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Exploring the Potential of N-Benzylidenebenzohydrazide
Derivatives as Antidiabetic and Antioxidant Agents: Design,
Synthesis, Spectroscopic, Crystal Structure, DFT and

Molecular Docking Study

Ibrahim Waziri,*® Tunde L. Yusuf,” Monsuru T. Kelani, Eric O. Akintemi,

Kolawole A. Olofinsan, and Alfred J. Muller®®

Hydrazone-type Schiff bases have been widely explored owing
to their therapeutic properties. These compounds are known to
have antibacterial, antifungal, anticancer, and antioxidant
properties, among others. In the present study, six hydrazone-
based Schiff bases (BB1-BB6) were synthesized by the reaction
between derivatives of benzaldehyde and benzo hydrazide in
methanolic medium in the presence of catalytic amount of
formic acid. The synthesized compounds were characterized
using various spectroscopic techniques such as NMR ('H, "*C,
COSY, DEPT, HSQC, HMBC, and NOESY), FTIR, UV-Vis, elemental

1. Introduction

Existence of uncontrolled reactive oxygen species (ROS), such
as superoxide radicals, hydroxyl radicals, hydrogen peroxide
radicals, or oxidative stress, is detrimental to biological
systems.'"? Several antioxidant enzymatic systems, including
superoxide dismutase (SOD), catalase (CAT), glutathione (GSH),
and glutathione S-transferase (GST), support the body’s natural
homeostatic regulation of ROS production and removal.?*
Disruption of these species can have consequences for various
biomolecules, including proteins, carbohydrates, nucleic acids,
lipids, and DNA, and may lead to neurodegenerative diseases.”
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(CHN) analysis, and high-resolution mass spectroscopy. In
addition, single crystal structures of BB2, BB4, and BB6 were
obtained. In vitro antidiabetic and antioxidant potential of the
compounds was evaluated on glucosidase, amylase, NO, FRAP,
and DPPH assays, respectively. In all the assays, compounds
BB6, BB4, and BB2 showed higher activity than the others. To
further explore the chemical reactivity properties and their
mechanism of action against the tested assays, DFT and
molecular docking study were performed, and the results
obtained reinforce the experimental study data.

Moreover, oxidative stress or inflammation plays a role in
disorders such as diabetes and neurodegenerative diseases.*™®
Antioxidants act as shields in these circumstances, preventing
biomolecule oxidation and fortifying the immune system
against the harmful effects of ROS.®"" Consequently, research-
ers are increasingly focusing on designing and discovering
synthetic and natural products that can simultaneously serve as
antioxidants and antidiabetic agents.*’’ Numerous com-
pounds with dual therapeutic properties have been reported,
with Schiff bases being one example.

Schiff base compounds have gained recognition in the field
of medicinal chemistry due to the extensive biological proper-
ties associated with the azomethine moiety. This class of
compounds has been instrumental in the development and
design of wvarious lead compounds with medicinal
importance."'® Additionally, hydrazone-type Schiff bases have
exhibited superior activity compared to conventional Schiff
bases, particularly aroyl-hydrazones."”™ These compounds
possess adaptable and versatile structural qualities, along with
potent pharmacological properties such as anticonvulsant,
antidepressant, antimicrobial, antiviral, and antitumor
effects.”®?? Aromatic Hydrazone Schiff derivative compounds
have garnered significant attention due to their promising
antioxidant properties. These compounds possess a unique
molecular structure that combines the antioxidant potential of
both aromatic hydrazine and Schiff base moieties. Several
studies have demonstrated their ability to scavenge free
radicals and protect against oxidative stress-related damage.
For instance, Ali and colleagues investigated the superoxide
dismutase (SOD) mimetic activity of binuclear metal complexes
derived from aromatic-hydrazone Schiff bases. The results
showed promising activity for both the ligands and their metal

© 2024 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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complexes, with an ICs, value as low as 2.5 +0.6 uM.” Similarly,
aromatic-hydrazone Schiff bases have been reported to exhibit
enhanced radical scavenging activity, inhibiting lipid peroxida-
tion and enhancing endogenous antioxidant defenses, such as
superoxide dismutase and glutathione peroxidase activities.**
These compounds have also shown antimicrobial and anti-
fungal properties.”**” Furthermore, hydrazones and their de-
rivatives have demonstrated chemotherapeutic efficacy in the
treatment of tuberculosis.”** In the context of diabetes,
hydrazones and their metal complexes have been investigated
for their ability to inhibit enzymes involved in carbohydrate
metabolism, such as a-glucosidase and aldose reductase, which
can help regulate blood glucose levels and prevent associated
complications.®™ Hydrazones possess antioxidant properties
due to their ability to scavenge free radicals and inhibit
oxidative stress, which is implicated in various diseases,
including diabetes. One study conducted by Aslanhan et al.
investigated the antioxidant activity of several hydrazones
derived from isonicotinic acid hydrazide. The compounds
exhibited significant radical-scavenging activity, highlighting
their potential as antioxidants.®" These findings emphasize the
potential of aromatic Hydrazone Schiff derivatives as effective
antioxidants. Some biologically active hydrazone compounds
reported in the literature are presented in Table.

Motivated by the fascinating biological properties of
aromatic hydrazones and our objective of identifying multi-
target agent compounds, this study focuses on the synthesis of
six aromatic-hydrazone Schiff bases (BB1-BB6). However, BB,
has previously reported alongside its corrosion inhibition
activity.®?” We aim to investigate how substituents influence the
antioxidant and anti-diabetic activity of these compounds. To
gain insights into their electronic characteristics and mode of
action, we conducted DFT and molecular docking studies. It is
well-known that molecules containing halogens or electron-
depleting groups exhibit viable biological properties. The
incorporation of these groups has been shown to increase
lipophilicity, enhance biological activity, and improve lipid
membrane penetration. In our pursuit of enhancing the
potential therapeutic and targeted effects of these compounds,
we strategically modified their pharmacological properties by
incorporating substituents composed of halogen, electron-
donating, and electron-withdrawing groups. By doing so, we
aim to optimize the compounds’ efficacy and explore their
potential in diverse therapeutic applications.

Experimental

Reagents and Instruments

All the chemicals and reagents used in this research were
purchased from Merch Life Sciences (Pty) Ltd and utilized as
received without any prior purification. These included benzohy-
drazide, benzaldehyde, 4-nitrobenzaldehyde, 4-chlorobenzalde-
hyde, and p-toluic hydrazide.

For the characterization and structural elucidation of the synthe-
sized compounds, various spectroscopic techniques were em-
ployed. These techniques included 1H and 13 C NMR spectroscopy,
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Fourier-transform infrared spectroscopy (FTIR), UV-Vis spectroscopy,
single crystal X-ray diffraction, mass spectroscopy, and CHN
elemental analysis.

General Procedure for the Synthesis of the Compounds

To synthesize the compounds, a modified version of a simple
condensation reaction procedure reported in the literature!™'>3
was adopted. In general, a solution of the benzohydrazide
derivatives (1 mmol, 1 eq) in 20 mL of methanol each in a separate
reaction flask was reacted with the solution of the benzaldehyde
derivatives (1 mmol, 1 eq) in 20 mL of methanol each in a separate
reaction flask, and catalytic amount of formic acid (three drops) was
added to the mixture and stirred at room temperature for 3 hrs.
The resulting precipitate was filtered and washed with methanol to
remove any unreacted components. Subsequently, the precipitate
was washed with ether and allowed to dry. The reaction scheme is
depicted below. For the compounds BB2, BB4, and BB6, single
crystals suitable for single crystal X-ray diffraction analysis were
obtained after three days by dissolving approximately 2-3 mg of
the dried product in hot methanol and allowing it to crystallize
through slow evaporation.

N-Benzylidenebenzohydrazide BB1

White powder; M.p.: 180-183°C; yield: 1.2 g (80%); IRatg (Vmax/cmM™):
3200 (NH), 2800 (C—H), 1720 (C=0), 1610 (C=N); UV-Vis (DMSO,
107 M, nm): 264 (1—n*), 298 (n—n*); '"H NMR (DMSO-d,, 500 MHz,
S ppm) 11.88 (s, TH, NH), 8.49 (s, 1H, HC=N), 7.94 (d, 2H, J=7.5 Hz,
Aromatic-H), 7.74 (d, 2H, J=6.0 Hz, Aromatic-H), 7.59 (d, 1H, J=
6.5 Hz, Aromatic-H), 7.54 (t, 2H, J=7.Hz, Aromatic-H), 7.46 (d, 3H,
J=17.0 Hz, Aromatic-H); *C NMR (DMSO-d,, 126 MHz, § ppm) 163.11
(1C, C=0),147.79 (1 C, C=N), 134.31, 133.42, 131.64, 129.98, 128.76,
128.39, 127.55, 127.02 (Aromatic-C); Anal. Calcd. (%) for C;,H;,N,O
(224.0950): C, 74.98; N, 12.49; H, 5.39; Found: C, 74.34; N, 12.44; H,
5.57; MS (m/z): Calcd.=225.1028 [M+H]*; Found=225.1025 [M+
HI™.

N-(4-Nitrobenzylidene)Benzohydrazide BB2

Off white powder; M.p.; 200-203 °C; yield: 1.27 g (82%); IRt (Vinax/
cm™): 2700 (C—H), 3100 (NH), 1718 (C=0), 1605 (C=N), 1500 (NO,,),
1270 (NO,,); UV-Vis (DMSO, 107> M, nm): 266 (1—m*), 347 (n—*);
'H NMR (DMSO-d,, 500 MHz, § ppm): 12.15 (s, TH, NH), 8.54 (s, H,
HC=N), 8.29 (d, 2H, J=8.0 Hz, Aromatic-H), 7.99 (d, 2H, J=7.5 Hz,
Aromatic-H), 7.93 (d, 2H, J=6.5 Hz, Aromatic-H), 7.60 (d, 1H, J=
6.5 Hz, Aromatic-H), 7.55 (t, 2H, J=7.5 Hz, Aromatic-H); *C NMR
(DMSO-d,;, 126 MHz): 163.36 (1 C, C=0) 147.81 (1 C, C=H), 145.21,
140.62, 133.06, 131.94, 128.45, 127.92, 127.68, 123.99 (Aromatic-C);
Anal. Calcd. (%) for C,,H;;N;0; (269.0800): C, 62.45; N, 15.61; H, 4.12;
Found: C, 62.58; N, 15.68; H, 4.12; MS (m/z): Calcd. =270.0879 [M +
H]"; Found =270.0889 [M +H] ™.

