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A Schiff base ligand was synthesised via the condensation reaction of 4,4'-sulfonyldianiline and furfuraldehyde using cashew nut shell
liquid (CNSL)-derived anacardic acid, which served as an environmentally benign and naturally efficient catalyst under solvent-free
conditions. The resulting Schiff base was subsequently reacted with Co(ll), Ni(ll), Cu(ll) and Zn(ll) acetate precursors to produce the
corresponding metal complexes. The widespread utilisation of organic solvents poses a significant environmental concern because of the
generation of hazardous byproducts. The increasing focus on sustainable synthetic methodologies has accelerated the use of solvent-free
green catalytic systems as an attractive alternative to conventional protocols. These methods reduce solvent usage, limit waste generation
and improve process sustainability. The structural and coordination characteristics of the synthesised ligand and its metal complexes were
established using UV-Visible, FT-IR, *H NMR, 3C NMR, mass spectrometry and scanning electron microscopy (SEM). The synthesized
ligand and its metal complexes were evaluated for antimicrobial activity against E. coli, S. aureus and C. albicans using the agar well
diffusion method. The tested compounds exhibited appreciable antimicrobial activity against the selected microorganisms. The Schiff
base ligand and its Cu(Il) complex were further assessed for cytotoxicity against the MCF-7 human breast cancer cell line using the MTT
assay. Molecular docking of the Cu(ll) complex with the HER2 receptor revealed favourable binding interactions, supporting its potential

biological significance.

Keywords: Cashew nut shell liquid (CNSL), MCF-7, Molecular docking, Ligand—protein.

INTRODUCTION

Green catalytic systems have become an important focus
in synthetic chemistry because they reduce waste generation,
minimize energy consumption and avoid the use of hazard-
ous reagents. Natural acid catalysts are particularly attractive
owing to their mild acidity, environmental compatibility, enzy-
matic characteristics, low cost and ability to promote reactions
under ambient conditions [1,2]. Among renewable resources,
cashew nut shell liquid (CNSL), an abundant agricultural by-
product, has emerged as a valuable feedstock for sustainable
chemical synthesis. Anacardic acid, the principal acidic con-
stituent of CNSL, has received considerable attention as a
renewable alternative to petroleum-derived resources. Its app-
lication in solvent-free synthesis reduces solvent consumption,

lowers chemical waste and supports the principles of green
chemistry [3].

The chemistry of Schiff bases has attracted sustained
interest owing to the simplicity of their synthesis, their strong
affinity for metal ions and the diverse biological properties
exhibited by their metal complexes [4,5]. The incorporation of
a sulphone moiety into Schiff base frameworks offers addi-
tional opportunities to modify their physico-chemical and
biological properties [6,7]. Complexation with transition metal
ions such as Co(ll), Ni(Il), Cu(ll), and Zn(Il) can further infl-
uence their coordination geometry, stability and biological
performance, making these complexes attractive candidates
for medicinal and coordination chemistry [8-10].

In the present study, anacardic acid derived from CNSL
was employed as a sustainable acid catalyst under solvent-
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free conditions for the synthesis of a sulphone-based Schiff
base ligand through the condensation of 4,4'-sulphonyldianiline
with furfuraldehyde. The corresponding Co(ll), Ni(Il), Cu(ll),
and Zn(Il) complexes were characterised using UV-Visible,
FT-IR, 'H NMR, *C NMR, mass spectrometry and SEM
techniques. Their antimicrobial activity was evaluated against
Escherichia coli, Staphylococcus aureus and Candida albicans,
while the Schiff base ligand and its Cu(ll) complex were
assessed for anticancer activity against the MCF-7 human
breast cancer cell line. Molecular docking of the Cu(Il) com-
plex with the HER2 receptor was carried out to examine ligand—
protein interactions and to complement the experimental
biological findings. The combination of a renewable CNSL-
derived catalyst, solvent-free synthesis, transition metal comp-
lexation, biological evaluation and molecular docking distin-
guishes the present work from the conventional synthetic
approaches and provides a sustainable route for the develop-
ment of biologically active Schiff base metal complexes.

EXPERIMENTAL

All metal(ll) acetate salts employed in this study were
obtained from Sigma-Aldrich, USA and used as supplied.
The analytical-grade 4,4'-sulfonyldianiline (dapsone) and fur-
furaldehyde were purchased from TCI Chemicals. HPLC grade
solvents were used throughout the synthesis, purification and
characterisation of the synthesized compounds.

