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Abstract

The organotin(IV) cations form complexes with ligands containing {O}, {N}, {S}, or {phosphorus(O)} donor atoms with
various composition and stability. The emergence of new experimental techniques (EXAFS, multinuclear 'H-, '3C-, 1'Sn-NMR,
119Sn Mossbauer, etc., spectroscopic techniques) provided useful information about the structure and stabilities of the complexes
formed. We reviewed the literature on these type of complexes taking into account the biological aspects of the complexes
discussed. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Organotin(IV) cations; Complexes; Mossbauer spectroscopy; EXAFS; Multinuclear NMR spectroscopy; X-ray diffraction; Antitumour
activities; Equilibrium measurements; Biological effects

* Corresponding author. Fax: + 36-62-420505.
E-mail addresses: bioinorg@unipa.it (L. Pellerito), laci@chem.u-szeged.hu (L. Nagy).

0010-8545/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
PII: S0010-8545(01)00399-X


mailto:bioinorg@unipa.it
mailto:laci@chem.u-szeged.hu

112 L. Pellerito, L. Nagy / Coordination Chemistry Reviews 224 (2002) 111150

1. Introduction

The rapid rise in the industrial, agricultural and
biological applications of organotin(IV) compounds
during the last few decades has led to their accumula-
tion in the environment and in biological systems.

Organotin(IV) compounds are characterized by the
presence of at least one covalent C-Sn bond. The
compounds contain tetravalent Sn centres and are
classified as mono-, di-, tri- and tetraorganotin(IV)s,
depending on the number of alkyl (R) or aryl (Ar)
moieties. The anion is usually chloride, fluoride, oxide,
hydroxide, a carboxylate or a thiolate.

It is well known that organotin(IV) compounds dis-
play strong biological activity. Most organotin(IV)
compounds are generally very toxic, even at low con-
centration. The biological activity is essentially deter-
mined by the number and nature of the organic groups
bound to the central Sn atom. It seems that the nature
of the anionic group is of only secondary importance.
The trialkyltin(IV) [R;Sn(IV)*™] and triaryltin(IV)
[Ar;Sn(IV)™*] derivatives exert powerful toxic action on
the central nervous system. Within the series of
R;Sn(IV)* compounds, the lower homologues (methyl,
Me; ethyl, Et) are the most toxic when administrated
orally, and the toxicity diminishes progressively from
tri-n-propyl to tri-n-octyl, the latter not being toxic at
all.

The moieties R, Sn(IV)*~"+ (=2 or 3) may be
bound to membrane proteins or glycoproteins, or to
cellular proteins; e.g. Et,Sn(IV)?>* to ATPase and hex-
okinase [1], Bu,Sn(IV)** and Bu,Sn(IV)* to ATPase
and acetylcholinesterase of human erythrocyte mem-
brane [2,3], while Bu,Sn(IV)>* may also be bound to
skeletal muscle membranes. It seems that the sulfur-co-
ordinated complexes are very stable as compared with
those coordinated by {O} or {N}. Some organotin(IV)
compounds have antitumour activity [4]. The antitu-
moural mechanism remains unknown (see later).

Several surveys of organotin(IV) compounds have
been published. Zuckerman reviewed much of the work
published before 1978 [5], while in 1989 Saxena and
Huber [4] covered the literature dealing with the biolog-
ical, including the anticancer activities, of most of the
compounds studied. In the same year, the results ob-
tained in the wide field of bioorganotin(IV) compounds
were surveyed by Molloy [6]. Later, Tsangaris and
Williams [7] published a paper on Sn [including organ-
otin(I'V)], compounds in pharmacy and nutrition. A full
listing of reports which have evaluated organotin(IV)
compounds in agriculture is to be found in the two-part
review by Crowe [8,9]. Detailed discussions of organ-
otin(IV) wood preservatives are published in [10,11].

In 1985, two independently published reviews
demonstrated the utility of organotin(IV) derivatives of
(poly)alcohols in regioselective manipulations involving

indirect acylation, alkylation and oxidation [12,13],
while a very recent work by Grindley dealt with the
applications of organotin(IV)-containing intermediates
in carbohydrate chemistry [14].

Strong sugar-organotin(IV) cation complexation
have been discussed by Burger and Nagy [15], Gyurcsik
and Nagy [16], Verchére et al. [17], while Barbieri et al.
[18] dealt mainly with the interactions of organotin(IV)
cations and complexes with DNA and their derivatives.
However, a comprehensive review of the properties of
the organotin(IV) complexes formed with biologically
active ligands is not yet available. The aim of the
present work is to survey the results obtained by means
of different equilibrium (mainly pH-metric, spectropho-
tometric and calorimetric) and structural [spectroscopic
(multinuclear NMR, FTIR and Méssbauer), X-ray dif-
fraction, extended X-ray absorption fine structure (EX-
AFS) and X-ray absorption near edge structure
(XANES) measurements, etc.] methods on the com-
plexes formed with the various organotin(IV) ions or
compounds. The biological properties of some of the
compounds in question are also discussed.

2. Physical methods for the study of organotin(IV)
derivatives

2.1. ""°Sn-NMR spectroscopy

The most convenient technique used to study organ-
otin(IV) derivatives in solution and in the solid state is
119Sn-NMR spectroscopy. The ''°Sn nucleus has a spin
of 1/2 and a natural abundance of 8.7%; it is about 25.5
times more sensitive than '*C, taking into account the
isotopic abundance. The isotope ''’Sn is slightly less
sensitive (natural abundance 7.7%) and has not been
used much. Both of these nuclei have negative magnet-
ogyric ratios, and consequently the nuclear Overhauser
enhancements are negative. Some examples of the ap-
plications of this method are mentioned later, in differ-
ent sections.

2.2. 1°Sn M{ssbauer spectroscopy

The effect discovered by R. Mossbauer in 1957 [19],
the ‘nuclear resonance fluorescence of gamma radia-
tion’, is analogous to the atomic fluorescence of UV—
VIS light. The effect is now generally termed the
recoil-free emission and resonant absorption of nuclear
v-rays [20]. The characteristic quantitics measured are
the isomer shift (), the quadrupole splitting (4) and
the half-height line-width (I") in mm s~

The information extracted from the ''*Sn Mdssbauer
spectroscopy of Sn compounds is essentially: (1) the
valence state in the inorganic derivative; (2) the struc-
ture and bonding in the metal environment [(mainly in
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organotin(IV)s]; and (3) the dynamics of the Sn nuclei,
which possibly correlates with the nature of the sub-
strate (mono- or polymeric). Measurements may be
made on solids (crystalline or amorphous), gels and
solutions (quickly frozen to a glassy state). Mossbauer
spectroscopic measurements give information that is
analogous or complementary to data obtained with
other spectroscopic techniques, such as NMR spec-
troscopy, X-ray diffraction, neutron diffraction, EX-
AFS, etc. As usual, this method has both advantages
and disadvantages.

Advantages:

1. The easy experimental procedures.

2. The relative simple and inexpensive instru-
mentation.

3. The possibility of obtaining information on the
metal properties in high molecular weight
systems.

Disadvantages:

1. In addition to the high cost of the Sn source, the
time required to collect the spectra can also be
excessive (about 1 day per spectrum).

2. The sample must contains Sn at the milligram
level (about 0.5 mg "?Sn cm ~?).

3. The near impossibility of quantitative Sn analysis.
This technical limit is shared by other widely
employed spectroscopic techniques.

2.3. Extended X-ray absorption fine structure (EXAFS)
method

The EXAFS method seems to be suitable for deter-
mination of the local structure of organotin(IV) com-
plexes formed with biologically active ligands in
solution or the solid state. A very high flux of X-rays
produced by synchrotron radiation is usually applied
the EXAFS method provides structural information
relating to the radial distribution of atom pairs in a
system: the number of neighbouring atoms around a
central atom (the coordination number) in the first,
second and sometimes third coordination spheres, the
interatomic distances and their root mean square devia-
tions. The XANES spectra should also be analysed, to
obtain information on the coordination geometry, pos-
sible binding sites and the oxidation number of the
metal ion in question. It should be noted, however, that
additional, independently obtained information on the
metal ion-binding sites and suitable structural models
(in most cases) are needed to analyse EXAFS spectra.

Advantages of EXAFS as a structural probe:

1. No requirement for crystalline matter: gases,

glasses, powders or liquids can be studied.

2. Element-specific for elements suitable for X-ray

absorption.

3. For situations with a good contrast of the X-ray
absorption edge over the background for the
transition metal in a matrix of low atomic num-
ber, information can be obtained at a concentra-
tion of about one atom in 10°.

4. Accurate interatomic distances can be obtained
(+20 pm) within 350 pm of the primary
absorber.

5. Studies as a function of time are also possible.

Disadvantages of EXAFS as a structural probe:

1. No angular information can be obtained.

2. Reliable data are restricted to distances less than
350 pm from the primary absorber.

3. The requirement of sample homogeneity for the
element of interest.

4. The possibility of radiation damage.

5. The validity of the interpretation involves the
adjustment of several parameters within a theoret-
ical model to reproduce the experimental data
[21].

A few years ago, we used this method to determine
the local structures of the complexes of Et,Sn(IV)?*
[22] and other moieties, mainly transition metal ions
[23-32], with non-protected carbohydrates and their
derivatives. The local structures of a large number of
amorphous organotin(IV) complexes (including DNA
and their constituents, haemoglobin and albumin as
ligands) were recently measured by EXAFS; the data-
processing and curve-fitting analysis are in progress
[33].

2.4. X-ray diffraction method

X-ray crystallographic findings on of compounds
containing a ligand and a metal salt in stoichiometric
proportions do not constitute evidence of complex for-
mation in solution. The well-defined crystal structure
merely indicates that in the solid state the ligands, the
metal ion and the anion fill the space in a regular
packing, usually held together by coordination and by
electrostatic and hydrogen bonding. When the crystals
are dissolved in polar solvents (e.g. water), these hydro-
gen bonds may be broken and water or some other
solvent molecule may displace one of the coordinated
groups of the ligand from the coordination sphere of
the metal ion. On the basis of the crystal structures, it
is not possible to predict complex formation in solu-
tion. On the other hand, when complex formation is
known to occur in solution from independent equi-
librium measurements, or there is other spectroscopic
evidence, it is very probable that the main binding sites
are the same in the crystal and in solution. In the
crystal, additional weak binding sites may also be
present.
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Table 1

Stability constants of species formed in the hydrolysis of Me,Sn(IV)>* at 298 K in different ionic media

. ) logh,

Ref. [36] 0.1 M NaClO,

Ref. [37] 0.1 M NaNO, Ref. [38] 0.1 M KNO; Ref. [39] 0.1 M NaCl

Ref. [39] 3 M NaClO,

(1, —1) =317 —3.18 —3.12
(1, =2)  —8.42 —8.42 —8.43
(1, =3) —19.45 -

(2, —2) —496 —4.69 ~5.05
2, -3 —9.71 —9.64 —9.74
@, —4 - —15.44

3, —2) - —3.21

3, -4 -

@, —5) - —11.72

@, —6) - ~16.36

—19.45

—3.25 —3.54
—8.54 —8.98
—5.05 —4.60
—9.81 —9.76
—11.52 —10.40

p=Me,Sn(IV3*, r=OH.
3. Hydrolysis of organotin(IV)"+

From environmental and equilibrium measurement
aspects, the speciation of organotin(IV) species in water
is very important if their reactivities are to be under-
stood. It is necessary therefore, to obtain information
relating to the hydrolysis and the structure of the
hydrolysed species.

The species organotin(IV)“* ="+ are considered to be
Lewis acids of different strengths, depending on the
groups bound to the Sn(IV) [34]. Consequently, they
display a strong tendency to hydrolysis in aqueous
solution, as first demonstrated by Tobias et al. [35].
Later studies on the interactions of Me,Sn(IV)?>* with
ligands containing different donor atoms (O, N, S, etc.)
necessitated determination of the hydrolysis constants.
The evaluation of such complex formation constants
was based on the data obtained earlier from indepen-
dent measurements. Some data are compared in Table
1.

Most of the reported thermodynamic parameters
refer to a single ionic medium and a single ionic
strength. Hydrolysis of Me,Sn(IV)>* recently per-
formed in different aqueous media (NaCl or (Me),NCI,
NaNO,, NaClO,, and Na,SO,), in a wide range of ionic
strength at 298 K. The same species were observed to
form as earlier. The dependence on the ionic strength
for different salt solutions was taken into account by
using a Debye—Hiickel equation. For exemplification
purposes the dependences of (A) log f,; and (B) log f;,
on the ionic strength are depicted in Fig. 1. Medium
effects were explained by considering the formation of
chloride and sulfate complexes too [40].

Despite their environmental relevance, relatively few
studies have been performed on the solution chemistry
of R;Sn(IV)*, though their structures have been exten-
sively investigated both in the solid state and in solu-
tion. Studies on aqueous solutions of Me;Sn(IV)* have
been performed by '"?Sn-NMR measurements [41] and

by potentiometry, in NaClO, medium (3 and 0.3 mol
dm—3) [34,42]. Investigations of the interactions of
Me;Sn(IV)* with carboxylic and amino acids have
been performed in aqueous solution (total ionic
strength adjusted to 0.3 mol dm~?) [44]. Cannizzaro
recently reinvestigated the system in different ionic
media (NaNO; and NaCl), at different ionic strength
(0-1.5 mol dm—?) and at different temperatures (5—
45 °C). Only two species could be detected throughout
the whole pH range: Me;SnOH and {Me;Sn(OH),} .
At higher chloride ion concentrations, the cation also
forms a weak chloro complex [43]. For purpose of
comparison the — log ff,; values are collected in Table
2.

8.4
log8;,

-9.3

-10.2 : L )

1

Fig. 1. Dependence of (A) the log f,, and (B) the log /3, values of
the hydrolysis products of Me,Sn(IV)?>* on the ionic strength [40].
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Table 2
Literature data on the hydrolysis constants of Me;Sn(IV)™

Tonic medium Method —log f1, Refs.
KNO;, 0.5 M NMR 6.35 [41]
KClL, 0.5 M NMR 6.38 [41]
NaClO,, 3 M Potentiometry 6.59 [34]
KCL 2 M Potentiometry 6.40 [42]
NaNO;, 0.5 M Potentiometry 6.21 [43]
NaCl, 0.5 M Potentiometry 6.25 [43]
NaClO,, 0.3 M Potentiometry 6.26 [44]

All measurements were performed at 298 K [43].
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AE cajcq =+ 3.57

c
OH
H,o\sl _.--OH; C\‘s
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Fig. 2. Point-charge model estimates of the possible structures of
Me,Sn(IV)>* and Me;Sn(IV)* as a function of the extent of hydrol-
ysis: (I) > [(II) or (III)] - (IV); (V) - (VI). The angles C-Sn—-C and
C-Sn-O have been estimated via the correlation 4-angle from the
partial nuclear quadrupole splitting due to Sn—C bonds only [45].

According to Rizzarelli et al. [38], there is no signifi-
cant difference in the acidities of Me,Sn(IV)** and
Et,Sn(IV)>**. This result is in contrast with earlier
findings by Tobias, which pointed to an acidity increase
in the series Me,Sn(IV)®**, Et,Sn(IV)>* and
Pr,Sn(IV)?*, with log K values of —3.54, —3.40 and
—2.92, respectively [34]. The latter trend [34], which is
opposite to that observed for Me;Sn(IV)* and
Et;Sn(IV)*, and to that expected simply on the basis of
inductive effects, was explained by invoking a decreas-
ing degree of solvation of the acid with increase in size
of the alkyl groups. It is likely that the difference

between these results and the results published in [34] is
attributable to an incomplete model that considered
only the formation of [R,Sn(OH)]* and [(R,Sn),-
(OH),*.

In addition to the equilibrium studies on the hydroly-
sis of Me,Sn(IV)?>*, the structures of the main species
formed have also been determined. In ethanol solution
the trans Me, species is formed, with composition
Me,SnCl,(EtOH),. This species has an octahedral
structure [45,46]. In aqueous solution, the gradual hy-
drolysis of Me,Sn(IV)>** has been followed by poten-
tiometric titration and Mdossbauer spectroscopic
measurements (Fig. 2). The results show that the struc-
ture varies from octahedral in the aquated species
Me,Sn(H,0), to tetrahedral in Me,Sn(OH),. The latter
species is present at neutral and basic pH, and reacts
with aqueous phosphate and D-ribose-phosphate, yield-
ing mainly 1:1 and 1:2 complexes where the
Me,Sn(IV)>* moiety is embedded into a trigonal-
bipyramidal or octahedral (probably distorted) species
[47,48].

The 'H-NMR spectra of Me,SnCl, [49] and Et,SnCl,
[50] solutions present a sharp signal with satellite peaks,
as a result of heteronuclear couplings [2/(*'’Sn'H) and
2J(*°Sn'H)] with the two NMR active isotopes of Sn as
already mentioned above. In the Me,Sn(IV)?* system,
both the chemical shift and the coupling constants
decrease with increasing pH. The 2J(''°Sn'H) values
can be used to determine the C-Sn—C angle, providing
information on the structure of the species formed in
solution [51]. From the 'H-NMR spectra of
Me,Sn(IV)Cl, solutions recorded at different values of
pH, taking into account the known species distribution
of hydroxo complexes in fast mutual exchange, it is
possible to calculate the individual NMR parameters
(6, 2J) for the different species. The values calculated
for the different hydrolytic species are collected in
Table 3. These data suggest an octahedral structure for

Table 3
Individual NMR parameters (5, 2J) calculated for different hydrolytic
species of Me,Sn(IV)>* [49] and Et,Sn(IV)>* [50]

5(CH,;) 40(CH, 2J(Sn-H) ,C-Sn-C

(ppm)  (ppm)  (Hz) )
Me,Sn(IVY*+  0.89 - 106 175
Me,Sn(OH)*  0.87 - 95 154
Me,Sn(OH),  0.64 - 81 175
[Me,Sn(OH),]~ 0.41 - 81 132
Me,Sn,(OH),  0.74 - 80 132
Me,Sn,(OH);  0.79 - 82 132
ELSn(IV)>*+  1.244 1.582 90.8 146
E,Sn(OH)*  1.289 1.536 73.5 123
Et,Sn(OH), 1.213 1.320 71.0 120
Et,Sn(OH), 1.205 1.153 70.7 120
Et,Sn,(OH),  1.143 1.319 88.2 142
Et,Sn,(OH),  1.188 1.343 70.3 120
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om c@

c(1n oM

Fig. 3. An ORTEP diagram of the polymer of [(Me,Sn),(OH);]CIO,.
All H atoms have been omitted for clarity [37].

the aqua ion, a trigonal-bipyramidal structure for the
complexes M(OH),, M(OH),;, M,(OH), and M,(OH);,
[where M = Me,Sn(IV)>** or Et,Sn(IV)>*], for
M(OH),, more probably a tetrahedral [52], while for
MOH an intermediate value is determined, probably as
a results of (1) the coexistence of both octahedral and
trigonal-bipyramidal structures in fast mutual ex-
change, or (2) a very distorted structure.

