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Abstract: This study details the synthesis, characterization, and anticancer assessment of novel tri-organotin
(IV) complexes derived from a cephalexin Schiff base ligand. The Schiff base and its tri-organotin complexes
were examined via different techniques, namely Fourier Transform Infrared (FTIR) spectroscopy, Nuclear
Magnetic Resonance ('H, *C, "°Sn-NMR), Field Emission Scanning Electron Microscopy (FESEM), X-ray
diffraction (XRD), and elemental analysis. The anticancer efficacy of the prepared complexes was evaluated
against the human breast cancer cell line (MCF-7). The test was conducted via the utilization of an MTT assay
to ascertain cytotoxicity and compute the half-maximal inhibitory concentration (ICsy). The findings demonstrate
that both tri-phenyl and tri-butyl organotin (IV) complexes possess notable anticancer efficacy, presumably
attributable to their capacity to induce apoptosis through interactions with DNA and phospholipid metabolism.
Structural and morphological analyses indicated that the coordination geometry and ligand characteristics affected
the biological activity of the synthesized compounds. Hence, our findings show the potential of organotin (IV)

complexes as viable candidates for anticancer drug development.
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Introduction

The study of organotin compounds began with Sir
Edward Frankland, who synthesized diethyltin diiodide
and tetraethyltin. Later, subsequent investigations led to
the synthesis of more than 800 organotin compounds.*
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The applications of organotin (IV) complexes are
based on understanding their geometry and coordination
structures.>* Organotin complexes have many appli-
cations across industrial, biological, agricultural, and
medicinal fields.” Therefore, significant attention is
required to improve and evaluate their synthesis
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processes using advanced techniques.'

Tin is an abundant metal that is found in numerous
inorganic and organometallic compounds. Its outer
shell electronic configuration is 5s* 5p?, and it exhibits
two oxidation states: Sn** and Sn*". Tin (II) has a
reducing nature that could rapidly oxidize to Tin (IV),
which attains the electronic configuration of xenon
[11]. Organotin compounds are characterized by the
presence of at least one covalent C-Sn bond and
tetravalent Sn centers. They are classified as mono-,
di-, tri-, and tetra-organotin compounds based on the
attached aryl and alkyl groups, as well as anionic
groups such as Cl, F, O*, OH, COO, or S,
which influence the biological activity of organotin
(IV) complexes.'?

Recently, organotin (IV) complexes gained remarkable
attention due to their broad applications in various
fields, including medicine, industry, and agriculture.
The structure and coordination of organotin (IV)
complexes are very important in determining their
biochemical activity, particularly for compounds
containing Schiff bases. Schiff bases garnered interest
because of their ability to cleave DNA, especially
those derived from salicylaldehyde. This process is
influenced by the electron-deficient metal and the
electron-rich ligand, which interact and bind to form
stable metal-ligand complexes.'>!*

Although organotin (IV) complexes exhibit significant
biological activity, they frequently demonstrate toxicity
at different concentrations. It is affected by the quantity
and nature of the anionic groups bonded to the Sn
atom.*® For example, trialkyltin (IV) [R3Sn*] and
triaryltin (IV) [Ar;Sn’] derivatives demonstrate
significant neurotoxicity. In the R;Sn" series, lower
homologs like methyl (Me) and ethyl (E,) exhibit the
highest toxicity when ingested orally. Toxicity
diminishes progressively from tri-n-propyl to tri-n-
octyl, the latter being entirely non-toxic.'

The biological activity of organotin compounds
typically adheres to the hierarchy: RSnX; < R,SnX,
< R4Sn << R;SnX, with X representing functional
groups such as chloride, fluoride, oxide, hydroxyl,
carboxylate, or thiolate.”'® Complexes with elongated
chains generally exhibit lower toxicity compared to

those with shorter chains, and aryl groups are usually
less toxic than alkyl groups. However, this is contingent
upon the organism in question.'® The anticancer
efficacy of these compounds is contingent upon the
geometry and coordination of the groups adjacent to
the tin atom, along with the chemical and physical
properties of the synthesized ligand."”

Metal complexes have recently found extensive
use in medicine, particularly in the treatment of cancers,
rheumatoid arthritis, and gastric conditions, among
others."™® As a result, research has increasingly
focused on synthesizing new metal-based compounds
and exploring their medical applications, especially
as anticancer agents, given that cancer remains one
of the most threatening diseases.'® Many studies
have evaluated the anticancer activity of organotin
compounds against various cancer cell types, including
ovarian, breast, lung, epidermoid, lymphoma, cervical,
bladder, and germ cell cancers.'*'* The anticancer
effects are primarily attributed to apoptosis induction,
the compounds' lipophilicity, and the presence of
alkyl and aryl groups in the organotin compounds.'’
These compounds damage cancer cell DNA by
interacting with phosphate groups that disrupt DNA
structure, protein function, activators, and gene
expression. Additionally, the coordination and ligand
groups in organotin compounds contribute to their
anticancer activity.?**?

