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Structure—biological activity relationships in

a zinc() pyrazole halide complex [ZnCl,(n-
4BrPz),] via noncovalent interactions, molecular
docking, and antimicrobial studies

Houyem Khlifi,® Naoufel Ben Hamadi,? Noureddine Mhadhbi, 2 *3¢ Antonio Sanchez-
Coronilla, @29 Khaled Hamden, ¢ Ahlem Guesmi,” Lotfi Khezami,® Hajir Wahbi'
and Houcine Naili 2 *?

A zinc-based pyrazole halide, [ZnCly(n*-4BrPz),] (4BrPz = CsHsBrN, = 4-Bromopyrazole) was synthesized
and characterized by X-ray diffraction, IR spectroscopy, and Hirshfeld surface analysis. The compound
crystallizes in a monoclinic system with two non-equivalent Zn(i) environments stabilized by halogen—
halogen and m-interactions. DFT, ELF, and NCI analyses highlight the key role of Br---Br, Br---Cl, -
stacking, and hydrogen-bonding contacts in stabilizing the structure. Thermal studies (TGA/DSC) confirm
good stability and a well-defined decomposition pathway. Molecular docking and in silico ADME
predictions (SwissADME) were performed to evaluate the pharmacokinetic profile and biological
potential of the compound, revealing favorable drug-likeness and strong binding affinity toward DNA
gyrase and chitin synthase. In vitro tests reveal moderate, concentration-dependent antibacterial activity
against eight pathogenic strains, with inhibition zones increasing from 3.9-6.3 mm at 0.5 pg mL™! to
14.7-16.8 mm at 2 pg mL™*. Pseudomonas aeruginosa and Micrococcus luteus were the most sensitive,
while Bacillus cereus and Salmonella typhi were less affected. The tested compound [ZnClo(n*-4BrPz),]
exhibited dose-dependent antibacterial activity against all evaluated strains, with MIC values ranging from
0.45 to 2.10 pg mL~* and MBC values from 0.87 to 3.74 pg mL™ . In comparison, the free ligand (4BrP)
showed considerably higher MIC (2.89-7.84 ug mL™%) and MBC (11.7-19.76 ug mL™?) values, indicating
much weaker antibacterial activity. The strongest activity of the complex was observed against
Escherichia coli and Bacillus cereus, while Salmonella typhi and Pseudomonas aeruginosa were less
sensitive. MBC/MIC ratios for the complex were below 4 for all strains, confirming a bactericidal effect as
compared to 4BrP. These results identify [ZnCl(n!-4BrPz),] as a structurally robust and biologically
promising zinc complex for future antimicrobial development.

their exceptional structural, electronic, and optical
properties*™ These compounds, positioned at the interface of

Metal-organic halide compounds, distinguished by their
hybrid architectures integrating metal centers with organic
ligands, have attracted substantial scientific interest due to
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organic and inorganic chemistry, offer tunable functional-
ities through a broad selection of metal, halide, and ligand
combinations, enabling their application in catalysis,>®
photovoltaics,”® optoelectronics,”™* and sensing technolo-
gies.” The structural versatility inherent to metal-organic
halides facilitates the precise modulation of their physico-
chemical properties, establishing them as promising candi-
dates for next-generation functional materials.”*** Their
relevance has grown markedly as the demand intensifies for
systems that combine structural stability with adaptable
performance characteristics.>*>*” Although recent advances
have improved synthetic accessibility and functionalization
techniques, knowledge gaps persist regarding the stability
and photophysical behavior of specific compositions, partic-
ularly those involving unconventional halogenated ligands

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and underexplored metal centers such as zinc.® In this
context, the zinc-based compound [ZnCl,(n'-4BrPz),]
emerges as a compelling case study, given its coordination
with the halogenated pyrazole ligand C;H;N,Br, which may
offer valuable insights into both its electronic properties and
coordination environment under varying conditions."
Synthesized via a controlled Schlenk method approach, this
compound exhibits an uncommon structural feature: the
presence of two asymmetric halves per formula unit, sug-
gesting new avenues for understanding metal-organic inter-
actions and informing the design of stability-oriented
materials.>**!

The structural and electronic properties of [ZnCly(n'-
4BrPz),| were systematically investigated using a combined
experimental and computational approach. Single-crystal X-ray
diffraction (XRD) provided detailed structural elucidation, while
infrared (IR) spectroscopy and Hirshfeld surface analysis
offered further insights into bonding characteristics and inter-
molecular interactions. Additionally, Density Functional Theory
(DFT) calculations, performed via the Vienna A4b initio Simula-
tion Package (VASP), enabled precise predictions of the elec-
tronic band structure and density of states (DOS/PDOS).>*>>?
Preliminary biological activity assessments also highlighted
potential avenues for biocompatible applications.

The findings underscore the role of the brominated pyrazole
ligand in enhancing both the electronic profile and structural
stability of the compound, offering a performance advantage
over conventional hybrid zinc halides. By addressing critical
knowledge gaps in zinc coordination chemistry, this study
advances the rational design of metal-organic halides for
functional applications, especially where long-term stability
and photophysical robustness are essential.

Beyond their structural and electronic importance, these
compounds are increasingly explored for their biological
potential. Rising antimicrobial resistance among common
pathogens such as Escherichia coli, Salmonella spp., Staphylo-
coccus aureus, and Pseudomonas aeruginosa has intensified the
need for alternative antimicrobial agents,*” as many conven-
tional antibiotics are gradually losing effectiveness due to
misuse and overuse.>”*® Recent studies show that metal-organic
systems, including zinc-, copper-, and cobalt-based halo-
metallates, can display notable antibacterial activity**** due to
their tunable electronic structure and their ability to interact
with microbial enzymes and cell membranes. These properties
make zinc-based organic halides promising candidates for
developing new antimicrobial materials, complementing their
structural robustness and multifunctional behavior.

In summary, the unique coordination environment and
asymmetric architecture of [ZnCl,(n"-4BrPz),] position it as
a promising candidate for optoelectronic devices, sensor plat-
forms, and chemically resilient materials. These results
contribute meaningfully to the expanding field of metal-
organic halide chemistry and provide a foundation for the
design of durable, tunable materials for advanced technological
applications.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2 Experimental

2.1. Chemical materials

In this study, all reagents were of analytical grade and obtained
from Sigma-Aldrich, including ZnCl, (99% purity), 4-bromo-
pyrazole (C3H3BrN,, 97%), and hydrochloric acid (HCl, 37%).

2.2. Synthesis of [ZnCly(n"-4BrPz),]

4-Bromopyrazole and ethanol were used as received from
commercial sources without further purification. The reaction
was carried out under an inert nitrogen atmosphere using
standard Schlenk techniques. Initially, 4-bromopyrazole
(0.247 g, 1 mmol) was dissolved in 10 mL of absolute ethanol.
This solution was then mixed with ZnCl, (0.136 g, 1 mmol) and
1 mL of 48% aqueous HCl in a glass flask and heated at 60 °C in
an oil bath. Complete dissolution of the reagents was achieved
after approximately 2 h.

