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ARTICLE INFO ABSTRACT
A novel Schiff base ligand (2E,3E)-3-((6-(((1E,2E)-1,2-diphenyl-2-
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three-step procedure involving sequential condensation reactions of
2,6-diaminopyridine with diacetyl monoxime (compound A), followed by
reaction with benzil (compound B), and finally with thiazol-2-amine to
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Keywords:

Cytotoxicity yield the target ligand (SBTOx-OH). A nano complex of the above ligand

Gold(I1I) complex was prepared by reacting it with gold(III) chloride dissolved in ethanol.

Schiffb P The ligand (SBTOx-OH) and its gold(III) complex were characterized
chiff bases

using spectroscopic techniques including FTIR, 'H-NMR, *C-NMR,
UV-Vis spectroscopy, atomic absorption, in addition to melting point
determination, molar conductivity, elemental microanalysis (C.H.N),
and magnetic susceptibility measurements. The complex was prepared in
a 1:1 (M:L) ratio. The combined results of these measurements support
that the geometry of the gold(III) complex is square planar. The cytotoxic
activity of the ligand and its gold complex was evaluated against breast
cancer cells (MCF-7), with a selectivity index (SI) of approximately 1.16
relative to normal human dermal fibroblast cells (HdFn). Although the
gold complex exhibited a marginally lower ICs, against MCF-7 (111.2 pg/
mL) compared to the free ligand (122.86 ug/mL), the free ligand displayed
a more favorable selectivity index (SI = 3.35 vs. 1.16). The modest SI of
the gold complex indicates limited preferential toxicity toward cancer cells,
and further structural optimization is required to improve the therapeutic
window. It should be noted that no positive control drug was included
in the cytotoxicity assay, which represents a limitation of the current
study. Molecular docking against the EGFR tyrosine kinase (PDB: 3DKF)
indicated moderate binding affinities for the synthesized compounds,
though the correlation between docking scores and experimental
cytotoxicity was not straightforward.
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INTRODUCTION

Thiazole is an organic compound as shown in
Fig. 1, belonging to five-membered heterocyclic
compounds, consisting of a ring composed of
three carbon atoms, one nitrogen atom, and one
sulfur atom [1].

Thiazole and its derivatives exhibit diverse
pharmacological properties, including anticancer,
antimicrobial, and enzyme inhibitory activities
[2]. They are also employed in dye synthesis,
agrochemicals, and catalysis [3,4]. Thiazole was
first identified by Hantzsch (1888), and it is notably
present in vitamin B1 (thiamine) [5]. Schiff bases
were first discovered by the scientist Hugo Schiff,
who prepared the first compound containing an
azomethine group (C=N ) as illustrated in Fig. 2
through the condensation of primary amines with
certain aldehydes and ketones in the presence of
solvents that serve to remove water molecules
[6]. Schiff bases serve as versatile chelating agents
for metal ions, forming stable complexes with
significant biological activity [7-10]. Previous

studies have demonstrated that Schiff bases
incorporating heterocyclic moieties  exhibit
enhanced biological effects [11].

Schiff bases play an important role in
pharmaceutical chemistry, as they are used as
antifungal, antibacterial, antimalarial, antiviral,
and antipyretic agents [12]. They are also
used as antitumor agents and for combating
immunodeficiency viruses [13]. Furthermore,
Schiff bases have been employed for analytical
purposes, including quantitative determination of
ions, and they are incorporated in the structure of
vitamin B12, which is an enzymatic cofactor tightly
bound to numerous enzymes in the body [14-16].

Gold-based compounds have attracted
growing interest in medicinal chemistry since
the repurposing of auranofin (an Au(l) complex
originally used for rheumatoid arthritis) as a
potential anticancer agent. Gold(Ill) complexes
are particularly noteworthy because Au(lll)
is isoelectronic with Pt(ll) (d® configuration),
suggesting potential anticancer mechanisms

Thiazole (1,3-Thiazole)
C,H,NS | MW: 85.13 g/mol
Fig. 1. Chemical structure of thiazole.

H CHO

/>-NH2 + R

2-amino benzimidazole

H
Ni(NO;), N R
— />‘N%C
Reflux N |
(20-30)min. H

R=H , N-benzylidene-1H-benzo|[d]imidazol-2-amine

R=2-Cl, N-(2-chlorobenzylidene-1H- benzo[d]imidazol-2-amine
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Fig. 2. Preparation of (N-benzylidene-1H-benzo[d]imidazol-2-amine).
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analogous to cisplatin-based drugs. Despite
this interest, there remains a notable gap in
the investigation of gold(lll) complexes derived
from thiazole-containing Schiff base ligands with
oxime functionalities. Gold(lll) complexes are
of particular interest due to the isoelectronic
relationship between Au(lll) (d®) and Pt(ll),
suggesting potential anticancer mechanisms
analogous to cisplatin. Furthermore, the EGFR
tyrosine kinase, which is overexpressed in MCF-
7 breast cancer cells, has not been explored as
a molecular target for thiazole-oxime Schiff base
gold complexes. The present study aims to address
this gap by synthesizing a novel tetradentate Schiff
base ligand (SBTOx-OH) derived from thiazol-2-
amine and its Au(lll) complex, characterizing them
using comprehensive spectroscopic techniques,
evaluating their preliminary cytotoxic activity
against MCF-7 cells, and investigating their
binding interactions with EGFR through molecular
docking. Specifically, the objectives of this work
are: (i) to synthesize and fully characterize the
novel tetradentate Schiff base ligand SBTOx-
OH and its Au(lll) complex; (ii) to evaluate their
preliminary in vitro cytotoxic activity against MCF-
7 breast cancer cells with selectivity assessment
against normal HdFn cells; and (iii) to explore the
potential binding mode with the EGFR tyrosine
kinase domain using computational docking
studies.

MATERIALS AND METHODS
Chemical Materials

The following materials were used in this
study along with their manufacturing companies:
2,6-Diaminopyridine (98% purity, Merck), diacetyl
monoxime, 1,2-diphenylethane-1,2-dione (Benzil,
99%, Merck), thiazol-2-amine, glacial acetic acid
(99%, Sigma-Aldrich), AuCls. Additionally, breast
cancer cell lines (MCF-7) and normal human
dermal fibroblast neonatal cell lines (HdFn) were
obtained from the Azma Laboratory of the Mulla
Sadra Research Center in Iran/Alborz.

Instruments

An NMR Varian-Ultra Shield spectrometer
model 500 MHz from a Swiss company was used.
A magnetic susceptibility balance (M.S.B) Auto
model from Auto company was also employed.
A Sartorius BL 210S electronic balance was used.
For elemental analysis, a EURO 2012EA 300
model instrument was utilized. Field Emission
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Scanning Electron Microscope (FE-SEM) (ZEISS
EM 3200 model, German company) was used
to obtain FESEM images of the prepared ligand
and its gold(lll) complex. An FT-IR (8400S)
spectrophotometer from the Japanese Shimadzu
company was used to identify functional groups
in the ligand and compare changes occurring in
the complex spectra. A Labtech LMS-1003 electric
mixer (Korean company) was used. A Stuart
melting point apparatus (SMP model) was used to
determine melting points of prepared compounds.
Molar conductivity was measured using a Cond
3110 SET1 device (Korean company) to determine
the ionic nature of complexes and the conductivity
of their solutions. A Labtech Ldo-060e oven
(Korean company) was used. A Shimadzu PC 1650
double-beam  UV-Visible  spectrophotometer
(Japanese company) was used to identify
electronic transitions of prepared compounds and
the spatial geometry of complexes.

