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ABSTRACT

The biologically active Zn(II) complex [Zn(HL)2] (HL = 3-OCH3CsHa-(CO)NHO) has been
synthesized by the reaction of ZnSOs with potassium 3-methoxybenzohydroxamate (KHL, 3-
0CH3C¢H4CONHOK) in a 1:2 molar ratio in MeOH solvent medium simply stirring, avoiding
drastic conditions and hazardous chemicals. Physicochemical (elemental analysis, molar
conductivity) and spectroscopic studies (FTIR, UV-visible, 'H NMR, and 3C NMR) were
conducted to characterize the complex. The coordination involving the oxygen atoms of
carbonyl and hydroxamic groups (0,0 coordination) and the presence of a distorted
tetrahedral geometry around the complex have been inferred on the basis of computational
studies. Computational investigations indicate that the complex exhibits greater stability in
comparison to that of the ligand, and additional calculations were conducted to assess
various chemical reactivity parameters. The biological efficacy of the complex has been
evaluated through investigations of its antimicrobial, cytotoxic, and anticancer properties,
complemented by DNA binding and docking analyzes. The antimicrobial activity of the
ligand and the complex against selected bacteria (S. aureus, S. typhi, E. coli, S. flexneri) and
fungi (R. solani, A. alternata, and F. sambucinum) was also evaluated. The complex was found
to be more toxic against the bacterial species S. typhi and E. coli and showed efficient
inhibitory activity against the fungi F. sambucinum and A. alternata. The results were
compared with the standard antibacterial drug tetracycline and the antifungal drug
amphotericin B. In vitro cytotoxicity assessments were performed using L20B cell lines,
which are malignant mouse cells expressing the human poliovirus receptor (CD155), and
Rhabdomyosarcoma RD cancer cell lines derived from muscle tissue. The findings revealed
decreased cell viability, which is correlated with the increase in the concentrations of the
test compounds, demonstrating potent anticancer activity specifically against
rhabdomyosarcoma cancer cell lines. Additionally, molecular docking investigations were
performed to explore the molecular interactions between the ligand, the complex, and the
crystal structure of the A. alternata allergen (3VOR), further supporting the efficacy of both
the ligand and the complex.

Cite this: Eur. J. Chem. 2024, 15(2), 166-177 Journal website: www.eurjchem.com

1. Introduction

synthesized using the sonochemical method [4-6]. Zinc is a
biologically important metal ion and an essential mineral that

Coordination compounds have garnered substantial
interest because of their varied structures, which offer versatile
applications such as pollutant adsorption and potent
heterogeneous photocatalysis for the degradation of organic
pollutants and hydrogen production. These functionalities arise
from synergistic interactions between metals and functional
organic ligands, as well as catalytically active metal sites [1].
Given the d1° configuration of Zn(Il), it can adopt various
topologies with varying coordination numbers, leading to a
wide range of applications. Numerous supramolecular
compounds comprising zinc and potassium, which exhibit
promising antibacterial activities [2,3], have been successfully

is of great biological and public health importance [7]. It is a
trace metal that is crucial for humans [8], animals [9], plants
[10], and microorganisms [11]. Zinc is the exclusive metal
present across all enzyme classes and ranks as the second most
prevalent transition metal within organisms [10]. Those with
zinc deficiency are at increased risk of major depressive
disorder (MDD), which can be effectively treated with zinc
supplements [12]. Zinc plays a ubiquitous role in human biology
and interacts with a wide range of organic ligands [13]. Zinc
plays an important role in the processes of DNA replication and
transcription within the cell and is a part of several
transcription factors.
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Scheme 1. Synthesis of the ligand.

Zinc is also well known for its topical treatment of wounds
and various dermatological conditions [14-17]. Zinc plays an
important role in the immune system and reduces inflame-
mation [18]. The lack of zinc has been associated with
pneumonia and bronchitis in children [19]. Ensuring optimal
levels of this element is crucial for the functionality of anti-
oxidant enzymes, including zinc-copper superoxide dismutase,
which helps prevent damage to purine bases in DNA, thus
mitigating the risk of cancer [20-22]. The synthesis of coor-
dination compounds is primarily influenced by factors such as
the electronic structure of the metal ion, the availability of
coordination sites in the organic ligand, the nature of the bond,
or interaction between the metal ion and the ligand, and the
coordination number. Zinc is of paramount importance as a
trace element for human physiology, contributing to cellular
health, and participating in the activity of more than 300
enzymes [23,24]. Different classes of zinc coordination
complexes have shown potential in various applications,
including radioprotective agents [25], tumor photosensitizers
[26], antidiabetic agents [27,28], anticonvulsants [29], anti-
inflammatory agents [30], antimicrobial agents [31-38],
antioxidants [39], antiproliferative/antitumor agents [40,41]
and anti-Alzheimer agents [42].

