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A series of tributyltin(IV) complexes based on 2/4-[(E)-2-(aryl)-1-diazenyl]benzoate ligands was
synthesized, wherein the position of the carboxylate and aryl substituents (methyl, tert-butyl and hydroxyl)
varies. The complexes, Bu3SnL1–4H (1–4), have been structurally characterized by elemental analysis and IR,
NMR (1H, 13C, and 119Sn) and 119Sn Mössbauer spectroscopy. All have a tetrahedral geometry in solution and
a trigonal bipyramidal geometry in the solid-state, except for Bu3SnL

4H (4) that was ascertained to have
tetrahedral coordination by X-ray crystallography. Cytotoxicity studies were carried out on human tumor
cell lines A498 (renal cancer), EVSA-T (mammary cancer), H226 (non-small-cell lung cancer), IGROV
(ovarian cancer), M19 MEL (melanoma), MCF-7 (mammary cancer) and WIDR (colon cancer). Compared to
cisplatin, test compounds 1–4 had remarkably good activity, despite the presence of substantial steric bulk
due to Sn–Bu ligands. The quantitative structure–activity relationship (QSAR) studies for the cytotoxicity of
organotin(IV) benzoates, along with some reference drug molecules, is also discussed against a panel of
human tumor cell lines. Molecular structures of the tributyltin(IV) complexes (1–4) were fully optimized
using the PM6 semi-empirical method and docking studies performed with key enzymes associated with the
propagation of cancer, namely ribonucleotide reductase, thymidylate synthase, thymidylate phosphorylase
and topoisomerase II. The theoretical results are discussed in relation to the mechanistic role of the cytotoxic
active test compounds (1–4).
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l rights reserved.
© 2010 Elsevier Inc. All rights reserved.
1. Introduction

Cisplatin [1–4] was the first inorganic cancer chemotherapeutic
agent, and remains a front-line treatment for testicular, ovarian and
other cancers. The clinical effectiveness of cisplatin is limited by
considerable side effects and the emergence of drug resistance.
Consequently new platinum complexes such as carboplatin and
oxaliplatin have been approved for clinical use [5].

These advances have spurred a surge of investigations to identify
new inorganic agents for use in chemotherapywith improved specificity
and decreased toxic side effects. As a result, a great deal of interest in
other platinum and non-platinummetallodrugs (e.g., Sn, Ti, Au, Cu, Ru,
and Pd) has emerged that might exhibit comparable cytotoxic
properties accompanied by a different pattern of antitumor specificities
and by amore favorable pharmacological and toxicological profile [6]. In
addition, non-platinum metal-based antitumor agents have been
developed where the activity does not rely on direct DNA damage and
may involve proteins and enzymes. Metal-based compounds exhibit a
wide range of coordination numbers and geometries, significantly
increasing the possible spatial arrangements of the ligands and hence
the possibility of creating molecules with superior modalities of attack
to specific biological targets. Moreover, the redox potential of themetal
can interact with the balanced cellular redox state, modifying cell
viability either directly or through conversion of a rather inert
compound to an activated one, thus tuning the inherent toxicity of the
drug.

Among the non-platinum metal compounds with antitumor
activity, particular interest has focused on gold and tin derivatives,
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which have a commonactivity onmitochondria and a strong affinity to
thiol groups of proteins and enzymes [7–9]. As a result, a large number
of organotin(IV) derivatives have beenprepared and tested in vitro and
in vivo, firstly against murine leukemia cell lines and then against
different panels of human cancer cell lines [10–12]. Several diorgano-
tin(IV) and triorganotin(IV) compounds showedhigh antiproliferative
activity in vitro against a variety of solid and hematologic cancers
[12,13]. Diorganotin(IV) and triorganotin(IV) terebates and lithoco-
lates, tested against a panel of seven human cancer cell lines, were
found to be highly active and more potent than cisplatin. In general,
tributyltin(IV) derivatives demonstrated higher efficacy than triphe-
nyltin(IV) and dibutyltin(IV) derivatives [14]. The tributyltin(IV)-3,4-
diaminobenzoate, 3,5-diaminobenzoate and 2-[4-(dimethylamino)
phenylazo]benzoatewere also found to be promising cytostatic agents
in vitro when tested against human cell line A549 (lung adenocarci-
noma) [15]. The cytotoxicity of a tributyltin(IV) lupinylsulfide
hydrogen fumarate has also been studied and proved to be extremely
active when tested in vitro against a panel of tumor cell lines (MCF7,
MDA-MB-231 (breast), A2780, OVCAR-3 (ovary), DBTRG-0.5MG, U87
MG, U373 MG, A-172 (glioma) and a mouse glioma cell line (GL261))
and in vivo against P388 (myelomonocytic leukemia) and the B16–F10
(melanoma) cell lines [16].

We recently investigated the cytotoxic potential of triphenyltin
(IV) 2-[(E)-2-(aryl)-1-diazenyl]benzoates and dibutylbis{2-[(E)-2-
(aryl)-1-diazenyl]benzoato}tin(IV) and found to exhibit high activity
when tested in vitro against human tumor cell lines [17,18]. Among
these, the triphenyltin(IV) compounds were found to be better
performers than dibutyltin(IV) compounds. Further, the molecular
docking studies of these compounds indicated that the azo group
nitrogen atoms and formyl, carbonyl, ester and hydroxyl oxygen
atoms in the ligand moiety exhibit hydrogen bonding interactions
with the active site of the amino acids of various enzymes, such as
ribonucleotide reductase, thymidylate synthase and thymidylate
Scheme 1. Syntheses of ligands L1HH′–L4HH′, numbering protocol an
phosphorylase [17,18]. The high activity was attributed to the
presence of an azo group in the organotin(IV) complexes molecules
[17,18]. In this paper, we present the synthesis of a new series of
complexes where the 2/4-[(E)-2-(aryl)-1-diazenyl]benzoate ligands
are substituted with tributyltin(IV) (Scheme 1) in the expectation
that they will improve dissolution properties and thereby influence
cytotoxicity. The tributyltin(IV) complexes, Bu3SnL1–4H (1–4) were
characterized by spectroscopic techniques and crystal structure
determination of tributyltin(IV) complex 4. The molecular docking
of 1–4 has been investigated with some selected enzymes and
preliminary in vitro cytotoxicity data are reported for a panel of
human tumor cell lines consisting of A498 (renal cancer), EVSA-T
(mammary cancer), H226 (non-small-cell lung cancer), IGROV
(ovarian cancer), M19 MEL (melanoma), MCF-7 (mammary cancer)
and WIDR (colon cancer).

2. Experimental

2.1. Materials and methods

(Bu3Sn)2O, 2-methylphenol, 4-methylphenol, 4-tert-butylphenol
(Merck), anthranilic acid (Spectrochem), and p-aminobenzoic acid
(Hi Media) were used without further purification. The solvents used
in the reactions were of AR grade and were dried using standard
procedures. Toluene was distilled from sodium benzophenone ketyl.

2.2. Synthesis and characterization of ligands

Ligands 2-[(E)-(2-hydroxy-5-methylphenyl)diazenyl]benzoic acid
(L1HH′) [19], 2-[(E)-(5-tert-butyl-2-hydroxyphenyl)diazenyl]benzoic
acid (L2HH′) [20], 4-[(E)-(5-tert-butyl-2-hydroxyphenyl)diazenyl]ben-
zoic acid (L3HH′) [18] and 4-[(E)-(4-hydroxy-3-methylphenyl)diaze-
nyl]benzoic acid (L4HH′) [18]werepreparedby themethoddescribed in
d the structures of tributyltin(IV) complexes Bu3SnL1–4H (1–4).
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our earlier reports and purities were established from melting point,
elemental analysis and 1H NMR spectroscopy. Abbreviations used
for the reported 1HNMR spectra are as follows: s= singlet, d=doublet,
t = triplet, dd = doublet of doublets, dt = doublet of triplets, m =
multiplet.

2.3. Synthesis and characterization of tributyltin(IV) complexes

2.3.1. Synthesis of Bu3SnL
1H (1)

Compound 1 was prepared following the literature method of
reacting equimolar amounts of sodium 2-[(E)-(2-hydroxy-5-methyl-
phenyl)diazenyl]benzoate and Bu3SnCl in methanol. The microana-
lytical and NMR (1H and 13C, in CDCl3) data for the complex are in
agreement with previous results [19]. The data for 117Sn NMR
(CDCl3): 123.0 ppm and 119Sn Mössbauer, mm s−1: δ=1.50,
Δ=3.85 [19] are presented here for convenience of the discussion.

2.3.2. Synthesis of Bu3SnL
2H (2)

Compound 2was synthesized bymixing L2HH′ (0.40 g, 1.34 mmol)
and (Bu3Sn)2O (0.40 g, 0.67 mmol) in 40 ml of anhydrous toluene, in a
100 ml flask equipped with a Dean–Stark moisture trap and a water
cooled condenser. The reaction mixture was refluxed for 7 h and the
solvent was then removed by distillation. A thick viscous mass was
dissolved in small amount of anhydrous benzene, concentrated slowly
on a hot plate, cooled to room temperature and petroleum ether
added. The pasty mass obtained was triturated in ice-cold conditions
which afforded yellow-orange crystalline material. Yield: (0.35 g,
44%). M.p.: 46–48 °C. Anal. calc. for C29H44N2O3Sn: C, 59.30; H, 7.55; N,
4.77 %. Found. C, 58.30; H, 7.80; N, 5.08%. IR (cm−1) 1578 ν(OCO)asym.
1H NMR (CDCl3): δH: Ligand skeleton: 12.6 [brs, 1H, OH], 7.96 [d, 8 Hz,
1H, H3], 7.82 [m, 2H, H6/H6′], 7.47 [t, 8 Hz, 1H, H5], 7.38 [t, 8 Hz, 1H,
H4], 7.27 [dd, 2.5, 8 Hz, 1H, H4′], 6.83 [d, 8 Hz, 1H, H3′], 1.30 [s, 9H,
CH3]; Sn–Bu skeleton: 1.61 [m, 6H, H1*], 1.30 [m, 12H, H2* and H3*],
0.82 [t, 9H, H4*] ppm. 13C NMR (CDCl3); δ C: Ligand skeleton: 170.3
[CO2], 149.5 [C2′], 148.2 [C1], 140.7 [C1′], 136.6 [C4′], 130.8 [C6′], 130.6
[C5], 129.7 [C3], 128.9 [C4], 128.8 [C5′], 128.7 [C2], 117.1 [C3′], 114.7
[C6], 32.9 [C-7′], 30.4 [CH3]; Sn–Bu skeleton (nJ(13C–119Sn, Hz)): 13.9
[C4*(nd)], 15.7 [C1*(363)], 26.0 [C3*(70)], 26.8 [C2*(20)] ppm. 119Sn
NMR (CDCl3): 124.9 ppm. 119Sn Mössbauer, mm s−1: δ=1.51,
Δ=3.86, Γav=0.94; ρ=2.44.

