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Structure-DFT-bioactivity correlation in
mixed-ligand Fe(III), Mn(II), and V(IV)O complexes
with bidentate NO donor 1H-benzimidazole-2-
carboxylic acid and norfloxacin ligands

Hany M. Abd El-Lateef, *a Mai M. Khalaf*a and Aly Abdou *b

Three new mixed-ligand transition-metal complexes of iron(III), manganese(II), and oxidovanadium(IV)

were synthesized using 1H-benzimidazole-2-carboxylic acid and 1-ethyl-6-fluoro-4-oxo-7-(piperazin-1-

yl)-1,4-dihydroquinoline-3-carboxylic acid (norfloxacin) as coordinating ligands. The complexes were

characterized by elemental analysis, infrared and electronic spectroscopy, mass spectrometry, molar con-

ductance, magnetic measurements, and thermal analysis. Spectroscopic results indicate bidentate coordi-

nation of both ligands through nitrogen and oxygen donor atoms, leading to octahedral geometries for

the iron(III) and manganese(II) complexes and a square-pyramidal geometry for the oxidovanadium(IV)

complex. Molar conductance data support the non-electrolytic nature of the complexes, while magnetic

measurements are consistent with the proposed coordination environments. Thermal studies confirmed

the presence or absence of coordinated water molecules, in agreement with the suggested formulations.

Density functional theory calculations revealed changes in frontier molecular orbital energies and global

reactivity descriptors upon coordination, indicating modified electronic properties relative to the free

ligands. In vitro antimicrobial studies showed that the metal complexes exhibited higher antibacterial and

antifungal activities than the uncoordinated ligands, with inhibition zones comparable to those of a refer-

ence antibacterial drug. Anti-inflammatory evaluation demonstrated notable inhibitory effects for the oxi-

dovanadium(IV) and manganese(II) complexes. Molecular docking studies suggested favorable interactions

of the iron(III) and oxidovanadium(IV) complexes with DNA gyrase B, providing a possible molecular basis

for the observed antibacterial trends. Overall, the results demonstrate that metal coordination significantly

influences the structural, electronic, and biological properties of the ligand system.

1. Introduction

In an era marked by the escalating threat of antimicrobial
resistance1–3 and the rising incidence of inflammatory
diseases,4,5 the search for innovative therapeutic strategies has
become increasingly urgent. The diminishing efficacy of con-
ventional antibiotics against resistant microbial strains,6,7

together with the global burden of chronic inflammatory dis-
orders,8 has stimulated growing interest in alternative thera-
peutic approaches. In this context, metal-based compounds
have emerged as promising candidates due to their diverse
coordination geometries, tunable redox properties, and ability
to modulate the biological activity of organic ligands.

Fluoroquinolone antibiotics, such as 1-ethyl-6-fluoro-4-oxo-
7-piperazin-1-yl-1,4-dihydroquinoline-3-carboxylic acid (norfloxa-
cin), are well known for their broad-spectrum antibacterial
activity through inhibition of bacterial type II topoisomerases,
particularly DNA gyrase and topoisomerase IV.9–11 Despite their
clinical importance, the therapeutic performance of fluoroquino-
lones can be limited by poor physicochemical properties and the
rapid emergence of resistant strains. In parallel, 1H-benzimida-
zole-2-carboxylic acid has attracted considerable attention owing
to its reported antibacterial, antifungal, and anti-inflammatory
activities, which are attributed to its heterocyclic nitrogen donor
system and ability to interact with biological targets.12–14 The
incorporation of these two bioactive ligands into a single coordi-
nation framework offers an attractive strategy for modulating bio-
logical performance through metal–ligand synergy.

Transition metals such as iron, manganese, and vanadium
play essential roles in biological systems and have been widely
explored in medicinal inorganic chemistry.15–18 Iron com-
plexes have demonstrated notable antibacterial and anti-
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inflammatory properties, often associated with their redox
activity and capacity to interfere with microbial metabolic
pathways. Manganese is a biologically indispensable element
involved in antioxidant defense, enzymatic catalysis, and
immune regulation. Importantly, manganese complexes have
been reported to exhibit antibacterial and antifungal activities,
as well as anti-inflammatory effects, linked to their ability to
modulate reactive oxygen species and mimic metalloenzymes
such as superoxide dismutase.19–23

Vanadium, particularly in the oxidovanadium(IV) form, has
been extensively studied for its biological activity, including
antimicrobial, anti-inflammatory, and enzyme-inhibitory pro-
perties. Oxidovanadium(IV) complexes are known to interact
with biomolecular targets through coordination and redox
mechanisms, making them attractive candidates for biological
investigations.24–27 These characteristics make iron(III), manga-
nese(II), and oxidovanadium(IV) suitable metal centers for the
development of biologically relevant coordination compounds.

In antibacterial studies, DNA gyrase B represents a well-
established molecular target, as it plays a critical role in bac-
terial DNA replication and cell viability.28 Compounds capable
of interacting with this enzyme can disrupt bacterial prolifer-
ation, and fluoroquinolone-derived ligands are particularly
relevant in this context. Therefore, DNA gyrase B was selected
as a molecular docking target in this study to provide mechan-
istic insight into the observed antibacterial trends.

To complement the experimental investigations, density func-
tional theory calculations and molecular docking studies were
employed. Theoretical calculations were used to analyze elec-
tronic structures and global reactivity descriptors, while docking
simulations were applied to explore possible ligand–protein inter-
action modes without implying direct biological validation.

Accordingly, this work focuses on the design, synthesis,
and comprehensive characterization of new iron(III), manga-
nese(II), and oxidovanadium(IV) mixed-ligand complexes
derived from 1H-benzimidazole-2-carboxylic acid and norfloxa-
cin. This study aims to elucidate their structural and electronic
features and to evaluate their antibacterial, antifungal, and
anti-inflammatory activities, with the goal of establishing
structure–activity relationships and understanding how metal
coordination influences biological behavior.

2. Methodology
2.1. Synthesis

2.1.1. Materials. All chemicals and reagents utilized in the
synthesis of FeBCNR, MnBCNR, and VOBCNR are provided in
the SI.