Hydroxamic acids, a substantial and biologically significant
category of organic bioligands, exhibit a wide variety of
biological activities and serve as selective inhibitors of
numerous enzymes, including matrix metalloproteinases,
peroxidases, hydrolases, ureases, lipoxygenases, cyclo-
oxygenases, histone deacetylases, and peptide deformylases
[43,44]. Hydroxamic acids have low toxicity [45] and are well
known for their chelating behavior toward transition metal ions
[46,47], studied both in solution and in the solid state. The
hydroxamic acids can be considered chelating ligands that
possess at least two electron-rich sites (non-bonding and/or m-
electrons) that can coordinate with the metal ion [48,49].
Hydroxamic acids functions as bidentate chelators by
coordinating through both the carbonyl and hydroxamic
oxygen atoms, thereby establishing five-membered rings
characterized by either singly deprotonated hydroxamato or
doubly deprotonated hydroximato ligands [50]. The affinity
between hydroxamic acid and transition metal ions is
significant in the X-ray crystal structures of Ni(II)-containing
urease [51] or Zn(II)-containing metalloproteins, such as
carbonic anhydrase [52]. These compounds have enormous
research interest due to their anti-inflammatory, anti-
tubercular, antileukemic, antimicrobial [53-55], and tumor
inhibiting properties. Furthermore, they serve pivotal functions
in the synthesis of various biologically active pharmaceuticals,
including antidepressants, antitumor agents, anti-HIV agents,
antimalarial agents, antiasthmatic and anti-inflammatory
agents [56], along with applications in insecticides, antioxidants
and corrosion inhibitors [57]. Given the significant influence of
zinc and hydroxamic acids and to investigate their biological
effectiveness, the current study endeavors to synthesize the
potassium salt of hydroxamic acid along with its Zn(II) complex,
and subsequently evaluate their DFT properties, cytotoxicity,
molecular docking interactions, and antimicrobial efficacy.

2. Experimental
2.1. Materials and instrumentation

The solvents used in the experiment were reagent grade
and had been dried and distilled prior to the experiment. Zinc
sulfate from Sigma-Aldrich was used without any further
processing. Carbon, hydrogen, and nitrogen analyzes using the
Carlo-Erba 1106 elemental analyzer. Zinc was estimated by
titrating the complex with EDTA and using Erichrome Black-T
(EBT) as an indicator [58]. The molar conductance of the
complex was evaluated at 30+1 °C utilizing an Elico
Conductivity Bridge type CM-82T, a Bench Conductivity / TDS
meter with unity cell constant (K = 1). Infrared (IR) spectra
were obtained using KBr pellets on a PerkinElmer Spectrum RX
FTIR spectrophotometer. UV-visible spectra were captured
usinga Lab India UV-3000 + UV-visible spectrophotometer with
standard quartz cells of a path length of 10 mm at a
concentration of 5x10-5 M at room temperature. 1H NMR and
13C NMR spectra were recorded on a Bruker Avance Neo 500
MHz NMR spectrometer using DMSO-ds as a solvent and TMS as
an internal standard. The ligand and complex were optimized
using the Orca 4.2.1 program platform [59] and visualized using
Chemcraft [60] and Chimera [61]. Molecular docking studies
were carried out using the Autodock 4 and Autodock Tools
version 1.5.7 [62] version and the results were visualized using
Discovery Studio visualizer software [63].

2.2. Synthesis of ligand

The ligand, potassium 3-methoxybenzohydroxamate, was
synthesized using the reported method [64,65] (Figure 1). To 5
g of acid (32.9 mmol) was added an excess (up to 10 moles) of
methyl alcohol and 1 mL of conc. H2S04. The reactants are then
refluxed on the mantle using a water condenser for 5-7 h. The
methyl ester was filtered and dried under vacuum. Separate
solutions of NH20H-HCl (2.41 g, 34.7 mmol) and KOH (2.92 g,
52.1 mmol) in methanol (10 mL each) were prepared by
heating the contents on a water bath. Both solutions were then
cooled to 30-40 °C and the solution containing KOH was added
with shaking to the solution containing NH20H-HCl with
simultaneous cooling in an ice bath and allowed to cool in an ice
bath for 2-4 h to ensure the complete precipitation of KCl. The
mixture was then filtered and to the filtrate was added a methyl
ester of the respective acid (2.88 g, 17.3 mmol) with stirring.
The mixture is filtered off immediately. The filtrate was allowed
to stand for 2-3 days. The solid was filtered off, washed with a
little absolute ethyl acetate, and dried in air (Scheme 1).

KHL: Color: Yellow. Yield: 73%. M.p.: 96-98 °C. FT-IR (KBr,
v, cm1): 3355 (N-H), 1671 (C=0), 1379 (C-N), 935 (N-0), 3025-
2810 (Ar. C-H str.). 'H NMR (500 MHz, DMSO-ds, §, ppm): 3.83
(s, 3H, OCHs), 6.90-7.82 (m, 4H, Ar-H), 8.00 (s, 1H, N-H). 13C
NMR (125 MHz, DMSO-ds, §, ppm): 160.83 (C=0), 55.54 (OCH3),
101, 104, 108, 114, 119, 122, 129, 130 (Ar-C). Anal. calcd. for
CsHsKNOs: C, 46.81; H, 3.93; N, 6.82. Found: C, 46.78; H, 3.87; N,
6.79%. UV-Vis (DMSO, Amax, nm, (£)): 257 (7620).
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Scheme 2. Synthesis of Zn(II) hydroxamate complex.

2.3. Synthesis of [Zn(HL):]

A solution of zinc sulfate (1 g, 6.21 mmol) in methanol (10
mL) was added to a solution of potassium 3-methoxy-
benzohydroxamate (KHL) (2.062 g, 12.42 mmol) in 15 mL of
methanol and the reaction mixture was stirred for 0.5 h. The
yellow complex was precipitated, filtered, and recrystallized
from a 1:1 mixture of methanol and diethyl ether (Scheme 2).

[Zn(HL)z]: Color: Yellow. Yield: 87%. Dec. Temp.: 181-184
°C. FT-IR (KBr, v, cm™): 3365 (N-H), 1640 (C=0), 1377 (C-N),
955 (N-0), 2965-2790 (Ar. str.), 485 (Zn-0). 1H NMR (500 MHz,
DMSO-ds, 8, ppm): 7.55 (t, ] = 7.4 Hz, 1H, NH), 7.50 (s, 1H, NH),
7.48-7.42 (m, 2H, Ar-H), 7.41-7.29 (m, 4H, Ar-H), 7.05 (td, J =
9.4, 2.7 Hz, 2H, Ar-H), 3.85-3.76 (s, 6H, OCHs). 13C NMR (125
MHz, DMSO-ds, §, ppm): 165.97 (C=0), 55.25 (0OCH3), 110, 113,
116, 118, 119, 121, 128, 129, 130 (Ar-C). Anal. calcd. for
C16H1606N2Zn: C, 48.32; H, 4.06; N, 7.04. Found: C, 48.31; H, 3.99;
N, 7.01%. UV-Vis (DMSO, Amax, nm, (€)): 298 (5940). Am (DMSO,
1x10-3 M, 30 °C, S.cm?/mol): 1.085.

