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The coordination chemistry of flumequine was investigated through the synthesis of a series of transition metal
complexes with Mn(II), Co(II), Ni(II), Cu(Il), Zn(II), Cr(III), Hg(Il), and Cd(II) ions in a 1:2 metal-to-ligand ratio.
Infrared spectral data (Av =~ 195-213 cm™) indicated coordination of the ligand through the carbonyl and
carboxylate oxygen atoms. The structures of the synthesized complexes were characterized using elemental
analysis, infrared spectroscopy, electronic spectra, magnetic measurements, and molar conductivity studies. The
combined data suggests a proposed octahedral geometry around the metal ions. The molar conductance values in
dimethyl sulfoxide (DMSO, 10-® M) indicate a non-electrolytic nature for all complexes. Thermal analysis (TGA/
DSC/DTA) revealed multistep decomposition patterns terminating in metal oxide residues. Powder X-ray
diffraction suggested the crystalline nature of Zn and Hg complexes, with calculated average crystalline size
10.85 + 1.18 and 12.65 + 1.15 nm respectively, while SEM analysis showed distinct morphological variations
upon metal coordination. Antimicrobial and antifungal screening against Staphylococcus aureus, Bacillus subtilis,
Escherichia coli, Pseudomonas aeruginosa, and Candida albicans revealed variations in inhibition zone diameters
(15-30 mm) among the complexes. Based on docking analysis flumequine and its corresponding metal complexes
showed different binding affinities toward DNA gyrase (PDB ID: 4Z2C). The Zn(I)-flumequine complex showed
the most favorable binding energy (—13.0 kcal/mol) compared with flumequine and other complexes. Overall,
the results demonstrate that metal coordination modulates the physicochemical and biological properties of
flumequine.

1. Introduction

Fluoroquinolone antibiotics constitute an important class of syn-
thetic antimicrobial agents that continue to attract scientific interest
owing to their broad-spectrum bactericidal activity [1]. Their mecha-
nism of action is primarily associated with the inhibition of bacterial
DNA gyrase and topoisomerase IV, enzymes essential for DNA replica-
tion and transcription. Members of this class generally exhibit high ef-
ficacy against Gram-negative bacteria, whereas their activity against
Gram-positive organisms is more variable and has been increasingly
challenged by the emergence of resistant strains, including
methicillin-resistant Staphylococcus aureus [2]. In addition, several flu-
oroquinolones demonstrate activity against atypical pathogens such as
Mycobacterium, Chlamydia, and Mycoplasma, while their effectiveness
against anaerobic bacteria remains limited [3]. Flumequine is a
first-generation synthetic fluoroquinolone that was initially introduced
for the treatment of bacterial infections [4]. Despite its early clinical
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application, flumequine was subsequently withdrawn from routine
human use, and its marketing authorization was revoked in several re-
gions, including the European Union, mainly due to limited systemic
bioavailability and unfavorable pharmacokinetic properties. The anti-
bacterial activity of flumequine is attributed to its ability to interfere
with DNA-unwinding enzymes, thereby inhibiting bacterial DNA repli-
cation. Beyond human medicine, flumequine found restricted applica-
tion in veterinary practice, where it was employed for the treatment of
enteric infections in livestock and aquaculture, albeit within limited
regulatory frameworks and geographic regions [5-9]. The IUPAC name
of flumequine is 9-Fluoro-6,7-dihydro-5-methyl-1-oxo-1H,5H-benzo
[ij1-quinolizine-2-carboxylic ~acid. The molecular formula is
C14H12FNO3, FigA 1.

Previous studies have extensively explored the coordination chem-
istry of flumequine with various transition metal ions, particularly Mn
(ID), Ni(II), and Zn(1I), mainly through the formation of mixed-ligand
complexes. In these systems, flumequine typically acts as a bidentate
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Fig. 1. 2D and 3D structure of flumequine.

ligand coordinating via the carboxylate and pyridone oxygen atoms,
while additional nitrogen-donor co-ligands such as 1,10-phenanthro-
line, 2,2"-bipyridine, and pyridine are frequently incorporated. These
studies have primarily focused on structural characterization, along
with biological evaluations including antimicrobial activity and in-
teractions with biomolecules such as DNA and serum albumins [10-12].
In addition, organotin(IV) complexes of flumequine have been reported,
where various organotin moieties were coordinated to the ligand
without the use of classical nitrogen donor co-ligands. These complexes
were mainly investigated in terms of their antimicrobial, antifungal, and
DNA-binding properties [13]. More recently, lanthanide complexes
involving metals such as lanthanum(III), samarium(III), and terbium(III)
have been synthesized, with emphasis on structural characterization and
biological activity, particularly anticancer properties [14]. Overall, most
of the reported studies have primarily focused on the structural char-
acterization and biological evaluation of flumequine metal complexes,
particularly in mixed-ligand systems. However, comparatively limited
attention has been given to comprehensive investigations that combine
thermal analysis, ESR studies, and molecular docking. In this context,
the present study aims to explore the coordination behavior of flume-
quine with selected metal ions and to provide a detailed investigation of
its physicochemical and biological properties. Special emphasis is
placed on the use of flumequine as a ligand, which has not been
extensively explored in previous studies, in addition to evaluating the
effect of metal complexation on its biological activity.

2. Experimental
2.1. Materials and reagents

All chemicals and reagents employed in this study were of analytical
grade and were used as received without further purification. Flume-
quine was obtained from a commercial source and served as the primary
ligand precursor. Metal precursors used were (MnCly.4H30),
(COC12.6H20), (NiC12.6H20), (CuC12.6H20), (chlz)’ (CrC13.6H20),
(HgCly), and (CdCly) that used as metal sources for complex formation.
Common solvents such as ethanol, methanol, DMSO and distilled water
were utilized throughout the synthesis and purification procedures.

2.2. Physical measurements and analytical techniques

Elemental composition analyses for carbon, hydrogen, nitrogen, and
sulfur of the ligand and its corresponding metal complexes were carried
out at the Central Laboratory, Cairo University, using a CHNS elemental
analyzer [15]. The chloride ion content in the synthesized complexes
was determined volumetrically by employing the standard Volhard
titration procedure [16], the molar conductivity of the complexes was
determined in DMSO as solvent at a concentration of 10 M using a
HACH conductivity meter. All measurements were carried out at room
temperature using freshly prepared solutions. Infrared spectral mea-
surements were recorded over the range of 4000-400 cm™ using KBr
pellet techniques on a Fourier-transform infrared spectrometer [17,18].
Electronic absorption spectra of the solid samples were obtained in the
form of Nujol mull dispersions using a UV-Visible spectrophotometer
[19]. Magnetic susceptibility measurements were performed at room
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temperature utilizing the Faraday balance method, and the effective
magnetic moments (u_eff) were calculated from the experimentally
corrected molar susceptibility values. Electron spin resonance (ESR)
spectra were recorded in the X-band frequency range using a
reflection-type spectrometer operating at approximately 9 GHz. Mea-
surements were performed with a cylindrical resonant cavity, and field
modulation was applied at a frequency of 100 kHz throughout the data
collection process. The external magnetic field was precisely controlled
using an LMR gaussmeter, while the g-factor values were determined by
comparison with the standard DPPH reference signal. Thermal proper-
ties of the free ligand and the prepared metal complexes were examined
using simultaneous thermogravimetric and differential thermal analysis.
TGA, DTA, and DSC measurements were conducted from ambient tem-
perature up to 800 °C at a constant heating rate of 20 °C min™ under a
continuous nitrogen atmosphere with a flow rate of 15 mL min™

employing platinum crucibles. The obtained thermal profiles were
analyzed to elucidate the decomposition behavior and to estimate
characteristic thermal transition parameters, including glass transition,
melting, and crystallization temperatures. Powder X-ray diffraction
measurements were carried out using Cu-Ka radiation (A = 1.5406 10\) to
investigate the crystalline nature and phase composition of the synthe-
sized complexes [20,21]. Morphological characteristics and surface
features were further examined by scanning electron microscopy [22].

