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ARTICLE INFO ABSTRACT

Keywords: By reacting 5-[(E)-2-(2-trifluoromethylphenyl)-1-diazenyl]-2-hydroxybenzoic acid (HHL®), 5-[(E)-2-(3-tri-

OrgaHOtiﬂs fluoromethylphenyl)-1-diazenyl]-2-hydroxybenzoic acid (H'HL*), and 5-[(E)-2-(4-trifluoromethylphenyl)-1-dia-

:ahcylates zenyl]-2-hydroxybenzoic acid (H'HL®), with the triphenyltin source PhgSnOH, three triphenyltin(IV) 2-hydroxy-
pectroscopy

5-(phenyldiazenyl)benzoates [Ph3Sn(HL3)] 3), [Phgsn(HL4)] (4) and [Pthn(HLS)] (5) were obtained. The
resulting tin complexes were characterized using standard spectroscopic techniques and single-crystal X-ray
diffraction (SC-XRD). Triphenyltin complexes 3-5 exhibit a monomeric distorted tetrahedral configuration, with
the fluoro substituted 2-hydroxy-5-(phenyldiazenyl)benzoates coordinating in a monodentate fashion. Addi-
tionally, the crystal structure of H'HL? is reported. Alongside these, two triphenyltin compounds [Phgsn(HLl)]
(1) and [Pthn(HLz)] (2), are included to evaluate and compare their anti-proliferative properties. Here, HL! and
HL? represent 5-[(E)-2-(phenyl)-1-diazenyl]-2-hydroxybenzoate and 5-[(E)-2-(4-fluorophenyl)-1-diazenyl]-2-
hydroxybenzoate, respectively. The in vitro antiproliferative activity of the triphenyltin(IV) compounds 1-5 was
evaluated against MCF-7 (human breast cancer), HeLa (human cervical cancer), and HEK-293 (normal human
embryonic kidney) cells and a mechanism of action is proposed on the basis of various biological assays.

Crystal structure
Anti-proliferative effects

through the coordination of organotin(IV) species with a variety of
carboxylic/benzoic acids. They attain unique stereo electronic config-

1. Introduction

Cancer continues to be a major global health concern and a leading
cause of death worldwide. Over the past few decades, the incidence of
cancer has steadily increased, with projections estimating that the
number of cases will rise from 19.3 million to 28.4 million by 2040
[1,2]. Patients receive tailored therapies such as surgery, chemotherapy,
immunotherapy, and radiotherapy based on their cancer type and stage.
Chemotherapy, using one or more drugs, has proven effective, but there
is a need for new agents that can improve outcomes without harming
healthy cells. A notable example is cisplatin, nonetheless, challenges like
drug resistance, side effects and ineffective delivery to target sites persist
[3-71.

Organotin(IV) carboxylates, represented as R4.,Sn(OOCR), (where
R, R’ are alkyl or aryl group), are a class of compounds that are formed
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uration leading to the chemical diversity and versatility of tin complexes
considering factors like oxidation state, ligand type and number, and
coordination geometry. As a result, various organotin complexes have
been developed, demonstrating a broad spectrum of applications in
catalysis, materials science, biomedicine, optoelectronics, memory de-
vices, photoluminescence, semiconductors, solar cells and dyes in cancer
cell detection [8-21]. In the cancer arena, organotins are easily acces-
sible, less toxic than platinum-based drugs, effective at lower doses,
which helps reduce resistance and often demonstrate higher activity
than cisplatin. This presents an opportunity to develop novel metal-
lopharmaceuticals that can address some of the limitations of current
cancer treatments [22-25]. Among non-platinum organometallic che-
motherapeutics, tri- and di-organotin compounds, especially
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carboxylates/benzoates, show promise as anticancer agents against
tumor cells compared to currently approved drugs [26-28]. The bio-
logical efficiency of organotin(IV) compounds is influenced by the na-
ture of the R group and the ligand (L), typically following this order:
R3SnL > RySnl, > RSnLj > R4Sn (R = alkyl or aryl, L = mono-anionic
ligand) [23,29]. Accordingly, several triphenyltin salicylates were syn-
thesized [30-32] and tested against human breast cancer (MCF-7) and
colon cancer (WiDr) cell lines, yielding results comparable to mitomycin
C [32]. The coordination ability of 5-[(E)-2-(aryl)-1-diazenyl]-2-
hydroxybenzoic acid with triorganotin(IV) centers is now established. In
the solid state, the trimethyltin complex [Me3»Sn(HL4']\/le)]n forms a one-
dimensional polymer with benzoate ligands bridging adjacent Sn cen-
ters. The Sn atom adopts a trigonal bipyramidal geometry, with methyl
ligands in the equatorial plane and an O atom from a benzoate and a
hydroxy O atom from an adjacent ligand in the axial positions. In
contrast, the triethyltin complex [EtsSn(HL*M)(OH,)] exists as a
monomer, featuring a slightly distorted trigonal bipyramidal coordina-
tion, with three ethyl ligands in equatorial positions and an O atom from
water and a benzoate O atom in the axial positions [33]. Both tri-
benzyltin [BzsSn(HL*M®)] and triphenyltin [PhgSn(HL*™®)] complexes
exhibit distorted tetrahedral geometries [33,34]. In all of the above
complexes, HL*Me refers to 5-[(E)-2-(4-methylphenyl)-1-diazenyl]-2-
hydroxybenzoates. Five additional triphenyltin(IV) based complexes
also exhibit four-coordinate Sn atoms with a similar distorted tetrahe-
dral geometry, using analogues of the ligand with HL2Me, HL3Me, HL*
OMe 4nd HL* substitutions [35,36]. Recently, triphenyltin 5-[(E)-2-(4-
fluorophenyl)-1-diazenyl]-2-hydroxybenzoate, [Pthn(HL4'F)] was
synthesized, tested in vitro against prostate cancer cells (DU-145 cell
line) and demonstrated strong activity (ICso value of 1.99 + 0.18 pM)
[371.

Given the synthetic and structural significance, along with the po-
tential biological activity of triphenyltin(IV) complex [Pthn(HL4'F)]
[371, it is crucial to further investigate the chemistry of triphenyltin 5-
[(E)-2-(aryl)-1-diazenyl]-2-hydroxybenzoates, particularly with
increased fluorine substitution in the diazo-formed aryl moiety. In this
paper, we present the synthesis, spectroscopic analysis, and crystal
structures of three [Pthn(HL3)] 3), [Pthn(HL4)] (4) and [Ph3Sn
(HL®)] (5) complexes with varying fluoro-substituted ligands: H'HL? 2-
CF3), HHL* (3-CF3) and H'HL® (4-CFs), while the Ph3Sn moiety is held
constant. Additionally, the crystal structure of HHL® is reported. For
convenience of discussion and comparison, relevant data on structurally
characterized triphenyltin  5-[(E)-2-(phenyl)-1-diazenyl]-2-hydrox-
ybenzoate [Phgsn(HLl)] 1 (with no fluorine) and triphenyltin 5-[(E)-2-
(4-fluorophenyl)-1-diazenyl]-2-hydroxybenzoate [Pthl’l(HLZ)] 2 (with
one fluorine atom) have been included.

The in vitro antiproliferative activity of the triphenyltin(IV) 2-hy-
droxy-5-(phenyldiazenyl)benzoates 1-5 was evaluated against MCF-7
(human breast cancer), HeLa (human cervical cancer), and HEK-293
(normal human embryonic kidney) cells using MTT (3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays. The mecha-
nism of action of the novel triphenyltin(IV) compound [Ph3Sn(L4H)] 4
on MCF-7 cells was evaluated through various experiments involving
dichlorodihydro-fluorescein diacetate (DCFH-DA), acridine orange and
ethidium bromide (AO/EB), along with assessments of mitochondrial
dynamics and distribution. Flow cytometry was also utilized to explore
the mechanisms behind the drug-induced cytotoxicity. To assess the
influence of fluorine in compounds 3-5, the results were compared with
those of the non-fluorinated analog 1 and a 4-fluoro compound 2.

2. Experimental
2.1. Materials and physical measurements
4-Fluoroaniline (Spectrochem), 2-(trifluoromethyl)aniline, 3-(tri-

fluoromethyl)aniline (Sigma-Aldrich), 4-(trifluoromethyl)aniline
(Sigma-Aldrich), salicylic acid (Merck) and triphenyltin hydroxide (Alfa
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Aesar) were utilized as received without additional purification, while
aniline was distilled prior to use. Solvents utilized in the reactions were
of analytical reagent grade and dried following standard protocols.
Toluene and hexane were distilled over benzophenone/sodium, while
methanol was distilled over activated magnesium.

For the biological studies, 12-well cell culture plates, 6-well culture
plates, Dulbecco’s modified eagle medium (DMEM), fetal bovine serum
(FBS), penicillin-streptomycin solution, and trypsin-EDTA were ob-
tained from Cell clone while 96 well plates and T-25 cell culture flasks
were procured from Eppendorf. MTT (Himedia), dimethyl sulphoxide,
DMSO (Merck), DCFH-DA (Sigma-Aldrich), propidium iodide, PI (SRL),
acridine orange, AO (Real gene), and ethidium bromide, EB (Loba
Chemie), cisplatin (cis-diamminedichloroplatinum(Il); CDDP), and
other analytical grade chemicals were used.

