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ABSTRACT: In the face of escalating bacterial resistance to
conventional antibiotics, the quest for novel antimicrobial strategies
is urgenter than ever. Metal complexes, particularly those with
biological activity, stand out as a promising alternative due to their
unique mechanisms of action and potential for fewer side effects in
comparison to standard organic antibiotics. This investigation
focuses on the synthesis and characterization of six Cu(II)
complexes, each formulated from halogen-substituted bidentate
Schiff base ligands. Employing a suite of analytical methods, Fourier
transform infrared, UV−vis, elemental analysis, and single-crystal
X-ray diffraction, the structures of the complexes were fully
established. All of the complexes were assigned to have square
planar geometry, with the ligand acting as a bidentate and
coordinate to the Cu(II) ion via nitrogen and oxygen atoms. The antibacterial efficacy of these complexes was rigorously tested
against both Gram-positive bacteria Staphylococcus aureus and Streptococcus pyogenes and Gram-negative bacteria Escherichia coli and
Klebsiella pneumoniae, utilizing the broth microdilution technique. The results revealed a spectrum of activity, with minimum
inhibitory concentrations (MICs) spanning from less than 15.63 to 125 μg/mL. Notably, Complex 2 demonstrated remarkable
potency against S. aureus and S. pyogenes, registering an MIC of less than 15.63 μg/mL. To elucidate the underlying mechanism of
action, molecular docking studies were performed targeting the topoisomerase IV receptor. The docking outcomes corroborated the
empirical data, underscoring the strong affinity of the complexes for the bacterial targets.

1. INTRODUCTION
The emergence and spread of bacterial antibiotic resistance
have prompted intensive research efforts to identify new
antimicrobial agents capable of addressing this growing surge.1

While organic-based antimicrobial agents have been exten-
sively studied, their efficacy has been compromised by the
development of resistance mechanisms by bacteria. Thus,
alternative strategies, such as metal-based antimicrobial agents,
need to be explored, as they offer promising solutions in
combating antibiotic-resistant bacteria.2 Copper complexes
have gained significant attention among metal-based anti-
microbial agents due to their potent antimicrobial properties.
Copper exhibits broad-spectrum activity and exerts its
antimicrobial effects through multiple mechanisms, making it
an attractive candidate for the development of novel
antimicrobial agents. One approach to enhancing the
antimicrobial activity of copper complexes is the utilization
of halogen-substituted Schiff base ligands.3,4 Halogen sub-
stitution in organic compounds has been widely explored in

drug design and development due to the diverse chemical and
biological properties imparted by halogens. In the context of
antimicrobial agents, halogen-substituted compounds have
shown enhanced activity against drug-resistant bacteria. The
introduction of halogens, such as chlorine, bromine, or iodine,
into the chemical structure of ligands, can modulate their
physicochemical properties and improve their interaction with
bacterial targets.5 Schiff base ligands derived from halogen-
substituted compounds have demonstrated great potential in
metal complexation and antimicrobial activity. These ligands
possess unique structural features that facilitate the formation
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of stable and biologically active copper complexes. The
resulting copper complexes derived from halogen-substituted
Schiff base ligands have exhibited enhanced antimicrobial
efficacy, making them promising candidates for addressing
bacterial resistance to antibiotics.6 Several studies have
evaluated the antibacterial activity of copper complexes derived
from Schiff base and halogen-substituted Schiff base ligands,
demonstrating promising results. For example, El-Sawaf et al.
(2023), synthesized a series of copper complexes derived from
a Schiff base ligand and evaluated their antibacterial activity
against Gram-positive and Gram-negative bacteria. The copper
complexes exhibited potent antibacterial effects, including
activity against multidrug-resistant strains.7 In another study by
Nazirkar et al. (2019), copper complexes derived from
halogen-substituted Schiff base ligands were synthesized and
assessed for their antimicrobial activity. The complexes
demonstrated significant antibacterial effects against a range
of clinically relevant bacterial strains including drug-resistant
isolates. The researchers attributed the enhanced antimicrobial
activity to the presence of halogen substituents, which
increased the lipophilicity and antimicrobial properties of the
complexes.8 Furthermore, Guo et al. (2020) reported the
synthesis and evaluation of copper complexes derived from a
halogen-substituted Schiff base ligand against methicillin-
resistant Staphylococcus aureus (MRSA). The copper complexes
exhibited potent antibacterial activity, surpassing the activity of
the parent organic compound. The researchers highlighted the
role of halogen substitution in improving the antimicrobial
properties of the copper complexes.9 In a recent study by
Joseph et al. (2017), a new series of copper complexes derived
from halogen-substituted Schiff base ligands were synthesized
and evaluated for their antibacterial activity. The copper
complexes demonstrated excellent antimicrobial efficacy
against both Gram-positive and Gram-negative bacteria
including drug-resistant strains. The researchers attributed
the enhanced activity to the presence of halogens, which
facilitated improved interactions with bacterial targets.10

