
New 1,3,4-Thiadiazole Derivatives as α‑Glucosidase Inhibitors:
Design, Synthesis, DFT, ADME, and In Vitro Enzymatic Studies
Zahid Ali, Wajid Rehman,* Liaqat Rasheed, Abdullah Y. Alzahrani, Nawab Ali, Rafaqat Hussain,
Abdul-Hamid Emwas, Mariusz Jaremko, and Magda H. Abdellattif

Cite This: ACS Omega 2024, 9, 7480−7490 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Diabetes is an emerging disorder in the world and is caused
due to the imbalance of insulin production as well as serious effects on the
body. In search of a better treatment for diabetes, we designed a novel
class of 1,3,4-thiadiazole-bearing Schiff base analogues and assessed them
for the α-glucosidase enzyme. In the series (1−12), compounds are
synthesized and 3 analogues showed excellent inhibitory activity against α-
glucosidase enzymes in the range of IC50 values of 18.10 ± 0.20 to 1.10 ±
0.10 μM. In this series, analogues 4, 8, and 9 show remarkable inhibition
profile IC50 2.20 ± 0.10, 1.10 ± 0.10, and 1.30 ± 0.10 μM by using
acarbose as a standard, whose IC50 is 11.50 ± 0.30 μM. The structure of
the synthesized compounds was confirmed through various spectroscopic
techniques, such as NMR and HREI-MS. Additionally, molecular docking,
pharmacokinetics, cytotoxic evaluation, and density functional theory
study were performed to investigate their behavior.

1. INTRODUCTION
Heterocyclic compounds are cyclic and contain carbon and
other elements, such as oxygen, nitrogen, and sulfur. Pyrrole,
furan, and thiophene belong to heterocyclic molecules with a
single heteroatom, while azole, pyrrole, thiazole, thiadiazole,
oxadiazole, triazene, and other heterocyclic molecules have
multiple heteroatoms.1 Heterocyclic molecules found in a wide
variety of them showed significant therapeutic properties. The
important feature of thiadiazole derivatives in research has
recently increased due to their significant properties;
thiadiazole is a versatile intermediate in medicinal chemistry
and belongs to the classes of heterocycles that contain sulfur
and nitrogen and are widely used in synthesizing biologically
active molecules. Thiadiazole shows different isomeric forms of
thiadiazole. However, 1,3,4-thiadiazole was found to be the
most important in the biological and pharmacological system.2

Due to their wide range of pharmacological properties,
substituted 1,3,4-thiadiazole derivatives have had a greater
interest in research in recent years.3 Due to the presence of the
N−C−S moiety, 1,3,4-thiadiazole derivatives are thought to
have different biological activities.4 Authors recommend that
the 1,3,4-thiadiazole derivative’s biological activities are shown
due to the strong aromaticity of the ring, in vivo stability, and
thiadiazole had less to zero toxicity for higher vertebrates,
which includes humans for the treatment of cancer.5,6 The
aromatic five-membered ring of thiadiazole contains two
nitrogen atoms and one sulfur atom. It also has a two-electron

donor system and a hydrogen bonding domain, allowing it to
act as an anhydrase.7

The 1,3,4-thiadiazole was the isomer on which we
concentrated due to their properties. The various biological
activities of 1,3,4-thiadiazole are antimicrobial,8,9 antitubercu-
losis,10 anti-inflammatory,11,12 carbonic anhydrase inhibitory,13

anticonvulsant,14,15 antihypertensive,16,17 antioxidant,18,19 anti-
cancer,20,21 and antifungal22 properties. Drug molecules that
contain 1,3,4-thiadiazole groups in their structures and their
examples are given, e.g., carbonic anhydrase inhibitors
acetazolamide and methazolamide.23 The thiadiazole group
was known to replace the thiazole moiety in a bioisosteric
way.24 Due to this, the strong aromaticity of thiadiazole
derivatives provides them with biological activity.
Azomethine or imine functional groups are found in various

compounds known as Schiff bases. Primary amines and
carbonyl compounds such as ketones and aldehydes condense
to form Schiff bases as well as imine bases. Due to their
potency against various diseases such as analgesic, anti-
inflammatory, anticonvulsant, anticancer, antimicrobial, anti-
tuberculosis, antioxidant, and anthelmintic properties, the
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Schiff bases have recently received attention in the medical and
pharmaceutical fields.25−28 Schiff bases are broadly used in
many industrial fields as dyestuffs, pigments, catalysts,
corrosion inhibitors, and polymer stabilizers in addition to
their pharmacological properties.29

