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Bi-dentate N, O mononuclear Cu(II) complex [Cu(C14H;2BrNOS),] was synthesized and characterized by FTIR
spectroscopy. Single-crystal X-ray diffraction studies reveal the Cu(II) complex crystallizes in a monoclinic P2;/c
space group. The mononuclear copper complex comprises four coordinates with perfect square planar geometry
(14=0). The copper complex shows C—H:--Br and C—H---C interaction, respectively, enables the formation of
multi-dimensional supramolecular architecture. The nature of the above intermolecular interactions is quantified
by Hirshfeld surface analysis. The strength of the interaction and 3D topology of crystal packing are visualized
through an energy framework.

Further, the physical nature of intramolecular interactions is assessed by QTAIM, the NCI index model. The
theoretical approach based on DFT was employed to evaluate the optimized electronic structure, HOMO-LUMO,
energy gap, molecular properties and global parameters. The copper complex exhibits good antibacterial activity
against S. aureus. The molecular docking of the copper complex shows good binding affinity towards S. aureus

TyrRS.

1. Introduction

Schiff bases exhibit structural diversity due to the wide range of
primary amines and carbonyl compounds available for their synthesis.
This structural variability contributes to the versatility of Schiff bases
and their metal complexes in coordination chemistry [1]. They are
indeed fascinating ligands due to their easy tunability of
stereo-electronic structures, which allows for precise control over their
molecular structure and functional groups. As a result, Schiff bases can
be tailored to match the coordination preferences of transition metals,
leading to the formation of stable complexes [2]. Further, the stable
complexes formed between Schiff bases and transition metals exhibit
diverse structural, electronic, and reactivity properties, which can be
further modulated by modifying the Schiff base structure [3-6]. This
versatility makes Schiff bases indispensable in the design and synthesis
of functional coordination complexes for applications in drug design,
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catalysis, materials science, medicinal chemistry, and other fields
[7-11].

The recent upsurge of activities in the field of metal-based com-
pounds, including nonclassical platinum complexes, reflects a growing
interest in developing novel therapeutic agents with distinct mecha-
nisms of action compared to traditional drugs like cisplatin [12]. This
surge is driven by the need to overcome limitations such as resistance
and toxicity associated with existing chemotherapy agents. Researchers
are focusing on leveraging structural information to design and syn-
thesize metal-based compounds with enhanced safety profiles and
improved cytotoxicity [9,13]. This involves modifying existing chemical
structures through ligand substitution or creating entirely new com-
pounds with optimized properties and an enhanced cytotoxic and
pharmacokinetic profile. Overall, the exploration of metal-based com-
pounds represents a promising avenue for the development of novel
antibacterial agents [14-16].
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In this study, we have synthesized and spectroscopically character-
ized the new copper (II) Schiff-base complex and elucidated their
structural features using single-crystal X-ray diffraction. We have
employed a DFT approach to calculate various quantum chemical pa-
rameters of these complexes, which allows us to understand the elec-
tronic structure, stability, and reactivity of the complexes. It is relevant
in estimating chemical reactivity concepts of bioactive metal complexes,
as they provide valuable insights into electron distribution and com-
pound reactivities. Overall, this comprehensive approach combining
experimental characterization techniques with computational model-
ling allows us to gain a deeper understanding of the structural, elec-
tronic, and pharmacological properties of the synthesized copper(II)
Schiff-base complexes. This knowledge contributes to the exploration
of their potential applications as drug candidates in various therapeutic
areas.

2. Methods and materials

All chemicals used for the experiment were of analytical grade and
were purchased from TCI India and Sigma-Aldrich. They were utilized
without the need for additional purification. The Fourier transform
infrared (FT-IR) spectra were recorded within the range of 500-4000
em™ using PerkinElmer Spectrum Version 10.03.09 and depicted in
Figure S1. The SEM and EDAX analyses were carried out using the ZEISS
EVO instrument (Figure S2).

2.1. Synthesis of copper complex

2-(methylthio)aniline (1 mmol, 0.139 g) was dissolved in 10 mL of
methanol and added to a 10 mL methanolic solution of 5-bromosalicylal-
dehyde (1 mmol, 0.201 g). The resulting yellow reaction mixture was
heated to 60 °C and refluxed for 2 h. After cooling, the solution was
filtered to remove the yellow-colored precipitate, which was then dried
in a vacuum chamber.

