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A series of novel transition metal complexes of Co(ll), Ni(Il), Cu(ll), and Zn(lI) derived from an isoniazid-based Schiff base ligand were
synthesised and characterised using spectroscopic and analytical techniques including FT-IR, UV-visible, ESI-MS, elemental analysis,
conductivity measurements and NMR spectroscopy. Spectral investigations confirmed the coordination of the ligand to metal ions through
azomethine nitrogen and oxygen donor atoms, leading to stable non-electrolytic metal(l11) complexes. The biological potential of the
synthesised ligand and its metal(Il) complexes was evaluated through antidiabetic, anti-inflammatory and antioxidant assays. All metal(l1)
complexes exhibited enhanced biological activity compared with the free ligand. Among the investigated complexes, Zn(ll) complex
demonstrated the highest anti-inflammatory activity (98.0%), while the Ni(ll) complex showed superior antidiabetic activity with 96.2%
a-amylase inhibition. The Cu(Il) complex exhibited the strongest antioxidant activity (96.7%). The improved biological performance of
the metal complexes is attributed to increased ligand—biomolecule interactions upon metal coordination. Molecular docking studies
against the THNY protein revealed strong binding affinities of the complexes, particularly for the Zn(1l) complex, which exhibited the
highest binding energy (-271.76 kJ/mol) and multiple hydrogen-bonding interactions with amino acid residues. Density functional theory
(DFT) calculations further supported the experimental findings by providing insights into electronic distribution, HOMO-LUMO energy
gaps, molecular stability, electrophilicity and charge transfer behaviour. Molecular electrostatic potential (MEP) analysis confirmed the

presence of active electrophilic and nucleophilic sites responsible for biomolecular interactions.
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INTRODUCTION

The importance of small molecules in therapeutic drug
development has increased significantly in recent years. Exten-
sive research efforts are currently focused on the discovery and
development of biologically active compounds with antimicro-
bial, antidiabetic, anti-inflammatory, antibacterial and antioxidant
properties for potential biomedical and pharmaceutical appli-
cations [1]. The imine base containing small molecules shows
higher activity in the treatment of bacterial and fungal infect-
ions. These types of drugs can be replaced by existing anti-
microbial drugs [2-8]. Metformin and furazolidone deliver the
good therapeutic nature of antidiabetics and antibacterials.
Especially, benzoyl hydrazine shows a wide range of biolo-
gical activities including antileishmanial [9], anti-inflammatory
[10], anticancer [11], antimicrobial [12], properties, etc.

While carbon-containing small molecules exhibit signifi-
cant drug activities, but most of these molecules produce higher

side effects which reduces their utilisation [13]. Metal-based,
especially first-row transition metals, offer enhanced bioactive
nature and low side effects on human being. The chelation deter-
mined the number of bonds between metal and ligand (organic
or inorganic molecules). It may be combined with one or more
ligands with metal through coordination covalent bond [14].
Ligands act as secondary valence components in metal
complexes and play a key role in determining the coordination
environment and geometries around the metal center inclu-
ding tetrahedral, square planar, trigonal bipyramidal and octa-
hedral structures. Unlike simple organic molecules, whose
geometries are limited by the tetravalency of carbon, metal
complexes exhibit greater structural diversity and tunable
physicochemical properties [15-17]. Furthermore, their simpler
synthesis, adjustable biological activity through ligand modifi-
cation and ability to undergo redox and ligand-exchange
reactions under physiological conditions have made metal
complexes highly significant in medicinal chemistry [18].
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Azomethine-based ligands coordinated with metal ions
have been extensively investigated due to their remarkable
selectivity and sensitivity [19]. In particular, hydrazide- and
hydrazone-containing ligands possess significant structural
flexibility, along with favourable electronic, magnetic, and
chelating properties that facilitate metal complex formation
[20,21]. These ligands can also exhibit keto-enol tautomerism,
enabling the formation of complexes with unusual or higher
coordination numbers [22,23]. Moreover, heteroatom contain-
ing cyclic ligands, especially those containing nitrogen and
oxygen atoms, generally exhibit enhanced biological activity
compared with purely carbon-based cyclic compounds. The
presence of heteroatoms promotes intermolecular hydrogen
bonding and strong interactions with enzymes and biological
targets, thereby improving therapeutic potential [24,25].