2.1.2. Preparation of the metal complexes. The synthesis of
the mixed-ligand complexes of iron(III), manganese(II), and oxi-
dovanadium(IV), FeBCNR, MnBCNR, and VOBCNR, respectively,
was carried out according to the following protocol. An aqueous
solution (15.0 mL) of the appropriate metal salt, iron(III) chloride
hexahydrate (FeCl3·6H2O, 2.0 mmol), manganese(II) chloride
dihydrate (MnCl2·2H2O, 2.0 mmol), or vanadyl acetylacetonate

[VO(acac)2, 2.0 mmol] was freshly prepared under gentle stir-
ring. This solution was added dropwise to a hot ethanolic solu-
tion (15.0 mL) containing equimolar quantities of norfloxacin
(NR, 2.0 mmol) and 1H-benzimidazole-2-carboxylic acid (BC,
2.0 mmol), which had been previously mixed and slightly
warmed to increase ligand solubility. The resulting mixture
was refluxed under continuous magnetic stirring at 80 °C for
5 hours, during which the reaction mixture gradually devel-
oped a distinct color characteristic of each complex, indicating
successful metal–ligand coordination. Upon completion, the
mixture was cooled to room temperature, and the resulting
product was filtered off, washed several times with ethanol to
remove any unreacted ligands or residual salts, and finally
dried in a desiccator over anhydrous calcium chloride. The
obtained products were stable, non-hygroscopic, and finely
crystalline in nature. The overall synthetic pathway for the
preparation of FeBCNR, MnBCNR, and VOBCNR is schemati-
cally illustrated in Scheme 1.

[Fe(BC-H)(NR-H)(Cl)(H2O)]. Brownish-red solid; yield: 80%.
Melting point: >300 °C (decomposes). Molar conductance
(ethanol): 9.85 Ω−1 cm2 mol−1. Magnetic moment: 1.86 B.M.
Elemental analysis (%): found (calculated): C 49.22 (49.96), H
4.86 (4.11), N 12.35 (11.89), Fe 10.11 (9.49). Infrared spectrum
(cm−1): ν(CvN) BC, 1571 (shifted from 1624), ν(CvO) NR,
1580 (shifted from 1631), νas(COO

−) 1620, νs(COO
−) 1410, Δν =

210 cm−1, ν(Fe–O) 567, ν(Fe–N) 507.
[Mn(BC-H)(NR-H)(H2O)2]. Pale pink solid; yield: 81%. Melting

point: >300 °C (decomposes). Molar conductance (ethanol):
9.03 Ω−1 cm2 mol−1. Magnetic moment: 1.81 B.M. Elemental
analysis (%): found (calculated): C 50.01 (50.53), H 5.15 (4.59),
N 11.66 (12.28), Mn 10.28 (9.63). Infrared spectrum (cm−1):
ν(CvN) BC 1568, ν(CvO) NR 1595, νas(COO

−) 1623, νs(COO
−)

1409, Δν = 214 cm−1, ν(Mn–O) 560, ν(Mn–N) 511.
[VO(BC-H)(NR-H)]. Pale green solid; yield: 80%. Melting

point: >300 °C (decomposes). Molar conductance (ethanol):
9.42 Ω−1 cm2 mol−1. Magnetic moment: 1.77 B.M. Elemental
analysis (%): found (calculated): C 53.29 (52.76), H 4.88 (4.06),
N 13.34 (12.82), V 9.86 (9.32). Infrared spectrum (cm−1):
ν(CvN) BC 1570, ν(CvO) NR 1588, ν(VvO) 960, νas(COO

−)
1621, νs(COO

−) 1405, Δν(ν(–COO)as–ν(–COO)s) = 216 cm−1, ν(V–
O) 960, ν(V–N) 509.

2.1.3. Structural characterization. The synthesized
FeBCNR, MnBCNR, and VOBCNR were comprehensively
characterized using a combination of physicochemical and
spectroscopic techniques, as illustrated in the SI, and elemen-
tal analysis and atomic absorption spectroscopy were per-
formed to confirm the composition. Infrared spectroscopy was
employed to identify coordination modes, while ultraviolet-
visible spectroscopy provided insight into electronic tran-
sitions. Mass spectrometry was used to verify molecular
weights and fragmentation patterns. Thermogravimetric and
differential thermal analyses were applied to evaluate thermal
stability and the presence of coordinated species. Molar con-
ductance measurements and magnetic susceptibility studies
were carried out to assess the electrolytic nature and electronic
configurations of the complexes.
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2.2. DFT calculations

All quantum chemical calculations for the free ligands (BC
and NR) and their complexes (FeBCNR, MnBCNR, and
VOBCNR) were performed using the ORCA 6.1.0.29 The geo-
metrical optimization was carried out within the framework of
Density Functional Theory (DFT) employing the B3LYP hybrid
functional. The def2-TZVP basis set was applied to all non-
metal atoms (C, H, N, and O), while the def2-SVP basis set was
employed for the transition-metal centers.30–32 The initial
molecular geometries and corresponding input files were gen-
erated using the Avogadro molecular modeling package.33

Upon completion of geometry optimization, the frontier mole-
cular orbitals (HOMO and LUMO) were visualized and ana-
lyzed using the Multiwfn program.34 The global reactivity
descriptors, ionization potential (IP), electron affinity (EA),
energy gap (ΔE), electronegativity (χ), chemical potential (μ),
chemical hardness (η), softness (σ), electrophilicity index (ω),
and nucleophilicity (Nu), were calculated,35–37 see eqn (S1)–
(S9), SI. These parameters provided crucial insights into the
reactivity and electronic behavior of the ligands and their
complexes.

2.3. Biological activity

The detailed experimental methodologies employed for the
evaluation of in vitro antimicrobial (both antibacterial and
antifungal) and anti-inflammatory activities of the NR and BC

ligands, along with their FeBCNR, MnBCNR, and VOBCNR
complexes, are comprehensively described in the SI.

2.4. Molecular docking

The molecular docking protocol applied to the investigated
ligands (BC and NR) and their complexes (FeBCNR, MnBCNR,
and VOBCNR) is comprehensively described in the SI.
Molecular docking studies were conducted against DNA gyrase
(PDB ID: 5MMN). DNA gyrase is a clinically relevant bacterial
enzyme essential for DNA replication, making it a standard
target for antibacterial drug design. PDB ID 5MMN, corres-
ponding to the 24 kDa ATPase domain of E. coli DNA gyrase B,
was chosen due to its well-characterized crystal structure and
known inhibitor complex, providing a reliable model for evalu-
ating potential ligand interactions.

3. Results and discussion
3.1. Structural characterization

The physical appearance and basic thermal properties of the
isolated complexes provide initial insights into their compo-
sition and purity. These complexes are characterized as
powder solids with high melting points exceeding 300 °C and
good yields: FeBCNR at 80%, MnBCNR at 81%, and VOBCNR
at 80% (see Table S1).