These studies exemplify the potential of copper complexes
derived from Schiff base and halogen-substituted Schiff base
ligands as effective antimicrobial agents. The incorporation of
halogens into the ligands enhances the antimicrobial activity of
the resulting copper complexes, making them viable candidates
for combating antibiotic-resistant bacteria. The efficacy of
halogen-substituted compounds in drug design and develop-
ment has been well-established, exhibiting enhanced activity
against drug-resistant bacteria. Therefore, this work reported
the synthesis and antibacterial evaluation of copper complexes
derived from halogen substituted Schiff base ligands.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Instrumentation. Copper(II)

acetate monohydrate, 2-chloroaniline, o-toluidine, 2-
(trifluoromethyl)aniline, 3,5-dichlorosalicyaldehyde, 3,5-dibro-
mosalicyaldehyde, and 3,5-diiodosalicyaldehyde were procured
from Sigma-Aldrich. All solvents used in the study were
purchased from Sigma-Aldrich, meeting ACS reagent grade
standards (≥99.5%), and were utilized without further
purification. Melting points (mp) were determined using the
Electrothermal MEL-TEP 1002D apparatus and were reported
without any corrections. Fourier transform infrared (FT-IR)
spectra were acquired using a PerkinElmer Universal ATR
spectrum 100 FT-IR spectrometer, covering the wavenumber
range of 4000−400 cm−1. Elemental analyses were conducted
using a Thermal-Scientific Flash 2000 CHNS/O analyzer.
Electronic absorption spectra were recorded on a Shimadzu
UV-3600 UV−vis−NIR spectrophotometer, employing quartz
cuvettes with a path length of 1 cm path length. The UV range
covered 200−400 nm, while the visible range spanned 400−
900 nm. High-resolution mass spectra (HRMS) were obtained
by using a WatersAcquity UPLC Synapt G2 HD mass
spectrometer.

2.2. Synthesis of the Complexes. The complexes 1−6
were synthesized using a one-pot in situ method without
isolating the ligands. The synthesis procedures for the
complexes were adapted from previously reported literature.11

The specific details for the synthesis of each complex are as
follows: A methanolic solution (1.0 mmol) of 3,5-dichlor-
osalicyaldehyde, 3,5-dibromosalicyaldehyde, 3,5-diiodosalicyal-
dehyde, or 3,5-dichlorobenzaldehyde was reacted with a
methanolic solution (1.0 mmol) of primary amines, namely,
2-chloroaniline, o-toluidine, or 2-(trifluoromethyl)aniline at
room temperature. This addition led to the formation of
various colors in each mixture, which were stirred for 1 h.
Subsequently, a solution of copper(II) acetate monohydrate
(99.8 mg, 0.5 mmol) in 10 mL of methanol was added to each
solution and stirred for 3 h. This addition resulted in the
formation of a brown powder in all reactions. The brown
powder was then filtered, washed with methanol under a
vacuum, and allowed to dry before being transferred to a vial.
The vial containing the brown powder was stored in a
desiccator for further use. To grow crystals of each complex,
vapor diffusion of hexane into a concentrated solution of
dichloromethane was employed, yielding dark blue crystals for
each of the complexes. The reaction pathway is shown in
Scheme 1.