The precise mechanism of action by which organotin
complexes function is not completely understood.
The tin complexes exhibit binding to DNA, resulting
in structural modification and inhibition of cell division
in the tumor cells.>* Organotin complexes are capable
of interacting with DNA nitrogen atoms, phosphate
groups, and nucleotide bases through the formation
of covalent and coordination bonds with them.*
They function through binding to DNA phosphate
groups and disrupting phospholipid metabolism,
leading to apoptosis.”>? Tetra-tin complexes cause
intracellular generation of ROS and lead to increased
oxidative stress that leads to DNA damage and thus
induces apoptosis.® The lipophilicity and hydrophilicity
of organotin complexes, based on their coordination
and nature and the number of their associated groups,
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Scheme 1. Synthesis of tri-organotin (IV) complexes.

enhance their cell membrane permeability.”” Their
cytotoxicity in cancer cells results in DNA damage,
an increase in calcium ion content, inhibition of
macromolecule synthesis, induction of linoleic acid
oxidation, and inhibition of mitochondrial meta-
bolism.?"°

In this study, both triphenyl organotin (IV) complex
(Ph;SnCl) and tributyl organotin (IV) complex
(Bu3SnCl) were synthesized using cephalexin and p-
dimethylaminobenzaldehyde as ligands. The cytotoxicity
of these complexes was evaluated using the MTT
assay against the breast cancer cell line (MCF-7).

2. Experimental

2.1. Chemicals

Cephalexin (CisH;7N;0,S, M.wt. 347.39 g/mole,
solid, purify: 96 %) was obtained from Scharlau
Company. Also, ethanol (CH;CH,OH, M.wt. 46.068 g/
mole, liquid, purify: 99 %, Scharlau company) and
methanol (CH;OH, M.wt. 32.4 g/mole, liquid, purify:
99 %, GCC company). The organotin compounds;
(Tributyltin chloride, Ci,H,;SnCl, 325.5 g/mole, liquid,
96 %), (Triphenyltin chloride, C,;gH;sSnCl, 38546 g/
mole, Solid, 97 %) and para-dimethylaminoben-
zaldehyde (CoH;1NO, M.wt. 149.19 g/mole, liquid,
purify: 97 %) were produce from Fluka company.

Synthesis of Tri-Organotin (IV) Complexes

A mixture of cephalexin (1.0 mmol, 0.35 g) and 4-
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Complex (2)

(dimethylamino) benzaldehyde (1.0 mmol, 0.149 g)
in methanol (MeOH, 25 mL) was refluxed with
stirring for 3 h. The resulting product was filtered,
washed with MeOH, and dried to produce the
corresponding Schiff base.***' Two tri-organotin (IV)
complexes were synthesized (Scheme 1), employing a
1:1 molar ratio of metal to ligand. Ph;SnCl (0.3855 g,
1.0 mmol) and Bu;SnCl (0.3255 g, 1.0 mmol) were
individually dissolved in 5 mL of methanol. A Schiff
base, synthesized and dissolved independently in 5 mL
of methanol, was introduced to the agitated solution.
The mixture was refluxed at 70 °C for 6 h, then
filtered and dried to yield the product as a precipitate. >

2.3. The activity of anticancer/MTT cytotoxicity
assay

The MTT assay is a colorimetric technique and
biological tool that utilizes tetrazolium salts [3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide] to measure cell cytotoxicity. The flavin
enzyme, found in mitochondria, plays a key role in
the reduction of MTT.?® This method is widely used
to evaluate cell viability, cell death, and the cytotoxicity
of drugs by measuring absorbance at 540 nm with a
colorimeter. There is a direct correlation between
metabolically active cells and the resulting color.”
The MTT assay detects color changes from yellow
to purple as formazan is formed. Healthy, rapidly
dividing cells generate a significant reduction of
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MTT

NAD(P)H-dependent cellular oxidoreductase

Formazan

Scheme 2. Flow diagram representing the systematic conversion of MTT to formazan.

formazan, while dead cells show little to no decrease, as
illustrated in Scheme 2. The intensity of the purple
color reflects cell viability, with higher intensity
indicating higher cell viability and lower intensity
indicating fewer viable cells.* The reduction of MTT is
also affected by intracellular factors like nicotinamide
adenine dinucleotide (NADH), which serves as an
electron donor in the reduction process.”® The cytotoxic
effects of cephalexin, Schiff base, and di- and tri-
organotin (IV) complexes were assessed using the
MTT assay at an absorption of 575 nm using an ELISA
reader (Bio-Rad Laboratories GmbH, Feldkirchen,
Germany. The MTT assay (triplicate) was performed
for each concentration at Al-Nahrain University’s

Biotechnology Research Center.'$%*

Table 1. The Physical Properties of Triorganotin Complexes.