Subsequently, copper acetate monohydrate (1 mmol, 0.199 g) in 20
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mL of methanol solvent was added to a 10 mL methanolic solution of the
Schiff base ligand (1 mmol 0.322 g) with constant stirring at 60 °C for 6
h. A red-coloured precipitate formed, which was filtered out. The
resulting methanolic solution of the copper complex was subjected to
slow evaporation. Good quality orange-coloured crystals were obtained
from the filtrate after 20 days. A schematic representation of copper
synthesis is shown in Scheme 1. Yield: 48 %. The melting point is found
to be 230 °C. FT-IR (KBr), v cm™: 1605.00 cm™ (C=N), 1162.77 cm™"
(C-O Phenolic), 3051.00 em™! (C-H, aromatic) and 751.1 em™! (C-Br).

2.2. Single crystal X-ray diffraction (SXRD)

Single crystal X-ray diffraction is the only non-destructive analytical
technique which provides complete 3D structural information of the
crystalline sample. X-ray intensity data was collected on a Rigaku Xtalab
mini single crystal X-ray diffractometer using graphite monochromator
and MoK, radiation (A = 0.71073 A, 293 K). The complete data were
processed using the d*trek program, and absorption correction was
conducted with the multi-scan employed in the CrystalClear progra [17].
The crystal structures of the complexes were solved by direct methods
(SHELXT), and the position of all non-hydrogen atoms was identified
and refined on F? by a full-matrix least-squares procedure using aniso-
tropic displacement parameters (SHELXL) [18,19]. All the hydrogen
atoms were located in difference Fourier maps and treated as riding on
their parent atoms with isotropic thermal displacement parameters
[Uiso(H) = 1.2Ueq(CH, CHjy) and Uiso(H) = 1.5Ueq(CHs)]. The
geometrical calculations and crystal packing diagrams were prepared by
the crystallographic program PLATON [20]and MERCURY 4.2.0 [21]
software.

2.3. Hirshfeld surface analysis
Hirshfeld surface analysis (HSA), which is carried out using the

CrystalExplorer 17.5 software is one of the best methods for the Inves-
tigation of intermolecular interactions in the crystalline environment
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Scheme 1. Synthesis pathway of Schiff base ligand and its copper complex.
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[22,23]. The HS enclosing a molecule is defined by points where the
contribution to the electron density from the molecule of interest is
equal to the contribution from all the other molecules. The molecular
Hirshfeld surface mapped with 3D djorm Was produced using d. and d;
values, and the van der Waal’s atomic radii (r) were governed by the Eq.
(1) given below.

d
di—ri”"

d — rvdw

drorm = e e
vdw
T

r\édw (1)
Here d; is the distance from a given point on the Hirshfeld surface to the
nearest nucleus inside the surface, and d, is the distance from a point to
the nearest nucleus outside the surface.

The coloured regions (Red-White-Blue) on the dporm surface repre-
sent different intermolecular interactions. The red color on the HS rep-
resents —ve values of dporm, Which gives the locations of short contacts
shorter than the sum of van der Waals radii, the white color represents
zero value of dnorm, which indicates those contacts for which intermo-
lecular distances are almost equal to van der Waals radii, whereas blue
color represents +ve values of dnorm Which shows those contacts for
which intermolecular distances are longer than the sum of van der Waals
radii. This software can also be used to generate other surfaces: d;
(distance from HS to the nearest atom internal (i) to the surface), d.
(distance from HS to the nearest atom external (e) to the surface), shape
index (function depends on the HS flatness or curvature), curvedness
(function depends on the HS concavity or convexity) and fragment patch
(unique (coloured) region based on atoms external to the HS designed to
indicate the nearest-neighbouring molecule). These surfaces will pro-
vide direct insight into the intermolecular z- # stacking interactions.
Further, globularity (G), which is defined as the ratio of a sphere‘s sur-
face area to HS’s surface area, having the same volume as a sphere. The
asphericity (Q) which is a measure of anisotropy of the molecule, was
also found out from the HSA [22,24,25].