Melting points were determined using a Biichi M-560 melting point
apparatus and are uncorrected. Elemental analyses were performed
using a Perkin Elmer 2400 series II instrument. The Fourier Transform
infrared (FT-IR) spectra of the pro-ligands (H'HL', H'HL?, H'HL®, H'HL?
and H'HL?) and compounds 1-5 were recorded in the range of 400 to
4000 cm ™! using a PerkinElmer Spectrum Two spectrometer equipped
with UATR accessories, with a resolution of 0.5 em~ . Solution 'H
(400.13 MHz), 3C (100.62 MHz), '°F (376.3 MHz) and ''°Sn (149.15
MHz) nuclear magnetic resonance (NMR) spectra were recorded in
CDCl3 and/or DMSO-dg as noted, using JEOL Zeta ECZ 400R and Bruker
Avance II 400, AMX 400 or Avance IV 400 spectrometers. 1H, 13C, 19
and 1'°Sn chemical shifts were referenced to Me4Si (5 0.00 ppm), CDCl3
(6 77.00 ppm), CFCl3 (5 0.00 ppm) and Me4Sn (5§ 0.00 ppm), respec-
tively. High-resolution mass spectra (HRMS) of compounds 1-5 were
acquired on a Waters Xevo G2-XS QTOF mass spectrometer employing
electrospray ionization. Absorption measurements of pro-ligands
(HHL!, H'HL?, H'HL®, HHL* and HHL®) and compounds 1-5 were
conducted using an Agilent Technologies Cary 60 spectrophotometer at
ambient temperature in freshly prepared DMSO solution (spectroscopy
grade, Merck). For the biological studies, a microplate reader (Biorad)
and inverted fluorescence microscopes (Evos FL, Life technologies,
AMF4300) were used. Crystallographic details are given below.

2.2. Synthesis of the pro-ligands

2.2.1. Synthesis of 5-[(E)-2-(phenyl)-1-diazenyl]-2-hydroxybenzoic acid
(HHLY)

The pro-ligand, HHL! was prepared using a diazo-coupling reaction
between benzenediazonium chloride and salicylic acid in an alkaline
solution under cold conditions, following the method described in
earlier reports [35]. However, analytical and spectroscopic data were
revisited. The crude product was recrystallized from methanol to yield
yellow microcrystalline product. Yield: 1.5 g (23 %). M.p.: 221-222 °C
(212-214 °C [35]). FT-IR (ATR mode; v in cm™!): 3227 (w,br)
I/(OH)phenolic, 2853 (w,br) V(OH)carboxylic’ 1661 (vs) 1,5(0CO), 1615 (w),
1446 (vs), 1312 (m), 1223 (s), 1198 (vs), 908 (m), 850 (m), 792 (s), 768
(s), 696 (vs), 683 (vs), 644 (w), 572 (s), 506 (m), 468 (s). 'H NMR
(DMSO-dg): 6 = 8.28 (d, J 2 Hz, 1H, H-6), 8.02 (dd, J 2 and 9 Hz, 1H, H-
4), 7.81 (d, 2H, H-2' and H-6), 7.51 (m, 3H, H-3', H-5 and H-4), 7.10 (d,
J 9 Hz, 1H, H-3) ppm. Signals for the phenol and carboxylic acid not
observed due to exchange with water in the solvent. 13¢c NMR (CDCl3/
DMSO-dg): 6 = 172.03 (CO,H), 163.88 (C-2), 151.92 (C-1"), 144.63 (C-
5), 130.20 (C-4"), 128.60 (C-3' and C-5"), 127.86 (C-4), 126.95 (C-6),
122.11 (C-2' and C-6)), 117.64 (C-3), 112.63 (C-1) ppm. Electronic ab-
sorption data (DMSO, Apyax[nm]; e(M’1 cm’l): 372, 4680.

2.2.2. Synthesis of 5-[(E)-2-(4-fluorophenyl)-1-diazenyl]-2-hydroxyben-
zoic acid (HHL?)

The pro-ligand, H'HL? was prepared using a diazo-coupling reaction
between 4-fluorobenzenediazonium chloride and salicylic acid in an
alkaline solution under cold conditions, following the method described
in earlier reports [37,38]. The crude product was recrystallized from
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methanol, affording a yellow microcrystalline product. Yield: 2.5 g (42
%). M.p.: 250-251 °C (235-236 °C [38]). Anal. found: C, 60.35; H, 3.56;
N, 10.66. Calcd. for C13H9FN2O3: C, 60.00; H, 3.49; N, 10.77 %. FT-IR
(ATR mode; v in ecm '): 3184 (w, br) WOH)phenolicc 2857 (w, br)
V(OH)carboxylics 1666 () 1as(0CO), 1591 (m), 1447 (s), 1307 (w), 1246
(m), 1205 (vs) V(C—F), 1135 (m), 1090 (w), 838 (vs), 793 (s), 684 (s),
567 (vs), 514 (w), 468 (vs). Electronic absorption data (DMSO,
Amax[nml; e~ em™): 372, 3350.

2.2.3. Synthesis of 5-[(E)-2-(2-trifluoromethylphenyl)-1-diazenyl]-2-
hydroxybenzoic acid (H'HL®)

2-Trifluromethylaniline (2.5 g, 15.51 mmol) dissolved in a solution
of concentrated HCI (8 mL) and water (8 mL) was digested on a water
bath for 30 min. The hydrochloride was cooled to —5 °C and diazotized
with ice-cold aqueous NaNO; solution (1.07 g, 15.51 mmol in 5 mL of
water). The cold diazonium salt solution was added to salicylic acid
(2.14 g, 15.51 mmol) previously dissolved in aqueous NaOH (2.50 g,
62.50 mmol, 25 mL) solution and kept at —5 °C in an ice-salt bath, with
vigorous stirring. A light yellow precipitate developed almost immedi-
ately, but the stirring was continued for 2 h. The reaction mixture was
kept overnight at 4 °C in a refrigerator and on the following day the
reaction mixture was allowed to warm to room temperature, whereupon
a yellow precipitate separated out. The precipitate was filtered, washed
repeatedly with hot water until the pH was neutral and dried in air. The
air-dried sample was treated with anhydrous methanol to remove traces
of associated water and dried in vacuo. The crude product was boiled
thoroughly with hexane, filtered and the residue crystallized with
toluene to obtain an orange crystalline material. Yield: 1.1 g, (22 %). M.
p-: 215-216 °C. Anal. found: C, 54.55; H, 3.16; N, 9.38. Calcd. for
C14HgF3N20s3: C, 54.20; H, 2.92; N, 9.03 %. FT-IR (ATR mode; v in
em™1): 3146 (w, br) v(OH)phenolic; 2821 (W, br) V(OH)carboxylic, 1667 (vs)
Vas(OCO), 1574 (w), 1447 (s), 1313 (s), 1267 (w) v(C—F), 1173 (m),
1130 (vs), 1054 (s), 904 (w), 838 (w), 766 (s), 698(m), 657 (s), 572 (m),
468 (m). 'H NMR (1:1; CDCl3/DMSO-dg): 6 = 11.89 (br s, 1H, OH), 8.40
(s, 1H, H-6), 8.01 (d, J 9 Hz, 1H, H-4), 7.83 (d, 1H, H-3"), 7.78 (d, 1H, H-
6), 7.71 (t, 1H, H-5), 7.61 (t, 1H, H-4), 7.09 (d, 9 Hz, 1H, H-3) ppm.
Signals for the carboxylic acid proton were not observed due to ex-
change with water in the solvent. 3¢ NMR (CDCl3/DMSO-dg): 6 =
171.79 (COoH), 164.52 (C-2), 148.72 (C-17), 144.70 (C-5), 132.10 (C-5),
129.54 (C-4)), 128.72 (C-6), 127.31 (C-4), 127.28 (q, 2J(*3C—'°F) 31 Hz,
C-2), 125.87 (q, 3J(*3C-1°F) 5 Hz, C-3), 123.46 (g, J(*3C-'°F) 275 Hz,
CFs), 117.84 (C-3), 115.64 (C-6)), 112.62 (C-1) ppm. °F NMR (CDCls); 5
= —56.8 ppm. Electronic absorption data (DMSO, Apax[nm]; e !
em™1): 390, 5980.