The resulting solution was filtered and allowed to cool
gradually in the oil bath, then left undisturbed at room
temperature under ambient conditions to permit slow solvent
evaporation. Colorless block-shaped crystals were obtained,
isolated, and dried in a desiccator. Elemental analysis for
[ZnCl,(n'-4BrPz),] showed: C, 11.65 (caled 11.52); H, 2.52
(2.31); N, 8.24 (8.12). IR data (KBr, cm ™ *): »(N-H") 1533; »(C-N)
1647. The reaction afforded a yield of 0.422 g (98%). ESI-MS m/z:
[M —H] ™ calculated 430.06, observed 430.24.

2.3. X-ray data collection

A single crystal with approximate dimensions of 0.27 x 0.17 x
0.09 mm® was selected for X-ray diffraction measurements at
100 K using an Xcalibur Atlas Gemini Ultra diffractometer with
Mo-Ka radiation (A = 0.71073 A). Data processing was carried
out using the SCALE3 ABSPACK program implemented in Cry-
sAlisPro.** Data collection, reduction, and analysis were per-
formed with SAINT,* and semi-empirical multi-scan absorption
corrections were applied using SADABS.**

The structure was solved in the monoclinic space group P2/c
using automated procedures implemented in WINGX.** The
molecular structure of [ZnCl,(n'-4BrPz),] was determined by
a dual-space approach with SHELXT-2018 *® and subsequently
refined by full-matrix least-squares methods using SHELXL-
2019/3, (ref. 37) with anisotropic displacement parameters
assigned to all non-hydrogen atoms. Inspection of the diffrac-
tion data indicated the presence of non-merohedral twinning.
Accordingly, the structure was refined using a two-component
twin model implemented in SHELXL. The twin law was
defined by the matrix (—1 0 —1/0 —1 0/0 0 1) using the TWIN
instruction. The refined BASF parameter converged to 0.412(1),
indicating a significant contribution of the minor twin domain.
All reflections from both components were included in the
refinement, and appropriate scaling between the twin fractions
was applied. The final refinement converged smoothly with
satisfactory agreement indices and no significant residual
electron density attributable to twinning, confirming the reli-
ability of the structural model. All figures were prepared using
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DIAMOND.?*® The refinement conditions and structural resolu-
tion of our compound are outlined in Table S1.

2.4. Spectroscopic measurement

Infrared (IR) and Raman measurements were performed in
the 400-4000 and 0-3500 cm ' ranges, respectively, using
a PerkinElmer Spectrum 400 FTIR spectrometer equipped
with a Universal Attenuated Total Reflectance (UATR) acces-
sory and a Horiba LabRAM HR Evolution Raman spectrometer
with a 532 nm excitation laser.

2.5. Thermal analysis

The thermal behavior of the [ZnCl,(n'-4BrPz),] complex was
examined by simultaneous thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) using a SETARAM
TG-DSC 92 thermal analyzer. Measurements were carried out
under a nitrogen atmosphere (flow rate: 100 mL min ') to
ensure inert conditions. A sample mass of 2.687 mg was heated
from 25 to 600 °C at a constant heating rate of 10 °C min*,
allowing correlated mass-loss and thermal event analysis over

the entire temperature range.

2.6. Hirshfeld surface analysis

To gain deeper insight into the intermolecular interactions
previously observed within the crystal packing, we carried out
a detailed analysis using Hirshfeld surfaces (HS).>*** The 3D
Hirshfeld surfaces and the corresponding 2D fingerprint plots
were generated with the Crystal Explorer 17.5 software.*” The 3D
Hirshfeld surface is defined by the normalized contact distance
(dnorm), which is calculated based on three parameters: de
(distance from a surface point to the nearest external nucleus),
di (distance to the nearest internal nucleus), and the van der
Waals radii of the atoms. The d,,,;m, values were visualized on
the Hirshfeld surface using a color gradient ranging from blue
to red through white, providing a quantitative representation of
intermolecular contacts.

2.7. Computational details

Periodic Density Functional Theory (DFT) calculations were
performed using the Vienna Ab Initio Simulation Package
(VASP), applying the projector-augmented wave (PAW) approach
together with the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional. An energy cut-off of 600 eV was used for
the plane-wave basis set. Sampling of the Brillouin zone was
carried out using the KSPACING parameter fixed at 0.4,%>
which proved sufficient to yield stable optimized lattice
parameters (@ = 21.7276 A, b = 4.1482 A, ¢ = 13.8897 A) for the
[ZnCly(n'-4BrPz),] system, in close agreement with experi-
mental measurements (@ = 21.3691 A, b = 4.0847 A, c = 14.2396
A).

Electron Localization Function (ELF) distributions and
structural representations were obtained using Vaspview and
ChemCraft 1.6, respectively.”**> Non-covalent interaction (NCI)
analyses were carried out with the CRITIC2 code,’** and the
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corresponding NCI isosurfaces were visualized using VMD
software.®

For docking studies and interaction analysis, homology
models of the protein targets were constructed. The ligand
geometry was optimized at the B3LYP/LANL2DZ level using
Gaussian and then converted into PDB format for further use.*
FASTA sequences of the receptors were obtained from the
UNIPROTKB database and employed to identify appropriate
templates for homology modeling through the SWISS-MODEL
server hosted by EXPASY.* The generated models were subse-
quently analyzed to locate active sites using the ProFunc server
and validated through Ramachandran plot evaluation.®

Molecular docking calculations were conducted using
AutoDock Vina 1.5.7.°%% Prior to docking, crystallographic
water molecules were removed, and polar hydrogens along with
Kollman charges were added; all structures were then saved in
PDBQT format. A grid box of 16 x 16 x 16 A with a spacing of
1.0 A was defined around the predicted binding regions to
investigate antibacterial and antifungal activity. The receptor
panel included DNA gyrase subunits A and B from nine bacte-
rial species—four Gram-positive (Staphylococcus aureus, Bacillus
cereus, Enterococcus faecalis, and Micrococcus luteus) and five
Gram-negative (Escherichia coli, Pseudomonas aeruginosa, Kleb-
siella pneumoniae, Salmonella enterica, and Salmonella typhi)—
as well as chitin synthase from two fungal species (Aspergillus
niger and Candida albicans).** The grid box center coordinates
are listed in Table S4. The binding pose associated with the
lowest binding free energy (AG) was considered the most
favorable (Table S4). Interaction diagrams and visual analyses
were generated using Discovery Studio software (version
24.1.0.23298).%

In parallel with the docking study, pharmacokinetic prop-
erties were predicted in silico using the SwissADME web tool,
allowing evaluation of key ADME parameters such as absorp-
tion, distribution, metabolism, excretion, drug-likeness,
bioavailability, and potential cytochrome P450 interactions.