2.4. Energy frameworks analysis

One can generate two-dimensional fingerprint plots (2D FPs) for
three-dimensional HS by using the same software by considering d; and
de distances as a pair of coordinates, in intervals of 0.01 A, for each
individual spot on the HS. The contacts between selected atoms inside
the HS and the atoms outside of it, including reciprocal contacts have
been generated in percentage contribution. These FPs can be generated
for all possible contacts between the elements by which the molecule is
made off and measurements bond lengths, bond angles and torsion an-
gles can also be measured.

Further, pairwise intermolecular interaction energies in the crystal-
line environment were calculated from the monomer wave functions
using CE-HF/6-31G energy model. The molecular interaction energies
such as electrostatic, polarization, dispersive and repulsive energy were
also computed which leads to the total interaction energy as given by

Etot = Eele + Epol + Edis + Erep

Eto[ = keleEele + kpol-E;,gl

+ kaisEj; + KrepE,

rep

Where, E

1. Tepresents the electrostatic energy, E,; is the polarization

energy, Ej is the dispersion energy and E.,,
in the above equation are the scale factors corresponding to the mo-
lecular energies obtained from the generated wave function using den-
sity functional theory. Further, the interaction energies were employed
to construct ‘3D-energy frameworks’, which can be used to visualize the

packing of the molecules in the molecular crystal structures [26-29].

is the repulsive energy. k’s

2.5. Quantum theory of atoms in molecule (QTAIM) analysis

The QTAIM analysis is a computational method used to study
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intramolecular interactions by examining the electron density topology
in interatomic regions [30]. The analysis is based on two scalar fields:
electron density (p(r)) and reduced density gradient (RDG). These fields
are used to map the bonding properties within the molecule. Specif-
ically, QTAIM analysis focuses on several properties at the bond critical
point (BCP), including electron density (p(r)). We utilize Multiwfn and
VMD computational software to perform this analysis [31-34].

2.6. Density functional theory (DFT) calculations

DFT calculations are a crucial tool in understanding the molecular
mechanisms and behaviour of compounds. Here, we used a widely used
electronic structure modelling software, Gaussian 16 [35] to perform
quantum chemical calculations to predict various molecular properties.
The calculations were carried out using Becke’s three-parameter hybrid
functional and Lee-Yang-Parr correlation hybrid functionals B3LYP
along with 6-311+G (d,p) a double-¢ Pople type basis set for non-metal
atom and LANL2DZ (Los Alamos National Laboratory 2 Double-Zeta) for
metal, basis set was used for geometrical optimization [36,37] to
investigate the molecular system of the title compound via geometry
optimization and frequency calculations [36]. The HOMO-LUMO energy
gap and MEP were generated and visualized using the Gauss view soft-
ware [38-40].

2.7. Molecular docking

The crystal structure serves as the primary input for conducting
molecular docking studies to explore residue interactions, including
hydrogen bonds and other interactions, in conjunction with binding
energy scores. The initial configuration of the PDB 3D structure (1JIL:
Crystal structure of S. aureus TyrRS) was acquired from the Protein Data
Bank (www.rcsb.org) [41]. Preprocessing of the protein involved
removing existing ligands and adding polar hydrogens, followed by the
application of Kollman’s united atomic charges using Autodock Vina
[42]. Subsequently, the protein and ligand were saved in a .pdbqt format
file. Conformational poses of the copper complex were generated by
utilizing the orientations within the active site of 1JIL through the La-
marckian genetic algorithm. The identification of optimal poses relied
on binding affinity, and pose retrieval was facilitated using the
non-bonding interaction visualizer in Discovery Studio [43].

2.8. Antibacterial activity

The disc diffusion method is a common technique for evaluating
antimicrobial activity. Mueller-Hinton agar is poured onto glass petri
plates and left to solidify. A standardized inoculum of the test organism
is evenly spread on the plates using a sterile cotton swab. Four discs,
each 5 mm in diameter and spaced 20 mm apart, are then placed on the
plate. These discs contain the antibiotic, negative control, and two test
samples (T1 and T2). The plates are incubated for 24 h at 36 °C + 1 °C
under aerobic conditions. Following incubation, the zone of bacterial
growth inhibition around the discs is measured in millimetres.

To prepare discs T1 and T2, the samples are diluted to create a stock
solution of 10 mg/ml. A measured quantity of the samples (50 and
100pL) from the stock solution is then transferred to sterile filter paper
discs and allowed to dry at room temperature. The variation in the
differnet parameter were taken into the account by refering EUCAST
guidelines [44,45].