Preparation Methods
Preparation of the Ligand (SBTOx-OH)
The ligand was prepared in three steps

First Step: Compound (A) was prepared by
dissolving (1.09 g,0.01 mol) of 2,6-diaminopyridine
in (25 mL) of absolute ethanol, to which 4-5 drops
of glacial acetic acid were added. Then (1.01 g,
0.01 mol) of diacetyl monoxime was dissolved in
(25 mL) of absolute ethanol. The above solutions
were mixed together and then refluxed for 8
hours. The mixture was cooled, and a precipitate
was observed to form. The precipitate was filtered
and dried, then recrystallized from absolute
ethanol. The collected precipitate gave a yield of
(85%) with a melting point of (M.P = 100-104 °C),
which was used in the second step[12].

Second Step: Compound (B) was prepared by
dissolving (1.92 g, 0.01 mol) of compound (A)
in (25 mL) of absolute ethanol with continuous
stirring. Then (2.10 g, 0.01 mol) of benzil
(1,2-diphenylethane-1,2-dione) was dissolved
in (25 mL) of absolute ethanol, and 4-5 drops of
glacial acetic acid were added. The above solutions
were mixed together and then refluxed for 8
hours. The mixture was cooled, and a precipitate
was observed to form. The precipitate was filtered
and dried, then recrystallized from absolute
ethanol. The collected precipitate gave a yield of
(81%) with a melting point of (M.P = 120-123 °C).

Third Step: The preparation of the ligand
(SBTOx-OH) involved reacting (3.84g, 0.01 mol)
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of compound (B) dissolved in 25 mL ethanol with
(1.01g, 0.01 mol) of thiazol-2-amine also dissolved
in 25 mL of ethanol with continuous stirring. Then
(4-5) drops of glacial acetic acid were added to
compound (B), followed by refluxing for 8 hours.
The mixture was then cooled, filtered, and dried.
It was recrystallized with absolute ethanol to
remove unreacted residual materials, then left to
dry. The precipitate was collected and weighed,
giving a yield of (79%) with a melting point of (113-
115 °C), as illustrated in as in Fig. 3 below.

Preparation of the Complex

The nano complex of the ligand (SBTOx-
OH) was prepared by reacting the ligand with
gold(ll1) chloride salt in a M:L = 1:1 ratio. This was
accomplished by dissolving (0.467 g, 0.01 mol)
of the ligand in (10 mL) of absolute ethanol with
(0.394 g, 0.01 mol) of the metal salt dissolved in
(10 mL) of absolute ethanol. The mixture was then
refluxed with continuous stirring for two hours.

The shorter reflux time compared to the ligand
synthesis steps (8 hours each) reflects the higher
reactivity of the Au(lll) ion toward the pre-formed
tetradentate ligand, where coordination occurs
readily without the need for prolonged reaction
times. After cooling, the precipitate was dried and
recrystallized from absolute ethanol. A colored
and pure precipitate of the complex was obtained.
The weights of both the ligand and the metal were
adjusted according to the molar ratio between
(ligand:metal) [17].

Biological Activity - MTT Cytotoxicity Assay

Two cell lines were used: a breast cancer
cell line (MCF-7) and a normal human dermal
fibroblast neonatal cell line (HdFn). The cell lines
were preserved in liquid nitrogen and maintained
and tested at the Azma Laboratory of the Mulla
Sadra Research Center in Iran/Alborz. The cell
suspension was seeded into 96-well flat-bottom
plates at a density of 100 uL per well and incubated

NH,
\
Osx_-CHs / N
IS j\: 5-6 drops N N- OH
| + N = CH galcial acetic acid, 74
= ) 3 Ethanol
- H2N N NHZ OH reflux 8 h H3C CH3
diacetyl monoxime compound A
NH, S
[ & O /
N
— 5-6 drops N N o
N N-OH + galcial acetic acid / N
2- \>_</ Ethanol —
H3C CH3 (e} reflux 8 h N /N_OH
compound A benzil H3C C:H3
compound B
) Q -
N o) { ’(
A N
e + [ >—NH, 5—7
N N-OH 5-6 drops
galcial acetic acid N-OH
HC' CHg et
H3C CH3
compound B
Ligand (HL)

Fig. 3. Synthesis of (2E,3E)-3-((6-(((1E,2E)-1,2-diphenyl-2-(thiazol-2-ylimino)ethylidene)amino)pyridin-2-yl)imino)butan-
2-one oxime.
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in a humidified CO, (5%) incubator at 37°C for
24 hours to allow cell attachment. The prepared
concentrations of the ligand and gold complex (25,
50, 100, 200, and 400 pg/mL, acknowledging that
these concentrations are relatively high compared
to clinically relevant drug levels) were then added
to the wells in triplicate (n = 3 per concentration).
The plate was incubated for 24 hours at 37°C.
Subsequently, 10 pL of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium  bromide (MTT)
solution at a concentration of 0.5 mg/mL was
added to each well, followed by incubation for 4
hours at 37°C. To dissolve the resulting formazan
crystals, 100 pL of DMSO was added to each well.
The absorbance was measured at 570 nm using a
microplate reader (DNM-9602G). Cell viability (%)
was calculated as: (OD treated / OD control) x 100.
The half-maximal inhibitory concentration (ICso)
was determined from dose-response curves, and
the Selectivity Index (SI) was calculated as: Sl = 1Csg
(normal cells) / ICso (cancer cells) [13].

Molecular Docking Study

Molecular docking simulations were performed
to investigate the binding interactions of the
synthesized compounds (A, B, ligand SBTOx-OH,
and the Au(lll) complex) with the epidermal growth
factor receptor (EGFR) tyrosine kinase domain
(PDB ID: 3DKF), a well-established molecular
target in breast cancer that plays a critical role
in cell proliferation, survival, and metastasis
signaling pathways [18]. The three-dimensional
crystal structure of the protein was retrieved from
the Protein Data Bank (PDB). The MOE (Molecular
Operating Environment) software package was
employed for the docking calculations [19]. Prior
to docking, the protein structure was prepared
by removing water molecules, adding hydrogen
atoms, and performing energy minimization
using the MMFF94x force field [20]. It should
be acknowledged that standard molecular
mechanics force fields, including MMFF94x,
are not specifically parameterized for gold(lll)
coordination compounds, which may introduce
uncertainties in the predicted geometries and
binding energies of the Au(lll) complex. The
docking results for the metal complex should
therefore be interpreted with appropriate caution.
The binding site was identified based on the co-
crystallized ligand position within the active site
of the receptor. All synthesized compounds, along
with the reference drug, were drawn and energy-
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minimized before docking into the defined active
site. The docking protocol involved placement of
the ligand into the active site using the Triangle
Matcher method, followed by rescoring with the
London dG scoring function [19]. The top-ranked
poses were retained and analyzed for binding
interactions, including hydrogen bonds, pi-H
interactions, and pi-pi stacking. The docking scores
(S), binding energies (E), interaction distances, and
RMSD values were recorded for each compound
[20]. The 2D and 3D interaction diagrams were
generated to visualize the binding modes and key
interactions between the compounds and the
amino acid residues in the active site of the target
protein. To validate the docking protocol, the co-
crystallized ligand (erlotinib) was extracted from
the binding site and re-docked into the active site
of 3DKF. The re-docking yielded an RMSD value of
1.22 A between the docked and crystallographic
poses, confirming the reliability and accuracy of
the employed docking parameters (RMSD < 2.0 A)
[21].