2.3.3. Synthesis of Bu3SnL
3H (3)

Compound 3 was prepared analogously by following the method
and conditions described for 2 and using L3HH′ and (Bu3Sn)2O. The
pasty mass was dissolved in a benzene–hexane mixture and upon
cooling in a refrigerator furnished orange crystalline material of 3.
Yield: 25%. M.p.: 40–42 °C. Anal. calc. for C29H44N2O3Sn: C, 59.30; H,
7.55; N, 4.77 %. Found. C, 58.42; H, 7.70; N, 5.01%. IR (cm−1) 1570 ν
(OCO)asym. 1H NMR (CDCl3): δH: ligand skeleton: δ H: 12.6 [brs, 1H,
OH], 8.16 [dd, 2.5 Hz, 8.0 Hz, 2H, H2/6], 7.89 [m, 3H, H3/5 and H6′],
7.37 [dd, 2.5, 8 Hz, 1H, H4′], 6.92 [d, 8 Hz, 1H, H3′], 1.38 [s, 9H, CH3];
Sn–Bu skeleton: 1.69 [m, 6H, H1*], 1.38 [m, 12H, H2* and H3*], 0.95 [t,
9H, H4*] ppm. 13C NMR (CDCl3); δ C: Ligand skeleton: 167 [CO2], 34.0
[C-7′], 31.4 [CH3], other carbons: 152.8, 150.8, 142.3, 137.1, 133.8,
131.4, 131.2, 129.9, 121.7, 117.9; Sn–Bu skeleton (nJ(13C–119Sn, Hz)):
13.6 [C4*(nd)], 16.6 [C1*(353)], 27.0 [C3*(70)], 27.9 [C2*(20)] ppm.
119Sn NMR (CDCl3): 120.0 ppm. 119Sn Mössbauer, mm s−1: δ=1.36,
Δ=3.60, Γav=1.00; ρ=2.65.

2.3.4. Synthesis of Bu3SnL
4H (4)

Compound 4 was prepared analogously by following the method
and conditions described for 2 and using L4HH′ and (Bu3Sn)2O. A thick
viscous mass was obtained that was then dissolved in a small amount
of hexane and kept in a refrigerator for two weeks. The crystalline
material obtained was extracted in hot hexane and filtered. The
filtrate upon slow evaporation at room temperature yielded orange
crystals of the desired product. Yield: 28%. M.p.: 80–82 °C. Anal. calc.
for C26H38N2O3Sn: C, 57.27; H, 7.02; N, 5.14%. Found. C, 57.40; H, 6.99;
N, 5.25%. IR (cm−1) 1606 ν(OCO)asym. 1H NMR (CDCl3): δH: ligand
skeleton: OH not detected, 8.18 [dd, 2.5 Hz, 8.0 Hz, 2H, H2/6], 7.87 [dd,
2.5 Hz, 8.0 Hz, 2H, H3/5], 7.79 [d, 2.5 Hz, 1H, H6′], 7.71 [dd, 2.5, 8 Hz,
1H, H2′], 6.91 [d, 8 Hz, 1H, H5′], 2.34 [s, 3H, CH3]; Sn–Bu skeleton: 1.68
[m, 6H, H1*], 1.38 [m, 12H, H2* and H3*], 0.92 [t, 9H, H4*] ppm. 13C
NMR (CDCl3); δ C: ligand skeleton: δ C: 171.9 [CO2], 16.4 [CH3], other
carbons: 158.4, 155.5, 147.2, 133.5, 131.5, 125.8, 125.5, 124.1, 122.5,
115.6; Sn–Bu skeleton (nJ(13C–119Sn, Hz)): 14.1 [C4*(nd)], 17.1 [C1*
(363)], 27.4 [C3*(70)], 28.2 [C2*(20)] ppm. 119Sn NMR (CDCl3):
121.7 ppm. 119Sn Mössbauer, mm s−1: δ=1.39, Δ=3.04, Γav=0.87;
ρ=2.18.

2.4. Physical measurements

Carbon, hydrogen and nitrogen analyses were performed with a
Perkin Elmer 2400 series II instrument. IR spectra in the range 4000–
400 cm−1 were obtained on a Perkin Elmer Spectrum BX series FT-IR
spectrophotometer with samples investigated as KBr discs. The 1H
and 13C spectra were recorded on a Bruker AMX 400 spectrometer and
measured at 400.13 and 100.62 MHz, respectively, while 119Sn NMR
spectra were recorded either on a Bruker AMX 400 or a Jeol GX 270
spectrometer and measured at 149.18 and 100.75 MHz, respectively.
The 1H, 13C and 119Sn chemical shifts were referenced to Me4Si, CDCl3
andMe4Sn set at 0.00, 77.0 and 0.00 ppm respectively. TheMössbauer
spectra were recorded with a conventional spectrometer operating in
the transmission mode. The source was Ca119SnO3 (Ritverc GmbH, St.
Petersburg, Russia; 10 mCi), moving at room temperature with
constant acceleration in a triangular waveform. The driving system,
multi-channel analyser, proportional counter gas detector and the
related electronics were purchased from Takes (Ponteranica, Bergamo,
Italy). The solid absorber samples, containing about 0.5 mg cm−2 of
119Sn, were held between aluminum foil windows at 77.3 K in a NRD-
1258-DMB liquid–nitrogen cryostat (Cryo Industries, USA). The
velocity was calibrated using a 10 mCi 57Co Mössbauer source and
4 μm thick α57Fe foil as the absorber (both Ritverc GmbH, St.
Petersburg, Russia). The isomer shifts are relative to room temperature
Ca119SnO3.

2.5. Experimental protocol and cytotoxicity tests

The in vitro cytotoxicity test of tributyltin(IV) compounds 1–4was
performed using the SRB test for the estimation of cell viability. The
human cancer cell lines examined in the present study were WIDR,
M19 MEL, A498, IGROV and H226, belonging to the currently used
anticancer screening panel of the NCI, USA [21]. The MCF7 cell line is
estrogen receptor (ER)+/progesterone receptor (PgR)+and the cell
line EVSA-T is (ER)–/(Pgr)–. Prior to the experiments, a mycoplasma
test was carried out on all cell lines and found to be negative. All cell
lines were maintained in a continuous logarithmic culture in RPMI
1640 medium with Hepes and phenol red. The medium was
supplemented with 10% FCS, 100 μg/ml penicillin and 100 μg/ml
streptomycin. The cells were mildly trypsinized for passage and for
use in the experiments. RPMI and FCS were obtained from Gibco
(Invitrogen, Paisley, Scotland). SRB, DMSO, penicillin and streptomy-
cin were obtained from Sigma (St. Louis MO, USA), TCA and acetic acid
from Baker BV (Deventer, NL) and PBS from NPBI BV (Emmer-
Compascuum, NL).

The test compounds 1–4 and reference compounds were dissolved
at a concentration of 5 mg/ml in DMSO. The compounds were
subsequently diluted to a final concentration of 250,000 ng/ml in
full medium. Cytotoxicity was estimated by the microculture
sulforhodamine B (SRB) test [22].

The experiment was started on day 0. On day 0, 150 μl of
trypsinized tumor cells (1500–2000 cells/well) were plated in 96-
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wells flat-bottomed micro-titer plates (Cellstar, Greiner Bio-one). The
plates were pre-incubated for 48 h at 37 °C, 5% CO2 to allow the cells
to adhere to the bottom. On day 2, a three-fold dilution sequence of
ten steps was made in full medium, starting with the 250,000 ng/ml
stock solution. Every dilution was used in quadruplicate by adding
50 μl to a column of four wells. This procedure results in the highest
concentration of 625,000 ng/ml being present in column 12. Column 2
was used for the blank. Medium was added to column 1 to diminish
interfering evaporation.

On day 7, the incubation was terminated. Subsequently, the cells
were fixed with 10% trichloroacetic acid in PBS and stored at 4 °C for
an hour. After three washings with tap water, the cells were stained
for at least 15 min with 0.4% SRB dissolved in 1% acetic acid. After
staining, the cells were washed with 1% acetic acid to remove the
unbound stain. The plates were air-dried and the bound stain was
dissolved in 150 μl 10 mM tris-base. The absorbance was measured at
540 nmusing an automatedmicroplate reader (LabsystemsMultiskan
MS). The data were used for construction of concentration–response
curves and determination of the ID50 values using Deltasoft 3
software.

The variability of the in vitro cytotoxicity test depends on the cell
lines used and the serum applied. With the same batch of cell lines
and the same batch of serum the inter-experimental coefficient of
variation (CV) is 1–11% depending on the cell line and the intra-
experimental CV is 2–4%. These values may be higher with other
batches of cell lines and/or serum.

