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Abstract—New tin(IV) complexes (Ln)SnR2 (R = n-Bu (I, II), t-Bu (III–V), and Ph (VI)) with O,N,O'-
donor Schiff bases are synthesized. The molecular structures of compounds I and IV in the crystalline state
are determined by XRD (CIF files CCDC nos. 2309864 (I) and 2309422 (IV)). The photophysical properties
of the complexes are studied in comparison with the previously synthesized compounds containing phenyl or
ethyl hydrocarbon groups at the tin atom. All compounds luminesce in chloroform: the emission bands are
observed in the range from 580 to 638 nm. Both the groups at the tin atom and nature of the substituents in
Schiff bases significantly affect the relative quantum yield. The anti/prooxidant activity of (Ln)SnR2 in the
reactions with the ABTS (2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)) radical cation and superox-
ide radical anion, in the oxidative DNA damage, and during lipid peroxidation in vitro is studied. A weak anti-
bacterial activity against the bacterial strains Staphylococcus aureus ANCC 6538 and E. faecium ATCC 3576
are observed for some compounds. The in vitro antiproliferative properties for a number of the complexes are
studied for the HTC-116 and А-549 cancer cell lines. The coordination of the organometallic fragment with
the O,N,O'-tridentate ligands is found to induce a pronounced decrease in the cytotoxicity of the complexes.
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INTRODUCTION

Tin(II/IV) complexes with redox-active ligands
attract researchers’ attention due to many valent states
caused by the ability of the ligands to change the oxi-
dation state. Similar complexes have a broad set of
redox forms generated under electrochemical condi-
tions or under the action of chemical reagents [1–6]
and can actively participate in redox transformations
[7], initiate the С–Hal bond cleavage and С–С bond
formation [8, 9], and provide the charge transfer in the
heteroligand compounds [10]. A phenomenon of
redox isomerism of the Main Group metal has first
been found for the tin complex with o-amidopheno-
late ligands [11]. In the field of synthesis of new bio-
logically active organometallic coordination tin com-
pounds, progress is observed in the preparation of sub-
stances containing privileged heterocyclic scaffolds,
diverse redox-active fragments, and other pharmaco-

phoric functional groups due to their high antiprolifer-
ative and antitumor activity [12–15].

Polydentate Schiff bases bearing redox-active frag-
ments also play an important role in coordination
chemistry, since they can form stable chelates with a
wide range of metals. The tin(IV) derivatives are not
exceptions and are intensively studied owing to
unusual photophysical properties [16], which find use
in the development of related materials for optoelec-
tronic devices [17, 18] and solar batteries [19, 20]. The
tin complexes with Schiff bases are luminescent and,
hence, are considered as potential agents for bioimag-
ing [21–23].

Along with specific optical properties, the tin(IV)
complexes with Schiff bases are inherent in antimicro-
bial, antiproliferative, and antitumor activities [24–
26]. Their high toxicity prevents the development of
new tin-containing therapeutic agents. One of the
solutions of this problem is a rational design of ligands:
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the introduction of various antioxidant cytoprotector
groups, which favors an enhancement of selectivity
toward healthy cells and a decrease in side effects [27–
29]. The variation of hydrocarbon groups at the tin
atom and heteroatoms (O,N,S) involved in the forma-
tion of the coordination mode and the presence of
additional redox-active fragments in the ligand struc-
ture make it possible to modulate the biological prop-
erties of the tin(IV) complexes in a wide range.

The purpose of this work is the synthesis of new
tin(IV) complexes with O,N,O'-donor Schiff bases,
study their structures, and analysis of the photophysi-
cal properties, anti- or prooxidant activity, and cyto-
toxicity in comparison with the previously synthesized
related complexes to determine the influence of the
substituents at the tin atom or in the ligands on the
manifested properties.

EXPERIMENTAL
Commercial reagents Ph2SnCl2 (Aldrich, 96%),

n-Bu2SnCl2 (Aldrich, 98%), t-Bu2SnCl2 (Aldrich,
96%), 2,2′-azobis(2-amidinopropane) dihydrochlo-
ride (AAPH) (97%, Aldrich), 2,2′-azinobis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) (≥98%,
TCI, Tokyo, Japan), thiobarbituric acid (≥98%,
Sigma-Aldrich), deoxyribonucleic acid (DNA)
sodium salt from salmon testes (Sigma), ethylenedi-
aminotetraacetic acid (EDTA) (≥99%, Sigma-
Aldrich), xanthine (3,7-dihydropurine-2,6-dione)
(≥99%, Sigma-Aldrich), bovine serum albumin
(≥96%, Sigma-Aldrich), xanthine oxidase (IV sort,
Sigma-Aldrich), tetrasolium blue (90%, Alfa Aesar),
phosphate buffer (pH 7.4, Sigma), 6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid (Trolox)
(97%, Aldrich), trichloroacetic acid (≥99%, Sigma-
Aldrich), quinine sulfate dihydrate (TRC inc.), Dul-
becco’s Modified Eagle’s Medium (DMEM medium,
PanEko, Russia), Mueller–Hinton broth (MHB
medium, PanEko, Russia), L-glutamine (PanEko,
Russia), fetal bovine serum (Hyclone, Austria), cipro-
floxacin (for biochemistry, AppliChem Biochemica
Chemical Synthesis Services), penicillin (PanEko,
Russia), streptomycin (PanEko, Russia) and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT, PanEko, Russia) were used as received.
Schiff bases ((2,4-di-tert-butyl-6-((((5-tert-butyl)-2-
hydroxyphenyl)imino)methyl)phenol (L1H2), 2,4-di-
tert-butyl-6-(((5-chloro-2-hydroxy-3-nitrophenyl)-
imino)methyl)phenol (L2H2), 2,4-dichloro-6-((3,5-
di-tert-butyl-2-hydroxybenzilydene)amino)-3-meth-
ylphenol (L3H2), and 2,4-di-tert-butyl-6-((3,5-di-
tert-butyl-2-hydroxybenzilydene)amino)phenol (L4H2))
were synthesized using a previously described proce-
dure [30, 31]. The solvents used were purified and
dehydrated using standard procedures [32].

1H and 13C NMR spectra were recorded on a
Bruker AVANCE HD 400 spectrometer with frequen-
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cies of 400 (1Н) and 100 MHz (13C) using CDCl3 as
the solvent. IR spectra were detected on an FSM 1201
FT-IR spectrometer in KBr pellets. High resolution
mass spectra (HR-MS) were recorded on a Bruker
UHR-TOF Maxis™ mass spectrometer in the electro-
spray ionization (ESI) regime. Electronic absorption
spectra were measured on an SF-104 spectrophotom-
eter in a range of 300–600 nm at room temperature.
Fluorescence spectra were recorded on an SM-2203
spectrofluorimeter. Solutions of the complexes (с =
5 μmol/L) in CHCl3 were used for recording f luores-
cence spectra at the excitation wavelength λex =
340 nm. Relative f luorescence quantum yields (ϕ)
were estimated in comparison with the standard: a
0.1 M solution of quinine sulfate in H2SO4 (ϕ = 0.577)
[33]. The f luorescence of the target compounds was
measured three times.

The initial compounds were dissolved in DMSO
(0.001 mol/L) to study the stability of complexes II,
IV, IX, and X in aqueous solutions at various pH. An
aliquot of the starting solution of DMSO was intro-
duced into an aqueous solution with the pH varied
from 4 to 9, or a phosphate buffer with рН 7.4 was
used. The final concentration of the complexes in the
solutions was 5 μmol/L. To maintain a certain pH in
the medium, 1 M solutions of HCl or KOH were used.
The measurements were conducted in three repeti-
tions.