Although numerous Schiff base metal complexes have
been reported, studies on isoniazid-derived azomethine metal
complexes remain limited despite their promising affinity
toward biological targets. Recent reports have demonstrated
that Schiff base metal complexes exhibit enhanced ligand-
receptor interactions and significant therapeutic activity [26].
Therefore, in present study, novel Co(ll), Ni(ll), Cu(ll), and
Zn(Il) complexes derived from an isoniazid-based Schiff
base ligand were synthesised and characterised. Their biolo-
gical activities including antidiabetic, anti-inflammatory and
antioxidant properties, were evaluated. In addition, molecular
docking studies were performed to investigate ligand-enzyme
interactions, while DFT calculations were employed to under-
stand the electronic properties and chemical reactivity of the
ligand and its metal(1l) complexes.

EXPERIMENTAL

All the solvents and reagents with analytical grade were
procured from Sigma-Aldrich, USA. The progress of the
reactions was monitored by the TLC plate. The TLC plate pre-
coated with silica gel 60 F2s4 (0.2 mm thickness, Merck plate)
and 60-120 mesh Merck silica gel used for column chromato-
graphy for purification, petroleum ether and ethyl acetate were
used as the eluents. The *H and *C NMR analysis was per-
formed on Bruker 500 MHz and 125 MHz instruments using
DMSO-ds as a solvent. The ABSciex 5500+ Qtrap instrument
was used for ESI-MS analysis. The Thermo Scientific Nicolet
iS50 FT-IR spectrometer was used to measure the FT-IR
spectra.

Synthesis of 2-(2-formylphenoxy)acetamide (2): Pre-
cursor (2-acetylsalicylic acid) (2 g, 0.011 mol) was dissolved
in acetonitrile and in this solution, boc anhydride (2.55 mL,
0.011 mol) and (NH4).CO3 (3.51 g, 0.044 mol) were added
followed by the addition of catalytic amount of pyridine and
then finally the reaction mixture was stirred for 3 h. The
completion of the reaction was monitored by TLC. After
completing the reaction, the reaction mixture was diluted
with ethyl acetate (150 mL), washed with water (150 mL) and
brine solution (150 mL). The organic layer was separated and
dried over anhydrous Na,SOas. Yield: 84%. Elemental anal.
of C1sH14N4Os3: caled. (found) %: C, 60.40 (60.41); H, 4.73
(4.71); N, 18.78 (18.75). *H NMR (500 MHz, DMSO-ds, &
ppm): 10.50 (s, 1H, CH=0), 7.73 (br s, 1H, NH), 7.56 (br s,

1H, NH), 7.79 (d, 1H, Ar-H ortho to CH=0), 7.70 (d, 1H,
Ar-H), 7.19-7.16 (m, 2H, Ar-H), 4.67 (s, 2H, CH>-0); 3C
{*H} NMR (126 MHz, DMSO-dg): & 190.7 (CH=0), 170.0
(C=ONH,), 160.3 (C-0), 136.8 (CH-CH-C-0O), 12838
(CH-CCH=0), 125.0 (C-CH=0), 1218 (CH-CH-C-
CH=0), 114.0 (CH-C-0), 67.6 (CH>).

Synthetic procedure for (E)-2-(2-((2-isonicotinoyl-
hydrazono)methyl)phenoxy)acetamide (L): Intermediate 2
(3.0 g, 1.17 mmol) dissolved in ethanol (50 mL) was added
to isoniazid (1.60 g, 1.17 mmol) solution was added in the
presence of catalytic amount of acetic acid. The reaction
mixture was refluxed for 3 h and the reaction was monitored
by TLC. The reaction mixture was allowed to cool at room
temperature and the white precipitate was filtered and dried
over anhydrous Na;SO4 (Scheme-1). Yield: 83%; 'H NMR
(500 MHz, DMSO) & 12.13 (s, 1H), 8.87 (s, 1H), 8.85 (d,
2H), 7.90-7.88 (m, 3H), 7.69 (s, 1H), 7.58 (s, 1H), 7.48 (bs,
1H), 7.13 (t, J = 7.5 Hz, 1H), 7.08 (d, J = 8.4 Hz, 1H), 4.62
(s, 2H). °C NMR (126 MHz, DMSO-) § 170.15, 162.08.,
156.84, 150.88, 146.15, 140.99, 132.31, 127.64, 122.70,
122.08, 121.88, 113.33,67.46.