3. Results and Discussion

3.1. Physical data
Table 1 defines the physical properties of the

synthesized triorganotin complexes. The melting
points of the two complexes were determined utilizing
an Electrothermal capillary apparatus at the Department
of Chemistry, College of Sciences, Al-Nahrain
University. Elemental analysis of the synthesized
triorganotin (IV) complexes was performed using a
Vario EL III instrument (Analysis System GmbH,
Hanau, Germany). Based on the data in the table
below, the found value refers to the percentage of the
elements obtained from the experiment measurements,
while the calculated values refer to the theoretical data,

c d Col. Melting Yields Found % (calculated%)
ompounds olors .
P Points(°C) (%) C H N 0 S Sn
6178 449 633 762 344 14.24
PhsSnL. Orange 125-127 73 (6241)  (487) (677) (173 (3.87)  (1434)
5594 6.55 706 8.11 3.97 15.20
BusSnL Brown 170-173 80 (57.89)  (6.83) (7.30)  (834) (4.18)  (15.46)
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Fig. 2. FTIR spectrum of Bus;SnL complex.

and the results show agreement with the literature.

3.2. Characterization of functional groups by
FTIR spectrum
FT-IR measurements were conducted utilizing KBr

Vol. 38, No. 3, 2025

discs on a Shimadzu Model 8300 Spectrophotometer
(Japan) within the frequency range of 4000 —400 cm™".
The IR spectra of organotin carboxylate compounds,
illustrated in Figs. 1 and 2, offer essential insights
into the coordination characteristics of the carboxylate
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Table 2. The FTIR spectra for some of the various groups in triorganotin (IV) complexes 1,2

No. Complexes v (CO0) v (COO) Av v(Sn-O) v(Sn-C)
asym sym
1 Ph;SnL 1582 1371 211 442 560
2 Bu;SnL 1590 1370 220 472 547

group. In HL (cephalexin and p-dimethylamino-
benzaldehyde, C,sH,N4O4S) and the synthesized
complexes, the asymmetric and symmetric (C=0)
stretching vibrations were detected within the ranges of
1582—1590 cm™ and 1368 — 1371 cm™, respectively.®*
Reduced IR values for the complexes signify the
successful formation of organotin (IV) complexes.
The noted reduction in asymmetric (COO") frequencies
and the rise in symmetric (COO") frequencies further
validate the establishment of metal-ligand bonds.
The AV [v,(COO") — v((COO")] value is 221 cm™
for HL and diminishes in the complexes. Literature
indicates that a Av (COO") exceeding 350 cm™' signifies
monodentate binding, whereas values below 250 cm™
imply a bidentate carboxylate binding mode to the tin
metal **** Furthermore, the emergence of novel
absorption bands within the range of 400 to 600 cm™,
indicative of v(Sn-O) and v(Sn-C), substantiates the

formation of the complexes.*® The FT-IR data for the
triorganotin (IV) complexes is presented in Table 2.

3.3. NMR Spectroscopy
The "H NMR spectra for Cephalexin, HL, and the

synthesized complexes were acquired utilizing DMSO-
ds as the solvent. The documented chemical shift
values corresponded with those cited in earlier studies,
validating the bonding modes deduced from the IR
spectra.37 Nuclear magnetic resonance measurements
for proton and carbon were performed using a Varian
INOVA spectrophotometer at 400 MHz. The principal
signal values from the "H NMR spectra are depicted
in Figs. 3 and 4. The lack of the COOH proton signal in
the spectra of the complexes signifies deprotonation,
corroborating the establishment of a metal-COO bond.*
In Cephalexin, signals at 8.87 ppm and 8.40 ppm
correspond to NH, and NH protons, respectively. The

T T T T T T T T T T T T
16 15 14 13 12 11 10 9 8 7 6 5 .

Fig. 3. "TH-NMR spectrum of Ph;SnL Complex.
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Fig. 4. "H-NMR spectrum of Bu;SnL Complex.
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Fig. 5. BC-NMR spectrum of Ph;SnL Complex.