A rhombic crystal of the perchlorate of
[(Me,Sn),(OH);]* was obtained [37]. The results of
crystal structure analysis showed, that the polymer
structure consists of penta-coordinate Sn(IV) units with
di- and monohydroxo bridging. The coordination ge-
ometry of the Sn unit is a distorted trigonal-bipyramid
with two Me groups and one p-hydroxo group in
equatorial positions and the other two p-hydroxo
groups in axial positions. Each di-pu-hydroxo bridge has
two different Sn-O bond lengths, 203.0 and 222.0 pm
for Sn(1)-O(3) and Sn(1)-O(3’) and 201.9 and 223.6 pm
for Sn(2)-0O(2) and Sn(2)-O(2'). The shorter and longer
bonds correspond to the equatorial (Sn-O,,) and axial
bonds (Sn-0,,), respectively. This di-p-hydroxo struc-
ture is quite similar to that of the nitrate dimer, di-p-
hydroxo-bis[dimethylnitratotin(IV)] [53], in which the
two bridging bond lengths are 206 and 218 pm. On the
other hand, the mono-p-hydroxo O(1) bridges Sn(1)
and Sn(2), via their axial positions, with similar bond
lengths, 213.9 and 213.2 pm, respectively (Fig. 3).

4. Interactions of organotin(IV)"* with biologically
active ligands

4.1. Interactions of organotin(IV)"* with amino acids
and peptides

The most widely studied interactions between biolog-
ically active ligands and organotin(IV) cations relate to
the amino acids and their derivatives (N- or S-pro-

tected amino acids and peptides), though data on sev-
eral of the most commonly occurring amino acids are
still outstanding. This is especially true for speciation in
aqueous solution. A nice and very detailed review was
published on this area by Molloy [6].

In aqueous solutions at pH 7, there is little evidence
of complex formation between Me;Sn(IV)* and Gly
[44,54]. A number of equilibrium data, among them
data on amino acid ligands, were published on
R,Sn(IV)*>*+ complexes [36,38,55—59]. These studies re-
vealed the ‘chameleon’ nature of the R,Sn(IV)?™*, since
strong affinity was reported towards ligands containing
{O}, {S,O,N} or {O,N} donor sites.

Equilibrium and spectroscopic studies on L-Cys and
its derivatives (S-Me-Cys, N-Ac-Cys) and the
Et,Sn(IV)>* system showed that these bioligands are
coordinated to the metal ion via carboxylic {O} and the
thiol {S} donor atoms in acidic media [57]. In the case
of S-Me-Cys, the formation of a protonated complex
MLH was also detected, due to the stabilizing effect of
additional thioether coordination.

In the solid state, the di- and triorganotin(IV)-amino
acid compounds are readily formed in the reaction
between the free ligand and an organotin(IV) oxide or
hydroxide [60]. FTIR [v,(COO)] and Mossbauer data
(4=3.14-3.73 mm s~ !) showed that organotin(IV)
derivatives of Gly are N-bridged polymers [61,62]. This
structure has been confirmed crystallographically and
extensively evaluated by Mossbauer spectroscopy [63].
The N:-Sn interaction apparently occurs in Gly deriva-
tives, because the carbonyl {O} is involved in the
hydrogen bonding network C=O--*H-N. In N-protected
Gly complexes, polymerization occurs through biden-
tate carboxylate groups, or by bridging through the
amide {O} [64—-66]. Me;Sn(IV)" and Me,Sn(IV)*+
complexes of N-Bz-Gly display antitumour activity
against the leukaemia P-388 cell line [67].

Several alkyltin(IV) complexes of peptides have been
prepared and studied in the solid state (or dissolved in
different solvents) [68—71], e.g. Me-N-Bz-Leu-His was
found to be a useful model to mimic alkyltin(IV) bind-
ing of proteins through imidazole {N}. The metal bind-
ing by amide {N(s)} is particularly important in peptide
complexes. X-ray diffraction studies of some crystalline
R,Sn(IV)-peptide complexes and NMR measurements
on the same complexes dissolved in aqueous solution,
provided definite evidence for formation of the Sn—N—
bond [69,72]. Recent pH-metric and spectroscopic re-
sults have confirmed, that the Me,Sn(IV)** does not
interact with Histm and Gly-Histm which contain only
{N} donor atoms. Hydrolysed species of the
Me,Sn(IV)>* always predominate over the complexes
with Gly-Histm, imidazole-4-acetic acid, Gly and B-
Ala-His, while the Gly-Gly and Gly-His coordinate
through {COO~, N—, NH,} donor sites at neutral pH
and trigonal-bipyramidal species are formed [49]. Very
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similar species are formed between Me,Sn(IV)?>* and
Gly-Asp and Asp-Gly as ligands as mentioned above
[73].

In consequence of their structural variability, organ-
otin(IV) derivatives of N-substituted amino acids and-
peptides have been extensively studied in recent
decades. It is of particular interest to examine the
structural variations caused by organic substituents on
the Sn and protecting groups on the amino N of the
ligand.

The spectroscopic data have revealed that in the
R;Sn(IV)™* derivatives of N-Ac dipeptides the carboxy-
late groups of the latter are bound in a monodentate
manner [60,67]. The amide —C=0 group coordinates to
another R;Sn(IV)™* unit in these compounds, resulting
in a polymeric structure. In contrast, R;Sn(IV)* deriva-
tives of N-Ac-Gly and N-Ac-L-Cys are believed to
contain bidentate —COO~ donor groups [74].

In the N-Bz derivatives of Gly [64,65] and Gly-Gly
[75], the planar R;Sn(IV)* moiecties are bridged by
carboxylate groups. Because of the negative inductive
effect of the Ph group, which reduces the donor ability
of {0}, coordination of the amide —C=0O in the latter
compounds could be ruled out.

The influence of the length of the peptide chain on
the coordination mode in R;Sn(IV)* complexes has
recently been studied [76]. The Gly-Gly-Gly moiety
proved to be long enough to shade the — I effect of the
Bz group in its N-Bz derivatives: R;Sn(IV)* complexes
of N-Bz-Gly-Gly-Gly were considered to be polymeric,
with monodentate carboxylate and —C=0O coordination
similar to that in the corresponding complexes of N-
acetylated peptides [60,76,77].

R,Sn(IV)™* derivatives of N-Bz-Gly-Gly [75] and N-
Bz-Gly-Gly-Gly [76] were found to involve both dicar-
boxylate binding to yield hexacoordinated Sn(IV)
centres, and dimeric tetraorganodistannoxanes in which
the carboxylates bind alternatively as monodentate and
bridging bidentate groups. In these compounds, the
involvement of amide groups in the coordination has
been totally excluded.

Ph;Sn(IV)* complexes of N-Ac-Gly, N-Ac-L-Leu,
N-Ac-L-Asp and N-Acl-L-Tyr were prepared by two
procedures and characterized by means of different
spectroscopic methods (FTIR, multinuclear, 'H-, *C-
and '""Sn-NMR and !"Sn Méssbauer spectroscopy).
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Fig. 4. Structures of stannacyclohexyl and stannacycloheptyl deriva-
tives (AA) [79].

The data indicated that the N-Ac-Gly complex adopts
a trigonal-bipyramidal structure in which the monoden-
tate carboxylate and the amide —C=0O group are bound
to the same organotin(IV) moiety. The other three
complexes are linear oligomers in which the planar
Ph,Sn(IV)* is coordinated axially by a monodentate
carboxylate and an amide —-C=0O from two different
ligands. At the C-terminal end of the oligomer chain,
there is a tetracoordinated Sn(IV) with a monodentate
carboxylate as donor group [78].

Stannacyclohexyl and stannacycloheptyl derivatives
of dipeptides (AA) were prepared and investigated by
Barbieri et al. In these compounds, Sn is a member of
a ring system (Fig. 4). IR and '"°Sn Mossbauer data on
the solid compounds indicate that the AA acts as a
tridentate {O,N,N} ligand and the Sn has a trigonal-
bypiramidal environment. An analogous structure has
been found for the undissociated molecules in methanol
solution [79]. This work clearly demonstrated that there
are no basic restrictions for Sn(IV) to extend its coordi-
nation sphere (at least to attain pentacoordination)
when it is an integral part of a cycloalkyl system. These
results are confirmed by an X-ray structure determina-
tion of the Schiff-base complex (H,SAT = 2-(O-hy-
droxyphenyl)benzothiazolidine) in which the Sn is
pentacoordinated.

Diorganotin(IV) derivatives of N-Bz-Gly-Gly were
suggested to be dimeric tetraorganodistannoxanes in
which the carboxylate groups alternatively act as
monodentate and bridging bidentate ligands, the Sn
atoms being essentially pentacoordinated. Any involve-
ment of peptide/amide groups in the bonding to the
central atom was ruled out [75]. On the other hand, in
triorganotin(IV) derivatives of N-Bz-Gly-Gly [75] and
N-Bz-Gly [64,65], planar R;Sn(IV)™" units are bridged
by carboxylate groups. A different coordination mode
is observed in triorganotin(IV) derivatives of amino
acids and N-acetylated dipeptides: X-ray diffraction
studies on Me;Sn(IV)* glycinate [80] and vibrational
and Mossbauer spectroscopic data for the other deriva-
tives [60,77] showed that the carboxylate group acts
essentially as a monodentate ligand, and that the amino
[80] or amide —C=0O group [60,77] coordinates to an-
other R;Sn(IV)™ unit. In this way pentacoordination of
the Sn and polymeric structure resulted. The amide
—C=0 group seems not to be able to coordinate to the
central Sn atom in the N-Bz derivatives, presumably as
a consequence of the reduced donor power of the {O}
atom, due to the inductive effect ( — /) of the Ph group.
On the other hand, in the triorganotin(IV) derivatives
of N-Bz-Gly-Gly-Gly and N-Ac-Gly-Gly-Gly the Sn
atom is in a trigonal-bipyramidal environment, where
the planar R;Sn(IV)™* unit is bound by a monodentate
carboxylate and a donor group, presumably the amide
—C=0. The diorganotin(IV) compounds gave both di-
carboxylates R,SnL,, containing hexacoordinated Sn,
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and dimeric tetraorganodistannoxanes {[R,SnL],0},, in
which the Sn atoms are essentially pentacoordinated
[76].

4.2. Interactions of organotin(IV) with carbohydrates
and their derivatives

Organotin(IV) compounds have been used widely in
synthetic carbohydrate chemistry [11,81-83], the reason
being the regioselective directing power of the
organometal cation towards further reactivity of the
sugar substrate. They provide reliable, high-yielding
methods for obtaining monosubstituted derivatives of
diols or polyols, often with high selectivity. Moreover,
the reactions occur under milder conditions or at rates
that are much higher than those for the parent alcohols.
For further reading, extended references for such appli-
cations are to be found in several reviews [10,11] and
books [12,85,86].

The presence of organic ligands in organotin(IV)
complexes, among them carbohydrates, modifies the
biological properties of the system [87]. For example,
the D-saccharose-Ar;Sn(IV)™* conjugates have been de-
mostrated to be effective in marine antifouling paints
[88]. This property modification is the reason for the
increasing interest in interactions between organ-
otin(IV) compounds and carbohydrate derivatives [11].

The literature contains only a few reports on equi-
librium studies of the interactions of organotin(IV)-car-
bohydrates or carbohydrate derivatives. '*C-NMR
spectroscopy and mass spectrometry showed that D-
glucopyranosiduronic acid (GlupA) forms complexes
Ar;Sn(IV)-GlupA upon reaction with bis[(Bu;Sn-
(IV),O but surprisingly not with BuySn(IV)Cl or
Me;Sn(I1V)Cl in Me,SO or with Me;Sn(IV)Cl in water.
Primarily the O-4 hydroxy and to a lesser extent the
ring {O} at C-1 are coordinated to the organotin(IV)
cation [89]. It was recently also shown that the interac-
tions of Et,Sn(IV)Cl, and 2-polyhydroxyalkylthiazo-
lidine-4-carboxylic acid (PHTAc) derivatives (formed
by the reaction of L-Cys and aldoses under mild condi-
tions) led to formation of the complexes MLH, ML
and MLOH [where M = Et,Sn(IV)**], including of the
hydrolysis products of the organotin(IV) cation [58].
Furthermore, Et,Sn(IV)** coordinated the N-D-glu-
conyl-a-amino acids (formed in the reactions between
D-gluconic acid-3-lactone and amino acids) via depro-
tonated carboxylate, amine and alcoholic hydroxy
groups, while the f-amino acid derivatives were coordi-
nated through carboxylate and deprotonated sugar hy-
droxy groups only [59]. *C-NMR measurements have
confirmed that the amine group in the ligands does not
participate in complex formation. The structures of
species present in quick-frozen solution have been de-
termined by Mossbauer measurements.

To study the effect of the conformation of the sugar
hydroxy groups on metal complexation processes, the
complex formation of eight saccharides (D-fructose,
L-sorbose, L-arabinose, D-arabinose, D-glucose, D-sor-
bitol, 2-deoxy-D-glucose and D-saccharose) with
Me,Sn(IV)>* was investigated in aqueous solution by
potentiometric equilibrium measurements, '*C-NMR,
polarimetry and Mossbauer spectroscopy. The experi-
mental results revealed that deprotonation of D-fruc-
tose and L-sorbose is caused by the coordination of
Me,Sn(IV)>* in the unusually low pH interval 4—6, in
contrast with the other saccharides, which are deproto-
nated in an analogous way at pH > 8. Increase of the
pH of the solution resulted in the formation of further
complexes that differed from each other only in depro-
tonation state. '*C-NMR measurements led to the as-
signment of the sugar hydroxy groups participating in
the processes. Mossbauer spectroscopic investigations
of the quick-frozen solutions permitted determination
of the stereochemistry of the Sn(IV) in the complexes
[36]. Evaluation of the pH-metric titration curves for
the systems Me,Sn(IV)?* —polyhydroxyalkylcarboxylic
acids confirmed the formation of several 1:1 metal-to-
ligand species differing only in protonation state. Be-
sides these complexes, the hydrolysis products of the
organometallic cation are also detectable. At low pH,
the anchor group is the carboxylate. In alkaline solu-
tions, of the alcoholic hydroxy groups undergo stepwise
deprotonation, similarly as in the carbohydrate-
Me,Sn(IV)>* systems already studied [90].

Dialkylstannylene acetals (or, more properly, 2,2-di-
alkyl-1,3,2-dioxastannolanes, if the ring is five-mem-
bered; 2,2-dialkyl-1,3,2-dioxastannanes, if the ring is
six-membered; and 2,2-dialkyl-1,3,2-dioxestannepanes,
if the ring is seven-membered) are easily prepared by
the reactions of vicinal diols with R,SnO or R,Sn(OH),
[91-98], or R,Sn(1V) diethoxide [99,100] under condi-
tions of azeotropic dehydration in benzene or toluene.
Molecular weight measurements in solution indicated
that the main reaction product is a dimeric species
[99,101,102]. Where more than one unprotected hy-
droxy group is available for reaction, both partially and
fully stannylated products are formed [103—106]. Early
work established the regioselectivity of tributylstannyla-
tion of carbohydrates, wich is related to the ease reac-
tion with which Sn can coordinate a neighbouring {O}
atom. Thus, C-6(0O) is the most reactive, followed by
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Fig. 5. The possible coordination sites of carbohydrates for
Bu;Sn(IV)™* [107].
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the secondary hydroxy groups, all of which are capable
of coordinating to Sn by a second, cis-O [107] (Fig. 5).
Triorganotin(IV)* carbohydrate complexes are easily
distilled as oils, which are rapidly hydrolysed upon
exposure to air, though the aerobic stability increases if
free hydroxy groups are retained in the product [108].

The regioselectivity of alcoholic hydroxy group reac-
tivity towards diorganotin(IV)>* compounds is also
dictated by the ability of the system to allow the
formation of additional O: — Sn bonds. Thus, two vici-
nal, secondary alcoholic hydroxy groups in a cis-(axial,
equatorial) position are the most reactive, and another
favourable combination for further coordination is a
secondary hydroxy groups in conjunction with a cis-
(axial) alkoxy moiety. Least favourable is a pair of a
trans-(equatorial, equatorial) hydroxy groups [107],
though the overall order of reactivity is partially depen-
dent on the reaction conditions.

In general the carbohydrate organotin(IV) complexes
have been studied by 'H- and *C-NMR [97,103], or,
especially recently, by multinuclear NMR (}'°Sn, 'H
and 3C) spectroscopy [104,109-111]. The nice series of

Table 4
Typical '"”Sn-NMR chemical shifts for dialkylstannylene compounds

papers by Grindley et al. demostrated that these com-
pounds are present in solution as dimers and/or higher
oligomers in which the central Sn atoms are penta- or
hexacoordinated [110,111]. '"Sn-NMR chemical shift
ranges have also been established for the Sn nuclei in
2,2-dibutyl-1,3,2-dioxastannolanes; pentacoordinate Sn
nuclei absorb in the region from — 115 to — 150 ppm
with respect to Me,Sn(IV), while hexacoordinate Sn
nuclei absorb between — 220 and — 300 ppm in solu-
tion [110,111]. The ''Sn-NMR spin-lattice relaxation
rates in solution for a number of 1,3,2-dioxastan-
nolanes in which the central Sn atoms are in either
penta- or hexacoordinate environments have also been
measured [111]. The relaxation times in these com-
pounds were found to be very short, and the major
mechanism of spin-lattice relaxation at 8.48 T was due
to chemical shift anisotropy. In solution, the chemical
shift anisotropies for the hexacoordinate sites are ap-
proximately 1.6 times higher than those for the penta-
coordinate sites. It was subsequently shown that these
observations also held true for solid compounds
[112,113]. These results supported the previous conclu-

Compounds Solvent used N Structure Chemical shift (ppm) Ref.
1 Chloroform 5 Dimer —126.8 [111]
- 5,6 Trimer —126.8, —283.0 —
- 5,6 Tetramer —131.4, —266.0 -
Solid state 6 Polymer —231.0 [113]
2 CHCl;:CCLF, = 3:1 5 Dimer —141.5 [111]
- 5,6 Trimer —142.5, —291.8 -
3 Chloroform 5 Dimer —139.8 [111]
4 Chloroform 5 Dimer - [118]
Solid state 5 Dimer - [113]
5 Chloroform 5 Dimer —127.9 [119]
- 4 Monomer 80 -
6 Chloroform 4 Monomer —20.4 [119]
7 Chloroform 5 Dimer —187.8 [112]
- 5,6 Trimer —195.1, —346.1 —
Solid state 6 Polymer —279.5, —281.8 -
8 Chloroform 5 3,3-Dimer —125.4, — 1249 [120,110]
Toluene 5 —131.6 [104]
Solid state 5 3,3-Dimer —126.8, —128.6 [113]
9 Chloroform 5 3,3-Dimer —132.6 [110]
- - 2,3-Dimer - _
10 Chloroform 5 2.2-Dimer —145.1, —143.8 [120,110]
Solid state 5 2,2-Dimer —141 [113]
11 Chloroform 5 Dimer —125.6 [120]
12 Chloroform 5 Dimer —123.4 [119]
- 5,6 Trimer —117.4, —122.5 —283.3 -
Toluene 5,6 Trimer —116.8, —124.0, —287 -
- - Tetramer —124.1, —2434 -
13 Chloroform 5 6,6-Dimer —119.6 [121]
14 Chloroform 5 6,6-Dimer —180 [120]
15 Chloroform 5 Dimer —217.7 [113]
16 Chloroform 5 Dimer —150.8 [120]
17 Chloroform 5 Dimer —160.2 [97]

Compounds 1-17 are Bu,Sn(IV)?>* derivatives of different protected carbohydrates. For details, see the references cited.
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Fig. 6. Basic structure of dimeric tetraorganodicarboxylatodistannox-
anes [114].