2.4. Computational assessment using DFT

The structures for computational studies were prepared in
Chemcraft [60] and the reported compounds were optimized by
Orca 4.2.1 program platform [59] and analyzed by Chimera
1.17.3 [61]. A very useful method for exchange correlation
functional, i.e, B3LYP [66], is applied with the DeF2-SVP basis
set [67]. Energy-optimized structures and various chemical
reactivity parameters for the ligand and complex were
calculated.

2.5. Antimicrobial activity assay by two-fold serial dilution
method

In vitro antibacterial and antifungal activities of the ligand
and Zn(II) hydroxamate by the minimum inhibitory concent-
ration (MIC) method [68] are tested in a 96-well microtitre
plate (tissue culture grade) by the two-fold serial dilution
method [68] using Resazurin, an oxidation reduction colori-
metric indicator dye to determine drug resistance and minimal
inhibitory concentration against different microorganisms [69].
The dye turns pink from its blue oxidized state upon reduction
by viable cells, which indicates the growth of bacteria and fungi.
The lowest concentration of the complex that prevented this
color change was considered MIC according to the Clinical and
Laboratory Standards Institute (CLSI M07-A9) [70]. A stock
solution of ligand and complex were prepared in DMSO (250
pg/mL). A set of 12 wells was utilized for the minimum
inhibitory concentration assay, with the final two wells serving
as controls. Each of the ten wells received 50 pL of Muller-
Hinton broth, except for the first well, which contained 100 pL
of broth and 250 pg/mL of the test complex. From the first well
containing the test complex, 50 pL of broth was transferred to
the second well and the contents were thoroughly mixed. This
serial dilution process was repeated, resulting in a range of two-
fold serial dilutions (250-0.90 pg/mL). Resazurin, prepared as
a 0.02% weight/volume solution in distilled water and
sterilized by filtration, was added to each well. Subsequently, 10

uL of microbial culture was inoculated into each well and the
contents were thoroughly mixed by ten clockwise and
anticlockwise rotations. Plates were then incubated at 35 ° C for
24 hours for bacteria and 28 ° C for 72 hours for fungi. To assess
the solvent’s role in biological screening, studies were also
conducted using DMSO which showed no activity. The standard
antibacterial drug tetracycline and the antifungal drug
amphotericin B were used for comparison. All experiments
were performed in triplicate.

2.6. Cytotoxicity studies

Determination of the toxicity of the ligand and the complex
was performed via the 3-(4,5-dimethylthiazol-2-yl)-2,5-di
phenyltetrazolium bromide (MTT) assay [71] in the
concentration range of 5 to 35 pg/mL of L20B cell lines, a
malignant mouse cell line expressing the Human Polio Virus
receptor (CD155) and rhabdomyosarcoma RD cancer cell lines
isolated from muscle tissue [72]. Rhabdomyosarcoma is a form
of cancer that develops from mesenchymal cells of skeletal
muscle. Briefly, cells were obtained from the Central Research
Institute, Kasauli, India, and the National Center for Cell Science,
Pune India. Cell lines were maintained in Dulbecco’s Modified
Eagle’s Medium (Himedia, Mumbai) supplemented with 10%
fetal bovine serum, 100 pg/mL penicillin, and 100 pg/mL
streptomycin. The cell lines were cultured in a humidified
atmosphere (95%) with 4% COz at 37 °C. The cells were
aseptically seeded in a 96-well plate at a concentration of
1.2x10% cells/mL DMEM supplemented with 10% fetal bovine
serum (FBS) and allowed to grow overnight. After 24 h, 20 pL
solution of each compound with specific concentrations (5, 15,
25, and 35 pg/mL) was then added per well, followed by
overnight incubation at 37 °C. Subsequently, the medium was
removed and 100 pL fresh medium containing 20 pL of MTT
was added, followed by incubation in a CO2 incubator at 37 °C
for 4 hours. After incubation of cells for an additional 4 h with
MTT-containing medium, it was withdrawn and 100 pL of
DMSO was added to each well to extract the precipitated
intracellular purple formazan crystals and shaken for 15 min.
The absorbance of the plate was recorded using an automated
plate reader (Thermo Fisher Scientific, China) at 570 nm
(Equation 1). The control cell measurement values were 0.134
and 0.672 for L20B and RD cells, respectively, to calculate the%
cell viability. The experiments were performed in triplicate.

Absorbance (sample)

% Cell viability = x 100 (0

Absorbance (control)
2.7. Molecular docking and DNA binding studies

The protein structure of A. alternata allergen Alt a 1, with
PDB ID: 3VOR, and the crystal structure of double-stranded
DNA (PDB ID 1AIO) featuring specific DNA sequences (5'-
D(CCTCTGGTCTCC)-3",5"-D(GGAGACCAGAGG)-3’) for the DNA
binding studies was obtained from the RCSB (Royal Col
Laboratory for Structural Bioinformatics) database at
www.rcsb.org [73]. The PDB structures of the ligand and its
complex were generated using Pymol [74]. Then the pdbqt files
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(structure files with added Kolmann charges) were generated
for the ligands and their complexes [75]. The protein's binding
site was located using grid dimensions, and the ligand and
synthesized complex were docked into the binding site using
AutoDock4 and AutoDock tools [62]. To discern distinctive
conformations, a root mean squared tolerance (RMS) of 2.0 A
was applied. Ten cluster ranks of ligand and complex
interactions were executed across diverse conformations to
assess the optimal energy states. The data obtained were
analyzed using Discovery Studio (DS) visualizer software [63].
Results encompassing the lowest docking binding energy,
average binding energy, final intermolecular energy, inhibition
constants, total internal energy, and other pertinent
parameters were then computed.