2.8. Methodology for determining antibacterial activity

The antibacterial properties of the zinc-based pyrazole halide
[ZnCl,(n'-4BrPz),] were investigated against eight pathogenic
bacterial strains: Enterococcus faecalis, Escherichia coli, Bacillus
cereus, Pseudomonas aeruginosa, Staphylococcus aureus, Salmo-
nella enterica, Salmonella typhi, and Micrococcus luteus. Anti-
bacterial activity was assessed using the agar well diffusion
technique. Bacterial cultures were first grown overnight in
nutrient broth at 37 °C and then standardized to the 0.5
McFarland turbidity (~1 x 10® CFU mL™"). The resulting
suspensions were uniformly inoculated onto sterile Mueller-
Hinton agar plates, after which wells of 6 mm diameter were
prepared and filled with different concentrations of the tested
compound (0.5, 1, and 2 pg mL ™). Tetracycline (1 pug mL ™)
served as the positive control, whereas sterile distilled water was
used as the negative control.

Following incubation at 37 °C for 18-24 h, the inhibition
zones surrounding each well were measured in millimeters
using a digital caliper. All measurements were carried out in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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triplicate, and the results were reported as mean values =+
standard deviation. Antibacterial effectiveness was expressed in
terms of inhibition zone diameter (mm), allowing comparison
with the standard antibiotic.

The minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) were determined
by the broth microdilution method. Bacterial suspensions were
adjusted to 1 x 10° CFU mL™"' and exposed to a range of
compound concentrations (0.2-5 pg mL™") in Mueller-Hinton
broth, followed by incubation at 37 °C for 24 h. The MIC cor-
responded to the lowest concentration at which no visible
bacterial growth was observed. For MBC determination,
samples from clear wells were plated onto agar and incubated
for an additional 24 h; the MBC was defined as the lowest
concentration that resulted in no colony formation. All experi-
ments were performed in triplicate.

2.9. Acute toxicity test

The acute toxicity of [ZnCl,(n'-4BrPz),] and its free ligand was
evaluated in male Wistar rats, aged two months and weighing
169 + 8 g. Healthy animals were divided into groups of 5 rats
and administered oral doses of 2, 4, 8, 16, and 32 mg per kg
body weight for 14 days. During the treatment, animals were
monitored for behavioral changes, weight loss, digestive
disorders, or mortality. To assess hepatic and renal toxicity,
biochemical parameters were measured: blood glucose (Biolabo
kit n°87409), hepatic enzymes AST (Biolabo kit n°80025) and
ALT (Biolabo kit n°80027), and renal markers creatinine (Bi-
olabo kit n°90107) and urea (Biolabo kit n°80221), according to
the manufacturer's instructions (Biolabo, Maizy, France).

3 Results and discussion

3.1. Description of the crystal structure

The newly synthesized [ZnCl,(n'-4BrPz),] complex crystallizes
in the centrosymmetric monoclinic space group P2/c, which
features a two-fold rotation axis and an inversion center. The
lattice parameters are as follows: a = 21.3691(3) A, b = 4.0847(1)
A, ¢ = 14.2396(2) A, with a § angle of 109.475(2)° and four
formula units per unit cell (Z = 4). Interestingly, the asymmetric
unit shown in Fig. 1 does not simply consist of one-half of the
molecule, as might be expected given the inversion center
located at the Zn cation (Zn®*), which is coordinated with
a chlorine atom and a 4-bromopyrazole molecule (C;H3;N,Br).
Instead, the asymmetric unit contains two halves of two slightly
different forms of the compound, leading to a Z’ value of 1. This
indicates that the asymmetric unit contains one complete
molecule, which is divided into two halves reflecting subtle
differences between the two forms. The small differences
between these two forms are reflected in slight variations in
bond lengths and angles, especially in the coordination geom-
etry around the Zn center, and these minor discrepancies
prevent the structure from being fully generated by symmetry
from just one-half of a molecule. Despite the presence of an
inversion center, the subtle differences between the two forms
necessitate the inclusion of both halves in the asymmetric unit.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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These differences likely arise from local distortions or packing
effects within the crystal lattice, which are common in coordi-
nation complexes where ligands can adopt slightly different
conformations or orientations around the metal center. As
a result, Z = 1, meaning that the asymmetric unit contains
enough information to describe one complete molecule, and
the full unit cell, with Z = 4, contains four such complete
molecules. This is in contrast to what would be expected if the
molecule were perfectly symmetric, in which case the asym-
metric unit could consist of only one half, yielding a Z’ value of
0.5 and a corresponding Z = 2 for the unit cell.

The coordination environment around the Zn atom is
particularly noteworthy. In both forms of the molecule shown in
Fig. 2, Zn is coordinated by nitrogen and chloride ligands,
forming a distorted tetrahedral geometry. However, the exact
bond distances between Zn and its ligands differ slightly
between the two forms, contributing to the non-equivalence of
the two halves. The chloride ligands and all bonds in the
organic molecules except the Br-C, C-H, and N-H, exhibit these
slightly different bonding environments in each form, further
distinguishing the two forms from one another. Additionally,
the organic ligands coordinated to the Zn center may adopt
slightly different orientations or conformations, which further
contributes to the structural differences between the two forms.

From the provided bond-length data (Fig. 2), in the first
distortion case, Zn, is coordinated to two nitrogen atoms (N
and N,") with identical bond lengths of 2.021(3) A, and two
chloride atoms (Cl; and Cl,"), each with bond lengths of
2.2923(8) A. The second distortion case involves Zn,, where Zn,-
N; and Zn,-N;" bonds measure 2.017(3) A, while the Zn,~Cl,
and Zn,—Cl," bonds are slightly shorter than the first case at
2.2757(7) A. These variations in bond lengths indicate local
distortions around the Zn centers that arise due to slight
packing differences and orientation of the ligands, contributing
to the compound's subtle asymmetry. Despite the presence of
an inversion center, these distortions result in a structure where
the two Zn coordination polyhedra are not identical, increasing
the overall complexity of the compound's crystallographic
description. When considering the broader crystal structure as
illustrated in Fig. 3, the projections along the »- and c-axes
reveal a network of halogen-halogen interactions that further
stabilize the packing within the unit cell.

¢
H1

Fig. 1 Asymmetric unit of [ZnCl,(n'-4BrPz),]. Displacement ellipsoids
are drawn at the 50% probability level.

RSC Adv, 2026, 16, 30614-30632 | 30617
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Cl2

Fig. 2 The two crystallographically distinct Zn tetrahedra in the
structure of [ZnClp(n*-4BrPz),].

Fig. 3 Halogen—halogen interactions in the structure of [ZnCly(n'-
4BrPz),] viewed along the b-axis (A) and the c-axis (B).

Two main types of halogen interactions can be observed:
violet-colored Br---Br interactions with a distance of 3.823 A,
and green-colored Cl---Br interactions at 3.715 A. These
halogen-halogen contacts play a crucial role in reinforcing the
crystal lattice, as they create a framework of non-covalent
interactions that extend through the crystal. Such interactions
are often seen in halogenated coordination compounds and
contribute to the overall stability and arrangement of the
molecules within the unit cell.