Synthesis of metal(11) complexes: The ligand (L, 0.5 g,
0.133 mmol) was dissolved in warm methanol (20 mL),
followed by the addition of the respective metal(ll) salt
solution (0.133 mmol in 5 mL methanol). The reaction mix-
ture was stirred for 6 h at room temperature. The resulting
metal(I1) complexes were precipitated, filtered and washed with
methanol. The metal(Il) complexes were subsequently chara-
cterised and evaluated for biological studies. Yield: 80-85%.

Yield: 82%; elemental analysis of Cu(ll) complex,
C15H14N4OsCu: caled. (found) %: C, 49.79 (49.77); H, 3.90
(3.92); N, 15.48 (15.49); Cu, 17.56 (17.54).

Yield: 83%; elemental analysis of Co(ll) complex,
C15H14N4O3Co: caled. (found) %: C, 50.43 (50.44); H, 3.95
(3.96); N, 15.68 (15.67); Co, 16.50 (16.49).

Yield: 81%; elemental analysis of Ni(ll) complex,
C1sH14N4O3Ni: caled. (found) %: C, 50.47 (50.46); H, 3.95
(3.96); N, 15.69 (15.68); Ni, 16.44 (16.42).

Yield: 82%; elemental analysis of Zn(Il) complex,
C15H14N4O3Zn: caled. (found) %: C, 49.54 (49.55); H, 3.88
(3.89); N, 15.41 (15.42); Zn, 17.98 (17.97).

Biological studies

Antidiabetic activity: The antidiabetic activity of the
metal(I1) complexes was evaluated using the a-amylase
inhibition assay and compared with a reference standard [27].
In brief, a-amylase enzyme solution (0.5 mg/mL) was incu-
bated with the test complexes and standard in 20 mM sodium
phosphate buffer (pH 6.9) at 25 °C for 10 min. Subsequently,
1 mL of 1% starch solution was added and the reaction mix-
ture was further incubated at 25 °C for 30 min. The enzymatic
reaction was terminated by the addition of 1 mL 3,5-dinitro-
salicylic acid (DNSA) reagent, followed by heating in a water
bath for 15 min. After cooling to room temperature, the absor-
bance was recorded at 540 nm using a UV-visible spectrophoto-
meter. The percentage inhibition of a-amylase activity was
calculated by comparing the absorbance of the treated sam-
ples with that of the control using following equation:
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Scheme-1: Multi-layer synthesis of an isoniazid-based Schiff base metal complexes

—A: 100
t
where A Absorbance of test; Ac: Absorbance of control.
Anti-inflammatory activity: The anti-inflammatory
activity of the synthesised metal(11) complexes was evaluated
using the bovine serum albumin (BSA) denaturation method,
with diclofenac sodium used as the reference standard [28].
The metal(Il) complexes and standard were dissolved in a
minimal amount of DMF and diluted with phosphate buffer
solution (0.2 M, pH 7.4), ensuring that the final DMF concen-
tration did not exceed 2.5%. Subsequently, 1 mM BSA solu-
tion prepared in phosphate buffer was added to each sample
and incubated at 37 °C for 15 min. The reaction mixtures were
then heated at 70 °C for 30 min in a water bath to induce
protein denaturation. After cooling to room temperature, the
resulting turbidity was measured spectrophotometrically at
660 nm using a UV-visible spectrophotometer. The percentage
inhibition of protein denaturation was calculated by comparing
the absorbance values of the test samples with the control using
following equation:

Inhibition (%) = A

-A

Inhibition (%) = =2 100

t

where Ay absorbance of test; Ac: absorbance of control.
Antioxidant activity: The total antioxidant activity of
ligand and its metal(ll) complexes was evaluated using the
phosphomolybdenum method [29]. An aliquot of reagent
solution (3 mL) containing 0.6 M H,SO., 28 mM NazPOa,
and 4 mM ammonium molybdate was added to different con-
centrations of the metal(1l) complexes (25, 50, 100, 250 and
500 pg/mL). The reaction mixtures were incubated in a water
bath at 95 °C for 90 min to facilitate the reaction. After cooling
to room temperature, the absorbance of the test samples and
the standard (vitamin C) was measured at 695 nm using a

UV-visible spectrophotometer. The total antioxidant activity
was calculated using a standard equation.