The radical scavenging and antioxidant activity of
the compounds in the reaction with the ABTS•+ radi-
cal cation was estimated using a known procedure
[34]. The change in the absorption intensity of
ABTS•+ (λ = 734 nm) generated under the action of
K2S2O8 was detected in the presence of the tin com-
plexes in various concentrations (5–100 μmol/L). The
value of IC50 was calculated as a minimum concentra-
tion of the compounds necessary to decrease the
ABTS•+ content by 50% of the initial parameter. The
plots of the dependences of the absorbance on the
concentration in the ABTS test were constructed for
the studied complex and Trolox. The antioxidant
capacity (ABTSTEAC) in the Trolox equivalents (Trolox
equivalent antioxidant capacity, TEAC) was measured
by comparing the slope angle of the plots for each
compound with the data for Trolox.

The xanthine–xanthine oxidase enzymatic system
(NBT test) was used for the estimation of the antirad-
ical activity of the tin complexes toward  [35]. The
change in the absorbance at λ = 560 nm in the pres-
ence of the complexes in DMSO was monitored on a
Thermo Scientific Multiskan Sky microplate spectro-
photometer for 800 s. The control experiment was
conducted by the replacement of a solution of the
sample by the same amount of DMSO. The value of
inhibition I (%) was calculated by the following equa-
tion: I (%) = [(1 – Ai/A0) × 100%], where Ai is the
absorbance upon the addition of the target com-
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pounds after incubation for 800 s, and A0 is the absor-
bance of the control solution. The values of IC50 were
determined graphically using the dependence of the
inhibition percentage on the compound concentra-
tion, which was varied from 5 to 100 μmol/L. All
experiments were carried out three times.

The Wistar rat liver homogenates (1 : 10 wt/vol)
were prepared directly before use in a phosphate buffer
medium (рН 7.4) using a homogenizer. The intensity
of the lipid peroxidation (LP) of the liver homogenates
was estimated from the accumulation of carbonyl
products that formed a colored complex with thiobar-
bituric acid (TBARS) according to a previously
described procedure [36]. The concentration of the tin
complexes was 0.1 mmol/L. The TBARS concentra-
tion was determined after 3, 24, and 48 h of incubation
at 37°С. The oxidative DNA damage in the presence
of the AAPH radical initiator (37°С) and studied com-
pounds (50 μmol/L) was evaluated according to a pre-
viously described procedure [37].

The minimum inhibitory concentration (MIC) was
determined by the method of twofold serial dilutions
according to the CLSI protocols [38]. The bacterial
strains Staphylococcus aureus ATCC 6538, Escherichia
coli ATCC 25922, and Enterococcus faecium ATCC
3576 from the American Type Culture Collection
(ATCC, USA) were used. The Mueller–Hinton broth
served as the nutrient medium for bacteria. The com-
pounds were introduced into wells of the plate as
DMSO solutions. The studied compounds were dis-
solved in DMSO and diluted with the MHB. The
DMSO content in the studied solution did not exceed
12% and exerted no effect on the bacterial growth. The
concentration of bacteria in the plate wells was
5 × 105 CFU/mL. All experiments were conducted in
three analytical and two biological repetitions. Cipro-
floxacin and levofloxacin served as positive controls.

The cytotoxicity of complexes VI, VIII, IX, X, and
XII was determined in vitro on the lung cancer
(A-549) and colorectal cancer (HCT-116) cell lines
from the ATCC (Manassas, Virginia, USA). The cells
were cultivated in the DMEM nutrient medium with
the addition of 10% fetal bovine serum, L-glutamine
(2 mmol/L), 1% penicillin, and 1% streptomycin at
37°C and 5% CO2. The studied complexes were dis-
solved in DMSO to have an initial concentration of
10 mmol/L followed by serial dilutions in the cultural
medium. The final concentration of DMSO was lower
than 0.1% and exerted no effect on the cell viability.
The cell viability after the action of the studied com-
pounds was determined by the MTT test. The cells
(5 × 103 in 190 μL of the cultural medium) were
seeded in 96-well plates for 24 h and treated with the
tin complexes in concentrations of 0.10–
150.00 μmol/L for 72 h. After the treatment with the
studied compounds, the MTT reagent (10 μL,
5.00 mg/mL) was added to each well for 1 h. After
incubation, the nutrient medium was removed,
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DMSO (200 μL) was added, and the absorbance at
λ = 540 nm was measured. The values of IC50 were
calculated as the concentration of the compound nec-
essary for decreasing the cell viability by 50% com-
pared to the control cell growth (100%). Every assay
was conducted in three samples in two independent
experiments. The negative control in the MTT test was
DMSO in a concentration of 0.1%, and doxorubicin
hydrochloride served as the positive control.

Synthesis of tin complexes (L)SnR2 (I–VI) was con-
ducted by the exchange reaction of R2SnCl2
(0.3 mmol) with Schiff base L1H2–L4H2 (1 equiv) in
acetonitrile in the presence of triethylamine (2 equiv)
using a previously described procedure [30].

Complex (L1)SnnBu2 (I). The yield of complex I as
brightly orange crystals was 46% (0.085 g). IR (KBr; ν,
cm–1): 3061, 2033, 2995, 2958, 2921, 2871, 1611, 1589,
1557, 1544, 1528, 1500, 1488, 1457, 1430, 1385, 1362,
1330, 1294, 1279, 1253, 1230, 1197, 1168, 1129, 1087,
1023.

1H NMR (400 MHz; CDCl3; δ, ppm): 0.83 (t,
3J(H,H) = 7.3 Hz, 6H, CH3 from n-Bu), 1.29 (q,
3J(H,H) = 7.3 Hz, 4H, CH2 from n-Bu), 1.33 (s, 9H,
t-Bu), 1.35 (s, 9H, t-Bu), 1.41 (s, 9H, t-Bu), 1.41–1.47
(m, 4H, CH2 from n-Bu), 1.61–1.70 (m, 4H, CH2
from n-Bu), 6.80 (d, 3J(H,H) = 8.6 Hz, 1H, arom.
C6H3), 7.06 (d, 4J(H,H) = 2.5 Hz, 1H, arom. C6H2),
7.22 (dd, 3J(H,H) = 8.6 Hz, 4J(H,H) = 2.3 Hz, 1H,
arom. C6H3), 7.31 (d, 4J(H,H) = 2.3 Hz, 1H, arom.
C6H3), 7.50 (d, 4J(H,H) = 2.5 Hz, 1H, arom. C6H2),
8.64 (s, 3J(H,Sn) = 50.6 Hz, 1H, CH=N).

13C NMR (100 МHz, CDCl3, δ, ppm): 13.52, 21.87
(1J(C,Sn) = 622, 595 Hz), 26.74 (2J(C,Sn) =
90.6 Hz), 26.95 (3J(C,Sn) = 32.4 Hz), 29.38, 31.27,
31.66, 34.04, 34.28, 35.21, 111.01, 117.06, 117.58,
126.74, 128.93, 130.81, 131.73, 138.16, 138.99, 140.91,
157.00, 161.84, 167.37.

HR-MS: Found m/z: 614.2998 [M + H]+.
C33H52NO2Sn. Calculated m/z: 614.3021.

Complex (L2)SntBu2 (II). The yield of complex II
as a dark red powder was 84% (0.160 g). IR (KBr; ν,
cm–1): 3086, 2964, 2849, 1611, 1588, 1555, 1532, 1517,
1464, 1418, 1406, 1388, 1363, 1349, 1256, 1228, 1200,
1167, 1134, 1028, 1015.