2.2.1. Bis(E)-2,4-dichloro-6-(((2-chlorophenyl)imino)-
methyl)phenolate copper(II) (1). Brown solid; yield: 280
mg, 66.5%, mp: 246−248 °C; Anal . Calcd for
C26H14Cl6CuN2O2: C, 47.12; H, 2.13; N, 4.23. Found: C,

Scheme 1. Pathway for the Synthesis of the Complexes
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47.13; H, 2.13; N, 4.23; Selected IR data (ATR, cm−1): 2681
(C−H), 1595 (C�N), 1315 (C−O), 751(C−Cl), 543 (Cu−
N), 437 (Cu−O).

2.2.2. Bis(E)-2,4-dichloro-6-(((2-(triflouromethyl)phenyl)-
imino)methyl)phenolate copper(II) (2). Brown solid; yield:
315 mg, 73.2%; mp: 236−238 °C; Anal. Calcd for:
C28H14Cl4CuF6N2O2: C, 46.08; H, 1.93; N, 3.84. Found: C,
46.12; H, 1.99; N, 3.79; Selected IR data (ATR, cm−1): 2953
(C−H), 1598 (C�N), 1400 (C−F), 1320 (C−O), 751 (C−
Cl), 557 (Cu−N), 471 (Cu−O).

2.2.3. Bis(E)-2,4-dichloro-6-((o-tolylimino)methyl)-
phenolate copper(II) (3). Pale brown; yield: 265 mg, 67.2%,
mp: 239−241 °C; Anal. Calcd for: C28H20Cl4CuN2O2: C,
54.08; H, 3.24; N, 4.51. Found: C, 54.03; H, 3.26; N, 4.55;
Selected IR data (ATR, cm−1): 2986 (C−H), 1602 (C�N),
1332 (C−O), 756 (C−Cl), 526 (Cu−N), 425 (Cu−O).

2.2.4. Bis(E)-2,4-dibromo-6-((o-tolylimino)methyl)-
phenolate copper(II) (4). Dark brown solid; yield: 312 mg,
77.4%; mp: 237−239 °C; Anal. Calcd for: C28H20Br4CuN2O2:
C, 42.06; H, 2.52; N, 3.50. Found: C, 42.06; H, 2.59; N, 3.54;
Selected IR data (ATR, cm−1): 3008 (C−H), 1605 (C�N),
1323 (C−O), 670 (C−Br), 557 (Cu−N), 434 (Cu−O).

2.2.5. Bis(E)-2,4-dibromo-6-(((2-chlorophenyl)imino)-
methyl)phenolate copper(II) (5). Brown solid; yield: 275
mm, 63.8%, mp: 250−251 °C; Anal. Calcd for:
C26H14Br4Cl2CuN2O2: C, 37.16; H, 1.68; N, 3.33. Found: C,
37.09; H, 1.70; N, 3.25; Selected IR data (ATR, cm−1): 3057
(C−H), 1590 (C�N), 1316 (C−O), 701 (C−Br), 536 (Cu−
N), 420 (Cu−O).

2.2.6. Bis(E)-2,4-diiodo-6-(((2-chlorophenyl)imino)-
methyl)phenolate copper(II) (6). Brown solid; yield: 288
mg, 58.6%, mp: 262−264 °C; Anal . Calcd for

Figure 1. Structures of the complexes, 1−6.
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C28H20CuI4N2O2: C, 34.05; H, 2.04; N, 2.84. Found: C, 34.07;
H, 2.06; N, 2.82; Selected IR data (ATR, cm−1): 3005 (C−H),
1600 (C�N), 1334 (C−O), 729 (C−I), 543 (Cu−N), 459
(Cu−O).

2.3. X-Ray Crystallography. A single crystal from 1−6
was selected from the mother liquor solution under a
microscope and attached to a nylon loop by using Paratone-
N oil. The loop with the crystal was then placed on a
goniometer head under a nitrogen gas stream. Single-crystal X-
ray diffraction data were acquired using MoKα radiation (λ =
0.71073 Å) on a Bruker DUO APEX II diffractometer. The
diffractometer was equipped with a Bruker K780 generator
operating at 45 kV and 30 mA. The intensity data were
obtained and adjusted using the SAINT software.12 Absorption
correction of the collected intensities was performed using
SADABS.13 The structure was initially solved using SHELXS
and then refined using SHELXL through the Olex2 software
interface.14 A graphical interface was created using X-SEED.15