N-Benzylidene-4-Methylbenzohydrazide BB3

White powder; M.p.: 236-240°C; vyield: 1.34g (88%); IRarr (Vimar/
cm™): 2800 (C—H), 3200 (NH), 1700 (C=0), 1600 (C=N); UV-Vis
(DMSO, 1073 M, nm): 268 (n—n*), 306 (n—x*); 'H NMR (DMSO-dj,
500 MHz, & ppm): 11.77 (s, TH, NH), 8.48 (s, TH, HC=N), 7.84 (d, 2H,
J=6.5 Hz, Aromatic-H), 7.73 (s, 2H, Aromatic-H), 7.45 (d, 3H, J=
7.0 Hz, Aromatic-H), 7.33 (d, 2H, J=7.5 Hz, Aromatic-H), 2.37 (s, 3H,
CH,); ®*C NMR (DMSO-dg, 126 MHz, § ppm): 162.99 (1 C, C=0) 147.56
(1C, C=N) 141.77, 134.39, 130.53, 129.96, 128.96, 128.79, 127.60,
127.01 (Aromatic-C), 20.98 (1 C, CH;); Anal. Calcd. (%) for C;sH,,N,O
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(238.1106): C, 75.61; N, 11.76; H, 5.92; Found: C, 75.68; N, 11.81; H,
5.93; MS (m/z): Calcd.=239.1184 [M+H]*; Found=239.1207 [M+
H]*.

4-Mmethyl-N-(4-Nitrobenzylidene)Benzohydrazide BB4

Grey powder; M.p.: 220-223°C; yield: 1.18 g (85%); IRatg (Vma/CM™):
2750 (C—H), 3150 (NH), 1700 (C=0), 1595 (C=N), 1500 (NOSY), 1280
(NO,,,); UV-Vis (DMSO, 10° M, nm): 266 (n—m*), 349 (n—n*); 'H
NMR (DMSO-d,, 500 MHz, & ppm): 12.07 (s, 1H, NH), 8.53 (s, 1H,
HC=H), 8.29 (d, 2H, J=8.0 Hz, Aromatic-H), 7.98 (d, 2H, J=7.0 Hz,
Aromatic-H), 7.84 (d, 2H, J=6.5 Hz, Aromatic-H), 7.34 (d, 2H, J=
8.0 Hz, Aromatic-H), 2.38 (s, 3H, CH,); *C NMR (DMSO-d,, 126 MHz, §
ppm): 163.21(1 C, C=0), 147.78 (1 C, C=N), 144.95, 142.12, 140.71,
130.17, 129.01, 127.90, 127.73, 124.02 (Aromatic-C), 21.01 (1 C, CHy);
Anal. Calcd. (%) for C,sH,5N505 (283.0957): C, 63.60; N, 14.83; H, 4.63;
Found: C, 63.89; N, 14.87; H, 4.78; MS (m/z): Calcd. =284.1035 [M +
H]*; Found =284.1064 [M +H]*.

N-(4-Chlorobenzylidene)-4-Methylbenzohydrazide BB5

Grey powder; M.p.: 210-213°C; yield: 1.31 g (82%); IRtz (Vma/cmM™):
2900 (C—H), 3200 (NH), 1705 (C=0), 1610 (C=N); UV-Vis (DMSO,
107 M, nm): 275 (n—n*), 319 (n—n*); '"H NMR (DMSO-d,, 500 MHz,
S ppm): 11.86 (s, TH, NH), 8.44 (s, 1H, HC=N), 7.83 (d, 2H, J=7.5 Hz,
Aromatic-H), 7.75 (d, 2H, J=8.0 Hz, Aromatic-H), 7.51 (d, 2H, J=
8.0 Hz, Aromatic-H), 7.33 (d, 2H, J=7.5 Hz, Aromatic-H), 2.37 (s, 3H,
CH,); “C NMR (DMSO-ds;, 126 MHz, § ppm): 162.95 (1 C, C=0),
146.12 (1 C, C=N), 141.80, 134.38, 133.33, 130.42, 128.93, 128.86,
128.59, 127.60 (Aromatic-C), 20.97 (1 C, CH,); Anal. Calcd. (%) for
Cy5H,5CIN,O (272.0716): C, 66.06; N, 10.27; H, 4.80; Found: C, 65.90;
N, 10.49; H, 4.76; MS (m/z): Calcd.=273.0795 [M+H]*; Found=
273.0817 [M+H]".

N-(4-Chlorobenzylidene)Benzohydrazide BB6

White crystal; M.p.: 177-180°C; yield: 1.41 g (86 %); IRxrs (Vna/CM™):
2900 (C—H), 3300 (NH), 1700 (C=0), 1609 (C=N); UV-Vis (DMSO,
107 M, nm): 268 (n—x*), 311 (n—x*); '"H NMR (DMSO-d,, 500 MHz,
S ppm): 11.95 (s, TH, NH), 8.44 (s, 1H, HC=N), 7.92 (d, 2H, /=7.0 Hz,
Aromatic-H), 7.76 (d, 2H, J=7.5 Hz, Aromatic-H), 7.55 (d, 1H, d, J=
7.0 Hz, Aromatic-H), 7.52 (d, 2H, J=7.5 Hz, Aromatic-H), 7.50 (d, 2H,
J=17.5 Hz, Aromatic-H); *C NMR (DMSO-d,, 126 MHz, & ppm): 163.19
(1 C, C=0), 146.44 (1 C, C(=N), 134.49, 133.32, 133.27, 131.74, 128.87,
128.65, 128.42, 127.60 (Aromatic-C); Anal. Calcd. (%) for C;,H;,CIN,O
(258.0560): C, 65.00; N, 10.83; H, 4.29; Found: C, 64.93; N, 11.06; H,
4.29; MS (m/z): Calcd. =259.0638 [M+H]"; Found=259.0653 [M+
HI™.

Single-Crystal X-Ray Diffraction Analysis

Single crystals of BB2, BB4, and BB6 suitable for data collection
were obtained through slow evaporation in methanol over a period
of 72 hours. The data collection was performed using APEX I
equipped with Mo Ko radiation (A=0.71073) at a temperature of
293 K. The collected data was processed using Bruker SAINT
software, which integrated the collected frames.*” To mitigate the
effects of absorption, SADABS was employed.”” The structures
were solved using SHELXT“" and subsequent structural refine-
ments were conducted using SHELXL"? Mercury software was
utilized to generate graphical representations of the crystals.*?
Refinement of the non-hydrogen atoms was carried out on F
isotropically, followed by anisotropic refinement using the least
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squares method. The hydrogen atoms were refined using the riding
approximation after being placed geometrically.*"

Pharmacological Evaluation
Antioxidant Study

2,2'-Diphenyl-1-Picrylhydrazyl (DPPH) Radical Scavenging As-
say

The ability of the synthesized compounds to scavenge free radicals
was evaluated using the DPPH molecule. The method reported by
Turkoglu et al. (2007) was adopted with minor modifications."
Solutions of the compounds and the positive control (ascorbic acid)
were prepared in the concentration range of 125-1000 uM.

To each of these concentrations, 2 mL of a methanolic solution
(0.3 mM) of DPPH was added. The resulting mixture was vigorously
shaken and kept in a dark chamber at ambient temperature for
30 minutes. Subsequently, the absorbance was measured at a
wavelength of 516 nm using a UV-visible spectrophotometer. The
ability of the compounds to scavenge the DPPH molecule was
estimated as follows:

DPPH. Scavenging activity (%) =

Absorbance of compound 100
Absorbance of control

Ferric Reducing Power (FRAP) Assay

The ferric reducing power of the compounds was assessed using a
method reported by Lakshimi.*? A solution of the compounds was
prepared with a concentration range of 125-1000 pM.

To 0.75mL of each concentration, 0.75 mL of phosphate buffer
(0.2 M, pH 6.6) was added, followed by the addition of 0.75 mL of
Ks[Fe(CN)4l (1%, w/v). The resulting mixture was incubated at 50°C
for 20 minutes. After the incubation period, 0.75mL of 10%
trichloroacetic acid was added. The mixture was then centrifuged at
800 rpm for 10 minutes.The supernatant was removed and mixed
with 1.5 mL of water and 1.0 mL of iron (lll) chloride (0.1%, w/v).
The absorbance of the final solution was measured at 700 nm using
a UV-Vis spectrophotometer.

Nitric Oxide (NO) Radical Scavenging Assay

To assess the ability of the synthesized compounds to act as
antioxidants and scavenge nitric oxide radicals, the modified
protocol described by Kurian etal. in 2010“” was employed. In
brief, a solution of sodium nitroprusside (10 mM) in potassium
phosphate buffer (pH 7.4) was prepared. To 500 puL of the
compounds (ranging from 125 to 1000 pM) or distilled water as a
control, 250 uL of the sodium nitroprusside solution was added.
The resulting mixture was incubated at 37 °C for 2 hours. After the
incubation period, 250 uL of Griess reagent was added to the
reaction mixture. The absorbance of the solution was then
measured at 546 nm. The percentage of nitric oxide scavenging
activity exhibited by the compounds was calculated using a specific
formula.

© 2024 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Nitric oxide scavenging (%) =

Absorbance of compound 100
" Absorbance of control

Antidiabetic Study

a-Glucosidase Inhibition Assay

To evaluate the o-glucosidase inhibition activity of the synthesized
compounds, an in vitro assay was conducted following a literature
procedure with slight modifications.”® Concentration series of the
synthesized compounds (ranging from 125 to 1000 uM) were
prepared using dimethyl sulfoxide. In the assay, 50 uL of each
compound concentration was mixed with 1.0 U/mL of a-glucosi-
dase. The mixture was preincubated in phosphate buffer (100 mM,
pH 6.8) at 37°C for 15 minutes. Subsequently, a solution of p-
nitrophenyl-a-D-glucopyranoside (pNPG) (5 mM, 100 pL) in 100 mM
phosphate buffer (pH 6.8) was added to the mixture, followed by
further incubation for 20 minutes at 37°C. The absorbance of the
reaction mixture was measured at 405 nm, and the obtained results
were used to calculate the inhibitory performance of the com-
pounds relative to the positive control (acarbose) using the
equation below.

