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INTRODUCTION

This paper reports an overview of the research performed
by the authors at the Université Libre de Bruxelles and the
Vrije Universiteit Brussel. The kinetics, stereochemistry and
mechanism of Sg2 reactions at a saturated carbon atom were
first determined. In the first paper on the halodemetallation of
tetraalkyltin compounds,' Colin Eaborn’s (to the memory of
whom this paper is dedicated) book Organosilicon Compounds
was already cited as one of the references.

Mass spectrometric and NMR studies of organotin
compounds were the topics of the subsequent research,
followed by the synthesis of chiral organotin compounds and
of their configurational and optical stability. The fluxionality
of trigonal bipyramidal metal atoms and the stereochemistry
of SN2 reactions at tetrahedrally substituted atoms of the
third, fourth or fifth period were then theoretically studied.
The cytotoxicity of many series of organotin compounds was
the next topic in which we got interested, as well as the
mode of action of cytotoxic organotin compounds. Finally,
the structure and reactivity of organotin salicylaldoximate
clusters was experimentally investigated.

*Correspondence to: Marcel Gielen, Vrije Universiteit Brussel,
HNMR Unit, Room 8G512, Pleinlaan 2, B-1050 Brussels, Belgium.
E-mail: mgielen@vub.ac.be

tDedicated to the memory of Professor Colin Eaborn who made
numerous important contributions to the main group chemistry.

Sg2 REACTION AT A SATURATED CARBON
ATOM: KINETICS, STEREOCHEMISTRY
AND MECHANISM

The conclusions of a series devoted to the determination
of the mechanism of a bimolecular electrophilic substi-
tution at a saturated carbon atom were described in a
review.?

The first step consists of the addition of a nucleophile
to the metal atom, either of X, if the reaction occurs
in a non-polar solvent (Fig.1, mechanism 1) or of a
polar® (nucleophilic) solvent like methanol (Fig. 1, mecha-
nism 2). The ‘polarity” of a solvent for electrophilic (or
nucleophilic) substitutions at a saturated carbon atom has
been defined.?

The nucleophilic addition is necessary to be able
to cleave a carbon-tin bond in a second step. The
first mechanism, going through a four-center transi-
tion state, is characterized by retention of config-
uration at carbon, whereas the second mechanism
occurs with Walden inversion at carbon, as proven
experimentally.?

It must be mentioned that the Sg2 reaction is much more
selective in polar solvents than in non-polar solvents. This
may be due to the fact that, in non-polar solvents, an
equatorial alkyl group is cleaved by E, whereas, in nucle-
ophilic solvents, an apical carbon-tin bond is cleaved. This
property was used to synthesize the first racemic tetraorgan-
otin, in which the tin atom is linked to four different alkyl

Copyright © 2005 John Wiley & Sons, Ltd.



m Main Group Metal Compounds

Organotin compounds

Reaction in non polar solvents: mechanism 1
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Figure 1. Mechanisms of Sg2 reactions in non-polar and polar solvents.

groups.* Starting from tetramethyltin, a bromodemetallation
in methanol, that occurs like a titration, followed by the dis-
tillation of a methanol/benzene azeotrope, yields a benzene
solution of very pure trimethyltin bromide that is then reacted
with isopropylmagnesium bromide in diethylether. Evapo-
ration of the solvent yields very pure isopropyltrimethyltin
in very high yield that is treated as described above and
reacted with cyclohexylmagnesium bromide, yielding very
pure dimethylisopropylcyclohexyltin in very high yield, that
is similarly reacted with ethylmagnesium bromide, yielding
the first racemic tetraorganotin, methylethylisopropylcyclo-
hexyltin. The reaction of that final compound with bromine
in methanol gives only methyl bromide as detectable alkyl
halide, as shown by GLC. The pure ethylisopropylcyclo-
hexyltin bromide formed can be used to synthesize other
racemic tetraorganotins containing no methyl group bound
to tin by reaction with any Grignard reagent different from
MeMgX, EtMgX, i-PrMgX or cy-HexMgX. A bromodemetalla-
tion of methylethylisopropylcyclohexyltin in chlorobenzene
yields similar quantities of the four possible alkyl halides.

Copyright © 2005 John Wiley & Sons, Ltd.