2.4. In Vitro Antibacterial Study. The antimicrobial
efficacy of complexes 1−6 was assessed against four bacterial
strains, consisting of two Gram-positive and two Gram-
negative bacteria. The Gram-positive strains included S. aureus
(SA) (ATCC25923) and Staphylococcus pyogenes (SP)
(ATCC19615), while the Gram-negative strains were Escher-
ichia coli (EC) (ATCC25922) and Klebsiella pneumoniae (KP)
(ATCC13882). The minimum inhibitory concentration
(MIC) of the complexes was determined using the broth
microdilution method, following the instructions outlined by.16

To initiate the assay, 4 mg of each compound was accurately
weighed and dissolved in 4 mL of dimethyl sulfoxide (DMSO).
Subsequently, serial dilutions were performed six times to
achieve the desired concentrations of 500, 250, 125, 62.5,
31.25, and 15.625 μg/mL. These dilutions were prepared in
100 μL of nutrient broth and dispensed into 96-well plates.
Each concentration was duplicated, resulting in a total of 12
wells per compound. Next, 100 μL of an overnight bacterial
culture, adjusted to a 0.5 McFarland standard in nutrient
broth, was added to each well, effectively combining it with the
compound solutions. The plates were then incubated overnight
at 37 °C in a controlled environment using an incubator. To
assess bacterial growth, resazurin dye was introduced into the
wells, enabling the detection of viable cells based on their
metabolic activity. For comparison and validation, positive
controls such as ciprofloxacin and streptomycin were included,
while the negative control consisted of 50% nutrient broth in
DMSO. The MIC values, defined as the lowest concentration
at which no visible growth was observed, were recorded for
each complex against the respective bacterial strains.

2.5. Molecular Docking Study. The crystal structures of
E. coli, K. pneumoniae, and S. aureus topoisomerases were
obtained from the Protein Data Bank (PDB) with the
following IDs: 1KZN, 5EIX, and 3TTZ, respectively. Addi-
tionally, the structure of S. pyogenes topoisomerase was
modeled using AlphaFold (ID: AF-P0DG03-F1). To prepare
the protein structures for docking studies, AutoDock Tools
(ADT) was employed. This involved removing water and any
bound ligands,17 as well as adding missing atoms and polar
hydrogens. The prepared protein structures were then
converted to pdbqt files. The ligands’ 3D structures were
sketched and subjected to minimization using the Avogadro
software.18 For the docking studies, AutoDock Vina was
utilized.19 The resulting complexes were analyzed and
visualized using Discovery Studio visualizer software.20

3. RESULTS AND DISCUSSION
3.1. Synthesis. The reaction pathway for synthesizing the

Cu(II) derived halogen substituted ligands is shown in Scheme

1, and the structures of the complexes are presented in Figure
1. All of the complexes were obtained with a moderate yield
(above 50%). The CHN-elemental analyses of the complexes
presented data consistent with their structures. These results
agree with those from X-ray crystallography. The solubility of
the complexes in some selected polar and nonpolar solvents
such as water, methanol, ethanol, chloroform, acetonitrile,
dichloromethane, dimethyl sulfoxide, and dimethylformamide
was tested, and the result showed the complexes are soluble in
the tested solvents.

3.2. Spectroscopy Studies of the Complexes.
3.2.1. UV−Visible Spectroscopy. The electronic absorption
spectra of the complexes 1−6 were obtained in dichloro-
methane in the range of 200−800 nm, and therein, two major
absorption bands were observed, Figure 2. The first absorption
band that appeared around 275−285 nm can be ascribed to
the π�π* transition due to the conjugated C�C
chromophore present in the backbone ligand of the complexes.
The second absorption band appeared around 385−395 nm
and can be assigned to ligand-to-metal charge transfer
(LMCT). An additional weak band was observed around
670−690 nm and was well pronounced when the concen-
tration of the copper complexes was increased. This band can
be assigned to the d�d transition (2Eg → 2T2g).