Extraction of CNSL and catalytic evaluation: Cashew
nut shell liquid (CNSL) was extracted from cashew nut shells
following the reported procedure [11] and used as a green
catalyst for the solvent-free synthesis of the sulphone-based
Schiff base ligand. Catalyst optimization identified 0.8 mL of
CNSL as the optimum loading, affording an 85% yield within
5 min, while higher catalyst loadings did not improve the
reaction results.

Synthesis of Schiff base ligand (L1): A Schiff base
ligand (L1) was synthesised by reacting 4,4'-sulfonyldianiline
(dapsone) (1 mmol) with furfuraldehyde (2 mmol) under solvent
free conditions in the presence of 1.2 mL of cashew nut shell
liquid (CNSL) as a green catalyst. The reaction mixture was
stirred until completion. Subsequently, 4-5 mL of 95% ethanol
was added to remove waxy and gelatinous impurities. The
catalyst was separated and washed thoroughly with 4-5 mL
of petroleum ether, followed by air drying. The crude product
was purified by recrystallisation from 95% ethanol to afford
the pure Schiff base ligand (L) (Scheme-I).

Schiff base metal(l11) complexes (MLia-d): An ethanolic
solution of the Schiff base ligand L (1 mmol) was added to an
ethanolic solution of the corresponding metal(ll) acetate salt
(1 mmol) ina1:1 molar ratio. The reaction mixture was stirred
at room temperature for 3 h and then refluxed for an additional
3 h. After completion of the reaction, the resulting metal(I1)
complex was filtered, washed several times with methanol to
remove any unreacted materials and dried under vacuum over
anhydrous calcium chloride (Scheme-I).

Biological studies

Antimicrobial assay: The antimicrobial activity of the
synthesized Schiff base ligand and its metal(Il) complexes

was evaluated against Staphylococcus aureus, Escherichia
coli and Candida albicans using the agar disc diffusion method
[12]. Mueller-Hinton agar was employed as the culture med-
ium and chloramphenicol served as the reference drug. Test
solutions of the ligand and metal complexes were prepared in
DMSO and sterile filter paper discs (6 mm diameter) were
impregnated with the respective solutions and dried before
use. Fresh microbial suspensions were uniformly spread on
Mueller-Hinton agar plates, followed by placement of the im-
pregnated discs onto the inoculated surface. The plates were
allowed to dry for 30 min at 37 °C and subsequently incuba-
ted at 36 °C for 24 h. Antimicrobial activity was assessed by
measuring the diameter of the inhibition zone surrounding
each disc.

Anticancer assay: The in vitro cytotoxic activity of the
synthesized Schiff base ligand and its Cu(ll) complex was
investigated against the MCF-7 human breast cancer cell line
using the MTT assay following the reported procedure [13]
with minor modifications. Cells were seeded in 24-well plates
at a density of 1 x 10° cells per well and maintained at 37 °C
in a humidified atmosphere containing 5% CO,. Once the cell
monolayer reached approximately 80-90% confluence, diff-
erent concentrations of the test compounds were added and
the cells were incubated for 24 h.

Following treatment, the culture medium was discarded and
the cells were gently rinsed with phosphate-buffered saline
(PBS, pH 7.4). A 100 pL aliquot of MTT solution (0.5%, 5 mg
mL-%) was then added to each well and the plates were incuba-
ted for 4 h to allow intracellular formation of formazan crys-
tals. After removing the supernatant, 1 mL of DMSO was added
to dissolve the crystals. Absorbance was recorded at 570 nm
using a UV-Visible spectrophotometer, with DMSO as blank.
Cell viability was calculated from the measured absorbance
values and I1Cs, values were obtained from dose-response curves.
Untreated cells served as the control, each experiment was
performed in triplicate and the results were expressed as the
mean of three independent measurements [14].

A, of treated cells

Cell viability (%) = x
A, of control cells

Molecular docking: The molecular structures of the
Schiff base ligand (L1) and its Cu(ll) complex (CuL:) were
constructed using ChemAxon’s Marvin 17.21.0 and geometry
optimised with Avogadro 1.2.0 [15]. Molecular docking was
carried out to examine the binding of CuL; with the human
epidermal growth factor receptor 2 (HER?2), a therapeutic target
associated with breast cancer. The crystal structure of HER2
(PDB ID: 3MZW) was obtained from the Protein Data Bank
(PDB) [16]. Prior to docking, crystallographic water molecules
were removed and polar hydrogen atoms were added to the
protein structure. AD4 atom types were assigned and ligand
rotatable bonds were defined using AutoDock Tools 1.5.6.