1H NMR (400 МHz; CDCl3; δ, ppm): 0.83 (t,
3J(H,H) = 7.3 Hz, 6H, CH3 from n-Bu), 1.22–1.35
(m, 4H, CH2 from n-Bu), 1.31 (s, 9H, t-Bu), 1.39 (s,
9H, t-Bu), 1.50–1.70 (m, 8H, CH2 from n-Bu), 7.05
(d, 4J(H,H) = 2.5 Hz, 1H, arom. C6H2), 7.45 (d,
4J(H,H) = 2.5 Hz, 1H, arom. C6H2), 7.59 (d,
4J(H,H) = 2.5 Hz, 1H, arom. C6H2), 7.87 (d,
4J(H,H) = 2.5 Hz, 1H, arom. C6H2), 8.59 (s, with sat-
OORDINATION CHEMISTRY  Vol. 50  No. 7  2024
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ellite splitting on tin nuclei 3J(H,Sn) = 43.7 Hz, 1H,
CH=N).

13C NMR (100 МHz, CDCl3, δ, ppm): 13.46, 22.59
(1J(C,Sn) = 606, 577 Hz), 26.57 (2J(C,Sn) =
90.6 Hz), 26.72 (3J(C,Sn) = 36 Hz), 29.32, 31.05,
34.08, 35.23, 116.90, 118.50, 119.50, 124.29, 129.49,
134.21, 136.91, 138.01, 139.41, 141.55, 154.28, 164.70,
168.98.

HR-MS: Found m/z: 659.1678 [M + Na]+.
C29H41ClN2NaO4Sn. Calculated m/z: 659.1668.

Complex (L1)SntBu2 (III). The yield of
complex III as a red powder was 57% (0.105 g). IR
(KBr; ν, cm–1): 3067, 3051, 2958, 2878, 2583, 1610,
1588, 1557, 1530, 1497, 1487, 1467, 1458, 1427, 1406,
1380, 1362, 1315, 1297, 1280, 1252, 1232, 1198, 1169,
1138, 1128, 1027.

1H NMR (400 МHz; CDCl3; δ, ppm): 1.33 (s,
27H, t-Bu), 1.34 (s, 9H, t-Bu), 1.46 (s, 9H, t-Bu), 6.82
(d, 3J(H,H) = 8.5 Hz, 1H, arom. C6H3), 7.06 (d,
4J(H,H) = 2.6 Hz, 1H, arom. C6H2), 7.20 (dd,
3J(H,H) = 8.6 Hz, 4J(H,H) = 2.3 Hz, 1H, arom.
C6H3), 7.24 (d, 4J(H,H) = 2.3 Hz, 1H, arom. C6H3),
7.51 (d, 4J(H,H) = 2.6 Hz, 1H, arom. C6H2), 8.67 (s,
with satellite splitting on tin nuclei 3J(H,Sn) =
46.9 Hz, 1H, CH=N).

13C NMR (100 МHz; CDCl3; δ, ppm): 29.81,
30.30, 31.26, 31.68, 34.00, 34.23, 35.40, 40.47
(J(C,Sn) = 605, 582 Hz), 111.18, 117.20, 117.60,
126.56, 129.10, 131.54, 131.82, 137.97, 138.39, 140.61,
157.74, 161.80, 168.87.

HR-MS: Found m/z: 614.2950 [M + H]+. C33H52-
NO2Sn. Calculated m/z: 614.2952.

Complex (L2)SntBu2 (IV). The yield of complex IV
as brick-red crystals was 82% (0.156 g). IR (KBr; ν,
cm–1): 3085, 2963, 2871, 2852, 1610, 1589, 1555, 1532,
1517, 1464, 1418, 1406, 1389, 1363, 1348, 1317, 1258,
1225, 1200, 1170, 1135, 1029, 1015.

1H NMR (400 МHz; CDCl3; δ, ppm): 1.31 (s, 9H,
t-Bu), 1.34 (s, 18H, t-Bu), 1.44 (s, 9H, t-Bu), 7.04 (d,
4J(H,H) = 2.6 Hz, 1H, arom. C6H2), 7.38 (d,
4J(H,H) = 2.5 Hz, 1H, arom. C6H2), 7.61 (d,
4J(H,H) = 2.6 Hz, 1H, arom. C6H2), 7.86 (d,
4J(H,H) = 2.5 Hz, 1H, arom. C6H2), 8.62 (s, with sat-
ellite splitting on tin nuclei 3J(H,Sn) = 39.4 Hz, 1H,
CH=N).

13C NMR (100 МHz, CDCl3, δ, ppm): 29.72,
30.08, 31.05, 34.06, 35.42, 41.81, 117.39, 118.01,
119.32, 124.13, 129.66, 134.29, 137.56, 137.77, 139.31,
141.33, 154.64, 164.76, 170.26.

HR-MS: Found m/z: 659.1650 [M + Na]+.
C29H41ClN2NaO4Sn. Calculated m/z: 659.1668.

Complex (L3)SntBu2 (V). The yield of complex V as
an orange powder was 74% (0.141 g). IR (KBr; ν, cm–1):
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3067, 2955, 2927, 2871, 1609, 1589, 1552, 1531, 1507,
1454, 1428, 1405, 1387, 1361, 1317, 1303, 1265, 1251,
1232, 1198, 1179, 1136, 1072, 1050.

1H NMR (400 МHz; CDCl3; δ, ppm): 1.31 (s, 9H,
t-Bu), 1.34 (s, 18H, t-Bu), 1.45 (s, 9H, t-Bu), 2.45 (s,
3H, CH3), 7.02 (d, 4J(H,H) = 2.6 Hz, 1H, arom.
C6H2), 7.21 (s, 1H, arom. C6H1), 7.55 (d, 4J(H,H) =
2.6 Hz, 1H, arom. C6H2), 8.60 (s, with satellite split-
ting on tin nuclei J(H,Sn) = 43.2 Hz, 1H, CH=N).

13C NMR (100 МHz; CDCl3; δ, ppm): 17.86,
29.79, 30.15, 31.15, 33.99, 35.39, 41.06 (1J(C,Sn) =
573 Hz), 112.96, 117.36, 120.09, 123.84, 129.34,
131.08, 132.79, 134.13, 138.49, 140.89, 155.02, 162.78,
169.27.

HR-MS: Found m/z: 640.1700 [M + H]+.
C30H44Cl2NO2Sn. Calculated m/z: 640.1759.

Complex (L3)SnPh2 (VI). The yield of complex V
as an orange-red powder was 86% (0.175 g). IR (KBr;
ν, cm–1): 3051, 2958, 2909, 2868, 1608, 1595, 1554,
1531, 1506, 1450, 1430, 1388, 1361, 1302, 1272, 1251,
1230, 1198, 1180, 1135, 1073, 1025.

1H NMR (400 МHz, CDCl3, δ, ppm): 1.33 (s, 9H,
t-Bu), 1.55 (s, 9H, t-Bu), 2.49 (s, 3H, CH3), 7.08 (d,
4J(H,H) = 2.5 Hz, 1H, arom. C6H2), 7.29 (s, 1H,
arom. C6H1), 7.34–7.47 (m, 6H, Ph), 7.65 (d,
4J(H,H) = 2.5 Hz, 1H, arom. C6H2), 7.87–7.95 (m,
with satellite splitting on tin nuclei J(H,Sn) = 80.8 Hz,
4H, Ph), 8.65 (s, with satellite splitting on tin nuclei
J(H,Sn) = 59.2 Hz, 1H, CH=N).

13C NMR (100 МHz, CDCl3, δ, ppm): 17.92,
29.91, 31.13, 34.06, 35.48, 113.03, 117.07, 121.41,
124.45, 128.71 (J(C,Sn) = 88 Hz), 129.82, 130.09,
130.34 (J(C,Sn) = 17 Hz), 133.48, 134.78, 136.39
(J(C,Sn) = 56 Hz), 139.43, 139.53, 141.15, 153.70,
163.21, 167.98.

HR-MS: Found m/z: 680.1099 [M + H]+.
C34H36Cl2NO2Sn. Calculated m/z: 680.1134.