2.2.4. Synthesis of 5-[(E)-2-(3-trifluoromethylphenyD)-1-diazenyl]-2-
hydroxybenzoic acid, (HHLY

An analogous method to that used for the preparation of HHL® was
followed using 3-trifluromethylaniline (2.5 g, 15.51 mmol) and salicylic
acid (2.14 g, 15.51 mmol). The yellow precipitated was isolated
following the work up procedure described for HHL? and recrystallized
from toluene to yield a yellow solid. Yield: 1.5 g (31 %). M.p.:
199-200 °C. Anal. found: C, 54.52; H, 2.76; N, 9.30. Calcd. for
C14HgF3N2Os3: C, 54.20; H, 2.92; N, 9.03 %. FT-IR (ATR mode; v in
em™)): 3078 (w, br) v(OH)phenolic; 2873 (W, br) V(OH)carboxylic, 1668 (vs)
Vas(0CO), 1574 (w), 1433 (w), 1323 (s), 1281 (w), 1209 (m) v(C—F),
1167 (s), 1141 (vs), 1059 (m), 839 (m), 806 (m), 754 (w), 688 (s), 663
(s), 559 (m), 467 (m). H NMR (CDCl3): § = 10.90 (s, 1H, OH), 8.51 (s,
1H, H-6), 8.11 (d, 1H, H-4), 8.10 (s, 1H, H-2'), 8.02 (d, 1H, H-6"), 7.65 (d,
1H, H-4), 7.58 (dd, 1H, H-5), 7.17 (toluene), 7.11 (toluene), 7.08 (d, 9
Hz, 1H, H-3), 2.28 (toluene) ppm. Signals for the carboxylic acid proton
were not observed due to exchange with water in the solvent. 3C NMR
(CDCl3/DMSO-dg): 6 = 171.17 (CO-H), 163.77 (C-2), 151.16 (C-1),
143.59 (C-5), 130.06 (q, 2J(*3C-1°F) 33 Hz, C-3"), 128.85 (C-5'), 127.88
(toluene), 127.32 (C-4), 127.10 (toluene), 126.86 (toluene), 126.76 (C-
6), 125.68 (q, 2J(*3C-1°F) 3 Hz), 125.22 (C-6'), 122.80 (q, J(*3C-'°F)
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272 Hz, CFs), 117.78 (3J(*3C-1°F) 4 Hz, C-2)), 117.17 (C-3), 112.16 (C-1)
ppm. 19F NMR (CDCl3); § = —62.0 ppm. Electronic absorption data
(DMSO, Amax[nml; eM ™! em™): 383, 5212.

2.2.5. Synthesis of 5-[(E)-2-(4-trifluoromethylphenylD)-1-diazenyl]-2-
hydroxybenzoic acid, (H'HL?)

An analogous method to that used for the preparation of HHL® was
followed using 4-trifluromethylaniline (2.5 g, 15.51 mmol) and salicylic
acid (2.14 g, 15.51 mmol). The yellow precipitated was isolated
following the work up procedure described for H'HL? and recrystallized
from methanol to yield a yellow solid. Yield: 1.60 g (33 %). M.p.:
237-238 °C. Anal. found: C, 54.55; H, 2.76; N, 9.55. Calcd. for
C14HgF3N2Os3: C, 54.20; H, 2.92; N, 9.03 %. FT-IR (ATR mode; v in
em™): 3065 (w, br) v(OH)phenolic, 2868 (W, br) (OH)carboxylic, 1664 (vs)
Va5(0CO), 1450 (s), 1317 (vs), 1202 (s) (C—F), 1162 (s), 1122 (vs),
1062 (vs), 844 (vs), 796 (w), 696 (vs), 599 (m), 563 (w), 464 (w). 'H
NMR (CDCl3): § =11.00 (s br, 1H, OH), 8.50 (s, 1H, H-6), 8.10 (d, J 9 Hz,
1H, H-4), 7.91 (d, 2H, H-2), 7.71 (d, 2H, H-3"), 7.08 (d, J 9 Hz, 1H, H-3)
ppm. Signals for the carboxylic acid proton were not observed due to
exchange with water in the solvent. 13¢ NMR (DMSO-dg): 6 = 171.32
(CO,H), 164.31 (C-2), 154.00 (C-1), 144.39 (C-1), 130.45 (q, 2J
(13¢c-1°F) 32 Hz, C-4), 129.12 (C-4), 126.67 (C-6), 126.61 (q, >J(*3C-1°F)
3 Hz, C-3), 123.00 (C-2), 118.58 (C-3), 113.87 (C-5) ppm. '°F NMR
(CDCl3); 5§ = —62.5 ppm. Electronic absorption data (DMSO, Apax[nm];
&M~ em™): 389, 6246.

2.3. Synthesis of triphenyltin(IV) compounds

2.3.1. Synthesis of [PhsSn(HLY] (1)

Compound [Ph3Sn(HL1)] 1 was previously synthesized by reacting
NaHL! with Ph3SnCl in methanol [35]. In the current study, compound 1
was produced by reacting HHL! (0.25 g, 1.03 mmol) with PhgSnOH
(0.378 g, 1.03 mmol) in 40 mL of anhydrous toluene, utilizing a Dean-
Stark moisture trap and a water-cooled condenser. The reaction
mixture was refluxed for 6 h and filtered. The resulting clear orange
solution was evaporated to dryness using a rotary evaporator and sub-
sequently dried under vacuum. The solid was then triturated with hex-
ane (5 x 0.5 mL), and the dried residue dissolved in a larger volume of
hexane (30 mL) and filtered. The filtrate, upon evaporation, yielded
orange crystals of the desired product. Yield: 0.34 g (55 %). M. p.:
141-142 °C (136-138 °C [35]). Anal. found: C, 63.29; H, 3.87; N, 4.61.
Caled. for C31H4N2O3Sn: C, 62.97; H, 4.09; N, 4.74 %. FT-IR (ATR
mode; v in cm Y): 3051 (w, br) v(OH)phenolic; 1633 (vs) v45(0CO), 1589
(s), 1415 (s), 1370 (vs), 1299 (s), 1235 (s) v(C—F), 1077 (s), 997 (w),
922 (w), 767 (w), 726 (vs), 688 (vs) v(Sn—C), 610 (w), 571 (w), 508 (w),
444 (vs), 424 (s). 'H NMR (CDCl3): 6 =11.51 (s, 1H, OH), 8.54 (d, J 2
Hz, 1H, H-6), 7.97 (dd, J 2 and 9 Hz, 1H, H-4), 7.80 (d, 2H, H-2" and H-
6", 7.73 (m, 6H, Ph-2), 7.42 (m, 12H, H-3', H-5/, H-4, Ph-3 and Ph-4),
6.98 (d, J 9 Hz, 1H, H-3) ppm. 13C NMR (CDCl3): § = 174.70 (COy),
164.11 (C-2), 152.56 (C1'), 145.26 (C-5), 137.32 (Ph-1), 136.86 (2J
(13¢-117/119gn) 48 Hz, Ph-2), 130.55 (“J(3C-117/11%Gn) 13 Hz, Ph-4),
129.25 (C-4), 129.12 CJ(*3¢-117/M%n) 62/65 Hz, Ph-3), 129.03 (C-3'
and C-5"), 127.61 (C6), 122.58 (C-2' and C-6), 118.07 (C-3), 113.59 (C-
1) ppm. 11967, NMR (CDCl3); 6 = —88.8 ppm [35]. Electronic absorption
data (DMSO, Amax[nm]; M ~! em™): 376, 2456.

2.3.2. Synthesis of [PhsSn(HL?)] (2)

An analogous method to that used for preparing compound 1 was
employed, utilizing PhsSnOH (0.35 g, 0.96 mmol) and H'HL? (0.25 g,
0.96 mmol). After the workup, the residue was extracted by boiling it in
a large volume of hexane (30 mL) and then filtered. To this, 2 mL of
ethanol was added, and upon evaporation at room temperature, orange
crystals of compound 2 were obtained. Yield: 0.35 g (60 %). M. p.:
143-144 °C. Anal. found: C, 60.95; H, 3.44; N, 4.70. Calcd. for
C31H23FN203Sn: C, 61.12; H, 3.81; N, 4.60 %. FT-IR (ATR mode; v in
em™1): 3056 (w, br) 1(O—H)phenolic; 1623 (vs) 155(0CO), 1589 (m), 1480
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(m), 1431 (w), 1296 (w), 1250 (w), 1217 (w) v(C—F), 1076 (m), 997
(w), 841 (s), 801 (m), 777 (w), 726 (vs), 693 (vs) v(Sn—C), 571 (s), 443
(vs). 'H NMR (CDCls); § = 11.54 (s, 1H, OH), 8.51 (d, J 2 Hz, 1H, H-6),
7.95 (dd, J 2 and 9 Hz, 1H, H-4), 7.81 (m, 2H, H-2' and H-6), 7.74 (m,
6H, Ph-2), 7.44 (m, 9H, Ph-3 and Ph-4), 7.10 (t, 2H, H-3/, H-5), 6.97 (d, J
9 Hz, 1H, H-3) ppm. 3C NMR (CDCl3) § = 174.62 (CO3), 164.11 (C-2),
164.04 (d, LJ(*3C-1°F) 252 Hz, C-4), 149.06 (d, “J(*3C-'°F) 3 Hz, C-1),
145.05 (C-1), 137.43 (Ph-1), 136.86 (3J(*3C-117/11%n) 49 Hz, Ph-2),
130.53 (J(13c-117/11%n) 15 Hz, Ph-4), 129.16 (C-4), 129.11 (3J
(}3¢c-117/11%gn) 64 Hz, Ph-3), 127.53 (C-6), 124.52 (d, >J(*3C-'°F) 8 Hz,
C-2), 118.08 (C-3), 115.96 (d, 2J(*3C-1°F) 23 Hz, C-3) 113.71 (C-5)
ppm. 1°F NMR (CDCls); 5 = —109.9 ppm. }1°Sn NMR (CDCls); 5 = —88.1
ppm. Electronic absorption data (DMSO, Apax[nm]; eM™! em™b): 375,
1923.