The projections clearly show how these halogen-halogen
interactions form repeating motifs that connect adjacent

30618 | RSC Adv, 2026, 16, 30614-30632
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Fig. 4 Different types of m-interactions observed in the structure of
[ZnClo(nt-4BrPz),): mt---1 (green), N—=H---w (blue), and C—H---7t (dark
pink).

Fig. 5 3D Hirshfeld surfaces of [ZnCly(n'-4BrPz),] mapped over
dnorm (a) and shape-index (b).

molecules, thereby influencing the spatial organization and
contributing to the compound's stability. The close distances
observed between the halogen atoms are consistent with known
halogen bonding interactions, which are characterized by
attractive forces between the halogen atoms and help in
maintaining the structural integrity of the crystal lattice. In
Fig. 4, the m-interactions are visualized, demonstrating another
layer of structural stabilization in the compound. Several types
of m-interactions are present, including 7---7 interactions
(depicted in green), N-H---7 interactions (blue), and C-H---1
interactions (pink). These non-covalent interactions arise from
the overlap of m-electron clouds between the aromatic systems
of the organic ligands and contribute significantly to the crys-
tal's cohesion. The m---7 interactions occur between the
aromatic rings of adjacent ligands, creating stacking arrange-
ments that further stabilize the packing. The N-H---7 and C-
H---7 interactions introduce additional hydrogen bonding-like
contacts, further reinforcing the molecular assembly.
Together, these m-interactions work synergistically with the
halogen-halogen interactions (Cl---Br and Br---Br) to enhance
the overall stability of the structure.

The combination of w and halogen bonding interactions
creates a robust network of forces that counterbalances the
slight distortions observed in the coordination environment
around the Zn centers, allowing the compound to adopt a highly
stable three-dimensional configuration. These intermolecular
forces highlight the complex interplay between coordination
geometry, T-stacking, and halogen bonding in defining the
structural properties and stability of the compound.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Two-dimensional fingerprint plots of [ZnCly(n'-4BrPz),l: (a)
overall and decomposed into H---Br/Br---H (b), H---Cl/Cl---H (c), H---H
(d), H---C/C---H (e), Br---Br (f), C---C (g), and Br---Cl/Cl---Br (h) inter-
actions, with their percentage contributions to the Hirshfeld surface.

3.2. Hirshfeld surface analysis

The Hirshfeld surface analysis of the title compound is shown
in Fig. 5, with mappings over dnorm and the shape index.
Prominent red regions on the dnorm surface reveal the pres-
ence of short intermolecular contacts, mainly arising from H- -
Cl and H---Br interactions. Meanwhile, the shape index repre-
sentation (Fig. 5) exhibits alternating red and blue triangular
patterns that reflect concave and convex surface regions,
providing evidence of m-m stacking between adjacent
molecules.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Infrared spectrum of [ZnCly(n'-4BrPz),].
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Fig. 8 Raman spectrum of [ZnCly(n!-4BrPz),].

The 2D fingerprint plots can be deconstructed to highlight
specific atom pair contacts, enabling the differentiation of
interaction types that overlap within the complete fingerprint
profile (Fig. 6a).

The initial findings of this study corroborate the structural
analysis, confirming the weak C-H---Cl and N-H---Cl hydrogen
bonding interactions and emphasizing the predominance of
van der Waals interactions, notably H---Br/Br---H contacts
(27.4%), which play a crucial role in stabilizing the title
compound (Fig. 6b). Furthermore, Fig. 6¢ indicates that H---Cl/
Cl---H interactions, comprising 25.5%, make a significant
contribution to crystal stability through noncovalent interac-
tions. The study also recognizes the presence of other, less
dominant interactions, such as H---H, H:--C/C---H, and C:--C,
as well as Br---Br, with contributions of 9.9%, 6.6%, and 3.7%,
respectively. Of particular note is the halogen-halogen
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Fig. 10 Simultaneous TGA-DSC curves for the decomposition of
[ZnClo(n-4BrPz),].

interaction, Br---Cl/Cl---Br, which, despite its lower contribu-
tion of 1.9%, plays a critical role in reinforcing the structural
cohesion.
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3.3. Vibrational studies

The vibrational analysis of [ZnCl,(n"-4BrPz),], combining IR
(Fig. 7) and Raman (Fig. 8) spectroscopy, reveals comprehensive
insights into the compound's structural and bonding charac-
teristics. The study effectively identifies and correlates vibra-
tional modes across both spectroscopic techniques, enabling
a nuanced understanding of the molecule's coordination envi-
ronment, metal-ligand interactions, and ligand dynamics.®>”®
The high-energy vibrational bands observed in both IR
(3336 cm™ ') and Raman (3342 cm ') are attributed to
symmetric N-H stretching vibrations, characteristic of aromatic
nitrogen donors. Complementary Raman peaks at 3161 and
3135 cm ™', along with the IR peak at 3129 cm ™", highlight the
asymmetric stretching of aromatic C-H bonds, showcasing the
involvement of sp> hybridized carbon in the heterocyclic ligand
framework. These modes confirm the robust aromaticity and
the minimal distortion of the ligand upon coordination to Zn.
In the mid-frequency range, distinct C=N and C=C stretching
vibrations are evident in IR (1618 and 1523 cm ™', respectively)
and Raman (1466 cm %), signifying strong delocalization within
the ligand backbone. These observations align with the
coordination-induced stabilization of electronic density in the
heterocyclic system. C-N stretching (1388 cm™') and C-H
bending vibrations (1427 cm™ ") further emphasize the ligand's
contribution to the overall coordination environment. Low-
frequency modes provide critical insights into metal-ligand
interactions. Both IR and Raman spectra exhibit a significant
peak at 1125 cm ™', corresponding to Zn-N stretching, which
underscores the primary coordination role of the nitrogen
donor atoms. Zn-Cl stretching vibrations are prominently
detected in IR at 1048 cm ™' and Raman modes at lower
frequencies (856-829 cm ™). C-Br interactions are identified at
660 cm™ ' in the IR spectrum, reflecting the diversity of halide
coordination in the complex.

Raman spectroscopy also uncovers unique torsional and
bending modes not visible in IR, particularly at 258, 155, 131,
and 81 cm ™. These low-energy modes highlight the dynamic
behavior of the coordination framework and potential ligand-
metal coupling. Framework bending and deformation, detected
at 573 and 424 cm " in the IR spectrum, further emphasize the

Geometry represented in 2D (A) and ELF contour plots for [ZnCl,(n'-4BrPz),] (B and C).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 NCI plots for [ZnCly(n'-4BrPz),] (B) for the geometry represented in 2D (A).

flexibility and subtle asymmetry in the crystal lattice, consistent
with variations in bond lengths between the two halves of the
asymmetric unit.