—A: 100
t

Statistical analysis: Statistical analysis was carried out
using Microsoft Excel 2019; Student’s t-test was used for
evaluating statistical significance between the treatments. A
p-value of < 0.05 was considered statistically significant.

Molecular docking study: Molecular docking analysis
was performed using the reported literature procedure [30].
Docking studies were carried out using Hex 8.0 software with
the IHNY crystal structure obtained from the Protein Data
Bank (PDB, www.rcsh.org). The optimized three-dimensional
structures of the metal complexes used for docking were
generated from DFT calculations. Prior to docking, all co-
crystallized ligands and water molecules were removed from
the protein structure. Polar hydrogen atoms were added, while
nonpolar hydrogen atoms were merged to prepare the protein
for docking analysis.

Computational calculations: All computational studies
were performed using Gaussian 09W software. Density func-
tional theory (DFT) calculations were employed to determine
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energies from the
checkpoint files. The molecular geometries of the metal
complexes were optimized using the B3LYP/LAN2DZ basis
set [31]. The visualization of the optimized structures, HOMO-
LUMO distributions and molecular electrostatic potential
(MEP) surfaces was carried out using GaussView software.

. o A
Total antioxidant activity = —

RESULTS AND DISCUSSION

The synthesised Schiff base ligand and its metal(ll) com-
plexes were stable at room temperature and readily soluble in
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DMF and DMSO solvents. Conductivity measurements
indicated a 1:1 metal-to-ligand stoichiometric ratio. The low
molar conductance (Am) values of the ligand and its metal(11)
complexes (6.8, 8.2, 7.1, 10.2, and 12.2 1 cm? mol - for ligand,
Cu(Il), Co(Il), Ni(Il) and Zn(11) complexes, respectively suggest
their non-electrolytic nature.

NMR spectral studies: The *H NMR spectrum of inter-
mediate 2 displayed signals corresponding to nine protons.
The aldehyde proton appeared as a singlet at 8 10.50 ppm.
Two broad singlets at & 7.73 and 7.56 ppm were assigned to
the amide NH; protons. Aromatic protons adjacent to the alde-
hyde and ether substituents resonated as doublets at & 7.79 and
7.70 ppm, respectively, while the remaining aromatic protons
appeared as a multiplet at 6 7.19-7.16 ppm (2H). The methylene
protons adjacent to the ether oxygen and amide carbonyl group
were observed as a singlet at & 4.67 ppm (2H).

The *H NMR spectrum of the Schiff base ligand confir-
med successful condensation with isoniazid. A characteristic
singlet at & 12.13 ppm was assigned to the hydrazide NH
proton, while the azomethine proton (-CH=N-) appeared as
a singlet at & 8.87 ppm, confirming Schiff base formation.
The pyridyl protons resonated at & 8.85 and 7.90 ppm, whereas
the carboxamide NH; protons appeared as broad singlets at &
7.69 and 7.58 ppm. The methylene protons linked to the ether
oxygen and carbonyl group appeared at 3 4.62 ppm, while the
remaining aromatic protons were observed within the expected
aromatic region.

The 3C NMR spectrum of the ligand showed thirteen
distinct carbon resonances for the fifteen-carbon system, indi-
cating chemically non-equivalent carbon environments. The
amide carbonyl carbon resonated at 5 170.1 ppm, while the
amidic carbonyl carbon of the isoniazid moiety appeared at &
162.1 ppm. The azomethine carbon (C=N) was observed at 5
146.2 ppm, confirming Schiff base formation. The aromatic
carbon attached to the ether oxygen resonated at 6 156.8 ppm,
and the methylene carbon linked to the ether oxygen and carb-
onyl group appeared at & 67.5 ppm. The remaining aromatic

carbons were observed in the expected region between  113.3
and 150.9 ppm, supporting the proposed ligand structure.