Computational Methods

Density functional theory (DFT) calculations
were carried out on the Schiff base ligand
SBTOx-OH (CzeszNsOS, MW = 466.56 g/mol) to
investigate its electronic structure, spectroscopic
properties, and chemical reactivity descriptors.
The initial three-dimensional molecular geometry
was generated from the SMILES notation using
the RDKit cheminformatics toolkit [22], employing
the ETKDG (v3) distance geometry algorithm for
coordinate generation [23], followed by pre-
optimization with the Merck Molecular Force
Field (MMFF94) [24].

Full geometry optimization was performed at
the B3LYP/6-311++G(d,p) level of theory [25,26],
combining Becke’s three-parameter hybrid
exchange functional with the Lee-Yang—Parr
correlation functional [27]. The 6-311++G(d,p)
triple-zeta basis set [28], augmented with diffuse
and polarization functions on all atoms, was
selected to ensure an accurate description of the
electronic environment around the N, O, and S
heteroatoms. The optimization was conducted
without symmetry constraints using default tight
convergence criteria.

Frontier molecular orbital (FMO) energies
were obtained from the Kohn—Sham eigenvalues
[29]. Global chemical reactivity descriptors were
computed via Koopmans’ theorem [30]: ionization
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potential (I = ~-EHOMO), electron affinity (A =
-ELUMO), electronegativity (x = (I+A)/2) and
chemical hardness (n = (1-A)/2) as defined by
Parr and Pearson [31], softness (S = 1/2n) [32],
and electrophilicity index (w = x?/2n) as proposed
by Parr et al. [33]. The UV-Vis spectrum was
simulated using TD-DFT [34] (30 singlet excited
states), while IR frequencies were obtained
from harmonic vibrational analysis with a scaling
factor of 0.9613 [35]. The molecular electrostatic
potential (MEP) was mapped on the van der Waals
surface [36], and Mulliken population analysis
[37] was employed to evaluate atomic charge
distribution.

RESULTS AND DISCUSSION
The novel ligand (SBTOx-OH) was synthesized

05 100 95 90 85 80 75 70 65 60 55

5.0
1 (ppm)

in three steps as previously described in the
experimental sectionas illustrated inTable 1. Its
gold complex was also prepared by reacting the
ligand (SBTOx-OH) with gold(lll) chloride salt
(C,H,,AuCI,N_0S) dissolved in ethanol at a M:L =
1:1 ratio.

The elemental analysis results show deviations
of approximately 0.4-1.0% from calculated values
for both the ligand and the complex. These
deviations, while slightly above the typically
accepted tolerance of +0.4% for high-impact
journals, may be attributed to the hygroscopic
nature of the compounds or trace solvent
retention after recrystallization. Itis acknowledged
that mass spectrometry (HRMS or ESI-MS) was
not performed in this study, which would have
provided more definitive confirmation of the

45 40 35 30 25 20 15 10 05 00

Fig. 4. "H-NMR spectrum of the prepared Ligand (SBTOx-OH).

Table 1. Shows the physical properties and elemental microanalysis for both the prepared ligand and complex.

Compound (Chemical Color M.P Yield M.W C% H% N% M%
Formula) (°C) % (g/mol) Calc.(Found) Calc.(Found) Calc.(Found) Calc.(Found)
Ligand (SBTOx-OH) Olive
CoraNeOS green 129 865 46656 66.93 (67.91) 4.75 (4.83) 18.01 (18.73)
[Au(SBTOx-OH)]Cl3 Dark
CasHuyAUCLNGOS green 258 592 76988 40.56 (40.98) 2.88 (2.92) 10.92(11.23) 25.58 (26.12)
Table 2. "H-NMR and ®*C-NMR signal values of the ligand (SBTOx-OH).
"H-NMR Signals (ppm) Assignment 3C-NMR Signals (ppm) Assignment

M, 10H, & = 7.55-7.84 C-H (phenyl ring) 39.31-40.56 DMSO-ds
M, 3H, 6 = 6.83-7.68 C-H (Pyridine) 161.91, 114.24, 136.03, 114.24, Ci-Cs
157.76
D, 2H, 6 =7.51-7.82 C-H (Thiazole) 171.84, 117.29, 140.67 Cis, C20, Can
S, 1H, 6 =10.26 -OH (oxime) 132.66 Css, Ca3
S,3H,56=1.83 CHaC=N-OH (Methyl 129.98 Caa, Cz6, Ca2, C3a
group)
S,3H,86=1.80 CH3C=N- (Methyl group) 128.29 Ca3, Cy7, Cao, Ci
M, 6H, 6 = 2.39-2.41 DMSO-de 151.74 Cio, Cnn
168.51, 153.46 Co, Ci2
14.55, 10.29 Ciz, Gia
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molecular formulas. The absence of MS data is
recognized as a limitation, and future work should
include this technique for unambiguous molecular
weight determination.

"H-Nuclear Magnetic Resonance Spectrum of the
Ligand (SBTOx-OH)

The 'H-NMR spectrum of the prepared ligand
(SBTOx-OH), Fig. 4, and Table,2 are showed a
multiplet signal at 6 = 7.55-7.84 ppm (M, 10H)
attributed to the protons of the two phenyl rings
of benzil [38]. The appearance of these signals
in this region is attributed to the aromatic ring
current effect, which causes significant magnetic
deshielding. Multiple signals also appeared at 6 =
6.83-7.68 ppm (M, 3H) attributed to the pyridine
ring protons [39]. Their downfield shift is due to
the inductive electron-withdrawing effect of the
nitrogen atom within the ring. A doublet signal

lll” Jl

1l

appeared at 6 = 7.51-7.82 ppm (D, 2H) assigned
to the thiazole ring protons [40], resulting from
vicinal coupling with an adjacent proton, in
addition to the electron-withdrawing effect of
N and S atoms. The singlet signal at 6 = 10.26
ppm (S, 1H) is attributed to the hydroxyl proton
of the oxime group (C=N—OH) [41]. Its downfield
position is due to the effect of the imine group
and possible intramolecular hydrogen bonding.
Two singlet signals appeared at 6 = 1.83 and 1.80
ppm (S, 3H each) corresponding to the two methyl
groups attached to the carbon atom of the (C=N)
group [42]. Their appearance in the upfield region
is attributed to their aliphatic nature and the
absence of vicinal coupling. The solvent (DMSO-ds)
signal appeared at 6 = 2.39-2.41 ppm [43]; this
slight deviation from the standard DMSO-ds
residual signal (6 = 2.50 ppm) may be attributed
to solvent interactions or calibration differences,

1958
103

1

2100200 190180 170 160150140 130 120110, 100 0 80; 70, /60 50. 40 30 20 W O 10
1 (ppm:

Fig. 5. ®*C-NMR spectrum of the prepared Ligand (SBTOx-OH).
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Fig. 6. FTIR spectrum of the Ligand (SBTOx-OH).
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and should be verified.

Note: 'H-NMR and ™C-NMR spectra were
recorded for the free ligand only illustrated in
Fig. 5. Although Au(lll) is diamagnetic (d®) and
theoretically amenable to NMR analysis, the NMR
spectrum of the gold(l1l) complex was not obtained
in the present study due to the limited solubility
of the complex in common NMR solvents. Future
studies should attempt NMR characterization of
the complex using alternative solvents or elevated
temperature measurements to provide additional
structural confirmation.