It is also possible to prepare other series of racemic
tetraorganotins where not only alkyl but also aryl groups
are bound to the metal.>®

MASS SPECTROMETRIC AND NMR
STUDIES OF ORGANOTIN COMPOUNDS

Mass spectrometry is a useful technique to characterize very
easily tetraorganotin compounds’~!! and other organotin
derivatives. Indeed, tin is an element with many stable
isotopes, two of which having a spin 1/2 that can be used
for tin NMR. The characteristic pattern of tin fragment-ions
containing one, two or three tin atoms makes the identification
of these fragments very easy (see Fig. 2). The fragmentation
pattern of tetraorganotin compounds is given schematically
in Fig. 3.

Similarly (see Fig.2), fragment-ions with two or more
tin atoms!? are also characterized by recognizable isotope
patterns as well as tin halide fragment-ions.!

Appl. Organometal. Chem. 2005; 19: 440—-450
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Figure 2. Isotopic distributions of Sn*, Sn,™ and Sng™.

CHIRAL ORGANOTIN COMPOUNDS AND
THEIR CONFIGURATIONAL AND OPTICAL
STABILITY

The study of the stereochemistry at tin of nucleophilic
substitutions at the metal atom requires the synthesis of
chiral organotin compounds. Chiral tetraorganotins in which

Copyright © 2005 John Wiley & Sons, Ltd.

the tin atom is the only chiral center were synthesized in
197516 and their optical stability has been proven. The
optical stabilities of other classes of organotin derivatives
were also examined.>!”

Triorganotin halides are not optically stable but bulky alkyl
groups enhance their configurational stability.’® The reason
for this optical instability is the presence of nucleophiles in the

Appl. Organometal. Chem. 2005; 19: 440—-450



m Main Group Metal Compounds

R4Sn"

o
/ RSSNKR imus H)
R -(R minus

R,Sn™* R,SnH"

+_R- \ /R- \(R minus H)

RSn" RSnH''  RSnH,’

+ &/RH \&R/RH

Sn”! SnH™

Figure 3. Mass spectrometric fragmentation of tetraorgan-
otin compounds.

medium, the halide of the triorganotin halide being one of the
nucleophiles that can induce configurational instability.!*?

The configurational stability of triorganotin hydrides,
amines, phosphines and arsines was demonstrated,? as well
as that of organotin compounds with a tin-germanium,?
tin-tin® or tin-transition metal bond.?*~* Chiral triorgan-
otin hydrides, amines, phosphines and arsines, organotin
compounds with a tin—germanium, tin—tin or tin—transition
metal bond were then synthesized. The stereoselectivity
of reactions converting an optically stable compound into
another one could then be studied, and several stereoselec-
tive substitution reactions have indeed been observed, like
the transformation of RR'R”SnH into RR'R"SnCHj; with dia-
zomethane or into RR'R"Sn—-SnRRR'R” with palladium as
catalyst.? -3

FLUXIONALITY AND STEREOCHEMISTRY
OF Sn2 REACTIONS AT TETRAHEDRALLY
SUBSTITUTED ATOMS OF THE THIRD,
FOURTH OR FIFTH PERIOD

Several papers and books have appeared on the topological
approach that can be used to explain the stereochemistry
of Sy2 reactions at phosphorus.®*~3® The same approach has
been used to explain the stereochemistry of Sy2 reactions
at silicon and germanium® and might be used for similar
reactions at the metal atom of organotin compounds, for
instance to explain the retention of configuration observed
when RR'R”SnD is converted to RR'R"SnH by a reaction with
triphenyltin hydride.

CYTOTOXIC ORGANOTIN COMPOUNDS

When the antitumor activity of cisplatin, cis-Cl,Pt(NHs),, was
discovered, several research groups started to investigate the
possible therapeutic applications of other metal-based, often
organometallic, compounds. The organotin compounds that

Copyright © 2005 John Wiley & Sons, Ltd.
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were first tested were those that were available or easily
synthesized, like tri- or diorganotin halides: these compounds
can indeed routinely be prepared from tetraorganotin
compounds R4Sn and dihalogens X, 2 or HX:

RSn+Y —-X=R;SnX+R-Y
and R3SnX +Y — X =R,SnX; +R—-Y
Y =XorH

Diorganotin halides can also be synthesized by direct
synthesis in the presence of a suitable catalyst:?