3.4. Thermal studies

The thermal behavior of the compound [ZnCl,(n'-4BrPz),] was
thoroughly examined using simultaneous thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC),
yielding critical insights into its decomposition pathway and
thermal stability. The TGA curve delineates three distinct
decomposition steps, each well-correlated with corresponding
peaks in the derivative thermogravimetric (DTG) data. The first

Gyrase A
[ZnCl(n'-CsHaN=Br):]

Gyrase B P
[ZnCla(n!-CsHsN=Br):] /| &
Vg 4

stage, spanning from 120 °C to 300 °C, demonstrates
a combined weight loss of 54.17%, attributed to the overlapping
decomposition of Br, (theoretical: 37.14%) and the subsequent
degradation of the organic moiety, 6C, in the form of CO,
(theoretical: 17.66%).°® The theoretical calculation for this
combined step yields a total weight loss of 54.8%, showing
exceptional agreement with the experimental value and
reflecting a minimal error percentage of approximately 0.63%.
This overlap is evident in the broad DTG peak covering the
respective temperature range, where the initial release of Br,
transitions seamlessly into the degradation of the aromatic
organic fragment. The second decomposition stage, identified
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Fig. 13 Interaction analysis of the docking between [ZnCl,(n'-4BrPz),] and Escherichia coli. (A) Representation of the binding pocket. (B) Most
stable receptor—-ligand complex shown in 3D, including bond distances (A), along with the corresponding 2D interaction diagram (C).
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Fig. 14 Interaction profile of the docking between [ZnCl,(n*-4BrPz),] and Enterococcus faecalis. (A) Visualization of the binding pocket. (B) Most
stable receptor-ligand configuration displayed in 3D, including bond distances (A), together with the corresponding 2D interaction scheme (C).

as a weight loss of 13.16%, corresponds to the breakdown of the
N,H, fragment. The theoretical weight loss for this event is
calculated to be 13.50%, resulting in an error margin of just
2.52%, which underscores the accuracy of this attribution. The
final stage of decomposition, responsible for a weight loss of
32.67%, is linked to the formation of ZnCl, residue. This
experimental value aligns closely with the theoretical weight
loss of 31.70%, showing an error percentage of 2.98%. The
overall consistency between the theoretical and experimental
weight losses, as reflected in these small error percentages,
validates the reliability and precision of the proposed decom-
position pathway.

Complementary DSC data provides additional insights into
the thermal events occurring within the compound. The first
endothermic peak, detected in the range of 133 °C to 157 °C
with a peak at approximately 148 °C, initially suggested either
the fusion of the compound or a structural phase transition.

Gyrase A
[ZnCla(n*-CsHsN=Br):]

Gyrase B
[ZnCla(n'-CsHsN2Br):]

Notably, this temperature range exhibited no corresponding
weight loss in the TGA data, ruling out decomposition as
a possibility. The absence of thermal decomposition strongly
indicated that this event was non-destructive, consistent with
a physical transformation. While distinguishing between the
two possibilities (fusion or structural phase transition) was
initially challenging, subsequent analysis revealed that the
fusion temperature of the compound, determined in separate
analysis, was different from 148 °C, thereby eliminating fusion
as a plausible explanation. The identification of this phase
transition highlights the compound's dynamic structural
properties under thermal stress.

The second significant DSC peak, an exothermic event
between 300 °C and 377 °C, is directly associated with the
decomposition processes observed in the TGA. This peak
corresponds to the breakdown of the organic ligand and
halogen components, affirming the sequential thermal events
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Fig. 15 Interaction analysis of the docking between [ZnCl,(n'-4BrPz),] and Bacillus cereus. (A) Depiction of the binding pocket. (B) Lowest-
energy receptor—ligand arrangement shown in 3D, including bond distances (A), along with the corresponding 2D interaction representation (C).
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Fig. 16 Interaction analysis of the docking between [ZnCl,(n*-4BrPz),] and Pseudomonas aeruginosa. (A) Illustration of the binding pocket. (B)
Most energetically favorable receptor—-ligand configuration shown in 3D with bond distances (A), accompanied by the corresponding 2D

interaction diagram (C).

outlined by the TGA. Collectively, the TGA and DSC results
provide a detailed understanding of the thermal stability, phase
behavior, and decomposition pathway of [ZnCly(n"-4BrPz),],
underscoring the compound's structural integrity at elevated
temperatures and its decomposition into well-defined compo-
nents. The precise correlation between experimental data and
theoretical predictions further demonstrates the robustness
and accuracy of the thermal analysis methodology employed.
The thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) curves of the complex [ZnCl,(n'-4BrPz),] are
illustrated in Fig. 9 and 10, respectively.

3.5. ELF and NCI analysis

ELF and NCI analyses were conducted for the [ZnCl,(n'-4BrPz),]
system in order to better understand its structural stability from
an electronic perspective. The ELF distribution corresponding

Gyrase A
[ZnClz(n*-CsH3N2Br)2|

Gyrase B
[ZnCla(n'-CsHsN2Br)2]

to the plane defined by Br and Cl atoms is presented in Fig. 11B,
based on the geometry shown in Fig. 11A. For clarity, atoms
located below this plane are omitted (displayed in white). The
ELF visualization is primarily centered on the bromine atoms
(Fig. 11B and C).

A closer inspection of the enlarged region in Fig. 11B reveals
that the ELF contours associated with Br atoms are oriented
toward those of Cl atoms, and vice versa. This directional
localization of electron density suggests the presence of Br---Cl
interactions that contribute to the overall stability of the
structure. Fig. 11C illustrates another ELF section of the
compound, focusing on the Br atom bonded to the pyrazole
ring. In the magnified area, the electron density around the Br
atoms (green regions) is clearly directed toward neighboring Br
atoms positioned above or below, as highlighted by the red

arrows.
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Fig. 17 Interaction analysis of the docking between [ZnCl(n!-4BrPz),] and Staphylococcus aureus. (A) Representation of the binding site. (B)

Most stable receptor-ligand conformation visualized in 3D, including bond distances (A), along with the corresponding 2D interaction diagram
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Fig. 18 Interaction analysis of the docking between [ZnCl,(n'-4BrPz),] and Salmonella enterica. (A) Visualization of the binding site. (B) Lowest-
energy receptor-ligand complex presented in 3D with bond distances (A), together with the corresponding 2D interaction diagram (C).

Such features provide evidence for Br---Br interactions,
which play an important role in maintaining the cohesion of the
crystal lattice. In addition, the green regions observed in the
ELF map around the pyrazole ring (Fig. 11C) indicate the
presence of w---m stacking interactions, further contributing to
structural stabilization. These non-covalent interactions—
including halogen---halogen contacts, m---7w stacking, and
hydrogen bonding—are also supported by the NCI analysis.

The NCI approach relies on color-coded isosurfaces to
qualitatively describe weak intermolecular interactions: blue
regions correspond to strong attractive interactions, green
regions indicate weak stabilizing contacts, and red regions
represent repulsive interactions.