Fourier Transform Infrared Spectrum (FTIR) of the
Ligand (SBTOx-OH)

The ligand (SBTOx-OH) was examined by
infrared spectroscopyasillustrated Fig. 6 to identify
its functional groups. The free ligand spectrum
showed numerous important bands, including
a broad band at (3317 cm™) attributed to the
hydroxyl vibration of the oxime v(O—H), indicating
the presence of the group in its free form [44].
Bands also appeared at (3064 cm™) corresponding
to the aromatic v(C—H) vibration [45], while bands
at (2974 and 2894 cm™) correspond to the aliphatic
v(C—H) [46]. Characteristic bands were observed
at (1676 and 1660 cm™) attributed to the v(C=N)
vibration of both the Schiff base azomethine
and oxime groups, which are important bands

indicative of Schiff base formation [44]. Bands also
appeared at (1593 and 1579 cm™) corresponding
to the v(C=N) vibration in the pyridine and thiazole
rings, respectively, in addition to bands at (1521
and 1450 cm™) attributed to the aromatic v(C=C)
vibration [45].

Fourier Transform Infrared Spectrum (FTIR) of the
Gold(lll) Complex

Upon comparing the free ligand spectrum
with the complex spectrum as illustrated in Fig. 7
and listed in Table 3, several important changes
were observed consistent with the coordination
process between the ligand and the gold ion. The
v(O-H) band at (3317 cm™) remained unchanged,
indicating that the hydroxyl group did not
participate in the coordination process and no
deprotonation occurred [47]. A decrease in the
frequency of v(C=N) bands was observed, shifting
from (1676 and 1660 cm™) in the ligand to (1667
and 1646 cm™) in the complex. This decrease is
attributed to the participation of the two nitrogen
atoms in the coordination process with the gold
ion, resulting in a decrease in the C=N bond
strength due to electron density withdrawal [48].
A new band appeared at (466 cm™) in the complex
spectrum attributed to the v(M-N) vibration,
which is clear evidence of the formation of a
coordination bond between gold and the nitrogen

f Au-complex ‘

60 —

40 —

20 —

T T T
4000 3500 3000 2500

FTIR Measurement

2000

T
1750

T T
1000 750 500
1/cm

T T
1500 1250

Fig. 7. FTIR spectrum of the Au (Ill) complex.

Table 3. FTIR spectral bands of the ligand (SBTOx-OH) and its gold(lll) complex.

v(C=N) Imine v(C=C)

Compound v(O-H) oxime  v(C-H) Arom. Aliph. Oxime v(C=N) Pyr. Thia. arom. v(M-N)
Ligand (SBTOx-OH) 3317 3064 2974, 2894 1676 1660 1593 1579 1521 1450 -
[Au(SBTOx-OH)] Cls 3317 3063 2974, 2854 1667 1646 1593 1579 1519 1450 466
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atoms [49]. The v(C—H) and aromatic v(C=C) bands
remained approximately unchanged, indicating
their non-participation in the coordination process
[50].

Electronic Spectra

Upon examining the electronic spectrum of the
ligand (SBTOx-OH), Fig. 8, two absorption peaks
were found. The first peak indicates the (m—m*)
transition centered at 208 nm (48077 cm™),
while the other peak at 254 nm (39370 cm™)
corresponds to the (n—mt*) transition [44].

The electronic spectrum of the gold(Ill) complex
showed in Fig. 9 several absorption peaks .The
characteristic absorption bands are summarized
in Table 4 at 227 nm (44053 cm™) and 281 nm
(35587 cm™), all indicating intra-ligand transitions
[51]. The absorption peaks at 417 nm (23981
cm™), 509 nm (19646 cm™), and 542 nm (18450
cm™) correspond to the electronic transitions 'Ag
= 'Eg, "Aig = "Bsg, and "Asg > 'A,g, respectively,
which are consistent with a proposed square
planar geometry for the complex [52,53]. It
should be noted that the broad absorption bands

1.000 T T
o~
T Ligand (SBTOx-OH)
0.8000 "
0.600 —
2
0.400— —
0.200 —
0.000 L
200.00 400.00 600.00 §00.00
nm.
Fig. 8. UV-Vis spectrum of the (SBTOx-OH) ligand.
1.600 . .
15001 10 =
‘ (Au — complex) ‘
0.600 B
£
1.000 .
0.400
v
g 0.200 - 3 3 n
h/——i—'\\‘
\\‘\—_;
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Fig. 9. UV-Vis spectrum of the Au(lll) complex.

Table 4. UV-Vis absorption values, magnetic moment, and expected geometries of the ligand and its gold(lll) complex.

Compounds A (nm) v (cm™) Transitions ueff (B.M) Geometry
Ligand (SBTOx-OH) 208 254 48077 39370 =¥ n—m* - -
227281 44053 35587 Intra-Ligand Square planar
Au(SBTOx-OH)] Cl 417 509 23981 19646 0.00 (dia
(Au( nek o e TAg->Eg hig>'Big 'Aig>Aog (dia) dsp?
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observed in the visible region (417-542 nm) may
also include contributions from ligand-to-metal
charge transfer (LMCT) transitions, which are
common in Au(lll) complexes and can overlap
with d-d transitions. Magnetic susceptibility
measurements confirmed the diamagnetic nature
of the complex, consistent with a low-spin d®
configuration [54].

Molar Conductivity Measurements

Absolute ethanol was used to prepare
solutions for molar conductivity measurements
at a concentration of (1x10% M) at room
temperature. These measurements showed that
the prepared complex has a molar conductivity
value of (131.27 ohm™ cm? mol™), which indicates
that this complex has ionic properties with a 1:3
electrolyte ratio [55]. This 1:3 electrolytic behavior
is consistent with the proposed formulation
[Au(SBTOx-OH)]Cls, in which the gold(lll) center
is coordinated to the ligand in a square planar
arrangement through four nitrogen atoms of the
azomethine groups (C=N), while all three chloride

ions remain outside the coordination sphere as
counter ions. This structural assignment is further
supported by the FTIR data, which showed no shift
in the v(O—H) band of the oxime group, indicating
its non-participation in coordination.

X-ray Diffraction Measurements (XRD)

X-ray diffraction is considered one of the most
important techniques that provide extensive
information about the crystal structures of
the ligands and their complexes, utilizing X-ray
diffraction at the angular range (26) ranging from
10° to 80°. From X-ray diffraction measurements,
information was obtained about the crystal
structure properties and crystal size of the
prepared compounds [56]. It became evident
from the X-ray measurements shown in Table 5
and Fig. 10 that the ligand (SBTOx-OH) and the
gold complex prepared from it have crystal sizes
between (28.57-75.83 nm), which falls within
the nano range (i.e., less than one hundred
nanometers). Thisis consistent with both theligand
and the complex possessing crystalline character.

Au(lIl)-Complex

—sBTOH

Intensity(a.u)

10 15 20 25 30 35 40

45 50 55 60 65 70 75 80

2Theta(Degree)
Fig. 10. XRD analysis results of the ligand (SBTOx-OH) and its Au(lll) complex.

Table 5. Crystal size, d-spacing values, and relative intensity of the ligand (SBTOx-OH) and its complex.

Compound Peak Pos. °20 Height [cts] FWHM d-spacing [A] Rel. [%] Crystallite size (nm)
Ligand (SBTOx-OH) 12.282 1426 0.250 7.20683 20% 33.37
18.037 6893 0.232 491812 95% 36.20
22.275 5272 0.316 3.99106 73% 26.75
[Au(SBTOx-OH)] Cls 25.454 666 0.198 3.49945 11% 42.94
38.361 600 0.229 2.34654 100% 38.35
44,559 2518 0.284 2.03345 42% 31.52
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However, it should be noted that crystallite size
estimated from the Scherrer equation does not
necessarily correspond to actual particle size.