2.3. Computer analysis programs

The molecular modeling calculations of the free ligands with Chem
Bio Office 3D Ultra 11.0 and Avogadro programs. Applying Hyper
chemistry computer program using PM3 semi empirical to measure
charge density of the ligand.

2.4. Synthesis of metal complexes

The flumequine-based metal complexes were synthesized through a
simple complexation procedure under controlled conditions. In typical
preparation, flumequine (0.01 mol, 2.61 g) was dissolved in 40 mL of
ethanol to obtain a clear ligand solution. Separately, the corresponding
metal chlorides of Mn(II), Co(II), Ni(II), Cu(I), Zn(II), Cr(III), Hg(II), and
Cd(II) (0.01 mol, calculated according to their molecular weights) were
dissolved in 40 mL of ethanol. The metal salt solutions were added
dropwise to the ligand solution under continuous stirring, maintaining
equimolar amounts of metal and ligand (1:1 molar ratio) under
continuous stirring. The reaction was carried out in a neutral medium,
where the pH was monitored and remained around 7 without the
addition of any external acid or base. The reaction mixture was gently
heated for 2 h and then left overnight to ensure complete complexation.
The resulting solid products were collected by filtration, washed several
times with distilled water followed by methanol to remove any
unreacted species, and finally dried under ambient conditions using
vacuum desiccator over anhydrous CaCls.

2.5. Biological activity studies

The antimicrobial activity of the synthesized metal complexes was
evaluated using the agar well diffusion technique following standard
microbiological procedures [23,24]. Sterile nutrient agar (40 mL) was
aseptically poured into sterile Petri dishes (15 cm diameter) to obtain a
uniform agar layer with a thickness of approximately 4 mm. After so-
lidification, the plates were incubated in an inverted position at 37 °C for
18 h to ensure proper surface drying. Microbial inoculum were prepared
by subculturing the tested strains in 3 mL of sterile nutrient broth, and
the turbidity of each suspension was adjusted to match the 0.5 McFar-
land standard (=~ 1 x 10® CFU mL™). The agar surfaces were uniformly
inoculated using sterile cotton swabs to form a confluent microbial lawn.
Wells of 8 mm diameter were aseptically punched into the agar, main-
taining a minimum distance of 24 mm between adjacent wells. Each
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well was loaded with 75 puL of the test compound, while dime-
thylformamide (DMF) was used as a negative control. The plates were
kept at room temperature for 2 h to allow diffusion of the compounds,
followed by incubation at 37 °C for 18-24 h. After incubation, the di-
ameters of the inhibition zones were measured in three different di-
rections, and the mean values were calculated. Antimicrobial activity
was assessed against Gram-positive bacteria (Staphylococcus aureus
ATCC 6538 P and Bacillus subtilis ATCC 19659), Gram-negative bacteria
(Escherichia coli ATCC 8739 and Pseudomonas aeruginosa ATCC 9027), as
well as the fungal strain Candida albicans ATCC 2091. Ciprofloxacin and
clotrimazole were employed as reference drugs for antibacterial and
antifungal activities, respectively.

2.6. Molecular docking studies

Molecular docking investigations were conducted using a dedicated
computational workstation operating on a 64-bit system powered by an
Intel® Core™ i5-4200U processor running at 2.10 GHz. Docking sim-
ulations were executed employing the Auto Dock Vina software package
[25]. The three-dimensional crystallographic structure of the selected
biological target (PDB ID: 4Z2C) was retrieved from the Protein Data
Bank repository [26-28]. Prior to the docking process, the protein
structure was pretreated using Auto Dock Tools to remove
co-crystallized ligands and solvent molecules [29]. Polar hydrogen
atoms were subsequently added, and Kollman united-atom charges were
assigned to the receptor, while Gasteiger partial charges were applied to
all ligand structures. The docking ligands included flumequine and its
corresponding metal complexes, namely Co(I)-flu, Zn(II)-flu and Cu
(ID-flu. Structural preparation and conversion of all ligands into the
PDBQT file format were performed using the Open Babel graphical
interface [30]. To ensure energetically favorable conformations, geom-
etry optimization of the ligand molecules was carried out prior to
docking using Avogadro software. Energy minimization was achieved
through the conjugate gradient algorithm under the MMFF94 force field
[31], allowing the generation of low-energy ligand structures suitable
for docking analysis. Following the completion of docking simulations,
the resulting binding modes were evaluated in terms of binding affinity,
hydrogen bond formation, and amino acid interactions. Visualization
and detailed inspection of the ligand-receptor complexes were per-
formed using Discovery Studio Visualizer and PyMOL, enabling
comprehensive interpretation of the molecular interactions governing
binding behavior.

Table 1
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3. Results and discussion
3.1. Elemental analysis and composition

The elemental analysis results for carbon, hydrogen, nitrogen, and
chlorine contents were found to be in good agreement with the proposed
molecular formulas of the synthesized metal complexes. The obtained
analytical data supported the formation of coordination compounds
with a metal-to-ligand ratio of 1:2, confirming successful complexation
between flumequine and the selected metal ions. The synthesized metal
complexes were obtained as colored solids, with each complex exhibit-
ing a distinct color depending on the metal ion. All complexes were
found to be soluble in dimethyl sulfoxide (DMSO) and insoluble in
water. The presence of chloride ions was confirmed using the Volhard
method. Furthermore, molar conductivity measurements in DMSO (1073
M) showed low values in the range of (8-17 Q' cm? mol™), indicating
that the complexes behave as non-electrolytes. This suggests that the
chloride ions are coordinated to the metal center rather than existing as
free counter ions, Table 1.

3.2. Infrared spectral analysis

Comparison between the FT-IR spectra of the free ligand and its
metal complexes is essential to determine the coordination mode.
Generally, coordination leads to a decrease in the bond force constant
due to electron donation from the ligand to the metal center, resulting in
ared shift. However, in some cases, a blue shift may occur due to partial
electron donation from the metal to the ligand, which increases the bond
order of the coordinated groups [32]. Infrared spectroscopy provided
clear evidence for the coordination mode of flumequine within the
synthesized metal complexes. The infrared spectrum of free flumequine
exhibits a broad absorption band centered at 3383 cm™, which is
assigned to the stretching vibration of OH group of carboxylic groups. In
contrast, new broad bands appearing in the range of 3408-3452 cm™ in
the spectra of the complexes are attributed to the presence of water
molecules [33], which are most likely coordinated to the metal centers.
The incorporation of water molecules within the coordination sphere is
further suggested from elemental and thermal analyses, as well as by the
appearance of characteristic O-H stretching vibrations listed in Table 2,
Fig.S.1. Additional confirmation of coordinated water is provided by the
detection of metal-oxygen vibrational modes associated with rocking
motions in the low-frequency region. The pyridone carbonyl stretching
vibration (C=0) of free flumequine is observed at 1616 cm™ .