Fig. 7. The dimeric structure of the di-n-butylstannylene derivative of
4,6-di-O-benzylidene-a-D-glucopyranoside [116].

sion [110] that the antisymmetric terms of the chemical
shift tensor make only a small or negligible contribu-
tion to the rate of '!°Sn spin-lattice relaxation in these
compounds.

Typical '"®Sn-NMR chemical shifts for dialkylstan-
nylene compounds are collected in Table 4.

The solid-state structure of tetrabutylbis(2,3:4,6-
diisopropylidene-2-keto-L-gulonato)distannoxane  has
been determined [114], and is shown in Fig. 6. The
Bu,Sn(IV)?* complex of D-lactobionic acid also proved
to be oligomeric, containing octa- (within the chain)
and pentacoordinated (at the end of the chain) Sn(IV)
centres in a ratio of 2:4 [115].

In some cases, when partially protected sugars were
used as ligands, single crystals suitable for X-ray dif-
fraction measurements were successfully prepared. To
date, only a few crystallographic studies have been
reported. In 1979, David et al. [116] showed that the
di-n-butylstannylene derivative of 4,6-di-O-benzylidene-
a-D-glucopyranoside has a dimeric structure, in which
every tin atom exhibits distorted trigonal-bipyramidal
geometry (Fig. 7).

The structure of the same complex was redetermined
by Cameron et al. [117]. Data were collected at

— 70 °C because the previous assignment had involved
a large R (fitting parameter) value. The results showed,
similarly to the previous findings, that the Sn atom is
pentacoordinated in a severely distorted trigonal-
bipyramid. The n-Bu {C} atoms are equatorial, but the
average C-Sn—C bond angle is large, 131.0°. The two
n-Bu groups adopt different conformations and are still
significantly disordered even at — 70 °C. The Sn-O
bond lengths inside the monomer units are shorter
(average 207 pm) than those between the monomer
units (average 223.7 pm).

In contradiction with the results discussed above,
Holzapfel et al. [92] reported that 4,6-O-benzylidene-
2,3-0-di-n-butylstannylene-o-D-mannopyranoside has a
pentameric structure containing two penta- and three
hexacoordinated central Sn(IV) atoms. The intramolec-
ular Sn—O distances are similar (209 pm), and the
intermolecular Sn—O distances (223 pm) in this dimer
(both Sn atoms are pentacoordinated) are equivalent to
the 223 and 227 pm that separate the two terminal tin
atoms from their respective neighbouring {O} atoms in
the pentamer. The average intermolecular Sn—-O dis-
tance in hexacoordinated Sn moieties, is 248 pm. The
reasons for oligomerization have been elegantly dis-
cussed in terms of steric interaction between the sugar
residues (Fig. 8) shown in the structure of the pen-
tamer. Finally, Davis et al. [94] indicated on the basis
of the Mossbauer spectra of 2,2-di-n-butyl-D-mannose-
stannolane that this compound contains penta- and
hexacoordinated Sn atoms in a ratio of 2:3. The X-ray
measurements demonstrated average Sn—-O bond
lengths of 204 pm within each monomer unit, and of
251 pm between the units. The endocyclic O-Sn—-O
angle was shown to be 79.9°, and the exocyclic C—Sn—C
angle 138.6°.

The two hydroxy groups in 1,2:5,6-di-O-cyclohexyli-
dene-myo-inositol and its di-O-isopropylidene analogue
are trans. The X-ray crystal structure [122] of the latter
compound suggests that the ring is in a skew conforma-
tion with the O-3 and O-4 hydroxy groups both in axial
orientations, but NMR studies [123] and ab initio cal-
culations [124] indicate that a mixture of the skew and
chair conformations, with O-3 and O-4 both in equato-
rial orientations, is present. Formation of a dibutylstan-
nylene acetal presumably locks these two compounds in
the latter conformation.

Maossbauer spectroscopy has also been widely used to
investigate the structures of dialkylstannylene deriva-
tives of carbohydrates in the solid state [89,94—
96,98,125-127,364]. The wusual magnitude of
A =2.78-3.07 mm s ! indicated a coordination num-
ber greater than four, with Sn(IV) centres in a penta- or
hexacoordinated environment.

Comparison of the experimental quadrupole splitting
values with those calculated on the basis of the partial
quadrupole splitting (pgs) concept revealed that the
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complexes formed are of three types, with central
Et,Sn(IV)>** or Bu,Sn(IV)** present (a) in a purely
trigonal-bipyramidal c¢is-R,SnO; unit within a poly-
meric framework, (b) in a purely octahedral environ-
ment, and (¢) in  both  octahedral and
trigonal-bipyramidal arrangements in a ratio of approx-
imately 1:1 [96,98]. For Bu,Sn(IV)>", a tetrahedral
complex of D-mannitol is detectable [96,98]. It was also
possible to distinguish between the different structural
isomers (equatorial or axial arrangements of the two
organo substituents) for the complexes Et,Sn(IV)**-
[96], Bu,Sn(IV)?*- [98] and Bz,Sn(IV)>*- [127] carbo-
hydrates and Bu,Sn(IV)?"-PHTAc [58]. The formation
of different structural isomers has been discussed in
terms of different steric requirements of the organo
substituents. The Goldanskii—Karyagin effect for
Bu,Sn(IV)>* complexes has been observed and dis-

Fig. 8. The structure of pentameric 4,6-O-benzylidene-2,3-O-di-n-
butylstannylene-o-D-mannopyranoside [92].

cussed [98]. Thermal decomposition pathways for sev-
eral R,Sn(IV)?** carbohydrate complexes have been
reported in [95,96]. In order to increase the water
solubility of the organotin(IV) derivatives, a large num-
ber of organotin(IV) complexes of polyhydroxyalkyl-
carboxylic acids (containing only {O,0} donor atoms)
have recently been prepared in the solid state. The
compositions of the complexes were determined by the
ICP method. The bonding sites of the ligands were
determined by means of FTIR, Raman and in some
cases *C-NMR spectroscopy. Via pgs calculations, the
coordination geometry around the Sn(IV) centre was
determined by Mossbauer measurements. The results
showed that oligomeric complexes are formed, where
the carboxylate group coordinates as a bidentate bridg-
ing ligand through the organometallic cations. The Sn
atoms are in both trigonal-bipyramidal and octahedral
surroundings [90].

The R,Sn(IV)*>* carbohydrates and other derivatives
have also been investigated as possible antitumour
agents [128].

As shown above, the organotin(IV) complexes
formed with unprotected sugars, are oligomeric in the
solid state, and it is very difficult, or even impossible, to
obtain them as single crystals suitable for X-ray diffrac-
tion measurements. The first structural information on
this type of complexes [formed with Et,Sn(IV)>*], was
obtained by means of EXAFS method in the solid state
[22]. Structural data on Bu,Sn(IV)*>* and Et,Sn(IV)>*
carbohydrate complexes, obtained by X-ray diffraction
[92,116] and EXAFS [22] methods, are summarized in
Table 5. The results demonstrate that the dioxastan-
nolane units are associated into an infinite ribbon poly-
mer, in which the Sn(IV) is bound by two {C} atoms
and three or four {O} atoms. Within each unit, the
average Sn—O and Sn—C bond lengths in the first coor-
dination shell are 206-210 and 213 pm, while the
intermolecular bond distances display a somewhat
larger variation (246—255 pm). The Sn---C and Sn--Sn
distances in the third and fourth shells are in the range
277-323 and 324-362 pm, respectively, similarly to
X-ray diffraction data obtained on complexes formed
with protected sugars and discussed above. The endo-
cyclic Sn—O-Sn angles fall in the range 80—-98° and are
comparable with the value of 79° published in [94].
These EXAFS investigations proved the correctness of
the structural information derived from Mossbauer
studies based on the pgs concept of the symmetry and
coordination sphere of diorganotin(IV) complexes.

Wardell et al. studied the preparation, reactivities,
and structures of C(carbohydrate)-Sn bonded mono-,
or di-O-isopropylidene or -O-benzylidene triphenyl-
stannyl-carbohydrate derivatives by means of X-ray
crystallography, and 'H-, *C- and '"’Sn-NMR spec-
troscopy [13,129-132]. It was found that in most cases
the Sn atoms are in a slightly distorted tetrahedral
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Table 5

Structural data for Bu,Sn(IV)>* and Et,Sn(IV)*>* carbohydrate complexes, obtained by X-ray diffraction [92,116] and EXAFS [22] methods

Bond length (pm) and angles (°) CN 1 2 3 4 [22] 5 [22]
Intramolecular 5 77, 82 79.1, 80.0 - 206 208
0-Sn-O 6 - 77.6, 78.3 79.0 - -
Intermolecular 5-5 67, 70 - - 246 255
0O-Sn-O 5-6 - 69.6, 70.6 - - -

- 6-6 - 65.5, 69.2 65.2, 66.8 - -
Intermolecular 6 - 142.0, 150.5 149 - -
0-Sn-O - - - - - -
Exocyclic 5 126, 139 124.2, 1274 - - -
C-Sn-C 6 - 134.7, 142.7 138.6 - -
Intramolecular 5 213, 209 202, 207 - - -
Sn-O 6 - 206, 213 198, 210 - -
Intermolecular 5 229, 217 223, 227 - - -
Sn-O 6 - 243, 260 250, 252 - -
Exocyclic 5 223, 226 204, 225 213, 214 - -
Sn-C 6 - 214, 220 - 213, 323 213, 307
Sn---Sn 1 - - - 324 362

CN, coordination number. A CN of 5-6 means that the compound contains the Sn central atom in two different environments. 1,
Bu,SnOCH,CH,0; 2, (methyl-4,6-O-benzylidene-a-D-glucopyranoside); 3, (methyl-4,6-O-benzylidene-o-D-mannopyranoside); 4, D-lactobionic

acid; 5, p-galactose.

environment [13,129,131,132], but a distorted trigonal-
bipyramidal arrangement with {I} and {O} atoms in
axial positions (Sn—O =268 pm), has also been ob-
served [130]. In cases involving a tetrahedral structure
[358], the shortest Sn---O separation is about 335 pm,
an interaction that appears to have no effect on the
stereochemistry of the metal. In the crystals of the
chiral carbohydrates, the hydroxy groups are held to-
gether by an intermolecular hydrogen bonding net-
work. Due to the large number of hydrophilic hydroxy
groups, this phenomenon is quite characteristic for
carbohydrate metal ion complexes [13,14].

The wood preservation properties of BuySn(IV)™*
compounds are strongly related to the interactions be-
tween cellulose (polysaccharides) and the organotin(IV)
cation and are based on the good fungicidal activity
and low mammalian toxicity of these complexes. Tbto
[(Bu;Sn),0]-treated wood is effectively preserved for up
to 25 years, although there is some concern as to the
long-term stability of the organotin(IV) with respect to
dealkylation to less effective R,Sn(IV) compounds
[133]. Some fungi which colonize wood, for example,
are capable of causing this dealkylation process
[134,135].

The basic question of nature of Tbto within the
cellulose matrix is still not fully resolved. Early work
suggested that the Buy;Sn(IV)*" moiety condenses with
the terminal hydroxy groups of wood cellulose [136],
but this was queried on the basis of electron mi-
croscopy studies [359]. Mdssbauer spectra of Tbto-im-
pregnated pine (experimental parameters: Oqy,, = 1.17
mm s~!, A, =1.46 mm s~ !) point strongly to the
presence of (Bu;Sn),CO; (characteristic parameters:
6=1.38 and 1.43, 4 =2.70 and 3.79 mm s~ '); formed

by reaction with atmospheric CO, [138], for
(Bu;Sn),CO; in wood; 6 =1.39 and 1.44, 4 =2.64 and
3.66 mm s~ !, while for Tbto in wood ¢ =1.39 and
1.46, 4 =2.84 and 3.59 mm s~ ' [137].

4.3. Interaction of organotin(IV)"* with nucleic acids
and DNA

Many organometallic compounds exhibit interesting
antitumour activity against several human cancer cell
lines [139]. The well-known complex cisplatin,
Pt(NH;),Cl,, used clinically in cancer chemotherapy,
proved to interact with the N-7 atoms of two adjacent
guanines in the same DNA strand [140-142]. In con-
trast with Pt compounds, very little is known of the
origin of the antitumour activity of organotin(IV) com-
pounds, though the structural similarity to cisplatin
suggests that DNA could be the target [143]. In this
section we survey the most important literature data
published to date on this subject.

Diorganotin(IV) bis(adenine) was obtained by reac-
tion performed ar N, atmosphere. The Mdssbauer data
(4=1.91-2.21 mm s~ ') are consistent with tetrahedral
geometry around the central Sn atom, though a cis-
R,SnN, configuration cannot be excluded [144]. When
adenine or 9-methyladenine is refluxed in methanol
with Me,SnCl,, only simple adducts are formed. Under
similar conditions, R,SnCl, does not generally react
with guanine, cytosine, thymine, uracil or theophylline
[145]. Crystallization of Me,SnCl, and purine from
acetone leads to a product in which hydrated Me,SnCl,
is coordinated to four purine molecules via a hydrogen
bonding network [146].

The interactions between different organotin(IV)
compounds and 6-thiopurine, an antitumour metabo-
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lite, are more complex. At 0 °C, a polymeric mixture is
formed, with {N,S} or {N,N} donor atoms coordi-
nated. At >0 °C, only {N,N}-bound product is ob-
served [147,148].

Ten complexes of adenosine and related compounds
(adenosine-5'-monophosphate, adenosine-5'-triphos-
phate, adenosine-N’-oxide, 1-methyladenosine, pyri-
doxal-5-phosphate and B-nicotinamide-adenine-
dinucleotide-phosphoric acid) with R,SnO and/or
R,SnCl, were prepared in the solid state. The composi-
tions of the complexes were determined by standard
analytical methods. It was found that the complexes
contain the organotin(IV) moiety and the ligand in a
ratio of 1:1 or 2:1. The FTIR spectra demonstrated that
R,SnO reacts with the D-ribose moiety of the ligands,
while R,SnCl, is coordinated by the deprotonated
phosphate group. The basic part of the ligands does not
participate directly in complex formation. Comparison
of the experimental Mossbauer 4 values with those
calculated on the basis of the pgs concept revealed that
the organotin(IV) moiety has trigonal-bipyramidal, oc-
tahedral, or in some cases tetrahedral geometry. Some
of the complexes contain the organotin(IV) cation in
two different surroundings [149]. Very similar conclu-
sions were obtained earlier on the complexes formed
between Bu,SnCl, or Bu;SnCl and 5-AMP, 5-GMP
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Fig. 9. '"Sn Mossbauer titration of (a) Me,Sn(OH), and (b)
Me;Sn(OH)(OH,), with ligands L=H,PO$~" (n=1 or 2), D-ri-
bose-5-phosphate (A), adenosine 3:5-cyclic monophosphate (1),
dimethylphosphinate (G) or DNA (V). The experimental nuclear
quadrupole splitting, 4, is plotted vs. the mole ratio [L]/
[Me, ;Sn(IV)]. The data points at [L] = 0.0, taken as the origin of the
curves, refer to Me,Sn(OH), and Me;Sn(OH)(OH,), respectively
(adapted from Ref. [48]).

and their 3’-5" cyclic analogues. The stoichiometry of
the compounds of 5-AMP and 5-GMP with Bu;SnCl
was 1:2, while that with Bu,SnCl, was 1:1. Only 1:1
compounds were formed with the 3'-5 cyclic nucle-
otides. Most of the compounds are polymeric and differ
in the environments of the two n-Bu groups. For all the
Bu;Sn(IV)* complexes, *'P-NMR chemical shifts indi-
cate that the Sn(IV) is bonded to the phosphate group,
but probably not chelated by it. A much larger *'P-
NMR upfield shift in (Bu;Sn),(5'-GMP) is an indication
of phosphate chelation. The D-ribose conformation is
different within the Bu;Sn(IV)* and Bu,Sn(IV)**+ com-
plexes [150].

Mossbauer titration of Me,Sn(IV)>*+ and Me,Sn-
(IV)*™ hydroxides with ligands mimicking nucleic acid
phosphate sites and with native DNA was the aim of
work by Barbieri et al. [48]. A series of aqueous solu-
tions of each system, formed by the organotin(IV)
hydroxides and the phosphate ligands used [H,PO$ ~
n)— (n=1 or 2, phosphate buffer), D-ribose-5-phos-
phate, dimethylphosphinate, adenosine 3:5'-cyclic
monophosphate (Ado-3":5-P) and DNA], with varying
ligand:organotin(IV) molar ratios, frozen at 77.3 K,
were monitored by ''°Sn Mossbauer spectroscopy (Fig.
9).

On the basis of the point-charge model formalism of
the experimental nuclear quadrupole splitting, 4, the
results obtained were interpreted in terms of strong
complex formation by either Me,Sn(OH), or
Me;Sn(OH)(H,0) with H,PO$ "~ (n=1 or 2, ob-
tained in phosphate buffer) and D-ribose-5-phosphate.
On the basis of the trend of the isomer shift, J, along
the titration, gradual opening of the C—Sn—-C was pro-
posed from tetrahedral in Me,Sn(OH),, to octahedral
trans-Me,Sn(IV) in Me,Sn(OH),-ligand. As far as the
Me;Sn(OH)(H,0)-ligand was concerned, the invariance
of its 0 with respect to that of Me;Sn(OH)(H,O) (6 =
1.24 mm s~ ") [151] suggested that the distorted trigo-
nal-bypiramidal configuration of Me;Sn(OH)(H,O) was
maintained in the complexes Me;Sn(OH)(H,0O)-ligand.
Such distortions were quantified by rationalization of
the experimental 4 according to the point-charge model
formalism (Fig. 10), which permitted estimation of the
C-Sn-C angles in the Me,Sn(IV)>** derivatives and of
the angle C—Sn—-A in the Me;SnA moieties (A being a
ligand atom) [152,153]. Quite limited effects were re-
ported for the interactions of Me,Sn(OH), and
Me;Sn(OH)(H,O) with dimethylphosphinate and
adenosine 3":5'-cyclic monophosphate (Ado-3":5'-P).
Native DNA did not induce any interaction.