Elemental analyses (see Table S2) were used in conjunction
with atomic absorption spectroscopy, mass spectrometry, and

Scheme 1 The overall synthetic pathway for the preparation of FeBCNR, MnBCNR, and VOBCNR.
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thermogravimetric analysis to establish the compositions of
the complexes. Given the presence of coordinated water mole-
cules and halide ligands, slight deviations from the calculated
CHN values may occur; therefore, structural assignments were
validated using multiple independent physicochemical tech-
niques. The found and calculated values are consistent. This
close agreement supports the proposed molecular formulas of
the neutral complexes as C24H24ClFeN5O6 for FeBCNR,
C24H26MnN5O7 for MnBCNR, and C24H22VN5O6 for VOBCNR.

Infrared spectroscopy was employed to investigate the
donor atoms and coordination modes of the synthesized com-
plexes, Table 1. Upon coordination, significant spectral shifts
were observed. The azomethine –CvN stretching band of free
1H-benzimidazole-2-carboxylic acid (BC) at 1624 cm−1 shifted
to 1570–1571 cm−1 in the complexes, indicating coordination
through the azomethine nitrogen. Similarly, the carbonyl
stretching of norfloxacin (NR) at 1631 cm−1 shifted to
1580–1595 cm−1, consistent with binding via the carbonyl
oxygen.

The carboxylate group coordination mode was assessed
from the difference between the asymmetric and symmetric
stretching vibrations, νas(COO

−) and νs(COO
−). In the com-

plexes, νas(COO
−) appears in the range of 1620–1623 cm−1,

while νs(COO
−) is observed at 1405–1410 cm−1, yielding Δν

values of 210–216 cm−1. These values are consistent with a
monodentate carboxylate coordination mode.38,39 In the oxido-
vanadium(IV) complex, a distinct and intense band at approxi-
mately 960 cm−1 is assigned to the terminal ν(VvO) stretching
vibration, a diagnostic feature of oxidovanadium(IV)
complexes,40–42 while the V–O(ligand) and V–N vibrations were
observed in the 509–562 cm−1 region. This band confirms the
presence of a VvO unit and supports a square-pyramidal geo-
metry around the vanadium center. New metal–ligand bands
were observed at 507–511 cm−1 for M–N and 560–567 cm−1 for
M–O (Fe–O and Mn–O). Overall, the IR data confirm that both
ligands act as bidentate NO donors, coordinating through one
nitrogen atom from the CvN group and one oxygen atom
from the carboxylate or carbonyl groups.

Magnetic susceptibility measurements yield small but infor-
mative values. The effective magnetic moments are µeff
(FeBCNR) = 1.86 B.M., µeff (MnBCNR) = 1.81 B.M., and µeff
(VOBCNR) = 1.77 B.M. (see Table S3). The value for FeBCNR is
indicative of a low-spin Fe(III) (t52g) with one unpaired electron,

supporting the octahedral geometry suggested by the UV-Vis
data. The low value for MnBCNR is atypical for Mn(II); yet, the
measured µeff of approximately 1.8 B.M. suggests that
MnBCNR behaves as a low-spin d5 species (one unpaired elec-
tron), indicating a strong ligand field in an octahedral arrange-
ment. The VOBCNR value near 1.77 B.M. corresponds to a V(IV)
O d1 species (one unpaired electron) in a square-pyramidal
environment, further corroborating the geometries inferred
from the spectroscopic data.

Thermogravimetric (TG) and differential thermogravimetric
(DTG) analyses of the FeBCNR, MnBCNR, and VOBCNR com-
plexes were conducted to assess their thermal stability and to
identify the presence of coordinated or hydrated water mole-
cules (see Fig. 1 and Table 2). The FeBCNR complex exhibited
four distinct thermal decomposition stages. The first step
occurred between 165 and 225 °C, with a DTG peak at 172 °C,
showing a 3.054% experimental mass loss (calculated 3.841%),
corresponding to the elimination of one coordinated water
molecule. The subsequent decomposition stages occurred at
225–315 °C (DTG 265 °C), 315–480 °C (DTG 375 °C), and
480–680 °C (DTG 570 °C), with mass losses of 19.375%
(19.003%), 20.553% (21.105%), and 44.724% (45.332%),
respectively. These losses are attributed to the sequential
degradation of organic moieties as C6H14N2, C8H6F, and
C10H2ClN3O4, respectively, leaving a final residue of 12.182%
(12.724%), corresponding to 0.5Fe2O3.

Similarly, the MnBCNR complex decomposed through four
distinct stages. The first mass loss occurred between 165 and
220 °C (DTG 175 °C), showing a 6.301% loss (calculated
6.932%), consistent with the removal of two coordinated water
molecules. The subsequent decomposition stages appeared at
220–335 °C (DTG 270 °C), 335–480 °C (DTG 365 °C), and
480–675 °C (DTG 540 °C), with corresponding mass losses of
19.986% (20.342%), 21.202% (21.884%), and 39.931%
(40.634%), attributed to the elimination of C6H14N2, C8H6F,
and C10H2N3O4 fragments, respectively. The thermal residue
amounted to 12.416% (12.416–23.216%), indicating the for-
mation of MnO as the final decomposition product.

In contrast, the VOBCNR complex exhibited only three
main decomposition stages, with no initial weight loss at
lower temperatures, confirming the absence of coordinated or
lattice water molecules. The first major decomposition
occurred between 205 and 340 °C (DTG 260 °C), with a

Table 1 IR data of the BC and NR ligands and FeBCNR, MnBCNR, and VOBCNR complexes

Ligands Complexes

BC NR FeBCNR MnBCNR VOBCNR

ν(–CvN)BC 1624 — 1571 1568 1570
ν(–CvO)NR — 1631 1580 1595 1588
ν(–COO)as 1685 1701 1620 1623 1621
ν(–COO)s — — 1410 1409 1405
ν(–COO)as–ν(–COO)s — — 210 214 216
ν(M–O) — — 567 560 960
ν(M–N) — — 507 511 509
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20.928% mass loss (calculated 21.392%) assigned to the
release of C6H14N2. The second step occurred between 340 and
470 °C (DTG 370 °C), showing a 22.200% loss (calculated

22.654%) corresponding to C8H6F, while the third step
extended from 470 to 705 °C (DTG 575 °C), with a mass loss of
41.812% (calculated 42.318%) attributed to the decomposition

Fig. 1 Thermal degradation of FeBCNR, MnBCNR, and VOBCNR.