Upon complexation, this band undergoes a noticeable shift toward
higher frequencies, by 34-39 cm™ in the spectra of the metal complexes.
This shift reflects changes in the electronic environment of the pyridone

Elemental analysis, formula, molar conductivities and colour of flumequine complexes.

Complexes Colour Am Calculated/(Found)%
Q' ¢cm? mol™!
C H N M Cl F
[Cu(flu)2(CD(H20) Blue 14.7 52.65 3.70 4.28 9.78 5.51 5.60
(52.74) (3.76) (4.39) (9.96) (5.57) (5.96)
[Co(flu)2(C1)(H,0)] Purple 10.3 53.12 3.76 4.40 9.26 5.52 6.05
(53.13) 3.79) (4.42) (9.31) (5.61) (6.01)
[Ni(flu),Cl(H,0)] Green 8.1 53.10 3.74 4.46 9.22 5.62 6.07
(53.18) (3.79) (4.43) 9.27) (5.61) (6.01)
[Zn(flu)»(C(H20)] White 13.8 52.55 3.73 4.37 10.20 5.50 5.93
(52.59) (3.75) (4.38) (10.23) (5.52) (5.95)
[Cd(flu)2(CD(H20)] White 11.9 48.92 3.50 4.05 16.34 5.10 5.54
(48.98) (3.50) (4.08) (16.39) (5.18) (5.54)
[Hg(flu)2(CDH(H20)] Brown 8.9 43.40 3.08 3.60 (3.62) 25.87 5.09 (5.08) 4.91
(43.40) (3.10) (25.91) (4.90)
[Cr(flu),(CD(H,0)] Dark 11.4 53.48 3.80 4.46 8.34 5.70 6.08
green (53.71) (3.83) (4.47) (8.31) (5.67) (6.07)
[Mn(flu)>(CD(H,0)] Puff 12.6 53.41 3.77 4.41 8.70 5.51 6.04
(53.46) (3.82) (4.46) (8.73) (5.64) (6.04)
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Table 2

Fundamental infrared bands (cm ™) of flumequine and its metal complexes.
Compound Vou V(c=0) pyridone V (coo) V (co0) AV(asym-sym) V(N V .0 stretch VMo

(COOH, H;0) asym sym

Flumequine 3383 1616 - - - 1444 1260 -
[Cu(flu)»(CH(H,0)] 3445 1651 1536 1341 195 1428 1253 495
[Co(flu)2(CDH(H20)] 3440 1650 1598 1392 206 1488 1260 490
[Ni (flu),CI(H,0)] 3417 1648 1588 1385 203 1437 1260 447
[Zn(flu)»(CD(H20)] 3431 1643 1598 1385 213 1490 1259 490
[Cd(flu)(CD(H20)] 3452 1647 1588 1382 206 1437 1258 492
[Hg(flu)2(CDH(H20)] 3470 1644 1544 1328 196 1420 1238 484
[Cr(flu),(CD(H,0)] 3400 1650 1537 1328 205 1456 1260 517
[Mn(flu),(CD(H20)] 3436 1648 1598 1390 208 1451 1260 490

carbonyl group and indicates its participation in coordination with the Table 3

able

metal ions. In the present study, the observed increase in the C=0
stretching frequency can be attributed to electron redistribution upon
complexation. A similar trend has been previously reported for flume-
quine metal complexes, where the shift to higher wavenumbers was
explained by an increase in bond order due to coordination-induced
electronic effects [14]. In contrast, the characteristic C-N stretching
band of flumequine, located at 1444 cm™ , remains essentially un-
changed following complex formation, suggesting that the C-N group
does not contribute to metal binding. The infrared spectrum of the free
ligand displays a strong band at 1721 cm™, corresponding to the
carbonyl stretching vibration of the carboxylic group. In the spectra of
the metal complexes, this band does not appear in similar regions and
replaced by two new absorptions appearing in the ranges of
1536-1598 cm™ and 1328-1392 cm™, which are assigned to the
asymmetric and symmetric stretching vibrations of the coordinated
carboxylate group, respectively. The observed separation between the
asymmetric and symmetric stretching frequencies (Av) is small between
(195-213 cm™) is characteristic of monodentate coordination of the
carboxylate group to the metal center [34,35]. The carbonyl disap-
pearance of the carboxylic group along with the appearance of asym-
metric and symmetric stretching vibrations of the carboxylate group in
the metal complexes, suggest the deprotonation and coordination of the
ligand through the carboxylate group. This behavior is consistent with
previously reported fluoroquinolone-metal complexes [14,36]. The
remaining carboxylate vibration bands, v(COO), p(COO), and ®(COO0),
which appeared at 773, 631, and 552 cm™ in the free ligand, respec-
tively, were shifted to different wavenumbers upon coordination.
Furthermore, the C-O stretching vibration of free flumequine, originally
observed at 1260 cm™ , is retained in the spectra of the metal complexes
with slight shifts within the range of 1253-1260 cm™ , reflecting subtle
changes in bonding upon coordination. Additional evidence for metal-
-ligand interaction is obtained from the far-infrared region, where new
bands appearing between 447 and 517 cm™ are attributed to metal-
—oxygen (M-O) stretching vibrations. These bands provide conclusive
confirmation of coordination through oxygen donor atoms in the syn-
thesized complexes. In general, flumequine is suggested to be coordi-
nated with metal ions in a bidentate manner through the carbonyl
oxygen of the pyridone ring and one oxygen atom of the carboxylate
group. This coordination mode is consistent with previously published
fluoroquinolone-metal complexes [37,38].

3.3. Electronic spectrum and magnetic moment measurements

The electronic absorption spectra of the metal complexes were
recorded in the range 200-800 nm as shown in Fig S2. The observed
spectral features, in combination with the measured magnetic suscep-
tibility values, Table 3 suggests presence of octahedral geometries for
the synthesized complexes. The magnetic moment values fell within the
expected ranges for the corresponding metal ions, suggesting the
absence of significant magnetic coupling effects. The Co(II) complex,
[Co(flu)2(C1)(H20)1, displayed characteristic bands at 295, 310, and

Nujol mull electronic absorption spectra A max (nm), room temperature effective
magnetic moment values (pegr 298°K) and geometries of flumequine metal
complexes.

