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Abstract

This study involves the structure elucidation and conformational analysis of three synthetic metallotherapeutics
organotin (IV) derivatives of cholic acid (CAH) with the formulate RsSn(CA) (R= Ph- (1), n-Bu- (2)) and R2Sn(CA), (R= Me-
(3). The structures of compounds (1-3) were assigned using a combination of homonuclear and heteronuclear 2D NMR
experiments. Subsequently, *n NMR experiments and semi-empirical quantum mechanic computations (method
PM6) were applied to determine the geometry surrounding the tin atom. Results showed that their optimized
geometry is distorted tetrahedral and thus their biological activity of these compounds may be related with the
conformation of atoms which endue the metal of Sn. In silico molecular docking studies were performed to the ER-a
(estrogen receptor alpha ligand) justifying the compounds’ biological activity.
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INTRODUCTION

Metallotherapeutic compounds, in particular metal complexes, present an increasing interest in the field of
medicinal chemistry. Their unique characteristics, such as redox activity, variable mode of coordination,
antineoplastic properties and reactivity 123 to the organic substrate, make them attractive molecules in designing
metallotherapeutics. Studies have shown that metallotherapeutic compounds could indicate significant action as
anti-cancer agents, antibiotics and antibacterials!*. Equally important is their role as medical and diagnostic factors
too. Their obvious utility leads to the necessity for a further synthesis and thorough structure and conformational
analysis, aiming to an optimized version of them with reduced serious side effects. According to similar studies
Organotin (IV) complexes are associated with anti-proliferative activity, they have the ability to show better
excretion from the body, cells do not develop resistance to them, and they also exhibit low toxicity levels. These
factors make them valuable leads in the field of medicine PIEI7IEIE],

According to many studies available in the literature, the biological activity and the role of the anti-cancer tin (IV)
complexes, depend on the number and the type of group R, which bind to Sn [3]. Organotin (V) compounds, which
bound to carboxyl groups, provide antiproliferative properties too. Despite the cytotoxicity studies of organotin
compounds (IV) against cancer cells, there is not much data on in vitro toxicity against healthy cells. In this context, it



ISSN 29450861 - Journal of the Association of Greek Chemists — JAGC — Volume 2- Issue 1

has been found that certain compounds of di- and tri-organotin (IV) showed remarkably selective activity against
cancer cell lines (HCT-116 and MCF-7) from normal cells. The results obtained from the studies and tests carried out
in the field of organotin (IV) compounds seemed extremely interesting, starting a new era of research on the
antiproliferative and anti-cancer activity of tin compounds. Small tri-organotin (IV) molecules have been shown to
have better anti-cancer activity than their respective di-organotin (IV) derivatives, while among tri-organotin (IV)

derivatives, triphenyl derivatives show improved activity 01122,

In this study synthetic organotin (IV) compounds include the tin atom complexed with a different group R (R = Me, Bu,
Phe) (Figure 1). In particular, the compounds that were analyzed were organotin (1V) derivatives of cholic acid (CAH)
with the formulae R3sSn(CA) (R= Ph- (1), n-Bu- (2)) and R,Sn(CA), (R= Me- (3)). The combination of a strong antitumor
agent, such as organotins, with the molecule of cholic acid, which exhibits hormone conformation, could contribute
to a new formulation with selective activity against hormone depended tumour cells 31?4, Compounds 1-3 were
tested for their in vitro bioactivity against MCF-7 (positive to hormone receptors) and MDA-MB-231 (negative to
hormone receptors) cells. The in vitro toxicity of 1-3 was evaluated towards MRC-5, while their in vitro genotoxicity
was tested by the MN assay. The in vivo toxicity of 1-3 was tested by Artemia salina assay, while the in vivo genotoxicity
by Allium cepa test. Moreover, the molecular mechanism of 1-3 against essential intracellular components was
examined by their (i) DNA binding affinity, (ii) LOX inhibitory activity and (iii) catalytic activity on the peroxidation of
linoleic 11121,

1-3 were structurally elucidated using 1D and 2D homonuclear and heteronuclear NMR experiments. Subsequently,
the conformational analysis and recognition of complexes was completed through experiments 1°Sn NMR and semi-
empirical quantum mechanic computations. Molecular docking and quantum mechanics and molecular mechanic
computations (QM/MM) are methods utilized to study both the binding of molecules to potential receptors that they
may act, as well as to find their optimal geometry. MD calculations could confirm the stability of the complexes and
justified their biological activities as binders at the ER-a.

