses were carried
out at the Microanalytical Centre of Cairo University, Giza, Egypt.

3.2. Synthesis of 2-Amino-4-phenyl-5-arylazothiazoles

A cold solution of 2-amino-4-phenylthiazoles (5 mmol) in ethanol (30 mL), buffered
with sodium acetate trihydrate, was added to the aryldiazonium chloride prepared by
diazotizing appropriate aromatic amines such as aniline, 4-nitroaniline, 4-toluidine, and
3-toluidine dissolved in concentrated hydrochloric acid (6N, 2 mL) with a sodium nitrite
solution (0.07 g, 1 mmol) in water (2 mL) [44–46]. The addition was carried out portion-wise
with stirring at 0–5 ◦C for 30 min. After the complete addition, the reaction mixture was
stirred for a further 4 h at room temperature, then kept in a refrigerator for 12 h and finally
diluted with water. The precipitated solid was collected by filtration, washed with water,
dried and finally recrystallized from ethanol to afford the corresponding 2-amino-4-phenyl-
5-arylazothiazoles (1) [44–46].

3.3. General Procedure for the Synthesis of Compounds 3a–f

A solution of 2-amino-4-phenyl-5-arylazothiazole (1) (1 mmol of each) in ethanol
containing aromatic aldehydes (1 mmol) and a few drops of piperidine was refluxed for 3 h
and then left to cool. The crude product was collected by filtration and recrystallized from
ethanol to generate compounds 3a–f.

1-Phenyl-N-[4-phenyl-5-(phenylazo)thiazol-2-yl)methanimine (3a), Dark red crystals (0.31 g,
85%); mp 195–197 ◦C; IR (KBr) υ = 1610 (C=N), 1445 (N=N), cm−1; 1H-NMR (DMSO-d6,
300 MHz): δ = 7.31–8.32 (15H, m, Ar–H), 9.41 (1H, s, CH=); 13C-NMR (DMSO-d6, 75 MHz):
δ = 120.3, 126.1, 126.9, 128.1, 128.7, 128.9, 129.2, 129.7, 130.9, 131.4, 132.9, 133.4, 135.3, 140.6,
142.4, 170.3; EIMS m/z (%): 368 [M+] (50), 105 (100), 77 (80). Anal. calcd for C22H16N4S
(368.11): C, 71.72; H, 4.38; N, 15.21; S, 8.70. Found: C, 71.66; H, 4.28; N, 15.32; S, 8.64.

1-(4-Hydroxyphenyl)-N-[4-phenyl-5-((4-nitrophenyl)azo)thiazol-2-yl)methanimine (3b), Brown
powder (0.34 g, 80%); mp 212–214 ◦C; IR (KBr) υ = 1602 (C=N), 1446 (N=N), cm−1; 1H-NMR
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(DMSO-d6, 300 MHz): δ = 7.31–7.99 (13H, m, Ar–H), 9.42 (1H, s, CH=), 12.31 (1H, s, OH);
13C-NMR (DMSO-d6, 75 MHz): δ = 120.4, 126.1, 126.6, 126.7, 128.1, 128.2, 128.9, 129.1, 132.1,
133.4, 134.9, 135.3, 138.3, 140.2, 149.4, 166.1; EIMS m/z (%): 429 [M+] (20), 105 (100), 77 (60).
Anal. calcd for C22H15N5O3S (429.09): C, 61.53; H, 3.52; N, 16.31; S, 7.47. Found: C, 61.66;
H, 3.38; N, 16.42; S, 7.62.

1-Phenyl-N-[4-phenyl-5-((4-methylphenyl)azo)thiazol-2-yl)methanimine (3c), Brown pow-
der (0.32 g, 84%); mp 150–152 ◦C; IR (KBr) υ = 1600 (C=N), 1447 (N=N), cm−1; 1H-NMR
(DMSO-d6, 300 MHz): δ = 2.32 (3H, s, Ar-CH3), 7.35–8.01 (14H, m, Ar–H), 9.49 (1H, s, CH=);
13C-NMR (DMSO-d6, 75 MHz): δ = 16.9 (CH3), 116.5. 120.3, 126.6, 126.2, 128.4, 128.9, 129.2,
129.7, 132.1, 132.4, 132.9, 133.4, 139.3, 140.6, 142.4, 166.3; EIMS m/z (%): 382 [M+] (10), 105
(100), 77 (80). Anal. calcd for C23H18N4S (382.13): C, 72.23; H, 4.74; N, 14.65; S, 8.38. Found:
C, 72.36; H, 4.68; N, 14.42; S, 8.56.