Barbieri et al. [45,46,157] investigated the interactions
between ethanolic diorgano(IV)>* and triorgan-
otin(IV)* [R,SnCl,(EtOH), and R;SnCI(EtOH), R =
Me, Et, n-Bu, n-Oct or Ph] and aqueous
[Me,Sn(H,0),]** and [Me;Sn(H,0),]* " species with
aqueous DNA from calf thymus by !'Sn Mossbauer
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Fig. 10. Schemes of the environments in phosphate complexes in the
solid state, (1) and (2), and in species possibly formed in aqueous
solutions of organotin(IV)s and ligands, (1)—(7). Idealized regular
configurations are generally considered. Calculated values of the
nuclear quadrupole splittings, 4, and the asymmetry parameter n =
(Ve — V)| V.., were obtained by the literal point-charge model
approach, using tabulated values for pgs [52,154—-156] in conjunction
with pgs data extracted from the cited work for phosphate ligands.
* Equatorial ligands in a trans configuration yield slightly larger 4,
values.

spectroscopy. In particular, the Mossbauer data (Table
6) showed that the solids obtained by adding solvated
[R,SnCl,(C,HsOH),] and R;SnCI(EtOH) to DNA
(R =Me, Et, Bu) were possibly R,Sn(DNA phos-
phate), and R;Sn(DNA phosphate). In these com-
plexes, the environment of the Sn atoms would be
trans-octahedral, with a linear CH;-Sn—CH, skeleton,
and trigonal-bipyramidal, respectively. Possible struc-
tures of the Sn sites in phosphate-bound R,Sn(IV)-
DNA and R;Sn(IV)-DNA (R =Me, Et, n-Bu) are
reported in Fig. 11.

According to Barbieri et al., on the basis of the
point-charge model formalism, by using pgs values of
heterocyclic {N}, exocyclic {O} and related atoms and
groups, it can not be excluded that some of the coordi-
nation sites are occupied by {N} atoms of the nucleic
acid constituents [45,46]. The precipitate obtained from
Ph,Sn(IV)>** would contain both the R,Sn(IV)**-
DNA complex and distannoxane [(Ph,SnCl),0]. The
main products of the interactions of aqueous DNA
with 7n-Oct,SnCL,(EtOH), and R;SnCI(EtOH) (R = n-
Oct, Ph) were possibly stannoxanes [(R,SnCl),0] and

hydroxides (R;SnOH). Finally, no interaction at all was
detected when the water-soluble hydrolysed species
[Me,Sn(OH)(H,0),,]17, Me,Sn(OH), and Me;Sn(OH)-
(H,0), were added to native DNA. Such results imply
that organotin(IV) moieties may interact in vivo with
cellular DNA only if they are weakly solvated [45].
Finally, a quantitative structure—activity relationship
(QSAR) [158-160] treatment of A data (Fig. 12) was
applied to rationalize the Coulomb interactions in con-
junction with effects originating from the radicals R,
according to the equation:

BA=a+brn+cn?+do+eE,+gS (D

where BA is the biological activity of the assumed
complex, 7 is a hydrophobic parameter, ¢ is an elec-
tronic parameter (which depends on the extent of the
acid—base interaction Sn?>*-!'*—O~!, and is an increas-
ing function of the ratio r = [Sn]/[DNAphosphate]), E
is a steric factor and S is a structural parameter [157].

According to Eq. (1), the authors explained the ten-
dency to obtain, or not, condensed R, Sn(IV)-DNA as a
function of the lipophilicity parameter 7, which in-
creases in the series Me < Et <Ph <n-Bu <n-Oct
[158]. As a consequence, hydrophilic Me,Sn(IV)>*+ and
Me,;Sn(IV)* remain in solution, even at low r values,
while the lipophilic R,Sn(IV)** and R;Sn(IV) (R =n-
Bu, n-Oct, Ph) give hydrolysis products [157].

The interactions between ethanolic solutions of
Me,SnCI(SPy) or Me,SnCI(SPym) (HSPy = 2-mercap-
topyridine; ~ HSPym = 2-mercaptopyrimidine)  and
aqueous calf-thymus DNA have been the subject of a
recent report from Barbieri et al. [161]. They concluded
that the 1:1 complex/DNA condensates are derived
from an electrostatic interaction between the cations
Me,SnCI(SPy)* and Me,SnCIl(SPym) and the phos-
phate {O} of phosphodiester groups.

Semiempirical calculations on the interaction be-
tween Me,Sn(IV)** and a dinuclide triphosphate du-
plex (DD), mimicking a DNA model system, were
performed by the semiempirical PM3 method and re-
cently published by Barbieri et al. [162]. The results
indicate that, the Me,Sn(IV)>** moiety binds to two
adjacent phosphate.

{O} atoms, allowed by the presence of water
molecules coordinating to the Sn atom, are in agree-
ment with the ''Sn Mossbauer and X-ray data. Fig. 13
shows the probable geometry of the Sn environment, in
good agreement with the available experimental data.

Small-angle X-ray scattering (SAXS), circular dichro-
ism (CD) and UV spectroscopy at different tempera-
tures were used to investigate the nature of calf thymus
DNA in aqueous solution, in the presence of Me,
Sn“~" + (n=1-3) species [163]. The results demon-
strate that the MeSn(IV)** moiety does not influence
the structure and conformation of the DNA double
helix, and does not degrade DNA, as indicated by
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Table 6
'19Sn Mossbauer parameters of R,Sn(IV)>* systems ? [46]

System Organotin compounds reacted with DNA ® re 64 (mm s~ A9 (@mm s~ Iy, I',¢(mms™
(A) R,SnCl,(C,HsOH),; pellets

1 Me,SnCl, © 0.40; 1.00 1.26; 1.33 4.39; 4.44 0.79-0.91
2 Et,SnCl, 0.60-2.40 1.39-1.50 4.40-4.49 0.74-0.99
3 n-Bu,SnCl, 0.48-1.00 1.37-1.45 3.72-3.88 1.08-1.32
4 n-Bu,SnCl, 2.4 1.43 3.41 0.92; 0.92
5 n-Oct,SnCl, & 0.50 1.35 3.23 0.86; 0.93
6 n-Oct,SnCl, 2.40 1.61 3.33 1.00; 0.93
7 Ph,SnCl, 0.48 1.13 3.23 1.44; 1.22
8 Ph,SnCl, 1.00 1.05 2.96 1.63; 1.22
9 Ph,SnCl, 2.40 1.07 2.83 1.24; 1.01
(B) R;SnCI(C,H;OH); pellets - - -

10 Me;SnCl " 2.40 1.31 3.77 0.89; 0.82
11 Et,SnCl 1.00-2.40 1.47-1.50 3.83-3.89 0.80-0.90
12 n-Bu,;SnCl 0.96; 2.40 1.50; 1.45 3.85; 3.79 0.92-1.09
13 n-Oct;SnCl 1.00-2.40 1.39-1.56 3.42-3.53 0.66-0.97
14 Ph,;SnCl 1.00-2.4 1.24-1.29 2.85-3.08 0.94-1.22
© [Me,Sn(OH)(OH,),,] " and [Me;Sn(OH),]* Ikt - - -

15 Me,Sn(IV); solution 0.38; 1.00 1.15; 1.14 3.44; 3.11 0.94; 1.51
16 Me;Sn(IV); solution 1.20-1.56 1.25-1.37 3.75-3.88 0.65-0.96
17 Me;Sn(IV); pellets 2.40 1.38 3.84 0.93; 0.75
(D) Me,Sn(OH), and [Me;Sn(OH)(OH),; solutions - - -

18 Me;Sn(IV)>+ 0.20-0.66 0.92-0.96 2.24-2.33 0.79-1.41
19 Me;Sn(IV)* 0.20-1.00 1.22-1.26 2.83-2.96 0.69-0.93

@ Measured at liquid nitrogen temperature. Data from Refs. [45,46,48].

® The absorber samples 1-19 were prepared as described in the experimental section of [157]. See Table 2 of Ref. [46] for the parameters of the
reactant organotin(IV) species in ethanol and aqueous solution.

¢ r=[Sn]/[DNA phosphate].

4 See Table 1, footnotes ¢, d, and Table 2, footnote d in Ref. [46]. I" values are working values from computer fitting.

¢ Percent resonance effect data, %, r = 1.0; pellet, & = 0.46, ¢, = 0.42; supernatant, & = 0.31, & = 0.33%.

Te% data, r = 1.0; pellet, ¢, = 0.63, &, = 0.58; supernatant, ¢, = 0.28, &, = 0.30%.

£ The precipitate does not contain DNA.

b ¢% data; pellet, & = 0.59, & = 0.63; supernatant, ¢ = 0.38, & = 0.39%.

1e% data, r = 2.4; pellet, ¢ = 1.24, & = 1.33; supernatant, ¢ = 0.40, & = 0.32%.

I Aqueous Me,SnCl, or Me;SnCl 20 mmol dm~3, pH ~ 5, is added to DNA; pH 3.5-5.0 after addition.

k ¢% data; pellet, ¢ = 0.17, & = 0.18; supernatant, ¢ = 0.66, & = 0.63%.

! Aqueous Me,SnCl, or Me,;SnCl, adjusted to pH 7.4 with NaOH, is added to DNA.

agarose gel electrophoresis. Inter alia, the radii of gyra- The base moieties of 5-GMP and 5-ATP were not
tion, R, of the cross-section of native calf thymus coordinated to Me,Sn(IV)?>*. The stability constants of
DNA, determined by SAXS in aqueous solution in the the complexes formed in the above systems were deter-
presence of Me,Sn® "+ (n = 1-3) species are constant mined by pH-metric titration. The data revealed a

and independent of the nature and concentration of the
Me,Sn“~"+ gspecies. The results are summarized in

‘__./ T -
Table 7 —\F-//T c;r Ny /ﬁq
) . Q o G /,0 o\ /o
Model compounds of DNA have also been studied. Sp R P /j_P_\
For example, the coordination of Me,Sn(IV)** to 5'- 0" "\*o\——/—o’ )
GMP, 5-ATP and 5'-[d(CGCGCG),] and to their sugar //:'Sn\OH A \JS&R
constituents (D-ribose and 2-deoxy-D-ribose) was inves- HO [ R=——7
tigated in aqueous solution by means of potentiometric F: Hzg
titration and 'H- and 3'P-NMR spectroscopic methods. f= AKYl, ABge =+ 4.74mm s ™ R = Alkyl, AE.ye =~ 4.01 mm s~
The results showed that the phosphate groups can R=Ph AEc=+4.42mms™  R=Ph, Afge==3.56mms ™'

provide suitable sites for metal ion coordination in
acidic medium, while in the higher pH range the hy- DNA, r=0.5:1 and RySn(IV)-DNA, r = I:1. The values of A were

droxy groups of the studied sugars or the sugar moi- calculated by the literal version of the point-charge model (adapted
eties of the two nucleotides play a role in this process. from Ref. [46]).

Fig. 11. Possible structures of Sn sites in phosphate-bound R,Sn(IV)-
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corresponding (same R) hydrolysed (or water-insoluble) species (adapted from Ref. [157]).

Fig. 13. Geometrical structure of the DD—Me,Sn(IV)>** complex (adapted from Ref. [162]).

stronger coordination ability of the triphosphate com-
pared with that of the monophosphate. The compari
son of the stability constants of the D-ribose and 2-de-
oxy-D-ribose complexes showed that more stable spe-
cies were formed when the neighbouring alcoholic
hydroxy groups were available for the coordination of
metal ions. The observed chemical shift changes of the
3IP.NMR resonances, compared with those measured
for the metal-free systems, demonstrated that the phos-
phate groups of the DNA fragment [5'-d(CGCGCG),]
chains act as binding sites for Me,Sn(IV)>* between
pH 4.5 and 7. The 1D and 2D 'H-NMR spectra
indicated that the base and sugar moieties do not
participate in the coordination process under these
conditions [164].

Li et al. [165] investigated the interaction of
Et,SnCl,(phen) with 5-dGMP in aqueous medium, us-

ing [trans-en,0s(n-H,)](CF;S05),, a versalite '"H-NMR
probe. The AA also studied solid mixtures of the same
Et,SnCl, complex with 5-AMP, 5-CMP, and 5-GMP
dissolved in DMSO, using 'H- and 3'P-NMR and UV
spectroscopy. Recently, Hadjiliadis et al. [166] studied
the interactions of purine nucleotides 5'-IMP and 5'-
GMP with Et,SnCl,, using various techniques, includ-
ing 'H-, "C- and *'P-ID-NMR and Maossbauer
spectroscopy. Finally, one paper has dealt with the
interactions between Et,SnCl, + 5-CMP, 5-dCMP,
and 5-UMP, using multinuclear (!'°Sn, >N and 3'P)
1D- and 2D-NMR techniques. These studies were com-
bined with electrospray mass spectrometry, IR spec-
troscopy, solid-state '*C-, 3*'P- and !''7Sn-CP-
MAS-NMR and elemental analysis [360]. Others stud-
ied the interactions of Me,Sn(IV)?>* 5-AMP, D-ribose-
5-phosphate, D-glucose-6-phosphate and D-glucose-
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I-phosphate [167]. All these authors concluded that at
low pH values (pH <4) the organotin(IV) cations
interact with pyrophospate {O}. At intermediate pH
values (4-9.5) no interaction takes place (in the systems
depending on the concentration of metal ion and the
ligand to metal ratio a precipitate is formed), while at
pH >9.5 the sugar O’-2 and O’-3 atoms are the
preferred coordination  sites. Additionally two
oligomeric complexes were obtained, containing Sn cen-
tres in trigonal-bipyramidal or octahedral geometry.
Thus, the basic question of how the organotin(IV)
cations interact with DNA and influence the growth of
tumour cells is still open. Except for the phosphate
group and in alkaline solution the sugar moieties, no
any specific interactions between the basic part of DNA
or DNA constituents and organotin(IV) cations were
found. It seems that the mechanism of antitumour
action of organotin(IV) complexes (if the target is the
DNA) differs substantially from that of cisplatin.

4.4. Interaction of organotin(IV)"* with other
bioligands

Several complexes of Bu,Sn(IV)>** with flavonoid
glycosides (rutin, hesperidin and 2’,4’,3-trihydroxy-5',4-
dimetoxychalcone 4-rutinoside) and flavonoid agly-
cones (quercetin, morin, hesperitin and other flavones)
were prepared. The analytical data indicated the forma-
tion of complexes containing the diorganotin(IV)>~
moiety and the ligand in a ratio of 1:1, 2:1 or 3:1. The
FTIR spectra were consistent with the presence of
Sn—O (phenolic or alcoholic {O} atom) vibrations in

Table 7

the compounds. Comparison of the experimental A
with those calculated on the basis of the pgs concept
revealed that the complexes are of four types: with the
central Sn atoms surrounded by donor atoms in a
purely trigonal-bipyramidal, octahedral + trigonal-
bipyramidal, trigonal-bipyramidal + tetrahedral or oc-
tahedral + tetrahedral ~ arrangement  [168].  This
procedure also distinguished the different structural
isomers of both trigonal-bipyramidal and octahedral
complexes. These properties are similar to those of the
organotin(IV) carbohydrate complexes discussed above.

To date only a few papers have been published on
the structures of organotin(IV) complexes formed with
carboxylate compounds containing {O,S} donor sites
[50,169-173].

Four Bu,Sn(IV)?>* complexes have been prepared
with mercaptoacetic, 2-mercaptopropionic, mercapto-
succinic and m-2,3-dimercaptosuccinic acid (DMSA) by
means of two different procedures. The compounds
were characterized by elemental analysis, FTIR, Ra-
man, °Sn Méssbauer, 'H-, 1*C- and ''"?Sn-NMR spec-
troscopy. The IR and Raman data indicate the presence
of bidentate coordinated carboxylate groups, non-linear
C-Sn-C bonds, and Sn—S bonds. The results of Moss-
bauer spectroscopic measurements, based on point-
charge model calculations, revealed the general
occurrence of Sn(IV) in trigonal-bipyramidal environ-
ments. A multinuclear NMR study also suggested
{0,S} coordination of the Bu,Sn(IV)>* fragment,
within the cyclic oligomeric complexes. In strongly
donor solvent (DMSO) the depolymerization occured
[173].

Radii of gyration, R, of the cross-section and extrapolated intensity at zero angle, 7(0), of native calf thymus DNA * in aqueous solutions, in the

presence of Me, Sn(IV) species (n = 1-3), as determined by SAXS

Me, Sn(IV) species (n=1-3)® re pH¢ Tris-HC1 ¢ (mmol dm—3) R © (nm) 1(0)©

a.f 0.00 7.0 1.0 1.00 +0.03 12.2+1.8
f 0.00 8.1 150.0 0.97 +0.04 10.9 +2.8
SnMej ; SnMe;(OH) 0.05 6.6 1.0 0.98 +0.04 11.6 £2.7
SnMey ; SnMes(OH) 0.10 6.3 1.0 0.99 +0.04 124426
SnMe;(OH) 0.10 8.1 150.0 0.96 +0.05 10.0 £3.5
SnMe,;(OH) 0.80 7.9 150.0 0.94 +0.04 95+24
SnMe,(OH)*; [(SnMe,),(OH);]* 0.01 6.7 1.0 0.99 +0.04 11.6 £2.2
SnMe,(OH)*; [(SnMe,),(OH)5]* 0.05 6.0 1.0 0.97 + 0.05 121427
SnMe,(OH), 0.10 8.0 150.0 0.94 +0.03 10.3 +2.9
SnMe,(OH), 0.70 7.7 150.0 0.94 +0.04 10.9 +2.6
SnMe,,, Sn—O-Sn bridges 0.01 6.6 1.0 0.98 +0.04 11.9+34
SnMe,,, Sn—O-Sn bridges 0.70 7.4 150.0 1.05 +0.05 159+23
SnMe(OH);; SnMe,, Sn—O-Sn bridges 0.10 8.0 150.0 0.94 +0.04 10.6 + 3.7

n»

4 Calf thymus DNA: 5 mg cm 3 in monomeric units.

® Dominant species, as estimated via Me,Sn(IV) hydrolysis constants (see Ref. [163], Results and discussion section) at the indicated solution

pH, hydrated species being formed.
¢ Me,Sn(IV)/DNA phosphate (mol/mol).
4 DNA solutions [without added Me, Sn(IV)].