2. Material and Methods
NMR Analysis

All of the Organotin (IV) derivatives were synthesized in the lab of Inorganic Chemistry at University of loannina and
their synthesis was published elsewhere [1]. The structural elucidation of protons and carbons of the compounds (1-
3) was achieved using 700 MHz Bruker Avance Ill HD magnet equipped with an ultra-sensitive triple-resonance TCl
cryoprobe, installed at Pharmaceutical Department of University of Patras. 5 mg of each compound were dissolved in
550ml of DMSO-d6. The experiments, performed using Bruker library pulse sequences, included homonuclear *H ,:3C,
13C APT NMR, 2D COSY, 2D ROESY and heteronuclear 2D HSQC and 2D HMBC experiments. All measurements are
carried out at 25°C, and the data are acquired and processed with the MestreNova ”! and TopSpin 3.5 ¥ software.
Finally, 1¥Sn NMR experiments were performed at NMR Lab of Slovene using spectrometer of 300MHz (Unity Inova
NMR) and DMSO-d6 solvent.

Semi-empirical Quantum Mechanic Computations

Semi-empirical quantum mechanics computation was an effective tool for the analysis of the geometry of molecules.
The Neglect of Diatomic Differential Overlap (NDDO)-based semi-empirical method PM6 °! was used in order to
calculate the geometries of the coordination complexes under study. The choice of this method was based upon its
suitability for computing metal coordination complexes since it takes into account both the adoption of Viotyuk’s core-
core diatomic interaction term 2% and Thiel’s d-orbital approximation 2122231 The starting geometry for each complex
was guessed based upon the results of the performed *H-NMR and Méssbauer experiments 124, which have already
performed. Initial structures were designed in Molden and were used as input for geometry optimization in the PM6
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level of theory with the Gaussian 09 software [?°!. Frequency calculations were performed in the optimized geometries
in order to assure that the resulting structures correspond to global minima and not any transition states.

In silico Molecular Docking studies

In silico studies, have been performed on the estrogen receptor alpha (ER-a). The structures of the organotin (IV)
derivatives derived by PM6 calculations were used as input structures for the docking studies. The crystal structure of
the macromolecule/receptor was downloaded from Protein Data Bank (PDB: 1A52).

AutoDock Tools (ADT) 4.5 was utilized for preparing the ligands and protein, as well as for analyzing the results.
Molecular docking calculations were conducted by AutoDock4. Regarding the protein preparation, parameters were
adjusted and polar hydrogen’s were added to the receptor. Gasteiger charges were assigned to the protein’s structure.
Grid was generated based on coordinates the entire protein (blind docking) while, the grid box size was set to 126 A
in all directions. The center of the grid box was set to the active site, which was acquired by the cocrystallised ligand
(estradiol), included in the crystal structure with the cod 1A52.

Docking software AutoDock4 and Autogrid4 algorithms were implemented in order to generate the grid maps.

Also, the parameters for Sn (IV) were extracted from the literature and were manually incorporated in AutoDock’s
parameter files. Finally, docking calculations were performed using the Genetic algorithm, determining the
conformation of each complex with the most suitable binding mode to the receptor.