The docking grid was centered on the HER2 binding
pocket comprising residues P398, W430, E379, R477, R434,
D399, Q376, L397, Q404, S396, T504 and E485 [17]. The
docking calculations were performed using a grid spacing of
0.67 A with a grid box size of 50 x 50 x 50 points [18]. Auto-
Dock 4.0.1 was employed to predict the binding conforma-
tions and estimate the binding energies of the ligand and Cul;
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Scheme-I: Synthesis of the Schiff base ligand (L1) from 4,4'-sulfonyldianiline and furfuraldehyde and metal(ll) complexes (MLia-d)

complex. Ligand—protein interactions were analysed using
AutoDock Tools, while three-dimensional representations of

the docked complexes were generated with UCSF Chimera [19].

RESULTS AND DISCUSSION

The Schiff base ligand (L1) was synthesised by conden-
sing 4,4'-sulfonyldianiline (dapsone, 1 mmol) with furfuralde-
hyde (2 mmol) under solvent-free conditions using cashew nut
shell liquid (CNSL) as a green catalyst (Scheme-I). Under the
optimized reaction conditions, the desired ligand was isolated
in an 85% yield. The catalytic efficiency of CNSL arises from
the anacardic acid present in the extract, which promotes the
condensation reaction leading to the formation of the azome-
thine (-CH=N-) linkage. The elemental analysis of the Schiff
base ligand (L) and its metal(Il) complexes (MLia-d) agreed
well with the proposed molecular compositions (Table-1).
Solubility studies revealed that the ligand and its metal (1)
complexes were sparingly soluble in methanol, ethanol, acetone
and chloroform, whereas complete dissolution was achieved
in DMSO and DMF solvents. Molar conductance measure-
ments were carried out in DMSO and the obtained values
(Table-1) showed that the metal(Il) complexes behave as
ionic species in solution [20].

The proposed mechanism (Scheme-I1) involves the nucleo-
philic attack of the amino group of 4,4’-sulphonyldianiline on
the carbonyl carbon of furfuraldehyde to form a carbinol-
amine intermediate. Proton transfer followed by the loss of
water gives the azomethine (—-CH=N-) linkage. The reaction
proceeds at both amino groups of dapsone to afford the bis-
Schiff base ligand. The CNSL catalyst participates in the

proton-transfer steps and is regenerated during the course of
the reaction under solvent-free conditions.

FT-IR spectral studies: In the FT-IR spectra (Fig. 1)
shows that green synthesised Schiff based ligand L, functions
as a bidentate ligand by coordinating through the azomethine
nitrogen atom and an oxygen atom of the acetate group, while
coordinated water molecules are present in the metal comp-
lexes [21]. The free ligand exhibits a prominent azomethine
v(C=N) band at 1632 cm™*. Following the complex formation,
this absorption shifts to the 1623-1590 cm region, further
confirmed the coordination of the azomethine nitrogen to the
metal center [22].
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TABLE-1
ELEMENTAL ANALYSIS AND PHYSICO-CHEMICAL PROPERTIES OF
THE SCHIFF BASE LIGAND (L1) AND ITS METAL(II) COMPLEXES (ML,a-d)