% inhibition =
((Agosnm Of control — A,gs,m of sample) x 100)
(A4osnm Of control)

a-Amylase Inhibition Assay

The a-amylase inhibition activity of the compounds was assessed
following a procedure reported by Shai et al. in 2010, with slight
modifications.”® Concentrations ranging from 125 to 1000 uM of
the compounds were mixed with 2 U/mL of porcine pancreatic
amylase and incubated in phosphate buffer (100 mM, pH 6.8) at
37°C for 10 minutes. Afterwards, a 1% starch solution (50 pL) in
phosphate buffer (100 MM, pH 6.8) was added to the reaction
mixture and further incubated at 37°C for 10 minutes. Subse-
quently, 100 pL of dinitro salicylate (DNS) color reagent was added
to the mixture, which was then boiled for 10 minutes. Acarbose
was used as the positive control.

The absorbance of the reaction mixture was measured at 540 nm,
and the inhibitory activity was expressed as a percentage of the
control using the following formula:

% inhibition =
((Agosnm Of control — Ags,m of sample) x 100)
(A4gsnm Of control)

Data Analysis

The data obtained were analyzed using one-way analysis of
variance (ANOVA) to determine their statistical significance. The
results are presented as mean + standard deviation of the data set,
which was obtained from triplicate experiments. To establish the
significance difference, Turkey’s honestly significant difference
(HSD) multiple range post hoc test of GraphPad Prism version 6.01
was employed. The significance level was set at p < 0.05.
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Computational Study

DFT Method

2-dimensional (2D) structures of the hydrazone Schiff bases were
drawn using ChemDraw Professional 15.0, a structure modelling
program. The 2D structures were converted into 3D using
Chem3D,"*" a ChemOffice suite used to build, visualize, and analyze
3D models of chemical structures. In Chem3D, each ligand was
minimized using the molecular mechanics 2 (MM2) force fields to
obtain a structure void of steric effects, arising from disorientation
of bonds and non-bonded groups, and their corresponding steric
energies.

The minimized structures in SDF format were loaded into Gauss-
View program®™ and set up for optimization. The popular hybrid
density functional theory model B3LYP, reported to have perform-
ance superior to other hybrid density functionals and have yielded
very good results in several studies®” was chosen for the
calculations. The basis set to accompany the density functional was
determined by exploring the basis set exchange website (https://
www.basissetexchange.org/). All chemical elements present in the
6 ligands (H, C, O, N, and Cl) were selected for basis set screening.
After screening, 689 available basis sets were reduced to 398. Two
of the top basis sets in the 398 list, 6-311+ +G(2d,2p) and 6-311 +
-+ G(3df,3pd), were chosen for their applicability to H to Br atoms.
Both are People-style orbital basis sets (https://psicode.org/) with
diffuse functions to incorporate, 3d functions and 1f function on
heavy atoms, and 2p functions and 1d functions on hydrogen.

The ligands were first optimized using HF/3-21G method to save
computational time and the results were further re-optimized in
each of B3LYP/6-311+ +G(2d,2p) and B3LYP/6-311 + + G(3df,3pd)
methods. The B3LYP/6-311+ + G(3df,3pd) method gave the lowest
optimization energy and was therefore adopted for subsequent
calculations. Frequency calculation was carried out to establish the
optimized structures are local minima, with all showing no negative
imaginary frequencies. Also, single-point energy calculation was
carried out to obtain the dipole moment values, as well as quantum
chemical descriptors from the check point files, and surfaces/maps
for the molecular orbital and electrostatic potential. All calculations
were done using the lengau cluster at the center for high
performance computing (CHPC) in Cape Town, South Africa.[T-
able 1]

Molecular Docking Study

Docking Procedures

For each enzyme in the experimental antidiabetic study, two
corresponding protein crystal structures were retrieved from the
Research Collaboration for Structural Bioinformatics (RCSB) website,
https://www.rcsb.org/. On o-amylase, we retrieved proteins with
PDB IDs: 2QV4 and 10SE; while we retrieved proteins with PDB IDs:
2F6D and 2QMJ for a-glucosidase. Two protein crystal structures
were selected for docking in each case to determine the
reproducibility of the predicted binding capacity of the novel
ligands unto the enzymes. All four proteins each has Acarbose as
their native (co-crystalized) ligand in their complexes as deposited
in the RCSB website and this is much logical to be used for the
molecular docking study since Acarbose is the standard compound
in our biological experiment. The macromolecular details of the
proteins are presented in Table 2. The protein crystal structures
were prepared for docking by stripping them off the co-crystalized
ligand, heteroatoms, and water molecules.

© 2024 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Table 1. Examples of some biologically active compounds bearing hydrazone moiety.

PDB Name Resolution Study where the pro-
D A tein has been used
2Qv4 Human pancreatic o- 1.90 [53]
amylase
10SE Porcine pancreatic a- 230 [54]
amylase
2F6D Glycoamylase from 1.60 [55]
Saccharomycopsis
2QMJ  Human intestinal mal-  1.90 (s€l

tase-glucoamylase

The 6-311+ + G(3df,3pd) optimized structures of the Schiff bases
and the standard molecule (Acarbose) were each opened in
GaussView program and converted to Protein Databank Bank (PBD)
format from their LOG file format. Then, Chimera (v1.16) program
was employed in adding Gasteiger charges to the ligands. The
Gasteiger charge for all Schiff bases is 0 while for Acarbose (both
PubChem retrieved and co-crystallized) is —1. The PyRx program, a
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Compound Activity 1Co Ref.
0]
Il
Co, Ny
N C 0]
H \E:[ ~ Urease inhibitor 13.424033 uM 1321
v
0]
NH>
Il
/ ON N~ N \\C Antibacterial 26.11 uM [33]
H
\
e
0]
O\
Antidiabetic 4.60+2.30 [34]
\ -, N \\ v
0]
NO,
0]
Il
C\N’ N\\C AchE inhibitor 0.09+0.01 [35]
H
NO,
OH
OH
©/ N N /©/ Antioxidant 0.3340.04 mg/mL 136]
Table 2. Macromolecular details of the proteins. virtual screening tool, was used for the docking simulation.®” For

docking against protein, the prepared protein was loaded to
molecule tab and converted to pdbqt format - an acceptable
structure format for docking. Then, all ligands were loaded on the
Open Babel interface in PyRx and minimized using the universal
force field (UFF) in 200 steps, and then converted to pdbqt format.

Meanwhile, the binding pocket of each protein was earlier
determined using Chimera program by opening the co-crystalized
ligand in the prepared protein and zoning the ligand within <5.0 A
distance, to detect interacting amino acids. The region covered by
this interacting amino acids defines the binding pocket and it's a
measure of the grid box for docking unto the protein binding site.
The grid box sizes and dimensions including the component amino
acid residues are, for the proteins are tabulated in Table 3.

Prepared ligands in pdbqgt formats were loaded from the Vina tab
and docked using AutoDock Vina engine embedded in PyRx
program. The best fit complex docked pose, having RMSD value 0,
out of the 9 runs obtained from each docking simulation was
selected and analysed. The separation of retrieved complexes from
the RCSB website and analysis of the best fit docked complex was
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Table 3. Grid box sizes and dimensions, and its component amino acids residues.

Coordinates of the grid box Amino acid residues for grid generation

X Y z
2QV4 Cen- 14.2952 49.4059 20.9987 lle51, Trp58, Trp59, Glu60, Tyr62, GIné3, His101, Gly104, Asn105, Ala106, Val107, Tyr151, Leu162,
ter Thr163, Gly164, Leu165, Arg195, Asp197, Ala198, Lys200, His201, Glu233, lle235, Asn298, His299,
Dimension 284359 251410 22.2151 Asp300, His305.
(A)
10SE Cen- 36.9995 38.5853 2.2331 Trp58, Trp59, Glu60, Tyr62, GIn6é3, Val9s, His101, Gly104, Ser105, Gly106, Ala107, Tyr151, GIn161,

ter Leu162, Val163, Gly164, Leu165, Arg195, Asp197, Ala198, Lys200, His201, Glu233, lle235, Glu240,
His299, Asp300, His305, Gly306, Ala307.

Dimension 35.0045 22.1896 27.7754

(A)

2F6D Cen- 11.5012 7.3078 —8.3409 Ala54, Tyr63, Trp67, Arg69, Asp70, Ala138, Trp139, Gly140, GIn143, Phe206, Leu208, Trp209,

ter Glu210, Glu211, Arg345, Tyr351, Trp362, Glu456, Leud71, Trp473.

Dimension 20.0069 27.3036 20.5497

(A)

2QMJ Cen- —21.2307 —5.8595 —10.3043 Asp203, Thr205, Asn207, Tyr299, Asp327, 1e328, lle364, Trp406, Trp441, Asp443, Metd44, Serd48,
ter Phe450, Arg526, Trp539, Asp542, Thr544, Asp571, Phe575, Ala576, Arg598, His600.

Dimension 24.7857 20.1003 24.6369

)

carried out using Discovery studio visualizer (https://biovia-discov-
ery-studio-2021-client.software.informer.com/). The molecular dock-
ing procedures are in accordance with those reported by®®

2. Results and Discussion
2.1. Chemistry

Herein, hydrazone Schiff bases (BB1-BB6) have been synthe-
sized using a simple condensation reaction between an
equimolar amount of benzohydrazide and benzaldehyde deriv-
atives, using methanol as a solvent in the presence of formic
acid as the dehydrating agent as shown in Scheme 1. The
compounds were obtained in high yield (80-88%) and purity.
All the compounds were isolated as white or grey solid powder,
stable in air and moisture. The melting point of the compounds
was found to be within the range of 177-240°C.