3.Strategy and results

The structure of molecules under study, contain one or two cholic acids and one different group R for each compound.
The structures of complexes are shown below, and the strategy used for the structural identification of protons and
carbons of the compounds (1-3) follows at Figure 1.
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3.1 NMR analysis of compound 1

As a starting point for the structure elucidation, analyzing the NMR spectra of compound 1, was taken the double peak
of H21 (0.82ppm), which corresponds to CHs. Through the combination of 2D HSQC and 2D COSY experiments, C21,
H20 and C20, have been determined and they are resonated at 41.52ppm, 1.16ppm and 31.07ppm correspondingly.
The second starting step is the singlet at 0.49 ppm, which corresponds to CH3 H18. This was confirmed by the 2D HMBC
spectrum which showed correlation of H18 with C12 resonated at 71.02ppm. Through 2D HSQC and 2D COSY
confirmed the chemical shifts of H12 (3.74ppm) and OH12 (4.04ppm) were confirmed. The other singlet peak of CH;
at 0.80ppm corresponds to H19. Through 2D HSQC it was found the C19 resonating at 22.64ppm.

Then next step in the strategy was the identification of H20. In particular, H20 at 2D COSY spectrum had correlation
with protons which resonated at 1.70ppm and at 1.09ppm. According to the structure of molecule, these protons must
be H17 and H22. Using the 2D HMBC spectrum, the already identified C18 correlated with proton at 1.70ppm,
confirming its identity as H17. Therefore, H22 resonated at 1.09ppm. Through 2D HSQC C17 and C22 were identified.
As H22 included two protons, the second H22 was identified using the 2D HSQC spectrum resonating at 1.60ppm.
Apparently, through the 2D COSY experiment, the H23 protons were identified to resonate at 1.94ppm and 2.04ppm.
C23 was identified through 2D HSQC.

A following step was to utilize identified C17 which through the 2D HMBC, correlated with proton H14 (1.93ppm).
Using the 2D HSQC, C14 was determined. Through 2D COSY H14 correlated with H8 and this with H7 which
subsequently correlated with OH7. Through 2D HSQC experiments C8 and C7 have been determined to resonate at
39.95ppm, 66.26ppm correspondingly. Identified H14 correlated through bond with H15 which resonated at 0.88ppm,
and H15 with H16 which resonated at 1.67ppm. The second protons of H15 and H16 were revealed by 2D HSQC
experiment.

Through the identified H7 and using 2D COSY experiment H6-H1 were identified and subsequently through 2D HSQC
C6-C1. Then, through 2D HMBC experiment, identified C7 correlated with H9, which resonated at 2.09ppm. 2D COSY
allowed through identified H9 to assign H11 (1.31ppm) and 2D HSQC the identification of C11.

It followed the identification of the triphenyl group. H28, is expected to show-triplet, at the range of 7.38-7.42 ppm.
The rest of the protons, H26/30 as a doublet and H27/29 as a doublet of doublets have been observed at 7,77ppm
and 7,38-7,42ppm correspondingly. The carbons bearing protons have been identified through 2D HSQC and the
tertiary C25 resonated at 143,38ppm according to 2D HMBC. The results of the analysis, the correlations of protons
with carbons and the proton and carbon chemical shifts, are shown analytically in the following Table 1. At Figure 2
and 3 are presented the 'H NMR spectrum and the *C NMR spectrum analytically.
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Figure 2: 3C NMR spectrum of compound 1 obtained at ambient temperature in DMSO-d6 using 700 MHz Bruker NMR

spectrometer.

Table 1. Chemicals Shifts of protons and carbons of compound (1) expressed in ppm.

Position 'H (ppm) 13C (ppm) Position H (ppm) 13C (ppm)

1a 0.83 35.31 16a 1.04 27.35
le 1.63 35.31 16e 1.62 27.35
2a 1.25 30.41 17 1.70 46.46
2e 1.41 30.41 18 0.49 12.36

3 3.17 70.45 19 0.80 22.70
4a 1.44 - 20 1.16 35.07
de 2.19 - 21 0.82 16.95

5 1.22 41.53 22b 1.00 31.89
6a 1.36 34.86 22a 1.59 31.89
6e 1.78 34.86 23b 1.94 33.05