1-(4-Chlorophenyl)-N-[4-phenyl-5-((4-methylphenyl)azo)thiazol-2-yl)methanimine (3d), Brown
powder (0.33 g, 80%); mp 165–167 ◦C; IR (KBr) υ = 1612 (C=N), 1456 (N=N), cm−1; 1H-NMR
(DMSO-d6, 300 MHz): δ = 2.42 (3H, s, Ar-CH3), 7.41–8.48 (13H, m, Ar–H), 9.51 (1H, s, CH=);
13C-NMR (DMSO-d6, 75 MHz): δ = 16.3 (CH3), 113.9, 121.8, 125.4, 126.3, 127.1, 128.9, 129.1,
130.7, 130.8, 137.4, 137.9, 139.3, 141.3, 144.2, 150.4, 164.1; EIMS m/z (%): 416 [M+] (10), 105
(60), 77 (100). Anal. calcd for C23H17ClN4S (416.09): C, 66.26; H, 4.11; N, 13.44; S, 7.69.
Found: C, 61.36; H, 4.28; N, 13.52; S, 7.62.

1-(4-Methoxyphenyl)-N-[4-phenyl-5-((4-methylphenyl)azo)thiazol-2-yl)methanimine (3e),
Brown powder (0.31 g, 75%); mp 173–175 ◦C; IR (KBr) υ = 1600 (C=N), 1456 (N=N), cm−1;
1H-NMR (DMSO-d6, 300 MHz): δ = 2.44 (3H, s, Ar-CH3), 4.42 (3H, s, OCH3), 7.54–8.07 (13H,
m, Ar–H), 9.46 (1H, s, CH=); 13C-NMR (DMSO-d6, 75 MHz): δ = 15.8 (CH3), 66.2 (OCH3),
119.8, 120.3, 123.9, 126.3, 127.5, 128.9, 129.4, 130.7, 132.8, 134.1, 135.4, 138.1, 139.3, 141.3,
143.6, 166.1; EIMS m/z (%): 412 [M+] (10), 105 (100), 77 (50). Anal. calcd for C24H20N4OS
(412.14): C, 69.88; H, 4.89; N, 13.58; S, 7.77. Found: C, 70.06; H, 4.99; N, 13.72; S, 7.92.

1-(4-Methoxyphenyl)-N-[4-phenyl-5-((3-methylphenyl)azo)thiazol-2-yl)methanimine (3f),
Brown powder (0.31 g, 75%); mp 222–224 ◦C; IR (KBr) υ = 1600 (C=N), 1457 (N=N), cm−1;
1H-NMR (DMSO-d6, 300 MHz): δ = 2.42 (3H, s, Ar-CH3), 4.47 (3H, s, OCH3), 7.30–8.06
(13H, m, Ar–H), 9.49 (1H, s, CH=); 13C-NMR (DMSO-d6, 75 MHz): δ = 15.6 (CH3), 63.8
(OCH3), 114.6, 116.5, 120.1, 120.3, 127.9, 128.3, 128.5, 128.9, 129.4, 131.7, 132.2, 132.5, 132.8,
135.4, 139.5, 140.3, 143.6, 166.1; EIMS m/z (%): 412 [M+] (10), 105 (100), 77 (70). Anal. calcd
for C24H20N4OS (412.14): C, 69.88; H, 4.89; N, 13.58; S, 7.77. Found: C, 70.09; H, 4.73; N,
13.33; S, 7.58.

3.4. Docking In Silico Studies

The docking calculations of compounds 3a–f, Molnupiravir, and Remdesivir us-
ing 7BQY (Mpro, PDB code: 7BQY; resolution: 1.7 Å) were accomplished using the
Autodock Vina wizard in PyRx 0.8. [47]. Settings were made identical for docking in
this research study: grid box center_x = 5.37343529609, center_y = 0.301235653306, cen-
ter_z = 23.0783947527, size_x = 19.9069566462, size_y = 23.5833091318, and size_z = 25.0.
The remaining parameters were used as a default setting in the Autodock Vina-PyRx. All
drugs and ligands were converted to the SDF file type using Chem. The draw program
was used as an input to Autodock vina in PyRx. Energy minimization parameters used for
all ligands in this study, before docking were as following: force field = uff; optimization
algorithm = conjugate gradients; total number of steps = 200; number of steps = 1; stop
if the energy difference is less than 0.1. The proteases (PDB code: 7BQY) were saved in
the PDB format after deleting the water molecules and ligands using Discovery Studio
Visualizer v17.2.0.16349. The PyMOL molecular viewer was used to present the output
data [29]. The schematic diagrams of protein–ligand interactions were generated using the
LIGPLOT program [48].
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3.5. Statistical Analysis