¢ I(0) (relative units proportional to the mass per unit length of the DNA rod; see Ref. [163], Experimental part.

fIn the presence of NaCl (150.0 mmol dm—3); R, =0.99 + 0.05 nm.
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On the other hand, the Bu,Sn(IV)** complexes of
the O analogues of the above-mentioned ligands (gly-
colic, 2-hydroxypropionic, succinic and malic acids) are
linear oligomers. The IR and Raman data indicated the
presence of bidentate and/or monodentate carboxylate
groups, non-linear C-Sn—-C bonds, and Sn-O bonds
within the complexes. The results of Mdssbauer spec-
troscopic measurements, based on point-charge model
calculations, demonstrated a trigonal-bipyramidal ar-
rangement around the central Sn(IV) atom, in addition
to the octahedral and tetrahedral structures [174].

The complex formation of Et,Sn(IV)*>*+ with glycolic,
lactic, succinic, malic, tartaric, mercaptoacetic, 2-mer-
captopropionic, mercaptosuccinic and dimercaptosuc-
cinic acids has been investigated in aqueous solution.
The formation constants of the complexes and of the
hydrolysis products of Et,Sn(IV)?>* were determined by
potentiometric equilibrium measurements and (for the
thiocarboxylic acids) by spectrophotometry. The struc-
tures of the complexes formed were studied by Moss-
bauer spectroscopic measurements on fast-frozen
solutions, and by 'H- and *C-NMR spectroscopy. The
thiocarboxylic acids yielded very stable complexes. The
formation of hydrolytic species was suppressed
throughout the whole pH range (Fig. 14a) Complexes
displaying slow ligand exchange were detected. In the
systems with hydroxycarboxylic acids, both mixed hy-
droxo complexes and hydrolytic species were observed.
The formation of complexes participating in slow lig-
and exchange and the significant shift of the CH (situ-
ated adjacent to the hydroxy group) signals indicated
coordination of the deprotonated alcoholic hydroxy
group. Evaluation of the Mdssbauer spectroscopic data
on the basis of pgs calculations on the Et,Sn(IV)**-
malic acid, -thioacetic acid, -mercaptosuccinic acid and
-dimercaptosuccinic acid systems demonstrated that
dimeric species were formed in which trigonal-bipyra-
midal and octahedral arrangements of the donor atoms
around the organotin(IV) ion occurred [50] (Fig. 14b,
c).

Organotin(IV) compounds are strong neurotoxins
and induce thymus atrophy and bile duct damage. The
metabolism involves subsequent dealkylation reactions;
accordingly, R;Sn(IV)*, or R,Sn(IV) exposure results
in systematic exposure to the RSn(IV)**, and
R,Sn(IV)>** compounds. Although dimercaptosuccinic
acid did not reduce the Bu,Sn(IV)?* -induced mortality
in mice, it reduced thymus and bile duct damage more
efficiently than did 2,3-dimercaptopropanol (DMP) and
it was also an antidote in rats [175-177].

Two women were poisoned by drinking red wine
containing Me;Sn(IV)* added for homicidal purposes.
One woman died after 1 week, with multiorgan failure
despite intravenous dimercaptosuccinic acid chelation.
The other gradually recovered from severe neuropsychi-
atric symptoms over several months. She had been

chelated for several weeks with oral dimercaptosuccinic
acid, apparently improving her clinical condition [177].
A set of six tris(1-Bu)Sn(IV) citrates and three tris(1-
Bu)Sn(IV) 1,2,3-propanetricarboxylates of the general
formula R'C(CH,),(COOR?),, where R!'=OH or H,
and R?=H, (1-C,H,),Sn, C;H,,NHj3", (CsH,,),NH;" or
(CH,)sNH;", were prepared and their structures were
studied in the solid state and in solutions of different
types of solvent by IR, 'H-, '*C- and '"’Sn-NMR, "*C-
and ''’Sn-CP/MAS-NMR and !'Sn Mdossbauer spec-
troscopy. Isolated molecules or ‘ionic’ or ‘pseudo-ionic’
pairs with a pseudotetrahedral Sn atom neighbourhood
were found in solutions of non-coordinating solvents.
Similar isolated particles enriched by one solvent
molecule bound to each of the Sn atoms were present in
solutions of coordinating solvents, forming a trans-trig-
onal-bipyramidal arrangement around the Sn atoms
with 1-Bu substituent situated in the equatorial plane
and a donor atom of the coordinating solvent and {O}
atom of the monodentate carboxylic group in axial
positions. A part of the tris(1-Bu)Sn(IV) groups, to-
gether with some bidentate bridging carboxylate
groups, form polymeric chains in the solid state in
citrates and 1,2,3-propanetricarboxylates. Stannadioxa-
cycles with the participation of a-hydroxycarboxylate
fragments and one of the tris(1-Bu)Sn(IV) groups prob-
ably occur in the solid state in some citrates [178].
The reaction of Me,Sn(IV)** with pyridoxine [3-hy-
droxy-4,5-bis(hydroxymethyl)-2-methylpyridine, PN, vi-
tamin B] yielded three complexes, one with the
composition [SnMe,(PN-H)]NO;2H,0. This complex
is a polymer: each monoprotonated pyridoxine coordi-
nates to one Sn atom via the phenolic {O} and a
deprotonated CH,OH group {O}, and to the other via
the latter group alone. In each dimeric unit, the Sn
atom is coordinated to two Me groups, the phenolic
{O} atom, the {O} atoms of two deprotonated CH,OH
groups, and the {O} atom of the non-deprotonated
CH,OH group [179]. Further work on the interaction
of the same ligand and Et,Sn(IV)>** in an 80:20 (v/v)
ethanol-water mixture containing different anions in
various molar ratios, was published in Ref. [180]. In
this system, three complexes were formed. The structure
of one of the compounds was determined by X-ray
diffraction, and was found to consist of dimeric
[SnEt(PN-H)]3* units [n which two bridged-chelating
hydrogenpyridoxinate anions link the Sn(IV) ion with
coordination number five] and hydrogen-bonded Cl—.
This is similar to the system discussed above. Other
work on similar systems was reported in [181,182].
Organotin(IV) compounds are a widely studied class
of metal-based antitumour drugs [183—185]. Their in-
tensive investigation has led to the discovery of com-
pounds with excellent in vitro antitumour activity, but,
in many cases, disappointingly low in vivo potency or
high in vivo toxicity [183—186]. The design of improved
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organotin(IV) antitumour agents is unfortunately ham-
pered by the paucity of information concerning the
cellular targets of these compounds and their mecha-
nism of action, although inhibition of mitochondrial
oxidative phosphorylation appears to be an important
mode of toxicity [184,185].

A review of the extensive literature in this field
reveals two classes of organotin(IV) compounds with
exceptionally high antitumour potency. Ph,;Sn(IV)*
benzoates exhibit an in vitro antitumour activity higher
than that of cisplatin and comparable with that of
mitomycin C [187]. The most active such of these
compounds have been patented [188]. However, Ng et
al. recently reported that, while Ph;Sn(IV) esters have a
greater in vitro activity against four human tumour cell
lines, this activity is independent of the structure of the
ester moiety and comparable with that of Ph;Sn(IV)
hydroxide, suggesting that hydrolysis is a common,
cytotoxic intermediate [189].

A large number of structurally diverse Bu,Sn(IV)**
carboxylates and other Sn-O bound Bu,Sn(IV)**
derivatives exhibit consistently high in vitro antitumour
activity and some possess low mammalian toxicity and
greater in vivo activity than those of cisplatin (selected
examples can be found in [190-195]). This antitumour
potency is, in general, structure-dependent, although
for some compounds there is evidence of prior hydroly-
sis to a common Bu,Sn(IV)?>* equivalent species which
is responsible for the comparable activity [194]. It was
recently reported that di-n-butylstannylene alkoxides
(including enantiomeric pairs prepared from Bu,Sn(IV)
D- or L-tartrate) also exhibited greater in vivo antitu-
mour activity than that of cisplatin in a variety of
human tumour cell lines. The first step in the mecha-
nism of action is hydrolysis to a common cytotoxic
intermediate, and this intermediate targets the mito-
chondria [196]. The Bu,Sn(IV)** dihydroxybenzoates
are also active against different human tumour cell lines
[191,193]. All dihydroxybenzoates with an ortho-hy-
droxy group are more active against MCF-7 cells than
are the substituted salicylates screened previously [186].

The Bu,Sn(IV)?>* complexes formed with ligands
containing a carboxylate group(s) are easily prepared
by a one-pot method described by Davies et al. [169]. In
a first step, tetra-n-butyl-di-n-propoxydistannoxane is
prepared from Bu,SnO and n-propanol by refluxing in
benzene or in toluene. This distannoxane subsequently
reacts at room temperature with carboxylates. This
method appears to have two advantages over that
[190,197] in which Bu,SnO reacts with the carboxylic
acid in refluxing ethanol/toluene, methanol/toluene;
first, as the carboxylic acid is added at room tempera-
ture, organotin(IV) carboxylates that are unstable at
higher temperature can also be prepared; second, tetra-
n-butyl-di-n-propoxydistannolane is synthesized in wa-
ter-free medium because the water is eliminated

through a water/propanol/benzene azeotrope; hence,
water-sensitive organotin(IV) carboxylates can conve-
niently be prepared.

Ph;Sn(IV)* and Bu;Sn(IV)™* derivatives of carboxy-
lates could be obtained by the reaction of the latter
with  Ph;Sn(OH) and Bu;Sn(Ac), respectively
[187,198,199].

Mono-organotin(IV) compounds, considered the
least toxic among organotin(IV) derivatives (R;Sn(IV)™*
>R,Sn(IV)? " > RSn(IV)** > Sn* ", toxicity scale),
have not achieved as much commercial application as
diorgano- and triorganotin(IV) derivatives. However,
they are often used as hydrophobic agents for building
materials and cellulosic matter [9] and can be present in
the aquatic environment as the first step in the alkyla-
tion of inorganic Sn [200].

The behaviour of RSn(IV)* ™ compounds in aqueous
solution has not been investigated widely. The majority
of studies, performed many years ago, concern the
complex formation with N-donor atom-containing
molecules [201] and with Cl— [202-204] and F~ ions
[205,206]. Raman measurements showed the formation
of the species [CH;SnCl,(OH),]>~ in the presence of a
high concentration of Cl~. The results of NMR mea-
surements in very concentrated solutions of
CH,Sn(IV)** (from 210 up to 830 mmol dm ~?) indi-
cated the formation of mixed chloro-hydroxo com-
plexes [CH;SnCI,(OH),], with x decreasing in dilute
solutions. Analogous behaviour was found by Tobias
[35] and more recently by Gianguzza et al. [40] in the
interactions of Me,Sn(IV)>* in Cl~-containing solu-
tions. Luijten [207] investigated the hydrolysis products
of Et-, Bu- and OctSnCl; and reported their properties
and preparation in the solid state. Some potentiometric
studies on the hydrolysis [208—210] and complex for-
mation with S~ [211] of EtSnCl; in mixed water/
methanol solutions have been performed by Devaud et
al., in the concentration range organometallic com-
pounds 6-60 mmol dm~3. The results obtained by
these authors are partially in contrast with the earlier
findings on MeSnCl,, probably because of the different
solvent and concentration ranges used. Results of 'H-
and '"”Sn-NMR and '"°Sn Méssbauer spectroscopic
studies on the hydrolysis of Me- and BuSnCl; (0.5 mol
dm ~?) have been reported by Blunden et al. [212,213].
In the very recent and detailed publication of De Ste-
fano et al. [214], it was found that at low MeSnCl,
concentration only five different species could be de-
tected (with metal to OH ™~ ion ratios 1:1, 1:2, 1:3, 1:4
and 2:5). The first hydrolysis step takes place at very
low pH. The equilibrium constants obtained are given
in Table 8. According to the species distribution curves,
the amount of the dimeric species gradually increasies
with increasing concentration of MeSn(IV)**. Among
the triply charged cations, MeSn(IV)®** is the most
hydrolysed: undergoes hydrolysis at lower pH values
than those for Fe(Ill) and AI(III).
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Table 8
Equilibrium constants and standard deviations for the hydrolysis of
MeSn(IV)3+ at 25°C and =0 mol dm—3 [214]

Reactions log
MeSn(IV)** 4+ H,O = MeSn(IV)(OH)**+ + H+ —1.540.5
MeSn(IV)** +2H,0 = MeSn(IV)(OH); +2H* —3.3640.05
MeSn(IV)** 4 3H,0 = MeSn(IV)(OH)3+3H* —8.99 4+ 0.04
MeSn(IV)** +4H,0 = MeSn(IV)(OH); +4H*  —20.27 + 0.06
2MeSn(IV)** +5H,0 = Me,(Sn(IV)OH); +5H*  —7.61 +0.08
MeSn(IV)**+ + OH~ = MeSn(IV)(OH)**+ ~1.5+05
MeSn(IV)** + OH~ = MeSn(IV)(OH);* 22.64
MeSn(IV)*+ +30H~ = MeSn(IV)(OH)? 33.01
MeSn(IV)** +40H ~ = MeSn(IV)(OH); 35.73
2MeSn(IV)** +50H ~ = Me,Sn(IV)OH)$ 62.38
Acetate can form only one species,

[SnMe,(O,CMe),], with Me,Sn(IV)>*, while malonate
and succinate form a set of species. The thermodynamic
parameters confirm the rearrangement of the two Me
groups from the trans to the cis position during forma-
tion of the bis complex [55,56]. Subsequently, the re-
sults of equilibrium studies on the system
Me,Sn(IV)—acetate, —malonate, —1,2,3-propanetricar-
boxylate and -1,2,3,4-butanetetracarboxylate have
shown that this cation forms quite stable complexes
with carboxylic-group containing ligands, with forma-
tion constants comparable to those of transition metals
[somewhat higher than those of analogous complexes of
Cu(ID)], except for the hydrolytic species ML(OH)' —".
The hydrolytic species and the mixed species have to be
taken account in the course of the curve- fitting analy-
sis. The stability of Me,Sn(I'V)-carboxylic ligand species
follows a regular trend of z>°, which makes it possible
to estimate the formation constants of other systems
[361]. The results obtained on the acetate and malonate
systems in the same ionic medium are in agreement
with previous findings [55,56].

The results on the complex formation of
Me,Sn(IV)?> ™ with aminodiacetate (ida), oxyacetate
and thiodiacetate ligands have revealed the conforma-
tional flexibility of this cation in its complexes. Such
flexibility is manifested not only in the variability of the
Me-Sn—Me angle, but also in the ability to give rise to
unusual asymmetric stereochemistry. In the ida com-
plex, the skew disposition of the Me groups and the
different bond lengths of equivalent donor atoms were
observed [215].

The complex formation of Me;Sn(IV)* with succi-
nate, 1,2,3-propanetricarboxylate  (tricarballylate),
1,2,3,4-propanetetracarboxylate and benzenchexacar-
boxylate (mellitate) has also been studied [216]. In all
systems investigated formation of the species ML and
MH,L was detected. For the tetra- and hexacarboxy-
lates, the binuclear species M,L was also found. The
stabilities of these complexes are quite relevant, and for

ML"~2 a simple relationship was obtained: log K =
2986 (where z is the charge on the ligands).

Three primary factors are involved: in the structure—
activity relationships for organotin(IV) derivatives
(L),R,SnX, _,: the natures of the organic group R, of
halide or pseudohalide X, and of donor ligand. Exami-
nation of the structures of Sn(IV) compounds contain-
ing a N-donor atom and tested for antitumour activity
revealed that in the active Sn complexes the average
Sn—N bond lengths were > 239 pm, whereas the inac-
tive complexes had Sn—N bonds <239 pm, which
implies that predissociation of the ligand may be an
important step in the mode of action of these com-
plexes, while the coordinated ligand may favour trans-
port of the active species to the site of action in the
cells, where they are released by hydrolysis.

With regard to the data published on all the Sn(IV)
derivatives, it can be concluded that R,Sn(IV)>* com-
pounds generally exhibit higher antitumour activity
than those of corresponding mono-, tri- and tetraorgan-
otin(IV) or the inorganic Sn(IV) derivatives, and within
the diorganotin(IV) class, the highest activity is exerted
by the Et,Sn(IV)>* and Ph,Sn(IV)** complexes.

In a series of publications Pettinari et al. [217-221]
investigated a large number of organotin(IV) complexes
formed with mono- or bidentate N-donor ligands. The
ligands were mainly substituted imidazole derivatives.
In some cases, the ligand imidazole-2-thione was also
used. The complexes were characterized by their analyt-
ical and spectral data. The behaviour in solution was
investigated by conductivity, molecular weight determi-
nations, and 'H-, ''Sn- and sometimes ROESY-NMR
experiments. It was found that the reactivities of these
imidazoles towards organotin(IV) acceptors depended
not only on the electronic and steric features of the
groups bound to the Sn, but also on the position of the
alkyl or aryl substituent in the imidazole moiety and on
the nature of the counterion. The combined spectral
data suggest that the triorganotin(IV) adducts have a
trigonal-bypiramidal structure, whereas a distorted oc-
tahedral or pseudo-octahedral structure is likely for all
the other derivatives.

Organotin(IV) derivatives of 2,2'-bisimidazole [222],
N-methyl-2,2-bisimidazole [223] and N,N’-dimethyl-
bisimidazole [224,225] were studied by Sordo et al.
Conductivity measurements in acetonitrile showed that
the adducts behave as non-ionogens in this solvent. The
spectroscopic data suggest that all the complexes have
analogous pseudo-octahedral geometry, with bidentate
ligands, and the R groups are in trans positions. The
Bu,Sn(IV)>* derivatives proved to be the most active
compounds against the well-established cell line KB.