7 3.60 66.26 23a 2.07 33.05

8 1.30 - 24 - -

9 2.11 26.19 25 - 143.38
10 - 34.39 26 7.77 136.70
11a 1.31 28.50 27 7.38-7.42 128.76
1lle 1.40 28.50 28 7.38-7.42 128.17
12 3.74 71.02 29 7.38-7.4 128.76
13 - - 30 7.77 136.70
14 1.93 41.40 OH-3 431 -
15a 0.88 22.88 OH-7 3.98 -
15e 1.58 22.88 OH-12 4.05 -
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3.2 NMR analysis of compound 2

The strategy of compound 2 involved the assignment of the triplet resonated at 0.85 ppm as H28, while the rest
protons and carbons have been assigned through 2D COSY and 2D HSQC. Especially, through 2D COSY was recognized
that H27, H26 and H25 resonated at 1.54ppm, 1.27ppm and 1.02ppm. proton and carbon chemical shifts are shown
analytically at Table 2 and the *H NMR and *3C NMR spectra at Figure 4 and 5.
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Figure 4: *H NMR spectrum of compound (2) obtained at ambient temperature in dmso-d6 and
using 700 MHz Bruker NMR spectrometer.
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Figure 5:3C NMR spectrum of compound (2) obtained at ambient temperature in DMSO-d6 and using 700
MHz Bruker NMR spectrometer.
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Table 2. Chemicals Shifts of protons and carbons of compound (2) expressed in ppm.

Position H 3¢ Position H 3¢
le 1.63 35.38 15e 1.63 22.90
1a 0.83 35.38 16e 1.72 27.40
2e 1.42 30.46 16a 1.17 27.40
2a 1.25 30.46 17 1.76 46.59
3 3.18 70.53 18 0.58 12.37
de 2.21 - 19 0.80 22.70
4a 1.44 - 20 1.28 35.16
5 1.22 41.60 21 0.90 17.00
6e 1.79 34.94 22a 1.67 32.14
6a 1.36 34.94 22b 1.07 32.14
7 3.60 66.33 23b 2.07 33.18
8 1.32 - 23a 2.20 33.18
9 2.14 26.28 24 - 177.76
10 - 34.45 25 1.02 18.31
1le 1.40 28.60 26 1.53 27.74
11b 1.34 28.60 27 1.27 26.56
12 3.79 71.12 28 0.85 13.73
13 - 45.81 OH-3 4.30 -
14 1.97 41.45 OH-7 3.99 H-7
15a 0.94 22.90 OH-12 4.09 H-12

3.3 NMR analysis of compound 3

Finally, chemical shifts of proton and carbon are shown at Table 3 and the *H NMR and *C NMR spectra at Figure 6
and Figure 7. Finally, compound 3 involved an extra step, which involved the assignment of the singlet resonance at
0.66 ppm and which is assigned as H26, in particular at CH3 (Table 3, Figure 6 and 7).

H2e Hilla
Hae Hée :ig H11e| H6aH5 H8
H23 H17 Hie =  Hda | Hli! H22
. Iy
| Ho H14 /| H16e [A201] H16a | g9 g
| H23 | ‘
o LT
T T T T T T T T T T T
2.2 2.1 2.0 1.8 1.8 1.7 1.6 1.5 14 1.3 1.2 21
H25
OH3 ok7
OH12 H12 H7 |
[ I ! | || "
H3 || !' | | [l 1
| |
’ 1) 1 I alin H1Sa|| |
{ f ik .'||._ ' .“.\ I ."
T v T - T v T v T - T - T ~ [ppm]
4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

Figure 6: 'H NMR spectrum of compound (3) obtained at ambient temperature in DMSO-d6 using 700 MHz
Bruker NMR spectrometer.
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Figure 7: 13C NMR spectrum of compound (3) obtained at ambient temperature in DMSO-d6
using 700 MHz Bruker NMR spectrometer.

Table 3. Chemicals Shifts of protons and carbons of compound (3) expressed in ppm.