NH; signal vanishes in the ligand spectrum as a result
of C=N bond formation, resonating at 8.70 ppm.** A
signal at 8.40 — 8.45 ppm corresponds to the proton
of the NH group.*’ The spectra for the synthesized
complexes show additional signals belonging to the
aromatic protons’ methylene and methyl groups. The
"H NMR spectra for Ph;SnL; 8.65 (s, 1H, C=NH),
843 (s, IH, NH), 6.62 —8.72 (m, Ar-H), 4.97 (d, 1H),
3.02 (s, 6H), 1.23 (s, 3H) and for Bu;SnL; 8.78 (s,
1H, C=NH), 845 (s, 1H, NH), 6.68 — 8.28 (m, Ar-H),
5.17 (d, 1H), 3.04 (s, 6H), 2.50 (s, 3H, CHj3), 1.31

Vol. 38, No. 3, 2025

(m, 6H, 3CH,), 0.90 (t, 3H, CH3;), 0.88 (s, 3H).

BC NMR spectroscopy was utilized to examine
the synthesized complexes, with significant signal
values presented in Figs. 5 and 6. Supplementary signals
detected in the spectra suggest the existence of organic
groups bonded to the tin atom. NMR spectroscopy
of '%Sn, a crucial method for elucidating the charac-
teristics and reactions of tin (IV) complexes in solution,
was also employed. Measurements were conducted
using a Bruker DRX300 NMR spectrophotometer
(Bruker, Ziirich, Switzerland) at 107 MHz, in Tehran,
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Fig. 7. "”Sn-NMR spectrum of Ph;SnL complex.

Iran, at 107 MHz, with all compounds solubilized in
DMSO-dg. In the spectrum of free cephalexin, a very
low signal occurs between 164 — 167 ppm, which
refers to the C=O group, and when the Schiff base
formed, there is a new bond occurs, which is the
azomethine C=N at 154.66 ppm, which occurs in
both complexes that synthesized. The '*C NMR spectra
for Ph;SnL: C=0 (190.32), C=N (154.67), Arm.
(144.24, 125 -137.27, 111.54), C-NH (59.08), CHs,
CH, (40.13, 29.59, 15.20) and for Bu;SnL; C=0O
(190.31), C=N (154.66), ARM (124.98 — 132.03,
111.20), C-NH (59.07), CH;, CH, (40.55 —39.30,
29.56 —26.19, 22.06, 14.15).

-55(
f1 (ppm)

-650 -750 -850 -950 -1050

The synthesized tri-organotin (IV) complexes
exhibited '”Sn resonances at -226.48 ppm for Ph;SnL
and -286.45 ppm for Bu;SnL. 'Sn NMR is a very
important technique for describing the coordination
around the central atom, which is tin. Increasing
coordination number led to an increase in the electron
density around the central atom, which causes the
resonance signals to move upfield and downfield,
respectively. The values indicate five-coordinated
geometries surrounding the tin (IV) centers, as illustrated
in Figs. 7 and 3> Tuble 3 presents a summary of
the "H NMR, “C NMR, and "*Sn NMR spectral data.

Analytical Science & Technology
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Table 3. "H-NMR, *C-NMR, and 'Sn-NMR spectral data for Tri-organotin (IV) complexes

'"H-NMR
Compound Structure (400 MHz: DMSO-dq, 8, ppm, J Hz)
I e 8.65 (s, 1H, C=NH), 8.43 (s, 1H, NH).
O——Sn’
J/%/Q J en BC-NMR
© (400 MHz: DMSO-dg, 3, ppm)
HW
PhsSnL HFKO C=0 (190.32), C=N (154.67).
N < > °
/ SN Sn-NMR (8 ppm)
226.48
N 'H-NMR
|/Bu (400 MHz: DMSO-dg, 6, ppm, J Hz)
O——8Sn’
N s 8.78 (s, 1H, C=NH), 8.45 (s, 1H, NH).
BC-NMR
Bu,SuL H\\RO (400 MHz: DMSO-ds, 8, ppm)
AN C=0 (190.31), C=N (154.66).