2.6. Quantitative structure–activity relationship (QSAR) methods

The C-QSAR program [23] was used to derive all QSAR models by
usingmultiregression analyses (MRA). In this program, the selection of
descriptors has beenmade on the basis of permutation and correlation
matrices among the descriptors in order to avoid collinearity
problems. Details of the C-QSAR program, the search engine, the
choice of parameters, and their use in the development of QSAR
models, have been discussed in previous publications [24,25]. The in
vitro cytotoxicity data (ID50; ng/ml) of test compounds 1–4 alongwith
some related organotin(IV) azo-compounds (5–9) and some standard
drug molecules against the seven human tumor cell lines are listed in
Table 2. It is preferred in the QSAR analysis that the more effective
compounds should have a higher ‘activity’ and not a lower. Thus, it is
very common to transform the concentration of a desired effect ‘C’ to
an activity (negative logarithm of the concentration) by the following
equation:A=−log C=log 1/C,whereC is inmolar concentration. This
is the reason, the cytotoxicity data (Table 2) was first converted into
molar concentration (C1–C7), where C1–C7 represent the ID50 (M)
values of the organotin(IV) compounds 1–9 alongwith five anticancer
drugs (doxorubicin: DOX, cisplatin: CDDP, 5-fluorouracil: 5-FU,
methotrexate: MTX and etoposide: ETO) against the seven human
tumor cell lines (A498, EVSA-T, H226, IGROV, M19MEL, MCF-7 and
WIDR). Biological parameters for the development of QSARmodels are
defined by their subsequent dependent variables i.e. activities (log 1/
C1, log 1/C2, log 1/C3, log 1/C4, log 1/C5, log 1/C6, and log 1/C7) (see
Tables 3 and 4). log P is the calculated partition coefficient of a
compound in n-octanol/water and a measure of its hydrophobicity.
HBD is the number of hydrogen bond donors. The value of log P and
HBD were calculated using the ACD PhysChem Suite [26].

In QSAR models, n is the number of data points, r2 is the square of
the correlation coefficient and represents the goodness of fit, q2 is the
cross-validated r2, s is the standard deviation, Q is the quality factor,
and F is the Fischer ratio. The cross-validated r2 (q2) is obtained by
using the leave-one-out (LOO) procedure [27]. In each QSAR equation,
the value of F in parenthesis refers to their literature value at 95% level
[28]. Compound was deemed to be an outlier on the basis of the
deviation between observed and predicted activities from the
respective QSAR model (obsd–predN2 s, where s is the standard
deviation) [29]. Each QSAR model includes 95% confidence limits for
each term in parentheses. Statistical diagnostics and internal
validation (cross-validation and Y-randomization) tests have validat-
ed all the QSAR models. The external validation test was not
performed due to the small data sets.
2.7. X-ray crystallography

Single crystals of Bu3SnL4H (4) suitable for an X-ray crystal
structure determination were obtained by slow evaporation of a
hexane solution. Crystal data for 4: C26H38N2O3Sn, M=545.27,
monoclinic, P21/n, a=9.7101(8), b=18.6054(16), c=14.8477(13)
Å, β=102.630(2)°, V=2617.5(4) Å3, Z=4, Dx=1.384, F(000)=
1128, μ=1.004 mm−1. An orange platelet (0.25×0.13×0.04 mm)
was mounted on a cryo loop and placed directly in the cold stream
(130 K) of dinitrogen from an Oxford Cryosystems Cryostream 700
cooler. Intensity data were collected with a Bruker Smart APEX CCD
(Mo-Kα radiation, λ=0.71073 Å, graphite monochromator) area
detector on a D8 goniometer in the ω scan mode. A total of 33,405
reflections were collected within θmax=27.3° and a multi-scan
absorption correction [30] was applied. Merging of symmetry
equivalent reflections (Rint=0.064) resulted in 5866 unique data,
4351 of these with IN2σ(I). The structure was solved by a Patterson
synthesis [31] and refined on F2 [31]. Carbon atoms C24–C26
associated with one of the n-butyl groups were disordered, so two
alternative orientations of this moiety were populated in the ratio
0.716(8):0.284(8) and refined with geometry restraints. Isotropic
displacement parameters were assigned to the carbon atoms in this
disordered part of the structure and anisotropic displacement
parameters to all other non-hydrogen atoms. Hydrogen atoms were
treated as riding in idealized positions. Convergence was reached for
R=0.0569, wR2=0.0844 and GOF=1.050 for all 5866 data and 292
variables. The residual electron density in a Fourier difference
synthesis amounted to 1.2 e·Å−3 in the disordered n-butyl group. A
displacement ellipsoid plot at 50% probability of a molecule in the
crystal of 4 is shown in Fig. 2 [30].
2.8. Computational methods

The molecular structures and geometries of the tributyltin(IV)
compounds (1–4) were fully optimized using the PM6 semiempirical
quantum chemistry method [32–36] using the Program CP2K 2.1.7
(Development Version) working with quickstep method [37]. Dock-
ings of compounds (1–4) in the active sites of various enzymes are
performed using ArgusLab 4.0.1. [32,38–40]. This program was also
applied for visualization and molecular modeling of the compounds.
The three dimensional coordinates of key enzymes, such as ribonu-
cleotide reductase (pdb ID: 4R1R), thymidylate synthase (pdb ID:
2G8D), thymidylate phosphorylase (pdb ID: 1BRW) and topoisome-
rase II (pdb ID: 1QZR)were obtained from the Internet at the Research
Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank.
The docking program implements an efficient grid-based docking
algorithm that approximates an exhaustive search within the free
volume of the binding site cavity. The conformational space was
explored by the geometry optimization of the flexible ligand (rings
are treated as rigid) in combinationwith the incremental construction
of the ligand torsions. Thus, docking occurs between the flexible
ligands part of the compounds and enzymes. The ligand orientation is
determined by a shape scoring function based on Ascore and the final
positions are ranked by lowest interaction energy values. Prior to
docking, the ground state was optimized using the PM6QM
implemented in the geometry optimization module of program
package to confirm that there was no significant divergence in the
complex conformations due to crystal packing effects.



Table 1
Selected bond lengths (Å) and angles (°)a obtained from energy minimized structures
of the tributyltin(IV) complexes 1–4 and from X-ray crystallography of tributyltin(IV)
complex 4.

Bond lengths (Å)
and angles (°)

1 2 3 4

X-ray

Sn(1)–O(1) 2.161 2.166 2.149 2.142 2.083(2)
Sn(1)–O(2) 2.952 2.939 3.028 3.064 2.982(2)
Sn(1)–C(15) 2.150 2.150 2.151 2.151 2.129(3)
Sn(1)–C(19) 2.154 2.154 2.154 2.155 2.129(3)
Sn(1)–C(23) 2.149 2.149 2.150 2.149 2.143(4)
O(1)–C(1) 1.321 1.321 1.321 1.322 1.295(4)
O(2)–C(1) 1.234 1.235 1.228 1.227 1.222(4)
N(1)–N(2) 1.260 1.260 1.260 1.256 1.225(4)
O(1)–Sn(1)–O(2) 47.7 47.8 46.8 46.2 47.8(7)
O(1)–Sn(1)–C(15) 102.1 102.1 101.8 101.6 104.3(11)
O(1)–Sn(1)–C(19) 95.2 94.8 94.2 95.9 97.5(12)
O(1)–Sn(1)–C(23) 103.3 103.2 104.9 103.7 105.2(12)
O(2)–Sn(1)–C(15) 84.0 82.7 86.7 86.1 84.3(11)
O(2)–Sn(1)–C(19) 142.3 142.3 139.7 140.9 144.4(11)
O(2)–Sn(1)–C(23) 73.9 74.8 73.3 73.1 76.8(11)
C(15)–Sn(1)–C(19) 115.3 115.5 116.1 115.7 117.2(14)
C(19)–Sn(1)–C(23) 117.1 117.3 117.1 117.1 112.0(15)
C(15)–Sn(1)–C(23) 118.3 118.1 117.4 117.6 117.3(14)
Sn(1)–O(1)–C(1) 115.4 114.9 116.9 118.0 115.6(2)
Sn(1)–O(2)–C(1) 79.2 79.6 76.4 75.4 73.8(17)
O(1)–C(1)–O(2) 117.7 117.6 119.9 120.3 122.8(3)

a For energyminimized structures of compounds 1 and 4, refer to Figs. 4 and 5 and for
compounds 2 and 3, refer to Figs. S1 and S2. Refer to Fig. 1 for atom numbering schemes.
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3. Results and discussion

3.1. Synthesis and spectroscopy

Ligands L1HH′–L4HH′ were prepared by reacting the appropriate
ortho/para-carboxybenzenediazonium chloride with 2-methylphenol,
4-methylphenol or 4-tert-butylphenol in alkaline solution under cold
conditions [18–20]. Reaction of L1HH′–L4HH′ with (Bu3Sn)2O at a 2:1
molar ratio in anhydrous toluene gave tributyltin(IV) complexes
Bu3SnL1H (1), Bu3SnL2H (2), Bu3SnL2H (3) and Bu3SnL3H (4),
respectively (Scheme 1).

In solution (CDCl3), complexes 1–4 exhibited a single sharp
119Sn NMR chemical shift in the range 120–125 ppm that is indicative
of a four-coordinate environment at the Sn atom [19,41–43]. The
13C NMR spectra displayed the expected carbon signals due to
ligand and Sn–Bu skeletons. Assignment of the tri-n-butyl 13C reso-
nances was based on the nJ(13C–119/117Sn) coupling constants. It is
known that nJ(13C–119/117Sn) coupling constants decrease in the order
1J(13C–119/117Sn)NN3J(13C–119/117Sn)N2J(13C–119/117Sn), dependingon
ligand properties, and increase with increasing of coordination number
at the tin atom [44,45]. The 1J(13C–119/117Sn) coupling constants for
complexes 1–4 in CDCl3 solution are in the range 336–362 Hz,
confirming that in solution these compounds have a tetrahedral Sn
atom. The 1H NMR integration values were completely consistent with
the formulation of the products. Furthermore, the signals between 12
and 13 ppm observed for CO2H of the ligands [18–20] were found to be
absent in complexes 1–4, confirming the bonding of the carboxylato
group to the Sn atom.