3. Result and discussion
3.1. Synthesis

The complex [Zn(HL)2] has been synthesized in
quantitative yields by the reaction of ZnSO4 with potassium salt
of 3-methoxybenzohydroxamate in a 1:2 ratio in methanol,
according to Scheme 2. The complex is yellow in color and
soluble in DMSO, chloroform, sparingly in dichloromethane, etc.
The conductance value in DMSO was low, that is, 1.085
S.cm?/mol, suggesting that no anions are present outside the
coordination sphere, confirming its nonelectrolytic nature [76].
The complex is soluble in organic solvents such as DMSO,
chloroform, and dichloromethane, although to a lesser extent in
the latter. Computational, physicochemical, and spectral
investigations confirmed the presence of a four-coordinate
distorted tetrahedral geometry around zinc. Furthermore, DFT
analysis and low molar conductance values (indicating the
nonelectrolytic character) provide additional support for the
stability and geometry of the complex. Moreover, the absence of
significant color alteration upon dissolution serves as further
evidence of its stability. Spectral studies were conducted using
both solid-phase (IR spectra) and solution-phase (*H NMR, 13C
NMR spectra) samples, and the bands observed with almost
similar values indicate that the structure of the complex
remains unchanged in both phases.

Comparison of FT-IR spectra of the synthesized complex
with a free ligand showed its formation. The bands at 3355 and
1379 cm? in the free ligand, assigned to v(NH) and v(CN)
modes, respectively, did not undergo any change in the
respective complex. This suggests that the NH group is retained,
and coordination through the nitrogen atom is excluded. The
absorption band at 1671 cm-! due to v(C=0) mode appears at a
lower frequency at 1638 cm! in the complex. In addition, the
sharp band appearing at 935 cm! in the free ligand has been
observed at 955 cm! in the complex, which may be attributed
to the v(NO) mode. A shift in v(C=0) mode to a lower
wavenumber and that of v(NO) mode to a higher region
suggests the bonding of carbonyl and hydroxylamine oxygen
atoms, establishing the bidentate nature of the ligand. The band
appearing at 485 cm'! may be ascribed to the v(M-0) bond
(M=Zn) in the complex [77].

At room temperature, KHL and its complex were prepared
with a concentration of 5.0x10-> M in DMSO. The ligand and the
complex exhibit sharp bands at 257 nm (g = 7620 M-1.cm1) and
298 nm (g = 5940 M-1.cm?) in the UV region, which may be
attributed to the intraligand m — m* or n - 1* transitions. The
complex exhibits a minor red shift in wavelength signaling
complexation. However, no notable absorption was detected in
the visible region of the Zn(II) complex, which could be
attributable to the complete occupancy of the d-orbitals.

The H NMR spectrum of the hydroxamate ligand KHL was
compared to the complex. The free ligand exhibits signals due
to its aromatic protons at § 6.90-7.82, NH at § 8.00, and OCH3 at
6 3.83 ppm. Whereas, the complex shows a signal at § 7.05-7.55,

7.50, and 3.83 ppm due to its aromatic protons, NH and OCHs,
respectively. The complex showed a singlet at § 7.50 ppm due
to NH and another singlet at 6 3.85-3.76 ppm attributed to 6
OCHs protons. Two multiplets of 2 Ar-H and 4 Ar-H were
observed at § 7.48-7.42 and 7.41-7.29 ppm, respectively.
Furthermore, a triplet of doublet (td) was observed at § 7.05
ppm due to 2 Ar-H of the aromatic ligand. A tripletat § 7.55 ppm
was observed due to the N-H coupling with a coupling constant
of 7.4 Hz. The slight upfield observed in the signals of aromatic
protons in the complex supports its formation.

The 13C NMR spectra of KHL showed signals between §
101.17 and 130.22 ppm due to aryl carbons. Furthermore, the
peak at § 160.83 ppm was assigned to the carbon atom signal of
the carbon-oxygen double bonds (C = O) in keto form. The
carbon of the methoxy group was observed at § 55.54 ppm for
KHL. On the other hand, the complex showed signals between 6
110.91 and 130.90 ppm for aromatic carbons. The C=0 and
methoxy peaks were observed at § 165.97 and 55.25 ppm for
the complex, respectively. The hydroxamate ligand is known to
exist in two tautomeric forms, keto and enol. However, analysis
of the 13C-NMR data for both the ligand and complexes revealed
the predominance of the keto form in DMSO solution, as
evidenced by the presence of sharp signals corresponding to
the C=0 group. This confirms the 0,0 coordination to the metal
ion. Typically, the polar solvent dimethylsulphoxide facilitates
a reversible proton transfer process, where tautomeric
conversion occurs from the OH to the NH form [78]. However,
in this case, no such change was observed.

3.2. Computational analysis

The geometry optimization was performed utilizing ORCA
4.2.1 Program platform [59] using the DFT method [79] to
understand the electronic structure of a ligand and its complex
with the B3LYP/DeF2-SVP basic set [66,67]. The optimized
geometry of the complex was determined to be distorted
tetrahedral on the basis of calculations. The geometrical and
structural parameters calculated are provided in Table 1.
Figures 1a and 1b depict the energy-optimized structures of the
ligand and complex, respectively.