Complexes (L1)SnPh2 (VII), (L1)SnEt2 (VIII),
(L2)SnPh2 (IX), (L2)SnEt2 (X), (L3)SnEt2 (XI),
(L4)SnPh2 (XII), and (L4)SnEt2 (XIII) were synthe-
sized using a previously published procedure [30].

XRD. The crystals of complex I suitable for XRD
were prepared by the slow evaporation of its solution in
acetonitrile at room temperature. A set of experimen-
tal data was collected on an Agilent SuperNova dif-
fractometer using a microfocus X-ray radiation source
with a copper anode and an Atlas S2 CCD coordinate
detector. Data were collected and unit cell parameters
were determined and refined using the CrysAlisPro
1.171.38.41 specialized software [39]. The diffraction
data on the crystals of compound IV were collected on
a D8 Venture single-crystal X-ray diffractometer (ω
scan mode, MoKα radiation, λ = 0.71073 Å). For
experimental data processing, a semiempirical absorp-
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Table 1. Crystallographic data and structure refinement details for compounds I and IV

Complex I IV

Empirical formula C66H102N2O4Sn2 C29H41N2O4ClSn

FW 1224.87 635.78

T, K 293(2) 220(2)

Source CuKα MoKα

Wavelength, Å 1.54184 0.71073

Crystal system Monoclinic Triclinic

Space group P21/n

а, Å 12.44580(10) 13.7848(6)

b, Å 9.61530(10) 13.9371(6)

c, Å 27.0296(3) 18.2814(7)

α, deg 90 68.0398(14)

β, deg 102.9510(10) 84.2036(14)

γ, deg 90 71.8718(14)

V, Å3 3152.35(6) 3095.2(2)

Z 2 4

ρcalc, mg/m3 1.290 1.364

μ, mm–1 6.647 0.945

θ, deg 3.654–76.478 1.902–28.000

Number of measured/independent reflections 33544/6595 54203/14 954

Number of independent reflections with I > 2σ(I) 6384 11880

Rint 0.0395 0.0304

GOOF (F2) 1.058 1.025

R1, wR2 (I > 2σ(I)) 0.0304, 0.0821 0.0290, 0.0590

R1, wR2 (for all parameters) 0.0313, 0.0830 0.0434, 0.0640

Δρmax/Δρmin, e Å–3 1.538/–1.243 0.450/–0.448

1P
tion correction was applied using the SADABS pro-
gram [40]. The structure was solved by direct methods
and refined by full-matrix least squares for F 2 in the
anisotropic approximation for all non-hydrogen
atoms. Hydrogen atoms were placed in the calculated
positions and refined by the riding model with
Uiso(H) = 1.5Ueq(C) in the methyl groups and
Uiso(H) = 1.2Ueq(C) in other fragments. The calcula-
tions were performed using the SHELXL software
[41]. The crystallographic data and structure refine-
ment parameters for compounds I and IV are given in
Table 1.

The crystallographic parameters were deposited
with the Cambridge Crystallographic Data Centre
RUSSIAN JOURNAL OF C
(CIF files CCDC nos. 2309864 (I) and 2309422 (IV);
deposit@ccdc.cam.ac.uk; http://www.ccdc.cam.ac.uk).

The quantum chemical modeling of isolated mole-
cules of compounds VIII–XIII was performed using
the Gaussian09 (D01) program [42]. The geometry of
each molecule was optimized at the PBE0-
D3/def2TZVP level [43–45] using standard conver-
gence criteria and taking into account nonspecific sol-
vation in the framework of the polarization continuum
model (dielectric constant of chloroform) [46]. The
root-mean-square deviation of the calculated posi-
tions of non-hydrogen atoms from those obtained
from the XRD data was at most 0.1 Å. According to the
normal vibration analysis performed at the same level
of the theory, all determined structures correspond to
OORDINATION CHEMISTRY  Vol. 50  No. 7  2024
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Fig. 1. Molecular structure of complex L2SntBu2 (IV) according to the XRD data. Hydrogen atoms are omitted. Ellipsoids of 50%
probability.
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minima on the potential surface energy. Excited states
were simulated in the framework of the time-depen-
dent density functional theory (DFT), and the basis
set was selected for compound VIII from the resource
intensity ratio and coincidence with experimental data
on absorption bands in the UV spectra. Further the
spectral data for all the six compounds were calculated
using the def2TZVP basis set at three DFT levels
(B3LYP, PBE0, CAM-B3LYP). The excited states
were additionally calculated for the B3LYP/
def2TZVP level taking into account the solvation

polarization continuum model (dielectric constant of
chloroform).

RESULTS AND DISCUSSION

Tin complexes LSn  (I–VI) were formed due to
the exchange reactions of Schiff bases (L1H2–L4H2)
and SnCl2 in a ratio of 1 : 1 in acetonitrile in the
presence of triethylamine as the deprotonating agent
(Scheme 1). Compounds VII–XIII were synthesized
previously by a similar procedure [30].

Scheme 1.
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N
OH
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Et3NHCl SnR2
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tButBu
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R1 R2

I       L1SnnBu2  (46%)

II      L2SnnBu2  (84%)

III    L1SntBu2   (57%)

IV    L2SntBu2   (82%)

V      L3SntBu2  (74%)

VI    L3SnPh2   (86%)

VII   L1SnPh2

VIII  L1SnEt2   

IX     L2SnPh2

X      L2SnEt2

XI     L3SnEt2 

XII    L4SnPh2 

XIII   L4SnEt2

L1H2   R1 = R2 = H; R3 = tBu;

L2H2   R1 = Cl; R2 = H; R3 = NO2;

L3H2   R1 = R3 = Cl; R2 = Me;

L4H2   R1 = R3 = tBu; R2 = H

R' = nBu; tBu; Ph; Et

 R2SnCl2'
'
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Fig. 2. Molecular structure of complex L1SnnBu2 (I) according to the XRD data. Hydrogen atoms are omitted. Ellipsoids of 50%
probability.
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Table 2. Selected bond lengths (Å) and bond angles (deg) in
complexes I and IV

Bond
I* IV

d, Å

Sn(1)–O(1) 2.141(1) 2.132(2)
Sn(1)–O(2) 2.179(2) 2.101(2)
Sn(1)–N(1) 2.208(1) 2.192(2)
Sn(1)–C(22) 2.127(2) 2.170(2)
Sn(1) –C(26) 2.170(3)
Sn(1)–C(30) 2.124(2)

Angle ω, deg

O(1)Sn(1)O(2) 155.74(6) 155.68(7)
C(22)Sn(1)C(26) 129.6(1)
C(22)Sn(1)C(30) 147.27(8)
N(1)Sn(1)C(22) 104.69(6) 122.18(8)
N(1)Sn(1)C(26) 107.87(9)
N(1)Sn(1)C(30) 106.95(7)

* Sn(1)O(1'), 2.678(2) Å; O(1)Sn(1)O(1'), 65.90(5)°; O(2)Sn(1)O(1'),
38.36(5)°.
Complexes I–VI were isolated by filtration as
orange-red crystalline powders in the yields up to
86%. The compositions and structures of compounds
I–VI were determined by the data of IR and 1H and
13C NMR spectroscopy and high resolution mass
spectrometry. The molecular structures of complexes
L1SnnBu2 (I) and L2SntBu2 (IV) in the crystalline state
were determined by XRD (Figs. 1, 2). Selected bond
lengths and angles are listed in Table 2.

Complex L2SntBu2 (IV) is the mononuclear deriv-
ative of pentacoordinated tin(IV) with the O,N,O'-tri-
dentate redox-active ligand. On the whole, the struc-
ture of this complex in crystal is close to those of the
earlier studied tin(IV) complexes (ONO)SnR2 and
(ONS)SnR2 [19, 47–53]. On the contrary, complex
L1SnnBu2 (I), which is also mononuclear according to
the solution NMR data, represents dimer [L1SnnBu2]2
in the crystalline state (Fig. 2). A similar structure was
shown for the related tin complexes, for instance,
Et2Sn(t-Bu2ONO–Cl2–Me) [30] and n-Bu2Sn-
(Cl2ONO–NO2) [50].