The crystal structure of Bu3SnL1H (1) has been reported previously
and is thus available for comparison [19]. In 1, the carboxylate O
atoms of a single aryl ligand bridge two Sn atoms and the pattern then
repeats itself to give a continuous single-stranded polymeric
structure, as illustrated in Scheme 1. The Sn atoms have a slightly
distorted trans-R3SnO2 trigonal bipyramidal coordination geometry
with equatorial butyl groups and two axial carboxylate O atoms, one
being from each of two aryl ligands. In contrast, the molecular
structure of Bu3SnL4H (4) is best described as four-coordinate with a
distorted C3O tetrahedral geometry involving one of the carboxylate O
atoms and three C atoms from the butyl ligands. The molecular
structure of 4 is shown in Fig. 1, with selected geometric parameters
collected in Table 1). Similar tetrahedral geometry about the Sn atom
was observed in (Ph3Sn[O2CC6H4(N=NC6H3-2-OH-5-Me)-o]) and its
acetone solvated complex [46,47], (Ph3Sn{O2CC6H3-p-OH[N=N
(C6H4-X)]} (X=H, 2-Me, 3-Me, 4-Me, 4-OMe, 4-Cl) [41,48,49] and
(R3Sn[O2CC6H4{N=N(C6H3-4-OH(C(H)=NC6H4X-4))}-o]) (R=Bu
Fig. 1. Displacement ellipsoid plot [30] (50% probability) of a molecule in Bu3SnL4H (4)
showing the numbering scheme. H3 has been drawn with arbitrary radius, other
hydrogen atoms and the minority conformer of the disordered n-butyl group C23–C26
have been omitted.
and Ph; X=Me and Br) [42]. The other carboxylate O atom of the
benzoate ligand also coordinates weakly to the Sn atom with the Sn
(1)⋯O(2) distance being 2.982(2) Å. This interaction is the cause of the
distortion of the tetrahedral primary coordination sphere, but the Sn
(1)⋯O(2) distance is considered to be too long for the Sn atom to be
described as truly five-coordinate. In addition, the bond angles around
the Sn atom in 4 are more consistent with a tetrahedral environment
than with a trigonal bipyramidal five-coordinate environment.
Compound 4 exhibits the usual distorted tetrahedral structural
motif in which the phenoxy hydrogen atom of the carboxylate ligand
forms an intermolecular hydrogen bond with the non-coordinating
carbonyl O atom of the carboxylate group of a neighbouringmolecule;
the O⋯O donor⋯acceptor distance in this interaction amounts to 2.778
(3)Å. Fig. 2 (see Scheme 1 for schematic representation) illustrates
how this translation results in infinite chains extending along [010].

Mössbauer spectroscopy was used to obtain insight into the solid-
state structures of complexes 2 and 3, for which no suitable crystals
could be obtained for X-ray crystallography. Typically, one doublet
spectra with narrow average full width at half maximum of the
resonant peaks (Γav, 0.87–1.00 mm s−1), characteristic of occurrence
of unique tin coordination site, were obtained for all four compounds.
From the deconvolution of the obtained spectra, isomer shifts (δ) of
1.51 (2), 1.36 (3), and 1.39 (4) mm s−1, typical of organotin(IV)
derivatives [50], were extracted and a similar value (δ=1.51 mm s−1)
was observed earlier for 1 [19].

The tributyltin(IV) complexes 2 and 3 exhibited very similar 119Sn
Mössbauer spectra characterized by |Δexp| values of 3.86 and
3.60 mm s−1, respectively, which are characteristic of trigonal
bipyramidal structures with butyl groups in equatorial position and
axial electronegative ligands. A similar value (Δ̣=3.85 mm s−1) was
found earlier for the complex 1 which was characterized crystallo-
graphically [19] and displayed a distorted trans-R3SnO2 trigonal
bipyramidal coordination geometry in the polymer. The |Δexp| values
for the complexes 1–3 are in the same order of magnitude, suggesting
that they assume the same structural motif as depicted in Scheme 1.
The crystallographic data presented above for complex 4 show that the
caboxylate moiety acts as a monodentate ligand, giving rise to a
distorted C3O tetrahedral geometry involving one of the carboxylate O
atoms and the C atoms from the three butyl ligands. On this basis, a



Fig. 2. A segment of the chain formed by hydrogen bonds in Bu3SnL4H (4). The view
direction is slightly inclined to [001] for clarity. Symmetry operator i=−1/2−x, 1/2+y,
1/2−z.
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point charge model formalism [51] has been applied for complex 4,
using {Bu}tet=−1.13 mm s−1 [52], {COO−}tet bridging=0.1145 mm s−1

calculated from [COO−]tba [53] (tet = tetrahedral, tba = trigonal
bipyramidal axial), considering a tetrahedral structure of the complex
where three positions are occupied by the butyl groups and the fourth
by an oxygen donor of a bridging carboxylate (see Fig. 3) and the Δcalcd

value was found to be −2.97 mm s−1.
The |Δexp| value of 3.04 mm s−1 observed for complex 4

corresponds well with that of the Δcalcd value and is within the
range of 2.3–3.0 mm s−1, characteristic for four-coordinate tetrahe-
dral geometry [50]. Further, the |Δexp| value is comparable with that of
(Bu3Sn[O2CC6H4{N=N(C6H3-4-OH(C(H)=NC6H4Br-4))}-p]), which
has also been characterized crystallographically [42]. The ratio of
the quadrupole splitting to isomer shift value (ρ=|Δexp|/δ) can be
used to distinguish between the different coordination states of the
central tin atom [50]. Tributyltin(IV) complexes 1, 2 and 3 have ρ
values in the range 2.44–2.65, suggestive of a five-coordinated tin
geometry, while complex 4 has a ρ value of 2.18, indicative of a four-
coordinated tin environment, as reflected in the crystal structure, and
in agreement with reported ρ values for similar tetrahedral tributyltin
(IV) complexes [35]. Using the Parish relationship between the |Δexp|
Fig. 3. A line diagram showing chain structure of Bu3SnL4H (4).
value and C–Sn–O bond angle [51], the calculated C–Sn–O angle in 4
was found to be 109°, in reasonable conformity with that derived from
X-ray crystallography.

The solid-state IR spectra of the complexes display a strong, sharp
band due to the [νasym(OCO)] stretching vibration at ∼1575 cm−1 for 1
and2 and∼1605 cm−1 for3 and4 as a result of carboxylate coordination
to the Sn atom [41,42,48,49]. This compares to bands at ∼1700 cm−1

(L1–2HH′) [20] and ∼1685 cm−1 (L3–4HH′) [18] for the free ligands. The
assignment of the symmetric [νsym(OCO)] stretching vibration band
could not be made owing to the complex pattern of the spectra.

3.2. Quantum chemical calculations

The geometries of the tributyltin(IV) complexes 1–4 were fully
optimized using the semi-empirical method (PM6). Harmonic
frequency calculations were performed for all the stationary points
to characterize their nature and to ensure that the optimized
structures correspond to global minima. The molecular structures of
1 and 4 obtained after full geometry optimization at PM6 levels are
shown in Figs. 4 and 5 (for the structures of 2 and 3 refer to S1 and S2),
respectively, while the optimized geometric parameters are collected
in Table 1. The X-ray experimental geometrical parameters for 4 are
also included in Table 1, which match closely with that of calculated
values for 4. Most of the geometric parameters for 1–4 are found to be
insensitive to the nature of the substituents R (see Scheme 1). Since
the basic structures and coordination geometry of tributyltin(IV)
complexes 1–4 are similar despite the differently substituted ligands,
it may be expected that the ligand properties have a direct influence
on the stability of the corresponding tributyltin(IV) complexes, as
well as on their cytotoxic activity (see below).

3.3. Cytotoxicity studies

The in vitro cytotoxic results for organotin(IV) compounds of
formulations Bu3SnL1–4H (1–4), Ph3SnL5–6H (5–6) [17] and Bu2Sn
(L1–3H)2 (7–9) [18] were investigated across the panel of human
tumor cell lines A498, EVSA-T, H226, IGROV, M19 MEL, MCF-7 and
WIDR, as per NCI protocol (Table 2). The cytotoxicity data (ID50) for
the test compounds (1–4) are of the same order of magnitude and
the change of ligand substitution does not improve the cytotoxic
activity significantly. Upon closer inspection of the ID50 values of 1–4,
one can see that Bu3SnL1H (1) was more cytotoxic than the other test
compounds (2–4). A marginal decrease in activity was seen on
increasing the steric bulk further at the coupling site of the ligand
framework by the addition of a tert-butyl group, as in compound 2.
The change of tributyltin ester from ortho- (2) to para-position (3)
did not yield any change in cytotoxic activity except for the EVSA-T
(mammary cancer) cell line, which showed substantial increase in
activity (ID50=27 ng/ml). Changing substituents i.e. tributyltin ester
and hydroxyl group from ortho- (1) to para-position (4) have
demonstrated lesser activity. Thus, it can be inferred that the
substituents in the ligand skeleton play a vital role in determining
the cytotoxic potentials of a compound. In general, the cytotoxic
results of compounds 1–4 are undoubtedly far superior to CDDP, 5-
FU and ETO and related dibutyltin(IV) compounds 7–9. While test
compounds 1–4 in this investigation displayed comparable activity to
triphenyltin(IV) compounds 5 and 6 [17] across a panel of seven
human tumor cell lines, compounds 1–4 have the advantage of
higher solubility. The activity has been attributed to the tetrahedral
geometry of the complexes in solution, as well as the presence of an
azo functionality in the ligand framework, and was subsequently
confirmed by docking results [17,18]. Ruthenium complexes contain-
ing azo-ligands have also shown higher activity in comparison to the
complexes with non-azo-ligands [54,55]. Promising cytotoxic activity
was also noted for the related tributyltin(IV) 2-[4-(dimethylamino)
phenylazo]benzoate, Bu3Sn[O2CC6H4(N=NC6H4N(CH3)2-4)-o],



Fig. 4. The structure of Bu3SnL1H (1) obtained after full geometry optimization.
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which also contains an azo group, when tested in vitro against Human
cell line A549 (lung adenocarcinoma) [15]. Thus, the cytotoxicity data
of compound 1, togetherwith its better solubility, suggest itmight be a
promising candidate for further in vitro and in vivo studies after
appropriate modifications. The cytotoxicity data of compounds 1–4
indicate that structural variation of the Sn–R and L–R skeletons
influence the activity. However, the reason behind factors influencing
the activity of these compounds is yet to be fully understood andmore
in vitro and in vivo studies are needed in order to derive structure–
activity relationships for these kinds of complexes.