Diabetes mellitus, also known as a chronic disorder, happens
due to a deficiency of insulin production in the body. Increased
blood glucose levels are an emerging feature of this disease,
which can harm various physiological systems, including blood
vessels and nerves.30 Type-II, which accounts for up to 95% of
all cases of diabetes mellitus, is expected to increase to 578
million cases by 2030, which is an alarming situation, according
to the WHO.31 Maintaining normal glycemic levels in fasting
and postprandial states is the generally accepted treatment
objective for T2DM. Exercise and diet are the first goals to
achieving this purpose, but oral antidiabetic pharmacotherapy
is also crucial. Meglitinides and sulfonylureas belong to a class
of insulin secretagogues, while aldose reductase inhibitors,
insulin sensitizers, glucose absorption inhibitors (like a-
glucosidase inhibitors), and the recently developed 4-
dipeptidyl peptidase inhibitors are insulin sensitizers and
glucose absorption inhibitors.32 Although these medications
are found to be effective for the treatment of diabetes, there is
still an urgent need to develop new antidiabetic agents with
greater efficiency and lower toxicity.
Previous 1,3,4-thiadiazole33−35 and Schiff base36−38 deriva-

tives (Figure 1) have shown various biological activities, but in

current research, we will design novel routes for the synthesis
of 2-hydrazine-5-(4-nitrophenyl)-1,3,4-thiadiazole-bearing
Schiff base derivatives to overcome such issues39 in the future.

2. RESULTS AND DISCUSSION
2.1. Chemistry. In the first step, N2H4.H2O (a) was added

to carbon disulfide in MeOH, and the reaction mixture was
refluxed until conversion was complete (TLC was employed to
check the conversion) to form thiocarbohydrazide (b).
Substrate (b) was then subjected to 4-nitro-benzaldehyde in
a methanolic solution along with a few drops of CH3COOH,

and the resulting residue was stirred at refluxing temperature to
produce intermediate (c), which further undergoes cyclization
through an oxidative process in the presence of I2 and K2CO3
in 1,4-dioxane to afford the synthesis of 2-hydrazino-1,3,4-
thiadiazoles (d). In the next step, intermediate (d) was reacted
with different substituted benzaldehydes in acetic acid, and the
resulting mixture was stirred under reflux to access the
synthesis of the desired 1,3,4-thiadiazole-based Schiff base
analogues (1−12).
2.2. Biological Activity. 2.2.1. In Vitro α-Glucosidase

Activity (1−12). In this study, thiadiazole-based Schiff base
analogues were afforded via oxidative C−S bond formation and
evaluated in vitro for α-glucosidase potentials compared to
acarbose as reference drugs according to the protocol in the
literature. All the newly afforded scaffolds were identified to
show moderate-to-good inhibitory potentials (Table 1).

The structure activity relationship (SAR) study showed that
analogues that hold substituents of either strong electron
donating groups (EDG) or electron with drawing (EWD)
groups located at either end of the thiadiazole ring showed
better inhibition profiles than analogues that bear bulky
groups. In this regard, strong EWG groups attract electronic
density toward themselves, making the ph-ring more
susceptible to interaction with enzyme active sites through
dipole−dipole interactions. Furthermore, the interaction of

Figure 1. Rational of the current study.

Table 1. α-Glucosidase Inhibition Profile of Thiadiazole-
Based Schiff Base Analogues

aThe IC50 value of standard drug acarbose is set as per the literature.40
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synthesized analogues also depends on their position around
the ph-ring. Among the current synthesized series, analogue 9
that holds −OH moiety and two chloro groups is shown to be
the better α-glucosidase inhibitor. This better inhibition profile
was due to the strong EWG effect exhibited by two −Cl groups
as well as the participation of the −OH. group in H-bonding
with the enzyme active site. However, the activity of this
analogue 9 was altered by either replacing these −Cl and −OH
groups with some other bulky groups or deattachment of these
groups. Analogue 4, having one −OH group less than analogue
9 around ph-ring, was found to show somewhat less activity
than analogue 9 but identified as the second most potent
analogue among the current series. This higher inhibitory
potential of analogue 4 was also due to strong EWD exhibited
by two −Cl groups around the ph-ring at its meta- and para-
position. The two −Cl groups make the ph-ring a strong
electron-deficient entity, which may help in interaction
through dipole−dipole interaction with the enzyme active
site (Figure 2).