2.3.3. Synthesis of [PhsSn(HL®)] (3)

An analogous method to that used for the preparation of 1 was fol-
lowed using Ph3SnOH (0.295 g, 0.80 mmol) and H'HL? (0.25 g, 0.80
mmol). After workup, the orange residue was extracted by boiling it in a
large volume of hexane (30 mL) and then filtered. To this, 2 mL of
ethanol was added, and upon evaporation at room temperature, orange
crystals of compound 3 were obtained. Yield: 0.31 g (58 %). M. p:
183-184 °C. Anal. found: C, 58.09; H, 3.44; N, 4.09. Calcd. for
C3oHo3F3N203Sn: C, 58.30; H, 3.52; N, 4.25 %. FT-IR (ATR mode; v in
em™1): 3050 (w, br) v(O—H)phenolic; 1633 (vs) v55(0CO), 1591 (m), 1482
(W), 1417 (w), 1392 (m), 1314 (m), 1254 (m), 1238 (m) W(C—F), 1175
(m), 1130 (vs), 1075 (m), 1052 (w), 997 (w), 918 (w), 806 (s), 764 (s),
729 (vs), 695 (s) Y(Sn—C), 659 (s), 573 (m) 538 (m), 446 (vs). '"H NMR
(CDCly): 6 = 11.62 (s, 1H, OH), 8.63 (d, J 2 Hz, 1H, H-6), 8.01 (dd, 1H,
H-4), 7.74 (m, 8H, H-3, H-6' and Ph-2), 7.56 (t, 1H, H-5'), 7.44 (m, 10H,
H-4', Ph-3 and Ph-4) 6.99 (d, J 9 Hz, 1H, H-3) ppm. 13C NMR (DMSO-dg):
8 =174.50 (COy), 164.73 (C-2), 149.39 (C-1"), 145.42 (C-5), 137.17 (Ph-
1), 136.86 (2J(*3C-117/11%n) 48 Hz, Ph-2), 132.50 (C-5), 130.58 (*J
(13¢-117/19%n) 14 Hz, Ph-4), 129.92 (C-4), 129.32 (C-6), 129.14 (3J
(*3¢-117/119n) 64 Hz, Ph-3), 128.91 (C-4), 128.16 (g, 2J(*3C-1°F) 31 Hz,
C-2), 126.58 (g, 3J(*3C-1°F) 5 Hz, C3), 124.07 (q, J(*3C-1°F) 274 Hz,
CF3), 118.20 (C-3), 116.09 (C-6'), 113.81 (C-1). 19F NMR (CDCly); 6 =
—57.6 ppm. 11°Sn NMR (CDCl3); § = —90.3 ppm. Electronic absorption
data (DMSO, Amax[nm]; M ~! em™): 392, 1416.

2.3.4. Synthesis of [PhsSn(HLY)] (4)

An analogous method to that used for the preparation of 1 was fol-
lowed using Ph3SnOH (0.295 g, 0.80 mmol) and H'HL (0.25 g, 0.80
mmol). After workup, the orange residue was extracted by boiling it in a
large volume of hexane (30 mL) and then filtered. To this, 2 mL of
ethanol was added, and upon evaporation at room temperature, orange
crystals of compound 4 were obtained. Yield: 0.34 g (64 %). M. p:
120-121 °C. Anal. found: C, 58.75; H, 3.44; N, 4.66. Calcd. for
C32H23F3N203Sn: C, 58.30; H, 3.52; N, 4.25 %. FT-IR (ATR mode; v in
em™1): 3054 (w, br) ¥(O—H)phenolic; 1633 (vs) v45(0CO), 1591 (vs), 1591
(vs), 1481 (w), 1418 (s), 1399 (m), 1329 (s), 1254 (s) V(C—F), 1239 (w),
1169 (s), 1127 (vs), 1063 (w), 997 (w), 914 (m), 842 (m), 805 (s), 764
(w), 732 (vs), 691 (vs) v(Sn—C), 662 (m), 568 (m) 508 (m), 447 (vs). H
NMR (CDCl3): 6§ = 11.69 (s, 1H, OH), 8.65 (d, J 2 Hz, 1H, H-6), 8.15 (s,
1H, H-2), 8.07 (m, 2H, H-4 and H-6), 7.82 (m, 6H, Ph-2), 7.70 (d, J 2
and 9 Hz, 1H, H-4), 7.63 (dd, 1H, H-5", 7.53 (m, 9H, Ph-3 and Ph-4),
7.07 (d, 1H, H-3) ppm. 3C NMR (CDCls): 6 = 174.60 (CO5), 164.66
(C-2), 152.47 (C-1), 144.95 (C-5), 137.21 (Ph-1), 136.88 (2J(**c-117/
119n) 48 Hz, Ph-2), 131.56 (3J(*3C-19F) 33 Hz, C-3), 130.61 (YJ(*3C-117/
119sn) 14 Hz, Ph-4), 129.88 (C-6), 129.62 (C-5), 129.15 (CJ(*3c-117/
119n) 62/65 Hz, Ph-3), 128.31 (benzene), 127.60 (C-4), 126.74 (3J
(*3c-1°F) 3 Hz, C-4), 126.12 (C-6)), 123.85 (LJ(*3C-1F) 272 Hz, CFs),
119.19 (CJ(*3C-1°F) 4 Hgz, C-2), 118.24 (C-3), 113.71 (C-1) ppm. *°F
NMR (CDCls); § = —62.6 ppm. '1°Sn NMR (CDCls); § = —90.9 ppm.
Electronic absorption data (DMSO, Apax[nm]; eM tem ™) 387, 1626.
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2.3.5. Synthesis of [PhsSn(HL*)] (5)

An analogous method to that used for the preparation of 1 was fol-
lowed using Ph3SnOH (0.295 g, 0.80 mmol) and H'HL> (0.25 g, 0.80
mmol). After workup, the red-orange residue was extracted by boiling in
large volume of hexane and filtered. Ethanol was added (10:1, v/v),
which upon evaporation at room temperature yielded red-orange crys-
tals of 5 suitable for diffraction studies. Yield: 0.33 g (62 %). M. p:
179-180 °C. Anal. found: C, 58.03; H, 3.54; N, 4.55. Calcd. for
C32H23F3N203Sn: C, 58.30; H, 3.52; N, 4.25 %. FT-IR (ATR mode; vin
em™1): 3069 (w, br) Y(OH)phenolics 1636 (vS) va5(OCO), 1591 (m), 1481
(m), 1391 (m), 1323 (s), 1302 (s), 1259 (m), 1238 (m), 1174 (s), 1126
(vs) U(C—F), 1064 (vs), 997 (w), 917 (w), 846 (m), 806 (s), 729(vs), 694
(w) v(Sn—C), 658 (w), 601 (w), 444 (s). 'H NMR (CDCl3): 6 = 11.68 (s,
1H, OH), 8.65 (d, J 2 Hz, 1H, H-6), 8.07 (dd, J 2 and 9 Hz, 1H, H-4), 7.95
(d, 2H, H-2), 7.82 (m, 6H, Ph-2), 7.75 (d, 2H, H-3), 7.51 (m, 9H, Ph-3
and Ph-4), 7.06 (d, J 9 Hz, 1H, H-3) ppm. 3C NMR (CDCls): 6 = 174.55
(CO,), 164.78 (C-2), 154.40 (C-1"), 145.08 (C-1), 137.29 (Ph-1), 136.88
(AJ(13¢c-117/119%n) 48 Hz, Ph-2), 131.68 (q, 2J(*3C-1°F) 33 Hz, C-4),
130.60 (Ph-4), 129.98 (C-6), 129.15 (3J(*3C-117/11%n) 64 Hz, Ph-3),
127.65(C-4), 126.22 (q, 3J(13C-1°F) 2 Hz, C-3), 122.76 (C-2), 118.25
(C-3), 113.78 (C-5) ppm. *°F NMR (CDCls); 6 = —62.3 ppm. *1°Sn NMR
(CDCl3); 5§ = —86.8 ppm. Electronic absorption data (DMSO, Apax[nm];
(M~ em™1): 391, 1366.

IR (signal intensity): s, strong; vs, very strong; m, medium; w, weak;
br, broad.

NMR (signal multiplicity): s, singlet; d, doublet; dd, doublet of
doublets; t, triplet; m, multiplet; br, broad.

2.4. X-ray crystallography

Single crystals suitable for X-ray analysis were obtained by slow
evaporation using various solvent systems: dimethyl sulfoxide for H'HL®
and a mixture of hexane/ethanol (2:1, v/v) for [Pthn(HLs)] (3), [Ph3Sn
(HLH] (4) and [PhsSn(HL®)] (5).

For each sample, a suitable crystal was mounted from oil (poly-
isobutene) on a fine glass fibre and flash-cooled [39] to either 100 K (for
3, 4), 180 K (for H'HL®, to avoid a destructive phase transition), or 220 K
(for 5, to avoid a low-temperature transition to a modulated structure,
though substantial diffuse scatter remained). Diffraction data were
collected using a dual-microsource Bruker D8 Venture diffractometer
using MoKa (1 = 0.71073 A) or CuKa (1=1.54178 f\, 4 only) radiation.
Data collection and reduction [40], absorption correction [41,42],
structure solution [43] refinement [44], and validation [45,46] were by
published methods. There was torsional disorder of the CF3 groups in
both H'HL® and 5, while 5 also exhibited extensive disorder of its SnPhs
group.