3.4. QSAR Studies

From the data in Table 3, the following QSAR models 1–7 were
developed:

QSAR for the cytotoxicity of compounds 1–9 against A498 cancer
cell line (Table 3)

log 1= C1 = –0:17 �0:06ð Þlog P + 7:65 �0:46ð Þ
n = 8; r2 = 0:876; s = 0:113; q2 = 0:797; Q = 8:283;

F1;6 = 42:387 5:987ð Þ
ð1Þ

Outlier: compound 7
Fig. 5. The structure of Bu3SnL4H (4) obta
QSAR for the cytotoxicity of compounds 1–9 against EVSA-T cancer
cell line (Table 3)

log 1= C2 = –0:13 �0:09ð Þ log P + 7:71 �0:66ð Þ
n = 7; r2 = 0:729; s = 0:155; q2 = 0:557; Q = 5:510;

F1;5 = 13:450 6:608ð Þ

ð2Þ

Outlier: compounds 3 and 7
QSAR for the cytotoxicity of compounds 1–9 against H226 cancer

cell line (Table 3)

log 1= C3 = –0:16 �0:05ð Þ log P + 7:63 �0:41ð Þ
n = 9; r2 = 0:882; s = 0:120; q2 = 0:831; Q = 7:825;

F1;7 = 52:322 5:591ð Þ

ð3Þ

QSAR for the cytotoxicity of compounds 1–9 against IGROV cancer
cell line (Table 3)

log 1= C4 = –0:18 �0:07ð Þ log P + 7:65 �0:52ð Þ
n = 8; r2 = 0:864; s = 0:129; q2 = 0:787; Q = 7:209;

F1;6 = 38:118 5:987ð Þ

ð4Þ

Outlier: compound 7
ined after full geometry optimization.



Table 2
In vitro ID50 values (ng/ml) of test compounds 1–4, related organotin(IV) azo-compounds 5–9 and some standard drugs against seven human tumor cell lines.a

Test compoundb Cell lines

A498 EVSA-T H226 IGROV M19 MEL MCF-7 WIDR

Bu3SnL1H (1) 162 97 148 214 118 113 106
Bu3SnL2H (2) 176 100 165 253 126 120 105
Bu3SnL3H (3) 177 27 167 269 127 112 105
Bu3SnL4H (4) 182 101 163 239 125 118 106
Ph3SnL5H (5)c [17] 101 41 104 109 103 92 104
Ph3SnL6H (6)c [17] 103 49 101 101 104 78 95
Bu2Sn(L2H)2 (7)c [18] 429 134 816 617 374 236 896
Bu2Sn(L3H)2 (8)c [18] 1169 371 1140 1489 901 416 2125
Bu2Sn(L4H)2 (9)c [18] 382 134 497 449 294 162 551
DOX 90 8 199 60 16 10 11
CDDP 1503 493 645 229 711 653 576
5-FU 143 475 340 297 442 750 225
MTX 37 5 2287 7 23 18 b3.2
ETO 1314 317 3934 580 505 2594 150
TAX b3.2 b3.2 b3.2 b3.2 b3.2 b3.2 b3.2

a Abbreviation: DOX, doxorubicin; CDDP, cisplatin; 5-FU, 5-fluorouracil; MTX, methotrexate; ETO, etoposide and TAX, paclitaxel.
b Standard drug reference values are cited immediately after the test compounds under identical conditions. For compounds 5 and 6, the reference values for CCDPwere 2253, 422,

3269, 169, 558, 699 and 967 for A498, EVSA-T, H226, IGROV, M19 MEL, MCF-7 and WIDR cell lines, respectively.
c Reported triphenyltin(IV) and dibutyltin(IV) compounds (5–9) have been included for comparison; see refs. 17,18: LH is a carboxylate residue where L5H, 2-[(E)-2-(4-hydroxy-

5-methylphenyl)-1-diazenyl]benzoate and L6H, 2-[(E)-2-(3-formyl-4-hydroxyphenyl)-1-diazenyl]benzoate while all other LH are described in Scheme 1.
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QSAR for the cytotoxicity of compounds 1–9 against M19 MEL
cancer cell line (Table 3)

log 1= C5 = –0:15 �0:06ð Þ log P + 7:64 �0:42ð Þ
n = 8; r2 = 0:874; s = 0:104; q2 = 0:664; Q = 8:990;

F1;6 = 41:619 5:987ð Þ

ð5Þ

Outlier: compound 7

Table 3
Biological and hydrophobicity (log P) parameters of compounds 1–9 used to derive QSARs

No. Compound log1/C1 (Eq. (1)) log1

Obsd. Pred. Δ Obs

1 1 6.53 6.65 −0.12 6.75
2 2 6.52 6.42 0.10 6.77
3b 3 6.52 6.40 0.12 7.34
4 4 6.48 6.63 −0.15 6.73
5 5 6.78 6.70 0.08 7.17
6 6 6.78 6.72 0.06 7.10
7a,b 7 6.29 5.92 0.37 6.79
8 8 5.85 5.88 −0.03 6.35
9 9 6.29 6.35 −0.06 6.74

No. Compound log1/C1 (Eq. (4)) log1

Obsd. Pred. Δ Obs

1 1 6.41 6.56 −0.15 6.66
2 2 6.37 6.32 0.05 6.67
3 3 6.34 6.30 0.04 6.67
4 4 6.36 6.54 −0.18 6.64
5 5 6.74 6.62 0.12 6.77
6 6 6.79 6.64 0.15 6.77
7a 7 6.13 5.78 0.35 6.34
8 8 5.74 5.73 0.01 5.96
9 9 6.22 6.25 −0.03 6.40

No. Compound log1/C7 (Eq. (7))

Obsd.

1 1 6.71
2 2 6.75
3 3 6.75
4 4 6.71
5 5 6.76
6 6 6.81
7 7 5.97
8 8 5.59
9 9 6.13

a Not included in the derivation of QSAR 1, 4, 5, 6.
b Not included in the derivation of QSAR 2.
QSAR for the cytotoxicity of compounds 1–9 against MCF-7 cancer
cell line (Table 3)

log 1= C6 = –0:10 �0:05ð Þ log P + 7:36 �0:32ð Þ
n = 8; r2 = 0:823; s = 0:080; q2 = 0:587; Q = 11:338;

F1;6 = 27:898 5:987ð Þ

ð6Þ

Outlier: compound 7
1–7.

/C2 (Eq. (2)) log1/C3 (Eq. (3))

d. Pred. Δ Obsd. Pred. Δ

6.93 −0.18 6.57 6.65 −0.08
6.76 0.01 6.55 6.43 0.12
6.74 0.60 6.55 6.41 0.14
6.92 −0.19 6.52 6.63 −0.11
6.97 0.20 6.76 6.70 0.06
6.99 0.11 6.79 6.73 0.06
6.37 0.42 6.01 5.95 0.06
6.34 0.01 5.86 5.91 −0.05
6.71 0.03 6.17 6.37 −0.20

/C2 (Eq. (5)) log1/C3 (Eq. (6))

d. Pred. Δ Obsd. Pred. Δ

6.73 −0.07 6.68 6.78 −0.10
6.52 0.15 6.69 6.65 0.04
6.51 0.16 6.72 6.64 0.08
6.71 −0.07 6.66 6.77 −0.11
6.78 −0.01 6.82 6.81 0.01
6.80 −0.03 6.90 6.82 0.08
6.07 0.27 6.54 6.36 0.18
6.03 −0.07 6.30 6.34 −0.04
6.46 −0.06 6.66 6.61 0.05

log P

Pred. Δ

6.77 −0.06 5.94
6.48 0.27 7.27
6.46 0.29 7.38
6.75 −0.04 6.05
6.84 −0.08 5.63
6.87 −0.06 5.49
5.84 0.13 10.23
5.79 −0.20 10.46
6.40 −0.27 7.66
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QSAR for the cytotoxicity of compounds 1–9 against WIDR cancer
cell line (Table 3)

log 1= C7 = –0:22 �0:09ð Þ log P + 8:06 �0:69ð Þ
n = 9; r2 = 0:818; s = 0:205; q2 = 0:700; Q = 4:415;

F1;7 = 31:462 5:591ð Þ

ð7Þ

Molecular hydrophobicity of organotin(IV) compounds 1–9 is
found to be the single most important parameter for all the QSAR
models 1–7. Based on deviations (obsd–predN2× s), compound 7
behaves as a common outlier for five of the seven QSAR models
(QSARs 1, 2, 4, 5 and 6).While the exact reason for 7 being an outlier is
not clear, comparison with dibutyltin(IV) compounds 8 and 9, which
have the same skew trapezoidal geometry, indicates that steric factors
may play a critical role for the unusual activity of 7. To assess the
effects of excluding outliers, QSAR models were examined before and
after the removal of compound. The linear log P models 1–7 with
negative coefficients suggest that the cytotoxicity of compounds 1–9
decreases with increasing hydrophobicity against all seven cancer cell
lines (A498, EVSA-T, H226, IGROV, M19MEL, MCF-7 and WIDR).
Although there are high statistics associated with QSARs 1–7
(r2=0.729–0.882), the existence of linear correlations between
activity and hydrophobicity of the compounds is not great enough
to establish the upper limit of the activity. Since log P of compounds
1–9 are very high (5.49–10.46), these compounds may have more
than the optimum log P value. This suggests that QSARs 1–7 may
represent only the second half of the parabolic/bilinear model in
terms of log P and may be the cause of the negative log P term in all
QSARs. Thus, more compounds with lower log P (log Pb5.49) values
will be needed to establish the upper log P limit either by the
development of a parabolic or bilinear QSAR model. To solve this
problem, QSAR models 8–14 were developed using the same
cytotoxicity data of compounds 1–9 along with that of anticancer
drugs DOX, CDDP, 5-FU, MTX, and ETO. These drugmolecules have log
P values ranging from−2.53 to 0.28,whichmay represent thefirst half
of the parabolic/bilinearmodel andmay then be helpful in establishing
the optimum log P value for the series of compounds (1–9).