Complex A max (nm) M eff Geometry
[Cu(flu)2(CDH(H20)] 295, 310 2.81 Op
, 390
[Co(flu)2(CD(H20)] 295, 310, 330 6.06 On
[Ni (flu)>Cl(H,0)] 295, 325, 415 4.71 Op
[Zn(flu),(C1)(H,0)] 295, 320, 340 Diamagnetic Oy
[Cd(flu)2(CD(H20)] 280, 295, 315 Diamagnetic On
[Hg(flu)2(CDH(H20)] 290, 320, 510 Diamagnetic Oh
[Cr(flu)>(C1)(H20)] 295, 315, 330 6.9 Oh
[Mn(flu)»(CD(H20)] 295, 470, 510 5.7 Oh

330 nm, along with a broad visible band assigned to the 4T1 g(F) —
4T, ¢(P) transition. The magnetic moment value of the cobalt complex
(p_eff = 6.06 B.M.) is indicative of a high-spin Co(II) (d”) electronic
configuration. The markedly enhanced magnetic moment relative to the
spin-only value reflects a significant orbital contribution and pro-
nounced spin-orbit coupling, which are characteristic features of cobalt
(II) complexes

Such magnetic behavior may be closer to octahedral coordination
environment around the cobalt center [39]. The Ni(II) complex showed
absorption bands at 295, 325, and 415 nm corresponding to the
Axg(F)>3Ty,(F)

Ay (F)—3T1,(P) transitions. The nickel complex exhibits a magnetic
moment of 4.71 B.M., which is significantly higher than the spin-only
value expected for a d® system. This enhanced magnetic behavior is
consistent with a high-spin Ni(II) electronic configuration and suggests
the presence of appreciable orbital contribution. Such a magnetic
response suggests the assignment of octahedral coordination geometry
around the nickel center. The Cu(Il) complex exhibited bands at 295,
310, and 390 nm, where the broad visible band is attributed to the 2Eg -
2T, ¢ (D) transition. The copper complex shows a magnetic moment of
2.81 B.M., which exceeds the spin-only value expected for a Cu(II) (d®)
system with one unpaired electron. This enhanced magnetic moment
can be attributed to strong spin—orbit coupling and Jahn-Teller distor-
tion, both of which are characteristic of copper (II) complexes. Such
magnetic behavior suggest that a distorted octahedral coordination ge-
ometry around the copper center [40,41]. The Cr(III) complex displayed
absorption bands at 295, 315, and 330 nm assignable to the A, g—>4T2 g
(B, 4A2 g—>4T1 ¢(F) and 4A2 g—>4T1 ¢(p) transitions, respectively. The
chromium complex exhibits a magnetic moment of 6.9 B.M., indicating a
high-spin electronic configuration with a substantial number of un-
paired electrons. The pronounced deviation from the spin-only values
suggests a significant orbital contribution and possible spin-orbit
coupling effects. Such magnetic behavior is consistent with an octahe-
dral coordination environment around the chromium center, likely
accompanied by a degree of structural distortion [42,43]. Similarly, the
Mn(II) complex exhibited bands at 295, 470, and 510 nm due
to4A2g—>4T2g ), “Ay g—>4T1 ¢(F) and A, g—>4T1 ¢(p) transitions. The
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manganese complex exhibits a magnetic moment of 5.06 B.M., which is
consistent with a high-spin Mn(II) (d®) electronic configuration con-
taining five unpaired electrons. The slightly reduced value relative to the
theoretical spin-only moment can be attributed to covalency effects and
experimental conditions. This magnetic behavior suggests the assign-
ment of octahedral coordination geometry around the manganese center
[42,43]. In contrast, the Zn(II), Cd(II), and Hg(II) complexes showed
only ligand-to-metal charge transfer bands in the ultraviolet region due
to their d'° electronic configurations, and no d-d transitions were
observed. Therefore, the geometry could not be directly suggested from
electronic spectra. The proposed geometry for these complexes is based
on indirect evidence and by similarity with the corresponding transition
metal complexes, taking into account similar stoichiometry and spec-
troscopic behavior [44]. The electronic spectra of the investigated
complexes exhibit broad and overlapping bands, which makes the ac-
curate determination of ligand field parameters difficult. Therefore,
reliable calculation of ligand field parameters was not feasible in all
cases. The structural features and coordination behavior of the com-
plexes were discussed based on UV-Vis, IR, magnetic measurements,
and molar conductivity data. Although single-crystal XRD was not
available, this approach has been commonly used in similar studies on
metal complexes with different types of ligands [45-48]. In such cases,
researchers often rely on combined spectroscopic and magnetic data to
suggest the most probable geometry. Therefore, the proposed geome-
tries in this work are considered as probable rather than definite, taking
into account the absence of crystallographic confirmation.

3.4. Electron spin resonance

The room-temperature ESR spectrum of the [Cu(flu)2(Cl)(H20)]
complex displays an isotropic symmetric X-band signal characteristic of
a polycrystalline sample, Fig. 2. The spectrum is defined by an effective
g-value of approximately 2.11, along with a hyperfine coupling constant
(A) of 135 x 10~* cm™L. The g value, being greater than the free elec-
tron value (2.0023), confirms the presence of Cu(Il). The isotropic na-
ture of the signal suggests dynamic averaging under the experimental
conditions, limiting detailed geometric interpretation from ESR alone.
The A value lies within the typical range reported for Cu(II) complexes,
suggesting the assigned coordination environment

3.5. Computer analysis programs

The bond length, bond angles and dihedral angles of flumequine was
measured by using Avogadro program, Table S1, S2 and S3. Charge
density of flumequine atoms is calculated by applying hyper chem.
program, Fig. 3 suggests flumequine coordination through oxygen of
carbonyl group and oxygen of carboxylate group.

3.6. Thermal analysis studies (TG, DTA, DSC)

The thermal stability of the free ligand and its metal complexes was
investigated using thermogravimetric techniques over a temperature
range from 0 to 800 °C at a constant heating rate of 20 °C min™' [49-51].
The obtained TGA curves exhibited well-defined multistep decomposi-
tion patterns, reflecting the sequential elimination of lattice and coor-
dinated species followed by gradual degradation of the organic

A

3000

o 1000 2000 4000 5000 6000

Fig. 2. ESR of Cu flumequine complex.
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framework [52-54]. The corresponding temperature ranges, mass loss
percentages, decomposition steps, and final residues assigned to metal
oxide and organic residues products [55,56]—are summarized in
Table 4. Differential thermal analysis (DTA) was employed to investi-
gate the thermal behavior and stability of the synthesized compounds.
Differential scanning calorimetry (DSC) differs from differential thermal
analysis (DTA) in that both the sample and the reference are maintained
at an identical, program-controlled temperature throughout the exper-
iment, even when thermal events occur. DSC is widely applied to
examine thermal transitions such as glass transition, melting, and
crystallization processes. The DSC thermograms obtained distinct ther-
mal features related to structural rearrangements, melting characteris-
tics, and thermal decomposition, thereby offering complementary
insights alongside thermogravimetric analysis [57-59].

The differential thermal analysis (DTA) curve of the free flumequine
ligand, Fig. 4, Fig. 6 and Table 5 exhibited three well-defined thermal
exothermic peaks occurring at 94.66, 175.76, and 474.48 °C. Kinetic
evaluation of these thermal processes yielded activation energy values
closely between (16-565 kJ mol™), respectively. The calculated reac-
tion order values are approximately found in the range of 0.8-1.3
indicate that the decomposition steps closely follow first-order reaction
kinetics. These observations are consistent with the thermogravimetric
analysis (TGA) results, which revealed three well-defined decomposi-
tion steps. The thermal decomposition of flumequine proceeds through
three successive stages as revealed by TGA analysis, Table 4. The first
stage (28.77-116.81the), corresponding to the elimination of small
fragments such as CHa, exhibits a reaction order of approximately ~1.3,
indicating a process approaching first-order behavior. The second stage
(116.81-230.87 °C), attributed to the loss of CO2 and HF, shows a lower
reaction order (~0.8), suggesting a more complex decomposition pro-
cess. In the third stage (230.87-584.88 °C), corresponding to the
breakdown of the organic backbone with the evolution of CO and CzHa,
the reaction order is approximately ~1.0, indicating a process close to
first-order behavior., as illustrated in Scheme 1.