2.5. Solubility and stability assessment of organotin(IV) compounds 1-5

The organotin(IV) compounds 1-5 are soluble in all commonly used
solvents, while they exhibit insolubility in water. Ensuring drug stability
under physiological conditions is essential for in vitro and in vivo appli-
cations. Organotin(IV) compounds are typically dissolved in DMSO and
diluted with a test medium for in vitro testing. To assess their stability,
the pro-ligands (H’HL!, H'HL?, H’'HL®, H’'HL* and H'HL®) and their
triphenyltin compounds 1-5 (compound 4 also in buffer solution at a
physiological pH 7.2) were analyzed using UV-visible spectroscopy in
DMSO (ESI Figs. S1 and S2) before cytotoxic studies, showing consistent
absorption spectra over 21 days [47]. For hydrolytic stability studies,
compound 4, which was identified as the most active compound, was
dissolved in DMSO at a concentration of 1 x 10~* M and then diluted
with distilled water to achieve a final concentration of 1 x 107% M.
UV-Vis spectra were recorded immediately after preparation and at 72 h
(i.e., at 0 and 72 h; see ESI Fig. S3). During the investigation period,
compound 4 showed no signs of decomposition.



T.S. Basu Baul et al.

Journal of Inorganic Biochemistry 269 (2025) 112898

( \
Ph-4
Ph-3
o Ph-2
6 Ph-1 o N
- OH Ph3SnOH, Toluene, reflux 5 I R
+ n
. “H,0 Ph— 7" q Noy A
2 ™oH Ph
HO
R=H: H'HL', = 4'-F: H'HL2, = 2'-CF;: H'HL3, [Ph3Sn(HL"-5)] 1-5
= 3'-CF3: H'HL4, = 4'-CF;: H'HLS
\_ Wy,

Scheme 1. Reaction scheme showing the preparation of triphenyltin(IV) compounds 1-5, along with atom numbering for the pro-ligands (free acid HHL'~>, where H
and H' represent hydroxyl and carboxylic acid protons, respectively) as well as the Sn-phenyl moiety to aid in NMR signal assignments.

Fig. 1. Ellipsoid plots of (a) HHL®, (b) 3, (¢) 4, and (d) 5, drawn at 50 % probability for H'HL®, 3, 4 and 30 % for 5. Hydrogen atoms are drawn as small circles of
arbitrary size. For the sake of clarity, only the major components of disorder shown for HHL® and 5.

2.6. Experimental protocol and anti-proliferative activity tests

2.6.1. Cell line culture and experimental setup

MCF-7 (human breast cancer), HeLa (human cervical cancer), and
HEK-293 (normal human embryonic kidney) cells were sourced from the
National Centre for Cell Science (NCCS) in Pune, India. These cells were
cultured in DMEM, supplemented with 10 % heat-inactivated FBS.
Penicillin-streptomycin solution were added, and the cells were main-
tained at 37 °C in a humidified atmosphere with 5 % CO,. Harvesting
occurred when cells reached 80 % confluence, followed by plating for
subsequent tests.

The triphenyltin compounds (test compounds) 1-5, pro-ligands
(HHL!, H'HL?, H'HL®, HHL* and H'HL®) and triphenyltin precursor

(reference compound: Ph3SnOH), were initially prepared in DMSO as
100 mM stock solutions and stored at 4 °C for later use. These stock
solutions were then diluted to appropriate working concentrations with
DMEM for subsequent experiments, ensuring that the final DMSO con-
centration did not surpass 0.1 %. The stock solution of CDDP at 1 mM
was prepared in a normal saline aqueous solution containing 0.9 % so-
dium chloride.

2.6.2. Anti-proliferative assays and determination of ICs¢ values

The inhibitory activity of the test compounds was evaluated using
the MTT assay, which relies on conversion of the yellow tetrazolium salt
to purple formazan by mitochondrial dehydrogenase [48], thus assess-
ing cell viability. Test compounds 1-5 were tested for cytotoxicity
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Fig. 2. A least-squares overlay plot of HHL®, 3, 4, and 5 (structure 3 has two
crystallographically distinct molecules, 3A and 3B). Minor components of dis-
order for HHL® and 5 are not shown. For each structure, the fit was through
atoms 01-0O3,N1,N2,C1-C8. The largest deviation occurs for the C¢H4CF3 group
of 5 (orange).

Table 1

Selected interatomic distances (A) in compounds HHL®, 3, 4 and 5.
Distance ~ HHL® 3A 3B 4 5°
Sn1-01 - 2.0666(16) 2.0654(16) 2.0849(10) 2.145(4)
Sn1-02" - 2.9003(17) 2.8602(18) 2.7535(11) 3.012(4)
Sn1-C15 - 2.132(2) 2.124(3) 2.1343(15) 2.052(9)
Snl-C21 - 2.117(2) 2.129(2) 2.1256(15) 2.179(9)
Sn1-C27 - 2.118(2) 2.110(2) 2.1250(15) 2.059(8)
C1-01 1.305(2) 1.300(3) 1.303(3) 1.2951(18) 1.305(5)
C1-02 1.235(2) 1.247(3) 1.243(3) 1.2461(18) 1.247(5)
C3-03 1.347(2) 1.349(3) 1.344(3) 1.3458(18) 1.347(5)
C1-C2 1.463(2) 1.472(3) 1.477(3) 1.478(2) 1.458(6)
N1-C6 1.427(2) 1.420(3) 1.425(3) 1.4267(19) 1.438(5)
N1-N2 1.250(2) 1.255(3) 1.251(3) 1.2574(18) 1.236(4)
N2-C8 1.425(2) 1.430(3) 1.431(3) 1.428(2) 1.422(5)

@ Major disorder component only.
b Sn1-02 distances are included because 02 influences the geometry at Sn1.

against MCF-7 and HeLa cancer cells, as well as normal HEK-293 cells, at
various concentrations. Pro-ligands (HHL!, HHL?, H'HL?, HHL* and
H'HL®) and reference compound (Ph3SnOH), along with CDDP, were
included for comparison. Approximately 1 x 10* cells/well were seeded
in three separate sterile 96-well microplates with complete medium and
incubated at 37 °C for 24 h to ensure cell adherence.

Subsequently, the cells were treated with varying concentrations
(ranging 0.10 to 80 pM for MCF-7 and HeLa, and from 0.10 to 50 uM for
HEK-293) of the test compounds, including CDDP. Following this, they
were incubated once more at 37 °C for 24 h, after which the exhausted
medium was removed. A mixture of 100 pL of freshly prepared MTT
solution (derived from a stock solution of 5 mg mL~1) was added to each
well, and the cells were incubated again at 37 °C for 2 h. After removing
the medium with the MTT solution, 100 pL of DMSO was added to each
well to dissolve the insoluble purple MTT formazan crystals. Following a
30 min incubation period, the absorbance of the samples was measured
at 570 nm using a microplate reader. All experiments were carried out
concurrently and in triplicate. The anti-proliferative activities of both
the test and reference compounds are quantified as the percentage of
reduced cell growth in treated cells compared to control cells, expressed
as Cell viability (%) = Absorbance of treated cells/Absorbance of control
cells x100.

To ascertain the effectiveness of the test compounds, we determined
the ICso (inhibitory concentration) value, representing the concentra-
tion at which 50 % inhibition of cell growth occurs, was determined and
expressed it as the mean + standard error of the mean (SEM).

Further experiments with the MCF-7 cells were continued because
compound 4 proved effective. It demonstrated significant cytotoxicity
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Table 2
Selected bond angles, torsions”, and dihedrals (°) in compounds HHLS, 3, 4 and
5.

Angle HHL® 3A 3B 4 5°
01-Sn1-02¢ - 49.74(5)  50.59(6) 52.17(4) 47.42
(10)
01-8n1-C15 - 95.20(8)  95.38(8) 93.94(5) 95.2(3)
01-5n1-C21 - 109.55 108.31(8)  109.68(5)  101.8(3)
®)
01-8n1-C27 - 107.19 106.92(8)  110.12(5)  103.9(3)
(8)
N1-N2-C8 115.61 113.9(2)  114.0(2) 114.79 113.4(4)
14) (13)
N2-N1-C6 112.63 114.1(2)  113.8(2) 112.86 114.2(4)
14 13)
01-C1-C2-C3  179.39 176.5(2)  176.8(2) 174.72 179.2(4)
(16) 13)
N1-N2-C8- 175.85 176.8(2)  174.7(2) 177.77 154.4(5)
c13 5) 14)
N2-N1-C6-C7  179.89 179.6(2)  178.3(2) 179.99 167.5(4)
(15) 13)
C6-N1-N2-C8  178.55 177.8(2)  179.21 177.67 179.8(4)
as 19 12
2 Lyie-Lpn1 - 6.22(15)  4.07(13) 6.87(10) 3.43(2)
2 Loni-Lpna 6.61(7) 4.48(16)  9.87(12) 7.57(10) 40.36
19

Ly is the mean plane through atoms Sn1-01-C1-02.
Lpny and Lpny are mean planes through phenyl rings C2-C7 and C8-C13,
respectively.

@ Absolute values of torsion angles.

b Major disorder component only.