The geometric characteristics of the redox-active
ligand in the complexes are characteristic of imino-
bis(phenolates). The C–O bond lengths (1.302(3) and
1.317(3) Å in IV; 1.338(2) and 1.307(2) Å in I) lie in the
range of these bonds characteristic of various tin phe-
nolates. The six-membered carbon rings are aromatic
(average С–С bond lengths in the C6O(2)C(7) and
C6O(1)N(1) fragments are 1.403 and 1.391 Å in IV;
1.407 and 1.396 Å in I), and the C=N bond is double
(1.312(3) and 1.302(2) Å, respectively). In the related
t-Bu2Sn(MeO–ONO–NO2) complexes, the C–O
distances are 1.310 and 1.305 Å (average C–C 1.401
and 1.394 Å; C=N 1.310 Å). The C–O distances in
RUSSIAN JOURNAL OF C
t-Bu2Sn(ONO-NO2) are 1.307 and 1.315 Å (average
C–C 1.393 and 1.390 Å), and the C=N bond lengths
are 1.307 Å [54]. In similar diphenyltin(IV) com-
plexes, the C–O bond lengths vary in a range of 1.31–
1.34 Å in the iminophenolate fragment C6O(1)N(1)
and 1.30–1.32 Å in the phenolate fragment
C6O(2)С(7) (C=N bond length ranges from 1.29 to
OORDINATION CHEMISTRY  Vol. 50  No. 7  2024
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Table 3. Photophysical properties of complexes I–XIII in CHCl3 at 293 K

* The data on the electronic absorption spectra are taken from [30].

Compound , nm (ε × 103, mol L–1 cm–1) ΔE, eV λex, nm λem, nm Δν, cm–1 ϕ

L1SnnBu2 (I) 318 (6.85), 385 sh (4.04), 477 (13.46) 2.60 340 616 4731 0.375

L2SnnBu2 (II) 312 (8.48), 396 sh (6.17), 420 (8.06), 491 (17.93) 2.52 340 562
580

2573
3125

0.197

L1SntBu2 (III) 310 (12.51), 396 sh (6.81), 480 (21.96) 2.58 340 612 4494 0.341

L2SntBu2 (IV) 310 (9.16), 396 sh (5.10), 422 (7.56), 494 (16.88) 2.51 340 562
580

2449
3001

0.232

L3SntBu2 (V) 319 (14.47), 393 sh (9.09), 485 (27.60) 2.56 340 594 3783 0.351

L3SnPh2 (VI) 320 (12.50), 394 (6.90), 473 (15.08) 2.62 340 582 3959 0.462

L1SnPh2 (VII*) 324 (8.26), 390 sh (5.42), 473 (14.80) 2.62 340 610 4748 0.334

L1SnEt2 (VIII*) 316 (7.51) 390 sh (5.51), 476 (15.61) 2.60 340 598 4286 0.357

L2SnPh2 (IX*) 317 (8.52), 392 sh (5.56), 418 (8.82), 483 (17.24) 2.57 340 560
582

2846
3521

0.252

L2SnEt2 (X*) 313 (7.95), 393 sh (5.66), 420 (7.93), 493 (17.58) 2.52 340 600 3334 0.180

L3SnEt2 (XI*) 328 (6.98), 394 sh (5.34), 482 (17.57) 2.57 340 584 3623 0.415

L4SnPh2 (XII*) 321 (18.80) 393 sh (5.81), 477 (16.51) 2.60 340 638 5291 0.129

L4SnEt2 (XIII*) 328 (6.99), 394 sh (5.29), 481 (15.51) 2.57 340 638 5117 0.182

abs
maxλ
1.32 Å [30]). As already said, complex I in the crystal-
line state is dimer. In complex I, the coordination
sphere of the Sn(1) tin atom is supplemented to the
coordination number 6 due to the donor–acceptor
interaction with the O(1) oxygen atom of the redox-
active ligand (Sn(1)–O(1') distance 2.678(2) Å).
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Fig. 3. Electronic absorption spectra of complexes
(1) I, (2) II, (3) IV, and (4) (V) in CHCl3 at 293 K (с =
3.0 × 10–5 mol/L).
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The spectral properties of the synthesized com-
plexes in the UV spectral range (300–600 nm) in chlo-
roform were studied (Table 3).

The electronic absorption spectra of complexes I–
VI (Fig. 3) differ insignificantly from the spectra
detected earlier for compounds VII–XIII (Table 3).
The spectra of complexes I, III, V, and VI exhibit two
absorption bands and a shoulder at 385–396 nm. One
of the absorption bands is attributed to the intramo-
lecular charge transfer in the ligand (π–π* and n–π*),
and the more intense band (473–493 nm) is related to
the metal–ligand charge transfer [30]. For com-
pounds II and IV, the presence of the chromophoric
nitro group causes an additional intraligand n–π*
charge transfer at 420 or 422 nm [21].

The substituents in the Schiff bases exert the high-
est effect on the position of the maximum in a range of
463–493 nm. Unlike the complexes with ligands L1

and L4 bearing donating tert-butyl groups, the intro-
duction of electron-withdrawing substituents into L2

favors the bathochromic shift of the most intense band
by 10–17 nm. A similar behavior can be explained by
the participation of the nitro group in the electron
density redistribution in the conjugated system of the
ligand. The substituents at the tin(IV) atom exert
almost no effect on the position of the maximum, and
only an insignificant hypsochromic effect is observed
for the complexes with phenyl groups. In the case of
  Vol. 50  No. 7  2024
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Fig. 4. Fluorescence spectra of complexes (1) VI,
(2) I, (3) V, and (4) IV in CHCl3 at 293 K (с = 5.0 ×
10–6 mol/L).
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Fig. 5. Fluorescence spectra of complexes (1) XI, (2) VIII,
(3) X, and (4) XIII in CHCl3 at 293 K (с = 5.0 × 10–6 mol/L).
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compounds III and V, the replacement of the n-butyl
by tert-butyl substituents results in a considerable
hyperchromic effect for the absorption band at 473–
482 nm.

The study of the luminescence activity of com-
plexes I–XIII (Table 3) shows one or two emission
bands at λex = 340 nm in the range from 560 to 638 nm
(Fig. 4).

The relative quantum yield in the series of the com-
plexes with Schiff base L1 regularly decreases on going
from the ethyl- to n-butyl-, tert-butyl-, and phenyl-
substituted tin(IV) derivatives (Table 3). An inverse
dependence is observed for the complexes with
ligand L2. The quantum yield for the compounds with
the same alkyl groups at the tin atom depends on the
nature of groups in the Schiff bases (Fig. 5).

The compounds can be arranged in the following
order: ϕ(R2SnL3) < ϕ(R2SnL1) < ϕ(R2SnL2) <
ϕ(R2SnL4). The replacement of one of the chlorine
atoms by the nitro group in L2, as well as the introduc-
tion of the additional tert-butyl substituent in L4,
results in a decrease in the relative quantum yield. The
RUSSIAN JOURNAL OF C

Table 4. Selected results of the quantum chemical B3LYP/de

Compound
S0

ΔEMO

S0 → S1

VIII 3.09 468/476
IX 3.18 465/483
X 3.11 475/493
XI 3.07 466/482
XII 3.12 468/477
XIII 3.09 477/471

abs abs
calc expλ λ
maximum Stokes shifts were detected for the com-
plexes with ligand L4 containing donating tert-butyl
groups. However, the compounds of this series are
characterized by low quantum yields. The emission
bands for the complexes with L4 are observed at 610–
638 nm, whereas λem was detected in a narrow range of
580–600 nm for the most part of the substances. Two
peaks are observed in the emission spectra of the com-
pounds with ligand L2.