The DTA thermogram of the [Cr(flu)2(Cl)(H20)] complex, Fig. 5, and
Table 5 revealed three well-resolved exothermic thermal events occur-
ring at 48.36, 233.33, and 392.84 °C. Kinetic analysis of these decom-
position stages yielded activation energy values in the range of
(51-56 kJ mol). The calculated reaction order values were found
approximately between (1.1-2.5). The exothermic character of all
thermal transitions further supports the proposed decomposition
pathway. In addition, the TGA curve exhibited three distinct mass-loss
steps, Table 4. The thermal decomposition of the chromium complex
took place in three successive stages. In the first stage (30.73-165.23
°C), the complex lost two coordinated water molecules together with
2HCIl, 4HF, and 4 CHa. This stage showed a reaction order of approxi-
mately ~2.5, which indicates that the decomposition in this range is
relatively complex. In the second stage (165.23-333.63 °C), the
decomposition was mainly related to the loss of 4CsHsN fragments. The
reaction order in this step was about ~1.5, suggesting that this stage is
still more complex than an ideal first-order process. In the third stage
(333.63-590.79 °C), further degradation occurred with the evolution of
CO and 4COs, together with the formation of Crz0s as the final residue
with some organic remainder. The reaction order in this stage decreased
to approximately ~1.2, indicating a process closer to first-order
behavior compared with the earlier stages, as illustrated in Scheme 2.

In contrast, the thermal analysis of the [Zn(flu)2(Cl)(H20)] complex,
as presented in Fig.S3 and Table 5, exhibited three well-defined
exothermic peaks at 48.43 °C, 252.20 °C, and 475.06 °C, as deter-
mined from the DTA data. The corresponding activation energies for
these events were closely to (20—51) kJ/mol. The reaction orders were
in the range of 0.8-1.5 for the three peaks. The thermal decomposition
of the Zn(II) complex proceeded in three successive stages, Table 4. In
the first stage (38.38-192.13 °C), the complex undergo dehydration
with the loss of coordinated water molecules along with small volatile
fragments. This step showed a reaction order of approximately ~1.4,
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Fig. 3. Charge density of flumequine.

Table 4
Thermogravimetric analysis of flumequine and its selected metal complexes.
Complex Temp. (°C) Wt. Loss % Assignment
TGA -
Calc Foud
Flumequine 28.77-116.81°C 4.40 4.57 Elimination of CH4
116.81-230.87°C 34.61 35.56 Loss of CO, and HF
230.87-584.88°C 35.56 35.65 Loss of CO and CoHy
[Zn(flu),(Cl) 38.38-192.13°C 7.7 7.5 Dehydration of HyOand
(H20)] losing of 2CH4
192.13-314.26°C 22.7 22.83 Loss of 2HF, HCL
162.5-589.7 °C 30.52 30.56  Decomposition of 2CO,,
2CO and formation of ZnO
with organic residue
[Cr(flu),(CI) 30.73-165.23 °C 26.21 26.01 Dehydration of 2 H,O and
(H,0)] loss of 2HCL, 4HF and

4CH4

Loss of 4 C3HsN
Degradation of CO, 4CO
and formation of Cry03
with organic residue
Dehydration of H,O and
elimination of HCI and
2HF

Decomposition of the last

165.23-333.63°C  31.49  32.57
333.63-590.79°C  24.78 24.95

[Ni (flu),Cl 24.27-137.25 °C 21.25 21.04

(H20)]

137.25-581.65°C  61.31  61.35
part of ligand and
formation of NiO with
organic part

indicating a process close to first-order behavior with slight deviation. In
the second stage (192.13-314.26 °C), further decomposition occurred
with the release of HF and HCl, accompanied by the breakdown of part
of the ligand structure. The reaction order in this stage was about ~0.8,
suggesting a simpler process, close to first-order kinetics. In the final
stage (314.26-589.70 °C), complete degradation of the organic ligand
took place with the evolution of COz and CO, leading to the formation of
ZnO as the final residue. This stage exhibited a reaction order of
approximately ~1.5, indicating a relatively more complex decomposi-
tion step compared to the previous stage. The exothermic character of
these thermal transitions is further confirmed by Scheme S1. The DTA
profile of the [Ni(flu)-Cl(H20)] complex, as presented in Fig.S4 and
Table 5, exhibited three distinct exothermic peaks at 81.83 °C, 310.01
°C, and 360.33 °C. The corresponding activation energies for these
thermal events ranged between (19-180 kJ/mol). The reaction orders
were closely between 1 and 1.8. The thermal decomposition of the Ni(II)
complex occurred in two main stages, Table 4. In the first stage
(24.27-137.25 °C), the complex lost the coordinated water molecules
along with the release of HCl and HF. The reaction order in this stage
was found to be around ~1.0-1.3, indicating that the process follows

nearly first-order behavior. In the second stage (137.25-581.65 °C),
further decomposition of the remaining ligand took place, leading to the
formation of NiO as the final residue with some organic remnants. The
reaction order values in this stage ranged from ~1.3 to ~1.8, suggesting
a more complex decomposition step compared to the first stage. The
presence of more than one reaction order value within the same stage
can be attributed to overlapping processes or the gradual breakdown of
different parts of the ligand during heating. The exothermic nature of all
three transitions is further illustrated in Scheme S2.

The relationship between In AT and 10 ® /T exhibited good linearity
for all the studied complexes, which supports the reliable estimation of
activation energy values using least-squares analysis, Fig. S5-S7. The
calculated thermodynamic parameters are listed in Table 6. Moreover,
the reaction order (n) was determined by using the peak symmetry
method based on the shape of the DTA peaks which is commonly applied
for kinetic analysis of solid-state thermal decomposition processes [60].
The obtained values are approximate and may vary slightly due to
overlapping processes during the thermal decomposition.

The DSC thermograms of flumequine and its selected metal com-
plexes, Fig.S.(8—11) Table 6 display several characteristic thermal
transitions associated with glass transition, crystallization, and melting
phenomena. [Ni (flu)»,Cl(H20)] complex exhibited the highest Tg values,
recorded at 174.79°. In contrast, the Tg values of flumequine and
remaining complexes were significantly lower, ranging between 133.23
and 158.17 °C. The crystallization temperature (Tc) of [Ni (flu),Cl
(H20)] was 361.33 °C, indicating that the systems acquired sufficient
energy to form highly ordered crystalline arrangements, followed by the
release of heat through an exothermic transition. Among all complexes,
[Ni(Cef)Cl(H20)s] exhibited the highest Tc, whereas flumequine and
other complexes showed lower Tc values in the range of 228.87-254.7
°C Furthermore, all prepared complexes demonstrated melting points
above 300 °C. The DSC plots allowed precise determination of the
melting temperatures through the observed melting transitions, during
which the complexes absorbed heat until complete melting of the crys-
talline phase was achieved.