21 All the
observed bands in the spectra of 1−6 are related to the ones of
Cu(II) Schiff base complexes previously reported.22

3.2.2. Fourier Transform Infrared Spectroscopy. The
infrared absorption spectra of complexes 1−6 were obtained
in the range of 4000−400 cm−1, and the detailed spectra are
presented in the Supporting Information. In all spectra, four
major bands were observed, and these are ν(C−H), ν(C�N),
ν(C−O), and ν(C−Cl, Br or I). In all the complexes, the
ν(C−H) appeared around 3057−2681 cm−1, respectively. The
bands around 1605−1590 cm−1 and 1334−1315 cm−1 can be
ascribed to the imine group (C�N) and ν(C−O). The values
observed for these bands are comparable to those reported in
the literature.22 These two bands are diagnostic bands that
affirm the coordination of phenolic oxygen and the imine
group to the metal center in IR spectra. The bands for the

Figure 2. Electronic absorption spectra of the complexes.
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imine group shifted to a lower wavelength relative to the
ligands and this confirms the complexation of nitrogen atom in
ν(C�N) to the copper center.23 The vibrational frequencies
at 1334−1315 cm−1 is attributed to ν(C−O) and decreased by
3−10 cm−1 when compared to parent ligands. Other
distinctive bands, such as ν(Cu−N) and ν(Cu−O), appeared
around 557−420 cm−1.

3.3. Description of the Crystal Structures. The single-
crystal X-ray structures of the six copper Schiff base complexes
were determined to elucidate their coordination geometry and
intermolecular interactions. The single-crystal X-ray structures
are presented in Figure 3. The crystallographic parameters for
the six complexes, including unit cell dimensions, space group,
and refinement details, are summarized in Table 1.

Each copper(II) center exhibits a square planar or slightly
distorted square planar geometry. The coordination environ-
ment around the copper ion involves imine nitrogen (N) and
phenolic oxygen (O) from the Schiff base ligand. The Cu−N
bond lengths range from 1.90 to 2.02 Å, while the Cu−O bond
lengths vary from 1.89 to 2.05 Å. The N−Cu−O bond angles
are approximately 90°, reflecting the square planar geometry
typically observed in such complexes and are consistent with
typical copper(II) complexes.4,22,24 All complexes are mono-
nuclear, with complexes 2, 4 and 5 consisting of two
independent molecular units in the asymmetric unit, while
complexes 1 and 3 showed only half of the molecular unit in
the asymmetric unit. Complex 6 consists of one molecular unit
of the complex and one solvate CH2Cl2 molecule in the
asymmetric part of the unit cell. Further structural analysis
revealed the presence of various intermolecular interactions. In
Complex 6, the complex entities are linked through π−π
stacking interactions, as evidenced by a centroid-to-centroid
distance of 3.678 (3) Å. The complex is also stabilized in

intermolecular bonding between C(18)−I(2)...C(2), C(18)−
I(2)...C(2) and I4...I1 with distances of 3.539, 3.522, and 3.863
Å. Complex 1 is stabilized by Cl(2)...Cl(1) at a distance of
3.350 Å.

3.4. Antibacterial Study. The antimicrobial activities of
the synthesized Cu(II) complexes were evaluated against two
Gram-positive bacteria (Staphylococcus pyogenes and S. aureus)
and two Gram-negative bacteria (E. coli and K. pneumoniae)
using the broth microdilution method. The MIC values were
compared to standard drugs (ciprofloxacin and ampicillin)
following a standard protocol.25

The results, summarized in Table 2, showed that all of the
complexes exhibited varying degrees of antimicrobial activity
compared to the control. 2, 3, and 6 demonstrated broad-
spectrum activity against both Gram-positive and Gram-
negative strains. In contrast, 1, 4, and 5 displayed activities
limited to Gram-positive strains only.

Specifically, 1 exhibited an MIC of 15.63 μg/mL on S. aureus
and Staphylococcus pyogenes, and 31.25 μg/mL on E. coli and K.
pneumoniae. 2 had an MIC below 15.63 μg/mL on Gram-
positive strains and 15.63 μg/mL on Gram-negative strains.
Complex 3 displayed an MIC of 15.63 μg/mL for all tested
strains. Complex 4 exhibited an MIC of 62.5 μg/mL on S.
aureus and Staphylococcus pyogenes, and 125 μg/mL on E. coli
and K. pneumoniae. Complex 5 had an MIC of 31.25 μg/mL
on Gram-positive strains and 62.5 μg/mL on Gram-negative
strains. Similarly, complex 6 showed an MIC of 15.63 μg/mL
for all tested bacteria.