Fig. 12 shows the NCI plots for the [ZnCly(n'-4BrPz),]
structure focus the analysis on the geometry represented in 2D
in Fig. 12A. The NCI analysis in Fig. 12B shows green stabilizing
isosurfaces. In the red enhanced rectangles it is shown the

(4)

Gyrase A
[ZnCla(n'-C5H3N2Br)2|

Gyrase B
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isosurfaces for clarity of explanation purposes. Thus the green
isosurfaces observed between pyrazole rings indicates stabi-
lizing -+ stacking interactions.

In the second red rectangle of Fig. 12B it is shown two Br---Br
interactions indicated in the black circles. The first circle
represent the Br---Br stabilizing interaction corresponding to
the Br atoms between the stacking pyrazole rings. But, the
second black circle represents the Br---Br interactions between
units of [ZnCl,(n"-4BrPz),]. This interaction play an important
role in stabilizing the structure because it is of greenish blue
colour that implies a stronger interaction than those of green
colour (weak stabilizing interaction). In the third red rectangle
two types of interactions are detected. First corresponds to
stabilizing Br---Cl interactions. The second interaction are of
hydrogen bond type. It is observed green lobes between Br, Cl
and H atoms that stabilizes the system. But it is remarkable the
blue lobes observed for the interaction between the Cl and H
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Fig. 19 Interaction analysis of the docking between [ZnCly(n!-4BrPz),] and Salmonella typhi. (A) Depiction of the binding pocket. (B) Most
favorable receptor—ligand conformation illustrated in 3D with bond distances (A), along with the corresponding 2D interaction scheme (C).
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Fig. 20 Interaction analysis of the docking between [ZnCl,(n'-4BrPz),] and Micrococcus luteus. (A) Illustration of the binding site. (B) Most stable
receptor-ligand configuration shown in 3D with bond distances (A), accompanied by the corresponding 2D interaction diagram (C).

atom from the pyrazole ring of each unit that clearly indicates
an strong stabilizing interaction that helps to stabilize each
[ZnCl,(n"-4BrPz),] unit. Therefore, both ELF and NCI results
reveal the inner characteristics of the structure to interact
through the Cl, Br atoms and the capacity to form hydrogen
bonds when acting as ligand with other compounds as proteins,
as it will be shown later in the docking analysis.

3.6. In silico evaluation of the antimicrobial activities of
[ZnCl,(n"-4BrPz),]

The antibacterial and antifungal potential of [ZnCl,(n'-4B1Pz),]
against Gram-positive and Gram-negative bacteria, as well as
fungi, was investigated through molecular docking studies
(Table S4). To support these findings, an in silico ADME analysis
was also carried out to assess the compound's pharmacokinetic
properties. DNA gyrase (subunits A and B) was selected as the

Gyrase A ‘
[ZnClz(n'-CsHsN=Br):]

Gyrase B )
[ZnCl(n'-CsHsN=Br):] ="

bacterial target due to its essential role in DNA replication,
while chitin synthase was chosen for fungi because of its
involvement in chitin biosynthesis and transport, which are
critical for maintaining the fungal cell wall.

Table S4 summarizes the results for nine bacterial strains—
four Gram-positive (Staphylococcus aureus, Bacillus cereus,
Enterococcus faecalis, and Micrococcus luteus) and five Gram-
negative (Escherichia coli, Pseudomonas aeruginosa, Klebsiella
pneumoniae, Salmonella enterica, and Salmonella typhi)—along
with two fungal species (Aspergillus niger and Candida albicans).
The most stable binding mode for each system was identified
based on the lowest binding free energy (AG). Since hydrogen
bonding plays a key role in protein-ligand stability, Table S4
also reports the nature of these interactions, including the
residues involved and the corresponding distances. The iden-
tified hydrogen bonds include conventional, carbon-hydrogen,
and m-donor types. Conventional hydrogen bonds involve
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Fig. 21 Interaction analysis of the docking between [ZnCl(n!-4BrPz),] and Klebsiella pneumoniae. (A) Representation of the binding pocket. (B)
Most energetically favorable receptor-ligand complex displayed in 3D with bond distances (A), together with the corresponding 2D interaction

diagram (C).
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Binding site. (B) More favourable conformation between the receptor and ligand in 3D with bond distances (A) and its 2D diagram (C).

hydrogen atoms bound to electronegative atoms such as N, O, P,
or S. In contrast, carbon-hydrogen bonds arise when a polar-
ized carbon atom acts as the donor, leading to weaker interac-
tions. w-Donor hydrogen bonds occur when a m-system
functions as an acceptor interacting with a hydrogen donor.
The energetic data (Table S4) indicate that binding to Gyrase
B is generally more favorable than to Gyrase A, with the excep-
tion of Klebsiella pneumoniae, where the Gyrase A complex is
slightly more stable by 0.4 kcal mol™". Overall, binding energies
fall within the range of approximately —4 to —5 kcal mol *,
suggesting comparable antibacterial and antifungal activity
across the studied organisms. The most favorable interaction
was observed for Gyrase B of Escherichia coli (—5.3 kecal mol ™),
followed by Enterococcus faecalis, Bacillus cereus, Pseudomonas

(A)

LIPO

FLEX SIZE

INSATU POLAR

INSOLU

aeruginosa, Staphylococcus aureus, Salmonella enterica, Salmo-
nella typhi, Micrococcus luteus, and Klebsiella pneumoniae. In the
case of fungi, the strongest binding was found for chitin syn-
thase from Aspergillus niger (—4.7 kcal mol %), followed by
Candida albicans (—4.1 kcal mol ).

A more detailed analysis of bacterial systems is presented
according to the energetic ranking for Gyrase B. For Escherichia
coli (—5.3 kcal mol "), hydrogen bonding is observed between
the ASP49 residue (3.00 A) and the pyrrolic hydrogen of the
pyrazole moiety (Fig. 13). Additional interactions include van
der Waals contacts with ASN46, as well as t-sigma, w-alkyl, and
alkyl interactions involving VAL111 and ILE48, and m— stack-
ing with ASP45. In contrast, docking with Gyrase A
(—3.1 kcal mol ") shows hydrogen bonding with ASP137 (2.62

(B)

o

/

[ZnClx(n'-CsHsN=Br):]

Fig. 23 Bioavailability (A) and ADME Boiled-Egg model (B) for [ZnCly(n*-4BrPz),].

30626 | RSC Adv, 2026, 16, 30614-30632

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01123c

Open Access Article. Published on 04 June 2026. Downloaded on 6/15/2026 6:32:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Fig. 24 Antibacterial activity of tetracycline (1 pg mL™Y) against 11 microbial strains. The zones of inhibition (in mm) are shown for each
microorganism: (1) tetracycline, (2) Enterococcus faecalis, (3) Escherichia coli, (4) Bacillus cereus, (5) Pseudomonas aeruginosa, (6) Staphylo-
coccus aureus, (7) Salmonella enterica, (8) Salmonella typhi, (9) Micrococcus luteus, (10) Klebsiella pneumoniae, (11) Aspergillus niger, and (12)

Candida albicans.