It was suggested by the SAR study that the analogues that
hold −OCH3 groups around ph-ring B located at its different
position were shown to possess weak inhibition profiles against
α-glucosidase enzymes and were found to be either less potent
or somewhat comparable to standard drugs such as acarbose.
We compared analogue 1 bearing an ortho-OCH3 moiety at
ph-ring B with analogue 2 bearing a meta-OCH3 group at ph-
ring B, and analogue 1 was known to have more potency
toward α-glucosidase than analogue 2. Similarly, if we
compared analogue 1 bearing an ortho-OCH3 moiety at ph-
ring B with analogue 3 bearing para-OCH3 group at ph-ring B,
analogue 3 was known to have more potency toward alpha-
glucosidase than analogue 2. The inhibition profile was altered
by shifting the −OCH3 group from the ortho-position or meta-
position of analogues 1 and 2 to the para-position as in
analogue 3. This difference in inhibition profile is shown by
these analogues having −OCH3 located at different positions
of ph-ring B. Therefore, they interact differently with α-
glucosidase enzymes, showing different potencies (Figure 3).

The SAR study suggests that the analogues that hold -NO2
groups around ph-ring B located at different positions possess
considerable inhibition profiles against the α-glucosidase
enzyme and were found to be many fold more potent than
standard drugs such as acarbose. If we compared analogue 5
bearing an ortho-NO2 moiety at ph-ring B with analogue 6
bearing a meta-NO2 group at ph-ring B, analogue 5 was known
to have more potency toward α-glucosidase than analogue 6.
Similarly, if we compared analogue 5 bearing an ortho-NO2
moiety at ph-ring B with analogue 7 bearing a para-NO2 group
at ph-ring B, analogue 7 was known to have more potency
toward α-glucosidase than analogue 5. The inhibition profile
was altered by shifting the −NO2 group from the ortho-
position or meta-position of analogues 5 and 6 to the para-
position as in analogue 7. This difference in inhibition profile is
shown by these analogues having −NO2 located at different
positions of ph-ring B. Therefore, they interact differently with
α-glucosidase enzymes, showing different potencies (Figure 4).

Surprisingly, it was noteworthy that the inhibition profile
was enhanced by many folds by adding groups that offered a
strong EWG effect, such as −Cl groups around ph-ring B.
Therefore, chloro groups containing analogues were known to
have promising activity through interesting interactions with
enzyme active sites. By comparing analogue 10 bearing −Cl
group at the para-position of ph-ring with analogue 8 which
holds two −Cl groups at ortho- and para-positions of ph-ring
B, analogue 8 showed better activity than analogue 10. This
increase in activity of analogue 8 compared to analogue 10 was
due to the attachment of more chloro groups. Two chloro
groups attract more electronic density toward itself, making the
ph-ring partially positive for interaction with the enzyme active
site.
Similarly, by comparing analogue 10 bearing −Cl group at

the para-position of the ph-ring with analogue 4, which holds
two −Cl groups at the meta- and para-positions of the ph-ring
B, analogue 4 showed better activity than analogue 10. This
elevation in activity of analogue 4 compared to analogue 10
was due to the attachment of more chloro groups around the
ph-ring. However, the activity of analogue 10 was enhanced by
introducing one more chloro group either at its ortho-positions
or at its meta-position as in analogues 8 and 4; therefore, it was
shown that the addition of groups of the EWG nature has a
significant effect on the activity. In addition, by comparing
analogues having di-Cl substitutions around the ph-ring, such
as 8 and 4 with the same substituents around the ph-ring, in
different positions, they have different interactions with α-
glucosidase (Figure 5).

Figure 2. SAR study of most potent scaffolds 9 and 4.

Figure 3. SAR study of analogues 1, 2, and 3.