When reacted with tetraalkylammonium halides, hy-
drated Me,Sn(IV)>*, Bu,Sn(IV)>** [226] Ph,Sn(IV)*+
[227] and EtPhSn(IV)>* [228], ester derivatives of 2,6-
pyridinedicarboxylic acid yield tetraalkylammonium
diorganohalogeno(2,6-pyridinedicarboxylato)stannates.
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Table 9

Overview of 1Dy, values in vitro of condensation compounds of
Bu,SnO with F~-containing carboxylic acids against MCF-7 and
WiDr

Organotin(IV) 1D, (ng cm—3) Ref.
compound
Against MCF-7  Against WiDr

{[(4-F-C4H,CO,)- 81 360 [277]
Bu,Sn,0},

(4-F-C¢H,CO,)SnBu, 90 309 [277]

{[(2,3-F,-CcH,CO,)- 9 120 [280]
Bu,Sn],0},

(2,3-F,-C4¢H;CO,)SnBu, 23 283 [280]

{[(2,3,6-F5;C4H,CO,)- 13 200 [281]
Bu,Sn,0},

{[(2,3,4,5-F,C,HCO,)- 35 250 [281]
Bu,Sn[,0},

{[2-F-C(H,CH=CHCO,) 28 368 [228]
Bu,Sn,0},

{[(4-F-C¢H,CH,CO,)- 38 268 [228]
Bu,Sn,0},

(1,2-F,C4(CO,),)Bu,Sn 51 68 [282]

{[(FsC¢CO,)Bu,Sn},0}, 44 214 [190]

{[(FsC(CH=CHCO,)- 10 145 [190]
Bu,Sn,0},

[n-Bu,Sn(5-Cl-2-OH- 319 89 [192]
CeH;CO,),]

[(cyclo-CeH,),NH,],

[(C4Hy),>Sn- 46 172 [229]
(0,CCsH;NCO,),

[2,3-(OH),- 7 90 [191]
C¢H5COO0),SnBu,]

[2,4-(OH),- 16 120 [191]
CcH5COO0),SnBu,]

[2,5-(OH),- 4 115 [191]
C¢H5COO0),SnBu,]

[2,6-(OH),- 15 130 [191]
CcH5COO0),SnBu,]

[2,6-(OH),- 130 500 [191]
CcH;COO0),SnBu,]

Salicylaldoxime/n-Bu,SnO 67 215 [283]

Salicylaldoxime/tert- 49 121 [283]
Bu,SnO

Salicylaldoxime/Ph,SnO 1643 4565 [283]

Et,Sn[2,6-(0,C),- 822 1290 [284]
CsH;N]'H,O

{Et,Sn[2,6-(0,C),- 1002 2495 [284]
CsH;NJF} ~[NEt ]

n-Bu,Sn[2,6-(0,C),- 54 76 [284]
CsH;N]'H,O

{n-Bu,Sn[2,6-(0,C),- 118 220 [284]
CsH;NJF} ~[NEt/ ]

Etoposide 187 624 [285]

Mitomycin C 3 17 [285]

Carboplatin 5500 1500 [285]

Cisplatin 800 650 [285]

5-Fluorouracil 210 260 [285]

Methroterxate 150 140 [285]

Doxorubicin 8 20 [285]

The compounds already used in clinical practice are given in italics.

Both classes of compounds exhibit high in vitro antitu-
mour activity.

Bis(dicyclohexylammonium)  bis(2,6-pyridinedicar-
boxylato)dibutylstannate is concluded to have seven-
fold coordination at the Sn on the basis of its
'9Sn-CP/MAS-NMR  chemical shift (6= —424.9
ppm). The assignment has been corroborated by crystal
structure determination of its monohydrate, in which
the Sn atom has frans-C,SnNO, pentagonal-bipyrami-
dal geometry (Sn—-C =204.0, 206.7 pm, C-Sn-C=
168.9°). One 2,6-pyridinedicarboxylato group chelates
to the Sn atom (Sn—O = 223.4, 226.0 pm; Sn—N = 227.9
pm), whereas the other binds through only one car-
boxyl end (Sn—O =241.6, 244.1 pm). The anhydrous
compound display higher in vitro antitumour activity
than those of cisplatin and carboplatin (Table 9) [229].

Several investigations have shown that the salicy-
laldimine complexes (Fig. 15) with X = H are effective
ligands for both inorganic and organotin(IV) species.
Replacement of X by a methoxy group, radically al-
tered the nature of the metal salicylaldimine complexes
as ligands, transforming them from bidentate to ex-
tremely effective tetradendate ligands. Much more sur-
prising, however, was the finding that the behaviour of
the complexes as ligands is markedly and dramatically
influenced by the nature of the bridging group B in Fig.
15a. When the number of {C} atoms linking the imine
{N} atoms is increased beyond three, the effectiveness
of the metal salicylaldimines as ligands is greatly re-
duced. For example, practically no organotin(IV) Lewis
acids react with the complex of N,N-bis(3-methoxysale-
cylidene)pentane-1,5-diamine [230,231]. !''Sn  Moss-
bauer parameters indicated that all of the adducts of di-
and triorganotin(IV) halides are organotin(IV) aqua
adducts with the donor water engaged in hydrogen
bonding with Schiff-base {O} atoms. Ph;SnCl,
Ph,SnBr, and Bz,Sn(IV)>* complexes contained penta-
coordinated Sn. The 4 value of 3.20-3.29 mm s ! for
the Bu,SnCl, adducts may reflect pseudo-octahedral
coordination geometry around tin central atoms as a
result of weak intermolecular Sn—Cl, interactions such
as those in SnMe,Cl,-H,O[Ni(3-MeOsal,3pn)] [232].

Equimolar reactions of Bu,SnO with Schiff bases
derived from amino acids led to the formation of a new
series of Bu,Sn(IV)?* complexes of general formula
Bu,SnL (L = dianion of tridentate Schiff bases derived
from the condensation of 2-hydroxy-1-naphthaldehyde
or acetyl acetone with Gly, L-B-Ala, DL-Val, DL-4-
aminobutyric acid, L-Met, L-Leu and PhGly). The cen-
tral Sn(IV) ions in all these complexes are
pentacoordinated with a monodentate carboxylic
group. The complexes have been tested against various
bacteria, and exhibited moderate activity. The cytotoxi-
cities of the complexes were higher than those observed
for cisplatin and carboplatin [233].

Diorganotin(IV)** complexes with general formula
R,SnL (R =Ph, n-Bu and Me) were recently prepared
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(b)

Fig. 15. Structures of metal salicylaldimine complexes [230,231].

by reacting R,SnCl, and tetradentate Schiff bases (H,L)
containing N,O, donor atoms in the presence of tri-
ethylamine (as base) in benzene. In the Bu,Sn(IV)>~
complexes formed with 3-methoxysalicyladehyde
derivatives, the Sn atom has a distorted octahedral
structure, where the donor atoms of the Schiff base
ligand occupy the four equatorial positions and the
organo moieties are in trans axial positions [234]. Simi-
larly, biologically active, hexacoordinated organ-
otin(IV) complexes, with the two n-Bu groups in trans
axial positions are formed with Schiff bases derived
from heterocyclic ketones and sulfa drugs [235].

Further results on organotin(IV)-amino acid or 2-
amino-2-methyl-1-propanol Schiff base complexes were
reported in [236-243].

The reactions of mercaptopyrimidine derivatives with
Ph,SnCl, or Ph;Sn(OH) yielded the species Ph;SnL,
Ph,SnL, or Ph,SnCIL. The species containing only one
anionic ligand are stable in most of the solvents they
dissolve in, the Ph,SnCIL whereas complexes interact
with strong O-donors, such as DMSO, yielding the
corresponding species Ph,SnL, and Ph,SnCl,. Except
for two complexes, for which an octahedral geometry
with trans arrangement of the Ph groups was proposed
these products, have severely distorted trigonal-bipyra-
midal structures [244] (Fig. 16).

A large number of Ge-substituted Bu,Sn(IV)>*
dipropionates with the formula (R3GeCHR2CHR!'-
CO0),SnBu,H,0 [R;0Ph;, N(OCH,CH),, R?>=H,
Me, aryl, R' = H, Me] have been synthesized and char-
acterized by FTIR, NMR, MS and in one case X-ray
diffraction All these compounds display antitumour
activity, despite their low solubility in water [245].

Multifunctional di- and triorganotin(IV) carboxylates
derived from bioorganic acids such as steroid car-
boxylic acids [246], terebic acid [247], 2,3:4,6-di-iso-
propylidene-2-keto-L-gulonic acid [114] and gibberellic
acid [251] (Fig. 17) were found to exhibit antitumour

properties in vitro. On the other hand, numerous other
organotin(IV) carboxylates have likewise been shown to
exhibit high antitumour activity [198,199,248,249]. Very
recently, the Bu,Sn(IV)>**+ Ph;Sn(IV)* and Bu;Sn(IV)+
derivatives of 3S5,4S-3-[(R)-1-(terc-butyldimethylsy-
loxy)ethyl-4-[R-1-carboxyethyl]-2-azetidinone have
been synthesized and characterized. They also posses
antitumour activity [250].

Fig. 16. Molecular structure of Ph,SnCI(MP) with the atom number-

ing scheme [244].
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Fig. 17. The structure of gibberellic acid [251].
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Gibberellic acid (Fig. 17) complexes of Bu,Sn(IV)>*,
Bu;Sn(IV)* and Phy;Sn(IV)* have been prepared. The
monomeric Bu;Sn(IV)* derivative has the strongest
antitumour activity [251].

Triorganotin(IV) compounds appear to inhibit the
mitochondrial function in at least three ways: by (1)
causing large-scale swelling at high concentrations, (2)
mediating C1~/OH~ exchange across membranes, and
(3) inhibiting oxidative phosphorylation or ATP hy-
drolysis, like oligomicyn [252]. The last process is usu-
ally assumed to be the most significant one, although
binding of Ph;Sn(IV)™* to the cell wall was concluded to
be responsible for the toxicity of Ceratocystis ulmi (C.
ulmi) [253]. The triorganotin(IV)-mediated anion ex-
change across the mitochondrial membrane, which is
electro-silent, i.e. it involves neutral R;SnX species,
may also interfere with ATP synthesis or hydrolysis.

Dutch elm disease continues to devastate the dimin-
ishing population of American elm trees. The patho-
genic fungus responsible for the disease, C. ulmi causes
a blockage in the vascular tissue, which can lead to the
eventual death of the elm. In explorations of the expec-
tation that the incorporation of biologically active enti-
ties into a triorganotin(IV) system would lead to the
formation of potent biocides [254], a number of
Ph;Sn(IV)* compounds with simple biologically active
anionic groups were synthesized and first investigated
spectroscopically [255]. The abiguous spectroscopic
data led to further crystallographic investigations on
two of the Sn—S bound compounds; these complexes
have been shown to be especially active against C. ulmi
[256]. The results of the studies on the complexes of
several Ph;Sn(IV)* carboxylates and of some 1:1 addi-
tion compounds of Ph;SnCl and 2,3-disubstituted thia-
zolidin-4-ones indicate that the carboxylates in the solid
state are monomeric with a tetrahedral Sn atom (4 =
2.14-2.54 mm s~ ') the only exception being the furan-
2-carboxylic acid derivative, which is polymeric. The
Ph;SnCl adducts are trigonal-bipyramidal (4 =2.97—
3.08 mm s~ ') with the three phenyl groups in a not
coplanar equatorial plate. These complexes are effective
inhibitors of C. ulmi [257].

The structure of [Ph;Sn(O,CCH,N(H)C(O)NH,] (hy-
dantoic acid) is polymeric in consequence of the bridg-
ing property of the ligand: each ligand coordinates to
one Sn atom via one of the carboxylate O atoms, and
to a symmetry-related Sn atom via a carbonyl group at
the other end of the molecule. The structure is distorted
trigonal-bipyramidal around the Sn atom, with a trans-
R;SnO, motif characteristic of triorganotin(IV) com-
plexes. The structure of [c-Hex;Sn(O,CCH,N(H)C-
(O)NH,], by contrast, is monomeric with monodentate
carboxylate group. Fungitoxicity and phytotoxicity
studies indicate that the n-Bu derivative is the most
active compound [258].

The 2,3-disubstituted thiazolidin-4-ones [259] are
compounds with a wide range of biological activity.
Several Ph;Sn(IV)* complexes of these type of ligands
have a trigonal-bipyramidal structure with the three Ph
groups in the equatorial plane in non-coplanar posi-
tions. These complexes are effective inhibitors of C.
ulmi [260].

Several triorganotin(IV) esters of N-arylidene-m-
amino acid complexes have also been prepared. These
complexes have a trans-R;SnO, pentacoordinated
structure with bridging carboxylate or phenolic O
atoms. The compounds are active against C. ulmi [261].
The Bu,Sn(IV)>** complexes of the same ligands were
tested against the panel of 60 cell lines of the National
Cancer Institute. The complexes have only moderate
activity, probably because of the presence of the N-
bearing ligand, which increases the stability of the
compounds [262]. In the crystal structures of the
Ph,;Sn(IV)*  derivatives of  N-(2-carboxybenzyli-
dene)aniline, the Sn atom in both of the molecules
comprising the asymmetric unit exists in distorted tetra-
hedral geometry owing to an intramolecular acyl O---Sn
contact. These complexes exhibit high fungicidal activ-
ity [263]. Other arylamine complexes of diorganotin(IV)
with general formula R,SnCLL [R = Me, Et, Vin, -Bu,
n-Bu or Ph; L = N-(2-pyridylmethylene)arylamine]
have also been prepared. These complexes adopt a
distorted trans-octahedral structure and have a signifi-
cant cytogenetic effect [264].

Ph;Sn(IV)* compounds of p-ethoxybenzoic acid and
acetylsalicylic acid contain molecular units with Sn—O
bonds and distorted tetrahedral Sn centres. The ph-
thalic acid derivative contains two tetracoordinated Sn
atoms with a phthalic acid unit bridging them. The
salicylaldehydato compound is polymeric with trigonal-
bypiramidal Sn centres in which the Ph groups take
equatorial positions. The polymerization occurs via the
aldehyde {O} atom bonding to a neighbouring Sn atom
[265]. These complexes have significant activity against
a range of fungi [266].

The fungicidal activity of a number of ArSn(IV)
compounds, (p-ZC¢H,);SnX [where X = "OAc, ~OH
or 120, Z=F—, Cl-, CH,;, CH;O, C,Hs or
(CH;);C)] are reported in [267]; the results are com-
pared with those on the Ph;SnOAc and Ph,SnOH
archetypes. It was found that, in most cases, para-sub-
stitution reduces the biocidal activity only slightly, but
with p-CH;O the ArSn(IV) is completely ineffective. A
model for the fungicidal action was proposed.

In the context of studies on the coordination of
organotin(IV) moieties by thiol S and heterocyclic N,
diorganotin(IV) complexes of 2-mercaptopyridine
(HSPy), R,Sn(SPy), and R,SnCI(SPy), have been char-
acterized in the solid state and in solution [268]. The
structure of the latter complex (R = Ph) was determined
by X-ray diffraction (Fig. 18). The crystal is monoclinic
in the space group P2,/n. With the bidentate ligand
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SPy, Sn forms a four-membered chelate ring with a
short N-Sn—N bite angle of 64.8(1)°, leading to a
heavily distorted trigonal-bipyramidal environment
around the Sn. The related complexes have analogous
structures. The compounds R,Sn(SPy), are distorted
octahedra with R in the trans position, and S- and
N-donor atoms in cis positions. The solid-state molecu-
lar structures are retained in chloroform solution.

The solid-state structures of the complexes
R,SnHal(SPym), (R =i-Pr, n-Bu, i-Bu, 7-Bu, Cy, Ph,
SPym = 2-mercaptopyrimidine) are of trigonal-bipyra-
midal type, but distorted, with the angles C-Sn—C
larger than 120° for the R,Sn(IV)*>* and Cy,Sn(IV)>*
derivatives. The complexes R,Sn(Spyr), have trans-R,
octahedral, or possibly skew-trapezoidal structures,
with cis-S,S and cis-N,N atoms in the equatorial plane.
The complex Me,SnCI(SPym) could be assumed to be a
monomeric, trigonal-bipyramidal species with the
C-Sn-C angle around 134-145°, or a monodimen-
sional polymer with a trans-R, octahedral-type Sn envi-
ronment [269].

Mono-organotin(IV) complexes of the above ligands
with the compositions MeSn(SPy); and PhSn(-
Spy); 1.5CHCl; are monoclinic. In the discrete
monomeric RSn(Spy); units, three bidentate SPy lig-
ands together with R form a distorted pentagonal-
bipyramid around the Sn. One {S} and one {C} atom
are in the axial positions. Two {S} atoms and three
{N} atoms form the pentagonal plane [270].

The structure and dynamics for some representatives
of the series of Me,Sn(IV)>**, MeSn(IV)*+ and inor-
ganic Sn(IV) complexes with {S,N}-containing donors
have been determined by !'Sn Mdssbauer spectroscopy
and are reported in [271].

A series of di- and triorganotin(IV) complexes of
2-thionaphthalene have also been prepared. All the

Fig. 18. Structure of diphenyl pyridine-2-thiolatochlorotin(IV) [268].

complexes have tetrahedral geometry and moderate
biological activities against various bacteria and fungi
[272].

The coordination behaviour of the diorganotin(IV)
compounds R,SnCl, (where R =Me, Ph) with 4H-
pyrido[1,2-a] pyrimidin-4-one derivatives (L) has been
described. The ligands are coordinated in a monoden-
tate fashion, mainly via the {O} atom of the 4-one
group or possibly via the N atom of the -C=N linkage
to give pentacoordinated Sn complexes [273].

Bis{3-methoxysalicylato[di(z-butyl)]tin(IV)}  oxide,
obtained by the condensation of Bu,SnO and 3-
methoxysalicylic acid, exhibits higher antitumour activi-
ties in vitro against, two human tumour cell lines,
MCF-7, a mammary tumour, and WiDr, a colon car-
cinoma, than those of the 5-Me and 4-MeO analogues
[186] (see Table 9). The position of the MeO substituent
also influences the antitumour activity of the di(n-bu-
tyl)tin bis(methoxysalicylate)s, (CH;0-2-
OH-C;H;COO),SnBu,: for the 4-Me¢O derivative, the
IDs, values are 131 and 1182 ng ml~!, whereas for the
5-MeO derivative, they are 54 and 611 ng ml !, respec-
tively. On the other hand, di(r-butyltin(IV)-bis(4-hy-
droxy-3-metoxy-benzoate),
(4-OH-3-CH;0-C(H;COO),SnBu,, are -characterized
by excellent IDs, values (44 and 82 ng ml~!, respec-
tively) [186], as compared with the former compounds.
The di(n-butyl)tin(IV) bis(dihydroxybenzoate)s have
skew-trapezoidal-bipyramidal or bicapped tetrahedral
structures in the solid state (4 = 3.6—3.8 mm s —!) [191],
comparable with those of dimethyltin(IV) diacetate
[274] and di(n-butyl)-bis(o-aminobenzoato)- or di(n-bu-
tyl)bis(5-chloro-2-hydroxybenzoato)tin(IV)  [192,275].
The much larger 4 value (4.7 mm s—') for (2,6-
(OH),C,H;COO0),SnBu, is consistent with a heptacoor-
dinated structure, like that of Me,Sn(IV)?>* dipicolinate
in the solid state [276]. The antitumour activities of
these compounds are presented in Table 9.

The substitution of H by F~ influences the biological
activity of organic molecules markedly. Although the
van der Waals radii of F~ (135 pm) and H (120 pm)
are comparable, the substituent F~ is very resistant to
metabolic transformations because of the strength of
the C-F bond. The much higher electronegativity of F~
also strongly affects the electronic density distribution
in the molecule. Accordingly Gielen et al. synthesized a
series of organotin(IV) carboxylates containing mono-
or polyfluorophenyl groups, and screened them for
antitumour activity against MCF-7 and WiDr (Table 9)
[190].