PO~

19Sn-NMR (8 ppm)

-286.45

3.4. Field emission scanning electron micro-
scopy and energy dispersive X-ray examination

Scanning Electron Microscopy (SEM) is a proficient
technique for examining surface characteristics, encom-
passing variations, particle dimensions, morphology,
and uniformity.* Field Emission Scanning Electron
Microscopy (FESEM) provides improved functionalities,
including reduced electrostatic distortion and

Vol. 38, No. 3, 2025

exceptional spatial resolution of up to 1.5 nm, which
is three to six times superior to conventional SEM.*
The FESEM and Energy Dispersive X-ray (EDX)
analyses of Cephalexin, Schiff base, and di- and tri-
organotin (IV) complexes were conducted utilizing a
TESCAN MIRA3 LMU system (Kohoutovice, Czech
Republic) at an accelerating voltage of 15 kV.
FESEM was employed to examine the morphology
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Fig. 9. FESEM images of the tri-organotin (IV) complexes. The figure above shows two cross-sections (1&2) from two different
locations on the complex's surface, both were measured at the same size at 200 nm. The third cross-section (3) was
measured at 1 um for greater accuracy (It is true because the Figures are clear).

] W spectrum 43
40 PhsSnL W% o
4 C 480 35
4 Sn 252 2
N S 151 13
301 0 68 11
b N 43 60
> p
3
S 20
ﬂ
m-‘ @
4 S
9 8
4 N
A NEREE _
M LR R R R R R ER R R
0 2 4 6 8 keV/

4 I Spectrum 44
40'_ BusSnL W% o
¢ 517 2
n 17
0
30-
4 S
E N
3]
& 20

Fig. 10. EDX spectra of the tri-organotin (IV)complexes.

of the synthesized tri-organotin (IV) complexes. Fig. 9
illustrates that the complexes exhibited uniform and
porous structures. Furthermore, the images revealed
the existence of small particle agglomerates, demon-
strating variations in both the shape and size of the
particles.*’ The particle size ranges were established
as 17.86 —44.66 nm for Ph;SnL and 22.33 - 93.17 nm
for Bu;SnL. The images of the FESEM show the
crystalline distribution and distinct differences in
shape and size, which indicate the effect of coordination
between the ligand and the tri-organotin complexes.
This morphology increased the formation of larger

aggregates and the coordination bonds."”

EDX microanalysis verified the existence of metals
within the complexes. This semi-quantitative method
is exceptionally sensitive and is extensively employed
in biomedical research to identify elements in diverse
compounds and biological tissues.***” The compre-
hensive findings of the FESEM and EDX analyses
are presented in Figs. 9 and 10. The EDX shows
information about the elements that form the complexes.
Here, the EDX spectrum shows the presence of a lot
of elements: carbon, tin, sulfur, nitrogen, and oxygen.
The presence of Sn in the complexes confirms the

Analytical Science & Technology
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formation of the organotin complexes by coordinating
the ligand with the central atom, as shown in Fig. 10."

3.5. Application of organotin complexes as
anticancer

The cytotoxic effects of the synthesized tri-organotin
(IV) complexes were evaluated on MCF-7 (breast
cancer) and HDFn (normal human dermal fibroblast)
cell lines using the MTT assay. This assay relies on
the reduction of tetrazolium salt (3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) from
yellow to purple, a change indicating cell viability
and apoptosis. After 24 h of incubation at 37 °C in a
CO,-enriched atmosphere, varying concentrations of
cephalexin and the organotin (IV) complexes (12.5,
25, 50, 100, 200, and 400 pg/mL) were administered.

ICso refers to the inhibitory concentration of 50 %,
used to measure the concentration of the compounds
that are used to inhibit the biological activity at 50 %
percentage. ICs differs from IC, which refers to
inhibition in general. The ICs, values revealed that
the organotin (IV) complexes possess anticancer
activity, which varies based on structural features,
such as the attached chemical groups, geometry, and
dosage. The results also indicate a direct correlation
between anticancer activity and drug concentration,
with significant effectiveness observed at lower

BusSnL
100 -~ HdFn

& MCF-7

80

—————#C50 175.1

60 1C50 200.7

Viability%
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1 T T T 1
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Fig. 11. Dose-dependent cytotoxic effect of Bu;SnL complex
on MCF-7 and HdFn cell lines.
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Fig. 12. Dose-dependent cytotoxic effect of Ph;SnL complex
on MCF-7 and HdFn cell lines.

concentrations.”** Notably, the ICs, analysis showed
no cytotoxic effects of the organotin (IV) complexes
on HDFn cell lines, suggesting that the synthesized
complexes are safe for normal human cells. The

Table 4. Cytotoxic effects of the tri-organotin (IV) complexes at different concentrations (12.5, 25, 50, 100, 200, 400 pg/ml)

on MCF-7 cancer cells & HdFn cells

MCF-7 cancer cells

Viability (mean + SD)