Table 2 Thermal degradation data of the FeBCNR, MnBCNR, and VOBCNR complexes

TG (°C) DTG (°C)

Mass loss (%) Residue (%)

Found (calculated) Assignment Found (calculated) Assignment

FeBCNR 165–225 172 3.054 (3.841) H2O 96.841 (97.441) C24H22ClFFeN5O5
225–315 265 19.375 (19.003) C6H14N2 77.467 (77.042) C18H8ClFFeN3O5
315–480 375 20.553 (21.105) C8H6F 56.914 (57.653) C10H2ClFeN3O5
480–680 570 44.724 (45.332) C10H2ClN3O4 12.182 (12.724) 0.5Fe2O3

MnBCNR 165–220 175 6.301 (6.932) 2H2O 93.536 (93.116) C24H22FMnN5O5
220–335 270 19.986 (20.342) C6H14N2 73.549 (73.874) C18H8FMnN3O5
335–480 365 21.202 (21.884) C8H6F 52.348 (52.683) C10H2MnN3O5
480–675 540 39.931 (40.634) C10H2N3O4 12.416 (23.216) MnO

VOBCNR 205–340 260 20.928 (21.392) C6H14N2 79.212 (79.773) C18H8FN3O6V
340–470 370 22.200 (22.654) C8H6F 57.012 (57.672) C10H2N3O6V
470–705 575 41.812 (42.318) C10H2N3O4 15.201 (15.448) VO2
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of C10H2N3O4. The final residue of 15.201% (calculated
15.448%) corresponds to VO2.

Overall, the thermal data confirm that none of the com-
plexes contain water of hydration, and the observed initial
weight losses are solely due to coordinated water molecules.
Accordingly, the FeBCNR, MnBCNR, and VOBCNR complexes
contain one, two, and zero coordinated water molecules,
respectively, consistent with the proposed molecular formulas
[Fe(BC-H)(NR-H)Cl(H2O)], [Mn(BC-H)(NR-H)(H2O)2], and [VO
(BC-H)(NR-H)], supporting octahedral geometries for FeBCNR
and MnBCNR and a square-pyramidal geometry for VOBCNR.

Conductivity measurements in ethanol further affirm the
neutral, non-ionic nature of these complexes.43 The molar con-
ductivities are relatively low, with values of 9.85 µS cm2 mol−1

for FeBCNR, 9.03 µS cm2 mol−1 for MnBCNR, and 9.42 µS cm2

mol−1 for VOBCNR (refer to Table S4). These values fall within
the expected range for non-electrolytes, indicating that the
chloride ion in FeBCNR is coordinated rather than existing as
a dissociated counter-ion.

Electronic (UV-Vis) spectroscopy was used to investigate the
electronic structure, geometry, and oxidation states of the syn-
thesized complexes (Fig. S1). Solutions of the complexes were
prepared at 1 × 10–3 mol L−1 concentration. The free ligands,
1H-benzimidazole-2-carboxylic acid (BC) and norfloxacin (NR),
show intense n → π* and π → π* transitions in the range of
260–285 nm, corresponding to ligand-centered excitation. The
metal complexes display additional low-intensity bands at
lower energies: [Fe(BC-H)(NR-H)(Cl)(H2O)] exhibits a band at
445 nm (≈22 472 cm−1), [Mn(BC-H)(NR-H)(H2O)2] at 405 nm
(≈24 691 cm−1), and [VO(BC-H)(NR-H)] at 475 nm
(≈21 053 cm−1). These bands are relative to metal-to-ligand
charge transfer (MLCT) or ligand-to-metal charge transfer
(LMCT) contributions.47–49 Specifically, the Fe(III) complex
band can be assigned to a 6A1g(F) →

4Eg(G) transition, consist-
ent with an octahedral, low-spin d5 configuration.44 The Mn(II)
complex band is consistent with a 4T2g(G) →

6A1g transition,
typical for high-spin octahedral Mn(II) centers.45 For the V(IV)O
complex, the band is assigned to a 2B2g → 2A1g transition,
characteristic of a square-pyramidal V(IV)O (VvO) core.46

Stoichiometric studies, employing Job’s method of continu-
ous variation,47,48 reveal a metal : BC : NR ratio of 1 : 1 : 1 for all
three complexes (see Fig. S2). This finding, when combined
with IR and magnetic data, helps constrain the coordination
number. Each ligand donates two atoms (one nitrogen and one
oxygen), and two bidentate ligands provide four donor atoms to
the metal center. To achieve a coordination number of six for
FeBCNR and MnBCNR, two additional monodentate sites are
required. In the case of VOBCNR, the VvO axial unit contrib-
utes one site, resulting in a total of five coordinated sites.

Mass spectrometric analyses were carried out using elec-
tron-ionization (EI) GC-MS and are therefore discussed as sup-
portive molecular-weight evidence rather than high-resolution
mass confirmation. The observed molecular ion peaks corres-
pond to the expected molecular weight ranges of the proposed
complexes and are consistent with their assigned formu-
lations. The EI-MS spectra of FeBCNR, MnBCNR, and VOBCNR

display molecular ion peaks or quasi-molecular fragments at
m/z values consistent with the proposed formulations, within
the expected deviation for EI-MS measurements. The observed
peaks are assigned to the intact complexes or their stable frag-
ments following the loss of coordinated water and/or labile
ligands, which is typical for coordination compounds analyzed
under electron ionization conditions. The observed molecular
ions are: FeBCNR m/z = 589.4 (calculated formula
C24H24ClFeN5O6, 588.8), MnBCNR m/z = 571.3
(C24H26MnN5O7, 570.4), and VOBCNR m/z = 545.6
(C24H22VN5O6, 546.4) (see Fig. S3). These peaks correspond to
the neutral molecular formulas and support the presence of
coordinated chloride and water molecules as proposed.

Integrating all the analytical techniques provides a coherent
structural understanding of the complexes. Each BC and NR
ligand functions as a bidentate, mono-anionic NO donor. For
FeBCNR, the most accurate representation of the formula is
[Fe(BC-H)(NR-H)(Cl)(H2O)], where two bidentate NO ligands
contribute four donor atoms, along with one coordinated
chloride ion and one water molecule, resulting in an octa-
hedral coordination sphere. In the case of MnBCNR, the data
support the formula [Mn(BC-H)(NR-H)(H2O)2]; here, the two
bidentate ligands, along with two water molecules, create a six-
coordinate octahedral Mn(II) complex. For VOBCNR, the
optimal description is [VO(BC-H)(NR-H)], where the chelating
NO ligands occupy the equatorial positions, while the strong
VvO bond occupies the axial position, leading to an overall
square-pyramidal geometry.