For the culture media, Mueller Hinton Agar medium (HIMEDIA-
M173) is utilized. This is prepared by suspending 38 g in 1000 ml of
distilled water, boiling until fully dissolved, sterilizing via autoclaving at
15 1bs pressure (121 °C) for 15 min, cooling to 45-50 °C, and subse-
quently pouring into sterile petri plates [27,46].


http://www.rcsb.org
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3. Results and discussions
3.1. Synthesis and characterization

A methanolic solution of the Schiff base ligand was combined with a
methanolic solution of copper acetate monohydrate. The resulting red
reaction mixture was refluxed, leading to the formation of a dark red
precipitate, which was subsequently filtered. Crystals of the copper
complex were then obtained through slow evaporation of the solvent.
The formation of the copper complex confirmed by vibrational analysis
and elemental analysis. SEM imaging revealed that the copper complex
exhibits a rectangular morphology.

3.2. Single crystal X-ray ray diffraction

The crystal structure analysis of the metal complex has revealed that
the copper complex with molecular formula [Cu(C;4H;1BrNOS);] crys-
tallized as a bidentate ligand complex in the monoclinic crystal system
with a centrosymmetric space group P2;/c. The azomethine carbonyl
chain (N1=C7 of bond length 1.273 f\) of the ligand connects the thio-
anisole and 4-bromophenol ring. The dihedral angle of 68.36° between
thioanisole and 4-bromophenol molecules shows nonplanarity of the
ligand present in the complex and it was observed that this is due to the
steric effect of the methyl sulfide and bromo group present on the
opposite side of the ligand (Figure S3). The ORTEP of the metal complex
is shown in Fig. 1, and the crystallographic data and structure refine-
ment statistics are given in Table 1.

In a four-coordinated complex, the two largest angles, « and f, are
used to determine the geometry index (t4) value of the complex [47].
The Cu(Il) complex has a perfect square planar geometry, which is
evident by the t4 value of 0. By comparing the t4 values reported in
previous literature, we observe that the likelihood of achieving a perfect
square planar geometry is higher in molecules with inversion symmetry,
which is also true for our molecules (Molecules 4, 6, and 7 in Table S1).
Additionally, functional groups near the chelating ring create steric
hindrance, leading to distortions in the square planar geometry (Mole-
cule 10 in Table S1). The torsion angle made by the atoms
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Table 1
Crystal structure and refinement parameters of the copper complex.

Parameter

Copper Complex

Empirical formula

Formula weight

Temperature (K)

Wavelength A)

Crystal system, space group

Unit cell dimensions
a(A)
b(A)
c(A)
a()
BC)
()

Volume (A%

Density (g cm™)

Absorption coefficient (mm™Y)

Fooo

Crystal size (mm>)

26 range for data collection (°)

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final [I > 26(D]

R indices (all data)

Largest diff. peak and hole (e A~%)

CCDC deposit No.

[Cu (C14H;1BrNOS),]
352.98

293(2)

A =0.71073
Monoclinic, P2;/c

10.429(9)
11.230(9)
11.885(10)
90.000(10)
104.220(17)
90.000(17)
1349(2)

1.738

3.955

702.0

0.37 x 0.31 x 0.26
6.994 to 49.984
-6<h<12
-13<k<13
-14<1<13
5608

2354

2354/0/170

1.019

R; = 0.0808, wR, = 0.1862
R; = 0.1579, wR, = 0.2284
0.77/-0.98
2352425

C1-01-Cul-N1 is —136.6° indicating -synclinal conformation and the
torsion angle formed by the atoms C7-N1-Cul-O1 is —151.0° which is in
-synperiplanar conformation. The puckering analysis revealed that the
chelating ring, Cgl(Cl, C6, C7, N1, O1,Cul) adopts a half chair
conformation Figure. S2(a) with puckering parameters Q(2)=0.430(8)
A, Q(3)=-0.216(9)A and $(2)=198.6(12)°. Further, the half-chair
conformation of Cgl intersects with the symmetry generated Cg2 at
the Cu atom of the complex, leading to the formation of chair-like

Fig. 1. ORTEP diagram of the copper complex with thermal ellipsoids drawn at 50 % probability. The dimeric molecule is generated by the symmetry operation -x, 1-

¥, —1-z.
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conformation [3] Figure S4.