The energy gap (ΔЕ), being the difference in the
energies of the frontier orbitals, is often used to evalu-
ate the possibility of applying substances in photoelec-
tric devices. This parameter predetermines the effi-
ciency of solar radiation absorption [19] and the color
of the light emitted in optoelectronic devices [55]. The
value of ΔE can theoretically be determined using
quantum chemical calculations or can be measured
experimentally using UV-vis spectroscopy. The ΔE
parameters for complexes I–XIII calculated from the
spectral data are observed in the range from 2.51 to
2.62 eV and are close to the values obtained previously
from the electrochemical experiments for complexes
VII–XIII [30]. The minimum values of ΔE (2.51–
OORDINATION CHEMISTRY  Vol. 50  No. 7  2024

f2TZVP calculations for compounds VIII–XIII

S0 → S1
ΔEcalc/ΔEexp

S0 → S2 S0 → S3

2.65/2.60 390/390 326/316
2.66/2.57 407/418 387/392
2.61/2.52 410/420 391/393
2.66/2.57 399/394 334/328
2.65/2.60 394/393 336/321
2.60/2.57 396/394 337/328

abs abs
calc expλ λ abs abs

calc expλ λ
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Fig. 6. Isosurfaces of the selected Kohn–Sham molecular orbitals (|0.02| au) calculated at the B3LYP/def2TZVP level for com-
pound X.

HOMO-1 HOMO

LUMO LUMO + 1
2.52 eV) are characteristic of the complexes with alkyl
groups linked to the tin atom and Schiff base L2.

The quantum chemical calculations performed for
compounds VIII–XIII are sufficiently consistent with
the experimental data (Table 4). The wavelengths cor-
responding to the excitation energy S0 → Sn ( ) cal-
culated in the framework of the time-dependent DFT
lie in narrow ranges of 465–477, 393–410, and 326–
391 nm (for n = 1, 2, and 3, respectively), which is well
consistent with the experimental values of  and
ΔEexp estimated from them (Table 3). It is important
that the calculated energy gap between the HOMO
and LUMO (ΔEMO) turns out to be substantially
higher than the indicated values (average 3.11 eV) and
does not correlate with either of them.

It is noteworthy that the best agreement of Eexc with
the experiment is achieved for the B3LYP functional
among the B3LYP, PBE0, and CAM-B3LYP meth-
ods, whereas two other methods and taking into
account solvation effects in the polarization contin-
uum model (IEFPCM, relative dielectric constant of

abs
calcλ

abs
expλ
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chloroform) underestimate  for the S0 → S1 tran-
sition to a substantially higher extent. The effect of the
basis set is insignificant: for compound VIII, the
changes ΔEcalc are lower than 10 nm for the variation of
the basis set (def2SVP, def2SVPP, def2TZVP,
def2QZVP, aug-cc-pVTZ:28mdf, aug-cc-pVQZ:
28mdf).

An analysis of populations of the Kohn–Sham
molecular orbitals (isosurfaces of some of them are
shown in Fig. 6) shows that the S0 → S1 transitions in
compounds VIII–XIII always correspond to the
charge transfer between the HOMO and LUMO. The
latter are localized mainly on the ligand and formally
correspond to the πb and π* orbitals. It is important
that the localization of both frontier boundaries in the
vicinity of the metal atom is nearly the same and insig-
nificant.

In all cases, the high-energy transition S0 → S2 cor-
responds to the charge transfer from the HOMO-1,
which is also localized on the ligand to a higher extent
rather than on the HOMO. Finally, the S0 → S3 tran-
sition is achieved due to either the charge transfer from

abs
calcλ
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Fig. 7. Electronic absorption spectra of tin(IV) complexes
(1) IV, (2) IX, and (3) X (25°С, 3 h, с = 5 × 10–6 mol/L) at
рН 4.
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Fig. 8. Electronic absorption spectra of complex IX at var-
ious pH of the medium (25°С, 3 h, с = 5 × 10–6 mol/L).
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Fig. 9. Change in the electronic absorption spectra of com-
plex IX in time at рН 7.0 (25°С, 3 h, с = 5 × 10–6 mol/L).
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the HOMO-2 (localized on the ligand to a higher
extent) to LUMO, or the transfer from the HOMO-1
to LUMO + 1 (localized on the ligand only). The
observed distribution of the one-particle excitations is
independent of the used calculation method.

The presence of the pH-sensitive nitro group in
Schiff base L2 capable of protonating evokes interest in
the changes appeared in the visible spectral range for
compounds II, IV, IX, and X. In addition, the stability
of these complexes in aqueous solutions under the
conditions of physiological pH can be estimated using
absorption spectroscopy. The most intense absorption
maximum in the visible range at 470–490 nm (рН 7)
shifts to the long-wavelength range to 520 (IX),
505 (X), and 480 nm (IV) in an acidic medium (pH 4)
for complexes IV, IX, and X. This indicates a possibil-
ity of the protonation of the nitro group (Fig. 7). Com-
plex II is unstable under these conditions.

Complexes IV and IX turned out to be stable at
pH 4–7 (Fig. 8). A decrease in the absorption maxi-
mum intensity at 480–485 nm was observed in an
alkaline medium (pH 8). Complex X shows an inverse
pattern: the absorption maximum intensity at 505 nm
decreases at pH < 6.

The dynamics of changes in the spectra of the com-
plexes in time at рН 7.0 and рН 7.4 in a phosphate buf-
fer was considered. The nature of substituents at the
tin atom exerts a substantial effect on the stability in
time of complexes IV, IX, and X at рН 7.0 (Fig. 9): the
intensity of the absorption maximum at 470–490 nm
decreases within 72 h by 20 (IV), 14 (IX), and 54% (X),
respectively.

Complexes IV, IX, and X turned out to be less stable
in a phosphate buffer with pH 7.4. After 48 h, these
compounds showed a general tendency to decreasing
maximum intensity at 470–500 nm by 66–68%.

The earlier studies of the electrochemical proper-
ties of the tin(IV) complexes with the Schiff bases [30]
showed that these complexes can be involved in the
electron transfer reactions at accessible redox poten-
tials to form relatively stable oxidized or reduced
forms. A similar behavior assumes that the complexes
can react with radical species being involved in chem-
ical or redox reactions. The antiradical activity of
complexes I–XIII in the reactions with ABTS•+ and
superoxide radical anion generated by the NBT test
was studied (Table 5). The known compound Trolox,
water-soluble analogue of vitamin E, served as the
standard.

Complexes I, III, VIII, and XIII bearing tert-butyl
groups in the Schiff base (L1, L4) and alkyl substituents
at the tin atom exhibit the highest neutralizing activity
in the reaction with the ABTS radical cation. The anti-
radical capacity of these compounds (ABTSTEAC) is
comparable with that of Trolox and exceeds it in the
case of complex XIII. The most part of the diphenyltin
derivatives is characterized by high IC50 exceeding
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 50  No. 7  2024
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Table 5. Parameters IC50 and ABTSTEAC for complexes I–XIII in the reactions with the ABTS•+ radical cation and super-
oxide radical anion generated by the xanthine–xanthine oxidase system

* The data are taken from [54].