Position 1H 13¢ Position 1H Bc
1a 0.86 35.31 15e 1.63 2283
le 1.63 35.31 16e 1.75 27.31
2e 1.42 30.57 16a 1.17 27.31
2a 1.25 30.57 17 1.77 46.24
3 3.18 70.44 18 0.59 12.35
de 2.22 - 19 0.81 22.62
4a 1.44 - 20 1.28 35.08
5 1.22 41.52 21 0.92 16.94
6a 1.36 34.87 22b 1.17 34.39
6e 1.78 34.87 22a 1.64 34.39
7 3.61 66.26 23b 2.09 31.24
8 1.32 - 23a 2.20 31.24
9 2.14 26.20 24
10 - 45.78 25 0.66 11.10
11a 1.34 28.95 26 0.66 -
11le 1.44 28.95 27
12 379 71.01 OH-3 4.32 -
13 - 48.60 OH-7 4.00 -
14 1.98 41.36 OH-12 410 -
15a 0.94 22.83
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3.4 19Sn NMR analysis of compounds

11950 NMR experiments were performed to study its geometry with the surrounding substituents. The nature of the
substituents determines the observed chemical shifts. Subsequently, the chemical shifts are correlated with certain
geometries. The use of known spectroscopic data with determined geometries are in aid of this effort. °Sn NMR
spectra were obtained in DMSO-d6 solvent. SnCl, was used as reference compound with known chemical shift (-
150.41) (Figure 8).
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Figure 8. Spectra of 1*Sn NMR of compounds (1-3) and the reference compound SnCls,

According to the literature a four coordinated Sn provides a '°Sn NMR spectrum shows resonances that range
between -60 - 200 ppm [2-3] with a possible tetrahedral geometry [5]. The five-coordinated Sn gives peaks that
resonate between -330ppm-(-) 90ppm, with a possible triangular dipyramid or tetrahedral dipyramid geometry Pl
Finally, a six-coordinated Sn gives peaks that resonated between -210ppm until -515ppm [2-3], with a possible
octahedral geometry ©°!. Based on these literature data the observed chemical shifts for the three complexes designate
geometries shown in Table 4. [261271281[29]

Table 4. Chemical shifts observed with Sn NMR spectroscopy for compounds (1-3) and their possible geometry
according to literature data.

a/a Compound Chemical shift A6 to reference compound Geometry of Compound
SnCI4
SnCl, -150.41 - -
CANaPhsSnCl -257.44 107.04 triangular dipyramid or

tetrahedral dipyramid or
octahedral geometry

3 CANaBusSnCl -305.82 155.50 triangular dipyramid or
tetrahedral dipyramid or
octahedral geometry

4 CANaMe,SnCl; -294.61 144.21 triangular dipyramid or
tetrahedral dipyramid or
octahedral geometry




ISSN 29450861 - Journal of the Association of Greek Chemists — JAGC — Volume 2- Issue 1

4. Semi-empirical quantum mechanic computations

Semi-empirical method PM6 was used in order to calculate the geometries of the coordination complexes under study.
The starting geometry for each complex was guessed based upon the results of the performed *H-NMR and Mossbauer
experiments. Initial structures were designed in Molden and were used as input for geometry optimizations in the PM6
level of theory with the Gaussian 09 software. Frequency calculations were performed in the optimized geometries in
order to assure that the resulting structures correspond to global minima and not any transition states.

The resulting geometries of the coordination complexes under study are presented in Table 5.

Table 5. Bond lengths and relative angles for both organometallic complexes. The numbers 1,2 & 3 correspond either
to butyl or phenyl groups depending on the structure. The complexes exhibit a distorted tetrahedral geometry with
angles very close to the 109 of the perfect tetrahedron.

Bond([i)
Structure
Sn-CANa (1) Sn-CANa (2) Sn-C1 | Sn-C2 Sn-C3
CANa(Bu)sSn 2.13 - 2.15 2.15 2.15
CANa(Ph)sSn 2.12 - 2.12 2.12 2.12
CANa(Me),Sn 2.06 2.10 2.11 2.11 -

Table 6. Bond lengths and relative angles for both organometallic complexes. The numbers 1,2 & 3 correspond either
to butyl or phenyl groups depending on the structure. The complexes exhibit a distorted tetrahedral geometry with
angles very close to the 109 of the perfect tetrahedron.