2R — X+ 5n = R;5nX;

The in vivo testing of tetraorganotin compounds showed
that they are inactive, whereas organotin halides and their
complexes with amines and other ligands exhibit borderline
activities against P388 or L1210 leukemias.*1~4

The in vivo pre-screenings against these two leukemias
used initially by the National Cancer Institute (NCI) were
later replaced by in vitro pre-screenings against a panel of
human tumor cell lines.*’~%

This is also the procedure that was used when organotin
compounds were tested by the Rotterdam Cancer Institute.
Seven human tumor cell lines were chosen for the panel
that was used: MCF-7 and EVSA-T (two mammary cancers),
WiDr (a colon cancer), IGROV (an ovarian cancer), M19 (a
melanoma), MEL A498 (a renal cancer) and H226 (a lung
cancer).

The main disadvantage of organotin halides for antitumor
testings is that, when they are dissolved in water, the pH
of the solution dramatically decreases because the Cl-Sn
bonds are converted into water—tin bonds; the formed
compounds then lose protons, yielding first organotin
hydroxides that are afterwards possibly converted into
insoluble bis(triorganotin) oxides or diorganotin oxides.
Because di- or triorganotin carboxylates do not suffer from
the same disadvantage, many series of these compounds
were synthesized in order to determine their cytotoxic or
antitumor properties. It has been shown that such derivatives,
when dissolved in water, indeed remain intact for long
periods.

Several recent reviews have been devoted to the antitumor
properties of organotin compounds.®=%> Therefore, only
a few of the most typical compounds will be selected
here.

The influence of the R and R’ groups of R;Sn(OCOR'),
or {[R;(RCO0)Sn],0}, on the cytotoxicity has been
determined.®*~% The di-n-butyltin compounds are among
the most potent ones. This result was felt to be very use-
ful because di-n-butyltin oxide, a possible starting material
to synthesize such di-n-butyltin derivatives, is commercially
available and quite inexpensive. Di-n-butyltin derivatives
have indeed found several industrial applications.’ An inex-
pensive starting material is suitable when many series of
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organotin compounds need to be synthesized and when only
limited financial resources are available.

The conversion of insoluble polymeric (R,SnO), into
RySn(OCOR"), or {[Ry(R'COO)Sn],0}, is very easy: the
suitable tin compound and R'‘COOH are placed in a mixture
of ethanol and toluene and heated. Very quickly, the reaction
mixture becomes a clear solution. The water—toluene—ethanol
azeotrope is then distilled off and, when the concentrated
remaining solution is cooled down, sometimes the reaction
product precipitates. It can then be recrystallized and
sometimes single crystals can be grown that can be analyzed
by X-ray diffraction.

If the R,SnO : R*COOH molar ratio is 1: 1, then, generally,
dimeric distannoxanes {[R,(R'COO)Sn],O}, of type 1 are
obtained (see Fig. 4).%6-7

(R2Sn0),, + nR'COOH = n{[R,Sn(OOCR")Sn],0}, + H,O

A 1:2 molar ratio generally yields diorganotin dihalides
RSn(OCOR); of type 2 (see Fig. 4).71-%.

(R2SnO),, + 2nR'COOH = nR,Sn(OOCR"), + nH,O

Triorganotin compounds (see Fig.5) are quite well-
known bactericides and fungicides.?>® Such compounds
were prepared for that purpose and consequently screened
for their cytotoxicities. Several of these were found to
be quite potent.®-% Their cytotoxicities are compara-
ble to that of doxorubicin, a clinically used anticancer
drug.

Organotin steroidcarboxylates represent the first major
development in this area.”! Not only diorganotin (of type 1)
but also triorganotin steroidcarboxylates (of type 3) have been
studied. Triorganotin steroidcarboxylates are more potent
than dimeric distannoxanes and appear to possess high
in vitro cytotoxicities, but their poor water solubility still

- \\\\‘.
R \ )\ o
O '
—— R
0 zn‘\o %
R & R
R
1 2

Figure 4. Structures of tetraorganodicarboxylato distannoxane
dimers {[R,Sn(OOCR)Sn],0}, (type 1) and diorganotin
dicarboxylates R,Sn(OOCR), (type 2) (see also Figs. 6 and 7).

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 5. Probable structure of triorganotin carboxylates (type
3) in solution.

Figure 6. X-ray structure of the carborane-based organotin
compound of type 1 {[Bu.(2-Ph-m-C,BoH11-1-CO0)Sn],O}».

remains a drawback,” that could probably affect their in vivo
properties.

Several attempts were then made to try to synthesize
organotin compounds characterized by improved water
solubilities. The lipophilic/hydrophilic characteristics of the
compounds are probably very important, their lipophilic
properties being essential for crossing the cell membrane
and their hydrophilic character for being accepted by the
water-rich cell.