3.2.1. Structural analysis

The optimization of the Zn(II) complex revealed a distorted
tetrahedral configuration around the zinc metal ion. The ligand
KHL engages in bidendate coordination with the metal ion,
utilizing both the carbonyl oxygen and oxygen from the
hydroxylamine group. Analysis of the computed molecular
structure of [Zn(HL):] indicates a slight elongation of C=0 bond
lengths (C30-031 = 1.271 A, C10-011 = 1.272 A) by
approximately +0.022 and +0.023 A, respectively, compared to
the free ligand, suggesting a minor reduction in double bond
character and the bonding via the carbonyl oxygen to the
central metal ion. This is further supported by the presence of
C=0 signals in the 13C NMR spectrum of the complex. The NO
(N12-020 = 1.344 &, N32-040 = 1.343 &) bond lengths exhibit
a slight increase of approximately +0.048 and +0.049 A
compared to the free ligand. Conversely, the CN (C30-N32 =
1.331 A, C10-N12 = 1.331 A) bond lengths are slightly reduced
by approximately -0.026 A relative to the free ligand (C10-N12
= 1.357 A). The Zn-0 bond distances (Zn41-020 = 1.959 A and
Zn41-040 = 1.9577 A) involving hydroxamic oxygen are shorter
than the Zn-0 bond distances (Zn41-011 = 2.026 A and Zn41-
031 = 2.027 A) involving carbonyl oxygen. Bond angles around
zinc range from 83.65 to 129.15° in the complex. The observed
alterations in bond lengths (CO, CN, and NO) and various bond
angles indicate bonding through carbonyl and hydroxamic
oxygen to the metal ion. Minor deviations in the coordination
environment of the zinc metal ion from an ideal tetrahedral
arrangement are ascribed to the structural limitations imposed
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Table 1. Calculated bond lengths (A) and bond angles (°) for the ligand and the complex from DFT calculations.

Bond lengths Bond angles
HL - B3LYP/DEF2-SVP
N12-H13 1.028 C10-N12-020 127.69
N12-020 1.295 C10-N12-011 125.28
C10-011 1.249 C15-014-C9 118.23
C10-N12 1.357 C6-C10-N12 113.70
C9-014 1.375 020-N12-H13 116.94
C15-014 1.404 C6-C10-011 120.92
C6-C10 1.503 C2-C9-014 115.79
C2-C9 1.406
C8-C9 1.395
[Zn(HL).] - B3LYP/DEF2-SVP
Zn41-040 1.957 040-Zn41-031 83.65
Zn41-031 2.027 011-Zn41-020 83.59
Zn41-020 1.959 040-Zn41-011 123.17
Zn41-011 2.026 031-Zn41-020 123.83
N32-040 1.343 031-Zn41-011 118.21
N12-020 1.344 020-Zn41-040 129.15
C30-031 1.271 Zn41-020-N12 106.85
C10-011 1.272 Zn41-011-C10 108.68
C29-034 1.355 011-C10-N12 119.12
C9-014 1.355 C9-014-C15 119.28
C15-014 1.412 Zn41-040-N32 106.88
C35-034 1.412 Zn41-031-C30 108.55
C30-N32 1.331 040-N32-C30 121.70
C10-N12 1.331 N32-C30-031 119.19
C29-034-C35 119.32
C26-C30-031 121.53
C6-C10-011 121.39
C6-C10-N12 119.46
C29-034-C35 119.32
(b)
Figure 1. Energy optimized geometry of ligand (a) and Zn complex (b).
by the presence of the hydroxamate ligand. The presence of two including chemical potential, chemical hardness, and

shorter ZnO bond lengths (Zn41-020 = 1.959 A, Zn41-040 =
1.957 A) corresponds to smaller bond angles (020-Zn41-011 =
83.59°, 031-Zn41-040 = 83.65°), while the two longer bond
lengths (Zn41-011 = 2.026 A, Zn41-031 = 2.027 A) are
associated with larger bond angles (020-Zn41-040 = 129.15°,
020-Zn41-031 = 123.83°,011-Zn41-040 = 123.17°, 011-Zn41-
031 = 118.21°) than those expected in a regular tetrahedral
geometry, confirming the attainment of a distorted tetrahedral
geometry in the complex.

3.2.2. Frontier molecular orbitals

Frontier molecular orbital analyses reveal the reactive site
within a conjugate system and offer insight into the comp-
lexation process. Molecular energies of Enomo (Highest Occupied
Molecular Orbital) and Eiumo (Lowest Unoccupied Molecular
Orbital) were used to compute chemical reactivity descriptors,

electrophilicity. Electronegativity, global hardness, chemical
potential, global softness, and global electrophilicity index were
additionally determined to characterize the chemical reactivity
of the compound and particular reactive sites within the
molecular system. The HOMO and LUMO energy levels for the
ligand were 0.7132 and 3.1751 eV, respectively, with a HOMO-
LUMO energy gap (AE) of 2.4619 eV. For complex, the HOMO
and LUMO energy levels were -5.4882 and -1.1806 eV,
respectively, with a HOMO-LUMO band gap (AE) of 4.3076 eV.
The HOMO-LUMO energy gap representation for the ligand and
the respective complex can be seen in Figures 2a and 2b.
Visualization of the highest occupied molecular orbitals
(HOMOs) of the complex reveals their delocalization, predo-
minantly residing on the orbitals associated with Zn(II). On the
contrary, the lowest unoccupied molecular orbitals exhibit
comparatively less localization, spreading across the orbitals of
the entire ligand fragment within the complex.

2024 - European Journal of Chemistry - CC BY NC - DOI: 10.5155/eurjchem.15.2.166-177.2527



Sharma et al. / European Journal of Chemistry 15 (2) (2024) 166-177 171

Table 2. Representation of various quantum chemical parameters from DFT calculations.