A), a carbon-hydrogen interaction with GLU139 (3.53 A), and 7
based interactions with ALA136 and LYS140 (Fig. 3).

The interaction between [ZnCl,(n'-4BrPz),] and Gyrase B
from Enterococcus faecalis has a energy of —4.9 kcal mol *
(Table S6). For this docking it is observed m-donor hydrogen
bond (2.74 A) between the GLN85 and the pyrazole ring also -
alkyl interaction with PRO81 and alkyl interactions with ALA92,
VAL96 and TYR111 (Fig. 14). For the interaction with Gyrase A
(—3.9 kecal mol™") the docking shows the presence of conven-
tional hydrogen bonds with GLU55 (2.28 A), ILE139 (2.98 A) and
ASN140 (2.41 A), alkyl and 7-alkyl with TYR51, and m- stacked
with PHE146 (Fig. 14).

Fig. 15 shows the docking between [ZnCl,(n"-4BrPz),] and
Bacillus cereus. For the docking with Gyrase B of Bacillus cereus
(—4.7 keal mol ™) it is observed conventional hydrogen bond
with GLY378 (3.08 A), alkyl interactions with VAL303, LEU306,
ILE374, LYS389 and m-alkyl interactions with ARG391. The
interaction with Gyrase A (—4.1 kcal mol "), shows hydrogen
bond interaction with ASP543 (2.35 A) as well as alkyl and -
alkyl interactions with MET764, VAL771 and ILE772,
respectively.

For the docking with Pseudomonas aeruginosa Gyrase B
(—4.6 kecal mol™") is observed three hydrogen bonds interac-
tions with ILE769 (2.76 A), GLU770 (2.83 A) and ARG278 (3.70 A),
m-alkyl interaction with ILE187, and alkyl interactions of HIS40,
ILE187 and LYS190 with halogenated atoms of [ZnCly(n'-
4BrPz),] (Fig. 16). For the interaction with Gyrase B
(—4.6 kecal mol ') are detected two hydrogen bonds between
ALAG656 (2.40 A) and VAL674 (2.58 A) with the pirrolic hydrogens
of each pirazole ring, two m-alkyl interactions with VAL660 and
ALA669, and alkyl interactions of ALA659, VAL660 and VAL666
with the halogen atoms (Fig. 16).

Fig. 17 shows the docking between [ZnCl,(n'-4BrPz),] and
Staphylococcus aureus Gyrase. The interaction profile for the
docking between [ZnCl,(n'-4BrPz),] and Staphylococcus aureus
Gyrase B (—4.5 kcal mol™*) shows conventional hydrogen bond
between both pirrolic hydrogens of the complex and oxygen
atoms of TYR117 (2.58 and 2.49 A), a carbon hydrogen bond
with GLY339 (3.40 A), w-alkyl with LYS118, and alkyl interac-
tions of LYS 111 and LYS118 with both Br atoms. The docking

© 2026 The Author(s). Published by the Royal Society of Chemistry

with Gyrase A (—4.3 kcal mol™") shows conventional hydrogen
bonds with ASP114 (2.44 A) and THR296 (2.29 A), w-sigma and
m-alkyl with SER112, LYS270, alkyl interactions with PHE97,
MET113 and LEU298 (Fig. 17).

The docking of Salmonella enterica Gyrase B
(—4.5 keal mol™") shows carbon hydrogen bond with HIS99
(3.22A), w-alkyl with TLE94, and alkyl interactions of HIS83,
ALA90, VAL93, ILE94, TYR109 and VAL111 with halogen atoms
(Fig. 18). For the docking with Gyrase A (—4.2 kcal mol ™). It is
observed m-m stacked and t-alkyl interactions with PHE145
and LEU138, respectively, as well as alkyl interactions with
LEU138 and LYS154 (Fig. 18).

In case of the docking of Salmonella typhi Gyrase B
(—4.5 kecal mol™") it is observed carbon hydrogen bonds of
HIS83 (3.77 A) and HIS99 (3.24 A) with Br and CI atoms of
[ZnCl,(n"-4BrPz),], respectively. It is also detected alkyl inter-
actions with VAL93, ALA90, ILE 94, TYR109 and 7-alkyl inter-
actions with ILE94 (Fig. 19). For Gyrase A (—4.1 kcal mol ) it is
detected a conventional hydrogen bond of VAL143 (2.97 A) with
pirrolic hydrogen from pirazole ring, and a carbon hydrogen
bond with GLU141 (3.46 A). Alkyl interactions are shown
between PHE145, ARG364 and ILE367 and Br atoms of the
complex (Fig. 19).

Fig. 20 shows the interaction profile for the docking between
[ZnCl,(n"-4BrPz),] and Micrococcus luteus. The docking anal-
ysis for the interaction between [ZnCl,(n'-4BrPz),] and Micro-
coccus luteus Gyrase B (—4.4 kcal mol ') shows carbon
hydrogen bonds with GLU89 (3.26 A), GLY147 (3.01 A) and
GLY116 (3.66 A), m-sigma with PRO118, m-alkyl with ILE117, 7t—
7 shaped with TYR148, alkyl interactions with HIS122 and
ILE117 (Fig. 20). For the interaction with Gyrase A
(—3.6 kcal mol ") a carbon hydrogen bond is detected with
MET732 (3.79 A), m-alkyl with LYS733, and alkyl interactions
with both LYS733 and PHE734 (Fig. 20).

The docking with Gyrase B of Klebsiella pneumoniae
(—3.7 keal mol ") shows 7 interactions with THR34 and ASP32,
m-alkyl with HIS37, HIS38 and PHE41 and alkyl interactions
between ILE186 and Cl atoms of the Zn complex (Fig. 21). In
case of Gyrase A (—4.1 keal mol '), carbon hydrogen bonds are
found with ASN318 (3.70 A) that stabilizes the system, 7
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interactions with ARG243 and ASP527, and alkyl interaction
with ILE530 (Fig. 21).

For the docking with chitin synthase of Aspergillus Niger
(—4.7 keal mol™) it is observed conventional hydrogen bond
interaction between THR60 (2.82 and 1.82 A) and both hydrogen
atoms from pirrolic nitrogens of pirazole rings of [ZnCl,(n'-
4BrPz),], it is also observed carbon hydrogen bond with THR58
(3.59 A), m-sigma SER62, m-lone pair with ASN57 and alkyl
interaction with ILE114 (Fig. 22).

The docking with chitin synthase of Candida albicans
(—4.1 kcal mol ") shows hydrogen bond interactions that
stabilizes the protein-ligand interaction. Thus it is shown
conventional hydrogen bond interactions with GLU16 (2.60 A),
m-donor hydrogen bond with SER21 (2.63 A), w-alkyl and 7—7
stacked interactions with PHE17 (Fig. 22).