¢ 01-Sn1-02 angles are included because O2 influences the geometry at Snl.

with minimal effects on normal cells while other test compounds, 1-5,
exhibited high cytotoxicity in HeLa cells.

2.6.3. Reactive oxygen species (ROS) generation assay

Elevated levels of ROS show when cells are under stressed condi-
tions. ROS levels can be assessed by treating samples with DCFH-DA and
subsequently measuring the fluorescence. The assay was carried out on
the most active test compound 4, to assess its impact on ROS production
in MCF-7 and HEK-293 cells [49]. The oxidation-sensitive fluorescent
dye DCFH-DA was utilized to examine intracellular ROS levels induced
by compound 4 across various concentrations.

For the experiment, MCF-7 and HEK-293 cells (5 x 10%) were evenly
distributed into two separate sterile 12-well culture plates and then
incubated at 37 °C for 24 h. Subsequently, the cells were treated with
various concentrations of compound 4 (0.2 pM, 0.4 pM (ICs¢ concen-
tration), and 1 pM). After another 24-h incubation period, both the
treated cells and the controls were washed once with phosphate-
buffered saline (PBS), followed by exposure to 10 pM of the DCFH-DA
dye for 30 min, and then subjected to two additional washes with
PBS. The treated cell samples along with the control were subsequently
examined to quantify reactive oxygen species levels. This analysis uti-
lized inverted fluorescence microscopy, capturing images in the green
channel and in the phase contrast mode. All experiments were carried
out simultaneously and in triplicate.

2.6.4. Detection of apoptosis (acridine orange/ethidium bromide AO/EB
assay)

The AO/EB dual staining assay offers a method to evaluate the
integrity of the cell membrane, enabling the differentiation of early, late,
and necrotic cells. This technique involves permeating the cell mem-
brane and dual staining DNA using AO/EB, providing an alternative
approach to assess tumor cell apoptosis via fluorescence measurement.
AO penetrates the plasma membrane and binds to the DNA of viable
cells, emitting a green fluorescence, while EB selectively stains the DNA
of dead cells, producing a red-orange fluorescence signal.

For the experiment, MCF-7 and HEK-293 cells (5 x 10* cells per well)
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Fig. 3. Partial packing plots of (a) HHL?, (b) 3, (c) 4, and (d) 5, showing the most important supramolecular constructs in each structure. Hydrogen bonds are drawn
as thick dashed lines, while #... © and C-H... 1 contacts are shown as thin dashed lines.

Table 3
Relevant hydrogen bonds, =...n, and C-H...x interactions (10\) compounds H'HLS,
3, 4, and 5.

Interaction HHL® 3A 3B 4 50
03—H3... 2.6035(19)  2.605(2)  2.611(3)  2.5837(16)  2.596(5)
02
O1—H1... 2.6518(18) - - - -
02 i
Cgl...Cg2 3.8616 3.597 3.860 - -
(lg)ii (B)iii (S)iv
Cgl...Cgl - - - - 3.491
5)
C19...Cgl - - - 3.3617 -
(16)ii
H19...Cgl - - - 2.8871% -

i=1-x, 2-y, 2-z;ii = 1-x, 1-y, 1-z; iii = —x, —y, —2; iv=1-x, —y, 1-2; v = 0.5-x, 1.5-

Y 2
Cgl = centroid of ring C2-C7; Cg2 = centroid of ring C8-C13.

were plated in sterile 12-well culture plates and incubated at 37 °C for
24 h. Following this, the cells were treated with various concentrations
of test compound 4 (lower (0.2 pM), ICsq (0.4 pM), and higher (1 pM)).
After 24 h of treatment, the cells were rinsed with PBS and then stained
for 45 min with a solution containing 20 pg/mL AO and 2 pg/mL EB.
Following two washes with PBS, the cell samples and controls were
examined using inverted fluorescence microscopy (EVOS live cell im-
aging equipment from Life Technologies), capturing images in the red
and green channels. All experiments were carried out simultaneously

and at least in triplicate.

2.6.5. Mitochondrial aggregation (Mitotracker)

It has been demonstrated that different anticancer drugs induce
apoptosis by modifying the distribution pattern and structure of mito-
chondria. Moreover, pro-apoptotic signals are associated with these
changes in mitochondrial distribution within cells. The observation of
mitochondrial fluorescence is typically conducted using MitoTracker, a
lipophilic cationic dye that is absorbed by the mitochondria [50].

To evaluate the distribution pattern of mitochondria, 5 x 10* MCF-7
cells were plated in 12-well plates and allowed to incubate overnight.
Subsequently, the MCF-7 cells were exposed to different concentrations
of test compound 4 (lower (0.2 uM), ICsg (0.4 pM), and higher (1 pM))
and further incubated for 24 h. Following this incubation period, the
cells were rinsed with PBS and were stained with both Hoechst and
Mitotracker for 30 min. Fluorescence microscopy (Evos FL cell imaging
system) was employed to capture images of the cells in phase contrast,
blue, and red channels.

2.6.6. Cell cycle analysis

Flow cytometry combined with propidium iodide (PI) labeling was
employed to assess the impact of test compound 4 on the distribution of
MCF-7 cells throughout the cell cycle. Initially, trypsinized cells were
plated and allowed to incubate overnight in 6-well plates under hu-
midified conditions. Subsequently, the cells were subjected to treatment
with concentrations of (lower (0.2 pM), ICs (0.4 pM), and higher (1
pM)). Following a 24 h treatment period, the cells were harvested using
1.0 mM EDTA, fixed with 75 % ethanol, and then stored overnight at
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Fig. 4. Dose-dependent anti-proliferative effects (MTT assay) of treated (A) MCF-7 cancer cells and (B) HeLa cancer cells at the variable concentrations of test
compounds 1-5, the pro-ligands (H'HL!, HHL?, HHL®, HHL* and HHL®), and tin control reference compound PhsSnOH. (C) MTT assay of the treated HEK-293
normal cells at different concentrations of compound 4 and its pro-ligand HHL*. In comparison to the control, *p < 0.05 is considered statistically significant.
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Fig. 4. (continued).

Table 4

The cytotoxicity (ICso values) of the investigated compounds (triphenyltin(IV)
compounds 1-5, pro-ligands along with organotin(IV) precursor, Ph3SnOH)
against cancer cells (MCF-7 and HeLa) and normal cells (HEK-293).

Compounds ICs0 (M) + SEM" after 24 h of cells incubation
MCEF-7 cells HelLa cells HEK-293 cells
Triphenyltin test compounds (1-5) and pro-ligands (H,L)
1 0.54 £ 0.27 0.60 = 0.11 -
2 0.60 £ 0.14 0.60 = 0.19 -
3 0.60 £+ 0.27 0.73 £0.13 -
4 0.40 + 0.16 0.60 £+ 0.21 18 +£0.11
5 0.78 = 0.10 1.70 + 0.23 -
HHL' >80 18 + 0.54 -
H'HL? >80 >80 -
HHL® >80 >80 -
HHL? >80 >80 >50
HHL® >80 >80 -
Organotin controls and standard drug
Ph3SnOH >80 61 + 0.89 -
CDDP 30 £ 0.35 30 £0.35

# SEM; Standard error of mean calculated for the average of three sets of in-
dependent experiments.

—20 °C. After centrifugation, the cells were stained with 20 pg/mL PI,
100 pg/mL RNase A, and 0.1 % triton-X in phosphate-buffered saline,
followed by a 30 min incubation at 37 °C.

2.6.7. Statistical analysis

The results have been presented as SEM in triplicate. Analysis of
variance (ANOVA) and Tukey’s post-hoc test were performed utilizing
GraphPad Prism 8.0.2 Software. These analyses were carried out with a
95 % confidence level, with statistical significance defined as a p-value
of <0.05. Statistical significance levels were denoted by ns, *, **, ***,
and **** for p-values of <0.05, <0.01, <0.001, and <0.0001,

respectively.
3. Results and discussion
3.1. Design aspects, synthesis and spectroscopic characterization
The pro-ligands HHL? to H'HL® were synthesized using standard

diazo-coupling reaction. This reaction involved aryldiazonium chloride,
generated from 2-trifluoromethyl aniline, 3-trifluoromethyl aniline, or

4-trifluoromethyl aniline, and salicylic acid in an alkaline solution under
cold conditions. For comparison, we also synthesized HHL! and H'HL?
from aniline and 4-fluoroaniline, following the procedures outlined in
previous studies [35,47,48]. Five triphenyltin(IV) 2-hydroxy-5-(phenyl-
diazenyl)benzoates with the general formula [Ph3Sn(HL)] were syn-
thesized in reasonable yields (55-64 %) from triphenyltin hydroxide and
the corresponding pro-ligands (HHL! to HHL®) in anhydrous toluene as
outlined in Scheme 1.