Complexes Concentration (ug mL™) 1C50%
12.5 25 50 100 200 400
Ceph 94.67+0.60  93.98+0.53 89.19+2.41 74.69+2.55  62.92+5.03 180.8
Ph;SnL (1) 95.17+1.28 95.71+0.8 90.70+3.18  71.489+3.39 48.03+2.5  39.352+4.78 112.9
Bu;SnL (2) 94.86+0.29  95.949+0.904 94.29+0.82  93.59+3.9 80.67+1.9 73.37+4.42 175.1
HdFn cells
Viability (mean + SD)
Complexes Concentration (ug mL™) 1Cs¢%
12.5 25 50 100 200 400
Ceph 94.63+0.48  93.86+1.10 90.08+1.04 86.07£3.07  74.88+5.00 194.5
Ph;SnL (1) 95.949+1.02  95.216+0.82  95.33+1.18 93.59+2.10 84.79£1.20  71.95+0.81 236.0
Bu;SnL (2) 95.949+1.02  95.216+0.82  95.33+1.18 93.59+2.10  77.083+5.52  60.378+0.81 200.7

Vol. 38, No. 3, 2025
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anticancer activity results are summarized in Figs. 11
and 12, as well as Tables 4.

4. Conclusions

This study emphasizes the significant cytotoxic
effects of organotin (IV) compounds on both cancerous
and normal cell lines. Tri-organotin (IV) complexes
were comprehensively characterized using advanced
techniques, including FT-IR spectroscopy and proton,
carbon, and tin nuclear magnetic resonance, confirming
the coordination of the organotin (IV) moieties with
the ligand. The cytotoxic efficacy of the synthesized
complexes was assessed via the MTT assay on breast
cancer cell lines (MCF-7) and HDFn. The results
demonstrated significant anticancer effects on MCF-7
cells, particularly at high concentrations. The suggested
mechanism of action entails organotin (IV) complexes
interacting with nitrogen and phosphate groups in
DNA and nucleotide base pairs. These complexes
induce apoptotic cell death by binding to DNA
phosphate groups and disrupting internal phospholipid
metabolism.

Acknowledgments

The authors thank the Department of Chemistry at
Al-Nahrain University for partially supporting this work.

References

1. M. Huch, 4pplied Geometry, 16, 719-743 (2001).

2. H. Ibraheem, G El-Hiti, E. Yousif, D. Ahmed, B. Kariuki, S.
Ismael, and M. Bufaroosha, Trends in Sciences, 22(4),
9413 (2025). https://doi.org/10.1016/j.rechem.2023.100955

3. U. Sair and A. Thakur, Materials Today Proceedings, 50(5),
1862-1866 (2022). https://doi.org/10.1016/j.matpr.2021.
09.232

4. C. Nguyen, L. Toubia, S. Diring, K. H. Kaddour, M. G.
Bobo, M. Kobeissi, and F. Odobel, Dalfon Transactions,
50, 4583-4592 (2021). https://doi.org/10.1039/d0dt03792¢

5. E. H. Al-Rikabi, R. A. K. Al-Refai, S. J. Bagir, A. G Hadi,
and A. K. Al-Qayyim, Journal of Medicinal Chemistry
and Science, 6, 1230-1238 (2023). https://doi.org/

10.

11.

12.

13.

14.

15.

17.

18.

19.

10.26655/JMCHEMSCI.2023.6.3

. T. A. Antonenko, Y. A. Gracheva, D. B. Shpakovsky,

M. A. Vorobyev, D. M. Mazur, V. A. Tafeenko, Y. F.
Oprunenko, E. F. Shevtsova, P. N. Shevtsov, A. A. Nazarov,
and El. R. Milaeva, International Journal of Molecular
Sciences, 24(3), 2024 (2023). https://doi.org/10.3390/
ijms24032024

. M. Graisa, A. A. Husain, M. H. Al-Mashhadani, D. S.

Ahmed, H. Adil, and E. Yousif, Serambi Engineering, 7(1),
2631-2638 (2022). https://doi.org/10.32672/jse.v7i1.3825

. M. Ali and E. Yousif, Research Journal of Pharmaceutical

Biological and Chemical Sciences, 7(5), 2611-2619 (2016).