Figure 4. SAR study of analogues 5, 6, and 7.
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The activity of analogues having groups of either a weak
EDG nature or bulky size decreased by many folds as in
analogues 11 and 12. These −CH3 substituted analogues
showed a weak inhibitory profile toward the α-glucosidase
enzyme. They showed less potency than standard acarbose. By
comparing analogue 11 bearing a para-methyl substitution with
analogue 12 having a meta-methyl group, analogue 11 showed
more potency than analogue 12, but both analogues were less
potent than the standard drug. However, the potency of both
of these analogues was increased by many folds by removing
the methyl group, followed by adding two chloro groups of
EWG nature along with the hydroxyl group as in analogue 9
(Figure 6).

From the SAR mentioned above study, it was summarized
that activity was affected by the nature, number/s, and position
of groups around ph-ring B linked to the thiadiazole ring.
2.3. Molecular Docking. Computational techniques found

to be very effective in drug design and discovery have gained
attention in the past few years, and these tools provide useful
information about the discovered and target proteins.
Consequently, it represents an effective way to know about
the inhibition profile of the target proteins in a way that
requires much less effort and cost. Additionally, to specify a
potential hypothesis for the drug’s mechanism of action (Table
2), the results of the docking of ligands 4, 8, 9, and acarbose as
a standard for α-glucosidase hydrolase PDB = 2BFH for the
interaction of ligand and protein residue are shown. Docking
score, energies, and root-mean-square deviation (RMSD)
values are less than 3 Å, as shown in Table 3. Docking scores
and energy varied somewhat around the values of acarbose.
The sequence of values for acarbose, 4, 8, and 9 is −5.4386,

−5.4792, 5.503, and −6.434, respectively, despite the fact that
it has the highest value. 2D and 3D images of the complexes
are shown (Figure 7).
2.4. Pharmacokinetics. 2.4.1. ProTox-II. The Protox-II

virtual laboratory was used for the analysis of small molecule
toxicities. Predicting compound toxicity is a crucial step in the
development of new pharmaceuticals. In a rat model, the
ProTox-II revealed that the three compounds are predicted to
have oral LD50 values ranging from 159 to 2480 mg/kg, with
quercetin having the lowest value and (1s, 4s)-Eucalyptol
having the highest. For compounds 4, 8, and 9 (Table 4), the
toxicity radar (Figure 8) is designed to quickly illustrate the
confidence of positive toxicity results relative to the average of
its class.

2.4.2. Pred-hERG. Biologically diverse protein targets are
frequently bound by chemically related compounds, and
protein structures cannot be recognized as alike ligands.
Pharmacological and off-target relations between the proteins
and a ligand set assist in boosting machine learning outcomes
by interpolating the output prediction equalized by compound
similarity development. This pipeline contributes to lowering
false-negative errors and improving predictions of off-target
drug effects. One of the key ideas in cheminformatics is
chemical similarity. These similarity algorithm measurements
are commonly calculated using the 2D Tanimoto method,
which was applied in such cases. The final Tanimoto
coefficient is fingerprint-based encoding every molecule to a
fingerprint “bit” location (MACCS), with each bit recording
whether or not a molecule fragment is present in the sample
(1) or not (0). The results for potency are shown in Table 5.

2.4.3. DFT. Quantum chemical calculations were carried out
in the current work to optimize the chosen structures by using
the density functional theory (DFT)/B3LYP approach. In this

Figure 5. SAR study of analogues 4, 8, and 10.

Figure 6. SAR study of analogues 9, 11, and 12.

Table 2. Docking Interactions of Selected Compounds with
α-Glucosidase PDB = 2BFH

compound ligand receptor interaction distance E (kcal/mol)

4 C 9 SG CYS 8 (A) H-donor 3.72 −0.7
N 18 CB CYS 8 (A) H-

acceptor
3.48 −0.5

8 6-ring N THR 21 (A) pi-H 4.46 −1.0
9 C 9 SG CYS 14

(A)
H-donor 3.65 −0.5

S 12 O TYR 7 (A) H-donor 3.82 −0.9
N 14 CA GLN 13

(A)
H-
acceptor

3.51 −0.7

acarbose O 12 OE1 GLU 252
(B)

H-donor 3.11 −1.7

O 21 OE1 GLU 252
(B)

H-donor 2.64 −2.3

O 38 OE2 GLU 252
(B)

H-donor 2.73 −3.6

O 61 OE1 GLU 252
(A)

H-donor 2.61 −3.2

O 63 OD1 ASP 308
(B)