The control drugs ciprofloxacin and ampicillin demonstrated
respective MIC values of 15.63 μg/mL on Gram-positive
strains and 31.25 μg/mL on Gram-negative strains.

Based on the results, chloro-substituted salicylaldehyde
complexes demonstrated higher activity than their bromo

Figure 3. X-ray crystallographic representation of complexes 1−6.
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and iodo counterparts. Among the chloro-substituted com-
plexes, 2, which contained a −CF3 moiety on the aniline ring,
exhibited the highest viability, followed by complex 3. The
activity order among the chloro-substituted complexes was 2 >
3 > 1. Furthermore, the iodo-substituted complex 6 displayed

higher activity than the bromo-substituted complexes 4 and 5.
In general, complexes 2, 3, and 6 exhibited higher activity
against the tested strains compared to the control drugs. One
showed higher bacterial activity than ampicillin and similar
activity to ciprofloxacin. Complex 5 displayed activity similar
to that of ampicillin against Gram-positive strains but less
activity than ciprofloxacin. Complex 4 exhibited the least
viability among the tested bacteria at the concentrations used.

The presence of different halogen substituents (chloro,
bromo, and iodo) on the Schiff base ligands contributes to
variations in the electronic and steric properties of the
complexes. In this case, the chloro-substituted complexes
exhibited higher antibacterial activity than the bromo- and
iodo-substituted complexes. Chlorine is an electron-with-
drawing group, while bromine and iodine are less electron-
withdrawing. The presence of electron-withdrawing chlorine
atoms in the chloro-substituted complexes enhances their
electron-deficient nature, which can strengthen the complexes’
interaction with bacterial targets. This stronger interaction
contributed to their higher antibacterial activity compared to
the bromo- and iodo substituted complexes. In addition to this,
Chlorine is less hydrophobic compared to bromine and iodine.
The hydrophobicity of a compound can influence its solubility,
membrane permeability, and interaction with the hydrophobic
regions of bacterial cells. The chloro-substituted complexes,
being less hydrophobic, will have better solubility and
membrane permeability, allowing them to effectively reach
their target sites within bacteria and exert their antibacterial
effects. Similarly, iodine is larger in size compared to bromine
and chlorine. The bulkier nature of the iodo-substituted
complexes can affect their ability to interact with bacterial cells,
as observed in complex 6. Also, the presence of additional
substituents on the aromatic rings in the complexes further
affects their antibacterial activity. For example, complex 2,
which contained a CF3 substituent on one aromatic ring and
chlorine substituents, showed the highest activity. Similarly,
Complex 3 exhibited significant antibacterial potency with
methyl substituents on the other ring and chlorine
substituents. These additional substituents modify the
electronic properties and steric of the complexes, influencing
their interaction with bacterial targets and enhancing their
antibacterial effects.

3.4.1. Structure−Activity Relationship. The observed trend
in antibacterial activity suggests a structure−activity relation-
ship within the series of complexes. The presence of specific
combinations of halogen and additional substituents leads to
variations in the molecular structure and properties, which in
turn affect the complexes’ ability to interact with bacterial cells.
This relationship explains why certain complexes displayed
higher activity, while others showed lower or no activity against
the tested bacterial strains.

3.4.2. Spectrum of Activity. The differences in the
antibacterial activity against Gram-positive and Gram-negative
bacteria can be attributed to variations in the cell wall
structures and properties of these bacterial types. Complexes 2,
6, and 3 demonstrated activity against Gram-positive and
Gram-negative bacteria, indicating their broad-spectrum
antibacterial properties. On the other hand, complexes 1, 4,
and 5, which showed lower activity, were only effective against
Gram-positive bacteria, suggesting a single spectrum of action.