The evaluation of the absorption, distribution, metabolism
and elimination (ADME) processes for [ZnCl,(n'-4BrPz),] has
been performed by using SwissADME webserver.[REF subjected
to SwissADME webserver.®® Thus, Fig. 23 shows the bioavail-
ability and ADME Boiled-Egg model for [ZnCl,(n'-4BrPz),]. In
Fig. 23A the orange zone shows the suitable physicochemical
space for oral bioavailability and [ZnCl,(n'-4BrPz),] compound
is located on it based on lipophilicity, flexibility, saturation,
size, polarity and solubility factors. It is also found that the
compound satisfy both the Lipinski rule of 5 and Veber, that are
relevant parameters in drug discovery studies.®®” It presents
a reasonable synthetic accessibility, with a value 4.25 from 1
(easy) to 10 (very difficult).” Fig. 23B shows [ZnCl,(n'-4BrPz),]
compound is located inside the white region that is the physi-
cochemical space of molecules with high probability of gastro-
intestinal absorption.”” The molecule presents an acceptable
bioavailability score of 0.55 and did not return any pan-assay
interference compounds (PAINS) alert. The molecule is found
not to be substrate of the permeability glycoprotein (P-gp) so it
can act as substrates to other plasmatic transporter protein. It
was found not to be inhibitor of cytochromes P450 (CYP)
CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4 key in drugs
metabolism and its elimination avoiding adverse effects due to
accumulation of the drug or its metabolites.®®

3.7. Zinc-based organometallic halide and bacteria
pathogens

The zinc-based organometallic halide [ZnCly(n'-4B1Pz),]
exhibited a clear concentration-dependent antibacterial effect
against all eight tested bacterial strains, encompassing both
Gram-positive and Gram-negative species. The size of the
inhibition zones increased with concentration, ranging from
3.9-6.3 mm at 0.5 pg mL™" to 14.7-16.8 mm at 2 pg mL™". As
expected, tetracycline (1 pg mL™") produced larger inhibition
zones overall (6.6-22.8 mm), reflecting its well-established
antibacterial potency. Nevertheless, the studied compound
showed appreciable activity against relatively resistant strains
such as Pseudomonas aeruginosa and Micrococcus luteus, sug-
gesting its potential effectiveness in overcoming partial antibi-
otic resistance. In addition, moderate inhibitory effects were
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observed for Bacillus cereus and Salmonella typhi, indicating
a broad-spectrum antibacterial profile.

The observed antimicrobial activity can be attributed to the
coordination environment of the zinc center, where its inter-
action with organic ligands enhances its ability to interact with
bacterial cells. The release of Zn>" ions from the complex may
disrupt key enzymatic processes, particularly those associated
with DNA replication and cellular energy metabolism, ulti-
mately leading to metabolic imbalance.””® Furthermore, the
positively charged zinc species can interact electrostatically with
negatively charged components of bacterial membranes,
increasing membrane permeability and promoting leakage of
intracellular contents, which contributes to cell death. The
production of reactive oxygen species (ROS), as reported for
similar zinc-based systems, may also play a role by inducing
oxidative damage to essential biomolecules such as lipids,
proteins, and nucleic acids.*”””7° Fig. 24 presents the antimi-
crobial activity of tetracycline against bacterial, fungal, and
yeast strains.

This multi-target mechanism provides a distinct advantage
over conventional antibiotics, which typically act on a single
target, making it harder for bacteria to develop resistance.
Moreover, the coordination framework of the zinc center allows
for structural modifications, such as tuning the ligand set or
coordination geometry, to control zinc release and enhance
antibacterial efficacy while minimizing toxicity toward human
cells. The observed activity against partially resistant strains
underscores the potential of [ZnCl,(n'-4BrPz),] as a promising
alternative or adjunct to standard antibiotics like tetracycline.
These results support further investigation into zinc-based
organic halides as novel antimicrobial agents and highlight
their importance in addressing the growing challenge of
antibiotic-resistant bacterial infections.

Regarding the MIC and MBC values of the [ZnCl,(n'-4BrPz),]
complex and its free ligand (4BrP), our results, as shown in
Table S7, demonstrate that [ZnCl,(n'-4BrPz),] exhibits signifi-
cantly stronger antibacterial activity than the ligand alone. MIC
values for the complex ranged from 0.45 to 2.10 ug mL™*, while
those of the free ligand were much higher, between 2.89 and
7.84 ug mL~". Similarly, MBC values for the complex (0.87-3.74
pug mL™") were considerably lower than those of the ligand
(11.7-19.76 pg mL™"). The MBC/MIC ratios of the complex
(1.41-2.01) indicate a strong bactericidal effect against all tested
strains, whereas the ligand alone showed ratios between 2.52
and 4.54, suggesting weak to moderate bactericidal activity.
Among the tested strains, Escherichia coli and Bacillus cereus
were the most sensitive to the complex, while Pseudomonas
aeruginosa and Salmonella typhi exhibited slightly lower sensi-
tivity, likely due to intrinsic resistance mechanisms such as
efflux pumps or reduced membrane permeability. The superior
activity of [ZnCl,(n"-4BrPz),] compared to the ligand highlights
the critical role of metal-ligand coordination. This enhanced
effect may result from multiple synergistic mechanisms,
including coordination of zinc ions to bacterial enzymes,
disruption of the bacterial cell membrane by the complex, and
induction of oxidative stress, leading to DNA and membrane
damage.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Our results indicate that [ZnCl,(n'-4BrPz),] and its free
ligand exhibited no acute toxicity. Throughout the treatment
period, the rats showed no behavioral changes, weight loss, or
digestive disturbances. Furthermore, biochemical analyses
revealed no significant alterations in blood glucose, hepatic
enzymes (AST and ALT), or renal markers (creatinine and urea)
compared to control animals. These findings confirm that both
the complex and the free ligand are well tolerated at the tested
doses, indicating a favorable safety profile for subsequent
therapeutic tests.

4 Conclusion

In this work, we report the synthesis and comprehensive char-
acterization of the zinc-based coordination halide [ZnCl,(n'-
4BrPz),| through experimental crystallography, spectroscopy,
thermal analysis, and computational studies, complemented by
biological evaluation. Single-crystal X-ray diffraction reveals an
uncommon asymmetric arrangement with two crystallographi-
cally distinct Zn(u) tetrahedra, stabilized by a network of non-
covalent interactions. Hirshfeld surface, ELF, and NCI analyses
highlight the key roles of Br---Br, Br---Cl, 7 -7 stacking, and
hydrogen-assisted contacts in reinforcing the three-
dimensional crystal structure. Thermal analyses confirm the
compound's high structural robustness, while periodic DFT
calculations provide a consistent electronic and bonding
description, rationalizing the observed stability and organiza-
tion. Beyond its structural features, [ZnCl,(n'-4BrPz),] exhibits
promising biological potential: molecular docking predicts
favorable binding to bacterial DNA gyrase and fungal chitin
synthase, supported by hydrogen-bonding, halogen-assisted,
and m-mediated interactions, which are confirmed by in vitro
antibacterial assays. Overall, the study demonstrates how
brominated ligands enhance crystal stability, electronic coher-
ence, and biological activity, providing design principles for
multifunctional zinc-based coordination materials.
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