The first attempt to increase the water-solubility was
to replace hydrogen atoms of phenyl rings of benzoato
ligands with hydroxyl groups.” This did affect significantly
neither their water solubility nor their cytotoxicity. Fluorine-
substituted organotin compounds were also candidates.
Already in 1984, such compounds were being synthesized
to check whether the replacement of hydrogen by fluorine
influenced their cytotoxicity.”°~10!

A peculiar property of fluorine-substituted compounds is
indeed that they are more soluble in water than their hydrogen
analogs and still soluble in non-polar solvents. Fluorine-
containing organotin compounds are not significantly

Appl. Organometal. Chem. 2005; 19: 440—-450
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more potent than their unfluorinated analogs.” 1! Their
cytotoxicities were not better than those of the starting
compounds, and this route was rapidly abandoned.

Another possibility for increasing the hydrophilicity
of organotin compounds is to prepare organotin salts,
for instance stannates, by reacting organotin derivatives
with an anionic ligand.!%?-1% Carboranyl-based organotin
compounds were also screened.!”-1% A carborane moiety
C;B1oHi1 has about the same size as a phenyl ring but is
spherical instead of planar. The replacement of an aromatic
phenyl ring by a hyper-aromatic carboranyl moiety is
routinely used in the field of boron-based metallotherapeutic
agents. In some compounds, the tin atom was linked directly
to one of the boron or carbon atoms of the carbonanyl moiety.
In other compounds, the carboranyl moiety was bound to a
CO, or to a CH,CO, linked to the tin atom of a distannoxane
structure. Their cytotoxicity is comparable to that of organotin
carboxylates without the carborane moiety.

An attempt to synthesize a carborane-based organotin
compound with a polyoxaalkyl chain linked to the carboranyl
moiety, in order to increase the water solubility (see below),
produced a triphenylstannate!” instead of the derivative of
type 3 that was expected to be formed (see Figs. 8 and 9).

This triphenylstannate exhibited a cytotoxicity similar
to that obtained for carboranyltin compounds of type 3,
whereas its water solubility was increased dramatically by the
presence of the polyoxa substituent, and probably primarily
by the fact that the compound was a salt.

The most promising development in the field of antitumor-
active organotin compounds has been achieved by the
synthesis and testing of organotin compounds that contain a
polyoxaalkyl moiety linked to tin either by a carbon—tin or by
a carbon-oxygen bond.11-113 The polyoxaalkyl moiety can
be either a linear or a cyclic one, a crown-ether. Many of these
compounds, of which some are very soluble in water, exhibit

Organotin compounds

exceptionally high cytotoxicities against the seven human
cell lines studied (see Table 1). Of all the polyoxaalkyltin
compounds tested, two distannoxanes of type 1 and two
triorganotin derivatives of type 3 exhibited very pronounced
cytotoxicities, as reported in table 1.

MODE OF ACTION OF CYTOTOXIC
ORGANOTIN COMPOUNDS

The platinum antitumor drugs have been intensively
studied and their probable mode of action, elucidated: their
interaction with DNA is responsible for their property of
inhibiting the cell division. The interaction of diorganotin
halides with DNA or DNA fragments was studied,'"*~1?! but
around pH 7 no effective interaction was detected.!? Water-
soluble cytotoxic organotin carboxylates were found not to
interact significantly with DNA.!?® If cytotoxic organotin
compounds interact, for instance, with proteins, they could
be active due to this property but this is still an open question.

ORGANOTIN SALICYLALDOXIMATE
CLUSTERS

Whereas the reaction of di-n-butyltin oxide with car-
boxylic acids yields tetra-n-butyldicarboxylato distannox-
ane dimers {[Bu,Sn(OOCR")Sn],0}, or di-n-butyltin dicar-
boxylates Bu,Sn(OOCR’),, depending on the diorgan-
otin oxide—carboxylic acid molar ratio, the reaction of
(Bu;SnO),, with salicylaldoxime H-OZNO-H (where Z
represents C¢Hy,-CH=) yields a stable crystalline clus-
ter, 1, containing two five-coordinate and one seven-
coordinate tin atoms, independently of the molar ratio

Figure 7. X-ray structure of the carborane-based organotin compound of type 2 bis(1,2-dicarbaclosododecaborane-9-carboxylato)di-

n-butyltin, (1 ,2'CQB1oH11-9-COO)28I’]BU2.