H-donor 2.84 −2.1

O 77 OE2 GLU 312
(B)

H-donor 2.63 −4.6

O 82 OD2 ASP 308
(B)

H-donor 2.75 −2.5

O 86 OE2 GLU 312
(B)

H-donor 2.68 −3.5

N 88 OE2 GLU 252
(B)

H-donor 2.90 −2.0

O 61 NZ LYS 251
(A)

H-
acceptor

2.95 −6.2
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test, the DFT (B3LYP) method using the 6-311G+2(d,p) basis
set was used. Figures 9 and 10 and Tables S1 and S2 show the
optimized structure and its HOMO and LUMO values. The
compound’s capacity to act as an electron donor is expressed
by the HOMO energy. Specifically, compounds 4, 8, and 9 are
affected.
However, LUMO site energy may also serve as an electron

attractive or electron acceptor. The compound electrostatic
potential maps revealed regions of localized electrons
throughout the molecules, with red and blue colors signifying,
respectively, electron-rich (negative) and electron-deficient
(positive) localization. Last but not least, the DFT calculations
showed that the chosen compounds 4, 8, and 9 had favorable
energetic parameters, as shown in Table S2.

3. CONCLUSIONS
In conclusion, this work is carried out for the synthesis of 2-
hydrazinyl-5-(4-nitrophenyl)-1,3,4-thiadiazole-bearing Schiff
base derivatives and investigates their α-glucosidase inhibition
profile. In the series (1−12), compounds are synthesized, and
analogue 3 showed excellent inhibition against α-glucosidase
enzymes in the range of IC50 value 18.10 ± 0.20 to 1.10 ± 0.10
μM. In this series, analogues 4, 8, and 9 show remarkable
inhibition profiles of IC50 2.20 ± 0.10, 1.10 ± 0.10, and 1.30 ±
0.10 μM by using acarbose as a standard having an IC50 is
11.50 ± 0.30 μM. Furthermore, the docking score energies
with RMSD value less than 3 Å, in contrast. The docking score
energies varied somewhat around the values of acarbose. The
sequence of values for acarbose 4, 8, and 9 is −5.4386,
−5.4792, 5.503, and −6.434, respectively, despite the fact that
it has the highest value. With (1s, 4s)-Eucalyptol having the
highest values and quercetin having the lowest compound,
ProTox-II demonstrated that the three compounds are
predicted to have oral LD50 values ranging from 159 to 2480
mg/kg in a rat model. Compounds 4, 8, and 9 were
categorically found to be moderate blockers with the potency
of 5.858, 5.659, and 5.649, respectively. The selected
compounds showed electrostatic potential maps revealed
regions of localized electrons throughout the molecules, with
two colors such as red and blue colors, respectively; electron-
rich having negative charge and electron-deficient having
positive charge localization on the basis of these results
compounds 4, 8, and 9 revealed favorable energetic parameters
according to the DFT calculations. Upon the comparisons of
other classes of compounds, none of the compounds showed a
favorable α-glucosidase inhibition profile than the ones found
in our work such as Cahyana et al., which synthesized 3
analogues and camphor-based analogues and assessed for α-
glucosidase activity by using standard drug acarbose (IC50 =
859.06, >200, 1893.4, and 0.33 ppm),41 another report by
Olanipekun et al. synthesized the 1−6 compounds and
assessed for α-glucosidase activity (IC50 = >600, 588.8 ±
3.84, 300.0 ± 0.95, 425.0 ± 0.97, 63.7 ± 0.52, 172.0 ± 0.36,
14.5 ± 0.15 μM, acarbose having an IC50 = 10.4 ± 0.06 μM),42

Table 3. Docking Score and Energy of Thiadiazole Derivatives with α-Glucosidase PDB = 2BFH

Cpd S RMSD-refine E_conf E_place E_score1 E_refine E_score2

4 −5.4386 1.8001 104.4704 −47.8666 −8.6447 −25.8635 −5.4386
8 −5.4792 1.5874 85.0759 −45.4296 −9.2677 −29.9352 −5.4792
9 −5.5030 1.8052 107.6404 −41.0920 −8.8630 −29.4637 −5.5030
acarbose −6.4340 2.3285 252.1367 −92.8034 −11.4467 −35.3851 −6.4340

Figure 7. Interactions of thiadiazole derivatives with α-glucosidase
PDB = 2BFH.