3.7. Morphology

3.7.1. Powder X-ray diffraction (XRD)

Powder x-ray diffraction (XRD) analysis was employed to investigate
the crystalline nature and phase composition of the synthesized com-
pounds. This technique provides essential information about crystalline
nature and structural order through the analysis of diffraction patterns.
Powder X-ray diffraction measurements were performed to investigate
the solid-state structures of the Hg— and Zn—flumequine complexes, the
data were indexed and refined using GSAS software and Rietveld
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Fig. 4. TGA and DTA of flumequine ligand.
Table 5
Kinetic parameters of thermal decomposition of flumequine and its selected metal complexes.
Complex Type Tm Ea N Om AS* AH* Z
CK) kJ mol ! kJ K ' mol ! kJ mol ! s
Flumequine Exo 94.66 90.34 1.26 0.59 -0.27 -25.80 0.11
Exo 175.76 16.37 0.84 0.66 -0.30 -52.20 0.011
Exo 474.48 565.352 1.03 0.63 -0.28 -134.79 0.14
[Zn(flu)o(CD(H20)] Exo 48.43 50.715 1.41 0.67 -0.27 -12.89 0.13
Exo 252.2 20.369 0.84 0.66 -0.30 -75.96 0.01
Exo 475.06 48.221 1.48 0.56 -0.30 -144.69 0.012
[Cr(flu)2(C1)(H20)] Exo 48.36 51.55 2.47 0.46 -0.27 -12.87 0.13
Exo 233.33 55.42 1.54 0.55 -0.29 -63.04 0.03
Exo 392.84 53.68 1.16 0.60 -0.30 -118.06 0.016
[Ni (flu)2Cl(H20)] Exo 81.83 19.51 1.35 0.58 -0.28 -23.145 0.03
Exo 310.01 180.13 1.03 0.63 -0.29 -88.82 0.069
Exo 360.33 53.58 1.75 0.53 -0.30 -107.77 0.017
N (28.77-116.81) °C N
HO | = HO |
E CH, F
®) o (@) (e}
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Scheme 1. Thermolysis of flumequine ligand.
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refinement was performed. The XRD pattern of the Hg-flumequine
complex, recorded over a 20 range of 0-80°, displayed several sharp and
intense diffraction peaks, indicating a well-developed crystalline struc-
ture. Prominent reflections observed on approximately21.19, 27.88,
30.96, 32.61, 40.01, 43.59, 45.97 suggest the presence of a highly or-
dered lattice. Indexing of the diffraction data revealed unit cell param-
eters of a = 7.127 f\, b =7.854 /o\, and ¢ = 4.899 10\, with a monoclinic
crystal system (p = 115.44°, V = 247.68 A®). These structural features
are consistent with monoclinic coordination frameworks commonly
reported for metal-antibiotic complexes. The average crystallite size
estimated using the Debye-Scherrer equation.

D =K\ / (B cosb) @

Where D is the crystallite size, K is the shape factor, A is the X-ray
wavelength, B is the full width at half maximum (FWHM) of the
diffraction peak, and 0 is the Bragg angle.

The crystalline size was found to be 12.65 + 1.15 nm, suggesting the
nanocrystalline nature of the Hg—flumequine complex. the theoretical
density (p) of the complex was evaluated using the relation: (p = Z4)

NAV

where Z is the number of formula units per unit cell (Z = 1), M is the
molecular weight of the complex (774.1 g mol™!), Na is Avogadro’s
number, and V is the unit cell volume in cm 2. the theoretical density
was found to be 5.02 g cm™ . Furthermore, the calculated number of
unit cells per crystallite (n &~ 8.1 x 10 ®) indicates that each nanoparticle
consists of several thousand well-ordered unit cells, Table 7 and Fig. 7.
In contrast, the XRD pattern of the Zn-flumequine complex exhibited
broad and low-intensity diffraction features within the 20 range of
10-50°, suggesting a nanocrystalline to partially amorphous structure. A
broad diffraction band centered around 12-40° confirms the formation
of a new coordination phase distinct from the free ligand. The refined
lattice parameters (a = 3.92 A, b = 6.69 A, ¢ = 15.42 A, p = 117.16°)
correspond to a monoclinic unit cell with a calculated volume of
359.99 A®. The average crystallite size was estimated to be 10.85

+ 1.18 nm, further suggesting the nanocrystalline character of the

Zn-flumequine complex. The theoretical density was calculated to be
approximately 2.9 g cm™ (Z = 1, M=638.5 gm/mol), and the number of
unit cells per crystallite was estimated at n ~ 3.5 x 10°, Table 8 and
Fig. 8. The refinement quality varied among the complexes, where the
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Scheme 2. Thermolysis of chromium flumequine complex.

Zn(1I) complex showed good agreement (R ~ 9.23, y* =~ 2.13), while the
Hg(II) complex exhibited reasonable agreement (R ~ 12.79, * ~ 3.45).
These findings indicate that the Zn-flumequine complex consists of

Table 6
Thermal transitions of flumequine and selected complexes.

Compound Thermal transitions (°C) nanoscale crystallites with compact packing and structural order,
Ty T, despite its reduced crystallinity compared to the Hg analogue.
Flumequine 149.86 241.69 . X
[Zn(flu)o(C(H,0)] 133.23 254.7 3.7.2. Scanning electron microscopy (SEM)
[Cr(flu)5(C(H20)] 158.17 228.87 SEM analysis of flumequine metal complexes revealed metal-
[Ni (flu),Cl(H0)] 174.79 361.33
Table 8

Table 7 X-Ray differaction data of Zn-flumequine complex.

X-Ray differaction data of Hg-flumequine complex. Observed26  Calculated260  h k 1 dspacing FWHM  Diff 20
Observed20 Calculated26 h k 1 d spacing FWHM Diff 26 12.14 12.06 0 1 0 739 0.712 0.08
21.19 21.14 0 3 1 419 0.483 0.05 15.45 15.49 3 1 0 5.71 0.537 -0.04
27.88 27.88 2 2 2 319 0.352 0.00 20.02 19.99 3 0 2 4.48 0.761 0.03
30.96 30.93 2 3 1 288 0.911 0.03 24.85 24.77 1 2 0 3.60 0.464 0.08
32.61 32.65 1 1 6 273 0.774 -0.04 26.70 26.77 6 1 2 3.32 0.626 -0.07
40.01 39.93 0 4 6 225 0.727 0.08 29.84 29.90 1 0 -3 298 1.01 -0.06
43.59 43.52 2 5 3 207 0.557 0.07 33.71 33.75 0o 2 0 2.65 1.09 -0.04
45.97 45.89 2 3 7 197 0.823 0.08 35.99 36.01 1 1 0 2.48 0.809 -0.02
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Fig. 7. XRD of Hg flumequine complex.
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Fig. 8. XRD of Zn flumequine complex.

dependent variations in surface morphology [61]. The Cd-flumequine
complex exhibited a dense and compact surface composed of fused,
irregular particles with low porosity, Fig. 9(a). In contrast, the Cr—flu-
mequine complex showed an aggregated morphology with irregular
particles, moderate porosity, and visible surface cracks, indicating par-
tial compaction Fig. 9(b). The Mn-flumequine complex displayed a
highly porous, sponge-like structure formed by loosely packed fine
particles, reflecting an open and semi-amorphous architecture, Fig. 9(c).
These observations confirm that metal coordination significantly in-
fluences the microstructural features of flumequine complexes.