FT-IR studies: The structure of the ligand was further
confirmed by FT-IR spectroscopy (Fig. 1). The FT-IR
spectrum exhibited a characteristic band at 3362 cm™ corres-
ponding to the amide N-H stretching vibration. The aromatic
C—H stretching vibration was observed around 3050 cm,
while the methylene (-CH2-) stretching vibration appeared at
2954 cm*. Two distinct absorption bands at 1681 and 1648
cmt were assigned to the carbonyl stretching vibrations of
the amide groups. The characteristic azomethine (C=N)
stretching vibration was observed at 1538 cm, confirming
Schiff base formation. In addition, the ether (C—O) stretching
vibration appeared at 1110 cm™. These characteristic absorp-
tion bands confirmed the presence of the expected functional
groups and supported the proposed structure of the ligand.

The FT-IR spectra of the synthesized metal(Il) compl-
exes are shown in Fig. 2. All metal(1l) complexes exhibited
broad absorption bands around 3200 cm™, corresponding to
aromatic and methylene C—H stretching vibrations. The
amide N-H stretching vibrations were observed in the range
of 3437-3363 cmX. Compared with the free ligand, clear shifts
in the amide carbonyl and azomethine stretching frequencies
were observed in the metal complexes. The azomethine stret-
ching bands appeared in the range of 1550-1541 cm™?, indica-
ting coordination of the ligand to the metal ions through the
azomethine nitrogen atom. The shifts in the carbonyl stret-
ching frequencies further suggested the involvement of
oxygen atoms from the ether and amide carbonyl groups in
metal coordination. These spectral changes indicate strong
metal-ligand interactions and redistribution of electron density
within the ligand framework upon complex formation. The
key characteristic FT-IR absorption bands of the ligand and
its metal(11) complexes are summarized in Table-1.

Mass studies: The molecular weight of the ligand was
confirmed by ESI-MS analysis in positive ion mode (Fig. 3a).
The spectrum exhibited a molecular ion peak at m/z 298.8
corresponding to [M+H]"* ion, confirming the formation of the
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Fig. 2. FT-IR spectra of (a) Cu?*, (b) Co?, (c) Ni?* and (d) Zn?* complexes
TABLE-1
CHARACTERISTICS KEY FT-IR (cm™) BANDS OF LIGAND AND ITS METAL(Il) COMPLEXES
Functional group name Ligand Copper(Il) complex  Cobalt(ll) complex Nickel(ll) complex Zinc(11) complex
Amide -NH- 3362 3434 3437 3359 3364
Aromatic 3235 3232 3261 3235 3241
Amide carbonyl 1681, 1648 1675 1676 1685, 1655 1685, 1650
Imine azomethine 1538 1592 1550 1532 1538

ligand. An additional peak observed at m/z 320.9 was assigned
to the sodium adduct ion [M+Na]*. ESI-MS analysis further
supported the formation of the metal(11) complexes, showing
molecular ion peaks corresponding to [M+H]" ions at m/z
360.7, 357.0, 356.8 and 362.7 for the Cu(ll), Co(ll), Ni(ll),
and Zn(11) complexes, respectively (Fig. 3b-e).

UV-visible spectroscopic studies: The electronic proper-
ties of the ligand and its metal(ll) complexes were investi-
gated by UV-visible spectroscopy. The free ligand exhibited
two characteristic absorption bands at 305 and 328 nm, attri-
buted to the =—=* transition of the azomethine group and the
n—7* transition of the pyridyl aromatic system, respectively.

Upon coordination with metal ions, clear spectral shifts were
observed in the metal(ll) complexes, where the 7—m* transi-
tion bands shifted toward higher wavelengths by 4-12 nm,
indicating strong metal-ligand interactions and increased conju-
gation within the coordinated system. The disappearance of
the ligand n—=* transition band and the appearance of new
absorption bands in the range of 364-382 nm were assigned
to ligand-to-metal charge transfer (LMCT) transitions, con-
firming complex formation (Fig. 4). In addition, the Cu(ll)
complex exhibited a weak absorption band around 390 nm,
characteristic of d-d electronic transition (Table-2).
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TABLE-2
UV-VISIBLE DATA (nm) OF LIGAND AND ITS METAL(Il) COMPLEXES
. Ligand Copper(Il) complex  Cobalt(ll) complex Nickel(Il) complex Zinc(Il) complex
Transitions - )
(Lig) (CuC) (CoC) (NIC) (ZnC)
n-m* 305 308 308 318 308
n-m* 328 - 332 328 336
LMCT — 366 382 364 370
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Fig. 5. In vitro antidiabetic activity of the ligand and its metal(ll)
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Fig. 4. Absorption spectra of the synthesised ligand and its metal(ll) complexes
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Biological studies