The compounds 1-5 are orange crystalline solids with distinct
melting points, showing notable stability in both their solid state and
when dissolved in solution, as evidenced by SC-XRD analysis, 11°Sn
NMR, and electronic spectral studies. Diagnostically useful FT-IR ab-
sorptions are compiled in the Experimental section, while FT-IR spectra
of pro-ligands (H'HL! to H'HL®), and triphenyltin(IV) compounds 1-5
are presented in ESI Figs. S4-S13. The FT-IR spectral data of the com-
pounds 1-5 were compared to those of the pro-ligands, and the corre-
sponding vibrations were analyzed to assess the coordination behavior
of the carboxylic group. The pro-ligands display a strong absorption
band in the range of 1661-1668 em ™}, assigned to ©(COOH), which is
absent in triphenyltin compounds 1-5. This indicates the deprotonation
of the carboxylic acid group due to complexation. The FT-IR spectra of
compounds 1-5 show two bands at approximately 1634 cm ™! and 1390
crn’l, which correspond to the asymmetric (v55) and symmetric (vs) vi-
bration frequencies of the COO™ group, respectively. The Av value (Av
= U45(CO0) — 15(CO0)) for these compounds ranges from 236 to 248
em™}, indicating a monodentate coordination mode for the carboxylate
ligand [51]. This finding aligns with the established range for mono-
dentate coordination (Av > 200 cm’l), but it also suggests a borderline
case for chelating bidentate or anisobidentate coordination modes of the
carboxylate ligand [51]. This ambiguity was ultimately clarified through
X-ray single-crystal analysis of compounds 1-5 (vide infra). The IR
spectra of compounds 1-5 also exhibited characteristic bands in the
range of 695-698 cm ™, corresponding to 1(Sn—C), when compared to
the spectra of the respective pro-ligands [52]. The pro-ligands and
compounds 1-5 were also studied in solution using NMR spectroscopy
(ESI Figs. S14-S45). In general, the pro-ligands did not exhibit proton
signal for the carboxylic acid, except for HHLZ, which may be attributed
to possible exchange due to the presence of water in the solvent. How-
ever, both pro-ligands and triphenyltin compounds 1-5 displayed a
singlet assigned to OH in the range of 10.9 to 11.9 ppm. The 'H and '3C
NMR spectra of compounds 1-5 in CDCl3 exhibit distinctive signal
patterns in the aromatic regions of the ligand and the SnPh groups, (Ph-2
(ortho- protons: 7.74-7.82 ppm); and Ph-3 and Ph-4 (meta- and para-
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Fig. 5. Intracellular ROS detection in control and test compound 4 exposed to MCF-7 cells at different concentrations for 24 h. Using the DCFH-DA fluorescent
labeling method, intracellular ROS levels were measured. Microscope images showing increased intracellular ROS level under different treatment conditions (A)
Control (B) Lower concentration (0.2 pM) (C) ICs concentration (0.4 pM) (D) Higher concentration (1 pM).

protons: 7.43-7.53 ppm)) including the 117/11°Sn coupling patterns. In
the 13C NMR spectra of the triphenyltin(IV) derivatives 1-5, the car-
boxylic carbon is observed at a downfield position compared to that of
the corresponding free pro-ligand. This downfield shift confirms the
coordination of the carboxylate oxygen to the Sn atom. The signals for
the aromatic carbon, —CFj3 groups, and Ph3Sn (Ph-1 to Ph-4: ipso-, ortho-
, meta- and para- carbon atoms) appeared in their anticipated regions.
The 1°F NMR spectra for the pro-ligands HHL? to HHLS exhibit distinct
signals at 5 —109.6, —56.8, — 61.99, and —62.5 ppm, respectively, when
dissolved in CDCls. These signals remain unchanged in their triphenyltin
compounds 2-5. The chemical shifts and 'J(*3C-1!°Sn) coupling con-
stants for four-coordinate triphenyltin(IV) complexes are typically found
between —40 and —120 ppm and between 550 and 660 Hz. In contrast,
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five-coordinate compounds with a trigonal bipyramidal geometry and
equatorial phenyl groups exhibit shifts ranging from —180 to —260 ppm,
with coupling constants between 750 and 850 Hz [53]. In the present
investigation, the 1'°Sn NMR spectra of triphenyltin(IV) derivatives 1-5
in CDCl3 showed singlets at § —88.8, —88.1, —90.3, —90.9, and —86.8
ppm, respectively. These values are consistent with those typically
observed for tetrahedral tin compounds in solution [53]. Insufficient
signal-to-noise prevented observation of J(*3C-11Sn) coupling con-
stants, although 2.I(ISC-ugSn), 3J(ISC-HQSn) and 4.1(13C-1195n) were
observed in most cases. Compounds 1-5 were also characterized by
HRMS, and the mass-to-charge ratios of the ions were measured in an
acetonitrile solution within the range of m/z 100-1200 Da. The most
relevant mass clusters detected in the experiments are shown in the ESI
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Fig. 6. Microscope images showing increased intracellular ROS level under different treatment conditions (A) Control (B) Lower concentration (0.2 pM) (C) ICso
concentration (0.4 pM) (D) Higher concentration (1 pM). The brown, white and blue arrows represent the live, early apoptotic and late apoptotic cells, respectively.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Figs. S46-S50. In the mass spectra of compounds 1-5, a weak molecular
ion peak corresponding to the protonated molecule [M + H]" was
observed, with m/z values of 593.1786 (0.20 %) for 1, 611.0157 (1.96
%) for 2, 661.0024 (0.57 %) for 3, 661.0152 (0.17 %) for 4, and
661.0437 (0.27 %) for 5. The fragmentation patterns of all five com-
pounds also display a characteristic high-intensity peak at m/z = 351
(>86 %) for [Ph3Sn]™, which results from the loss of one mole of ligand
from the complex, involving the cleavage of a weak Sn—O bond [54].
The mass spectrometric analysis also provided valuable insights. Com-
pounds 2-5, which contain fluorine atoms, consistently exhibited a
prominent peak at m/z = 745 (>92 %), corresponds to the
[C31H19F2N203Sn,] " fragment. which could not be assigned. This
feature was not observed in compound 1, which lacks fluorine.

3.2. Description of the solid-state structures

The X-ray crystal structures of the pro-ligand HHL® (Fig. 1a) and the
complexes 3, 4, and 5 (Fig. 1b-d) were determined using single-crystal
X-ray diffraction. Crystallographic data and structure refinement sta-
tistics are provided in ESI Table S1. The following comparison un-
derscores the structural consistency across the ligands while
highlighting differences in CF3 group positioning, torsion angles, di-
hedrals, and supramolecular interactions. Structurally, the pro-ligand
HHLS® and its ligated form (HL®) in compound 5 differ from the li-
gands in 3 and 4 by the position of the CF3 group on the tri-
fluoromethylphenyl ring: para (4-position) in HHL® and 5, ortho (2-
position) in 3, and meta (3-position) in 4. Aside from this distinction, the
ligands HL®, HL*, HLS, and pro-ligand H'HLS share remarkably similar
structural features. Specifically, the trifluoromethylphenyl and 2-
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hydroxybenzoate rings are trans across the diazenyl linker in each
case, and an S(6) intra-molecular O3-H3...02 hydrogen bond motif [55]
is consistently observed within the 2-hydroxybenzoate group.

The structural similarities are highlighted in a least-squares overlay
of atoms 01-03, N1, N2, C1-C8 (Fig. 2). Quantitative details, including
interatomic distances, angles, torsions, and dihedrals, are summarized
in Tables 1 and 2. These data confirm the general correlation between
the 2-hydroxy-5-diazenylbenzoate fragments across all structures.
However, the relationship between the trifluoromethylphenyl and 2-
hydroxybenzoate rings differs notably for compound 5, which exhibits
a dihedral of 40.36(19)°, being significantly larger than those observed
in HHL®, 3A, 3B, and 4, which range from 4.48(16)° to 9.87(12)°
(Table B). Additionally, the trifluoromethylphenyl rings in 3A and 3B
are flipped by approximately 180° compared to that in 4 relative to the
diazenyl linkage (Fig. 2).

In complexes 3, 4, and 5, the Sn1 atom bonds to three phenyl groups
(Sn1-C15, Sn1-C21, Sn1-C27) and forms one short bond (Sn1-O1 are in
the range 2.0654(16)-2.145(4) [o\) and one much longer interaction
(Sn1-02 range from 2.7535(11)-3.012(4) 10\). Thus, the geometry at Snl
may be classified as either 4-coordinate or 5-coordinate. For the former
case, the Snl geometries are best described as distorted tetrahedral, as t4
parameters [56] range from 0.81 for the major disorder component in 5
to 0.91 in 4 (ideal values being 1 for perfect tetrahedral and O for square
planar). If Snl is taken as 5-coordinate, then the geometry is distorted
face-capped tetrahedral.

These distortions, influenced by the carboxylate group O2 atom, are
reflected in the angles subtended at the Sn1 atom. For example, the O1-
Sn1-C15 angles are consistently smaller (93.94(5)° to 95.38(8)°) than
the ideal tetrahedral angle of 109.5° (Table 2). Notably, the SnPh3 group
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Mito tracker + Hoechst
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Fig. 7. Detection of mitochondrial distribution in control and treated MCF-7 cells using Mito Tracker red with varying concentrations of compound 4. The increment
in the mitochondrial delocalization has been observed with respect to the increase in concentrations. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

in compound 5 is extensively disordered, resulting in reduced geometric
precision relative to 3 and 4.