The compounds were characterized using various spectro-
scopic and analytical techniques, such as FTIR, UV-Vis, elemental
(CHN) analysis, NMR ('H, "C, COSY, NOESY, HMBC, HSQC, and
DEPT), and high-resolution mass spectroscopy (HRMS). Based

O
0 X
NH——NH, .
+ ,1. >
il
Ri
Ry

on the results obtained from the characterization techniques,
the structures of the compounds are unequivocally established.
Furthermore, single crystals of BB2, BB4, and BB6 suitable for
data collection were obtained and analyzed. The crystallo-
graphic data further affirmed the structures of these com-
pounds. In addition, the data obtained from (HRMS) analysis
corroborated well with the calculated molecular mass of the
compounds, Table 4.

2.2. Spectroscopic Analysis
2.2.1. Nuclear Magnetic Resonance Study

The 'H and 13C NMR spectra (1D and 2D) of the compounds
(supplementary information) exhibited characteristic peaks that
accounted for all the protons and carbons present in the
compounds. In the 'H NMR spectra, a diagnostic singlet peak
attributed to the amine protons was observed in the range of
12.15-11.77 ppm. Furthermore, a singlet peak corresponding to
one proton of the imine group was detected in the range of
8.54-8.44 ppm in the compound spectra.’® Notably, in the

(0]
N
N
H
Ri

Scheme 1. Reaction pathway for the synthesis of the compounds: i = CH;OH/HCOOH; ii =RT/3 hrs; R, =H or CH;; R,=H, Cl or NO,.
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Table 4. Physio-chemical properties of the compounds.

Entry Color Yield (%) m.p. (°C) Elemental analysis: Calc. (Found) m/z: [M+H] "

C H N Calcd. Found

BB1 White 80 180-183 74.98(74.34) 5.39(5.57) 12.49(12.44) 225.1028 225.1025

BB2 White 82 200-203 62.45(62.58) 4.12(4.12) 15.61(15.68) 270.0879 270.0889

BB3 White 88 236-240 75.61(75.68) 5.92(5.93) 11.76(11.81) 239.1184 239.1207

BB4 Grey 85 220-223 63.60(63.89) 4.63(4.78) 14.83(14.87) 284.1035 284.1064

BB5 Grey 82 210-213 66.06(65.90) 4.80(4.76) 10.27(10.49) 273.0795 273.0817

BB6 white 86 177-180 65.00(64.94) 4.29(4.29) 10.83(11.06) 259.0638 259.0653

spectra of BB2 and BB4, which contain nitro group substituents,
these protons appeared at more downfield positions compared
to the other compounds. This shift can be attributed to the
strong electron-withdrawing nature of the nitro group, leading
to proton deshielding and a shift towards the more downfield
region of the spectra. Similarly, the aromatic protons were
observed in the range of § 8.29-7.33 ppm, accounting for all
the aromatic protons in the compounds (supplementary
information). The influence of the nitro group substituent on
the chemical shifts was also evident in the aromatic protons,
with the aromatic protons of BB2 and BB4 appearing at more
downfield positions compared to the other compounds.

n the C NMR spectra of the compounds (supplementary
information), peaks in the range of & 163-162 ppm were
assigned to carbonyl carbon (C=0) functionalities. Additionally,
characteristic peaks corresponding to imine carbons were
observed in the region of 147-146 ppm. Peaks attributed to
aromatic carbons appeared in the range of 142-123 ppm,
encompassing all the carbon atoms present in the compounds.

2.2.2. Infrared Spectral Analysis

Infrared spectroscopy is a crucial analytical technique for
determining the molecular structure and identifying functional
groups within a compound. It measures the absorption of
infrared light, which corresponds to the vibrational frequencies
of chemical bonds.®" In this study, infrared spectroscopy was
employed to further elucidate the structural orientation of the
compounds by identifying various functional groups present.
The spectra can be found in the supplementary information.
The infrared spectra of compounds BB1-BB6 exhibited signifi-
cant similarities, displaying characteristic stretching vibrational
bands within the following ranges: 1595-1610, 1700-1720,
2700-2900, and 3100-3300 cm™'. These bands correspond to
C=N, (=0, C—H, and NH functional groups, respectively.***®
Notably, the spectra of BB2 and BB4 exhibited additional
stretching vibration bands at 1270-1280 cm™" and 1500 cm ™,
which can be attributed to symmetric and asymmetric
vibrations arising from the nitro group.”® These distinct spectral
features provided valuable insights into the molecular structure
and arrangement of the compounds, contributing to a
comprehensive understanding of their chemical properties.[
Figure 11.
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2.2.3. Ultraviolet Visible Spectroscopy

UV-Vis spectroscopy is a valuable tool for identifying functional
groups in molecules and understanding their electronic
transitions.*** In this study, compounds BB1-BB6 were
synthesized with different substituents to enhance their bio-
logical properties. Although these substituents do not absorb
significantly in the UV or visible region, they can influence the
absorption characteristics of the aromatic systems by altering
electron density and energy levels. Comparative UV-Vis spectral
analysis was conducted, and a bathochromic shift relative to
BB1 was observed (Figure 2). The compounds exhibited two
absorption maxima with varying wavelengths, indicating differ-
ent electronic transitions.

Compounds with electron-withdrawing substituents (such
as —NO,) exhibited higher absorption wavelengths, while those
with a combination of electron-donating and electron-with-
drawing groups displayed a redshift. The bathochromic shifts
were attributed to changes in the molecular environment and
electronic structures induced by the substituents. These find-
ings suggest that BB2-BB6 may possess enhanced biological
viability compared to BB1. However, it is important to note that
a molecule’s biological properties are influenced by various
factors, and while a bathochromic shift can contribute to
enhancing those properties, other aspects such as chemical
structure and molecular interactions also play significant roles.

2.2.4. Mass Spectroscopy

Mass spectrometry is a vital tool in synthetic organic chemistry,
providing valuable insights into the identity, structure, purity,
and dynamics of organic compounds. This information is crucial
for the synthesis and characterization of new molecules.””®® In
the case of the synthesized compounds BB1-BB6, mass
spectrometry was employed to assess their purity and validate
their formation. To analyze the compounds, their mass spectra
were obtained and are presented in the supplementary
information as Figures S16, S32, S47, S61, S77, and S92,
respectively. These spectra exhibited a molecular ion peak that
closely matched the expected molecular weight of each
compound. The results demonstrated remarkable agreement,
with a close match between the experimental and theoretical
values (Table 4). This consistency strongly suggests that the

© 2024 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Figure 1. Structures of the synthesized compounds BB1-BB6.
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Figure 2. Electronic absorption spectra of the compounds.

compounds were obtained in high purity, indicating the  2.2.5. Single Crystal X-Ray Diffraction Analysis

absence of impurities or byproducts. Furthermore, the success-

ful synthesis of the compounds was confirmed by the mass  Single crystals suitable for data collection for BB2, BB4, and BB6

spectrometry results. were obtained via slow evaporation in methanol after 72 hours,
and the detailed crystallographic data is shown in Table S1. The
crystal structures of BB2 and BB4 are isomorphs, crystallizing in
a monoclinic P21/n space group, while BB6 crystallizes in a
triclinic P-7 space group. The asymmetric units of all com-
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pounds comprise a single molecule that predominantly
assumes the E conformation. The crystal structure representa-
tion of BB2, BB4, and BB6 drawn at 50% probability is
presented in Figure 3. It is important to note that the asym-
metrical unit of BB4 contains a DMSO molecule that crystallized
within the lattice space. The stability of the crystals was
confirmed by comprehending intermolecular interactions, spe-
cifically focusing on H-bonded interactions since no intra-
molecular interaction was observed. The stability of BB4 was
aided by the crystallization of DMSO in the asymmetric unit.
There exists a non-classical hydrogen bond between the oxygen
of DMSO and the nitrogen of the hydrazone N(2)-H(2)***O(4)
(2.143 A, 160.5°) as depicted in Figure 4. Further analysis of the
BB4 structure revealed that the oxygen of the DMSO forms a
tripodal chain involving C(9)—-H(9)***O(4), C(6)—H(6)***O(4), and
N(1)—N(2)***O(4). Subsequently, the intermolecular interaction

BB2
%2 16 s
Q N o & N2
T
1 o7
8

Figure 4. Crystal packing of BB4 viewed along b.

ChemistrySelect 2024, 9, €202401631 (9 of 24)

involving N(2)—H(2)***O(1) establishes a connection between
two molecules positioned on both sides of the asymmetric unit,
as well as the neighboring DMSO molecules. The plane of the
hydrazine-carbonyl system in BB4 is more planar (dihedral
angle=13.14(2)°) compared to BB2 and BB6, which have
dihedral angles of 33.12(5)° and 38.02(3)°, respectively. Further
analysis of the BB6 packing revealed that the oxygen of the
hydrazone forms a 5-membered ring with a neighboring
molecule by forming a hydrogen bond with C(8)—H(8)***O(1)
and a van der Waals interaction with N(2)-N(1)***O(1) (Figure 4).
In BB6, there exist non-classical interactions between the
hydrazone oxygen and the adjacent carbon in the unit cell. The
major intermolecular interactions are C(5)—H(5)***O(1) (3.183 A)
and C(6)—O(1)***C(5) (Figure 4). All bond angles and bond
distances are within the range reported in the
literature.**""'[Figure 5]

BB4 BB6

© 2024 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Figure 5. Crystal packing of BB6 viewed along b.