The pH stability curves of the FeBCNR, MnBCNR, and
VOBCNR complexes show a bell-shaped trend, indicating
maximum stability around neutral pH (≈6–7). At low pH, pro-
tonation of donor sites weakens complex formation, while at
high pH, hydrolysis or precipitation of metal hydroxides
causes instability, as shown in Fig. S4.

3.2. DFT calculations

The electronic behavior of the free ligands and their corres-
ponding metal complexes was explored using Density
Functional Theory (DFT) calculations with the B3LYP func-
tional. The optimized molecular geometries obtained from
these computations are displayed in Fig. S5. Based on the opti-
mized structures, the energies of the frontier molecular orbi-
tals, HOMO and LUMO, were determined, allowing the calcu-
lation of the HOMO–LUMO energy gap (ΔE). These orbital
energies were subsequently utilized to estimate various global
reactivity parameters, such as chemical potential (μ), hardness
(η), softness (σ), and the electrophilicity index (ω). A compre-
hensive overview of these computed parameters is summarized
in Table S5.

Frontier molecular orbitals play a vital role in defining the
electronic nature and reactivity of molecules. The spatial distri-
bution of the HOMO and LUMO levels illustrates whether a
compound is more inclined to donate or accept electrons
during chemical interactions. For the studied systems, the
computed HOMO and LUMO energies are listed in Table S5.
Their corresponding orbital shapes are visualized in Fig. 2,
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where the green and red contours represent the positive and
negative phases of the orbitals, respectively, clearly identifying
the regions most active in electron transfer and interaction
processes.

The HOMO values reflect the electron-donating capability
of the studied molecules. The BC ligand exhibits the lowest

HOMO energy (−7.03 eV), indicating limited electron donation
and thus lower expected biological reactivity. NR shows a
higher HOMO (−5.86 eV), suggesting enhanced nucleophilic
behavior and increased potential for interaction with bio-
molecular targets. Upon complexation, FeBCNR (−4.87 eV),
MnBCNR (−6.14 eV), and VOBCNR (−5.26 eV) all display elev-
ated HOMO energies relative to the free ligands, confirming
that metal coordination enhances electron density at the fron-
tier orbital. The relatively high HOMO values for FeBCNR and
VOBCNR correlate with their strong antibacterial activity, con-
sistent with their lower MIC values compared to the ligands.
LUMO values represent the electron-accepting ability of the
compounds. BC shows a relatively high LUMO (−2.09 eV),
while NR has a slightly higher value (−1.73 eV), indicating
weaker electron affinity compared to their metal complexes.
FeBCNR (−2.11 eV), MnBCNR (−2.74 eV), and VOBCNR
(−2.27 eV) show more stabilized LUMOs, which enhances their
capacity to accept electrons during interaction with bacterial
enzymes and DNA. Energy gap (ΔE) determines overall chemi-
cal reactivity. BC has the widest gap (4.94 eV), signifying high
stability but low reactivity, consistent with its weak antibacter-
ial response. NR has a narrower gap (4.13 eV), indicating
better reactivity. Metal complexes significantly reduce ΔE
values, with FeBCNR (2.76 eV), MnBCNR (3.39 eV), and
VOBCNR (2.99 eV), reflecting enhanced biological reactivity
through easier charge transfer. The lowest ΔE in FeBCNR
aligns with its highest antibacterial potency, followed by
VOBCNR and MnBCNR.

BC exhibits the highest Ionization Potential (IP) (7.03 eV),
indicating difficulty in electron removal and thus reduced
interaction capacity. NR shows a lower IP (5.86 eV), suggesting
increased reactivity. The complexes demonstrate a further
reduction: FeBCNR (4.87 eV), MnBCNR (6.14 eV), and VOBCNR
(5.26 eV). The lowest IP of FeBCNR supports its superior ability
to engage in electron transfer with biomolecular targets,
explaining its strong antibacterial activity. Electron Affinity
(EA) values reflect the tendency to accept electrons. BC
(2.09 eV) and NR (1.73 eV) show modest affinity, while the
complexes demonstrate stronger electron acceptance: FeBCNR
(2.11 eV), MnBCNR (2.74 eV), and VOBCNR (2.27 eV).
MnBCNR shows the highest EA, supporting its improved bio-
logical performance through enhanced binding interactions.

Electronegativity (χ) represents the overall electron-attract-
ing capacity. BC has the highest value (4.56 eV), while NR is
slightly lower (3.80 eV). The complexes show lower electro-
negativity values, with FeBCNR (3.49 eV), MnBCNR (4.44 eV),
and VOBCNR (3.77 eV), reflecting improved electron delocali-
zation upon metal coordination. This reduction in χ facilitates
better orbital overlap with bacterial targets, enhancing activity.
Chemical potential (μ) reflects system stability. BC (−4.56 eV)
and NR (−3.80 eV) show strong negative potentials, indicative
of less biological interaction. Metal complexation stabilizes μ

values: FeBCNR (−3.49 eV), MnBCNR (−4.44 eV), and VOBCNR
(−3.77 eV), allowing for more efficient charge transfer.
FeBCNR and VOBCNR, with the least negative values, are the
most reactive and biologically active.

Fig. 2 Graphical three-dimensional representation of the frontier mole-
cular orbitals (HOMO and LUMO) of BC, NR, FeBCNR, MnBCNR, and
VOBCNR calculated at the optimized geometries. The orbitals are
plotted using an isovalue of 0.02 a.u., where the green and red lobes
represent positive and negative phases of the orbital wavefunction,
respectively, illustrating the spatial distribution of electron density
involved in frontier orbital interactions.
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Chemical hardness (η) values reflect resistance to electron
cloud deformation. BC (2.47 eV) shows the highest hardness,49

suggesting low reactivity and poor antibacterial activity. NR
has lower hardness (2.07 eV), supporting better reactivity.
Complexes show significantly reduced hardness: FeBCNR (1.38
eV), MnBCNR (1.70 eV), and VOBCNR (1.49 eV), reflecting
improved biological efficiency. The lowest hardness of FeBCNR
correlates with its superior antibacterial potency. Softness (σ),
the reciprocal of hardness, indicates polarizability and biologi-
cal reactivity. BC (0.20 eV) shows the lowest softness, consist-
ent with weak activity. NR (0.24 eV) demonstrates moderate
softness. Complexes are significantly softer: FeBCNR (0.36 eV),
MnBCNR (0.29 eV), and VOBCNR (0.33 eV). The higher soft-
ness values enhance biomolecular interactions, explaining the
superior antibacterial potency of the complexes.