Compound IC50 (ABTS•+), μM ABTSTEAC IC50 ( ), μM

L1SnnBu2 (I) 14.5 ± 1.2 0.99 ± 0.11 7.75 ± 0.15

L2SnnBu2 (II) 44.5 ± 1.3 0.46 ± 0.03 –

L1SntBu2 (III) 16.4 ± 1.1 1.00 ± 0.05 31.43 ± 0.57

L2SntBu2 (IV) 47.2 ± 0.3 0.45 ± 0.01 >100

L3SntBu2 (V) 56.5 ± 0.1 0.32 ± 0.01 44.40 ± 1.62

L3SnPh2 (VI) 59.3 ± 1.7 0.36 ± 0.01 27.69 ± 0.71

L1SnPh2 (VII) >100 0.05 ± 0.01 35.52 ± 1.12

L1SnEt2 (VIII) 13.8 ± 0.9 0.92 ± 0.10 26.14 ± 0.54

L2SnPh2 (IX) >100 0.20 ± 0.03 29.66 ± 0.37

L2SnEt2 (X) 96.4 ± 3.6 0.24 ± 0.07 19.16 ± 0.21

L3SnEt2 (XI) 49.6 ± 2.0 0.40 ± 0.02 >100

L4SnPh2 (XII) >100 0.11 ± 0.01 >100

L4SnEt2 (XIII) 8.4 ± 0.7 1.12 ± 0.08 15.78 ± 0.10

Ph2SnLONS* 28.8 ± 0.9 0.62 ± 0.09 7.80 ± 0.23

Ph2SnLONSCF3* 25.0 ± 1.3 0.79 ± 0.11 5.16 ± 0.08

Et2SnLONSCF3* 35.4 ± 1.8 0.57 ± 0.04 24.02 ± 0.10

Trolox 16.0 ± 1.0 1.00 ± 0.03 62.7 ± 0.60

2O −i
100 μmol/L, which indicates their weak antiradical
properties. Note that only IC50 reaches 59.3 μmol/L
for complex VI. A specific feature of complexes V, VI,
and XIII with the dichlorosubstituted Schiff base is the
absence of a dependence of the radical scavenging
activity on the structure of the hydrocarbon groups at
the tin atom. Contrarily to compounds I, III, VII, and
X, complex XII is characterized by high IC50, as well as
diphenyl derivative XI. The replacement of the ethyl
groups by butyl groups in complexes II and IV results
nearly in a twofold decrease in IC50 and, correspond-
ingly, in an increase in the antiradical activity. The
substitution of the donor tert-butyl substituents by the
chlorine atom or electron-withdrawing nitro group in
Schiff base (L2) for the ethyl-containing tin complexes
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
decreases IC50 by an order of magnitude. A similar
effect is made by the presence of two chlorine atoms in
L3 favoring a significant decrease in the antiradical
activity. A comparative analysis of the previous results
for the tridentate O,N,S-donor Schiff bases [56]
showed that for complexes VI, VII, XI, and XII a
change in the O,N,O' coordination mode by O,N,S
favored the enhancement of their neutralizing ability
toward ABTS•+. At the same time, the most active
diethyltin derivatives with the O,N,O'-tridentate
ligands are characterized by lower values of IC50 than
that of complex Et2SnLONSCF3.

The application of the NBT test makes it possible
to estimate the antiradical activity toward the superox-
ide radical anion generated by the xanthine/xanthine
  Vol. 50  No. 7  2024
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Fig. 10. Change in the TBARS concentration in the Wistar rat liver homogenates in vitro in the presence of complexes I, III, and
V–XIII during incubation (3, 24, and 48 h) (concentration of the compounds is 100 μmol, C means control (without additives),
and average values with standard deviations are presented).
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oxidase system. The formation of colored formazan
(560 nm) during the enzymatic reaction indicates that
the reaction medium contains the superoxide radical
anion. The substances inhibiting formazan formation
are considered as interceptors of . The data
obtained show that the majority of the tin complexes
has neutralizing activity (Table 5) that exceeds the val-
ues observed for Trolox. For the compounds with phe-
nyl substituents, IC50 varies from 27.69 to
35.52 μmol/L and depends slightly on the nature of
substituents in the Schiff base. The replacement of
phenyl groups by ethyl groups at the tin atom for the
complexes with ligands L1 and L2 results in a decrease
in IC50, which indicates their higher inhibitory activ-
ity. At the same time, an inverse effect is observed on
going from the n-butyl- to tert-butyl-substituted tin
derivatives: the antiradical activity decreases. Note
that rather low IC50 were obtained for the complexes
with ethyl groups at the tin atom (VIII, X, and XIII). A
series of the compounds (II, IV, XI, and XII) is char-
acteristic of the absence of inhibition effect or of a
weak neutralizing activity toward . The minimum
IC50 was detected for complex I. The presence of elec-
tron-donating alkyl groups at the tin atom favors a
more pronounced antiradical activity toward the
superoxide radical anion. For a series of the complexes
(I, VIII, X, and XIII), the results on the neutralizing
activity are comparable with the previously studied tin
complexes with the O,N,S-donor Schiff bases [56].

The organotin compounds were shown to exert a
pronounced promotion effect on the LP in vitro and
act as inductors of the oxidative stress development
[57]. To align the negative effect of the organic deriv-

2O− i

2O− i
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atives of tin, their additives in combination with vari-
ous antioxidants is frequently applied [58]. The pres-
ence of antioxidant groups in the chelating ligands
makes it possible to modulate biological activity,
including the antiprooxidant properties of the coordi-
nation tin compounds. We have recently shown that
the tin(IV) complexes with the tridentate O,N,S-
donor Schiff bases are characterized by the antioxidant
effect in the LP [56]. It seemed interesting to evaluate
the influence of the replacement of the O,N,S by
O,N,O' coordination mode and the variation of
hydrocarbon groups at the tin atom on the antiprooxi-
dant activity of complexes I, III, and V–XIII during
the prolonged (3, 24, and 48 h) lipid peroxidation in
the Wistar rat liver homogenates in vitro. The TBARS
concentration, which is a marker of the LP intensity,
was determined from a change in the absorbance of
the solutions at 535 nm (Fig. 10). The TBARS param-
eter decreased in the presence of the majority of the
studied compounds, which indicates their antioxidant
effect. Additives of compounds V and XI containing
chlorine atoms in the Schiff base increased the con-
centration of the LP products in 24 h, whereas for
complex XI this effect was also observed at the initial
stage (3 h). For compound V, an increase in the incu-
bation time (48 h) favors the inversion of its properties
to weak antioxidant properties. At the same time, the
TBARS concentrations for compound XI are compa-
rable with the results of the control experiment.

Compounds I, III, VI, and XIII are characterized
by a pronounced inhibition effect during the whole
time of experiment. A specific feature of complexes I,
III, and XIII is the presence of bulky tert-butyl groups
in the ligands favoring the stabilization of the oxidized
forms of the complexes. In the presence of complexes
OORDINATION CHEMISTRY  Vol. 50  No. 7  2024
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Fig. 11. Change in the absorbance of TBARS formed due to the oxidative DNA damage (2.0 mg mL–1) upon the introduction
of the AAPH promotor (40 mmol L–1) in the presence of complexes I–XIII (50 μmol) and Trolox (C means control, i.e., without
additives of compounds).
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VIII, IX, and XII, the initial (3 h) content of TBARS
is comparable with that in the control test within the
measurement inaccuracy, whereas a weak promotion
effect is observed for compound X. The antioxidant
effect is observed for this group of compounds with an
increase in the incubation time. For complexes IX and
X, the TBARS parameter varies in a narrow range of
values and is nearly independent of time. A similar
behavior indicates the appearance of an induction
period during the LP where the TBARS concentration
remains at a constant level. The highest antioxidant
activity is manifested by the compounds with tert-
butyl groups in the ligand (I and XIII) and by com-
pound VI combining chlorine atoms in the Schiff base
and phenyl substituents at the tin atom. The replace-
ment of the phenyl groups by tert-butyl (V) or ethyl
groups (XI) in the complexes containing ligand L3

results in the intensification of the LP.
Since some compounds exhibit a prooxidant effect

on the LP, we studied their influence on the oxidative
DNA damage initiated by ROO radicals in vitro. In the
presence of AAPH at 37°C, the deoxyribose fragments
of DNA molecules are damaged, which favors the vio-
lation of the wholeness of the DNA chain. The car-
bonyl compounds formed during the reaction produce
colored TBARS products (λmax = 535 nm) with thio-
barbituric acid. The comparative data on the activity
of the tin(IV) complexes are presented in Fig. 11.