3.4.3. Activity Index Analysis. The activity index in
antimicrobial studies serves as a comparative metric to evaluate
the potency of a compound relative to a standard drug or

Table 2. Result of the Antibacterial Evaluation of the
Complexes 1−6 on Some Selected Bacteriaa

MIC (μg/mL)

Gram-positive Gram-negative

entry SA SP EC KP

1 15.63 15.63 31.25 31.25
2 <15.63 <15.63 15.63 15.63
3 15.63 15.63 15.63 15.63
4 62.5 62.5 125 125
5 31.25 31.25 62.5 62.5
6 15.63 15.63 15.63 15.63
Cipro 15.63 15.63 31.25 31.25
Amp 31.25 31.25 31.25 31.25
DMSO NA NA NA NA

aSA = Staphylococcus aureus, SP = Streptococcus pyogenes, EC =
Escherichia coli, KP = Klebsiella pneumoniae; Cipro = Ciprofloxacin,
Amp = Ampicillin, NA = No activity. DMSO is included as negative
control due to its usage as vehicle carrier for solubilization of the
complexes.

Table 3. Activity Index of the Complexes Comparative to
Ciprofloxacin against the Bacteria Strains

activity index (%)

entry SA SP EC KP

1 50 50 100 100
2 145 145 200 200
3 100 100 50 50
4 25 25 25 25
5 50 50 50 50
6 100 100 50 50

Table 4. Activity Index of the Complexes Comparative to
Ampicillin against the Bacteria Strains

activity index (%)

entry SA SP EC KP

1 50 50 100 100
2 220 220 200 200
3 50 50 50 50
4 50 50 25 25
5 100 100 50 50
6 50 50 50 50

Table 5. Binding Energy (kcal\mol) of the Best-Docked
Pose of the Complexes with the Studied Protein

protein

S. aureus S. pyogenes E. coli K. pneumoniae

compound binding energy (kcal/mol)

1 −7.8 −8.9 −7.5 −7.7
2 −8.5 −9.0 −7.8 −8.8
3 −8.1 −9.8 −7.6 −8.3
4 −7.5 −8.5 −7.3 −7.2
5 −7.4 −8.4 −7.3 −7.6
6 −7.8 −8.5 −7.2 −7.6
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reference compound. It is calculated by comparing the
effectiveness of the compound, often measured by parameters
such as zone of inhibition or MIC, to that of the standard drug.
This index provides a quantitative measure to assess the
relative efficacy of new compounds in inhibiting microbial
growth. Understanding the activity index is crucial in
antimicrobial research as it helps in gauging the potential of
novel compounds in combatting microbial infections, guiding
the selection of promising candidates for further development,
and potentially contributing to the discovery of new and more
effective antimicrobial agents.

To estimate the % activity index for the synthesized
complexes (1−6) and compare them to the standard drugs
(Ciprofloxacin and Ampicillin) against the tested bacteria, the
results of the MIC study were utilized.

The activity index of the complexes compared to those of
ciprofloxacin and ampicillin against the tested bacterial strains

is presented in Tables 3 and 4, respectively. This data
illustrates the activity indices like the MIC. In comparison to
ciprofloxacin, as presented in Table 3, Complex 1 shows an
activity index of 50% on SA and SP, and 100% each on EC and
KP. Meanwhile, Complex 2 exhibits 145% on SA and SP, and
200% on EC and KP. Similarly, Complex 3 demonstrates
activity indices of 100% and 50% on SA and SP, and EC and
KP, respectively. Complexes 4 and 5 have activity indices of
25% and 50% on all of the tested bacteria, respectively.
However, Complex 6 displays an activity index of 100% on SA
and SP, and 50% on EC and KP (Table 3). These results
indicate that Complex 2 is the most potent among the
complexes, with a potency exceeding that of ciprofloxacin.

Similarly, the activity index of the complexes compared with
ampicillin is presented in Table 4. The results reveal that
Complex 1 has an activity index of 50% on SA and SP, and
100% on EC and KP. Complex 2 shows an activity index of

Figure 4. Surface mapping and 3D plot of complex 2 in the active site of (A) S. aureus. (B) S. pyogenes.
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220% on SA and SP, and 200% on EC and KP compared to
ampicillin. Conversely, Complex 3 exhibits an activity index of
50% across all of the tested bacteria. Additionally, Complex 4
demonstrates activity indices of 50% and 25% on SA and SP,
and EC and KP, respectively. Moreover, Complex 5 displays
activity indices of 100% and 50% on SA and SP, and EC and
KP, respectively. Furthermore, Complex 6 shows an activity
index of 50% across all tested bacteria (Table 4). Overall, the
complexes exhibit a similar trend in activity indices compared
with the standard drug, with Complex 2 demonstrating
superior activity in both cases.