Antidiabetic activity: The antidiabetic activity of the
synthesised ligand and its metal(11) complexes was evaluated
using the a-amylase inhibition assay at different concentra-
tions and compared with the reference standard (Fig. 5). All
metal complexes exhibited significantly higher inhibitory

complexes using a-amylase inhibition method. Statistical signifi-
cance: p <0.05

activity than the free ligand and the standard drug. The free
ligand showed 79.4% inhibition, whereas the Cu(ll), Co(ll),
Zn(11) and Ni(Il) complexes exhibited inhibition values of
91.8%, 93.6%, 95.8% and 96.2%, respectively. Among the
investigated complexes, the Ni(Il) complex demonstrated the
highest antidiabetic activity, exceeding that of the standard
drug (91.1%). The enhanced activity of the metal complexes
may be attributed to improved interaction between the coordi-
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nated metal centers and the enzyme active site. All experiments
were performed in triplicate and the 1Cso values for the ligand,
Cu(ll), Co(ll), Ni(l1), Zn(I1), and standard were determined
as 213.14, 132.98, 115.31, 79.4, 98.24 and 147.52 ng/mL,
respectively.

Anti-inflammatory studies: The anti-inflammatory
activity of the synthesised ligand and its metal(11) complexes
was evaluated using the BSA denaturation assay and the results
are presented in Fig. 6. All metal(ll) complexes exhibited
higher inhibition efficiency than the reference drug indicating
significant anti-inflammatory potential. The standard drug
showed 88.3% inhibition, while the free ligand exhibited 89.1%
inhibition. Among the metal complexes, Cu(ll), Co(ll), Ni(ll)
and Zn(I1) complexes demonstrated inhibition values of 91.1%,
93.7%, 96.6%, and 98.0%, respectively. The Zn(Il) complex
exhibited the highest anti-inflammatory activity, followed by
the Ni(I1) complex. The enhanced inhibition of BSA denatur-
ation compared with a-amylase inhibition suggests stronger
interaction of the complexes with inflammatory protein targets.
All experiments were carried out in triplicate and the 1Cs
values for the ligand, Cu(ll), Co(ll), Ni(ll), Zn(I1) and stan-
dard were determined as 84.06, 65.46, 36.23, 47.33, 44.63,
and 97.44 ng/mL, respectively. These findings indicate that the
synthesised metal complexes possess promising anti-inflam-
matory properties.
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Fig. 6. In vitro anti-inflammatory activity of the ligand and its metal(Il)

complexes using BSA protein inhibition method. Statistical signifi-
cance: p <0.05

Total antioxidant activity: The antioxidant activity of the
synthesised ligand and its metal(11) complexes was evaluated
by the phosphomolybdenum assay and the results are shown
in Fig. 7. Although the antioxidant activities of the ligand and
its complexes were lower than that of the standard ascorbic
acid (99.4% inhibition), the synthesized metal(Il) complexes
exhibited significantly enhanced activity compared with the
free ligand and previously reported metal complexes [32]. The
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Fig. 7. Total content of antioxidant studies of the ligand and its metal(ll)
complexes in an in vitro manner. Statistical significance: p < 0.05

free ligand showed the lowest antioxidant activity with 72.3%
inhibition. Among the metal(ll) complexes, Co(ll), Zn(1l) and
Ni(Il) complexes exhibited inhibition values of 88.21%, 91.1%
and 93.4%, respectively, while the Cu(Il) complex demons-
trated the highest antioxidant activity with 96.7% inhibition.
The improved antioxidant performance of the synthesized
metal(11) complexes may be attributed to enhanced electron
transfer and radical scavenging ability upon metal coordi-
nation. All experiments were performed in triplicate and the
ICso values for the ligand, Cu(ll), Co(ll), Ni(ll), Zn(ll) and
standard were determined as 296.35, 79.44, 148.02, 105.96,
125.73, and 43.62 pg/mL, respectively.