QSAR for the cytotoxicity of compounds 1–9 along with five
anticancer drugs (DOX, CDDP, 5-FU, MTX and ETO) against A498
cancer cell line (Table 4)

log 1= C1 = 0:23 �0:08ð Þ log P – 0:02 �0:01ð Þ log P2 + 5:95 �0:22ð Þ
n = 12; r2 = 0:844; s = 0:201; q2 = 0:692;Q = 4:572;

F2;9 = 24:346 4:257ð Þ
ð8Þ

Optimum log P=5.41(4.59–6.87)Outliers: DOX and MTX
QSAR for the cytotoxicity of compounds 1–9 along with five

anticancer drugs (DOX, CDDP, 5-FU, MTX and ETO) against EVSA-T
cancer cell line (Table 4)

log 1= C2 = 0:41 �0:14ð Þ log P – 0:03 �0:02ð Þ log P2

+ 0:37 �0:13ð ÞHBD + 5:28 �0:58ð Þ
n = 14; r2 = 0:839; s = 0:318; q2 = 0:658; Q = 2:881;

F3;10 = 17:371 3:708ð Þ

ð9Þ

Optimum log P=5.99(5.06–7.63).
QSAR for the cytotoxicity of compounds 1–9 along with five
anticancer drugs (DOX, CDDP, 5-FU, MTX, and ETO) against H226
cancer cell line (Table 4)

log 1 = C3 = 0:38 �0:12ð Þlog P – 0:03 �0:01ð Þlog P2 + 5:50 �0:28ð Þ
n = 12; r2 = 0:866; s = 0:229; q2 = 0:745; Q = 4:061;

F2;9 = 29:082 4:257ð Þ
ð10Þ

Optimum log P=5.78(5.11–6.88).Outliers: DOX and CDDP
QSAR for the cytotoxicity of compounds 1–9 along with five

anticancer drugs (DOX, CDDP, 5-FU, MTX, and ETO) against IGROV
cancer cell line (Table 4)

log 1 = C4 = 0:30 �0:13ð Þlog P – 0:03 �0:01ð Þlog P2

+ 0:35 �0:14ð ÞHBD + 5:46 �0:54ð Þ
n = 12; r2 = 0:854; s = 0:251; q2 = 0:629;Q = 3:681;

F3;8 = 15:598 4:067ð Þ

ð11Þ

Optimum log P=4.75(3.87–5.73)Outliers: DOX and ETO
QSAR for the cytotoxicity of compounds 1–9 along with five

anticancer drugs (DOX, CDDP, 5-FU, MTX, and ETO) against M19MEL
cancer cell line (Table 4)

log 1 = C5 = 0:36 �0:09ð Þlog P – 0:03 �0:01ð Þlog P2

+ 0:30 �0:09ð ÞHBD + 5:34 �0:38ð Þ
n = 14; r2 = 0:898; s = 0:209; q2 = 0:767;Q = 4:536;

F3;10 = 29:346 3:708ð Þ

ð12Þ

Optimum log P=5.51(4.90–6.34)
QSAR for the cytotoxicity of compounds 1–9 along with five

anticancer drugs (DOX, CDDP, 5-FU, MTX, and ETO) against MCF-7
cancer cell line (Table 4)

log 1 = C6 = 0:39 �0:10ð Þlog P – 0:03 �0:01ð Þlog P2

+ 0:35 �0:09ð ÞHBD + 5:20 �0:40ð Þ
n = 13; r2 = 0:921; s = 0:209; q2 = 0:746;Q = 4:589;

F3;9 = 34:975 3:863ð Þ

ð13Þ

Optimum log P=5.98(5.27–7.01)Outlier: ETO
QSAR for the cytotoxicity of compounds 1–9 along with five

anticancer drugs (DOX, CDDP, 5-FU, MTX, and ETO) against WIDR
cancer cell line (Table 4)

log 1 = C7 = 0:38 �0:07ð Þlog P– 0:04 �0:01ð Þlog P2

+ 0:28 �0:08ð ÞHBD + 5:66 �0:30ð Þ
n = 12; r2 = 0:955; s = 0:152; q2 = 0:811;Q = 6:428;

F3;8 = 56:593 4:067ð Þ

ð14Þ

Optimum log P=4.72(4.35–5.12)outlier: Compound 9
All the above QSAR models (8–14) are parabolic correlations in

terms of log P, which suggest that the cytotoxic activity of these
compounds first increases with an increase in their hydrophobicity up
to an optimum log P and then decreases, as defined by the equations
for respective cancer cell lines. The optimum log P for QSARmodels 8–
14 range from 4.72 to 5.99. HBD is present in five QSAR models (Eqs.
(9),(11)–(14)) and its positive coefficient suggest that the cytotoxic
activity of these compounds, against five respective cancer cell lines,
increases with increase in the number of hydrogen bond donor. On
the other hand, it has been suggested by Lipinski et al. that a HBD≤5



Table 4
Biological, hydrophobicity (log P), and HBD parameters of compounds 1-9 along with five anticancer drugs (DOX, CDDP, 5-FU, MTX, and ETO) used to derive QSARs 8–14.

No. Compound log1/C1 (Eq. (8)) log1/C2 (Eq. (9)) log1/C3 (Eq. (10))

Obsd. Pred. Δ Obsd. Pred. Δ Obsd. Pred. Δ

1 1 6.53 6.57 −0.04 6.75 6.88 −0.13 6.57 6.59 −0.02
2 2 6.52 6.51 0.01 6.77 6.83 −0.06 6.55 6.52 0.03
3 3 6.52 6.50 0.02 7.34 6.82 0.52 6.55 6.51 0.04
4 4 6.48 6.57 −0.09 6.73 6.88 −0.15 6.52 6.59 −0.07
5 5 6.78 6.58 0.20 7.17 6.88 0.29 6.76 6.59 0.17
6 6 6.78 6.58 0.20 7.10 6.87 0.23 6.79 6.59 0.20
7 7 6.29 6.08 0.21 6.79 6.64 0.15 6.01 5.94 0.07
8 8 5.85 6.04 −0.19 6.35 6.57 −0.22 5.86 5.88 −0.02
9 9 6.29 6.47 −0.18 6.74 7.16 −0.42 6.17 6.47 −0.30
10a,b DOX 6.78 6.01 0.77 7.83 8.00 −0.17 6.44 5.59 0.85
11b CDDP 5.30 5.23 0.07 5.78 5.52 0.26 5.67 4.34 1.33
12 5-FU 5.96 5.79 0.17 5.44 5.75 −0.31 5.58 5.24 0.34
13a MTX 7.09 5.84 1.25 7.96 7.71 0.25 5.30 5.33 −0.03
14 ETO 5.65 6.02 −0.37 6.27 6.52 −0.25 5.17 5.60 −0.43

No. Compound log1/C4 (Eq. (11)) log1/C5 (Eq. (12)) log1/C6 (Eq. (13))

Obsd. Pred. Δ Obsd. Pred. Δ Obsd. Pred. Δ

1 1 6.41 6.47 −0.06 6.66 6.63 0.03 6.68 6.69 −0.01
2 2 6.37 6.32 0.05 6.67 6.54 0.13 6.69 6.64 0.05
3 3 6.34 6.30 0.04 6.67 6.52 0.15 6.72 6.63 0.09
4 4 6.36 6.47 −0.11 6.64 6.63 0.01 6.66 6.69 −0.03
5 5 6.74 6.49 0.25 6.77 6.64 0.13 6.82 6.69 0.13
6 6 6.79 6.50 0.29 6.77 6.64 0.13 6.90 6.69 0.21
7 7 6.13 5.94 0.19 6.34 6.20 0.14 6.54 6.46 0.08
8 8 5.74 5.86 −0.12 5.96 6.13 −0.17 6.30 6.39 −0.09
9 9 6.22 6.61 −0.39 6.40 6.78 −0.38 6.66 6.95 −0.29
10c DOX 6.96 8.01 −0.05 7.53 7.50 0.03 7.74 7.71 0.03
11 CDDP 6.12 5.93 0.19 5.63 5.40 0.23 5.66 5.40 0.26
12 5-FU 5.64 5.97 −0.33 5.47 5.69 −0.22 5.24 5.63 −0.39
13 MTX 7.81 7.80 0.01 7.30 7.25 0.05 7.40 7.44 0.04
14c,d ETO 6.01 6.60 −0.59 6.07 6.33 −0.26 5.36 6.34 −0.98

No. Compd. log1/C7 (Eq.(14)) log P HBD

Obsd. Pred. Δ

1 1 6.71 6.78 −0.07 5.94 1
2 2 6.75 6.58 0.17 7.27 1
3 3 6.75 6.55 0.20 7.38 1
4 4 6.71 6.77 −0.06 6.05 1
5 5 6.76 6.81 −0.05 5.63 1
6 6 6.81 6.82 −0.01 5.49 1
7 7 5.97 5.90 0.07 10.23 2
8 8 5.59 5.79 −0.20 10.46 2
9e 9 6.13 6.77 −0.64 7.66 2
10 DOX 7.69 7.72 −0.03 0.24 7
11 CDDP 5.72 5.56 0.16 −2.53 4
12 5-FU 5.76 5.95 −0.19 −0.65 2
13 MTX – 7.45 – −0.45 7
14 ETO 6.59 6.60 −0.01 0.28 3

a Not included in the derivation of QSAR 8.
b Not included in the derivation of QSAR 10.
c Not included in the derivation of QSAR 11.
d Not included in the derivation of QSAR 13.
e Not included in the derivation of QSAR 14.
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improves oral bioavailability [56]. The organotin(IV) compounds of
the present investigation 1–9 have HBD values of either 1 or 2. This
means that we have room to increase the HBD and improve the
activity of these compounds. Although the HBD term is present in five
QSARs, log P is themost important indicator of compound activity and
explains the major part of the variance in the data. Thus most
attention should be paid to the hydrophobicity of the compounds.