m.p. Molar Elemental analysis (%): calcd. (found)
Compound m.f. m.w. Colour 0 conductance
() (O cm? mol) C H N Metal
Ligand (L1)  C22H16N204S 404 Brown 120 - 64.55 3.00 6.05 -
(65.34) (3.99) (6.93)
ML;a Ca26H2sN2011SCo 635 Reddish 220 18.16 55.12 5.45 7.23 7.81
brown (53.14) (5.04) (7.41) (7.27)
ML;b C26H28N2011SNi 636 Brown 223 15.13 55.10 5.32 7.23 7.70
(54.12) (5.43) (7.32) (7.65)
ML;c C26H24N209SCu 603 Dark brown 245 20.21 53.42 5.24 7.96 8.90
(53.70) (5.00) (7.64) (9.52)
ML.d Ca26H26N2012SZn 622 Yellow 232 32.65 55.48 5.42 7.76 8.87
(54.05) (5.20) (7.49) (9.48)
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Scheme-I1: Proposed mechanism for the formation of the Schiff base ligand in the presence of CNSL catalyst
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The spectra of the metal(11) complexes exhibit additional
bands at 1735-1715 cm™ and 1573-1560 cm™*, which is assi-
gned to the asymmetric vasym(OAC) and symmetric vasym(OAC)
stretching vibrations of coordinated acetate groups, respec-
tively [23]. Broad absorptions between 3467 and 3378 cm™?,
together with bands in the 876-860 cm™ region, are the char-
acteristic of coordinated water molecules [24]. The Schiff base
ligand and its metal(ll) complexes also exhibit SO, stret-
ching bands at 1344-1340 cm . Their positions remain essen-
tially unchanged after metal coordination, which implies that
the sulphone oxygen atoms are not involved in bonding with
the metal ions [25]. New absorptions appearing in the low-
frequency region (555-516 cm™) are attributed to v(M-N)
vibrations, providing further evidence for coordination through
the azomethine nitrogen atom [26].

NMR spectral studies: The *H and **C NMR spectra of
the Schiff base ligand (L1) confirmed the successful forma-
tion of the azomethine (-CH=N-) moiety. The spectra were
recorded in DMSO-ds using TMS as the internal reference
and are shown in Fig. 2a-b. In the 'H NMR spectrum, a multi-
plet appearing in the region of & 6.05-7.96 ppm was assigned
to the aromatic protons. A characteristic singlet observed at
4 9.82 ppm corresponds to the azomethine proton (-CH=N-),
confirming the condensation of the aldehyde and amine to
form the Schiff base ligand. The **C NMR spectrum displayed
a distinct resonance at 6 154.89 ppm, which was attributed to
the azomethine carbon (C=N), further supporting the succ-
essful formation of the ligand. These spectral characteristics
are in good agreement with those reported for structurally
related Schiff base compounds in the literature [27].

Electronic spectral and magnetic moment studies:
The electronic absorption spectra of the Schiff base ligand
(Ly) and its metal(I1) complexes (MLia-d) were recorded in
DMSO. The free Schiff base ligand exhibited two charact-
eristic absorption bands at 255 and 360 nm, which are assignhed
to the m—=* transition of the aromatic benzene ring and the
n—* transition of the azomethine (C=N) group, respectively.

a1

161514131211109 8 7 6 5 4 3 2 1 0 -1-2-3
ppm

Upon complexation, these absorption bands shifted towards
lower wavelengths (hypsochromic shift), which can be attri-
buted to the coordination of the azomethine nitrogen atom
with the metal ions [28].

The electronic spectrum of the Co(ll) complex, (ML1a),
exhibited absorption bands at 405 and 620 nm, assigned to
the *T1g(F)—*T1g(P) and *T1g(F)—*Azg(F) transitions, respec-
tively. Its magnetic moment of 4.25 B.M. is characteristic of
an octahedral environment around the Co(ll) ion [29]. The
Ni(Il) complex, (ML1b), displayed absorption bands at 470
and 560 nm, corresponding to the 3Ag(F)—S3T1g(P) and
3Aog(F)—3T1g(F) transitions, respectively. A magnetic mom-
ent of 2.95 B.M. agrees well with an octahedral arrangement
of the Ni(ll) ion [30]. The Cu(ll) complex, (ML.c), exhibited a
broad absorption band at 585 nm arising from the ?B1g—2Aqq
transitions. The measured magnetic moment of 1.47 B.M. is
in agreement with a square-planar geometry around the Cu(ll)
centre [31]. The Zn(Il) complex, (ML.d), exhibited a medium
intensity absorption band at 456 nm, assigned to a ligand-to-
metal charge transfer (LMCT) transition. Its diamagnetic beh-
aviour is characteristic of a d*° electronic configuration and
is compatible with an octahedral coordination environment
around the Zn(11) ion [32].