Analysis of variance of one factor (one-way ANOVA) was used as a statistical model
to evaluate the binding affinities of both the synthesized ligands (3a–f) and the two ap-
proved drugs, Molnupiravir and Remdesivir. In addition, Tukey pairwise comparison was
applied following one-way ANOVA analysis to group means considering p of ≤0.05 as a
statistically significant level. ANOVA statistical analyses were carried out using Minitab
19 (www.minitab.com, accessed on 6 November 2021). Boxplot analysis was carried using
Excel in Microsoft Office.

3.6. In Silico Toxicity Prediction

In silico methods and the ProTox-II platform was used to predict the toxicity levels
of the ligands synthesized in this study, which were compared to those of the approved
drugs Molnupiravir and Remdesivir [29,30]. The ProTox-II system has five classification
steps: (1) acute toxicity (oral toxicity model and six toxicity classes); (2) organ toxicity
with one model; (3) toxicological endpoints with four models; (4) toxicological path-
ways with 12 models; and (5) toxicity targets with 15 models. A total of 33 models were
used in this prediction process allowing the prediction for various toxicity endpoints
such as hepatotoxicity, cytotoxicity, carcinogenicity, mutagenicity, and immunotoxicity.
The Acute oral toxicity predictions for substances were classified into different toxicity
classes, depending upon the LD50 (mg/kg body weight). These classes were the same
class as in the Globally Harmonized System (GHS) classification and labeling of chem-
icals. These classes were as following: class 1—fatal if swallowed (LD50 ≤ 5 mg/kg);
class 2—fatal if swallowed (5 mg/kg < LD50 ≤ 50 mg/kg); class 3—toxic if swallowed
(50 mg/kg < LD50 ≤ 300 mg/kg); class 4—harmful if swallowed (300 mg/kg < LD50 ≤
2000 mg/kg); class 5— may be harmful if swallowed (2000 mg/kg < LD50 ≤ 5000 mg/kg).
The average and SD were calculated when needed.

3.7. SwissADME Drug-Likeness Properties Prediction

The pharmacokinetic and drug-like properties of the selected compounds were evalu-
ated using SwissADME (absorption, distribution, metabolism, and excretion) descriptors
by a SwissADME online server (http://www.swissadme.ch/, accessed on 22 December
2021 as previously reported [39].

4. Conclusions

A straightforward procedure was employed to obtain 1-aryl-N-[4-phenyl-5-(arylazo)thiazol-
2-yl)methanimines (3a–f) in a reasonable high yield. A molecular comparative docking study
for 3a–f was calculated with reference to two approved drugs, Molnupiravir and Remde-
sivir, using 7BQY (Mpro, PDB code: 7BQY; resolution: 1.7 Å) under identical conditions and
using minimum energy towards greener pastures. The results showed more negative (more
negative is better) binding scores for 3a–f than for Molnupiravir and Remdesivir. The high
scores of 3a–f indicated a better fit of the ligands in the receptor’s active amino acid residues
of 7BQY. However, the increased binding score was not enough to judge the compounds’
suitability as inhibitors for COVID-19. However, the superpositions of the ligands with
respect to the approved drugs, Molnupiravir and Remdesivir, uncovered similar behaviors
of both in the amino acid cavity of 7BQY. PASS and Way2drug cytotoxicity tools were used
to reveal that 3d was the same as Molnupiravir, suggesting a need for a further study in the
context of potential therapeutic agents for COVID-19. Further analysis using SwissADME
was performed to show that the six ligands were likely to be bioavailable drugs.

Supplementary Materials: Figure S1: IR of compound (3a), Figure S2: 1H-NMR of compound (3a),
Figure S3: 13C-NMR of compound (3a), Figure S4: MS of compound (3a), Figure S5: IR of compound
(3e), Figure S6: 1H-NMR of compound (3e), Figure S7: 13C-NMR of compound (3e), Figure S8: MS of
compound (3e).

www.minitab.com
http://www.swissadme.ch/
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