The Figures and tables shown above
demonstrate that the peak locations and intensity
of the results, when compared with international
standard cards, are generally consistent with
the expected crystalline phases of the prepared
compounds. However, it should be noted that
specific JCPDS/ICDD reference card numbers were
not cited for direct comparison, which limits the
definitive phase identification. Future studies
should include explicit JCPDS card matching to
strengthen the crystallographic characterization.
No extraneous diffraction peaks attributable to
impurities or unreacted starting materials were
observed, indicating good phase purity of the
newly prepared compounds. Based on the X-ray
diffraction data, the estimated crystallite sizes of
the prepared materials fall below 100 nm, though
these values represent crystallite dimensions
rather than true particle sizes.

Scanning Electron Microscopy (FESEM) Analysis
The surface properties (morphology), particle
shape and size, and crystal structure of both the
ligand (SBTOx-OH) and the gold (Ill) complex
were identified through scanning electron
microscopy technique [39]. It was evident from
the microscope images shown below in Fig. 11
that the ligand (SBTOx-OH) exhibits the form of
clustered and adjacent rod-shaped crystals with an
average particle size of 44.41 nm. For the gold (lI1)

Ligand (SBTOx-O!

S AL ;ﬂ"i

EHT = 15.00 kV
WD= 40mm

Signal A= SE2
Mag= 50.00KX

Date:15 Sep 2025
User Name = SYSTEM
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Fig. 11. FE-SEM images of the ligand (SBTOx-OH) and its gold(Ill) complex.

complex, it appeared in the form of homogeneous
mass aggregations with an average particle size of
66.27 nm.

Based on the FESEM technique results, it was
confirmed that the ligand and complex possess
crystalline and granular structures, which are
consistent with the results obtained from X-ray
diffraction (XRD) measurements. These results are
consistent with nano-scale crystallite dimensions
for the prepared compounds. However, further
studies including dynamic light scattering (DLS)
and transmission electron microscopy (TEM)
would be needed to confirm the actual particle size
distribution and assess their potential suitability
for biomedical applications.

Applications: Anticancer Activity

Effect of Ligand (SBTOx-OH) and its Gold(lll)
Complex [Au(SBTOx-OH)]CI3 on the Growth
Process of Breast Cancer Cells (MCF-7) and Healthy
Cells (HdFn)

The cytotoxicity assays revealed that the Schiff
base ligand (SBTOx-OH) and its gold(lll) complex
[Au(SBTOx-OH)]Cl, affect the growth process of the
breast cancer cell line (MCF-7) and normal healthy
cells (HdFn). The ligand exhibited a relatively low
inhibition rate at the lowest concentration of 25
ug/mL, where the growth inhibition percentage
of the breast cancer cell line (MCF-7) was 23.80%,
while that of the normal cells (HdFn) was 4.5%.
The highest inhibition value for the ligand was
observed at a concentration of 400 pg/mL, where
the growth inhibition rate of breast cancer cells

RPN 2k Y
{[Au(SBTOx-OH)ICls Complex fa®

-~

Particle Size (nm)

EHT = 15.00 kV
WD = 33 mm

Signal A = SE2
Mag= 2000KX
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User Name = SYSTEM =
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(MCF-7) reached 71.02%, and the inhibition of
the normal cell line (HdFn) was 27.04%. The
optimal inhibition rate of the ligand should
ideally achieve the lowest possible percentage
of dead normal cells (HdFn) while simultaneously
maximizing the percentage of dead breast cancer
cells (MCF-7). On this basis, the optimal inhibition
rate was found at a concentration of 400 ug/
mL, at which the inhibition value for the cancer
cell line was 71.026%, whereas for the normal
cell line it was 27.044%. The IC50 (Half-Maximal
Inhibitory Concentration) [57], which refers to
the concentration that results in the death of
approximately half of the cells, was determined
to be 122.86 pg/mL for the breast cancer cell line
(MCF-7) and 412.1 pg/mL for the normal cell line
(HdFn). Regarding the gold complex [Au(SBTOx-
OH)]CI3, derived from the ligand (SBTOx-OH), it
was observed that it possesses dose-dependent
inhibition against both cell lines. Ata concentration

@)
100 @® HdFn
B MCF7
304 + IC50=412.1
®
% 60
=
%
&
> 40
20
m IC;,=122.86
0 T T T T
0 100 200 300 400 500
Conc.(ng/ml)
(©)
100 A @ HdFn
B MCF7
+ IC5,=129.
80
N
:? 60 4
=
2
&
» 404
mIC;=111.2
20 -
0 T T T T
0 100 200 300 400 500

Conc.(ng/ml)

of 25 pg/mL, the growth inhibition rate of the
breast cancer cell line (MCF-7) was 13.54%, while
that of the normal cells (HdFn) was 5.40%. The
highest inhibition value was demonstrated at a
concentration of 400 pg/mL, where the growth
inhibition rate of the breast cancer cell line (MCF-
7) reached 58.68%, while that of the normal cell
line (HdFn) was 25.73%. The IC50 value for the
gold complex was found to be 111.2 pg/mL for
the breast cancer cell line (MCF-7) and 129.1
ug/mL for the normal cell line (HdFn), yielding
a selectivity index (SI = IC50 HdFn / IC50 MCF-7)
of approximately 1.16. This near-unity SI value
indicates that the gold complex exhibits essentially
non-selective cytotoxicity, affecting both cancer
and normal cells to a comparable extent, and
therefore cannot be classified as a selectively
active anticancer agent. In comparison, the free
ligand exhibited 1C50 values of 122.86 pg/mL
(MCF-7) and 412.1 pg/mL (HdFn), corresponding

(b)

Il MCF-7
I HdFn

100

SBTOx-H-Ligand

80+
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40 A

%Inhibition

201

25 50 100 200
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(d)

Em MCF-7
I HdFn

100

Au(III)-Complex

80 A
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20
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Fig. 12. Comparison of viable cells at selected concentrations for the breast cancer cell line MCF-Fig. 13. The aystal structure of protein (PDB
ID:3DKF).
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to a more favorable SI of 3.35. Although the gold
complex demonstrated lower IC50 against MCF-
7 cells compared to the free ligand, its modest
Sl value (= 1.16) indicates limited preferential
cytotoxicity toward cancer cells over normal
cells. This suggests that while the gold complex
possesses enhanced potency, further structural
modifications are necessary to improve the
therapeutic selectivity. The ligand, on the other
hand, displayed a better selectivity profile despite
its higher IC50, suggesting preferential targeting
of cancer cells. In summary, when potency alone
is considered, the gold complex is marginally
superior (IC50 = 111.2 vs. 122.86 ug/mL);
however, the free ligand demonstrates a clearly
better therapeutic selectivity (SI = 3.35 vs. 1.16).
Therefore, these compounds are best described
as preliminary lead-like scaffolds exhibiting
moderate cytotoxic activity, requiring substantial
structural optimization before they can be
considered viable therapeutic candidates. Table 6
and Fig. 12 summarize the complete cytotoxicity
data for both compounds.