3.4.1. Validation of QSAR models 1–14
All QSAR models (1–14) were validated in two steps involving

statistical diagnostics and internal validation. In statistical diagnostics,
QSARmodels 1–14were filtered through the following seven necessary
conditions: (i) n/p≥4 (ii) r2N0.6 (iii) q2N0.5 (iv) r2−q2b0.3 (v) FNF(lit)
at 95% level (vi) high Q value, and (vii) low s value [28,57–61]. Internal
validation was carried out using cross-validation (q2N0.5) and Y-
randomization tests [59,62] (see Table 5). In the Y-randomization tests,
the poor values of r2 and q2 ensure the robustness of QSARmodels 1–14
and also the lack of over fitting. Due to the small data sets, the external
validation test was not considered.

3.4.2. Comparative QSAR study on the cytotoxic activities of compounds
1–9 against seven cancer cell lines (A498, EVSA-T, H226, IGROV, M19
MEL, MCF-7 and WIDR)

On comparison among QSAR models 1–7, one can suggest that
the mechanism for the cytotoxic activity of compounds 1–9 against
A498, EVSA-T, H226, IGROV, M19 MEL, MCF-7 andWIDR cancer cell
lines is almost the same and directly dependent on the hydropho-
bicity of the compound. It must be noted here that QSARs 1 and 3–7



Table 6
Correlations among the cytotoxic activities of compounds 1–9 against seven cancer cell lines e.g. A498, EVSA-T, H226, IGROV, M19 MEL, MCF-7, and WIDR.

QSAR no. QSAR models (n=9) r2 q2 s

15 log 1/C1=0.76 log 1/C2+1.23 0.628 0.085 0.185
16 log 1/C1=0.82 log 1/C3+1.17 0.904 0.768 0.094
17 log 1/C1=0.89 log 1/C4+0.80 0.968 0.927 0.055
18 log 1/C1=1.05 log 1/C5−0.39 0.947 0.921 0.070
19 log 1/C1=1.62 log 1/C6−4.33 0.940 0.914 0.074
20 log 1/C1=0.58 log 1/C7+2.69 0.844 0.712 0.120
21 log 1/C2=0.65 log 1/C3+2.70 0.518 0.245 0.220
22 log 1/C2=0.70 log 1/C4+2.39 0.557 0.383 0.211
23 log 1/C2=0.85 log 1/C5+1.28 0.581 0.427 0.205
24 log 1/C2=1.39 log 1/C6−2.42 0.642 0.517 0.189
25 log 1/C2=0.46 log 1/C7+3.86 0.495 0.204 0.225
26 log 1/C3=0.98 log 1/C4+0.21 0.875 0.819 0.124
27 log 1/C3=1.19 log 1/C5−1.37 0.920 0.655 0.099
28 log 1/C3=1.76 log 1/C6−5.32 0.834 0.713 0.143
29 log 1/C3=0.71 log 1/C7+1.85 0.935 0.886 0.090
30 log 1/C4=1.10 log 1/C5−0.86 0.862 0.779 0.124
31 log 1/C4=1.79 log 1/C6−5.59 0.945 0.900 0.079
32 log 1/C4=0.60 log 1/C7+2.44 0.747 0.597 0.169
33 log 1/C5=1.46 log 1/C6−3.19 0.884 0.784 0.096
34 log 1/C5=0.58 log 1/C7+2.82 0.956 0.883 0.060
35 log 1/C6=0.33 log 1/C7+4.52 0.766 0.555 0.088

Fig. 6. Plot of observed log 1/C1 versus predicted log 1/C1 from QSARs 16–20 (Table 6).

Table 5
Y-Randomization test data for QSARs 1–14.

QSAR NOR-1a NOR-2 NOR-3 NOR-4 NOR-5

No. r2 q2 r2 q2 r2 q2 r2 q2 r2 q2

1 0.699 0.047 0.003 −0.679 0.392 −0.210 0.011 −0.763 0.008 −0.374
2 0.567 −0.440 0.081 −0.621 0.397 −0.193 0.048 −0.675 0.021 −0.441
3 0.488 0.083 0.010 −0.544 0.486 0.090 0.120 −0.393 0.037 −0.293
4 0.676 −0.086 0.033 −0.635 0.309 −0.306 0.003 −0.791 0.092 −0.782
5 0.620 −0.025 0.010 −0.636 0.424 −0.226 0.095 −0.614 0.321 −0.377
6 0.501 −0.597 0.002 −0.646 0.324 −0.309 0.002 −0.335 0.089 −0.850
7 0.419 −0.005 0.068 −0.417 0.517 0.111 0.273 −0.142 0.513 0.226
8 0.435 −0.096 0.445 0.189 0.430 −0.028 0.240 −0.391 0.031 −0.781
9 0.415 −0.150 0.341 −0.106 0.466 −0.139 0.564 0.154 0.244 −0.353
10 0.236 −0.070 0.557 0.312 0.121 −0.406 0.376 0.037 0.041 −0.475
11 0.778 −0.491 0.490 −1.268 0.596 −2.079 0.538 −1.395 0.334 −1.960
12 0.393 −0.213 0.390 −0.021 0.404 −0.329 0.552 0.137 0.177 −0.463
13 0.435 −0.251 0.358 −0.153 0.368 −0.810 0.266 −0.988 0.211 −0.411
14 0.466 −1.401 0.250 −2.121 0.423 −2.015 0.525 −1.147 0.714 −0.179

a NOR = number of Y-randomization.
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explain 82.3–88.2% of the variance in the data sets either without or
with one outlier. On the other hand, QSAR 2 explains only 72.9% of
the variance in the data set with two outliers. The poor statistics of
QSAR 2 compared to the other QSAR models (Eqs. (1) and (3)–(7))
suggest that it may have an additional mechanism to the common one.

Similar/dissimilar mechanisms involved in the cytotoxic activity of
compounds 1–9 against seven different cancer cell lines (A498, EVSA-
T, H226, IGROV, M19 MEL, MCF-7 and WIDR) can also be understood
by direct comparison among their activities, known as activity–
activity relationships. Correlations among the cytotoxic activities of
compounds 1–9 against seven different cancer cell lines are given in
Table 6 (Eq. (15)–(35)). The high mutual correlations among the
cytotoxicities against six cancer cells in QSARs 16–20 (r2/q2=0.904/
0.768, 0.968/0.927, 0.947/0.921, 0.940/0.914, and 0.844/0.712) sug-
gest that compounds 1–9 may obey a similar mechanism for their
cytotoxicities against six cancer cells (A498, H226, IGROV, M19MEL,
MCF-7 and WIDR), as shown in Fig. 6. On the other hand, the invalid
QSARs 15, 21, 22, 23, and 25 (r2/q2=0.628/0.085, 0.518/0.245, 0.557/
0.383, 0.581/0.427 and 0.495/0.204) suggest that the mechanism for
the cytotoxicities of compounds 1–9 against EVSA-T cancer cell line is
different to that of the other five cancer cell lines (A498, H226, IGROV,
M19 MEL and WIDR). The poor statistics, but valid QSAR 24 (r2/
q2=0.642/0.517), suggest that there is some similarity in the
mechanism for the cytotoxicities of compounds 1–9 against EVSA-T



Fig. 7. Plot of observed log 1/C3 versus predicted log 1/C3 from QSARs 26–29 (Table 6).

Fig. 9. Plot of observed log 1/C5 versus predicted log 1/C5 from QSARs 33 and 34
(Table 6).
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and MCF-7 cell lines. This is not surprising because both are breast
cancer cell lines. EVSA-T and MCF-7 are the ER−/PR+and ER+/PR+
breast cancer cell lines, respectively. Although the similarity between
these two breast cancer cell lines is due to the progesterone receptor-
positive (PR+), the dissimilarity is due to the estrogen receptor-
negative/positive (ER−/ER+). The similar cytotoxic mechanism for
compounds 1–9 among the five cancer cell lines H226, IGROV, M19
MEL,MCF-7 andWIDRhas been further supported by their highmutual
correlations, as shown by QSARs 26–35 (Table 6) and Figs. 7–10. From
the above discussions, it can be suggested that the cytotoxicities of
compounds 1–9 against six cancer cell lines (A498, H226, IGROV,
M19MEL, MCF-7 and WIDR) are due to a similar mechanism, but the
same is not true against EVSA-T cancer cell.

3.5. Docking study

Dockings of compounds 1–4 in the active sites of the key enzymes
RNR, TS, TP and topoII have been determined since these enzymes are
promising targets for cancer therapy. For example, RNR performs a
key, rate limiting step in DNA synthesis, controls the balance of the
deoxyribonucleotide pools, and changes in its activity can alter the
spontaneous mutation rate of cells [63]. Increased RNR activity has
been associated with disease states including cancer [63,64] and
inhibition of this enzyme is an attractive target for cancer therapy.
Fig. 8. Plot of observed log 1/C4 versus predicted log 1/C4 from QSARs 30–32 (Table 6).
Studies on the effect of iron, copper, and zinc ions on RNR in freshly
isolated normal and leukemic human lymphocytes found that zinc
acts to inhibit the enzyme in both cell types, while iron and copper
had stimulatory effects [63,64]. Metal complexes of carbothioamides
[65–67] and thiosemicarbazones [68] have been found to inhibit RNR
and possess anticancer activity. On the other hand, anthracyclines and
some V(IV) andMo(IV) compounds have been shown to exert various
effects on DNA or inhibit topoII [69,70]. Recently, information has
been acquired from the enzymes docking studies of compounds 5 and
6 [17] and 7–9 [18]. Combined with the encouraging cytotoxic activity
obtained for test compounds 1–4, this prompted us to carry out
molecular docking studies of 1–4 to understand and hopefully
overcome some of the challenges occurring by formation of strong
covalent attachments to target enzymes.