The results obtained for complex V in the reaction
with DNA are well consistent with the data on the
influence on the LP: a pronounced prooxidant effect
is observed in both cases. In the presence of complex
V, the absorption parameter increases by 27% com-
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
pared to the control experiment. On the contrary, an
insignificant decrease in the TBARS content by 8 and
9% is observed for compounds VI and XI (with similar
Schiff bases), respectively. The promotion of the oxi-
dative DNA damage (11%) is observed for compound
IV containing tert-butyl substituents at the tin atom, as
well as for compound V. The nature of substituents in
the ligands and their number affect the formation of
TBARS. In the most cases, the compounds with
Schiff base L1 turned out to be weak LP inhibitors
decreasing the TBARS content by 2–10%. At the
same time, an insignificant prooxidant effect is
observed for the complexes with L2. In complexes XII
and XIII, an increase in the number of tert-butyl
groups in the Schiff base also leads to the promotion
effect.

It has previously been found that the tin complexes
with di- and tridentate Schiff bases exhibit a pro-
nounced antibacterial activity against the gram-posi-
tive and gram-negative bacterial strains [56–61]. A
similar effect was also expected for the target com-
plexes. The antibacterial activity of the tin(IV) com-
plexes was studied against the bacterial strains Staphy-
lococcus aureus ANCC 6538 and E. faecium ATCC
3576. Compounds I–III and XII exerted no inhibition
effect on the microorganism growth. A very weak bac-
teriostatic effect on the S. aureus strain (MIC =
156.3 ± 1.9 μg/mL) was observed in the cases of com-
plexes IV and VII–X. Similar values of MIC were
detected in the case of the E. faecium strain for com-
plexes V, VII, VIII, X, and XI. Complexes VI and XI
with Schiff base L3 manifested a more pronounced
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454 BURMISTROVA et al.

Table 6. Cytotoxicity IC50 (μmol/L) of the studied com-
plexes on various cancer cell lines

* The data are taken from [54].

Compound
IC50, μmol/L

А-549 HCT-116

L3SnPh2 (VI) 86.6 ± 3.3 39.9 ± 0.9

L2SnPh2 (IX) 78.1 ± 1.3 54.8 ± 0.1

L2SnEt2 (X) 64.3 ± 4.1 12.3 ± 0.9

L3SnEt2 (XI) 40.8 ± 3.2 20.5 ± 0.7

L4SnPh2 (XII) 141.6 ± 2.1 65.9 ± 1.2

Ph2SnLONS* 167.9 ± 9.3 54.6 ± 8.9

Cisplatin* 9.0 ± 0.9 11.2 ± 1.9
inhibition activity against the S. aureus strain (MIV =
78.1 ± 1.1 μg/mL). In addition to complex IV, complex
VI turned out to be also active toward E. faecium (MIC
= 78.1 ± 1.7 μg/mL). However, the obtained values of
MIC are significantly inferior to that of ciprofloxacin
(0.125 μg/mL). The presence of donor tert-butyl
groups in the Schiff bases together with the chlorine
atoms or nitro group results in a considerable decrease
in the antibacterial activity of the tin complexes com-
pared to the previously studied compounds containing
unsubstituted ligands [59, 61].

The recent attention to the organometallic deriva-
tives of tin(IV) and their coordination compounds is
associated with the possibility of their application as
potential antiproliferative and anticancer agents,
which are an alternative to the platinum drugs [62–
64]. Therefore, we studied the antiproliferative activity
in vitro of some complexes VI and IX–XII against the
A-549 (human alveolar basal epithelium adenocarci-
noma) and HCT-116 (human colorectal cancer) can-
cer cell lines using the MTT test (Table 6). The
obtained results indicate a significant enhancement of
IC50 compared to those of the previously studied
related tin(IV) complexes bearing unsubstituted
O,N,O'-tridentate Schiff bases [65, 66].

The general tendency to decreasing cytotoxicity of
the studied tin complexes is related to the electron-
donating tert-butyl groups in the ligands. Complex XII
is distinguished in the series of the studied compounds
due to the overestimated values of IC50 over those of
other compounds. At the same time, the minimum
RUSSIAN JOURNAL OF C
IC50 against the considered cell lines are observed for
complexes X and XI with chlorine atoms and nitro
groups in the Schiff bases. For the HCT-116 cell line,
the cytotoxicity parameters of complex X are compa-
rable with the data for cisplatin. The replacement of
ethyl groups at the tin atom by phenyl groups in the
cases of compounds VI and IX leads to an increase in
the IC50. As a whole, complexes VI and IX with the
O,N,O'-tridentate ligands turned out to be more toxic
than the earlier studied diphenyltin(IV) derivatives
with the O,N,S-ligands.

Thus, the new tin(IV) complexes with the O,N,O'-
donor Schiff bases were synthesized. According to the
XRD data, the structure of compound I in the crystal-
line state is dimeric. The coordination sphere of the tin
atom is supplemented to the coordination number 6
due to the donor–acceptor interaction with the oxy-
gen atom of the redox-active ligand. Complex
L2SntBu2 is the mononuclear derivative of pentacoor-
dinated tin(IV) with the O,N,O'-tridentate redox-
active ligand existing in the dianionic form. The com-
parative study of the photophysical properties of the
synthesized compounds with previously synthesized
complexes VII–XIII showed that all complexes f luo-
resced at λex = 340 nm in the range from 580 to 638
nm. Both the hydrocarbon groups at the tin atom and
nature of substituents in Schiff bases affect the posi-
tion of the emission maximum and relative quantum
yield. The maximum relative quantum yields are
observed for the complexes with Schiff base L3 con-
taining chlorine atoms and electron-donating tert-
butyl groups in the aromatic rings. The energy gap
parameters calculated from the spectral data for com-
plexes I–XIII range from 2.51 to 2.62 eV. The quan-
tum chemical calculations for compounds VIII–XIII
are consistent with the spectral data. An analysis of
populations of the Kohn–Sham molecular orbitals for
compounds VIII–XIII showed that the S0 → S1 tran-
sitions correspond to the charge transfer between the
ligand HOMO and LUMO. The localization of both
frontier orbitals in the vicinity of the metal atom is
insignificant.

Compounds I, III, VIII, and XIII containing tert-
butyl groups in the Schiff base and alkyl substituents at
the tin atom have a more pronounced antiradical
activity in the reaction with ABTS•+. In the NBT test,
the majority of the tin complexes is characterized by
the neutralizing activity toward the superoxide radical
anion, which exceeds the data for Trolox. The tin(IV)
compounds exhibit a dual antiprooxidant activity
during the LP of the rat liver homogenates (Wistar)
and promoted oxidative DNA damage. The nature of
substituents in the ligands and hydrocarbon groups at
the tin atom exert a substantial effect on the behavior
of the complexes in the LP during the DNA damage.

A weak bacteriostatic effect toward the Staphylo-
coccus aureus ANCC 6538 and E. faecium ATCC 3576
OORDINATION CHEMISTRY  Vol. 50  No. 7  2024
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strains was observed for complexes IV–XI, whereas
compounds I–III and XIII turned out to be inactive.
The study of the antiproliferative activity of complexes
VI and IX–XII on the А-549 and HCT-116 cell lines
made it possible to determine the IC50, which varied
from 12.26 to 141.60 μmol/L. The coordination of tri-
dentate Schiff bases L2H–L4H bearing different in
nature substituents to the organometallic fragment
favors a decrease in its toxicity and makes it possible to
consider these ligands as efficient modulators of bio-
logical properties of coordination compounds. The
possibility of exhibiting luminescence activity for sim-
ilar complexes at moderate cytotoxicity parameters
provides prospects for their use in bioimaging.
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