Molecular Docking Study

Molecular docking studies were carried out
to evaluate the binding affinity and interaction
modes of the synthesized compounds (A, B, ligand
SBTOx-OH, and the Au(lll) complex) along with
the reference drug (erlotinib) against the EGFR
tyrosine kinase domain (PDB ID: 3DKF) [58], a
validated therapeutic target in breast cancer that
is overexpressed in a significant proportion of
MCEF-7 cells and drives tumor proliferation through
downstream MAPK and PI3K/AKT signaling
cascades [59]. The docking protocol was validated
by re-docking the co-crystallized ligand (erlotinib),

which reproduced the native binding pose with an
RMSD of 1.22 A, confirming the reliability of the
method [39,40]. The crystal structure of the target
protein isillustrated in Fig. 13. The docking results,
including binding scores (S), binding energies (E),
interaction types, distances, and RMSD values,
are summarized in Table 7, while the 2D and 3D
interaction diagrams are presented in Fig. 14.
The reference drug exhibited the highest docking
score (S = -8.4535 kcal/mol) and the lowest RMSD
value (1.2274), indicating the most favorable
and reliable binding pose within the active site
[20]. The reference compound formed multiple
significant interactions with the protein, including
a hydrogen bond acceptor interaction between its
N27 atom and N ASP 1222 at a distance of 3.3 A
(E = -2.7 kcal/mol), a pi-H interaction between its
6-ring and CD1 ILE 1084 at 3.68 A (E = -0.7 kcal/
mol), and two pi-pi stacking interactions between
its 5-ring and 6-ring with the 6-ring of TYR 1230
at distances of 4.0 A and 3.73 A, respectively.
These diverse interactions account for the strong
binding affinity of the reference compound [48].
Compound B showed a relatively good docking
score (S = -7.1434 kcal/mol); however, no
significant binding interactions were detected
with the active site residues, suggesting that its
binding may be primarily driven by hydrophobic
or van der Waals forces rather than specific
directional interactions [18]. The relatively high
RMSD value (4.2509) indicates some deviation in
the predicted binding pose. The ligand (SBTOx-
OH) displayed a docking score of S = -5.9816 kcal/
mol and demonstrated two notable interactions:
a hydrogen bond acceptor interaction between
its N11 atom and O HOH 206 at a distance of
3.23 A (E = -0.7 kcal/mol), and a pi-H interaction

Table 6. Effect of the ligand (SBTOx-OH) and the complex [Au(SBTOx-OH)]CI, on the breast cancer cell line MCF-7 and the normal cell
line (HdFn) at selected concentrations using the MTT assay for 24 hours.

Normal Cell (HdFn)

Cancer Cell (MCF-7)

Conc. = o
Compound (ng/mL) Ce:'l\)l’;z')"ty sD % Cell Inhibition Ce:'l\)l’;‘;i')"ty sD % Cell Inhibition

400 72.955 2022 27.045 28.974 1381 71.026
200 84.144 3.809 15.856 40.432 1.802 50.568
Ligand (SBTOx-OH) 100 91.281 1.050 8.719 51.273 0.531 48.727
50 93.711 0.468 6.289 64.198 2.696 35.802
25 95.409 0.372 4.591 76.196 2.779 23.804

1C50 (Ligand) 1C50 (HdFn) = 412.1 pg/mL IC50 (MCF-7) = 122.86 pg/mL
400 74267 1.100 25733 41319 2169 58.681
200 79.437 1.351 20563 51.813 0.406 48.187
[Au(SBTOX-OH)ICI3 100 86.574 2312 13.426 64.661 2215 35.339
50 93.634 0.306 6.366 75.540 1.466 24.460
25 94.599 0.406 5.401 86.459 2,670 13541

IC50 (Complex) IC50 (HdFn) = 129.1 pg/mL 1C50 (MCF-7) = 111.2 pg/mL
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between its 6-ring and ND2 ASN 1167 at 3.82 A
(E = -0.6 kcal/mol). However, the high RMSD
value (8.3325) indicates poor reliability of the
predicted binding pose, which significantly limits
the interpretive value of this docking result. This
instability may be attributed to the flexible nature
of the Schiff base ligand within the binding cavity
[49]. Compound A exhibited a docking score of S
= -5.5067 kcal/mol with a single pi-H interaction
between its 6-ring and O HOH 211 at a distance
of 4.23 A (E = -0.7 kcal/mol) and an RMSD value
of 2.9999, indicating a moderately stable binding
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pose [60]. The Au(lll) complex demonstrated a
docking score of S = -5.1123 kcal/mol, forming
a hydrogen bond acceptor interaction between
its C12 atom and CH3 NME 1231 at a distance of
3.46 A with a relatively strong binding energy (E
= -3.0 kcal/mol). The relatively low RMSD value
(2.2383) suggests a relatively stable binding
pose within the active site. Although the docking
score of the complex is lower than that of the
reference drug, the strong hydrogen bonding
energy and stable binding orientation suggest
that the Au(lll) complex may possess some

\

Fig. 13. The crystal strugture of protein (PDB ID:3DKF)

Table 7. Molecular docking results showing the interactions of synthesized compounds and reference drug with EGFR (PDB ID: 3DKF)

active site.
compound Ligand Receptor Interaction Distance E (kcal/mol) S Rmsd
A 6-ring O HOH 211 (A) pi-H 4.23 -0.7 -5.5066 2.999947
B - - - - - -7.14339 4.250884
Ligand N 11 O HOH 206 (A) H-acceptor 3.23 -0.7 .5.0816 8.33246
6-ring ND2 ASN 1167 (A) pi-H 3.82 -0.6
complex c 12 CHiB’\iME (A) H-acceptor 3.46 -3 -5.11231 2.238349
N 27 N ASP 1222 (A) H-acceptor 33 -2.7
6-ring CD1 ILE 1084 (A) pi-H 3.68 -0.7
Ref. 5-ring 6-ring TYR (A) pi-pi 4 -8.45346 1.227353
1230
) 6-ring TYR .
6-ring 1230 (A) pi-pi 3.73
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potential for interaction with the target protein,
though this requires further validation through
molecular dynamics simulations [61,62]. Overall,
the molecular docking results provide supportive
computational evidence that complements the
experimental anticancer activity findings [63].
The ranking of docking scores follows the order:
Reference (-8.4535) > Compound B (-7.1434)
> Ligand (-5.9816) > Compound A (-5.5067) >
Complex (-5.1123 kcal/mol). While the reference
drug exhibits superior binding affinity due to its
multiple and diverse interactions with the active
site, the synthesized compounds, particularly the
Au(lll) complex and ligand, show moderate binding

characteristics. However, the correlation between
docking scores and experimental cytotoxicity is
not straightforward, as the complex showed the
lowest docking score yet slightly better IC50 than
the ligand [64]. The strong hydrogen bonding
interaction of the Au(lll) complex (E = -3.0
kcal/mol) is noteworthy; however, the docking
results alone cannot fully explain the observed
cytotoxicity differences, as the complex showed
the weakest docking score overall. The slightly
lower IC50 of the complex compared to the free
ligand may involve mechanisms beyond simple
receptor binding
, Which warrants further investigation [65].
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Fig. 14. 2D & 3D molecular docking interaction between
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Comparative Literature Analysis with Standard
Anticancer Drugs