2.3. Pharmacological Evaluation and Structural Activity
Relation Analysis

2.3.1. Antioxidant Study

Oxidative stress is a condition that has harmful effects on living
organisms, contributing to the aging process and increasing the
risk of developing chronic diseases. This stress occurs when
there is an imbalance between the production of reactive
oxygen species (ROS) and the body’s ability to counteract their
damaging effects. Fortunately, oxidative damage can be
controlled by antioxidants, substances that play a vital role in
scavenging free radicals and inhibiting oxidative reactions.
Antioxidants neutralize these highly reactive species, thereby
reducing the negative impact of oxidative stress on the body
and promoting overall health. Consequently, the chances of
developing chronic illnesses are lowered.” n this study, we
evaluated the antioxidant potency of synthesized hydrazone
Schiff bases (BB1-BB6) using three different antioxidant assays:
DPPH, ferric reducing power, and nitric oxide radical assays. The
results of these assays are presented in Tables 5-7 and
Figures 6-8.
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To fine-tune the biological behavior of the compounds, we
strategically designed them with various substituents. These
substituents ranged from strong electron-withdrawing (—NO,)
to weak electron-withdrawing (Cl) groups, as well as electron-
donating (CH;) groups. The parent compound, BB1, had no
substituents on either of the aromatic rings. BB2 had a nitro
group on one ring, BB3 had a methyl substituent, BB4 had a
combination of methyl and nitro groups on each ring, BB5 had
a combination of methyl and chloride substituents, and BB6
had only a chloride substituent on one of the aromatic rings.
The presence of different substituents led to varying degrees of
antioxidant activity among the compounds, as observed from
the obtained results.

2.3.1.1. 2,2'-Diphenyl-1-Picrylhydrazyl (DPPH) Radical Scav-
enging Assay

DPPH is commonly used for antioxidant assays because it is a
stable free radical compound. When it reacts with an antiox-
idant, DPPH undergoes a color change from purple to yellow,
allowing for the measurement of antioxidant activity using

Table 5. The scavenging rate of the compounds on DPPH radical at various concentration.

Concentration (uM)

125 250 500 1000 1C50 plIC50 LE(kcal/mol)
BB1 30.4+1.09 345+1.11 38.6+250 41.3+£2.70 909.1 —3.96 —0.32
BB2 456+2.18 483+3.18 53.5+£295 75.84+2.40 551.9 —3.74 —0.25
BB3 37.5+1.02 39.8+2.09 41.6+2.50 48.2+£2.50 793.7 —-3.90 —0.30
BB4 43.1+3.62 47.3+3.06 51.2+3.97 66.4+4.40 606.1 —3.78 —0.26
BB5 413+£1.22 442+1.02 45.4+2.80 55.4+3.00 708.2 —3.85 —0.28
BB6 40.2+£2.68 442 +2.64 47.5+2.15 593+179 670.2 —3.83 —0.29
AA 20.6+2.61 21.6+291 21.8+2.41 73.5+40 719.4 —3.86 —0.44
AA stands for ascorbic acid. Values were obtained from three different recording and expressed as mean =+ SE; plCs, = potency of the antioxidant; 1ICso=
concentration at which antioxidant causes 50 % scavenging; LE =ligand efficiency.
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Table 6. The ferric reducing power rate of the compounds at various concentrations.
Entry Concentration (uM)
125 250 500 1000 ICso pICs, LE(kcal/mol)
BB1 4.1£0.10 4.3+£0.31 4.6+0.12 5.0+041 7463 —4.87 —-0.29
BB2 43+041 4.94+0.44 53+0.25 5.6+0.36 6667 —4.62 —-0.24
BB3 4.1+0.33 4.54+0.53 4.8+0.22 51+0.11 7246 —4.86 —-0.27
BB4 5.6+0.68 5.940.20 8.6+0.30 15.0+£0.48 3086 —4.49 —0.22
BB5 6.31+0.48 9.7+0.30 12.1+0.84 20.3+0.73 2242 —4.35 -0.23
BB6 4.2+0.14 4.4+0.32 4.7+0.15 54+0.64 7042 —4.85 —0.27
AA 33.24+0.60 39.6+0.41 95.1+0.42 101.2+1.33 408 —3.61 —0.30
Table 7. The nitric oxide radical scavenging activity of the compounds at various concentrations.
Entry Concentration (uM)
125 250 500 1000 1Cso pICso LE(kcal/mol)

BB1 174+£1.41 20.7 +£2.80 2334232 269+254 1445 —4.16 —0.25
BB2 23.5+2.63 25.0+£1.42 263+1.35 29.5+1.11 1302 —4.11 —0.21
BB3 9.1£2.31 20.1£2.18 22.2+2.09 239+257 1612 —4.20 —0.23
BB4 26.1+2.63 27.6+2.05 29.4+2.51 33.0+£1.53 1141 —4.01 —-0.19
BB5 324272 20.3+241 24.1+3.34 2794223 1461 —4.16 —0.22
BB6 243+1.30 25.8+£2.81 27.6£3.91 30.6+3.11 1231 —4.09 —0.23
AA 17.1£2.13 289+2.11 31.7£262 33.9+2.23 952 —3.98 —0.33
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Figure 6. Plot of the DPPH radical scavenging activity of the compounds and the control.

spectrophotometry.” In this study, the hydrazone Schiff bases
(BB1-BB6) also exhibited scavenging activity against DPPH,
indicating their potential antioxidant properties. Among the
tested compounds, BB2 demonstrated the highest DPPH radical
scavenging activity, followed by BB4, BB6, BB5, BB3, and BB1.
These compounds exhibited significant scavenging activity at
lower concentrations compared to the control (ascorbic acid).
BB2 had the lowest ICs, value, indicating greater potency, and
showed the highest pICs, and ligand efficiency (LE) values
(Table 5 and Figure 6).

The presence of different substituents on the para position
of the aromatic rings influenced the scavenging activity of the
compounds. Nitro and chlorine substituents, individually or in

ChemistrySelect 2024, 9, €202401631 (11 of 24)

combination with methyl groups, enhanced the radical scav-
enging activity compared to BB1, which had no substituents.
Among the compounds, BB4, with a combination of methyl
and nitro substituents, exhibited better activity than BB6, BB5,
BB3, and BB1. BB2, with a nitro substituent, demonstrated the
highest scavenging activity among all the compounds and the
control. The control also showed higher scavenging activity at
higher concentrations compared to most of the compounds.

In summary, the presence of different substituents on the
para position of aromatic rings significantly influenced the
biological activity, specifically the radical scavenging activity, of
the compounds. Compounds with specific substituents, such as
nitro and chlorine, exhibited higher scavenging activity, high-

© 2024 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Figure 7. Plot ferric reducing power of the compounds and the control at various concentrations.
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Figure 8. Plot of nitric oxide radical scavenging activity at various concentrations.

lighting the importance of considering substituent effects in
drug discovery and antioxidant research. These results align
with the findings reported by Taha et al.”*

2.3.1.2. Ferric Reducing Power (FRAP) Assay

The ferric reducing power assay is a commonly used method to
measure the antioxidant capacity of a substance. It determines
how well a compound can convert ferric ions (Fe*™) to ferrous
ions (Fe*™) through a chemical reaction. Antioxidants have the
ability to donate electrons, reducing ferric ions and demonstrat-
ing their antioxidant potential.” The synthesized compounds
were evaluated for their ferric reducing power and compared to
a control. The results, presented in Table 6 and Figure 7,
showed that the compounds had different ferric reducing
power compared to their performance in the DPPH radical
scavenging assay. However, none of the compounds performed
better than the control (ascorbic acid). The control had an ICs,
value of 408 uM, while all the compounds had IC,, values above
1000 uM. The antioxidant capacity of reducing ferric ions was
found to be concentration-dependent, as increasing the

ChemistrySelect 2024, 9, €202401631 (12 of 24)

m125 m250 =500 m1000

BB1 BB2 BB3 BB4 BB5 BB6 AA

Compounds

concentrations from 125 to 1000 uM resulted in higher activity.
Among the compounds, BB5 exhibited the highest activity in
this assay, surpassing its activity in the DPPH radical scavenging
assay. At 1000 and 125puM concentrations, BB5 showed
reducing rates of 20.3+0.73 % and 6.3+ 0.4 %, respectively. BB4
also demonstrated significant activity with reducing rates of
15.04+0.48% and 5.6 £0.68% at 1000 and 125 pM, respectively.
However, BB2, which showed higher radical scavenging activity
in the DPPH assay, did not perform as well as BB5 and BB6 in
the ferric reducing power assay. BB2 exhibited reducing rates of
5.6+0.36% and 4.3+0.41% at 1000 and 125 uM, respectively.
Similar trends was reported by Sertan et al’® The different
activities observed among BB2, BB4, and BB5 are due to the
nature and electronic properties of the substituents on their
aromatic rings. BB5, with methyl and chloride substituents,
benefits from both groups being electron-donating, increasing
the compound’s ability to reduce ferric ions. In contrast, BB4
with a combination of methyl and nitro groups experiences
conflicting electronic effects. The electron-withdrawing nature
of the nitro group counteracts the reducing power of the
methyl group, resulting in lower overall reducing power
compared to BB5. BB2, with only a nitro group, exhibits the

© 2024 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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lowest reducing power due to the strong electron-withdrawing
properties of the nitro group.

Additionally, BB6 and BB3, which contain only chloride and
methyl substituents on their aromatic rings, respectively,
displayed moderate activity compared to BB2, BB4, and BB5.
This could be attributed to the structural arrangement of the
substituents. Having a substituent on only one aromatic ring
limits the reducing power to that specific ring, resulting in
lower overall reducing capacity compared to compounds with
substituents on both rings. Steric hindrance may also affect the
accessibility of the compound to ferric ions, further reducing
the reducing power. Moreover, BB1, without any substituents
on its aromatic rings, showed the least activity among all the
compounds. It exhibited reducing rates of 5.0+0.41% and
4.1+0.10% at 1000 and 125 uM, respectively. The absence of
electron-donating groups in BB1 prevents efficient reduction of
ferric ions due to the lack of necessary electron density.

In summary, the ferric reducing power of the compounds
was influenced by the nature and electronic properties of the
substituents on the aromatic rings. Compounds with electron-
donating substituents, such as methyl and chloride groups,
exhibited higher reducing power, while compounds with
electron-withdrawing substituents, such as nitro groups,
showed lower reducing power. The absence of substituents or
the presence of substituents on only one aromatic ring led to
decreased reducing power due to limited electron density and
structural arrangement.