Crystal structure analysis also revealed the contribution of shortest
inter-molecular contacts, which is summarized in Table 2. C14-
H14---Brl short interaction interconnects two molecules along the
crystallographic b-axis, resulting in the formation of a 1-D zigzag chain
(Fig. 2). Further, the adjacent chains connect through the same type of
contact, leading to the formation of 2-D sheets along the same crystal-
lographic plane. Further, 2-D sheets are interconnected by the C11-
H11---C14/H14B interaction to form 3D supramolecular architecture
(Fig. 3).

Further, the short ring interaction analysis between the centroid of
the ring molecules revealed the presence of three distinct Cg---Cg in-
teractions and one lone pair-Cg interaction (Table S5). Centroids Cg3
(C1-C6) and Cg4 (C8-C13) were found connected through =n---x inter-
action namely; Cg3---Cg4 (4.453 10\, 42.3° and -x,1/2 + y,1/2-2),
Cg3---Cg4 (4.614 A, 42.3° and x,1/2-y,1/2 + 2) and Cg4---Cg3 (5.105 A,
40.8° and -x,1-y,1-2). This shows the importance of Cg...Cg interactions
in stabilizing the crystal structure of the metal complex (Fig. 4).
Furthermore, the single crystal structure analysis also revealed the
presence of C9-H9---Cg3 interaction with the distance of 3.490 A (x,1/2-
¥,—1/2 + 2). The geometrical parameters of the complex, such as bond
length, angle and torsion angles, are tabulated in Table S2-S4.

3.3. Hirshfeld surface analysis

Hirshfeld surface analysis (HSA) was carried out to investigate the
quantitative analysis of the intermolecular interactions in the crystalline
environment. HSA is also useful to understand the nature and individual
contributions of each intermolecular interaction.

The dporm plots were mapped with a colour scale between —0.0757 a.
u. (blue) to 1.115 a.u. (red), respectively. The calculated volume inside
the Hirshfeld surface is found to be 665.48 A% in the area of 509.36 A2
with globularity (G) 0.724, asphericity (€2) 0.138. Further, d; (1.0514 au
to 2.6992 a.u.), d. (1.0534 to 2.6884 a.u.), shape index (—1.0 a.u. to
+1.0 a.u.), curvedness (—4.0 a.u. to +0.4 a.u.) and fragment patch (0.0
a.u to 13.00 a.u) surface mapped on the Hirshfeld surface of the mole-
cule are as shown in Fig. 5.

The dhorm HS of the copper complex consists of a pair of identical
dark red circular spots shown by green and yellow circles in Fig. 5(a)
highlighting the C14-H14---Br1 contacts. In addition, we also observed
other intermolecular interactions which are highlighted in red colour,
which are in good agreement with the experimental result.

The pattern of red and blue triangles on the shape index surface,
highlighted by black coloured circles (Fig. 5), shows the presence of
characteristics of Cg(3)---Cg(4) stacking interactions between the cen-
troids of the aromatic rings in the crystal structure of the complex. The
blue triangles represent convex regions resulting from the presence of
ring carbon atoms of the molecule inside the surface, while the red tri-
angles represent concave regions caused by carbon atoms of the z
—stacked molecule above it.

The root mean square value of the curvature for the surface is the
curvedness (low with flat area and high with sharp curvature), which
divides the surface into contact patches with the nearest molecule and
are shown as relatively large green planes on the curvedness surface.
These flat regions on the surface over the ring structures (highlighted by
arrows) present in the Cu-complex indicate the =n---m stacking in-
teractions. The fragment patches provide a suitable method for

Table 2

Summary of shortest interconnects in copper complex crystal structure.
Type D-H-A D-H H-~A D-A D-H-A
Inter C14-H14B.--Brl! 0.960 2.965 3.806(1) 147.00
Inter Cl11-H11.--C14% 0.936 2.819 3.699 (8) 158.36
Inter C14-H14B-.-C11" 0.96 2.762 3.699(8) 83.50

X,—1/2 + y,~1/27 —1-x,1/2 + y,—3/2-2".
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discerning the nearest neighbouring coordination. The identification of
the nearest neighbouring coordination environment of the molecules is
facilitated by observing the colour patches on the Hirshfeld surface,
indicating their proximity to adjacent molecules (Fig. 5).