Quantum chemical parameters Ligand Complex
Final single point energy (Hartree, En) -589.29 -2957.74
Enomo (eV) 0.7132 -5.4882
Evumo (eV) 3.1751 -1.1806
AE (eV) 2.4619 43076
Dipole moment (D) 10.01 2.16

x (eV) -1.944 3.334
n(eV) 1.231 2.1538
o (eV1) 0.812 0.464
u(ev) 1.944 -3.334
S(eV) 0.406 0.2321
w (eV) 1.534 2.581

Evumo = 3.1751 eV

TAE=24619 eV

Enomo = 0.7132 eV

Y

(@

Evrumo =-1.1806 eV
TAE=4.3076eV

Enomo = -5.4882 eV

(b)

Figure 2. HOMO-LUMO representation of ligand (a) and Zn(II) complex.

A closer examination of the electron cloud of the HOMO
orbital of the ligand suggests a sharp localization of the electron
density on the hydroxamic group, indicative of favorable
nucleophilic sites [75]. The negative frontier HOMO-LUMO
structure orbital energies for the zinc hydroxamate complex
demonstrate the molecular chemical stability [80]. The energy
difference between the HOMO and the LUMO ascertains the
charge-transfer interaction. Global hardness and global
softness were also predicted. The larger value of AE = ELumo -
Enowmo for the complex than the ligand confirms that the complex
is more stable. Furthermore, the electrophilicity index (w),
exhibiting a higher positive value for the complex compared to
the ligand (2.581 > 1.534 eV), quantifies the system's
propensity to accept an electron from the environment. This
observation confirms the enhanced stability of the complex
relative to that of the unbound ligand.

3.2.3. Chemical reactivity descriptors

lonization potential (IP), electron affinity (EA),
electronegativity (x), global hardness (1), chemical potential
(w), global softness (S), and global electrophilicity index (w)
play a vital role in explaining the chemical reactivity and
stability of a molecular system. The chemical hardness, denoted
by 1 = (ELumo — Enomo)/2, indicates the stability and reactivity of
any chemical system. Electronegativity delineates an atom's
capacity within a molecule to draw electrons toward itself, as
expressed by x = -(Ewomo + Elumo)/2. Chemical potential is
negative of electronegativity and is represented by p = (Enomo +

Evumo)/2. The electrophilic index, which is calculated using w =
u2/2n, is an indicator of the capacity of a system to accept
electrons. The global softness can be determined using the
expression S = 1/2n. The disparity between the energy levels of
the highest occupied molecular orbital and the lowest
unoccupied molecular orbital offers an understanding of charge
transfer interactions. Furthermore, the chemical potential ()
provides insight into the charge transfer within the ground
state of any compound. Moreover, electrophilicity (w) serves as
a thermodynamic parameter that quantifies energy alterations
when a chemical system becomes saturated upon the addition
of electrons, assigning a greater positive value to the complex
(2.581 eV) than the ligand (1.534 eV) quantifies the system's
tendency to accept an electron from the surroundings
ascertaining the complex to be more stable. Table 2 represents
the quantum chemical parameters calculated for the ligand and
the complex.

3.3. Antimicrobial activity

The in vitro antimicrobial efficacy of the ligand and complex
was assessed against specific strains of Gram-positive bacteria
S. aureus and Gram-negative bacteria S. typhi, E. coli, and S.
flexneri, as well as pathogenic fungi R. solani, A. alternata, and F.
sambucinum at varying concentrations in DMSO employing the
standard MIC method recommended by the National
Committee for Clinical Laboratory Standards (NCCLS) [70]. The
commercial antibiotics tetracycline and amphotericin B were
used as reference standards for comparative analysis.
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Table 3. Antibacterial activity data by the MIC method in pg/mL (+ standard deviation).

Compound S. aureus S. typhi E. coli S. flexneri
KHL 1250.30 62.5+0.02 15.63+0.20 31.25+0.40
Complex 31.25+0.30 31.25+0.04 7.80+0.02 15.63+0.03
Tetracycline 3.90 15.63 15.63 15.63
Table 4. Antifungal activity data by the MIC method in pg/mL (+standard deviation).
Compound R. Solani A. alternata F. sambucinum
KHL 125+0.01 31.25+0.45 31.25+0.02
Complex 15.63+0.04 7.80+0.05 15.63+0.03
Amphotericin B 1.95 0.25-1.00 0.5-1.00
Table 5. In vitro cytotoxicity data by the MTT assay of L2oB cell lines (+standard deviation).
Concentration (ug/mL) % Cell viability of L2oB cells % Cell viability of RD cells

Ligand Complex Ligand Complex
5 29.67+0.02 19.15+0.50 12.5+0.30 7.8+0.20
15 17.21£0.30 8.73+0.03 8.45+0.50 5.15+0.40
25 9.21+0.04 3.21+0.20 5.9+0.10 3.4+0.03
35 3.57+0.10 0.99+0.01 3.240.04 1.9+0.04

The free ligand and the complex were screened in vitro for mitochondrial  dehydrogenase activity. The findings

their antibacterial activity against different bacteria such as S.
aureus, S. typhi, E. coli, and S. flexneri (Table 3). The results were
compared with the standard drug tetracycline. KHL inhibited
the growth of Gram-positive S. aureus and Gram-negative S.
typhi at 125 and 62.5 pg/mlL, respectively. E. coli and S. flexneri
were inhibited at 15.63 and 31.25 pg/mL, respectively. The
complex showed promising activity against the selected
microbes in the MIC range of 7.80-31.25 pg/mL. The complex
was found to be more toxic against E. coli and with a MIC value
of 7.80 pg/mL.