2.3.1.3. Nitric Oxide (NO) Radical Scavenging Assay

The nitric oxide (NO) radical scavenging assay is performed to
evaluate the ability of a substance to scavenge or neutralize
nitric oxide radicals. Nitric oxide is a highly reactive molecule
that can cause oxidative damage and contribute to various
physiological and pathological processes in the body. By
assessing the NO scavenging activity of a compound, we can
determine its potential to counteract the harmful effects of
nitric oxide radicals. Excessive levels of nitric oxide can lead to
oxidative stress, inflammation, and tissue damage. Therefore,
identifying compounds that can effectively scavenge nitric
oxide radicals is important for potential therapeutic
applications.””

In this study, we evaluated the ability of synthesized
compounds (BB1-BB6) to scavenge nitric oxide radicals
compared to a control substance (ascorbic acid) using an
in vitro assay. The results, shown in Table7 and Figure 8,
revealed that compounds BB2, BB4, and BB6 had higher nitric
oxide scavenging ability than the control at a concentration of
125 uM. However, compounds BB1, BB3, and BB5 did not
perform better than the control at the same concentration.
Interestingly, as the concentration increased from 250 to
1000 uM, the control showed higher scavenging activity
compared to the compounds.

Overall, the scavenging activity of the compounds de-
pended on their concentration. The activity increased as the
concentration increased. Compounds BB2, BB4, and BB6
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exhibited higher activity compared to BB1, BB3, and BB5. It is
worth noting that all the compounds, including the control,
had an IC,, value (concentration at which the activity is reduced
by 50%) of more than 1000 uM. The higher activity observed in
BB2, BB4, and BB6 is likely due to the presence of electron-
withdrawing groups. These groups facilitate direct reactions
with NO radicals, undergo redox reactions to accept electrons
from the radicals, or influence the stability and reactivity of
radical intermediates.”

2.3.2. Antidiabetic Study

The need to screen compounds as potential antidiabetic agents
arises from the growing prevalence and impact of diabetes
worldwide. Due to the complex nature of diabetes and the
limitations of current treatments, there is a demand for novel
therapeutic approaches. Screening compounds for their poten-
tial antidiabetic properties allows for the identification of new
drug candidates that can target specific mechanisms involved
in diabetes. This screening process involves in vitro and in vivo
testing to evaluate the compounds’ efficacy, safety, and
pharmacological properties. It is on this note that the synthe-
sized compounds (BB1-BB6) were evaluated for their antidia-
betic activity using in vitro a-glucosidase and a-amylase inhib-
ition assays.

2.3.2.1. a-Glucosidase Inhibition Assay

a-glucosidase inhibition assay is a valuable tool in evaluating
the potential of compounds as antidiabetic agents. It assesses
their ability to inhibit the activity of a-glucosidase, an enzyme
involved in carbohydrate digestion. Compounds demonstrating
significant a-glucosidase inhibition have the potential to
regulate postprandial blood glucose levels and may serve as
candidates for further development as antidiabetic drugs. It
helps to identify compounds with promising antidiabetic
activity for further optimization.®*”® The antidiabetic activity of
hydrazone Schiff base derivatives (BB1-BB6) was evaluated by
measuring their ability to inhibit the a-glucosidase enzyme,
with acarbose used as a control. Table 8 and Figure 9, shows
that all the compounds exhibited moderate to good inhibition
of a-glucosidase, ranging from 53.6+2.02% to 57.24+2.36%.
Among these compounds, BB2, BB4, BB5, and BB6, which
contain electron-withdrawing groups (—NO, or —Cl) at the para
position, demonstrated relatively stronger inhibition compared
to other derivatives. BB1, without any substituent, showed the
weakest inhibition activity against the a-glucosidase enzyme.
Similarly, BB3, with an electron-donating (methyl) group,
exhibited higher activity than BB1 but lower than BB2, BB4,
BB5, and BB6. In summary, the order of activity for the
compounds can be represented as BB6>BB4 >BB2>BB5 >
BB1.

The modification of the hydrazone derivatives by introduc-
ing methyl, nitro, chloride, a combination of methyl and nitro,
or methyl and chloride at the para position of the aromatic
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Table 8. The a-glucosidase inhibition activity of the compounds at various concentrations.
Entry Concentration (uM)
125 250 500 1000 1C50 plC50 LE(kcal/mol)
BB1 53.6+£2.02 557277 57.0£2.30 57.2+2.36 198.21 -3.29 -0.19
BB2 67.4+0.66 67.3+1.11 68.9+£2.22 69.0+1.50 71.76 —2.85 —-0.14
BB3 62.8+1.30 63.9+1.13 66.8+1.96 67.8+1.88 88.09 —2.94 —0.16
BB4 703+£2.16 71.8+£2.57 719+1.55 724+2.380 57.32 —-2.75 —-0.13
BB5 64.6 +2.30 66.1£2.96 67.5£2.25 71.0£3.29 76.60 —2.88 —0.15
BB6 73.7+£1.93 75.4+2.20 7554222 76.31+2.85 46.43 —2.66 —-0.14
AC 83.2+0.99 86.6 £1.29 88.9+£1.10 91.7+0.39 26.21 —2.40 —0.20
Note: AC=Acarbose.
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Figure 9. Plot of a-glucosidase inhibition activity of the compounds at various concentrations.

rings improved their activity.”” For example, when comparing
BB2, which has a nitro substituent at the para position, to BB1
without any substituent, at a concentration of 125 uM, BB1
inhibited 53.6 £2.02% of the a-glucosidase enzyme, while BB2
inhibited 67.4+0.66% at the same concentration. Similarly, at
1000 uM, BB1 exhibited 57.2+2.36% inhibition, whereas BB2
showed 69.0+1.50%. These modifications have yielded the
desired results and provide opportunities for further optimiza-
tion and evaluation of the compounds.

2.3.2.2. a-Amylase Inhibition Assay

The assay provides valuable information about the inhibitory
potency and selectivity of a compound towards a-amylase. It
helps to identify compounds with promising antidiabetic
activity and can guide the optimization of drug candidates with
improved efficacy, potency, and safety profiles.*>’® Considering
this, we evaluated the antidiabetic activity of synthesized
hydrazone Schiff base derivatives (BB1-BB6) using an a-amylase
enzyme inhibition assay, with acarbose used as a reference
standard. The results obtained from this study are presented in
Table 9 and Figure 10. Accordingly, the compounds exhibited
varying degrees of a-amylase inhibition activity, with inhibition
rates ranging from 43.4+0.67% to 54.8+0.47% at lower and
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higher concentrations, respectively. The inhibition activity of
the compounds against a-amylase was found to be concen-
tration-dependent, like the results observed in other assays
conducted on these compounds. Among the compounds, BB2
and BB4, which have nitro substitutions, showed higher
inhibition activity. They were followed by BB5 and BB6, which
have chloro substitutions, and BB3, which has a methyl
substitution. BB1, which is unsubstituted, exhibited the lowest
inhibition activity. This trend was consistent across all the assays
conducted on the compounds.”

The variation in substitution and increased electronic
properties of the compounds played a significant role in
determining their inhibition activity. Like the a-glucosidase
inhibition assay, the modification of compounds from BB2 to
BB6 led to improved activities, with BB4 displaying higher
inhibition due to the combination of electron-donating and
electron-withdrawing groups. In general, the order of inhibition
activity among the compounds can be represented as BB4 >
BB2 >BB5 >BB6 >BB3 >BB1.

2.4. Structural Activity Relationship

In order to assess the impact of substituent groups and
functional groups on the biological properties of the synthe-
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Table 9. The a-amylase inhibition activity of the compounds at various concentrations.
Entry Concentration (uM)
125 250 500 1000 IC50 plC50 LE (kcal/mol)
BB1 43.41+0.67 45.540.12 46.8+0.48 48.8 £0.40 452.95 —3.63 —0.21
BB2 52.2+0.80 53.6+0.39 548+0.15 54.8+0.47 245.74 —-3.39 —-0.17
BB3 44.6+0.39 47.4+0.64 49.7+1.26 51.9+0.57 441.41 —3.64 —0.20
BB4 53.6+0.19 54.0+£0.39 54.5+0.10 54.8£0.46 239.66 —3.38 —0.16
BB5 46.4+1.08 49.3+0.16 51.3£0.95 52.7+£0.32 553.30 —-3.74 —0.15
BB6 453+1.40 48.2+£0.46 51.7+0.47 52.1+0.39 443.06 —3.65 -0.20
AC 67.7+0.42 71.1+£0.79 744+0.43 748+0.16 56.77 —2.75 —0.22
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Figure 10. Plot of a-amylase inhibition activity of the compounds at various concentrations.

sized compound, a study was conducted on the structural electron donating, and halogen groups can significantly
activity relationship (Figure 11). Previous literature reports™®® influence the biological properties of compounds. Building
have indicated that the presence of electron withdrawing, upon this knowledge, the current research project was
conceived with the aim of synthesizing and evaluating com-
pounds BB1-BB6, which contain these specific groups, to
determine and compare their pharmacological properties. The
in vitro pharmacological assays revealed distinct activity profiles
among the compounds. BB4 displayed the highest activity
across all the assays conducted. This compound featured both a
nitro group and a methyl group as substituents on the para
position of the aromatic rings. The presence of these specific
substituents significantly enhanced the compound’s biological
properties, leading to improved antioxidant and antidiabetic
activities.

BB2, which possessed a nitro group on the para position of
one of the aromatic rings, exhibited considerable activity in the
assays. Although slightly lower than BB4, the nitro group
contributed to the observed biological effects of the com-
pound.

BB5 contained a methyl group and a chloride group as

Substituted h '\ 3 substituents on the para position of the aromatic rings. It
URSULLLCO EIOUPS CONANcEs \B2 Y displayed moderate activity in the conducted assays, indicating

Amide and azomethine are
vital for biological activity

biological properties - that these specific substituents exerted a moderate influence

on the compound'’s biological properties.
Figure 11. Structural activity relationship of the compounds; R, =H or CH;; Conversely, BB6, with chlorine substituents solely on the
R,=H, Cl or NO,. para position of one of the aromatic rings, exhibited lower
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activity compared to BB5. This suggests that the presence of a
single chlorine substituent had a lesser impact on the
compound'’s biological effects.