The electrophilicity index (ω) reflects the tendency to accept
electrons and stabilize interactions.50 BC (4.21 eV) and NR
(3.48 eV) show modest values. Metal complexes demonstrate
enhanced electrophilicity, with FeBCNR (4.41 eV), MnBCNR
(5.81 eV), and VOBCNR (4.75 eV). The high value of MnBCNR
suggests a strong electrophilic character, aiding in interactions
with bacterial nucleophiles. However, FeBCNR balances elec-
trophilicity and softness better, explaining its slightly superior
antibacterial performance. BC (0.24) and NR (0.29) show low
Nucleophilicity Index (Nu) values, correlating with weak bio-
logical activity. Metal complexes show reduced values: FeBCNR
(0.23), MnBCNR (0.17), and VOBCNR (0.21), indicating that
their reactivity is more electrophilic than nucleophilic. This
property favors strong interactions with bacterial electron-rich
centers, enhancing antibacterial activity.

Fig. 3 Molecular electrostatic potential (MEP) maps of BC, NR, FeBCNR, MnBCNR, and VOBCNR mapped onto the electron density surface at 0.001
a.u. The color scale ranges from red (regions of negative electrostatic potential, electron-rich sites) through green (neutral) to blue (regions of posi-
tive electrostatic potential, electron-deficient sites), indicating the preferred regions for electrophilic and nucleophilic attack.
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Computational descriptors clearly show that the complexa-
tion of BC and NR with Fe(III), Mn(II), and V(IV)O significantly
enhances their electronic reactivity compared to the free
ligands. Reduced energy gaps, lowered hardness, increased
softness, and enhanced electrophilicity correlate strongly with
improved antibacterial activity. Among the complexes, FeBCNR
demonstrates the most favorable balance of parameters, fol-
lowed closely by VOBCNR, while MnBCNR, though slightly less
electronically reactive, maintains strong biological efficiency
due to its high electrophilicity. The free ligands BC and NR
show the weakest electronic properties, consistent with their
low antibacterial activity. The overall order of predicted biologi-
cal potency is: FeBCNR > VOBCNR > MnBCNR > NR > BC.

The Molecular Electrostatic Potential (MEP) map serves as
an effective tool for illustrating how electron density is distrib-
uted across a molecule’s surface.51 It identifies regions suscep-
tible to nucleophilic or electrophilic attack, thereby offering
key insights into the potential interactions of ligands with
protein active sites during docking analysis. In these maps,
color gradations represent charge distribution: blue regions
correspond to electron-deficient areas that tend to function as
electrophilic centers, while red regions indicate electron-rich
zones with notable nucleophilic character. The blue areas, gen-
erally appearing around hydrogen atoms, favor interactions
with electron-donating residues within proteins. In contrast,
the red zones typically envelop electronegative atoms such as
oxygen and nitrogen, marking likely binding positions for elec-
trophilic or positively charged species. As shown in Fig. 3, the
MEP maps of the examined compounds reveal intense red
regions around heteroatoms, implying a strong nucleophilic
nature, whereas the blue areas near hydrogen atoms suggest a
high potential for hydrogen bonding and dipolar interactions.

3.3. Biological activity

3.3.1. Antibacterial activity. The antibacterial screening
revealed a pronounced difference between the activity of the
free ligands and their corresponding metal complexes, as
shown in Fig. 4, Tables S6 and S7. The ligands BC and NR

exhibited only modest growth inhibition, with inhibition
zones ranging from 8 to 11 mm, reflecting their limited ability
to diffuse across bacterial membranes and interact with essen-
tial biomolecules. In contrast, the coordination of these
ligands with transition metals led to a remarkable enhance-
ment in activity. The FeBCNR, MnBCNR and VOBCNR com-
plexes produced inhibition zones in the range of 21–28 mm,
which are very close to those of the reference drug amoxicillin
(25–30 mm). Notably, FeBCNR and VOBCNR were the most
effective, exhibiting inhibition zones of 28 mm against
B. subtilis and S. aureus, while also showing strong activity
against Gram-negative strains (E. coli: 22–23 mm;
K. pneumoniae: 24–25 mm). The results establish the order of
antibacterial activity as FeBCNR ≈ VOBCNR > MnBCNR ≫ NR
> BC, highlighting the impact of metal coordination in ampli-
fying antibacterial potency, particularly against both Gram-
positive and Gram-negative strains.

The activity index data corroborated the inhibition zone
findings. The free ligands demonstrated weak antibacterial
potential, with indices between 30 and 44% across all tested
strains, indicating only one-third of the efficacy of amoxicillin.
Upon complexation, dramatic improvements were observed. The
FeBCNR and VOBCNR complexes reached activity indices of
92–93% against both Gram-positive and Gram-negative bacteria,
essentially approaching the 100% activity of amoxicillin.
MnBCNR also displayed high indices (84–93%), though slightly
lower than those of FeBCNR and VOBCNR. These results clearly
highlight that FeBCNR exhibited the most balanced and broad-
spectrum activity, followed closely by VOBCNR, while MnBCNR
was somewhat less effective but still far superior to the free
ligands. The order of antibacterial efficacy, therefore, was
FeBCNR ≥ VOBCNR > MnBCNR≫ NR > BC.

3.3.2. Anti-fungal activity. The antifungal results revealed
an enhancement upon complexation, as shown in Fig. 5,
Tables S8 and S9. The free ligands BC and NR showed very
weak inhibition against both C. albicans and A. niger, with
inhibition zones of only 9–10 mm. This low activity under-
scores their limited antifungal potential. However, metal

Fig. 4 Antibacterial activity as a diameter of zone inhibition in mm. Fig. 5 Anti-fungal activity as a diameter of zone inhibition in mm.
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coordination significantly amplified their antifungal action.
FeBCNR exhibited the largest inhibition zones (19 mm against
C. albicans and 16 mm against A. niger), almost equivalent to
the activity of the standard drug clotrimazole (20 mm and
18 mm, respectively). VOBCNR and MnBCNR also produced
inhibition zones of 16–18 mm, clearly superior to the free
ligands. These findings emphasize the effectiveness of the com-
plexes against both yeast and mold species, with FeBCNR being
the most potent antifungal agent among the synthesized series.

The antifungal activity indices reflected the same trend as
the inhibition zone measurements. The free ligands displayed
negligible efficacy, with indices of 9–10%. In contrast,
FeBCNR, VOBCNR, and MnBCNR demonstrated markedly
improved indices of 16–19%, with FeBCNR again standing out
as the most active (19% against C. albicans). Although none of
the complexes reached the activity of clotrimazole (100%),
their significantly higher values compared to the ligands indi-
cate that metal coordination provides a substantial boost to
antifungal potential. The antifungal activity order followed
FeBCNR > VOBCNR ≈ MnBCNR ≫ NR > BC.