Molecular docking studies: Molecular docking analysis
was performed to investigate the binding affinity and inter-
action behaviour of the synthesised metal(ll) complexes toward
the target protein (LHNY) [33-37]. The optimized ligand stru-
ctures were docked into the active site of the protein to identify
the most stable binding conformations and evaluate their inter-
action energies, hydrogen bonding and binding stability. The
docking results including hydrogen-bond interactions and
binding energies are summarized in Table-3, while the three-
dimensional binding interactions are illustrated in Fig. 8.

Among the investigated complexes, the Zn(l1) complex
exhibited the strongest binding affinity with a binding energy
of -271.76 kJ/mol. The complex formed three hydrogen-bond
interactions with amino acid residues HIS299, TRP59, and
ASP300, involving both conventional and carbon—hydrogen
bonding interactions. The Cu(ll) complex formed two hydrogen
bonds with LEU211 and ASN250, showing a binding energy
of -263.04 kJ/mol. Similarly, the Co(ll) complex interacted
with LEU211 and SERS3 through two hydrogen bonds and
exhibited a binding energy of -250.38 kJ/mol. The Ni(ll)
complex formed a single hydrogen bond with ASP197 and
showed a binding energy of -259.75 kJ/mol. Based on the
docking energies, the interaction strength of the complexes
followed the order: Zn > Cu > Ni > Co. These results demons-

TABLE-3
INTERACTION OF METAL COMPLEX WITH o-AMYLASE ENZYME (1HNY .pdb)

Metal complex  Binding energy (kJ/mol)

No. of hydrogen bonding

Interacted amino acid residues and their bond length

CuC -263.04 2
CoC -250.38 2
NiC -259.75 1
ZnC -271.76 3

LEU211? (2.56 A), ASN2502 (3.32 A)
LEU2112 (2.89 A), SER3? (3.04 A)
ASP197" (2.79 A)
ASP300P (2.95 A), HIS2992P (1.59 A), TRP59° (2.11 A)

Conventional hydrogen bonding interaction, ®Carbon hydrogen bonding interaction.
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Fig. 8. Molecular docking studies of the synthesised metal(ll) complexes (a) Cu?*, (b) Co?*, (c) Ni?* and (d) Zn®*

trate strong interactions between the metal(11) complexes and
the active site residues of the LHNY protein, supporting their
promising biological activity.

DFT studies: Density functional theory (DFT) calculat-
ions were performed to investigate the electronic properties,
molecular stability and chemical reactivity of the synthesised
metal(I1) complexes [38-44]. The optimized frontier molecular
orbitals (HOMO and LUMO) provided valuable information
regarding electron distribution, charge transfer behaviour and
ligand—metal interactions (Fig. 9). The Co(ll) complex exhi-
bited the largest HOMO-LUMO energy gap indicating higher
stability, greater chemical hardness, and comparatively lower
interaction with biomolecules. In contrast, the Zn(11) complex
showed the smallest band gap and highest global softness,
suggesting enhanced electron transfer ability, higher chemical
reactivity and stronger interaction with biological targets,
which correlates well with its superior biological activity

observed experimentally. The Ni(ll) complex displayed elect-
ronic properties similar to those of the Zn(11) complex, while
the Cu(ll) complex exhibited intermediate behaviour with
moderate band gap and reactivity. The HOMO electron density
of the Co(ll) complex was mainly distributed over the amine
region, whereas in the Cu(ll) complex, electron density was
localized over the pyridyl moiety and shifted toward the metal
center in the LUMO state, indicating ligand-to-metal charge
transfer characteristics. The calculated band gap, global hard-
ness, softness, chemical potential and electrophilicity index
values demonstrated that lower band gap and higher softness
favour stronger biomolecular interactions and enhanced bio-
logical activity (Table-4). Thus, based on the DFT results are
consistent with the molecular docking and in vitro biological
studies confirming that the Zn(Il) complex possesses the hig-
hest reactivity and biological potential among the synthesised
metal(ll) complexes.




1490 Jeniva et al.

Asian J. Chem.