(degrees)
Structure | C1-Sn- | C2-Sn- | C3-Sm- | C1-Sn-CANa | C2-5n-CANa | C3-Sn-CANa |C1-Sn-CANa| C2-Sn-CANa | CANa(1)-Sn-
&) c3 c1 (1) (1) (1) 2) 2) CANa(2)
CANa(Bu)sSn| 113.79 | 114.83 | 116.02 105.78 98.39 105.52 - - -
CANa(Ph)sSn| 114.39 | 116.10 | 114.07 106.02 107.03 96.63 - - -
CANa(Me)Sn| 120.82 ; ; 108.61 105.97 - 102.27 110.89 107.72

As it can be observed in Figure 12, all complexes exhibit a distorted tetrahedral geometry with angles very close to

the 109 of the perfect tetrahedron.
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Figure 9. Schematic Representation of the PM6 geometry of CANa(Ph)sSn(a), CANa(Bu)sSn(b) and
CANa(Met),Sn(c). The geometry is distorted tetrahedral and the organometallic bonds are illustrated as purple
dashed lines. A simplified version with some angle degrees are presented in the bottom left.

Interestingly, there is no agreement with the experimental data. A possible reason is that the solvent was not taken
into account in the theoretical calculations.

5. Results of Molecular Docking Studies

The in silico experiments of molecular docking showed the binding of compounds (1-3) with the estrogen receptor
(1a52). The molecular docking calculations were conducted three -times, in order to obtain reliable results. The
average of the values of binding energy and binding constant (Kp), are presented at Table 7.

Table 7: Binding Energy, binding constant (Kp) values and H-bonds of molecular docking calculations.

Receptor 1a52 - Binding Energy Constant Kp
Compounds

Kcal/mol

Receptor 1a52/ -9.94 +0.5 0.003 nM OH(3) with His 501

complex 1
H(24) with Leu 509

Receptor 1a52/ -6.5240.5 0.010 um OH(3) with Glu 441

complex 2
OH(3) with Asn 449

OH(7) with Glu 397

-7.37+0.5 0.061 nM OH(3) with Glu 330

Receptor 1a52/ OH(3) with Arg 352

complex 3
OH(12) HOH 560
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In all the “enzyme-ligand” complexes that were formed, the receptor (PDB:1A52) was interacting with the ligands
through electrostatics and H-bond formation. The binding energy of all the complexes demonstrates a significantly
strong energy. In particular, It was observed that the cholic acid binds in the active side of the receptor, creating H-
bonds, between the OH(3) and H(24) of cholic acid to the amino acids His 501 and Leu 509 correspondingly (Figure
10a). The corresponding interactions for complex 2 with the receptor were H-bonds of OH(3) to amino acids Glu 441
and Asn 449 and OH(7) to amino acid Glu 397 as it is presented at Figure 10b. Complex 3 had interactions through H-
bonds. In particular, the one cholic acid presented H-bond between OH(3)/0OH(12) with Asp 351 and OH(7) with Lys
529. The other cholic acid had H-bonds between OH(3’) and the amino acids Glu 330 and Arg 352 (Figure 10c). The
visualization of docking results were performed by Pymol program for all complexes.

Figure 10. Interaction of complex (1-3) with the receptor (PDB:1a52).

6. Conclusions

In this study, we carried out the structural elucidation and conformational analysis of three synthetic
organotin(lV) derivatives of cholic acid (CAH) with the general formulas RsSn(CA) (R = Ph (1), n-Bu (2)) and
R2Sn(CA), (R = Me (3)). To achieve this, we employed a combination of 1D and 2D homonuclear and
heteronuclear NMR experiments along with "Sn NMR spectroscopy. Additionally, semi-empirical quantum
mechanical calculations (PM6 method) were applied to investigate the geometry surrounding the tin atom.
Their consistent results pointed out that their optimized geometry is distorted tetrahedral. This
conformation may be responsible for their biological. To justify this, in silico molecular docking studies were
performed to the ER-a (estrogen receptor alpha ligand). Their high binding affinity illustrates the possible
relation between the putative bioactive conformation and possible bioactivity.
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