. A. Erfan, E. Yousif, A. Alshanon, and G. El-Hiti, A/-

Nahrain Journal of Science, 27(5), 70-77 (2024). http://
doi.org/10.22401/ANJS.27.5.08

R. Joshi, N, Tomar, S. Pokharia, and 1. Joshi, Results in
Chemistry, 5, 100955 (2023). https://doi.org/10.1016/
j-rechem.2023.100955

H. Igbal, S. Ali, and S. Shahzadi, Cogent Chemistry, 1, 1-
12 (2015). https://doi.org/10.1080/23312009.2015.1029039
C. Pellerito, L. Nagy, L. Pellerito, and A. Szorcsik, Journal
of Organometallic Chemistry, 691(8), 1733-1747 (2006).
https://doi.org/10.1016/j.jorganchem.2005.12.025

W. Rehman, M. K. Baloch, and A. Badshah, European
Journal of Medicinal Chemistry, 43(11), 2380-2385
(2008).

0. J. Adeyemi and D. C. Onwudiwe, Molecules, 23(10),
2571 (2018). https://doi.org/10.3390/molecules23102571
L. Pellerito and L. Nagy, Coordination Chemistry Reviews,
224(1-2), 111-150 (2002). https://doi.org/10.1016/S0010-
8545(01)00399-X

. N. A. Abd Aziz, N. Awang, K. M. Chan, N. F. Kamaludin,

and N. N. Anuar, Molecules, 28, 5841 (2023). https://
doi.org/10.3390/molecules28155841

F. Ibadi, E. Yousif, A. Al Ani, M. Al Mashhadani, A. Z.
Al Saffar, and A. Basem, Journal of Umm Al-Qura
University for Applied Sciences, 1-17 (2024). https://
doi.org/10.1007/s43994-024-00170-w

N. D. Pantelic, B. B. Zmejkovski, Z. Zizak, N. R. Banjac,
B. Bozic, T. P. Stanojkovic, and G. N. Kaluderovic, Journal
of Chemistry, 2019, 2905840 (2019). https://doi.org/
10.1155/2019/2905840

A. Mohammed, R. Makia, M. Ali, R. Raheem, and E.
Yousif, Biointerface Research in Applied Chemistry, 11(1),

Analytical Science & Technology



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Synthesis, characterization, and anticancer activities examination of tri-organotin (IV) complexes

8156-8164 (2021). https://doi.org/10.33263/BRIACI11.
81568164

A. Erfan, E. Yousif, A. Alshanon, D. S. Ahmed, and G.
El-Hiti, Al-Rafidain Journal of Medical Sciences, S, 50-
56 (2023). https://doi.org/10.54133/ajms.v5i.146

P. Debnath, P. Debnath, M. Roy, L. Sieron, W.
Maniukiewicz, T. Aktar, D. Maiti, A. S. Novikov, and T.
K. Misra, Crystals, 12(11), 1582 (2022). https://doi.org/
10.3390/cryst12111582

A. M. Graisa, K. Zainulabdeen, 1. Salman, A. Al-Ani,
R. Mohammed, N. Hairunisa, S. Mohammed, and E.
Yousif, Baghdad Journal of Biochemistry and Applied
Biological Sciences, 3(2), 99-108 (2022). https://doi.org/
10.47419/bjbabs.v3i02.131

N. A. Abd Aziz, N. Awang, K. M. Chan, N. F. Kamaludin,
and N. N. Anuar, Preprints, 1-36 (2023). https://doi.org/
10.20944/preprints202305.1910.v1

A. Erfan, E. Yousif, A. Alshanon, D. S. Ahmed, B. M.
Kariuki, and G. A. El Hiti, Indian Journal of Clinical
Biochemistry, 1-11 (2024). https:/doi.org/10.1007/s12291-
024-01207-x

S. N. Annuar, N. F. Kamaludin, N. Awang, and K. M.
Chan, Frontiers in Chemistry, 9(1), 1-15 (2021). https://
doi.org/10.3389/fchem.2021.657599

A. Al-Ani, R. Alsayed, Z. Fadhil, O. Al-Obaidi, D. Ahmed,
S. Ismael, N. Hairunisa, H. Amalia, and E. Yousif, Journal
of University of Anbar for Pure Science, 18(2), 163 (2024).
https://doi.org/10.37652/juaps.2024.146836.1196

E. Nikitin, E. Mironova, D. Shpakovsky, Y. Gracheva,
D. Koshelev, V. Utochnikova, K. Lyssenko, Y. Oprunenko,
K. Yakovlev, R. Litvinov, M. Seryogina, A. Spasov, and
E. Milaeva, Molecules, 27(23), 8359 (2022). https://
doi.org/10.3390/molecules27238359

H. Y. Jo, Y. Kim, H. W. Park, H. E. Moon, S. Bae, J.
W. Kim, D. G. Kim, and S. H. Paek, Experimental
Neurobiology, 24(3), 235-245 (2015). https://doi.org/
10.5607/en.2015.24.3.23.