The expanded 2D fingerprint plots (FPs) of the metal complex were
drawn in the range of 0.9 -2.6 A view with the d. and d; distance scales
displayed on the graph axes. The analysis of 2D-FPs reveals the quan-
titative contributions of molecular contacts to the total Hirshfeld sur-
face. From the analysis, it was found that among all possible contacts
between the atoms, the major contribution to the Hirshfeld surface is
from the H---H contacts, which contributed 36.2 % to the total Hirshfeld
surface. This was witnessed by the asymmetrically scattered points,
which cover a large region of the FP plot with two short and broad peaks
atde + di~ 1.2 10\, as shown in Fig. 6. This is due to the presence of an
abundance number of hydrogen atoms very close to the molecular sur-
face. The second highest contribution was due to Br---H (21.8 %) con-
tacts, which is represented by a pair of wings with tips at de + d; ~ 2.9 A
and the next equally important contribution is from C---H (20.8 %). It
shows the presence and contribution of C—H:---x type of intermolecular
interaction. Various other interconnects in the structure are S---H (7.5
%), H---O (6.2 %), Br---C (2.8 %) and C---C (2.7 %) contacts were shown
in the form of traces on the 2D-FPs. Further, the significant contribution
from C---C interactions, represented as a bullet-shaped pattern, shows
the presence and the role of z---n stacking interactions in the formation
and stabilization crystal structure of the title metal complex molecule.
The enrichment ratio (ER) analysis reveals that Br---H and O---H inter-
molecular contacts are favoured in structure. The Eyy value for the
contacts present in the Schiff base complex is listed in Table 3. An Eyy
value larger than unity indicates a high propensity for this contact to
form in the supramolecular packing. Although the percentage contri-
bution of interatomic H---H contacts to HS is higher, the enrichment
ratio analysis shows that H---H contacts are less than unity. This
discrepancy is due to random contacts being expressed more than actual
contacts. Since hydrogen atoms are already enriched with Br---H and
O---H interactions, this eventually reduces the prevalence of H---H
contacts.

3.4. Interaction energies and 3D energy frameworks

The total interaction energy for the Cu complex was calculated by
generating the molecular cluster of radii 3.8 A around the selected
molecule. The symmetry operations were employed in the energy
framework calculations to compute the molecular wave functions. The
total interaction energy for the Cu complex was calculated by energy
frameworks analysis and is found to be equal to —96.881 kJ/mol. This
total interaction energy of the molecule is the algebraic sum of elec-
trostatic (—30.77 kJ/mol), polarization (—9.43 kJ/mol), dispersion
(—98.83 kJ/mol) and repulsive (42.17 kJ/mol) energies. The energy
framework calculations revealed that the dispersion energy dominates
over the electrostatic and polarization energies in the crystalline envi-
ronment of the compound (Fig. 7, Table S6).

3.5. QTAIM analysis

In recent years, the QTAIM framework has emerged as a robust tool
for delving into a more precise and quantitative understanding of
intramolecular interactions based on electron density (p(r)). Within NCI
analysis, the sign(A2) parameter proves highly useful in discerning the
nature of bonding. In the 2D RDG scatter plots (Fig. 8), when sign(A2)<
0 (blue), it signifies a bonded interaction. A sign(A2) value approxi-
mating zero (green) and sign(12)>0 (red) denote van der Waals and non-
bonding interactions, respectively. Notably, the presence of a green-
coloured iso-surface in both 3D and 2D plots suggests the existence of
van der Waals interactions between the copper and sulfur atoms,
implying the sulfur atom’s propensity for coordination bonding. Addi-
tionally, the red-colored iso-surface observed within the metalocyclic



UK. AH et al. Journal of Molecular Structure 1318 (2024) 139264

Fig. 4. Cg---Cg staking interactions present in the complex.
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Curvedness Shapeindex

Fragment patch

Fig. 5. Molecular interactions were highlighted on dyorm Hirshfeld surface, and
the d;, d., curvedness, Shape index, and fragment patch surfaces were mapped
on the Hirshfeld surface of the molecule.

ring indicates a pronounced steric effect, indicative of the presence of a
strong chelating ring.