Mass spectral studies: The ESI-mass spectrum of the
Schiff base ligand (L1) exhibited a molecular ion peak at m/z
406 [M+2], consistent with its monomeric molecular formula,
C2H1sN204S. The mass spectra of the metal complexes dis-
played molecular ion peaks at m/z 635.18 [M+1], 636.54 [M]*,
601.12 [M+2] and 622.13 [M+1], corresponding to the mole-
cular formulae CosH2sN201:SCo (MLla), CzeHngzOllsNi
(M le), Co6H24N20gSCu (M L1C) and CasH26N20125Zn (M le),
respectively [33]. The observed molecular ion peaks are in
good agreement with the proposed stoichiometry of the com-
plexes. Elemental analysis data are likewise consistent with
the calculated compositions, providing additional evidence
for the assigned molecular formulations.
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Fig. 2. 'H NMR (a) and 3C NMR (b) spectra of the ligand (Ly)
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SEM studies: SEM analysis was carried out to examine
the surface morphology of the Schiff base ligand and its metal
complexes, and the corresponding micrographs are shown in
Fig. 3. Coordination of the metal ions to the donor sites of the
ligand results in distinct changes in surface morphology, as
evident from the SEM images [34]. The Schiff base ligand
exhibits a randomly distributed cracked needle-like structure.
The Co(ll) and Ni(ll) complexes are composed of small,
irregularly shaped grains. The Zn(ll) complex possesses a
nanocrystalline morphology with a crushed rock-like texture,
whereas the Cu(ll) complex exhibits a microcrystalline mor-
phology resembling a coral reef-like texture. These morpho-
logical differences are consistent with the formation of metal
complexes and reflect the influence of the coordinated metal
ions on the surface characteristics of the ligand.

Antimicrobial activity: The in vitro antimicrobial acti-
vity of the Schiff base ligand (L1) and its mononuclear metal(l1)
complexes (MLia-d) was evaluated by the disk diffusion
method against the Gram-positive bacterium S. aureus, the
Gram-negative bacterium E. coli and the fungal strain C.
albicans. Tetracycline and fluconazole were used as the refe-
rence antibacterial and antifungal drugs, respectively, whereas
DMSO was employed as the negative control. The metal(ll)
complexes displayed greater antimicrobial activity than the
free Schiff base ligand against all the tested microorganisms,
reflecting the favourable influence of metal coordination on
the biological properties of the ligand [35].

Among the synthesised complexes, the Cu(ll) complex
(MLic) exhibited the highest antibacterial and antifungal

activity, whereas the Co(ll), Ni(ll) and Zn(ll) complexes
showed comparatively lower inhibitory effects (Table-2). The
superior activity of the Cu(ll) complex can be explained by
the combined influence of the Cu(ll) ion and the chelation
effect. According to Tweedy’s chelation theory, coordination
of the ligand with the Cu(ll) ion reduces the polarity of the
metal centre through partial sharing of its positive charge
with the donor atoms and electron delocalisation within the
chelate ring. The resulting increase in lipophilicity enhances
the ability of the complex to penetrate the lipid membrane of
microbial cells. The increased lipophilicity of the Cu(ll) com-
plex facilitates its passage through the microbial cell memb-
rane, where it interferes with essential cellular functions,
including protein synthesis, leading to inhibition of microbial
growth and proliferation [36].

TABLE-2
ZONE OF INHIBITION (mm) OF THE SCHIFF BASE
LIGAND (L1) AND ITS METAL(II) COMPLEXES
AGAINST SELECTED MICROORGANISMS

Zone of inhibition (mm)

Sample Gram-positive Gram-negative Fungi
S. aureus E. coli C. albicans

Ligand (L1) 29 11 12
ML;a 35 11 20
ML:b 34 16 20
ML,c 38 18 22
ML.d 33 12 20
Standard 31 8 9

R
Tee 11219

Fig. 3. SEM Micrographs of the Schiff base ligand (L1) and its metal(11) complexes (MLia-d)
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In vitro anticancer activity: The anticancer activity of
the Schiff base ligand (L1) and its Cu(ll) complex (ML:c)
was evaluated against the human breast cancer cell line MCF-
7 using the MTT assay (Fig. 4). Absorbance was measured at
560 nm after treatment with different concentrations (20-100
ng/mL) of the test compounds, and the results are shown in
Table-3. The Cu(ll) complex (MLac) exhibited higher cyto-
toxic activity than the free ligand, with an 1Csp value of 52.80
ng/mL, while L1 exhibited an 1Csp value of 60.20 pg/mL. The
lower 1Cso value of the Cu(ll) complex suggests that coordi-
nation with the metal ion enhances the antiproliferative proper-
ties of the ligand. Although the Cu(Il) complex was more active
than the free ligand, its cytotoxic effect remains moderate
when compared with clinically established anticancer agents
such as cisplatin and doxorubicin. The present results identify
the Cu(ll) complex as a suitable candidate for further struc-
tural modification and biological evaluation.