K. G Ozdemir, H. Yilmaz, and S. Yilmaz, Journal of
Biomedical Materials Research Part B: Applied
Biomaterials, 90B(1), 82-86 (2009). https://doi.org/
10.1002/jbm.b.31256

A. Bahuguna, I. Khan, V. K. Bajpai, and S. C. Kang,
Bangladesh Journal of Pharmacology, 12(1), 115-118
(2017). https://doi.org/10.3329/bjp.v12i2.30892

Vol. 38, No. 3, 2025

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

181

T. H. Al-Noor, A. T. Al-Jeboori, and M. R. Aziz, Advances
in Physics Theories and Applications, 18(1), 1-8 (2013).
H. Yin, H. Liu, and M. Hong, Journal of Organometallic
Chemistry, T13(1), 11-19 (2012). https://doi.org/10.1016/
jjorganchem.2012.03.027

E. Yousif, Journal of Taibah University for Science, 7(1),
79-87 (2013). https://doi.org/10.1016/j.jtusci.2013.04.007

S. Hussain, S. Ali, S. Shahzadi, S. K. Sharma, K. Qanungo,
and M. Shahid, Bioinorganic Chemistry and Applications,
2014, 959203 (2014) https://doi.org/10.1155/2014/959203
R. Khan, S. Rania, M. Tariq, F. Rasool, A. Hussain, K.
Mahmood, H. M. Asif, M. Usman, and M. Sirajuddin,
Journal of Chemical Sciences, 135, 90 (2023). https://
doi.org/10.1007/s12039-023-02207-9

K. Jamil, R. Wajid, M. Bakhtiar, and M. Danish, Journal
of the Iranian Chemical Society, 7(2), 495-499 (2010).
https://doi.org/10.1007/BF 03246037

J. Anacona, Y. Pineda, A. Bravo, and J. Camus, Medicinal
Chemistry, 6(7), 467-473 (2016). https://doi.org/10.4172/
2161-0444.1000385

J. R. Anacona, J. L. Rodriguez, and J. Camus,
Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy, 129(1), 96-102 (2014). https://doi.org/
10.1016/j.saa.2014.03.019

Y. M. Issa, H. B. Hassib, and H. E. Abdelaal, Spectrochimica
Acta Part A, 74(1), 902-910 (2009). https://doi.org/
10.1016/j.saa.2009.08.042

E. R. Mohammed, S. M. Saied, and M. Y. Saleh,
Egyptian Journal of Chemistry, 65(7), 595-603 (2022).
https://doi.org/10.21608/ejchem.2021.106994.4914

K. R. Koch, Magnetic Resonance in Chemistry, 30(1),
158-162 (1992). https://doi.org/10.1002/mrc.1260300212

T. Sedaghat and F. Shafahi, Main Group Chemistry, 8(1),
1-9 (2009). https://doi.org/10.1080/10241220902962895
S. A. Mahdi, A. A. Ahmed, E. Yousif, M. H. Al-
Mashhadani, A. Ahmed, H. Hashim, and Al. H. Jawad,
Materials Science for Energy Technologies, 5(1), 278-
293 (2022). https://doi.org/10.1016/j.mset.2022.04.002
S. Nallusamy and A. M. Babu, Journal of Nano Research,
37(1), 58-67 (2016). https://doi.org/10.4028/www.scientific.
net/JNanoR.37.58

A. G Hadi, K. Jawad, E. Yousif, G A. El-Hiti, M. H.
Alotaibi, and D. S. Ahmed, Molecules, 24(8), 1631
(2019). https://doi.org/10.3390/molecules24081631



182 Abeer Erfan, Emad Yousif, Ahmed Alshanon, Mohammed Kadhom, Muna Bufaroosha, and Ali Shihab

46. D.J. Faria, L. M. Santos, F. L. Bernard, I. S. Pinto, V. V. 48. A. Khan, S. Parveen, A. Khalid, and S. Shafi, /norganica

Chaban, I. P. Romero, and S. Einloft, Journal of Molecular Chimica Acta, 505, 119464 (2020). https://doi.org/

Structure, 1292, 136110 (2023). https://doi.org/10.1016/ 10.1016/j.ica.2020.119464

j-molstruc.2023.136110 49. N. Uddin, F. Rashid, A. Haider, S. A. Tirmizi, A. Raheel,
47. M. Scimeca, S. Bischetti, H. K. Lamsira, R. Bonfiglio, M. Imran, S. Zaib, P. L. Kiaconescu, J. Igbal, and S.

and E. Bonanno, European Journal of Histochemistry, Ali, Applied Organometallic Chemistry, 35, e6165

62, 89-98 (2018). https://doi.org/10.4081/¢jh.2018.2841 (2021). https://doi.org/10.1002/a0c.6165

Analytical Science & Technology