3.6. DFT studies

The optimization was performed in the doublet state, and the
structural conformation was compared with the crystal structure. A
good correlation was observed between the calculated bond lengths,
bond angles, and torsional angles and the experimental data, indicating
the accuracy of the computational model.

Additionally, molecular properties of the compound were explored
using the concept of molecular orbitals (MOs), which are fundamental in
understanding a molecule’s stability and reactivity. In the complex, the
HOMO is predominantly located around the bromo-substituted phenyl
ring and chelating rings of the ligand in both o and § MOs. The energy
levels of the HOMO are approximately —5.6670 eV for « and —5.6200
eV for f (Fig. 9). On the other hand, the LUMO is spread over the entire
molecule in the o MO, with an energy value of —2.0074 eV, while in the
f MO, it is localized on the metal atom and chelating ring atoms, with an
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Table 3
The percentage contribution of individual interaction and enrichment ratio.
H C Br (0] N S Cu
H 31.6
C 8.8 6.8
Br 22.3 1.6 0.6
(0] 18.3 0.6 1.5 0
N 0.6 1.4 0 0 0
S 2.3 1.9 0.4 0 0 0
Cu 0.5 0.8 0 0 0 0 0
84.4 13.1 2.5 0 0 0 0

CXY 52.8 15.1 25.8 20.4 2 4.6 1.3
Sx 58 14.35 13.5 10.2 1 2.3 0.65
H 33.64
C 16.65 2.06
Br 15.66 3.87 1.82
(0] 11.83 2.93 2.75 1.04
N 1.16 0.29 0.27 0.20 0.01
S 2.67 0.66 0.62 0.47 0.05 0.05
Cu 0.75 0.19 0.18 0.47 0.05 0.03 0.01
EXX
H 0.9
C 0.5 3.3
Br 1.4 0.4 0.3
o 1.5 0.2 0.5 0.0
N 0.5 4.9 0.0 0.0 0.0
S 0.9 29 0.0 0.0 0.0 0.0
Cu 0.7 4.3 0.0 0.0 0.0 0.0 0.0

energy value of —3.0474 eV. A significant energy difference of 2.5726
eV was observed between the HOMO and LUMO of the p-spin. This
energy difference provides valuable information about the stability and
electronic properties of the molecule, particularly regarding its reac-
tivity and potential for electronic transitions (Table 4) [48]. Further, The
HOMO-LUMO energy gap (Eg) is an established parameter for
measuring the extent of intramolecular charge transfer and has been
used in pharmaceutical studies. In this study, the compounds exhibited
antimicrobial activity, which may be attributed to lower LUMO energy
level (2.0074 eV) [49,50] .

The MEP map visually represents the electrostatic potential on the
molecular surface, which is crucial for identifying regions with high and
low electrostatic potential. The chelating oxygen atoms, sulfur atom,
and the substituted bromine atom in the ligand exhibit high electro-
negative potential, with values of —0.0393 a.u., —0.0212 a.u., and
—0.0162 a.u., respectively. These regions are considered electrophilic,
indicating that they are likely to attract electrons from the surroundings.
On the other hand, regions with low electrostatic potential are typically
nucleophilic in nature. Specifically, the -CH group of the chelating ring
and substituted phenyl ring exhibit positive electrostatic potential
values of +0.0270 a.u. and +0.0187 a.u., respectively (Fig. 10). Addi-
tionally, the -CH3 group of the alkyl sulfide moiety has a positive elec-
trostatic potential value of +0.0221 a.u. These regions are more likely to
donate electrons during chemical reactions. The electrostatic potential
values of the active sites in the studied compounds can be utilized in
docking studies. These values play a significant role in generating
docking poses within the binding pockets of proteins. Therefore, the
results obtained from molecular electrostatic potential (MEP) analysis
can be valuable for assessing the biological activity of the compounds
[50].