The Bu,Sn(IV)?>* monofluorobenzoates [277] are
characterized by IDs, values roughly half those of
etoposide. The 2,3-difluorobenzoates are more active
than the 4-monofluorobenzoates, which shows that the
activity is enhanced when the number of F~ atoms on
the benzoate moiety is increased. The {[(2,3-
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F,C¢H,CO,)Bu,Sn],0}, compound provides an IDj,
value against MCF-7comparable with that of mito-
mycin C. The 1Dy, value of the corresponding 2,3,6-
trifluorobenzoate is of the same order of magnitude,
while that of the 2,3,4,5-tetrafluorobenzoate is lower.
Against WiDr, all fluorobenzoates exhibit comparable
activities, again except {[(2,3-F,C4sH,CO,)Bu,Sn],0},,
which is significantly more active. The activities of
Bu,Sn(IV) fluorocinnamate and fluorophenylacetate are
similar, while di-z-butyltin(IV) tetrafluorophthalate is
characterized by a quite low 1Dy, value against WiDr
cells. As far as the cell lines MCF-7 and WiDr are
concerned, the pentafluorobenzoates have activities
comparable with those of the tri- and tetrafluoroben-
zoates and the monofluorophenyl-acetates and -cinna-
mates [190].

The crystal structure of [#-Bu,Sn(5-Cl-2-OH-
CcH;CO,),] [dibutylbis(5-chloro-2-hydroxybenzoato)-
tin(IV)] shows that in the monomeric species the hexa-
coordinated Sn atom exists in skew-trapezoidal bypi-
ramidal geometry in which the four {O} donor atoms,
derived from two asymmetrically chelating carboxylate
ligands, define the basal plane. Additionally, the n-Bu
substituents lie over the weaker Sn—O interactions, de-
termining a C-Sn—C angle of 147.6°. The in vitro
antitumour activity of the compound is shown in Table
9 [192].

The sarcosine Ph;Sn(IV)* complexes with composi-
tions [Ph;Sn(OCOCH,NH,CH;),]X (X=Cl~, SCN™)
were studied by Khoo et al. [278]. Sarcosine reacts in a
zwitterionic form, and behaves as a monodentate ligand
via coordination through the carboxylate O. All data
support the trans-R;SnO, (trigonal-bipyramidal) struc-
ture of the complexes. The cyclosarcosylsarcosine com-
plexes of RSn(IV)**+ and R,Sn(IV)?>* have also been
studied. The Ph,Sn(IV)*>* derivative forms zigzag poly-
meric chains of trans-Ph,Sn(IV)?>* bridged by ketonic
{O} atoms. Each Sn(IV) atom is surrounded by two C
atoms (Sn—C =212.9 and 214.6 pm, C-Sn—-C 160.1°),
two Cl- (Sn—Cl=245.5 pm, Cl-Sn—Cl=98.5°) and
two {O} atoms (Sn—O = 237.0, and 246.8 pm, O-Sn—-O
86.1°) [279].

Triorganotin(IV) and diorganotin(IV) halides and
pseudohalides form molecular adducts with zwitterions
such as N-alkyl and N-arylsalicylides [286—289], picol-
inic acid [290,291] and quinaldic acid [292]. With Schiff
bases, the 1:1 and 1:2 adducts normally have trigonal-
bipyramidal and octahedral structures, respectively,
though some unusual structures have also been re-
ported [293,294]. With carboxylic acids, hydrated com-
plexes are generally obtained. The acid in its zwitterion
form binds to the Ph;Sn(IV)* moiety and generates
trigonal-bipyramidal geometry around the Sn atom.
Hydrogen bonding involving non-coordinated water
molecules serves to bind the pentacoordinated units
together in the form of a dimer. These compounds

display a most unusual structure [290—294], and show
promising fungicidal activity. In Me,HNCH,COOPh;-
SnX (X =Cl—, NCS™), the Sn atom is also found to be
pentacoordinated and the ligand in the form of the
zwitterion binds to the metal ion through the monoden-
tate carboxylate group. Surprisingly, the NCS~ is
bound through the N atom. The fungicidal activities
slightly better than that of the parent compound,
Ph;SnCl [295]. The structure of [n-Bus(N-phthaloylgly-
cinate)(H,O)] is similar to the structure discussed
above. Instead of a halide ion, a water molecule is
coordinated to the Sn centre. These complexes also
have fungicidal activity [296].

Di- and tri-organotin(IV) derivatives of thiophene-2-
carboxylic acid and aminobenzoic acid complexes have
octahedral and  trigonal-bypiramidal  geometry
[297,298]. Diphenic acid (A) also forms diorganotin(IV)
complexes, which are tetrahedral with two monoden-
tate carboxylic groups. On the other hand, soluble
dinuclear triorganotin(IV) complexes (where the organo
moieties are Me and Ph) contain symmetrically bound
carboxylates, while the less soluble compound
(Cyh;Sn),A has two asymmetrically bonded carboxy-
lates. All have trigonal-bipyramidal structures with
R;Sn(IV)™* units remote from each other [299].

The preparation and spectroscopic characterization
of [R5Sn(0,CCH,SC;H,N-4)] (R =Ph, Bz, ¢-Hex and
n-Bu) and [R;Sn(0,CCH,SC,H;N,-2,6)] (R =Me, Ph,
n-Bu) have been reported in [300] (Fig. 19). The 2-
pyrimidyl compounds feature trigonal-bypiramidal Sn
centres with trans-R;SnO; geometry as confirmed by
X-ray diffraction measurements on [Ph;Sn(O,CCH,-
SC;N,-2,6)]. By contrast, 4-pyridyl complexes have trig-
onal-bypiramidal geometry in the solid state (arising
from the intermolecular Sn--*N interaction) and a tetra-
hedral structure in solution [300].

The antitumour activity of salicylaldoxime complexes
of n-Bu,Sn(IV)>*, terc-Bu,Sn(IV)>* and Ph,Sn(IV)
complexes have been tested. The results are collected in
Table 9 [283].

Ascorbic acid coordinates Me,Sn(IV)**, and
Bu,Sn(IV)>* in aqueous solution via O-1, O-2 and O-3
of the lactone ring. Other weak interactions of Sn
complexes in the solid state are also possible [181].

Diorganotin(IV) 2,6-pyridinedicarboxylates exhibit in
vitro antitumour activities [301]. Atassi assumed that
water-soluble organotin(IV) compounds are probaly
more active than complexes soluble only in organic
solvents [302]. Therefore, Gielen et al. [229,284] (Fig.
20) prepared some tetracthylammonium (diorgano)-
halogeno(2,6-pyridinecarboxylato)-stannates
(halogeno =Cl—, F~), whose water solubilities under
physiological conditions are higher than those of their
parent compounds. The desired compounds were ob-
tained by using a similar procedure as in the case of the
analogous tetraethylammonium diorgano(halogeno)-
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Fig. 19. Molecular structure and crystallographic numbering scheme for the two molecules comprising the asymmetric unit in
[Ph;Sn(O,CCH,SC,H;N,-2,6)]. The lower view shows the polymeric structure; R” and all but the ipso carbon atoms of the phenyl rings have been

omitted for clarity [300].

thiosalicylatostannates [283] (Fig. 21). The Mossbauer
parameters (4 = 3.50—-4.23 mm s ~ ') suggested that the
heptacoordination around the Sn atom in the parent
compounds [226,301] is maintained in the salts.

The inhibition doses, 1Ds,, for the compounds and
the parent Bu,Sn(IV)>* derivatives are presented in
Table 9. These data do not support the hypothesis of
Atassi that water-soluble Sn compounds might exhibit
higher antitumour activity, at least for the cell lines
studied. It should be outlined that the Bu,Sn(IV)>*
compounds exhibit a much higher activity than the
corresponding Et,Sn(IV)>** compounds, in contrast
with most Sn compounds tested in vivo against P338
mouse leukaemia cells [302]. Furthermore, the
Bu,Sn(IV)>* complex is quite active against WiDr
cells, which is not the case for most Bu,Sn(IV)**
derivatives as they mainly exhibit promising activity
against MCF-7 cells [186].

As a consequence of their practical importance, par-
ticular attention has been paid to studies of synthesis,
properties, structures and reactivities of triorgan-
otin(IV) monocarboxylates. Similar triorganotin(IV) di-
and polycarboxylates have been studied much less in-

tensively. For triorganotin(IV) carboxylates involving
different degrees of the substitution of the carboxylic
group {H} atoms, it is possible to prepare a diverse

Fig. 20. Atomic labelling scheme for bis(dicyclohexylammonium)
bis(2,6-pyridinecarboxylato)dibutylstannate hydrate. The water
molecule is disordered over two positions [229].
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Fig. 22. Structures of penicillins studied here.

palette of mixed esters or ionic salts, in which some
{H} atoms are substituted by organic or organometallic
groups, and/or by ions. The current knowledge on the
crystal and molecular structures of this class of organ-
otin(IV) compounds relates to triorganotin(IV) car-
boxylates derived from dicarboxylic acids. As far as we
are aware, the compounds derived from tricarboxylic
acids have not been studied. When dicarboxylic acids
react with a diorganotin(IV) oxide, they generally lead
to a cyclic structure containing one Sn atom [228,282].
The reaction of hexafluoro-2,2-bis(4-carboxyphenyl)-
propane with tetrabutyldipropoxydistannoxane, formed
in situ from Bu,SnO and r-propanol in benzene, yields
a compound whose structure is a strained macrocycle
with a single dicarboxylate moiety [303]. The ''’Sn-
NMR spectrum exhibits a single resonance at — 142.3
ppm, typical of the usual trapezoidal bipyramidal ge-
ometry of diorganotin(IV) dicarboxylate [191].

Several novel derivatives of 6-[D(— )-B-amino-p-hy-
droxyphenylacetamido]penicilline (amoxicillin) (Fig. 22)
[304], D( — )-a-aminobenzylpenicillin (ampicillin) [305],
2,6-dimethoxyphenylpenicillin (methicillin) [305] and 4-
thia - 1 - azabicyclo[3.2.0]heptane - 2 - carboxylate,3,3—
dimethyl-7-0x0-6(2-phenylacetamido)penicillin  (peni-
cillin G) [306] with diorgano- and triorganotin(IV) moi-
eties have been prepared.

The stoichiometries of the compounds obtained were
R,Sn(IV)Cl(antib)-nH,O, R;Sn(IV)Cl(antib)Na-nH,O

(antib —! = amoxicillinate ~ !, n=2; antib—! =

ampicillinate ~! or methicillinate =!, n=1; antib—!=
penicillinate !, n=0; R=Me, Bu, Ph) and
R,Sn(IV)(antib),-2H,O (antib ~ ! = amoxicillinate ~!

and ampicillinate !; R =Me, Bu, Ph). For R,Sn-
(IV)Cl(antib)-nH,O and R;Sn(IV)Cl(antib)Na-nH,O,
the IR data suggest penta-coordination around the
Sn(IV) atom, whereas R,Sn(IV)(antib),2H,O most
probably involves hexacoordination. In all of the com-
pounds, thermogravimetric analysis excludes any coor-
dination of Sn(IV) of water molecules. On the basis of
IR and Mossbauer data, trigonal-bipyramidal configu-
rations are proposed for both R,Sn(IV)Cl(antib)-nH,O
and R;Sn(IV)Cl(antib)Na-nH,0 (antib~! = amoxi-
cillinate — !, ampicillinate ~! or methicillinate = ') in the
solid state.

As far as the compounds R,Sn(IV)(antib),2H,O are
concerned, the coordination geometry of the Sn could
be skew-trapezoidal bipyramidal, with the monoanionic
bidentate amoxicillin or ampicillin residues in the trape-
zoidal plane, and bent axial organic groups.

In order to estimate the partial atomic charge on the
Sn atoms, Q., electronegativity equalization proce-
dures have been applied to idealized trigonal-bipyrami-
dal structures for R,Sn(IV)Cl(antib)nH,O and
R;Sn(IV)Cl(antib)NanH,O (antib ~ ! = amoxicilli-
nate ~!, ampicillinate ~! or methicillinate —') (Fig. 23a,
b), and to octahedral trans-R, for R,Sn(IV)(antib),
2H,0 (Fig. 23c). The values obtained have been corre-
lated to the Mossbauer parameter, isomer shift, J
(Table 10, Figs. 24 and 25).

Diorganotin(IV) derivatives of D-(—)threo-2,2-
dichloro- N-[B-hydroxy-a-(hydroxymethyl)--(4-nitro-
phenyl)ethyl]acetamide (chloramphenicol, Fig. 26a) and
of y-4-amino-3-isoxazolidone (D-cycloserine, Fig. 26b)
with formulae R,Sn(IV)Cl(antib) and R,Sn(IV)(antib),
(antib = chloramphenicol, R =Me, Ph; antib = D-cy-
closerine, R = Me) were obtained and their solid-state
and solution configurations were investigated by con-
ventional IR, Mégssbauer, 'H- and '3C-NMR spec-
troscopy [307].

FTIR and Mossbauer spectroscopic measurements
lead to tetrahedral structures being proposed for
R,Sn(IV)Cl(chloramphenicol) and R,Sn(IV)(chloram-
phenicol), in the solid state. In DMSO-d, solution,
complete or partial dissociation is inferred for the Me
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Fig. 23. Regular structures of Sn assumed fot estimation of the partial atomic charge on the Sn atom, Qg,. The reported bond orders and formal
charges are taken as input in the calculation of Qg, (adapted from Refs. [304—306]).

and the Ph derivatives, as shown by the 'H- and
I3C-NMR spectroscopic results. Two different Sn(IV)
sites occur. One involves a Sn(IV) atom tetrahedrally
coordinated by a monoanionic monodentate cycloseri-
nate group, through the {O} atom of the resonance
stabilized hydroxamate anion, furnishing Me,SnClO
and Me,SnO, polyhedra in Me,SnCl(D-cycloSer) and
Me,Sn(D-cycloSer),, respectively (Fig. 27a, b). The sec-
ond site corresponds to Sn(IV) in a polymeric octahe-
dral configuration with Me,SnCl,ON and Me,SnO,N,
environments in Me,SnCl(D-cycloSer) and Me,Sn(D-cy-
cloSer), (Fig. 27¢—f).

In diorganotin(IV)chloro-protoporphyrin IX com-
plexes, with the general formula (R,SnCl),protopor-
phyrin IX (R = Me, Bu and Ph), the ligand (Fig. 28a)
coordinates to the R,Sn(IV)Cl* moieties via bridging
carboxylate, forming pentacoordinated cis-R, trigonal-
bypiramidal structures, as inferred from the FTIR and
Mossbauer spectroscopies data [308].

The spectral features of the complexes (R,SnCl),-
protoporphyrin IX are in agreement with the
monomeric character of protoporphyrin IX (Fig. 29).

meso-Tetra(4-carboxyphenyl)porphine (= H¢TPPC,
Fig. 27b) interacts with diorgano and triorganotin(IV)
moieties to afford complexes with the formulae
(R,Sn),H,TPPC and (R;Sn),H,TPPC, respectively.
Pentacoordination of the Sn(IV) atom in both com-
pounds is attained through coordination of the car-
boxylate O of the carboxyphenyl group. In
(R,Sn),H, TPPC, two different carboxylate coordina-
tion types (bridging and monodentate types) are indi-
cated the IR spectra, whereas in (R;Sn),H,TPPC only
bridging carboxylate groups are present, with the {O}
atoms in axial positions (Fig. 30a, b) [309]. 'H- and
IBC-NMR data, on DMSO solutions, point to the
pentacoordinated monomeric structures of the above
complexes.

Diorgano and triorganotin(IV) derivatives of meso-
tetra(4-sulfonatophenyl)porphine ( = HyTPPS, Fig. 27c)

with the formulae (R,Sn),H,TPPS and (R;Sn),H,TPPS
(R =Me, Bu, Ph) have been studied by FTIR and
Mossbauer spectroscopy in the solid state, while 'H-
and '3C-NMR spectroscopy have been applied to
DMSO-d, solutions [310]. The coordination mode of
the sulfonate groups towards the organotin(IV) moi-
eties has been established on the basis of the S-O
vibrations present in the IR spectra of the complexes.
In the IR spectrum of the free ligand meso-tetra(4-sul-
fonatophenyl)porphine, six S-O vibrations are found
(three A, and three E). According to Yeats et al. [311],
these are due to the RSO; groups present as an ionic
species with C;, symmetry in all the complexes. Follow-

Table 10

Experimental Mossbauer parameter, isomer shift, J (mm s—!), and
calculated partial atomic charge on the Sn atom, Qg,(CHELEQ), for
a homologous series of pentacoordinated triorgano- and diorgan-
otin(IV) derivatives

Compound ? 6° Os, ¢ Point N®  Ref.
R,SnCl(amox)2H,0 124 0270 1 [304]
Ph,SnCl(amox)-2H,O 1.20  0.317 2 [304]
R,SnCl(amox)Na-2H,0 136 0128 3 [304]
Ph;SnCl(amoxNa)-2H,O 1.26  0.208 4 [304]
R,SnCl(penG) 128 0270 5 [306]
Ph,SnCl(penG) 121 0317 6 [306]
R,SnCl(penG)Na 140 0128 7 1306]
Ph;SnCl(penG)Na 1.30  0.208 8 [306]
R,SnCl(ampic)-H,O 127 0270 9 [305]
Ph,SnCl(ampic)- H,0 107 0317 10 [305]
R,SnCl(ampic)Na-H,0 133 0128 11 [305]
Ph;SnCl(ampic)Na-H,O 1.17 0208 12 [305]
R,SnCl(methic)-H,O 132 0270 13 [305]
Ph,SnCl(methic)-H,O 1.19 0317 14 [305]
R.SnCl(methic)Na-H,0 138 0.128 15 [305]
Ph;SnCl(methic)Na-H,O 1.28  0.208 16 [305]
4 Amox~, amoxicillin™!; penG~, penicillinG~!; ampic—,
ampicillin ~!; methic~, methicillin—'.