BB3, featuring only a methyl group as a substituent on the
para position of one of the aromatic rings, demonstrated lower
activity compared to BB5 and BB6. Thus, the presence of a
single methyl substituent had a minimal effect on the
compound’s biological properties.

BB1, lacking any substituents on either of the aromatic
rings, was found to be the least active among all the
synthesized compounds. The absence of substituents limited its
biological activity in the conducted assays.

The observed trends in the compound activities based on
their specific substituents underscore the significance of these
substituents on the aromatic rings in modulating the biological
properties of hydrazone compounds. These findings were
further supported by computational and molecular docking

negativity difference. In addition, the B3LYP/6-311+ +G-
(3df,3pd) method gave the lowest energy of optimization when
compared to other methods, and Schiff base BB5 has the least
optimization energy.

2.4.2. Quantum Chemical Descriptors

The quantum chemical descriptors determined from the single-
point energy calculations include dipole moment and energies
of the highest occupied molecular orbital (E,qyo) and lowest
unoccupied molecular orbital (E o). The fundamental quan-
tum chemical descriptors HOMO and LUMO were used to
evaluate the values for other descriptors using the following
Equations (1)-(8), and the quantum chemical descriptors for
each of the compound are presented in Table 11.

studies, which validated the experimental results. AE = E;ymo — Enomo M
I'="— Enomo )
2.4. Computational Study
A= —Eymo @)
2.4.1. Steric and Optimization Energies AE
n= 5 (4)
The energies associated with overcoming of the steric hinderan-
ces of the Schiff bases as well as their optimization energies at 1
various basis sets are presented in Table 10. BB6 has the highest 0= 7 5)
steric energy (6.211 kcal/mol) followed by BB5 (6.091 kcal/mol)
and this can be attributed to the large repulsion between the Cl (I+A)
atom and its adjacent H atoms due to the wide electro- X = 2 ©6)

Table 10. Steric and optimization energies of the Schiff base molecules.
Entry Steric energy (kcal/mol) Optimization energy (Hartree)

HF/3-21G B3LYP/6-311 + + G(2d,2p) B3LYP/6-311+ + G(3df,3pd)
BB1 5416 —716.850 —725.636 —725.665
BB2 5.861 —919.139 —930.203 —930.241
BB3 5.302 —755.672 —764.966 —764.996
BB4 5.301 —957.961 —969.533 —969.572
BB5 6.091 —1212.385 —1224.590 —1224.623
BB6 6.211 —1173.563 —1185.260 —1185.292
Table 11. Calculated quantum chemical descriptors for the Schiff bases.
Entry ELUMO EHOMO AE | A n S X Cp ® ub
BB1 —1.83 —6.60 477 6.60 1.83 2.38 0.41 4.21 —4.21 3.72 3.58
BB2 —3.25 —7.09 3.84 7.09 3.25 1.92 0.52 5.17 —5.17 6.96 5.02
BB3 —-1.78 —6.54 4.75 6.54 1.78 237 0.42 4.16 —4.16 3.64 3.35
BB4 —3.22 —7.03 3.81 7.03 3.22 1.90 0.52 5.12 —5.12 6.89 5.64
BB5 -1.97 —6.60 4.62 6.60 1.97 2.31 0.43 4.29 —4.29 3.98 3.32
BB6 —2.02 —6.66 4.64 6.66 2.02 2.32 0.43 434 —4.34 4.06 3.19
Aca —0.83 —5.76 4.92 576 0.83 2.46 0.40 3.29 -3.29 2.20 3.65
All units are in eV except uD (Debye). AE: Energy gap A: Electron affinity, I: lonization potential, n: Global hardness, &: Global softness, y: Electronegativity,
Cp: Electronic chemical potential, »: Global electrophilicity, uD: Dipole moment.
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CG= —y 7) substituents, an IUPAC name N'-benzylidenebenzohydrazide
was obtained for BB1 using ChemDraw® Professional v15.0
P program, to guide in understanding the positions of substitu-
= JE 8) " tions and the structural make ups of the compounds. BB1, BB3,

The energy gap between LUMO and HOMO, AE, quantifies
the chemical reactivity of the molecules (Yusuf, etal, 2021).
Meanwhile, AE also describes the stability of a given compound
(Uesugi, etal.,, 1997), in an inverse proportion. Thus, a more
stable compound is less reactive while a less stable compound
is more chemically reactive. As seen from Table 10, BB1 has the
highest AE value (4.77 V), among the novel compounds,
implying that it is the most stable and least chemically reactive.
On the other hand, BB4 with the lowest AE value (3.81 eV) is
the least stable and the most chemically reactive. The order of
chemical reactivity of the Schiff bases will therefore be BB4 <
BB2 < BB5 < BB6 < BB3 < BB1. The reduced stability of BB4 and
BB2, with AE values 3.81 and 3.84 eV, respectively; leading to
their high chemical reactivity can be attributed to the presence
of the electron withdrawing group NO,. The NO, substituent
concentrates positive charges towards the ortho and para
positions of the aromatic ring and makes the positions
deactivated towards electrophilic aromatic substitution. Mean-
while, the reference molecule, Acarbose (Aca), has higher AE
value (4.92eV) suggesting it is less chemically reactive
compared to the novel compounds.

These BB2 and BB4 molecules also show strong electro-
philicity by their high ionization energies (), 7.09 and 7.03 eV,
respectively. Similarly, they both have high electron affinity (A)
values 3.25 and 3.22, respectively. Thus, these molecules are
electrophilic and would be highly chemically reactive, rendering
the aromatic system susceptible to electrophilic substitution.
The global hardness, n, quantitatively measures resistance to
charge transfer while the global softness, 3, measures suscept-
ibility to charge transfer®*®! Therefore, BB2 and BB4 Schiff
bases with low n values (1.92 and 1.90 eV) and high & values
(~0.52 eV for both) are softer than other compounds, suscep-
tible to charge transfer and more chemically reactive than their
counterparts. The dipole moment, p, quantifies the electron
distribution within a molecule and describes the distance
between two opposite charges.® From Table 10, BB2 and BB4
have high pp values 5.02 and 5.64 Debye, respectively; and
these can be attributed to highly electronegative NO, sub-
stituent. NO, is a highly electronegative group,®” making a
cloud of electrons concentrated on nitroaromatic ring and
therefore conferring a significant partial distribution of electron
on the system.

2.4.3. Frontier Molecular Orbitals

The frontier molecular orbital (FMO) maps describe the way
molecules interact with surrounding substances be it metal ions
or biological targets.®™® The FMO maps for the Schiff bases are
presented in Figure 12. Since all the novel compounds are
similar, having BB1 as the basic structure and only differ in

ChemistrySelect 2024, 9, €202401631 (17 of 24)

BB5 and BB6 have contribution to their LUMOs from both the
N*-benzylidene and the benzohydrazide groups, while BB2 and
BB4 have contributions to their LUMOs dominantly from only
the N*-benzylidene moiety and the amide -CONH chain of the
benzohydrazide group. All six Schiff bases have contributions to
their HOMO from the N*-benzylidene moiety and its substitu-
ents, as well as from the amide -CONH chain of the
benzohydrazide group.

2.3.4. Molecular Electrostatic Potential Maps

The molecular electrostatic potential (MEP) map is a 3-dimen-
sional surface useful for gaining insights into the charge
distribution and reactivity of chemical molecules.®™ Also, the
MEP map has been reported as an electron density-based
descriptor for predicting and analyzing a molecule’s nucleo-
philic and nucleophilic sites of reactivity.”

The blue region indicate areas of positive electrostatic
potential and sites of electrophilic reactivity while red regions
are areas of negative electrostatic potential and sites of
nucleophilic reactivity.”" As shown in Figure 13, for all the Schiff
bases, the sites of electrophilic reactivity ranges from the
—NH-N chain of the benzohydrazide group to the N*-
benzylidene moiety. The sites of electrophilic reactivity are the
C=0 and benzyl moiety of the benzohydrazide group for all,
and the NO, substituent of N*-benzylidene group for BB2 and
BB4. The additional site of electrophilic reactivity observed for
BB2 and BB4 can be associated with increased chemical
reactivities in them as evident in their energy gap values. As for
the reference molecule, Acarbose (Aca), the sites of electrophilic
reactivity are localized on hydroxyl O atoms, the methyl and the
amine groups. On the other hand, its sites of nucleophilic
reactivity are localized on the oxygen atoms, both hydroxy and
0XO0 groups.

2.5. Molecular Docking Analysis

The molecular information including formulae, molecular
weight, number of atoms and minimization energy are
presented in Table 12. The energy minimization enhances
reduction of the overall potential energy of the ligand, making
the energy minimized ligand to provide clear idea of the active
site residue orientation as well as the active site cavity size.””
BB2 and BB4 require greater energies for minimization, and
these could be attributed to the presence of NO, substituent in
them. Notably, CH; substituent is also observed to make a
difference (about 2-3 energy increase) in the minimization
energy as seen when BB1 and BB3, BB2 and BB4, and BB5 and
BB6 pairs are compared. This is so because the three H atoms
of CH; require additional energy to attain the proper molecular
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Figure 12. Frontier molecular orbital maps of BB1-BB6 and Aca, predicted by 6-311 +g(3d,3pd) basis set with DFT/B3LYP functional using Gaussian 16 vBO1.

arrangements in space from the drawn non-favorable energetic Molecular docking is described as a computational model-
chemical structure. ing approach for the prediction of preferred binding orientation
of a molecule, usually ligand, to another molecule, usually
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Figure 13. Molecular electrostatic potential maps of BB1-BB6 and Aca, predicted by 6-311+ g(3d,3pd) basis set with DFT/B3LYP functional using Gaussian 16
vBO1. The electron-rich and poor regions are shown in colours red-orange-yellow-green-blue.