3.3.3. Antibacterial and antifungal activity (MIC, μM). The
MIC values further validated the superiority of the metal com-
plexes, as shown in Fig. 6 and Table S10. The free ligands
exhibited poor activity, with MIC values of 100–120 μM across
all bacterial and fungal strains, reflecting their weak efficacy.
In contrast, FeBCNR and VOBCNR showed the lowest MIC
values, particularly 70 μM against E. coli and K. pneumoniae,
demonstrating excellent potency against Gram-negative bac-
teria. Both also maintained MIC values of 80 μM against fungi,
which were markedly lower than those of the free ligands.
MnBCNR displayed intermediate activity with MIC values of
80–90 μM, confirming its lower efficiency relative to FeBCNR
and VOBCNR. The MIC results, therefore, consistently estab-
lished the order of potency as FeBCNR ≈ VOBCNR > MnBCNR
≫ NR > BC, underscoring the improvement imparted by
chelation.

3.3.4. Anti-inflammatory activity (mean percentage inhi-
bition, %, and IC50). The anti-inflammatory activity of the syn-

thesized compounds was assessed using the egg albumin
denaturation assay, where inhibition of heat-induced protein
denaturation was monitored spectrophotometrically at
660 nm. The assay was performed at different concentrations
(10–500 µM), with ibuprofen used as a reference drug, and
results were expressed as percentage inhibition and IC50

values.
The anti-inflammatory assays demonstrated a strong con-

centration-dependent activity, as shown in Fig. 7 and
Table S11.

The results reveal a clear concentration-dependent inhi-
bition of protein denaturation for all tested compounds. The
free ligands (BC and NR) exhibited weak anti-inflammatory
responses, indicating limited intrinsic protein-stabilizing
ability. In contrast, metal coordination markedly enhanced
activity, particularly for MnBCNR and VOBCNR, which showed
near-complete inhibition at higher concentrations.

This enhancement can be attributed to increased molecular
rigidity, altered electronic distribution, and improved inter-
action with protein functional groups upon metal complexa-
tion. At low concentrations (10–50 μM), the free ligands BC
and NR showed only minimal inhibition (3–14%), while the

Fig. 6 Antibacterial and antifungal activity as the minimum inhibition
concentration (MIC, μM).

Fig. 7 Anti-inflammatory results as (a): mean percentage inhibition (%)
and (b): IC50.
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metal complexes exhibited higher responses, particularly
MnBCNR (30–65%) and VOBCNR (11–32%). At 100 μM,
FeBCNR reached 55% inhibition, while MnBCNR and
VOBCNR achieved 95% and 67%, respectively, approaching
the standard drug (76.0%). At higher concentrations
(250–500 μM), the metal complexes exhibited near-complete
inhibition, with VOBCNR and MnBCNR exceeding 96–99%,
surpassing the standard drug (81–82%).

The Half-maximal Inhibitory Concentration (IC50) values
confirmed this trend: VOBCNR (79.76 μM) exhibited the lowest
IC50, followed by MnBCNR (82.91 μM) and FeBCNR
(96.64 μM), while BC and NR had much higher IC50 values
(222.17 and 182.81 μM, respectively). The results, therefore,
establish the order of anti-inflammatory efficacy as VOBCNR >
MnBCNR > FeBCNR ≫ NR > BC.

The superior performance of VOBCNR, as evidenced by its
lower IC50 values compared to other MnBCNR, FeBCNR, and
free ligands as well as ibuprofen, suggests a stronger ability to
stabilize protein structure against thermal denaturation. These
findings highlight the crucial role of the metal center in modu-
lating anti-inflammatory efficacy.

3.3.5. Correlation based on the chelation theory. The
marked improvement in antibacterial, antifungal, and anti-
inflammatory activities of the metal complexes compared to
the free ligands can be rationalized by the chelation theory.
Upon coordination, the metal ion engages in partial sharing of
its positive charge with donor atoms in the ligand, which
stabilizes the ligand framework and promotes electronic redis-
tribution. These effects can enhance the reactivity of the com-
plexes and strengthen their interactions with biomolecular
targets. The consistent order of activity observed across all
assays, FeBCNR ≈ VOBCNR > MnBCNR ≫ NR > BC, supports
the principle that chelation amplifies biological efficacy and
can modulate the reactivity of the complexes toward microbial
and inflammatory targets.

3.3.6. Correlation with DFT parameters. The biological
activities of the ligands and their complexes correlate strongly
with the DFT-derived electronic descriptors. The free ligands
BC and NR exhibited large energy gaps (ΔE = 4.94 and 4.13
eV), higher hardness (η = 2.47 and 2.07 eV), and lower softness
values (σ = 0.20–0.24), consistent with their low reactivity and
weak bioactivity. Upon complexation, the ΔE values decreased
significantly (FeBCNR = 2.76, VOBCNR = 2.99, MnBCNR = 3.39
eV), which improved electron delocalization and enhanced reac-
tivity. The increased softness (σ = 0.29–0.36) and electrophilicity
indices (ω = 4.41–5.81) of the complexes explain their improved
interaction with biological targets. FeBCNR, with the lowest ΔE
and highest softness, correlated with its superior antibacterial
and antifungal activity, while VOBCNR, with moderate ΔE but
high electrophilicity, corresponded to its strongest anti-inflam-
matory effect. MnBCNR, despite slightly higher hardness,
exhibited strong activity due to its high electronegativity (χ =
4.44) and electrophilicity (ω = 5.81). These results clearly demon-
strate that the reduction in energy gap and the increase in elec-
trophilicity and softness upon chelation are the key electronic
factors driving enhanced biological activity.

3.4. Molecular docking

Molecular docking simulations have significantly advanced
the fields of drug discovery and molecular biology by providing
a fast and economical method to predict how molecules inter-
act, their binding affinities, and potential biological
functions.52–54

To ensure the reliability of the docking approach, a vali-
dation step was carried out through re-docking and superim-
position using the native ligand, 1-ethyl-3-[8-methyl-5-(2-
methylpyridin-4-yl)isoquinolin-3-yl]urea, which was originally
co-crystallized with DNA gyrase B (PDB ID: 5MMN). The repro-
duced binding pose closely matched that of the experimental
structure, confirming the accuracy and consistency of the
docking procedure (Fig. S6).