3.8. Structural interpretation

Based on the combined analytical and spectroscopic results, the
structural features of the synthesized flumequine metal complexes were
predicted, and the proposed coordination models are presented in
Fig. 10. Elemental analysis data were in good agreement with the sug-
gested molecular compositions, suggesting the stoichiometry of the
complexes. Infrared spectral analysis provided clear evidence for the

involvement of specific functional groups of flumequine in metal coor-
dination. Furthermore, the molar conductivity of the synthesized com-
plexes was measured, and the obtained low values indicate their non-
electrolytic nature. This behavior suggests that the chloride ions are
coordinated rather than existing as free ions in solution. Furthermore,
thermal analysis supports the presence of coordinated water molecules
within the complex structure, based on the obtained data the suggested
structure for all complexes is [M(flu).CIH,0].

3.9. Biological activity

Antimicrobial activity was evaluated using an in vitro method. For
each compound, a single inhibition zone value was obtained and used
for comparative assessment of the antibacterial and antifungal activity.
Therefore, the results are presented to indicate general trends in activity
rather than detailed statistical significance The antimicrobial perfor-
mance of flumequine and its Cu(II), Co(Il), Zn(II), and Mn(II) complexes
was examined against Gram-positive bacteria (Staphylococcus aureus
ATCC 6538 P and Bacillus subtilis ATCC 19659), Gram-negative bacteria

Fig. 9. SEM image of Cd flumequine complex(a), Cr flumequine complex(b) and Mn flumequine complex (c).
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(Escherichia coli ATCC 8739 and Pseudomonas aeruginosa ATCC 9027),
and the fungal strain Candida albicans ATCC 2091 using ciprofloxacin
and clotrimazole as references, Table 9 Fig.S12. Against S. aureus, the
free ligand exhibited a inhibition zone (29 mm), but for Cu(II), Zn(Il),
Mn(II) and Co(II) complexes showed inhibition zone (30, 27, 15 and
26 mm) respectively, For B. subtilis, flumequine, Cu(Il), Co(II), Zn(II),
and Mn(II) complexes showed inhibition zone (28, 29, 27, 27, 25 mm)
respectively. For Gram-negative strains, flumequine showed activity
against E. coli (30 mm), Cu(II), Co(II), Zn(II) and Mn(II) complexes give
inhibition zone equal (31, 31, 30, 29 mm). Comparable inhibition pat-
terns were recorded against P. aeruginosa, for flumequine and its Cu(Il),
Co(II), Zn(II) and Mn(II) metal complexes give values at (28, 27, 26, 27
and 27 mm). In the case of Candida albicans fungi, flumequine exhibited
an inhibition zone of mm, for the Cu(Il), Co(Il), Zn(II), and Mn(II)
complexes (29, 28, 27 and 26 mm). Overall, the antibacterial activity
results showed that the metal complexes exhibited either lower or
comparable activity to the free flumequine ligand against the tested
bacterial strains, between the investigated complexes, the Cu(Il) and Zn
(II) complexes showed the highest activity, while the Mn(II) complex
exhibited relatively lower activity. In comparison with the reference
drug (ciprofloxacin), the activity of the synthesized complexes was
found to be comparable in many cases, particularly against E. coli and P.
aeruginosa, although slightly lower in some instances. The antifungal
activity results showed that the tested compounds exhibited higher in-
hibition zone values than the reference drug (clotrimazole) against
Candida albicans. These findings suggest that coordination of flume-
quine with metal ions does not necessarily enhance the antimicrobial
activity but may influence it depending on the nature of the metal ion
and the tested microorganism. The observed Change in activity for
several metal complexes relative to the free ligand can be rationalized
based on chelation theory and the overtone concept [62,63], where
coordination reduces ligand polarity and facilitates diffusion through
microbial cell membranes [64]. The results obtained should be consid-
ered preliminary, as the measurements were carried out as an initial
screening step. Similar approaches have been reported in previous
studies [65,66], where in vitro antimicrobial activity is presented for
general evaluation of the compounds.

3.10. Molecular docking

Flumequine is an antibacterial agent that shows activity against both
Gram-positive and Gram-negative bacteria. It belongs to the fluo-
roquinolone group, which is known to act by interfering with bacterial
DNA replication through targeting enzymes such as DNA gyrase and
topoisomerase IV.Based on this mode of action, DNA gyrase was selected
in this study as a representative bacterial target to evaluate the binding
behavior of flumequine and its corresponding metal complexes. DNA
gyrase is a bacterial enzyme that belongs to the type II topoisomerase
family and plays an essential role in DNA replication. It consists of four
subunits, two GyrA and two GyrB (AzB:), which work together in a co-
ordinated way. The GyrA subunits are mainly responsible for binding
and cleaving DNA, while the GyrB subunits contain the ATP-binding
sites that provide the energy needed for the enzyme activity. In terms
of structure, DNA gyrase has a flexible, clamp-like shape that can open
and close around the DNA molecule. It is composed of different regions,
including an ATPase domain, a central part responsible for DNA inter-
action and cleavage, and a C-terminal region that helps in stabilizing the
DNA. The enzyme is not rigid and undergoes continuous structural
changes during its function, which allows it to control DNA topology
effectively. This structural organization is generally similar across
different bacterial species, which highlights its importance and makes
DNA gyrase a suitable model for studying this type of enzyme [67-69].

In this context, docking studies involving flumequine and its Cu(Il),
Co(I), and Zn (II) complexes were conducted to explore their potential
interactions with DNA gyrase and to assess the influence of metal co-
ordination on enzyme binding and possible anti-bacterial activity.

To validate the docking protocol, a redocking procedure was per-
formed using the co-crystallized ligand, moxifloxacin, within the active
site of DNA gyrase (PDB ID: 4Z2C). The docked pose was compared with
the original crystallographic conformation, yielding a root-mean-square
deviation (RMSD) value of 0.45 A. This low RMSD value indicates a high
level of agreement between the predicted and experimental binding
modes, confirming the reliability of the docking protocol, Fig. 11.

Molecular docking of the free flumequine ligand within the active
site of the DNA gyrase (PDB ID: 4Z2C) revealed a favorable binding
affinity, with a calculated binding energy of —8.1 kcal mol™ . Analysis

Table 9
Biological activity of flumequine and selected metal complexes.
Compounds S. aureus B. subtilis P. aeruginosa E. coli Candida
DMSO Compound DMSO Compound DMSO Compound DMSO Compound DMSO Compound
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
DMSO 15 15 15 16 15 16 15 15 15 15
Flumequine 15 29 15 28 15 28 15 30 15 29
Mn-flumequine complex 15 15 15 25 15 27 15 29 15 26
Co-flumequine complex 15 26 15 27 15 26 15 31 15 28
Zn-flumequine complex 15 27 15 27 15 27 15 30 15 27
Cu-flumequine complex 15 30 15 29 15 27 15 31 15 29
Ciprofloxacin 9 30 10 30 9 30 9 30 - -
Clotrimazole - - - - - - - - 9 18
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Fig. 11. Overly of the native and re-docked ligand (moxifloxacin) in the active
site of 4Z2C.

of the predicted binding mode indicated that flumequine is stabilized
within the enzyme pocket through multiple hydrogen-bonding in-
teractions involving ASN B:326 and ASN B:179. In addition to these
polar contacts, Vander Waals interaction was provided with DA H9,
while a carbon hydrogen interaction with GLY B:328 further reinforced
ligand-receptor binding. Also, carbon fluorine and fluorine interaction
occurred with GLY B:171, hydrophobic interactions are presented by
Alkyl, pi alkyl and pi-pi-T shaped interactions with ALA B:177. These
interactions collectively contribute to the stable accommodation of
flumequine within the active site, as depicted in Fig. 12 and summarized
in Table S4.