Table 12. Molecular information and binding energies of the ligands.
Formula Weight (g/mol) No. of atoms Min. Energy Binding energies (kcal/mol)

10SE 2Qv4 2F6D 2QMJ
BB1 CieHiN,0 224.25 29 27213 -75 —74 88 —-6.7
BB2 Cy4H11N;05 269.25 31 294.22 —8.0 -7.9 —8.8 —6.9
BB3 CysH14N,0 238.28 32 275.11 -7.8 —7.8 -89 -7.5
BB4 CysH15N50; 283.28 34 296.80 -84 —8.1 -83 6.8
BB5 CysHy5CIN,O 272.72 32 274.15 —8.1 -7.7 -88 —6.7
BB6 Cy,H;,CIN,O 258.70 29 270.93 -7.8 -7.8 -89 —6.9
Aca CysH4sNO;g 645.60 87 920.07 -7.6 -7.6 -7.7 —6.4
Aca=acarbose.

receptor, when they both interact to form a stable complex.”™
Different conformers generated during molecular docking are
scored and compared with each other, and the best docked
conformer/pose having RMSD value of 0 are accepted.®” The
binding score (energy) obtained for the best docked pose for all
ligand-protein complexes are presented in Table 10.

For a-amylase proteins, BB4 showed the highest inhibition
capacity (—8.4 and —8.1 kcal/mol for 10SE and 2QV4, respec-
tively) while BB1 has the least capacity (—7.5 and —7.4 kcal/mol
for 10SE and 2QV4, respectively). Overall, All the Schiff bases,

ChemistrySelect 2024, 9, €202401631 (19 of 24)

except BB1, demonstrated lower binding affinity and greater
inhibition against a-amylase than the standard ligand.

For a-glucosidase, BB3 showed the highest inhibition
capacity (—8.9 and —7.5 kcal/mol for 2F6D and 2QMJ, respec-
tively). All Schiff bases demonstrated lower binding energy and
greater inhibition against a-glucosidase than the standard
ligand. The molecular docking simulations have shown reli-
ability by giving similar results trend for the same protein
belonging to a specific cell line. These results help in achieving
the aim of using two proteins to test the reproducibility of the
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predicted binding capacity of the novel ligands unto enzymes
of the same infection.

2D diagram showing the amino acid residues involved in
the receptor-ligand interactions between protein and the
standard compound and the most effective Schiff base for each
category are presented in Figures 14-17. For a-amylase proteins
(Figures 14 and 15), the interactions common to the standard
drug in both proteins include van der Waals, conventional
hydrogen bond, unfavorable donor-donor interactions. In
addition, unfavorable acceptor-acceptor and pi-donor hydrogen
bond interactions were observed for porcine a-amylase protein.
BB4 interacts with both a-amylase proteins having van der
Waals, conventional hydrogen bond, pi-pi stacked alkyl inter-
actions in common. Pancreatic a-amylase protein has additional
interactions including carbon hydrogen bond, pi-cation, pi-
anion, and pi-alkyl interactions.

For a-glucosidase proteins (Figures 16 and 17), the inter-
actions common to the standard drug in both proteins are van
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der Waals and conventional hydrogen bond interactions. Pi-
donor hydrogen bond interaction was observed as an addition
for human maltase-glycoamylase protein. BB3 interact with
both a-glucosidase proteins having van der Waals, attractive
charge, pi-anion, pi-pi T-shaped and pi-alkyl interactions in
common. The human maltase-glycoamylase protein has pi-
sigma interaction as an additional interaction.

Furthermore, here is a juxtaposition of the top performing
reported molecule with a reference co-crystallized ligand of the
protein to gain insights into their interactions. The binding
energies of the co-crystallized ligand of 2QV4 and BB4 ligand
when docked unto the protein are — 9.1 and - 8.1, respectively.
These suggest that the co-crystallized ligand have stronger
affinity for the protein binding site and inhibits the binding
pocket of alpha-amylase more strongly than the top performing
ligand molecule. The interactions are presented in Figure 18.
Notably, both molecules interact with the protein strongly,
having some amino acids residues in common but with
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Figure 14. 2D diagram of the receptor-ligand interactions between porcine a-amylase (PDB ID: 10SE) and (a) acarbose and (b) BB4.
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Figure 15. 2D diagram of the receptor-ligand interactions between pancreatic a-amylase (PDB ID: 2QV4) and (a) acarbose and (b) BB4.

ChemistrySelect 2024, 9, €202401631 (20 of 24)

© 2024 The Authors. ChemistrySelect published by Wiley-VCH GmbH



Research Article

Chemistry

Europe

ChemistrySelect doi.org/10.1002/slct.202401631 Societes publiahing
TRP TRP
A:67 ASN A:473 LEU
AL\LS% A:212 AG:kgs A:471
ASP
: ARG
gl A%
TRP A:63 pbs GLU “TYR
A"-Egll A:473 . ALA T A:211 A:63
% H H A:138 pe H g . AT§6P2
? TRP .
oo A:139 0
A:362 9/ GLU TRP
o A:211 A:67
-4 9 . I
ARG H o]
A:345 . H MDe_ DO
ALA
\? TRP TYR A:54
A:208 o o~ ~o A:140 A:210
TYR H .
A:351 w0 6 ARG
@ 5 SRS |
A:210 Interactions
= [ van der waals I Fi-Fi T-shaped
Interactions I Awractive Charge [ Pral
[j van der Waals |:] Conventional Hydrogen Bond Bl Fi-Anion
Figure 16. 2D diagram of the receptor-ligand interactions between glycoamylase (PDB ID: 2F6D) and (a) acarbose and (b) BB3.
ASP TRP
A:327 TRP A:441
A:539
A'600
R .
P AS PHE ASP K357
A443 3 TRP 3 :
40 : & UL
H \
(o} ? o .
MET .
" A&s 8 ARG, A:d444
\? A:526
‘ < BS
o 0 o A:526
H ASP .
A A 0 A:542 .
PHE A o MIEY
A:a50 Y PHE  fy A:444
aago O o~ o AS75 A:299
b b *
P TRP ASP
A:203 A:406 .
- Al
(a) A:204 A:205 (b) .
R Interactions
T ons
[ ven der waals [] Pi-Donor Hydrogen Bond 3 :tr::;;.‘:::fme % :-_:T:MPM
I cConventional Hydrogen Bond B Fi-Anion | Pi-aliyl

Figure 17. 2D diagram of the receptor-ligand interactions between human maltase-glycoamylase (PDB ID: 2QMJ) and (a) acarbose and (b) BB3.

different kind of interactions. Some of the interactions found in
the co-crystallized ligand-2QV4 complex include salt bridge
attractive charge with Asp197, Asp300 and Glu233. Conven-
tional hydrogen bond with Asn105, Ala106 and Gly164; and
carbon hydrogen bonds interaction with Thr163, Trp59 and
lle235. The 2QV4-BB4 complex is stabilized by a conventional
hydrogen bond interaction with His201 residue, carbon hydro-
gen bond interaction Ala198, dual (pi-cation and pi-anion)
interactions with Glu233. Also, pi-pi stacked interaction with
Tyr62, alky and pi-alkyl interactions with Leu165, Leu162 and
lle235 amino acid residues.
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For glucoamylase protein (PDB ID: 2QMJ), the binding
energies of its co-crystallized ligand and BB3 ligand when
docked unto the protein are - 7.7 and - 7.5, respectively. These
suggest that the top performing BB3 ligand has inhibition
potential as strong as that of the co-crystallized ligand of the
protein. The interactions involved are presented in Figure 19.
Notably, the co-crystallized ligand has salt bridge and attractive
charge interactions with Asp443, Asp542 and Asp203 residues.
Conventional hydrogen bond with His600, Asn207 and Arg526
residues; and carbon hydrogen bond with Thr205, Trp406 and
Tyr299 residues. The 2QMJ-BB3 complex is stabilized by

© 2024 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Figure 19. 2D diagram of the receptor-ligand interactions between pancreatic a-amylase (PDB ID: 2QM)J) and (a) co-crystallized (acarbose) ligand and (b) BB3.

attractive charge and pi-anion interactions with Asp443, Asp542
and Asp203 residues; pi-pi T-shaped interaction with Tyr299
and Trp406; and a pi-sigma interaction with Phe450 amino acid
residue. Other interactions include pi-alkyl and van der Waals
interactions.

3. Conclusions

In summary, this study focused on the principles of using a
bioactive molecule with multiple targets to discover lead
compounds. We synthesized and characterized hydrazone Schiff
base derivatives (BB1-BB6) using standard physicochemical
and analytical techniques to confirm their structures. Crystal
structures of BB2, BB4, and BB6 were also reported. The
compounds were then evaluated for their pharmacological

ChemistrySelect 2024, 9, e202401631 (22 of 24)

activities, specifically in terms of antioxidant and antidiabetic
effects. In vitro techniques were employed to assess their
performance in various assays, including DPPH, FRAP, NO
radical scavenging, a-glucosidase inhibition, and a-amylase
inhibition.

The results indicated that the compounds demonstrated
multi-activity and exhibited potency in the DPPH and a-
glucosidase assays. Among the tested compounds, BB4 showed
the highest efficacy, followed by BB2, BB5, BB6, BB3, and BB1.
Furthermore, a computational study was conducted on all the
compounds. The chemical reactivity indices, such as quantum
chemical parameters, frontier molecular orbital maps, and
molecular electrostatic potential maps, provided insights into
the chemical reactivity of the Schiff bases. They supported the
fact that BB2 and BB4 are the most chemically reactive. As
initially anticipated, the enhanced activity of these two
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compounds can be attributed to the presence of the electron-
withdrawing group, NO,, which deactivates certain positions in
the ring and makes them susceptible to electrophilic aromatic
substitution.

The molecular docking simulation revealed that BB4 has the
strongest inhibition capacity against a-amylase protein, while
BB3 has the strongest inhibition capacity against a-glucosidase
protein.

Supplementary Materials Summary

Supplementary crystallographic data for the compounds men-
tioned in the article can be obtained from the Cambridge
Crystallographic Data Centre (CCDC) free of charge. The CCDC
numbers for the supplementary crystallographic data are as
follows: CCDC no: 2325385 (BB2), CCDC no: 232586 (BB4), and
CCDC no: 232587 (BB6).

To access the supplementary crystallographic data, please
visit the Cambridge Crystallographic Data Centre’s website at
http://www.ccdc.cam.ac.uk/data request/cif.

Additionally, other supporting information associated with
the article can be found in the online version at https://doi.org/
10.1002/5lct.202401631.
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