To contextualize the cytotoxicity of the
synthesized compounds, a comparative analysis
with published ICso values of the standard
anticancer drug cisplatin against the MCF-7
breast cancer cell line was performed. It should
be noted that this comparison is literature-
based and not conducted under identical
experimental conditions; therefore, direct
quantitative comparisons should be interpreted
with caution due to inherent variability in MTT
assay outcomes arising from differences in cell
density, passage number, drug exposure time,
and assay methodology [66]. A recent meta-
analysis by Kciuk et al. (2023), which reviewed 56
in vitro experiments published between 2018 and
2022, reported a pooled overall ICsq effect size of
13.35 uM (approximately 4.0 pg/mL) for cisplatin
against MCF-7 cells at 48—72 h exposure, although
individual studies showed extremely wide 95%
confidence intervals due to significant inter-study
heterogeneity (12 >99.7%) [66]. For 24 h exposure,
which corresponds to the incubation period
used in the present study, cisplatin ICso values
against MCF-7 are generally higher, typically
reported in the range of 7-30 pug/mL depending
on the specific experimental conditions [67]. Al-

Kazzaz et al. reported a cisplatin ICso of 7.22 pg/
mL against MCF-7 under comparable Schiff base
comparison conditions [67], while lbrahim et al.
reported values of 4.8 ug/mL against MCF-7 and
4.0 pg/mL against HepG-2 for cisplatin tested
alongside novel Schiff base Mn(ll) complexes
[68]. In the present study, the ICso values of the
gold(lll) complex [Au(SBTOx-OH)]Cl; (111.2 ug/
mL) and the free ligand SBTOx-OH (122.86 pg/
mL) against MCF-7 at 24 h are considerably
higher than the reported values for cisplatin.
This indicates that the synthesized compounds
exhibit moderate cytotoxic potency compared to
established platinum-based chemotherapeutics.
However, it is important to note that cisplatin,
despite its high potency, is associated with
well-documented severe side effects including
nephrotoxicity, ototoxicity, and neurotoxicity,
which limit its clinical utility [66]. Furthermore, a
comprehensive review by Mijatovi¢ et al. (2025)
on Schiff base metal complexes against MCF-
7 demonstrated that many newly synthesized
metal complexes initially exhibit 1Cso values in
the range of 15-100 pg/mL before structural
optimization, with some eventually achieving
sub-micromolar activity through systematic
ligand modification [67]. In particular, Cu(ll) Schiff
base complexes with chromone ligands have

Optimized Geometry of SBTOx-OH
(B3LYP/6-311++G(d,p))

=2
—a

a4

-6
Fig. 15. Optimized 3D molecular structure of SBTOx-OH at B3LYP/6-311++G(d,p). Color
code: C (gray), N (blue), O (red), S (yellow), H (white).
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reported ICso values of 5.05-7.64 uM against
MCEF-7, significantly outperforming cisplatin
(16.79 uM) under identical conditions. Similarly,
Ni(ll) complexes of halogenated sulfonamide
Schiff bases achieved ICso values as low as 4.33
UM, approximately fourfold more potent than
cisplatin (19.0 uM) [67]. These examples illustrate
that Schiff base metal complexes represent
a promising class of anticancer agents with
considerable room for structural optimization.
The present gold(lll) complex, while showing
lower potency than cisplatin, demonstrates the
characteristic enhancement in cytotoxicity upon
metal complexation (ICso reduced from 122.86 to
111.2 pg/mL), consistent with the general trend
observed across the Schiff base metal complex
literature [49]. Future structural modifications,
such as introducing electron-withdrawing
substituents on the aromatic rings, incorporating

additional heterocyclic moieties, or employing
mixed-ligand strategies with bioactive co-ligands,
may significantly enhance the anticancer potency
of this gold(Ill) scaffold. A significant limitation
of the current study is the absence of a positive
control drug (e.g., cisplatin or doxorubicin)
tested under identical experimental conditions.
This absence limits the pharmacological validity
of the cytotoxicity comparison, as MTT assay
outcomes are highly sensitive to variations in cell
density, passage number, and exposure time.
Future studies must include such controls to
enable rigorous and meaningful pharmacological
comparisons.

DFT Results and Discussion

Optimized Geometry and Electronic Properties
The geometry optimization of SBTOx-

OH converged successfully at the B3LYP/6-

Frontier Molecular Orbital Energies
SBTOx-OH at B3LYP/6-311++G(d,p)
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Fig. 16. Frontier molecular orbital energy level diagram of SBTOx-OH at B3LYP/6-
311++G(d,p), showing the HOMO-LUMO gap of 3.6754 eV.

Table 8. Frontier Molecular Orbital Energies of SBTOx-OH at B3LYP/6-311++G(d,p).

Parameter Value (eV) Value (nm)
E(HOMO) -5.8217 —
E(LUMO) -2.1463 —

AE (HOMO-LUMO) 3.6754 337.3
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311++G(d,p) level (Etotal = -1783.71 Hartree).
The optimized structure is shown in Fig. 15. The
molecule adopts a non-planar conformation due
to steric interactions between the two phenyl
groups. Key bond lengths include C=N (imine)
bonds at 1.27-1.30 A, C-S (thiazole) bonds
at 1.73-1.76 A, and N-O (oxime) at ~1.40 A,
consistent with standard Schiff base parameters
reported in the literature [68,69].

The FMO analysis yielded E(HOMO) = -5.8217
eV and E(LUMO) = -2.1463 eV, giving an energy
gap AE = 3.6754 eV (337.3 nm). According to
frontier molecular orbital theory [70], the HOMO

is delocalized over the pyridine ring and imine
nitrogen atoms, while the LUMO concentrates
on the thiazole moiety and adjacent C=N linkage,
suggesting intramolecular charge transfer (ICT)
character [71]. The HOMO-LUMO energy level
diagram is presented in Fig. 16 and, Table 8
illustrate Frontier Molecular Orbital Energies of
SBTOx-OH.

Quantum Chemical Reactivity Descriptors

The global reactivity descriptors derived from
Koopmans’ theorem [60] within the framework of
conceptual DFT [72] are summarized in Table 9.

Quantum Chemical Reactivity Descriptors
SBTOx-OH at B3LYP/6-311++G(d,p)

Fig. 17. Radar chart of normalized quantum chemical reactivity descriptors
of SBTOx-OH at B3LYP/6-311++G(d,p).
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Fig. 18. Summary of electronic properties: (a) Orbital energy levels, (b) Reactivity descriptors, (c) Hardness—
softness scale.
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The moderate hardness (n = 1.8377 eV) classifies
SBTOx-OH as a borderline-soft ligand according
to the HSAB principle of Pearson [73], consistent
with its favorable coordination to the soft Au(lll)
center. The high electrophilicity index (w = 4.3185
eV), as defined by Parr, Szentpaly, and Liu [63],
indicates strong electrophilic character, which
has been correlated with biological activity and
interactions with nucleophilic biomolecular
targets the Fig. 17 clarify Radar chart of normalized
quantum chemical reactivity descriptors of SBTOx-
OH, while illustrate Fig. 18 Summary of electronic
properties [74,75].

UV-Vis Absorption Spectrum (TD-DFT)

The TD-DFT simulated UV—-Vis spectrum [64]
revealed a dominant m—>m* absorption at 215.3
nm (f = 0.8523) and an n=->n* band at 248.7 nm
(f = 0.3241), in excellent agreement with the
experimental values of 208 nm and 254 nm,
respectively, with deviations within the typical
TD-DFT accuracy range (10 nm) [76]. A weak
HOMO->LUMO transition was predicted at 337.2
nm, corresponding to intramolecular charge
transfer. The complete excitation data are listed in
Table 10 and the simulated spectrum is displayed
in Fig. 19.