CuC CoC
s N
. . .
2o 0 e \"ot.‘;\t
e 99,5 by ‘ \ .
’ o
o
o
.
LMo} — 2%° ) - ——
% [ L™ ’
4 JJ‘
3 | |
3 1.0 14
[J]
c
w

| | I
:' X
HoMO § = “— Rp—
J ’ 4“,

NiC ZnC
4
] @
M -
’ * ’ o v,
29 %45, e 0 5.4
o i, ° >
2a %4 9 20 O od 9
oo ¥ Fue 29
’ s
‘o4

-— -— 4 -— - g - -
“ ‘ ‘ &‘
9 ‘
20 ‘ o ’
T,

4

Fig. 9. Frontier molecular analysis of synthesised complexes (a) Cu?*, (b) Co?*, (c) Ni?* and (d) Zn?*

TABLE-4
DATA OBTAINED FROM THE DFT STUDIES

Compound HOMO LUMO Band gap Chemical Global Global Elt_actrophilicity
(eV) (eV) (AE) (eV) potential (eV) hardness (eV)  softness (eV1) index (eV)
CuC -2.5285 -1.4661 1.0623 -1.9973 0.5311 0.9413 3.7552
CoC -2.4504 -1.0386 1.441 -1.7445 0.7058 0.7083 2.1558
NiC -2.5375 -1.7943 0.743 -2.1659 0.3715 1.3456 6.3126
ZnC -3.0003 -2.3388 0.661 -2.6696 0.3307 1.5116 10.7735
Molecular electrostatic potential (MEP): Molecular Conclusion

electrostatic potential (MEP) analysis was performed to inves-
tigate the electron density distribution and potential reactive
sites of the synthesised metal(11) complexes (Fig. 10) [45,46].
The MEP surfaces were generated from the optimized geome-
tries obtained through DFT calculations. In the MEP maps,
red regions represent areas of high electron density and nega-
tive electrostatic potential, indicating favourable sites for
electrophilic attack and hydrogen-bond acceptor interactions,
whereas blue regions correspond to positive electrostatic
potential and potential nucleophilic interaction sites. Green
regions indicate electronically neutral surfaces.

The MEP profiles revealed that the oxygen atoms in all
complexes predominantly appeared in red regions, confirm-
ing their electron-rich nature and involvement in intermolecular
interactions. In contrast, the Co(ll) complex displayed more
pronounced blue regions around the metal center, suggesting
a relatively higher positive charge density and Lewis acidic
character. The pyridyl nitrogen atoms also exhibited electron-
rich regions due to the presence of lone-pair electrons, which
may facilitate hydrogen-bond interactions with biological
targets. The aromatic hydrogen atoms mainly appeared in
green regions indicating neutral character; however, they may
contribute to stabilizing biomolecular interactions through n-n
stacking and electrostatic interactions.

A series of novel isoniazid-derived Schiff base metal(ll)
complexes of Co(ll), Ni(ll), Cu(ll) and Zn(Il) were success-
fully synthesized and characterized using elemental, spectro-
scopic and conductivity analyses. The results confirmed coordi-
nation of the ligand through azomethine nitrogen and oxygen
donor atoms, forming stable non-electrolytic complexes with
1:1 metal-to-ligand stoichiometry. Biological studies demon-
strated that metal coordination significantly enhanced the anti-
diabetic, anti-inflammatory and antioxidant activities compared
with the free ligand. Among the synthesized complexes, the
Zn(I1) and Ni(ll) complexes exhibited superior antidiabetic
and anti-inflammatory activities, while the Cu(ll) complex
showed the highest antioxidant activity. The enhanced biolo-
gical performance is attributed to improved electron delocali-
sation and stronger interaction of the metal complexes with
biological targets. Molecular docking studies revealed strong
binding interactions between the metal(11) complexes and the
1HNY protein, with the Zn(11) complex showing the highest
binding affinity. DFT calculations further supported the experi-
mental findings by correlating lower HOMO-LUMO energy
gaps and higher global softness with enhanced biological
activity. MEP analysis identified the oxygen and nitrogen atoms
as the major reactive sites involved in biomolecular inter-
actions.
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Fig. 10. Molecular electrostatic mapping of (a) Cu?*, (b) Co?*, (c) Ni?* and (d) Zn?* complexes
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