3.7. Antibacterial activity

The explore antimicrobial efficacy against Staphylococcus aureus, we
employed a disc diffusion assay, a commonly utilized method for eval-
uating compound activity. At a concentration of 500 ug, the Schiff base
compound exhibited a zone of inhibition measuring 9 mm. Remarkably,
this zone expanded to 14 mm at a higher concentration of 1000 pg
(Figure S5). Compered with standard Gentamycin (160 pg/25 mm) our
compound shows moderate zone of inhibition. Further, similar
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ergy and (c) total energy of the molecule.

compounds were also reported againts Staphylococcus aureus which also
supports the above reuslts. These findings underscore the substantial
antimicrobial effectiveness of the Schiff-base derivative against S. aureus
bacteria [51,52]. The increased antibacterial activity of the copper
complex can be explained by Tweedy’s chelation theory. According to
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Fig. 9. Frontier molecular orbitals along with energy gap of (a) alpha spin and (b) beta spin.
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Table 4

The chemical reactive parameter of the complex.
Name alpha beta
Ehomo (Hartree) —0.2082 —0.2065
Ejumo (Hartree) —-0.0737 -0.1119
Enomo (eV) —5.6670 —5.6200
Elumo (€V) —2.0074 —3.0474
Energy gap (Eg) 3.6597 2.5726
Ionization energy (I) 5.6670 5.6200
Electron Affinity (A) 2.0074 3.0474
Electronegativity (y) 3.8372 4.3337
Chemical Potential (p) —3.8372 —4.3337
Global hardness () 1.8298 1.2863
Global softness (s) 0.5465 0.7774
Electrophilicity index(w) 4.0234 7.3004

this theory, the reduced polarity on the copper chelating ring arises from
the sharing of the partial positive charge on the copper metal with donor
groups (N and O), along with the significant delocalization of n-electrons
on the chelate ring. This redistribution of polarity enhances the lyophilic
character of the copper complex, allowing it to penetrate the lipid
membrane. This penetration disrupts the permeability barrier of the
bacterial cell wall, interfering with normal cellular processes and
respiration in microorganisms, ultimately causing cell lysis and inhib-
iting bacterial growth [53,54].

3.8. Molecular docking studies

The antibacterial activity of copper complex against of S. aureus
TyrRS is evaluated by molecular docking studies. To tackle bacterial
infection problems, novel therapeutic agents need to be designed and
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Fig. 10. Molecular electrostatic potential map of the copper complex.

this can be achieved with the aid of ligand-protein in-silico studies. The
amino acid sequences of S. aureus TyrRS has helix H5 and strand D.
S. aureus TyrRS contains three domains: the N-terminal a/p domain, the
a-helical domain, and a disordered C-terminal domain, connected by a
linker peptide. S. aureus TyrRS has two residues at the N-terminus that
are distant from the active site and likely non-functional [41]. The
copper complex is docked to the active site of the S. aureus TyrRS. A good
binding score of —7.6 kcal/mol was observed, and corresponding
protein-ligand interactions were observed in the Fig. 11(b), (c). The
protein binds to the sulphur atom of the copper complex with a con-
ventional hydrogen bond through THR169 (2.98 f\) (Fig. 11). The
bromine atom also interact with two amino acids such as MET 77 and
TYR 165. The other interactions, such as =---m, alkyl and n-alkyl are
depicted in the Fig. 11(c).

4. Conclusion

Bi-dentate novel Cu(II) complex were synthesized and characterized
by spectroscopic techniques. X-ray diffraction analysis reveals the per-
fect square planar geometry around Cu(Il) ion. The higher nonplanarity
of a copper complex is confirmed by the dihedral angle of 40.84°.

(a)
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Puckering analysis of copper chelating ring is in the half-chair confor-
mation. The Cu(Il) complex has a perfect square planar geometry with
the value of t4 =0. The multi-dimensional supramolecular assemblies
are formed by H---H, C—Cl.--n and C—H---x interactions and it is also
supported by Hirshfeld surface analysis. NCI analysis shows the coor-
dination bond between Cu—O is stronger compared to Cu—N. NBO
analysis reveals the charge transfer between the ligand-metal and ex-
hibits partial covalent bond character. The metal chelates are more
effective antimicrobial agents than their parent ligands against Staphy-
lococcus aureus and methicillin-resistant Staphylococcus aureus. The
docking studies show a strong binding affinity toward the PBP2 protein
and support the experiment results.

Appendix A. Supplementary data;

CCDC 2352425 contains the supplementary crystallographic data of
the Schiff base compound. The data can be obtained free of cost via
http://www.ccdc.cam.ac.uk/conts/retrieving. html, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
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