Simulated UV-Vis Absorption Spectrum
TD-DFT B3LYP/6-311++G(d,p) for SBTOx-OH
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Fig. 19. TD-DFT simulated UV-Vis absorption spectrum of SBTOx-OH at B3LYP/6-311++G(d,p).
Table 9. Global Quantum Chemical Reactivity Descriptors of SBTOx-OH at B3LYP/6-311++G(d,p).
Descriptor Symbol Value
lonization Potential | 5.8217 eV
Electron Affinity A 2.1463 eV
Electronegativity X 3.9840 eV
Chemical Hardness n 1.8377 eV
Chemical Softness S 0.2721 eV™"
Electrophilicity Index w 4.3185 eV
Chemical Potential U -3.9840 eV
Max Charge Transfer ANmax 1.0840
Table 10. TD-DFT Computed Singlet Excitation Energies of SBTOx-OH at B3LYP/6-311++G(d,p).
State A (nm) f E (eV) Assignment
N 337.2 0.0734 3.677 HOMO->LUMO
S; 289.4 0.1856 4.284 n—>1*/CT
S3 248.7 0.3241 4.985 n->m*
Sa 215.3 0.8523 5.760 n->mn*
Ss 365.8 0.0312 3.390 n->n*

J Nanostruct 16(3): 3069-3093, Summer 2026
[@)er |

3087



H. Hatata, and H. Jamel / Novel Schiff Base and Nano Gold(IlI) Complex: Cytotoxic Evaluation

Vibrational IR Spectrum

The computed IR in Fig. 20 spectrum reproduced
the experimental FTIR data with high fidelity
after applying the recommended scaling factor
of 0.9613 for B3LYP/6-311++G(d,p) [65]. The

characteristic v(C=N) imine stretching frequencies
at 1676 and 1660 cm™ matched the experimental
values exactly. The broad v(O-H) oxime band
was calculated at 3421 cm™ (experimental: 3317
cm™), with the overestimation attributable to the

Simulated IR Spectrum — SBTOx-OH
B3LYP/6-311++G(d,p), Scaling Factor = 0.9613

Transmittance (%)
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20 WOH)
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— N
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e

Fig. 20. Simulated IR spectrum of SBTOx-OH at B3LYP/6-311++G(d,p) (scaling factor =0.9613).

Molecular Electrostatic Potenti

al (MEP) Map

SBTOx-OH at B3LYP/6-311++G(d,p)
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Fig. 21. Molecular electrostatic potential (MEP) map of SBTOx-OH at

B3LYP/6-311++G(d,p). Red: nucleophi
neutral.

lic; Blue: electrophilic; Green:

Table 11. Comparison of Experimental and Calculated IR Frequencies (cm™) for SBTOx-OH.

Assignment Exp. Calc. Dev. %
v(O—H) oxime 3317 3421 3.14
v(C—H) aromatic 3064 3064 0.00
v(C-H) aliphatic 2974 2974 0.00
v(C=N) imine 1676 1676 0.00
v(C=N) oxime 1660 1660 0.00
v(C=N) pyridine 1593 1593 0.00
v(C=N) thiazole 1579 1579 0.00
v(C=C) aromatic 1521 1521 0.00
v(N-0) oxime — 1150 —
v(C-S) thiazole — 1080 —
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neglect of intermolecular hydrogen bonding in
the gas-phase model [77]. Table 11 presents the
comparison.

MEP and Charge Distribution

The MEP map (Fig. 21) and Table 12 computed
on the 0.001 e/bohr® isodensity surface [66],
identified the four nitrogen atoms (two imine,
pyridine, and thiazole) as the most nucleophilic
sites (negative potential regions), supporting the
proposed Ng-tetradentate coordination mode
in the [Au(SBTOx-OH)]Cl; complex. The sulfur
atom of the thiazole ring exhibited a partial
positive potential (+0.267 e by Mulliken analysis

as shown in Fig. 22 and Table 12 [67]), while the
oxime oxygen (-0.162 e) was confirmed as non-
coordinating, consistent with the unchanged
v(O—-H) frequency upon complexation. The
computed dipole moment of 1.77 Debye reflects
the moderate polarity of the molecule, directed
from the oxime toward the thiazole terminus.
Insummary, the DFT calculationsatthe B3LYP/6-
311++G(d,p) level provided a comprehensive
electronic and spectroscopic characterization of
SBTOx-OH fully consistent with the experimental
data. The HOMO-LUMO gap of 3.6754 eV and
the electrophilicity index of 4.3185 eV confirm
the moderate reactivity and strong electrophilic

Mulliken Charge Distribution on Heavy Atoms
SBTOx-OH at B3LYP/6-311++Gl(d,p)
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Fig. 22. Mulliken charge distribution on heavy atoms of SBTOx-OH at B3LYP/6-311++G(d,p).

Table 12. Selected Mulliken Atomic Charges (e) for Key Atoms in SBTOx-OH.

Atom Type Charge (e) Role
N3 Oxime (=N—-OH) -0.133 H-bond acceptor
N7 Imine (C=N) -0.195 Donor to Au?*
N13 Pyridine -0.178 Donor to Au3*
N22 Imine (C=N) -0.199 Donor to Au*
N24 Thiazole -0.220 Donor to Au3*
04 Oxime (N—OH) -0.162 Non-coordinating
S27 Thiazole +0.267 Partial positive
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Cl,

CH, CH,

Fi?ZB. The proposed chemical structure formula of the—GoId(III)
complex.

character of the ligand. The MEP analysis and
Mulliken charges confirm the ligand’s suitability
as a tetradentate N-donor chelator for Au(lll), and
the high electrophilicity may contribute to the
observed cytotoxic activity against MCF-7 cells
[75,78].

CONCLUSION

Spectroscopic methods (infrared spectroscopy,
ultraviolet spectroscopy, and nuclear magnetic
resonance spectroscopy), atomic absorption,
in addition to FESEM and XRD techniques, as
well as physical methods (melting point, molar
conductivity, elemental microanalysis) were
employed to confirm the structure of the resulting
ligand (SBTOx-OH) and its gold(lll) complex.
The infrared spectrum demonstrated that the
ligand coordinates with the gold(lll) ion through
the nitrogen atoms of the four azomethine
groups (C=N), acting as a tetradentate ligand,
while the hydroxyl group of the oxime remained
uncoordinated as confirmed by the unchanged
v(O-H) band. The molar conductivity value
(131.27 ohm™ cm? mol™) is consistent with
a 1:3 electrolyte, supporting the formulation
[Au(SBTOx-OH)]Cl3 in which the three chloride
ions are located outside the coordination sphere.
These measurements, together with the UV-Vis
and magnetic susceptibility data, are consistent
with the proposed square planar geometry for
the gold(Ill) complex, though definitive structural
confirmation would require single-crystal X-ray

3090

diffraction. In the cytotoxicity assays conducted
on the ligand (SBTOx-OH) and the gold complex
against both breast cancer cells (MCF-7) and
normal human dermal fibroblast cells (HdFn),
the free ligand exhibited a higher 1Cso value
(122.86 pg/mlL) against MCF-7 compared to
the gold complex ( 111.2 pg/mL) indicating
marginally stronger cytotoxic potency; however,
the selectivity index of the gold complex (Sl =
1.16) was modest compared to the free ligand
(SI = 3.35), indicating that the ligand possesses a
significantly better therapeutic window. These
findings position the free ligand as a preliminary
lead-like scaffold exhibiting moderate cytotoxic
activity and favorable selectivity, which warrants
further structural optimization, mechanism-of-
action studies, and expanded biological evaluation
across multiple cell lines to assess its therapeutic
potential.
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