TABLE-3
In vitro ANTICANCER ACTIVITY OF THE
SCHIFF BASE LIGAND (L1) AND Cu(ll)
COMPLEX (MLic) AGAINST MCF-7 CELLS

conc. Cell viability (%) 1Cs0 (pg/mL)
(Mg/mL) L1 ML1c L1 MLic
20 30.07 35.33
40 46.61 45.86
60 51.12 54.13 60.20 52.80
80 58.61 60.90
100 63.15 68.42

Molecular docking: HER2 is overexpressed in several
human malignancies, particularly aggressive breast cancers,

making it an attractive target for diagnosis and targeted therapy.

The 58-amino-acid affibody molecule ZHER2 was engineered
to bind HER2 with high affinity. Unlike therapeutic antibodies
such as pertuzumab [37] and trastuzumab [38], ZHER2 recog-
nizes a distinct conformational epitope on the HER2 receptor.
Small-molecule HER?2 inhibitors continue to attract attention
because of their potential advantages in bioavailability, tissue
penetration, and ease of synthesis [39,40]. Schiff base metal
complexes have also been reported to exhibit promising anti-

cancer properties against different cancer cell lines [41]. In the
present study, molecular docking was performed to investi-
gate the binding of the Schiff base ligand (L) and its Cu(ll)
complex with the HER2 receptor (PDB ID: 3MZW). Chain
A of the HER2 crystal structure (2.90 A resolution) was used
for docking. The predicted binding conformations are shown
in Fig. 5, while the calculated binding energies, inhibition
constants, intermolecular energies, hydrogen bonds and hydro-
phobic interactions are shown in Table-4.

Docking of the free ligand (L1) with HER2 generated
two hydrogen bonds and seven hydrophobic interactions
involving residues W430, E485, G486, L487, A488, C489,
H490, Q491, P501 and G502. The ligand occupied an inter-
face area of 107.6 A2 within Domain 111 of the HER2 receptor
and exhibited a calculated binding energy of -2.93 kcal/mol
with an inhibition constant (Ki) of 7.07 mM. The NH group of
H490 formed a weak hydrogen bond with the ligand oxygen
atom at 3.08 A, whereas the oxygen atom of E485 formed a
stronger hydrogen bond with the ligand NH group at a
distance of 2.09 A [42]. Further stabilization arised from sev-
eral -related interactions. The five-membered ring centroid
(Cgl) of H490 participated in an anion--- 7 interaction with
the ligand oxygen atom at 3.3 A. The benzene ring centroid
(Cg2) of the ligand formed an anion---m interaction with the
oxygen atom of A488 at 4.3 A and a weak N-H---7 inter-
action with G486 at 5.3 A. Another aromatic ring centroid
(Cg3) established anion- - - interactions with the oxygen atoms
of L487 and E485 at distances of 4.2 and 4.1 A, respectively.
The fourth aromatic ring centroid (Cg4) formed a C-H---nt
interaction with L487 and a T-shaped n—= interaction with
W430 at 4.5 and 4.1 A, respectively. These non-covalent
interactions contributed to an intermolecular energy of -5.32
kcal/mol.

The CuL; complex formed seven hydrogen bonds and one
hydrophobic interaction with residues D399, Q404, W430,
R434, P501, P503, T504, and Q505. The calculated binding
energy was -2.86 kcal/mol with a Ki value of 8.00 mM. The
NE2 atom of Q505 formed a hydrogen bond with the O4
atom of CuL; at 3.22 A. The OG1 atom of T504 interacted
with the 06, O3 and N2 atoms of CuL; through hydrogen




2222 Moorthy et al. Asian J. Chem.

& H490

G502 P501 ol \\W430
Wl wpad
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Fig. 5. The molecular interaction of ligand (L1) and CuL1 with domain 111 of HER2 proteln and the zoomed image shows the polar and non-
polar residues actively contributing for the interaction. (a) Ligand interaction with HER2 protein, (b) CuL. interaction with HER2
protein. Here, the hydrogen bonds are shown in black dotted lines where the special types of hydrophobic interactions were shown
in back line. The coordination interactions were shown in blue dotted lines and the centroid of the rings were mentioned as Cg