The results of docking studies of 1 and 4 with enzymes are shown
in Figs. 11–18 while results for 2 and 3 can be seen in S3–S10. The
docking program is validated by docking ADP in the active site of
enzyme RNR, with a close overlap between the docked ligand and the
native ligand being observed [17]. The docking studies revealed that
tributyltin(IV) compounds 1–4 interact with enzymes RNR (4R1R), TS
(2G8D), TP (1BRW) and topoII (1QZR) at various sites and their
hydrogen bonding interactions are given in Table 7. All compounds
exhibited hydrogen bonding interactions through azo nitrogen atom
(s) with amino acid residues of the enzymes RNR, TS and TP. Both azo
group N(1) and N(2) atoms of compounds 1 and 2 interacted with
RNR, while there was interaction with either N(1) or N(2) for the
Fig. 10. Plot of observed log 1/C6 versus predicted log 1/C6 from QSAR 35 (Table 6).



Fig. 11. Bu3SnL1H (1) docked into the binding site of the enzyme ribonucleotide reductase (4R1R). Hydrogen bonding interactions between the various groups of 1 and amino acid
residues are shown. Hydrogen atoms are omitted for clarity.
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other enzymes. Hydroxyl group oxygen atom(s) of the compounds
show more hydrogen bonding interactions with active sites of the
enzymes than other functional groups of the compounds (Table 7, see
Fig. 12. Bu3SnL1H (1) docked into the binding site of the enzyme thymidylate synthase (2G
residues are shown. Hydrogen atoms are omitted for clarity.
Figs. 11–18 and S3–S10 for specific amino acid residues). It should be
mentioned that tributyltin(IV) compounds 1, 2 and 4 exhibited
hydrogen bonding interactions through Sn–oxygen atom(s) with
8D). Hydrogen bonding interactions between the various groups of 1 and amino acid



Fig. 13. Bu3SnL1H (1) docked into the binding site of the enzyme thymidylate
phosphorylase (1BRW). Hydrogen bonding interactions between the various groups of
1 and amino acid residues are shown. Hydrogen atoms are omitted for clarity.

Fig. 14. Bu3SnL1H (1) docked into the binding site of the enzyme topoisomerase II
(1QZR). Hydrogen bonding interactions between the various groups of 1 and amino
acid residues are shown. Hydrogen atoms are omitted for clarity.

Fig. 15. Bu3SnL4H (4) docked into the binding site of the enzyme ribonucleotide
reductase (4R1R). Hydrogen bonding interactions between the various groups of 4 and
amino acid residues are shown. Hydrogen atoms are omitted for clarity.
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enzymes TS, TP and topoII and that such interactions were not
observed earlier for triphenyltin(IV) compounds (5 and 6) [17] and
dibutyltin(IV) compounds (7–9) [18].

Docking studies also revealed that compounds 1–4 are masked
inside the active site of topoII and exhibited hydrogen bonding
interactions through various atoms of the molecule with amino acid
residues of the enzyme, for instance R77 (in compound 2), K102 (in
compound 3), S127, G143, T195 and S127 (in compound 4). Such
interactionswere not observed at all earlier for compounds 5–9 [17,18].

Therefore, on the basis of docking studies, it is inferred that the
anticancer activities of compounds 1–4 might be emanating from
their interactions with enzymes RNR, TS, TP and topoII. The docking
studies also indicate that the azo group nitrogen atoms, hydroxyl,
carbonyl oxygen atoms and Sn–oxygen atom in the ligandmoiety play
an important role during the dockings of the tributyltin(IV)
compounds into the active sites of various enzymes. Nevertheless,
the possibility of coordination through tin beyond the active site of
the enzymes cannot be ruled out completely. It is very difficult to
envisage the role of such atoms in binding proteins in relation to
improved cytotoxic activity.

4. Conclusions and outlook

The present series of tributyltin(IV) 2/4-[(E)-2-(aryl)-1-diazenyl]
benzoates (1–4) was designed to provide a new skeletal framework
that incorporates a tributyltin(IV) ester and a ligand that varies in
both the position of the carboxylate and OH, Me and tert-Bu
substituents. It was anticipated that this variation would determine
the number of possible hydrogen bonds between a complex and
enzyme amino acid residues and hence influence the activity of the
compounds. In solution, the organotin(IV) benzoates exist as four-
coordinate tetrahedral tin species, while in the solid-state they have
either a distorted tetrahedral (4) or distorted trigonal bipyramidal
geometry (1–3). Promising cytotoxic effects were noted for the
complexes, with Bu3SnL1H (1) being more cytotoxic than the other
test compounds (2–4). In general, the cytotoxic results of compounds



Fig. 16. Bu3SnL4H (4) docked into the binding site of the enzyme thymidylate synthase (2G8D). Hydrogen bonding interactions between the various groups of 4 and amino acid
residues are shown. Hydrogen atoms are omitted for clarity.
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1–4 are far superior to CDDP, 5-FU, ETO and related dibutyltin(IV)
compounds 7–9, and comparable to their triphenyltin(IV) analogues 5
and 6 across a panel of seven human tumor cell lines. Docking studies
Fig. 17. Bu3SnL4H (4) docked into the binding site of the enzyme thymidylate phosphorylas
acid residues are shown. Hydrogen atoms are omitted for clarity.
of compounds 1–4 indicated that the cytotoxic activity may be
associated with the tetrahedral geometry of the complexes in solution
and the presence of an azo functionality in the ligand framework. The
e (1BRW). Hydrogen bonding interactions between the various groups of 4 and amino



Fig. 18. Bu3SnL4H (4) docked into the binding site of the enzyme topoisomerase II (1QZR). Hydrogen bonding interactions between the various groups of 4 and amino acid residues
are shown. Hydrogen atoms are omitted for clarity.
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potential of these tributyltin(IV) complexes as enzyme inhibitors
was shown by the exquisite binding and highly specific target
enzymes recognition. Careful characterization of kinetics and
enzyme/inhibitor complex structures is necessary to truly demon-
strate specificity. Thus, the docking studies are very important since
disease pathology often correlates with abnormal enzyme activity
and therefore enzyme inhibition can be a powerful and versatile tool
in the treatment of disease. Data from the present study suggests that
the tributyltin(IV) complex 1 merits further investigation as a new
drug and may be a suitable candidate for modification in order to
improve cytotoxic and dissolution properties. Further work in this
area is underway.
Table 7
Hydrogen bonding interactions of tributyltin(IV) compounds 1–4 with ribonucleotide redu
topoisomerase II (1QZR).

Compound Amino acids involved in hydrogen bo

Compd
no.

Groups 4R1R 2G8D

Amino acid residue Amino

1 Azo group nitrogen atom(s) T624–N1 (2.62) R23–N
T624–N2 (2.92)

Carbonyl oxygen atom(s) E623 (2.31) R23 (
Hydroxyl group oxygen atom(s) T209 (2.90), T624 (2.44) R23 (
Sn–oxygen atom(s) S219

2 Azo group nitrogen atom(s) C439–N1 (2.64) R23–N
C439–N2 (2.07)

Hydroxyl group oxygen atom(s)
Sn–oxygen atom(s) R23 (

3 Azo group nitrogen atom(s)
Carbonyl oxygen atom(s) C225 (2.14)
Hydroxyl group oxygen atom(s) Y730 (2.90), C439 (2.47) H259

4 Azo group nitrogen atom(s) T209–N1 (2.40) R23–N
Carbonyl oxygen atom(s) S622 (2.37)
Hydroxyl group oxygen atom(s) R251 (2.56)
Sn–oxygen atom(s) H259
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nding
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acid residue Amino acid residue Amino acid residue

1 (2.94)

2.75 and 2.82)
2.71 and 2.99) E1022 (2.90)
(2.86), H259 (2.97) Q1064 (2.23)
1 (2.96) R1026–N2 (2.99)

Q1064 (2.39)
2.98 and 2.64) R77 (2.29)

R1026–N2 (2.97)
G1066 (2.75), S1065 (2.81) K102 (2.30)

(2.85)
2 (2.31)

S127 (2.96), G143 (2.23)
E1019 (2.75) T195 (2.33)

(2.08) S127 (2.88)
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Appendix A. Supplementary data

Crystallographic data (without structure factors) for the structure
of 4 have been deposited with the Cambridge Crystallographic Data
Centre (CCDC) as supplementary publication no. CCDC 757617. Copies
of the data can be obtained free of charge from the CCDC (12 Union
Road, Cambridge CB2 1EZ, UK; Tel.: +44-1223-336408; Fax: +44-
1223-336003; e-mail: deposit@ccdc.cam.ac.uk; Web site: http://
www.ccdc.cam.ac.uk).

The following information (Figs. S1–S10) are available as Supple-
mentary Materials. Fig. S1: The structure of Bu3SnL2H (2) obtained
after full geometry optimization; Fig. S2: The structure of Bu3SnL3H
(3) obtained after full geometry optimization; Fig. S3: Bu3SnL2H (2)
docked into the binding site of the enzyme ribonucleotide reductase
(4R1R); Fig. S4: Bu3SnL2H (2) docked into the binding site of the
enzyme thymidylate synthase (2G8D); Fig. S5: Bu3SnL2H (2) docked
into the binding site of the enzyme thymidylate phosphorylase
(1BRW); Fig. S6: Bu3SnL2H (2) docked into the binding site of the
enzyme topoisomerase II (1QZR); Fig. S7: Bu3SnL3H (3) docked into
the binding site of the enzyme ribonucleotide reductase (4R1R); Fig.
S8: Bu3SnL3H (3) docked into the binding site of the enzyme
thymidylate synthase (2G8D); Fig. S9: Bu3SnL3H (3) docked into the
binding site of the enzyme thymidylate phosphorylase (1BRW); Fig.
S10: Bu3SnL3H (3) docked into the binding site of the enzyme
topoisomerase II (1QZR). Supplementary data associated with this
article can be found, in the online version, at doi: 10.1016/j.
jinorgbio.2010.05.001.
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