Docking simulations of the Cu-flumequine complex within the active
site of DNA gyrase (PDB ID:4Z2C) revealed a binding energy of
—11.8 kcal mol™, indicating a highly favorable and stable interaction.
Analysis of the binding mode showed the formation of a conventional
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Fig. 12. Binding pose of flumequine and 4Z2C (2D), (3D) after docking.
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hydrogen bond with the DNA base (DA F:10) and ARG D:633, contrib-
uting to stabilizing the complex within the binding pocket. the DNA base
(DCF:8), in addition, halogen (fluorine) interactions were observed with
ASP D:628, GLY D:627, and ARG D:633. Notably, hydrophobic in-
teractions, including alkyl interaction were also observed with LYS
D:464, and n-alkyl contacts with DNA base(DC F:8 and DA E:7) and pi-
pi-T shaped with (DAE:7) contributing to additional stabilization of the
ligand within the enzyme-DNA complex. These combined interactions
account for the strong binding affinity of the Cu—flumequine complex. as
illustrated in Fig. 13 and summarized in Table.S5

Docking simulations of the Co—flumequine complex within the active
site of DNA gyrase (PDB ID:4Z2C) revealed a binding energy of
—11.4 kcal mol™ , indicating a favorable and stable interaction.
Detailed analysis of the binding mode demonstrated the formation of a
conventional hydrogen bond with the DNA base (DA F:9, DG E:9 and DC
F:8), contributing to anchoring the complex within the binding pocket.
In addition, multiple halogen (fluorine) interactions were observed with
nucleotides DA F:9, DT E:10, and DT E:11, which further enhanced the
binding affinity of the complex. Moreover, hydrophobic interactions
were identified, including alkyl and n-alkyl contacts with amino acid
residues LYS D:464 and LYS D:469, playing a significant role in stabi-
lizing the ligand within the enzyme-DNA complex. The presence of
carbon-hydrogen bonding interactions with (DC E:8) also contributed to
additional stabilization of the system., as illustrated in Fig. 14 and
summarized in Table.S6

Docking simulations of the Zn—flumequine complex within the active
site of DNA gyrase revealed a binding energy of —13.0 kcal mol™,
indicating a highly favorable and stable interaction. Analysis of the
binding mode demonstrated the formation of conventional hydrogen
bonds with DNA bases (DA F:9 and DA F:10) and SER D:466, contrib-
uting to anchoring the complex within the binding pocket. In addition, a
halogen (fluorine) interaction was observed with the amino acid residue
(SER D:466), further enhancing the binding affinity. Furthermore, a
Pi-Pi T-shaped interaction was identified with the DNA base (DT E:10),
supporting favorable stacking interactions. Additional hydrophobic in-
teractions, including n—alkyl contacts, were observed with nucleotides
DA F:7, DC F:8, DA E:7 and DT F:6. A carbon-hydrogen bond involving
DC E:8 also contributed to the overall stabilization of the complex, as
illustrated in Fig. 15 and summarized in Table.S7.

A comparative molecular docking analysis was performed to eval-
uate the binding behavior of flumequine and its metal complexes toward

FREREN Ps
N H 7
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Interaction.
B corventional Hydrogen Bond

Fig. 13. Binding pose of Cu-flumequine complex and 4Z2C (2D), (3D)
after docking.
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Fig. 14. Binding pose of Co flumequine complex with 4Z2C (2D), (3D)
after docking.
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Fig. 15. Binding pose of Zn flumequine complex with4Z2C (2D), (3D)
after docking.

DNA gyrase (PDB ID: 4Z2C). The calculated binding energies revealed a
clear difference in affinity, where the Zn—flumequine complex exhibited
the highest binding affinity (—13.0 kcal mol™), followed by the Cu- and
Co-flumequine complexes (—11.8 and —11.4 kcal mol™, respectively),
while the free flumequine ligand showed the lowest binding affinity
(—8.8 kcal mol™?). These results indicate that metal coordination en-
hances the interaction of flumequine within the active site of the target
enzyme. A closer inspection of the binding modes showed that the
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superior binding affinity of the Zn(II) complex can be attributed to the
formation of multiple stabilizing interactions within the active site. The
Zn-flumequine complex formed several conventional hydrogen bonds
with DNA bases (DA F:9 and DA F:10), in addition to a halogen (fluorine)
interaction with SER D:466. Furthermore, n-n T-shaped interaction with
DT E:10 and additional hydrophobic n—alkyl interactions with DA F:7,
DC F:8, and DT F:6 contributed significantly to stabilizing the complex.
Notably, the Zn complex interacted with a larger number of nucleotides
compared to the other complexes, which explains its higher binding
affinity. Similarly, the Cu(II) and Co(II) complexes exhibited stronger
binding affinities than the free ligand due to the presence of multiple
interactions with surrounding nucleotides and amino acid residues.
These interactions included hydrogen bonding, halogen interactions,
and hydrophobic contacts, which were more numerous and diverse than
those observed for the free flumequine ligand. In contrast, the free
ligand showed fewer interactions and a more limited binding network
within the active site, resulting in its lower docking score.

Despite the enhanced binding affinities observed for the metal
complexes, the biological activity results demonstrated that the free
flumequine ligand exhibited higher antibacterial activity. This apparent
discrepancy can be explained by considering that biological activity is
not governed solely by binding affinity. Factors such as molecular size,
lipophilicity, solubility, and the ability to penetrate bacterial cell
membranes play a critical role in determining the overall antimicrobial
effect. The free ligand, being smaller and less complex, may diffuse more
efficiently through the bacterial membrane and reach its intracellular
target more effectively than its metal complexes. Therefore, while the
docking results suggest stronger molecular interactions for the metal
complexes, these findings should be interpreted as supportive rather
than definitive predictors of biological activity [70,71].

4. Conclusion

In this study, a series of transition metal complexes of flumequine
were successfully synthesized and comprehensively characterized to
elucidate the impact of metal coordination on their structural, physi-
cochemical, and biological properties. Spectroscopic investigations
suggested that the coordination mode of flumequine through oxygen
donor atoms, while electronic spectral data and magnetic susceptibility
measurements consistent with octahedral geometries for the transition
metal complexes. Thermal analyses demonstrated multistep decompo-
sition behavior and revealed enhanced thermal stability of the metal
complexes compared to the free ligand. Solid-state studies using XRD
and SEM showed metal-dependent variations in crystallinity and surface
morphology, suggesting the formation of nanocrystalline coordination
frameworks. The biological evaluation revealed variations in antimi-
crobial activity among the investigated complexes compared to the free
ligand. Difference in inhibition zone diameters were observed among
the synthesized complexes, indicating that the nature of coordinated
metal ions affects the biological response. Molecular docking studies
against DNA gyrase (PDB:4Z2C) revealed favorable binding affinities for
the metal complexes compared to the free ligand suggesting a possible
influence of metal coordination on protein interactions. Future work
may focus on detailed in vivo studies to evaluate their pharmacological
efficiency and toxicity profiles. Additionally, further investigations on
structure-activity relationships (SAR) and modification of ligand
frameworks could enhance their biological performance. Expanding
computational studies, including advanced molecular dynamics simu-
lations, may also provide deeper insight into their interaction mecha-
nisms with biological targets.
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