® Identification numbers of the points in Fig. 25.
¢ Average of the ¢ and Qg,(CHELEQ) values reported in the cited
references.
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Fig. 24. Isomer shifts, J, vs. atomic charge, Qg, for
R,Sn(IV)Cl(antib)-nH,O and R;Sn(IV)Cl(antib)Na-nH,O derivatives
(Table 10) (antib—': amoxicillin=!, n=2; penicillinG~', n=0;
ampicillin ~ !, methicillin !, n=1; R = Me, Bu, Ph). Full lines are
the least-squares fits of data points (adapted from Refs. [304-306]).
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Fig. 25. Isomer shifts, J, vs. atomic charge, OQg,, for
R,Sn(antib),2H,O and related derivatives in Table 10 (antib~!=
amoxicillin —!, ampicillin —!; R = Me, Bu, Ph). The full line is the
least-squares fit of data points (adapted from Refs. [304-306]).

ing coordination and the formation of a more or less
covalent bond, the symmetry decrease to C,, removing
the degeneracy of the three modes and increasing the
number of fundamentals to nine (six A" and three A").
The preceding findings have been interpreted as reflect-
ing a bidentate bridging behaviour of the sulfonate
groups. Consequently, in the diorganotin(IV) [meso-
tetra(4-sulfonatophenyl)porphinate]s, the Sn(IV) atom

should be hexacoordinated in a polymeric structure, as
shown in (Fig. 31a), while in triorganotin(IV) [meso-
tetra(4-sulfonatophenyl)porphinate]s, the Sn(IV) atom
should be pentacoordinated in an eq-R;Sn(IV) poly-
meric configuration with axial RSO; groups (Fig. 31b).

The 'H- and '*C-NMR spectra of the complexes in
DMSO-d; solution led to the conclusion that the octa-
hedral and the trigonal-bipyramidal configurations of
(R,Sn),H, TPPS and (R;Sn),H,TPPS (R = Me, Bu, Ph),

CH.OH +

CLCHCONH c‘::zo / Mis
4 | LHC—— CH
HCOH | I
o_ ¢
NN N
NO-
a b

Fig. 26. The ligands chloramphenicol (a) and D-cycloserine (b)
(adapted from Ref. [307]).
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Fig. 27. Sn(IV) environments proposed for R,Sn(IV)Cl(antib) and
R,Sn(IV)(antib), (antib = chloramphenicol, a, b; D-cycloSer, c—f)
(adapted from Ref. [307]).
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a b

COOH

COOH

Fig. 28. Structures of protoporphyrin IX (a), meso-tetra(4-carboxyphenyl)porphine (b) and meso-tetra(4-sulfonatophenyl)porphine (c) (adapted

from Refs. [308-310]).

respectively, in the solid state, are maintained in
solution.

Pentacoordination, in a  trigonal-bypiramidal
configuration, eq-R;, has been proposed for R;Sn(IV)
derivatives of L-homocysteic acid, (Fig. 32) on the basis
of IR and Méssbauer spectroscopy. The SO; and
NHj groups of L-homocysteic acid are not involved in
the coordination.

The Av=[v,((COO~)—v(COO™)] values extracted
from the FTIR data ranged from 117 cm~! for
Ph,SnL-homocysteate up to 140 cm ~! for Me;SnL-ho-
mocysteate, suggesting bidentate bridging behaviour of
the carboxylate group in a polymeric network. Further-
more, the pentacoordination around the Sn(IV) was

ABSORBANCE

t T - +
300 400 500 600 700
WAVELENGTH (nm)

Fig. 29. Absorption spectra of: protoporphyrin IX (2.2 x 10~¢ mol
dm~—3, solid line; absorbance ¢, =0.319); (Me,SnCl),proto-
porphyrin IX (3.7 x 10~ ¢ mol dm —3, broken line; &,,, = 0.470); and
SnCl, protoporphyrin IX (6.6 x 10~ ¢ mol dm ~3, dotted line; &, =
1.290). Solvent: DMSO (adapted from Ref. [308]).

preserved in solution, as verified through 'H- and '*C-
NMR in DMSO-d,. From IR and Moésbauer investiga-
tions in the solid state [312] it was hypothesized that
orotic acid, 6-uracilcarboxylic acid (H;Or) (Fig. 33),
coordinates R,Sn(IV)>*+ moieties to yield two different
classes of derivatives with formulae R,SnHOr-nH,0,
and R,Sn(H,Or),,nH,O0 (R=Me, n=0; R=Bu, n=
1). In R,SnHOrnH,0, the orotic acid behaves as a
dianionic tridentate ligand (Fig. 33). In R,Sn(H,Or),
nH,0, two different Sn(IV) sites have been evidenced
by Mossbauer spectroscopy in the solid state, and by
'"H- and '3C-NMR in DMSO-d, solution (Fig. 34a, b).
Complexes with the formula R;SnH,Or (R = Me, Bu)
were obtained with the R;Sn(IV)* moieties, in which
orotic acid behaves as a monoanionic bidentate bridg-
ing ligand and furnishes trigonal-bipyramidal eg-R;
complexes (Fig. 34c).

Organotin(IV) compounds of the potentially am-
bidentate ligand O-cholesteryl-O-phenyl phosphoroth-
ionate were prepared according to [313] and formulated
as Me;SnOSPR'R”, Ph;SnOSPR'R”, O(CH,CH,S),Sn-
(n-Bu)OSPR'R”  or S(CH,CH,S)2Sn(nz-Bu)OSPR'R”

b i

Q,
N\
N\ No—o
.?/C_C\ ?f
7/
C\(]:/”/ /C— C\S’/_c
C//S"_ < R X
¥z T }"‘Z’ T
P o
o o
a b

Fig. 30. Regular trigonal-bypiramidal structures proposed for
(R,Sn),H,TPPC and (R;Sn),H,TPPC (R = Me, Bu, Ph) on the basis
of FTIR and Mdossbauer data (adapted from Ref. [309]).
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(b)

Fig. 31. Proposed polymeric structures for (a) (R,Sn),H,TPPS and
(R5Sn),H,TPPS, (b) R = Me, Bu, Ph (adapted from Ref. [310]).

OH

SOz
g7

NH3

Fig. 32. Structure of L-homocysteic acid.

O N COOH

Fig. 33. The structure of orotic acid, H;Or (adapted from [312]).

(where: R’ = O-Ph; R” = O-cholesteryl). The spectro-
scopic data are consistent with bonding of the phospho-
rothionate ligand through both {S} and {O} dono-
ratoms to the organotin(IV) centre [314].

A prominent feature of organotin(IV) coordination
chemistry is the acceptor property associated with
mono-, di- and triorganotin(IV) compounds containing
strongly electron-withdrawing groups such as halide or
pseudohalide attached to Sn [5]. In contrast, te-
traorganotin compounds, R,Sn(IV), show little ten-
dency to expand their covalency beyond four. Thus,
spectroscopic studies in the solid state of R,Sn(IV)
compounds containing intramolecular donor sites at-
tached to the o~ or B-carbon atom [315] and in donor
solvents of compounds containing relatively electroneg-

ative moieties such as furyl [316,317], pyridyl [318-
320], perhalogenoaryl [321-323] and thienyl [316,317]
have generally not provided unequivocal evidence for
higher than tetracoordination at the metal centre. How-
ever, for one class of tetraorganotins, namely the stan-
natrane derivatives represented by Me,Sn(CH,CH,-
CH,),NMe and MeSn(CH,CH,CH,);N, a multinuclear
('H, 3C, "Sn) NMR study has been reported [324]
which strongly favours transannular N — Sn interac-
tions in these compounds. The pentacoordinated struc-
ture of the triptych compound, MeSn(CH,CH,CH,);N,
has been confirmed [325]. The literature also contains
two references to isolable pentacoordinated compounds
in Me;SnCF;-P(NMe,), [326] and lithium 1,1-bis(n'-cy-
clopentadienyl) - 1 - halo - 2,3,4,5 - tetraphenylstannole
[327], but the structures have not been rigorously
clarified.

Kumar Das et al. [328] obtained a unique hexacoor-
dinated tetraorganotin compound, bis{C,N-[3-82-
pyridyl)-2-thienyl]} diphenyltin(IV). The crystal
structure of this compound revealed the pseudo-octahe-
dral environment of the Sn, with the coordinating
pyridyl N atoms located cis to each other (Sn—N 256
pm, N-Sn—N 77.1°) along with the Ph groups (C—Sn-C
101.9°), and the ipso-thienyl {C} atoms arranged ap-
proximately trans to each other (C-Sn—-C 144.4°).
Later, a number of additional R,Sn(IV) compounds
containing the novel 2-(3-thienyl)pyridine ligand as one
of the R groups were synthesized [328]. X-ray structure
analysis of one of the complexes shows a pseudo-trigo-
nal-bipyramidal arrangement, involving a weak interac-
tion Sn—N bond of distance 284.1 pm (Fig. 35). The
Mossbauer parameters are in the range (0 = 1.03—1.35,
A4 =0.57-0.96 mm s~ ') range. Further structural data
(bond distances and '"’Sn-NMR data) are summarized
in Tables 11 and 12.

C/..O
“Cxq é
| R of-é?.o | o™
Ny— Sn R \Sn
| N
0, 035707 | oy.s0
Ye— i R §
a b
(o]
77
-
i
R— In ~R
o
d/

Fig. 34. Proposed coordination polyhedra around the Sn(IV) in (a)
R,SnHOr-»H,0, (b) R,Sn(H,Or),'nH,O, (R =Me, n=0; R =Bu,
n=1) and (c) R;SnH,Or (R = Me, Bu) (adapted from Ref. [312]).
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Fig. 35. orTEP plot (35% thermal ellipsoids) (with atom labelling) of {C,N-[3-(2-pyridyl)-2-thienyl]}tri(p-tolyl)tin(IV) [328].

5. Applications

Organotin(IV) compounds have a range of pharma-
cological applications. The use of organotin(IV) halides
as anti-inflammatory agents against different types of
oedema in mice is of fundamental interest [337,338].
Compounds such as Bu,Sn(IV)Cl, or Ph;Sn(IV)CI can
inhibit oedema as effectively as hydrocortisones. Organ-
otin(IV) complexes with Schiff bases are of potential
use as amoebicidal agents, displaying activity against
axenically grown Entamoeba histolytica and tropozoites
[339].

Another pharmaceutical application of organotin(IV)
complexes is in the chemotherapy of leishmaniasis and
helminthes, a parasitic infection of the skin, where
Oct,Sn(IV)?>* maleate has shown promisingly high ac-
tivity [340]. The Bu,Sn(IV)*>* dilaurate, distearate, dio-
late, phenylethyl acetate and dipalmitate act as

Table 11
Comparison of Sn—N bond lengths in selected organotin(IV) com-
pounds containing N donor ligands

No. Compound Sn—-N (pm) Ref.

1 Me;SnCl-py 226 [329]
(p-CIC(H,),SnCl,-4,4'-Me, bipy - [330]
cis isomer 229.4, 232.2
trans isomer 240.6
3 (p-tolyl),SnCl,bipy 230.6, 237.4 [331]
4 Ph,SnCl,-bipy 2344, 237.5 [332]
5 CISn(CH,CH,CH,);N 237.2 [324]
6 CL,Sn(CH,CH,CH,),NMe 244.0
7 n-Pr(Et)Sn(quin), 254.2, 259.7 [333]
8 Ph,SnCl,-SC,HsN 254.8 [334]
9 [3-(2-py)-2-C,H,S],SnPh, 256.0 [328]
10 MeSn(CH,CH,CH,);N 262.0 [326]
11 Ph,SnSC;H,N 262.0* [335]
12 [3-(2-py)-2-C,H,S]Sn(p-tolyl), 284.1 [328]
13 (Ph,SnCl,pyz), 296.5, 278.2 [336]

Abbreviations: py, pyridine; bipy, bipyridyl; Hquin, 2-methylquino-
lin-8-ol; pyz, pyrazine. * Reported as intermolecular Sn—N distance.

antihelminthic from
dipulidiosis.

Hyperbilirubinaemia is an abnormality observed
mainly in neonates in whom the liver is insufficiently
developed to be able to detoxify the bile pigment biliru-
bin. This situation is known as neonatal jaundice and
can sometimes become a serious disease causing neuro-
toxic symptoms. Bilirubin is produced by the degrada-
tion of haem [the Fe(Il) complex of protoporphyrin IX]
by haem oxygenase to give biliverdin, which is reduced
by biliverdin reductase to bilirubin. The Sn-haem com-
plex [dichloro(protoporphyrin IX)tin(IV)] is a potential
inhibitor of haemoxidase (see, for examples: [341-340]).

agents in cats suffering

Table 12
119Sn-NMR chemical shifts for organotin(IV) compounds containing
different donor atoms

Compound Concentration  J (ppm)® Ref.
(w/w)*

[3-(2-py)-2-C,H,S] 0.12/1.5 —176.3 [328]

Sn(p-tolyl),

[3-(2-py)-2-C,H,S]SnPh; 0.08/1.03 —181.6 [328]

[3-(2-py)-2-C,H,S]- 0.08/1.3 —180.0 [328]
Sn(p-CIC¢H,);

[3-(2-py)-2-C,H,S]- 0.4/1.5 —57.8 [328]
Sn(cyclo-CsHy);

[3-(2-py)-2-C,H,S]- 0.11/1.3 —105.9 [328]
Sn(cyclo-C¢H )5

[3-(2-py)-2-C,H,S]SnPh, 0.1/1.5 —245.5 [328]

(3-C4H;S)Sn(p-tolyl), 103 —157.8 [84]

(3-C,H;S),Sn(p-tolyl);  0.1/1.5 —146.3 [328]

(2-C4H;S)SnPh, 0.08/2.0 —135.5 [328]

(2-C,H;S),Sn(p-tolyl),  0.07/1.5 —138.0 [328]

(2-C4H;S),SnPh, 0.13/1.5 —140.8 [328]

(2-C,H;S),SnMe, 0.4/1.5 —62.7 [328]

(2-C4H;S),5n 7°¢ —147.0 [315]

Ph,Sn Saturated —128.1 [362,363]

cyclo-CsHgSn 0.13/1.5 —18.3 [328]

2 All measurements were performed in CDCl;.

® Relative to Me,Sn.

¢ Concentration in w/v%.
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Hyperbilirubinaemia is also a symptom of other dis-
eases such as congenital anaemia, thalassaemia and
liver abnormalities. Sn-haem has been tested in animals
[343] and humans [346—348] and has been found suc-
cessful in suppressing formation of the toxic metabolite
bilirubin and in curing neonatal jaundice. In extensive
toxicological studies on neonates (human or animal)
and adults, Sn-haem proved to be essentially innocu-
ous. Pharmacological studies of this therapeutic agent
are in progress.

In recent years, the most active bioinorganic chem-
istry research area as concerns organotin(IV) com-
pounds is the investigation of their antitumour activity.
It has been established that the R,Sn(IV)>** compounds
which exhibit maximum antitumour activity combined
with low mammalian toxicity are adducts of the type
R,SnX,L, (X = halogen, pseudohalogen, L = O- or N-
donor ligand). Some results are presented in Table 13.
A large number of compounds have now been screened
against a variety of tumour cell lines, and several
reviews have been published [10,185,302,349,350].

Attempts to improve the bioavailability of the organ-
otin(IV) cations by the formation of water-soluble com-
plexes [351] or by their inclusion into B-cyclodextrin
[352] have also been reported. In spite of their wide-
spread activity, these antitumour organotin(IV) com-
plexes, have not yet been subjected to extensive clinical
trials in humans.

Organotin(IV) complexes are also used in agriculture.
They are efficient fungicides and bactericides. Six tri-
organotin(IV) compounds are currently marketed. Al-
though these complexes have broad-spectrum activity,
in practice their usage is restricted to a limited area.
Unfortunately, the high phytotoxicity [353] of these
compounds towards many plants has restricted their
practical use. Organotin(IV) compounds are also pow-
erful insecticides, but since the most effective com-
pounds contains the mammalian-toxic Me;Sn(IV)™,
this property has not been commercialized. The fungici-
dal properties of BuySn(IV)" compounds have been
utilized throuh their application as wood preservatives
since the early 1950s [354,355]. The details of the action

Table 13

are not well understood and are still under discussion.
Some comments on this subject have been made in
Section 4.2 of this review. A complete listing of reports
on the evaluation of organotin(IV) chemicals in agricul-
ture is to be found in the two-part review by Crowe
[8,9].

Marine fouling is the attachment of marine species
(animals, plants, etc.) to the surface of immersed struc-
tures, mainly ships, hulls, buoys, sonar equipment, or
sea-water conduits, e.g. cooling pipes. The fouling of
ships can lead to inefficient travel through the water
because of drag, with dramatic increases in fuel con-
sumption. The development of organotin(IV)-based an-
tifouling systems dates back to the early 1960s. The
compounds employed for this purpose are usually
Ph;SnX (X=OH", F~, ClI-, ~0Ac), Bu;SnX (X =
F~, Cl7), and (Bu;Sn),0, although many other systems
have been developed [356,357]. It is important, that the
working life-time of such systems is typically 1-2 years
before repainting becomes necessary. Organotin(IV)-
based anti-fouling paints are ca. ten times more effec-
tive than the formerly used conventional Cu,O-based
paints.

Despite the widespread use of organotin(IV)-based
anti-fouling paints, in recent years there has been in-
creasing concern regarding the impact of these chemi-
cals on the environment. Particular concern has been
expressed as concerns the effect of aqueous Bu;Sn(IV)*
on oyster farming. This topic has been reviewed by
Tsangaris et al. [7].

6. Concluding remarks

This survey of the literature data on the interactions
of organotin(IV) cations with biologically active ligands
demonstrates that this is still a very open field. Above
all, it is necessary to emphasize that usage of such
complexes to treat humans is not permitted at present.
Consequently, all compounds examined and discussed
here (although with promising anticancer activity) are
in the exploratory research stage.

Antitumour activities of organotin(IV) compounds against two types of leukaemia cell lines (adapted from [4])

Structure No. of compounds studied P338 P338 (active%) L1210 L1210 (active%)
Altogether 1554 680 25 696 1.0
R,Sn(IV) 339 166 2 144 0.4
R;Sn(IV)X 358 132 9 203 0.0
R,Sn(IV)X, 327 129 48 136 1.0
RSn(IV)X, 33 11 9 11 0.0
Sn(IV)X, 45 15 7 10 0.0
R,Sn(IV)X;, R,Sn(IV)X, 160 143 50 35 0.0
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Equilibrium data on the different systems are largely
missing. Systematic studies must be undertaken to un-
derstand the species distribution in the systems studied
or in the environment.

The use of recently developed sophisticated experi-
mental methods (e.g. EXAFS, mass spectrometry) or
developments in the already used and widespread meth-
ods (multinuclear 'H-, '*C- and '""Sn-NMR spec-
troscopy in solution or in the solid state), will greatly
accelerate progress. The comparison of solid versus
solution structures is also needed. The effects of drugs
are exerted in biological (mainly in aqueous) systems,
and consequentily the development of carriers of organ-
otin(I'V) cations with relatively high water solubility is
at the forefront of recent research.

The mode of biological action of organotin(IV) com-
plexes, or even the parent organotin(IV) compounds,
has not yet been completely clarified and may vary
from one compound to another.

Finally, more and more experimental data must to be
collected in order to understand the biological (includ-
ing antitumour) activity of organotin(IV) complexes
[365,366].
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