TABLE-4
MOLECULAR INTERACTION OF LIGAND (L1) AND CuL1: (MLc) WITH HER2 PROTEIN

Ligand and Binding Inhibition
copper(Il) energy constant

Intermolcular Bonding distance

Interacting residues

complex (kcal/mol) ~ (Ki) (mm) €'Y (kcal/mol) Ligand (atom)  Protein (atom)  Distance (A)
W430, E485, G486, Hydrogen bonding interactions
L487, A488, C489, L-O H490-NH 3.08
H490,  Q491,G502, L-NH E485-0 2.09
P501 Special type of interactions
Anion---w L-O Cg1-H490 3.3
Ligand (L1) -2.93 7.07 -5.32 Anion- -1 Cg2-L 0-A488 43
N-H---7 Cg2-L NH-G486 5.2
Anion---t Cg3-L 0O-L487 4.2
Anion---t Cg3-L 0-E485 4.1
C-H---m Cg4-L CH-L487 4.5
T-Shaped---© Cg4-L CZ-W430 4.1
D399, Q404, W430, Hydrogen bonding interactions
R434, P501, PS03, CuL1-04 Q505-NE2 3.22
T504, Q505 CuL1-06 T504-0G1 3.14
CuL1-03 T504-0G1 2.90
CuLy CuL1-N2 T504-0G1 3.33
(ML1c) il LY i CuL1-03 T504-N 3.03
CuL1-03 P501-O 2.86
CuL1-N1 P501-O 2.88

Special type of interactions
n---m Stacking CuL:-Cgl W430-Cg2 4.3
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bonds measuring 3.14, 2.90, and 3.33 A, respectively, one of
which was water-mediated. The backbone nitrogen atom of
T504 formed another water-mediated hydrogen bond with the
03 atom of CuL; at 3.03 A. Two additional hydrogen bonds
were observed between the oxygen atom of P501 and the O3
and N1 atoms of CuL; at distances of 2.86 and 2.88 A,
respectively. A r-related hydrophobic interaction was identi-
fied between the aromatic centroid of Cul; and the indole
ring centroid of W430 at a distance of 4.3 A.

Comparison of the docking results shows that the free
ligand and the Cu(ll) complex possess comparable binding
affinities toward the HER2 receptor. The difference in the
calculated binding energy is small (-2.93 and -2.86 kcal/mol),
whereas the Cu(ll) complex forms a larger number of hydro-
gen bonds. Both compounds interact with the HER2 binding
region through a combination of hydrogen-bonding and hydro-
phobic contacts. Since docking scores alone cannot accurately
predict binding affinity, these calculations should be regarded
as supportive computational evidence rather than conclusive
proof of stronger HER2 binding. The Cu(ll) complex was
selected as the most promising compound since it exhibited
superior in vitro cytotoxic activity against MCF-7 cells tog-
ether with a favourable docking profile. Experimental HER2
inhibition assays, molecular dynamics simulations and bind-
ing free-energy calculations are required to validate the prop-
osed binding mode and clarify its mechanism of action [11].

Conclusion

This work highlights the synthesis and biological evalua-
tion of a new Schiff base ligand prepared from furfuralde-
hyde and 4,4'-sulfonyldianiline (dapsone) using a solvent-free,
CNSL-catalysed green synthetic approach under ambient
conditions. Mononuclear Co(ll), Ni(ll), Cu(ll) and Zn(Il)
complexes were synthesised in a 1:1 metal-to-ligand ratio and
characterised by elemental analysis and spectroscopic tech-
niques. The physico-chemical studies assigned octahedral
geometries to the Co(ll), Ni(ll) and Zn(1l) complexes, while
the Cu(ll) complex adopted a square-planar geometry. SEM
analysis revealed distinct morphological changes following
metal coordination. Biological evaluation showed that all
metal(ll) complexes exhibited higher antimicrobial activity
than the free ligand against the studied bacteria, with the
Cu(ll) complex displaying the highest activity. MTT assay
against MCF-7 cells revealed moderate cytotoxicity, with the
Cu(ll) complex exhibiting a lower ICsq value than the free
ligand. Molecular docking demonstrated that both the Schiff
base ligand and the Cu(ll) complex interact favourably with
the HER2 receptor through multiple hydrogen-bonding and
hydrophobic interactions. The calculated docking scores were
comparable and do not, by themselves, establish the Cu(ll)
complex as a stronger HER2 binder. Considering its superior
in vitro cytotoxic activity together with its favourable inter-
action profile, the Cu(ll) complex emerges as the most promi-
sing candidate.
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