The pro-ligand HHL® uniquely forms an intermolecular hydrogen
bond (01—H1...02™, where inv = 1-x, 2-y, 2-z; Fig. 3a). In contrast, the
absence of suitable H-bond donors in 3, 4, and 5 precludes any strong
inter-molecular hydrogen bonding. These structures exhibit only weak
O—H...F (in H'HL® and 5) and C-H...F (in HHL® and 4) contacts, which
are of limited structural significance. Supramolecular interactions
include n...n [57] stacking and C—H...n [58] contacts. In H'HL®,
inversion-related molecules (1-x, 1-y, 1-z) form dimers via =n...n stacking
(Fig. 3a). In 3, each independent molecule forms inversion-related di-
mers via (—x, —y, —2) for 3A and (1-x, —y, 1-2) for 3B (Fig. 3b). In 4,
C19-H19...xn interactions between inversion (1-x, 1-y, 1-z) related mol-
ecules create loose dimeric motifs (Fig. 3c). Finally, in 5, n...7 overlap
occurs between benzoate rings of 45-screw-related molecules (via 0.5-x,
1.5-y, z; Fig. 3d). These details are summarized in Table 3. Despite the
similarities in molecular structure for these compounds, their crystal
packing arrangements are markedly different.

3.3. Anti-proliferative effects, mechanism of cell death, and generation of
reactive oxygen species

3.3.1. Assessment of concentrations that influence cell survival

In the current study, the MTT assay was performed on MCF-7 and
HeLa cancer cells, as well as normal (healthy) HEK-293 cells, to assess
the in vitro anticancer properties and cytotoxicity of test compounds 1-5.
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These results were compared to those of the respective pro-ligands
(H'HL!, HHL?, H'HL3, HHLY, and HHL®), the reference compound
(Ph3SnOH), and untreated controls after 24 h of treatment. The
chemotherapy drug CDDP was used as a positive control in all experi-
ments. Among the cancer cell tested, compounds 1-5 exhibited high
cytotoxicity in MCF-7 cells (Fig. 4A) compared to HeLa cells (Fig. 4B),
and cell viability decreased in a concentration-dependent manner. The
ICso values are presented in Table 4. Among the compounds tested,
compound 4 ([Pthn(HL4)]) showed the highest cytotoxicity in MCF-7
cells. The ICsg value of compound 4 was found to be 0.4 pM, which is
comparatively lower than that of the other tested compounds (Fig. 4A).
HEK-293 cells treated with compound 4 showed 94 % cell viability at
the ICs¢ concentration, suggesting its non-toxicity toward normal cells
(Fig. 4C). The cytotoxicity of the pro-ligands (HHL!, HHL?, H'HL®,
HHL*, and HHL®) and the tin control Ph3SnOH was found to be
considerably lower compared to the compounds. The percent cell
viability of MCF-7 cells was higher when treated with various concen-
trations of the pro-ligands and tin control Ph3SnOH, indicating that the
pro-ligands alone were less cytotoxic. Therefore, based on these results,
it can be concluded that the cytotoxic efficacy of compound 4 is
significantly higher in MCF-7 cells compared to the other compounds,
with no aggressive cytotoxicity observed in normal HEK-293 cells.
Hence, compound 4 could be a promising candidate for further devel-
opment as a potential treatment for breast cancer.
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Fig. 8. Cell cycle analysis of the control and exposed MCF-7 cells with various concentrations of compound 4. The cells arrest at the different cell cycle phases has
been analyzed using the flow cytometry. Statistical significance in relation to the cell cycle phase control was denoted by *p < 0.05.

3.3.2. In vitro generation of reactive oxygen species (ROS)

The generation of reactive oxygen species (ROS) in MCF-7 cells
induced by compound 4 was investigated using the DCFH-DA dye.
DCFH-DA is a non-fluorescent probe that oxidizes in the presence of
peroxides and free radicals inside cells, producing the fluorescent
compound DCF, which becomes trapped within the cells [59]. This
method is widely used and considered the most convenient for detecting
intracellular ROS generation.

Our results show an increase in ROS generation as the concentration
of compound 4 increases (Fig. 5). A significant increase in ROS levels,
compared to the control, was observed in cells treated with ICs¢ (0.4 pM)
and higher (1 pM) concentrations of compound 4. No significant ROS
production was observed in cells treated with the lower concentration
(0.2 pM). These findings indicate that compound 4 is effective at initi-
ating ROS production above its threshold, thereby converting the non-
fluorescent DCFH-DA into fluorescent DCF. Such a generation of ROS
levels induced by phenyltin compounds in cancer cells has been noted
earlier [60,61].

3.3.3. Evaluation of cellular and nuclear morphological alterations during
apoptosis

The induction of apoptosis through AO/EB staining was analyzed,
and the images are displayed in Fig. 6. The uniform distribution of AO
staining (green) was observed in the untreated control cells, indicating
their live and healthy condition. The early apoptotic cells exhibited
bright green fluorescence with condensed nuclei, but no significant
changes relative to the control were observed with the lower concen-
tration (0.2 pM) of compound 4. In contrast, cells treated with the ICsg
(0.4 pM) and higher concentrations (1 pM) revealed both early and late
apoptotic features, such as compromised cellular membranes and nu-
clear disintegration. These cells incorporated both AO and EB stains and
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appeared yellow. Previous studies have demonstrated that organotin
derivatives induce cell shrinkage, chromatin condensation, and mem-
brane blabbing in breast cancer cells [62]. These compounds are
believed to interact with DNA, potentially disrupting replication and
transcription, leading to cell death and apoptosis [63]. Therefore, the
evidence suggests that compound 4 promotes apoptosis in MCF-7 cells in
a dose-dependent manner.

3.3.4. Analysis of mitochondrial distribution patterns

The mitochondrial aggregation pattern before apoptosis was
analyzed using Mitotracker Red and Hoechst staining. Mitotracker Red
was primarily used to visualize the localization of cytoplasmic mito-
chondria within the cells, while Hoechst served as a counterstain to
highlight the nucleus. Treated MCF-7 cells, exposed to different con-
centrations of compound 4, showed changes in the mitochondrial dis-
tribution pattern, indicating the progression of apoptosis. At a lower
concentration (0.2 pM), mitochondrial aggregation was observed,
characterized by a bright red color surrounding the nucleus. This ag-
gregation became more prominent at concentrations of 0.4 pM and 1 pM
(Fig. 7). These results suggest that compound 4 induces mitochondrial
redistribution, thereby promoting apoptosis. Studies on organotin de-
rivatives have shown their potential to interfere with mitochondrial
function and induce mitochondrial-mediated apoptosis [64]. Our find-
ings further suggest that compound 4 not only promotes mitochondrial
aggregation at the periphery of the nucleus but also influences regula-
tion of the apoptosis pathway.

3.3.5. Cell cycle analysis

To assess the distribution of cell cycle stages, MCF-7 cells were
treated with compound 4 for 24 h. Flow cytometry analysis was per-
formed on PI-stained MCF-7 cells to examine DNA content following
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exposure to varying concentrations of compound 4 (Fig. 8). MCF-7 cells
at various stages of the cell cycle were analyzed for DNA content after
treatment with compound 4. Cells exposed to a range of compound 4
concentrations (0.2 pM, 0.4 pM, and 1 pM) exhibited a concentration-
dependent cell cycle arrest. At the 0.2 pM concentration, a notable in-
crease in cell arrest was observed compared to the control, with an 8.7 %
increase in arrested cells. Similarly, cells treated with 0.4 pM and 1 pM
concentrations also displayed significant cell cycle arrest, with increases
of 21.75 % and 31.11 %, respectively. These findings suggest that
compound 4 effectively induces cell cycle arrest, which may subse-
quently promote apoptosis. Previous studies involving organotin(IV)
compounds have shown that they can induce G2/M phase arrest in
various cancer cells [23,64].

4. Conclusions

This study focuses on the preparation and characterization of a series
of novel triphenyltin(IV) derivatives with fluoro-substituted arylazosa-
lieylic acids (H'HL?, H'HL®, HHL*, and H'HL®), alongside the non-
fluorinated pro-ligand HHL! for comparison. Compounds 3-5 were
characterized using single-crystal X-ray diffraction (SCXRD) and various
spectroscopic and analytical techniques. X-ray diffraction analysis
revealed a distorted tetrahedral configuration, with the carboxylate
ligand coordinating in a monodentate manner. Additionally, }'°Sn NMR
spectroscopic studies confirmed that the tin complexes maintain their
solid-state structures in deuterated chloroform. Compounds 1-5 were
evaluated in vitro for their antiproliferative activity against MCF-7
(human breast cancer) and HeLa (human cervical cancer) cells. The
IC5¢ values for the triphenyltin(IV) compounds ranged from 0.40 to
0.78 uM for MCF-7 cells, compared to 0.60 to 1.70 pM for HeLa cells.
Notably, among the fluorinated triphenyltin compounds 2-5, [Ph3Sn
(HL4)] (compound 4), whose ligand contains a 3-CF3 group, demon-
strated the highest cytotoxicity against MCF-7 cells, with an ICsq of 0.40
+ 0.16 pM, while exhibiting minimal cytotoxicity to normal cells. The
triphenyltin(IV) compounds exhibited favorable cell bioavailability and
accumulation, characteristic of lipophilic substances. In conclusion,
[Ph3Sn(HL4)] 4 stands out as a novel and promising candidate for
antiproliferative drug development, warranting further investigation.
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