Subsequently, the optimized docking studies were per-
formed for the investigated compounds against the crystal
structure of DNA gyrase B (PDB ID: 5MMN).55–58 The simu-
lations provided insights into the most favorable binding
orientations of the free NR and CB ligands, along with their
metal complexes FeCBNR, MnCBNR, and VOCBNR, as illus-
trated in Fig. 8, with detailed results summarized in Table S12.

The BC ligand exhibited weak interaction with DNA gyrase
B, with a binding energy of −6.10 kcal mol−1. The dominant
stabilization arose from a hydrogen bond with ASP73 at 2.24 Å,
supported by electrostatic interaction with ARG76 and hydro-
phobic contacts with ALA47 and VAL167 at longer distances
(>4.8 Å). These interactions are relatively limited in number
and strength, reflecting the poor antibacterial activity observed
experimentally, where BC showed only small inhibition zones
(8–9 mm) and high MIC values (120 µM). The restricted
binding efficiency of BC highlights its weak ability to anchor
within the active site of DNA gyrase B compared to the other
compounds. NR demonstrated improved binding to DNA
gyrase B with a docking score of −6.90 kcal mol−1. The
binding mode was stabilized by multiple hydrogen bonds with
GLU50 (2.60–2.70 Å), a hydrogen bond with VAL43 (3.46 Å),
and hydrophobic contacts with ILE78 and ILE94. A halogen
bond with GLU50 further reinforced the ligand–protein inter-
action. These multiple, short-range interactions explain the
better antibacterial activity of NR compared to BC, with inhi-
bition zones of 10–11 mm and MIC values of 100 µM.
However, despite this improvement, NR still displayed weaker
binding than the metal complexes, consistent with its lower
biological potency.

FeBCNR displayed strong and diverse interactions with
DNA gyrase B, achieving a binding energy of −8.60 kcal mol−1.
The binding pocket stabilization involved three key hydrogen
bonds with ASP73 (2.36 Å), VAL43 (2.65 Å), and GLU50 (2.77 Å).
Additional contributions included an electrostatic interaction
with ASP73, a halogen bond with ASN46, and hydrophobic
contacts with ILE78 and ILE94. This combination of hydrogen
bonding and multipolar interactions provides strong anchor-
ing of the complex within the enzyme, explaining its good anti-
bacterial potency, with inhibition zones of 23–28 mm and low
MIC values (70–80 µM). The interactions of FeBCNR closely
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resemble those of chloramphenicol, supporting its high
efficacy. MnBCNR achieved a binding energy of –7.90 kcal
mol−1, slightly lower than FeBCNR and VOBCNR. The main
stabilizing forces were a strong hydrogen bond with ASN46

(2.32 Å), electrostatic interactions with ASP49, and a hydro-
phobic contact with PRO79. Compared to FeBCNR, the
MnBCNR complex formed fewer hydrogen bonds, which likely
reduced its binding affinity. This difference is reflected in the

Fig. 8 3D and 2D representation of the BC and NR ligands and FeBCNR, MnBCNR, and VOBCNR complexes against E. coli DNA gyrase B (PDB ID:
5MMN) and its critical role in bacterial DNA replication and drug targeting.
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experimental antibacterial activity, where MnBCNR showed
slightly smaller inhibition zones (21–28 mm) and higher MIC
values (80–90 µM) relative to FeBCNR. Nevertheless, MnBCNR
was markedly more active than the free ligands due to its
enhanced docking interactions. VOBCNR exhibited a strong
binding energy of −8.40 kcal mol−1, comparable to FeBCNR. It
formed a short hydrogen bond with ARG136 at 1.94 Å, sup-
ported by halogen and electrostatic interactions with ARG76
and GLU50, as well as multiple hydrophobic contacts with
PRO79 and ILE78. This combination of polar and nonpolar
interactions effectively stabilized the complex within the DNA
gyrase B active site. Experimentally, VOBCNR demonstrated
high antibacterial activity, with inhibition zones of 22–28 mm
and MIC values (70–80 µM) close to FeBCNR, suggesting that
docking predictions align with biological outcomes.

Comparison of the docking results reveals a clear trend in
binding strength and interaction diversity: FeBCNR ≈ VOBCNR
> MnBCNR > NR > BC. The free ligands exhibited weaker
docking scores and fewer stabilizing interactions, correlating
with their lower antibacterial potency. Metal complexation
enhanced binding energies, reduced interaction distances,
and introduced new types of interactions such as halogen
bonds and stronger hydrogen bonding, thereby improving
activity. FeBCNR and VOBCNR showed binding profiles closest
to chloramphenicol, which explains their high antibacterial
efficiency.

The molecular docking results correlate well with the
in vitro antibacterial findings. Compounds with higher
binding affinity and stronger interactions (FeBCNR and
VOBCNR) displayed larger inhibition zones (23–28 mm) and
lower MIC values (70–80 µM). MnBCNR, with slightly fewer sta-
bilizing contacts, showed moderate activity (21–28 mm, MIC
80–90 µM). The free ligands BC and NR, which exhibited weak
and limited binding, correspondingly showed poor activity,
with small inhibition zones (8–11 mm) and high MIC values
(100–120 µM). Thus, the docking studies provide strong
mechanistic support for the observed antibacterial results,
suggesting that enhanced ligand–enzyme interactions directly
translate into improved biological activity.

4. Conclusion

The combined experimental, theoretical, and biological
investigations demonstrate that the newly synthesized Fe(III)
(FeBCNR), Mn(II) (MnBCNR), and V(IV)O (VOBCNR) complexes
form stable, well-defined coordination systems, with BC and
NR acting as bidentate NO donors. Structural characterization
indicates that FeBCNR and MnBCNR adopt octahedral geome-
tries, while VOBCNR exhibits a square-pyramidal configur-
ation. Spectroscopic, magnetic, and thermal analyses support
the proposed coordination environments. DFT calculations show
a reduction in the HOMO–LUMO gap (2.76–3.39 eV) and changes
in electronic descriptors, indicating increased electron delocaliza-
tion and reactivity. Among the investigated compounds, the oxi-
dovanadium(IV) complex (VOBCNR) emerges as the most promis-

ing anti-inflammatory agent, exhibiting the lowest IC50 value
(IC50 = 79.76 µM) and the highest inhibition efficiency compared
to the manganese(II) and iron(III) complexes. Molecular docking
suggests potential interactions of the complexes with DNA gyrase
B, providing insights into possible binding modes but not con-
firming experimental binding. Overall, this study shows that
metal coordination enhances the stability, electronic properties,
and biological activity of the ligands.
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