The ligand and complex were assayed against the selected
fungi, i.e, R. solani, A. alternata, and F. sambucinum. The results
were compared with the standard antibiotic amphotericin B
(Table 4). The complexes showed enhanced activity over the
ligands. The free KHL showed an inhibitory effect against R.
solani, A. alternata, and F. sambucinum at a MIC of 125, 31.25,
and 31.25 pg/mlL, respectively. The complex inhibited R. solani
and A. alternata at MIC 15.63 and 7.80 pg/mL, respectively. The
hydroxamate complex showed enhanced activity against A.
alternata at 7.80 ug/mL, being quite effective against it.

The ability of metal complexes to inhibit microbial growth
is mainly due to their bacteriostatic effect. The potency of these
complexes depends on several factors such as the metal's
nature [81], the ligand’s ability to easily dissociate, and the
nuclearity of the complexes. The interaction of these complexes
with the membrane alters its fluidity, potentially targeting the
cytoplasmic membrane [82]. The increased antimicrobial
activity observed in complexes, in contrast to the free ligand,
can be rationalized by chelation theory [83], in which
complexation inhibits cell respiration and reduces the polarity
of the central metal ion. This partial sharing of the positive
charge with the ligand’s donor atoms enhances electron
delocalization across the entire chelate ring [84], thus
amplifying the complex's lipophilicity and hydrophobic
properties. This, in turn, favors facilitated perforation through
the lipid bilayer membrane [85]. The observed antimicrobial
activity of the complex can be attributed to the biological
significance associated with the Zn(Il) ion and the bioactive
hydroxamate ligand.

3.4. Cytotoxicity

In vitro cytotoxicity of the ligand and its Zn(II) hydroxamate
complex was carried out on the L20B cell line, a malignant mouse
cell line expressing the human poliovirus receptor (CD155).
Anticancer activity was evaluated using RD Rhabdomyo-
sarcoma cancer cell lines derived from muscle tissue. Cells were
exposed to different concentrations of ligand and complex (5,
15, 25, and 35 pg/mL) and then cultured for 24 hours. Cell
viability was evaluated using the MTT assay, which quantifies

demonstrated that higher concentrations of both the ligand and
the complex were correlated with a reduction in cancer cell
count, confirming their cytotoxic effects. Table 5 represents the
cytotoxicity data plot, cell viability percentage of the ligand and
complex, and the viability variation of the complex with cell
lines. Cell viability of 1% was observed at a concentration of 35
pg/mL for the complex against L2oB cell lines. The complex
exhibited an increased anticancer efficacy against rhabdomyo-
sarcoma cancer cell lines, demonstrating a cell viability of 1.9%
at 35 pg/mL, indicating its effectiveness. Furthermore, cell
viability decreased significantly with increasing concentrations
of the complexes. In particular, the complex demonstrated
superior efficacy compared to the ligand against the chosen cell
lines (L20B and RD), showing high cell inhibition even at lower
concentrations.

3.5. DNA binding studies (1A10)

To fortify the anticancer potential of the zinc complex, DNA
binding studies were conducted by molecular docking, using
the crystal structure of double-stranded DNA (PDB ID 1AIO)
featuring specific DNA sequences (5’-D(CCTCTGGTCTCC)-3’,5"-
D(GGAGACCAGAGG)-3’). Evaluation of the complex’s binding
affinity with the DNA structure is provided in the accompanying
table. The compound exhibited considerable binding efficacy
with DNA. Specifically, it demonstrated a free binding energy to
the DNA strand of -7.90 kcal/mol, accompanied by an inhibitory
constant of 1.62 pM (Table 6). The interaction between DNA
and the complex primarily involves conventional hydrogen
bonding between the complex and the nucleotide residues. In
particular, it formed three conventional hydrogen bonding
interactions with ADE-15 and GUA-16 residues (Figures 3a and
3b). Furthermore, in addition to hydrogen bonding, the
complex engaged with CYT-11, UNK-1, and THY-10 residues
through alternative mechanisms such as metal acceptor
interactions and m-mt T shaped interactions. The increasingly
negative value of the binding energy confirms a robust
interaction between the complex and DNA, affirming its
potential effectiveness in DNA binding.

3.6. Molecular docking studies

Molecular docking is a key aspect of drug design, facilitating
the understanding of interactions between proteins and
ligands. By analyzing the mechanistic pathway of docking, it
determines the probable binding site and the mode of binding
[86], which is usually noncovalent. In this context, the
molecular docking of the free ligand and its Zn(II) complex with
the crystal structure of A. alternata allergen alt a 1 protein (PDB
ID = 3VOR) was performed to predict the binding affinity.
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Table 6. DNA binding score of the complex with 1AI0 DNA strand.

Thermodynamic parameters (Kcal/mol) Complex (1A10)
Free energy of binding -7.90
Mean binding energy -7.79
Final intermolecular energy -9.00
Electrostatic energy -0.23
Vdw + H bond + desolve energy -8.77
Final total internal energy -0.38
Free energy (A) -1371.41
Torsional free energy +1.10
Internal energy (U) -7.18
Unbound system energy -0.38
Inhibition constant (uM) (T = 298.15 K) 1.62
Entropy (S) (Kcal/mol/K) 4.58
Partition function (Q) 10.12

Type and number of binding formed

3 Hydrogen bonds (1.90, 2.10 and 2.90 A)

(@)

Gual6

Adel5

(b)

Figure 3. Interaction of complex with DNA (a) and sequence of residues around the complex (b).
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Figure 4. 2D interaction of the ligand with the protein.