3.5. Molecular Docking Study. Molecular docking was
performed to investigate the binding mechanisms between our
complexes and the target proteins. The binding scores of the
ligand−protein interactions are presented in Table 5 below.

Based on the docking scores obtained, complex 2 exhibits
the highest binding energy among the tested compounds. This

result aligns well with the experimental data presented in Table
2, where complex 2 demonstrates the lowest MIC values.
Therefore, complex 2 was chosen for further investigation to
explore its mechanism of action against the targeted bacterial
proteins. The interaction between the compound and
receptors is illustrated in Figures 4, 5.

In Figure 4A, the binding interactions of complex 2 with the
binding pocket of S. aureus topoisomerase are depicted. The
compound forms a conventional hydrogen bond with the
Arg84 residue. Additionally, the aromatic rings of the
compound establish π bonds with the side chains of the
Ala61, Ile86, Pro87, and Ile102 amino acids. The fluorine
atoms interact with the Asn54 residue, and an π bond is
formed between the cationic side chain of Arg84 and the
aromatic ring of the compound. In addition, it exhibits efficient
binding to S. pyogenes topoisomerase, with a binding score of
−9.0 kcal/mol. In this case, it forms conventional hydrogen

Figure 5. Surface mapping and 3D plot of complex 2 in the active site of (A) E. coli (B) K. pneumoniae.
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bonds with the Leu652, Arg702, Thr802, and Leu803 amino
acids. π bonds are also observed with the side chains of the
Val546, Leu651, and Val752 residues.

Figure 5A illustrates the binding of the compound with E.
coli topoisomerase, where it forms conventional hydrogen
bonds with Asn46 (2.56 Å) and Arg76 (2.65 and 2.88 Å)
residues. The aromatic rings establish π bonds with the side
chains of the Ile78, Pro79, Ala86, and Ile90 amino acids.
Similarly, a π bond is formed with the amide group of the
Gly77 amino acid. Furthermore, the compound interacts with
K. pneumoniae topoisomerase, exhibiting a binding energy of
−8.8 kcal/mol. It forms a strong conventional hydrogen bond
with Lys444 (2.88 Å) and π−Alkyl bonds with the side chains
of Lys565, His1077, and Ala1081 residues. π bonds are also
observed with the anionic side chain of Glu419 and Asp493
residues. The fluorine atoms interact with Asp495, and an π−π
bond is formed with His1077. Additionally, a C−H bond
interaction is observed with Gly1078.

These binding interactions highlight the strong affinity of
complex 2 toward the targeted topoisomerases, underscoring
its potential as a promising led compound for further
exploration in drug design and development.

4. CONCLUSION
In summary, we have successfully synthesized six new Cu(II)
complexes using halogen-substituted Schiff base ligands
through an in situ method. The complexes were thoroughly
characterized using various physiochemical and spectroscopic
techniques. Single crystal X-ray diffraction analysis confirmed
the structures of all of the complexes, revealing a square planar
and distorted square planar geometry in which the Cu(II) ion
is coordinated by two phenolate oxygen atoms and two
azomethine nitrogen atoms. To evaluate the antibacterial
potential of the synthesized complexes, we conducted in vitro
experiments using the broth dilution method. The results
demonstrated varying degrees of antibacterial activity ranging
from moderate to high. Notably, the chloro and iodo
substituted complexes exhibited the most potent antibacterial
effects, surpassing the activity of the standard control.
Furthermore, we performed molecular docking studies of the
led compound, complex 2, using the topoisomerase IV
receptor. The analysis revealed that hydrogen bonding,
hydrophobic interactions, and π−π interactions are the main
mechanisms of action between the compound and bacterial
receptors. The promising antibacterial activity of the
synthesized Cu(II) complexes, particularly the fluoro- and
chloro-substituted variants, opens several avenues for further
research. Evaluating these complexes against multidrug-
resistant bacterial strains and assessing their potential for
synergy with existing antibiotics could uncover new therapeutic
strategies. Furthermore, in vivo studies are essential to
determine pharmacokinetics, bioavailability, and toxicity,
providing crucial data for advancing these complexes toward
clinical applications.
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