Table 4. Predicted Toxicity for 4, 8, and 9 Using ProTox-II

4 8 9

Pro-ToxII
predicted LD50 (mg/kg) 1200 1200 1200
predicted toxicity class 4 4 4
average similarity (%) 43.01 42.18 40.06
prediction accuracy (%) 54.26 54.26 54.26
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and also another report by Fan et al. synthesized and evaluated
their α-glucosidase activity.43

4. MATERIALS AND METHODS
Hydrazine hydrate, substituted benzaldehyde, 1,4-dioxane, and
acetic acid were purchased from Sigma-Aldrich USA. Solvents
were analytical grade, and reagents I2, K2CO3, and other
necessary solvents were purchased from local vendors and
distilled before use if required. A Bruker Advance Av 600 MHz
NMR spectrometer was used to simulate the spectra of 1H
NMR and 13C NMR. The values of the simulated spectrum
were expressed in hertz and parts per million, coupling
constant (J), and chemical shift (δ). All the reactions were
performed under air atmospheric pressure and checked
through analytical techniques such as thin-layer chromatog-
raphy on a precoated silica gel metal plate (E. Merck
Germany). UV−visible (365 and 415 nm) lamp was used to
visualize the spot on the TLC plates. A high-resolution
electron ionization mass spectrum records the mass spectrum
with m/z values.
4.1. General Procedure for the Synthesis of

Thiadiazole-Based Schiff Base Analogues. In the first
step, N2H4.H2O (a) was added to carbon disulfide in MeOH,
and the reaction mixture was refluxed until conversion was
complete (TLC was employed to check the conversion) to
form thiocarbohydrazide (b). Substrate (b) was then subjected
to 4-nitro-benzaldehyde in a methanolic solution along with a
few drops of CH3COOH, and the resulting residue was stirred
at refluxing temperature to produce an intermediate (c), which
further undergoes cyclization through an oxidative process in

the presence of I2 and K2CO3 in 1,4-dioxane to afford the
synthesis of 2-hydrazino-1,3,4-thiadiazoles (d). In the next
step, an intermediate (d) was reacted with different substituted
benzaldehydes in acetic acid, and the resulting mixture was put
on stirring under reflux to access the synthesis of desired 1,3,4-
thiadiazole-based Schiff base analogues (1−12) (Scheme 1).
4.2. Characterization of Thiadiazole-Based Schiff

Base Derivatives (1−12). Spectral analysis is provided in
Supplementary File.
4.3. Assay Protocol for α-Glucosidase. Assay protocols

for α-glucosidase were carried out in recent published
work.40,44

4.4. Molecular Docking. Protein Data Bank (https://
www.rcsb.org/) was used to locate the human pancreatic α-
glucosidase with PDB ID: 2BFH. After using a large number of
proteins, this one was ultimately selected to analyze
interactions among the prepared ligands. The cocrystallized
acarbose ligand acted as the control and was later isolated as a
separate molecule, which was first used to retrieve the protein.
Here, the Molecular Operating Environment (MOE) 2019
program was used.45,46 Particular attention has been gained to
this software’s ability to dock prepared compounds into
proteins.47,48 Using the Quickprep tool, which is present in the
MOE software, at a pH of 7, the structures were developed
through the addition of hydrogen atoms while eliminating
cocrystallized molecules and water. In a first step to confirm
the docking process, the cocrystallized ligands were then
redocked into the active sites with the target proteins. The
remaining poses of the redocked ligands were overlaid on the
cocrystallized ligands with RMSD values below 3 Å.49 The

Figure 8. Confidence in positive toxicity results for compounds when compared to the class average.

Table 5. Predicted Pred-hERG Toxicity for 4, 8, and 9

no. prediction confiability % applicability domain_n categorical potency confiability % applicability domain_n potency applicability domain_n

4 nonblocker 53.71 outside moderate blocker 36.98 outside 5.858 outside
8 nonblocker 87.1 outside moderate blocker 34.75 outside 5.659 outside
9 nonblocker 90.76 outside weak blocker 32.87 outside 5.649 outside

Figure 9. Electrostatic potential map of compounds 4, 8, and 9.
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poses of the targets and compounds were revealed by the
docking results. From the more negative S-value, the most

attractive pose was ranked, which is a computer-generated
value for the binding’s G (kcal.mol−1) and has a low RMSD