The magnitude of the interaction between the receptor and
the compounds can be assessed through the negative binding
free energy. Both the ligand and the complex exhibited negative
binding free energy, suggesting a favorable binding affinity with
the protein. Keeping this in view, we report here the molecular
docking studies of our ligand and its complex with A. alternata
allergen alt al protein. The ligand, in its energy-minimized

docked conformation, adopted the lowest energy conformation
within the protein groove, forming three hydrogen bonds
(Figure 4 represents 2D interaction), ie, the first hydrogen
bond is observed between the hydrogen atom of the amino
group of tyrosine A-55 residue of the protein and the methoxy
oxygen of the ligand, with a specific bond length of 2.24 A;
second between the aspartic acid A-83 residue and hydroxamic
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Table 7. Docking score of the ligand and complex with the 3VOR protein.

Sharma et al. / European Journal of Chemistry 15 (2) (2024) 166-177

Thermodynamic parameters (Kcal/mol) Ligand Complex
Free energy of binding -5.20 -8.25
Mean binding energy -5.20 -8.25
Final intermolecular energy -5.79 -9.45
Electrostatic energy -0.43 -0.17
Vdw + H bond + desolve energy -5.36 -9.27
Final total internal energy -0.26 -0.53
Free energy (A) -1368.76 -1371.13
Torsional free energy +0.60 +1.19
Internal energy (U) -4.53 -6.89
Unbound system energy -0.26 -0.53
Inhibition constant (uM) (T = 298.15 K) 155.40 891.45
Entropy (S) (Kcal/mol/K) 4.58 4.58
Partition function (Q) 10.08 10.12

Type and number of binding formed

3 Hydrogen bonds (1.62, 1.96 and 2.24 &)

4 Hydrogen bonds (1.87, 2.08, 2.16 and 2.51 A)

H-Bonds

Donor

Acceptor Ll

©

H-Bonds
Donor

Acceptor K

(©

Figure 6. (a) Docked pose of the complex with protein; (b) interaction of amino acid residues; and (c) representation of the H-bonding surface.

oxygen (1.62 A) and third between lysine A-80 and carbonyl
oxygen (1.96 A) through H-m interaction (Figure 5a-c) which
affirms a docking score of -5.20 Kcal/mol. The corresponding
zinc complex established four hydrogen bonds, i.e, 2 H bond
between one carbonyl and one hydroxamic oxygen of complex
with H of Alanine-120 residue of the protein (2.08 and 2.51 A);
the third H bond between H present on nitrogen in hydroxamic
group and Threonine-121 residue bond distances of 2.16 A
(Figure 6a-c). The fourth interaction was inferred between H of
Threonine-33 residue and methoxy oxygen of the complex with
a bond length of 1.87 A. The complex was found to have a
docking score of -8.25 kcal/mol as a result of H-m interaction.
The complex formed a greater number of hydrogen bonds and
attractive forces with various amino acid residues compared to
those of the ligand, bolstering the findings of in vitro anti-
microbial studies. This suggests that the complex has a higher
binding affinity, indicating robust binding to the protein, as
supported by its binding score. Consequently, the more
negatively correlated binding free energies denote a stronger
binding affinity, and the interactions between the target and the
compounds are noncovalent in nature. Table 7 represents the
various parameters obtained from the docking results of ligand
and its Zn(II) complex, and Figures 4-6 represent the docked
pose, their 3D interaction, and H bonding surface represent-
tation, respectively.

4. Conclusions

A biologically potent Zn(Il) complex has been synthesized
from potassium 3-methoxybenzohydroxamate, KHL. The
complex has been characterized by physicochemical (elemental
analysis) and spectral techniques (IR, H NMR, 13C NMR, and
UV-visible). IR and 13C NMR studies confirmed bonding through
carbonyl and hydroxamic oxygens (0,0 coordination). On the
basis of analyses encompassing physicochemical charac-
teristics, spectral data, and DFT investigations, it is proposed
that zinc adopts a mononuclear four-coordinate structure with
a distorted tetrahedral geometry. DFT investigations indicate
that the complex exhibits enhanced stability and reduced
reactivity compared to the ligand, characterized by a wider
HOMO-LUMO band gap (AE).

The complex has shown promising antimicrobial activity
against bacteria tested using the MIC method. It is highly
effective against E. coli and A. alternata, with an MIC value of
7.80 pg/mL, comparable to the standard drugs tetracycline and
amphotericin B. In vitro antimicrobial evaluation demonstrated
that the synthesized complex exhibits greater potency
compared to that of its unbound ligand, indicating its biological
significance. Cytotoxicity investigations revealed an improved
efficacy of the complex against L2oB cell lines, demonstrating
increased anticancer activity specific to cancer cell lines of
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rhabdomyosarcoma. At a concentration of 35 pg/mL, the
complex achieved a cell viability range of 3 to 1%, indicating
superior cellular inhibition.

Assessing the efficacy of the synthesized complex hinges on
its ability to interact with the binding interface linking the spike
protein fragment and the receptor, thus illustrating its potential
efficacy. To support biological efficacy, molecular docking was
investigated to study interaction with the Alternaria alternata
allergen Alt a1l (PDB ID: 3VOR). The findings revealed that the
complex has a docking score of -8.25 kcal/mol, while the ligand
revealed a docking score of -5.20 kcal/mol. The amino acid
residues Tyr A-55, Asp A-83, ALA-120, Thr-121, and Thr-33
were mainly involved in the formation of hydrogen bonds. The
results of molecular docking investigations reveal a higher
binding energy for the complex compared to the ligand,
indicating its proficiency in binding to the protein groove.
Therefore, the biological studies affirmed the biological
potential of the Zn(II) complex, which was supported by
computational studies. Although numerous organic zinc
derivatives exhibit potent biological activities, zinc-containing
antimicrobial agents face challenges due to escalating bacterial
resistance. Consequently, the pursuit of new zinc antimicrobials
remains a formidable challenge. However, exploring this
avenue holds significant promise, as the development of potent
Zn(II) hydroxamates could yield promising antimicrobial
candidates.
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