Figure 10. Optimized structure and its HOMO and LUMO of compounds 4, 8, and 9.
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value (Å), which indicates that there was little perturbation
during the docking process. To verify the stability of the
binding and develop a “complex” (compound or target
protein), these two parameters are recommended.
4.5. Pharmacokinetics. 4.5.1. LabMol and ProTox-II. The

number of animal experiments can be decreased using
computational toxicity estimations, which are quicker than
using animals to determine toxic doses. It is common to
present toxic doses as LD50 in mg/kg body weight. The average
dose, about 50% after testing of compounds, passes away after
exposure to a substance. According to the globally standardized
system of classification and labeling of chemicals, toxicity
classes are established.50,51 LD50 values are given in mg/kg.
Acute toxicity, hepatotoxicity, carcinogenicity, and muta-

genicity are some of the toxicity end points that the ProTox-II
software predicts.52 The Pred-hERG program was used for the
cardiotoxicity. It is based on the significantly important results
predicted QSAR of hERG blockade more closely related to
important deadly cardiac dysrhythmia (Table 6). The SDF and
SMILES strings were adopted during the procedure.53

4.5.2. Molinspiration. 4.5.2.1. Bioavailability Radar. It is a
technique for swiftly determining a molecule about drug-
likeness. The following five physicochemical properties were
selected, such as size, polarity, solubility, flexibility, and
saturation. On each axis, a physicochemical range was assigned
using the aforementioned descriptors54 and shown as a pink
area, into which the compounds' radar plot must entirely fall
for the compound to be considered drug-like and used
ProTox-II for their completion.

4.5.3. Physicochemical Properties. These include simple
molecular and physical characteristics such as molecular weight
(MW), the number of specific types of atoms, percentage of
Csp3, and molecular refractivity that show the complexity of
the molecule. Additionally, various absorption, distribution,
metabolism, and excretion (ADME) features, such as those
associated with passing through biological barriers, are
performed through the reported work.55

4.5.4. Lipophilicity. The partition coefficient (Log Po/w)
between n-octanol and water was used to describe it. Then,

Molinspiration grants access to five free predictors performed
through the literature-known method.56

4.5.5. Water Solubility. Water solubility is calculated by
Molinspiration.56 The decimal Log of p of the molar solubility
in water and the Log of S values are the outcomes.
Additionally, the water solubility in mg/mL and mol/L as
well as the qualitative solubility classes were reported.

4.5.6. ADME Characteristics. Molinspiration uses custom-
ized models to evaluate the ADME characteristics of the test
drugs. The “Lipinski Rule of Five” was invented in 1997 by
Christopher A. Lipinski as a rule of thumb for evaluating drug-
likeness and figuring out if an inhibitor with various biological
and pharmacological properties would be an orally activated
medication in the human body. The rule elaborates that a
molecule can be orally absorbed/active if two (2) or more of
the following conditions are fulfilled for the molecules such as
MW (500), the octanol/water partition coefficient, nHBA_10,
nHBD_5, and TPSA_40. For the blood−brain barrier first
model is BBB for the penetration of gastrointestinal
absorption,57 while the second model is used for the status
of permeability glycoprotein, which is required to calculate
active efflux across membranes, such as from the gastro-
intestinal wall to the lumen or brain. CYP1A2, CYP2C19,
CYP2C9, CYP2D6, and CYP3A4 are the primary sources of
isoenzymes in cytochrome P450 (CYP), which are necessary
for the transformational metabolic process and drug elimi-
nation. The third model foretells how drugs will interact with
the enzymes. Additionally, the inhibition of these isoenzymes
accelerates drug interactions that result in toxic or other
negative outcomes. The skin permeability coefficient (Kp),
which exhibits a linear relationship with both lipophilicity and
molecule size, is predicted through the fourth model. Skin
permeability declines with increasing log Kp (cm/s)
negativity.58

4.6. Density Functional Theory. Quantum chemistry
calculations were performed through the DFT technique using
Spartan16 software. Additionally, all of the data files were
displayed by applying Spartan16. The investigational com-
pounds organic chemical structures were optimized using the
DFT at 6-311G+2(d,p) basis set/B3LYP method, and the
original chemical structure was created using Chem3D 16.0
software.59,60
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