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 8. A boron-based triphenylstannate, sodium bis[2-(3",6',9'-trioxadecyl)-1,2-dicarba-closo-dodecaborane-1-carboxylato]
triphenylstannate, [(CHzOCH,CH;OCH,CH;OCH,CH,) (1,2-C,B1gH10-9-CO0),SnPhs]~ Na™, unexpectedly formed during the

synthesis of the type 3 analog.

Figure 9. Crystal structure of sodium bis[2-(3",6',9'-trioxadecyl)-1,2-dicarba-closo-dodecaborane-1-carboxylato]triphenylstannate,

[(CH30OCH,CHyOCH, CHyOCH,CH2 ) (1,2-CoB1oH10-9-CO0)»,SnPhs]~ Na™.

Copyright © 2005 John Wiley & Sons, Ltd.
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used. Its solid state structure was determined by X-
ray diffraction crystallography.!?*1% It can be described
by (Bu,5n) (BuzSnO)(Bu,SnOH)(-OZNO-)(-OZNOH) (see
Fig. 10).

2HOZNOH + 3/n(R,Sn0O), — H,O
+ (BuzSn) (Bu,SnO) (BuySnOH) (-OZNO-)(~OZNOH), 1

When dissolved in CDCl;, this cluster undergoes
reversible reactions that were revealed by one- and
two-dimensional multinuclear (*H, ¥C, °Sn) NMR
techniques.!”® One of the clusters that is formed in solution,
(R25n0) (R:Sn)>(HOZNO-)(-ZNOH)(-OZNO-)  (Fig. 11),
can also be synthesized independently from (R,SnO), and
salicylaldoxime.

3HOZNOH + 3/n(R,Sn0O), —
2H,0 + (RySn0) (RySn)»(HOZNO-)(~ZNOH)(-OZNO-), 2

Figure 10. Structure of the organotin cluster (Bu,Sn)(Bu,SnO)
(BuoSNOH)(—=OZNO-)(-=OZNOH), 1, in the crystalline state.

Organotin compounds

H
R 7
T P \ R
0= H- / \ § 9
S
H ‘\O/R o
R

Figure 11. Structure of the organotin cluster (R.SnO)(R.Sn),
(HOZNO-)(-ZNOH)(-OZNO-), 2
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Figure 12. Structure of the organotin cluster (Me,Sn)
(Me2Sn0) (MeoSnF)(—OZNO-)(—OZNOH), 3

Table 1. IDs; values (ng/ml) of a few potent polyoxaalkyltin compounds tested against the seven human tumor cell lines

T~

benzocrown-COO = O

(]

o]

o)

MCEF-7

Type 1, R = Bu, RCOO = CH;O(CH,CH,0)CH,COO <1
Type 1, R = Bu, RCOO = CH;0(CH,CH,0),CH,COO <1

Type 3, R = Ph, R'COO = benzocrownCOO 2.9
Type 3, R = Bu, R'COO = benzocrownCOO 3.3
CPT 699
DOX 10

M19
EVSA-T WiDr IGROV MEL A 498 H 226
<1 39 <1 <1 <1 3.3
<1 <1.8 <1 <1 <1 <1
<2 <2 <2 <2 <2 <2
<2 <2 <2 <2 <2 <2
422 967 169 558 2253 3269
8 11 60 16 90 199

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 13. Addition—elimination mechanism for the replacement of TO~ by F~.

The difference between clusters 1 and 2 can easily be
expressed by the replacement of the HO-connecting the
two five-coordinate tin atoms of cluster 1 with HOZNO-
in cluster 2. It has been shown that, in fact, the cluster that is
formed when a diorganotin oxide reacts with salicylaldoxime
is cluster 2, and that it is then hydrolyzed by the water formed
in solution to yield the cluster 1.

(RySnO) (RySn),(HOZNO-)(~ZNOH)(-OZNO-), 2 + H,0 —
(BuSn) (Bu,SnO) (Bu,SnOH) (-OZNO-)(-~OZNOH), 1
+ HOZNOH

The water converts the p2-bridging ligand HOZNO-into
the good nucleophilic leaving group, HOZNOH, through
electrophilic assistance by a hydroxylic proton, which is
needed for such a reaction to occur.

Because a review has recently been published on these
clusters,'? we will discuss only the reactions of clusters of
type 1 with alcohols.

When 1 (with R = Me) is recrystallized from R'OH, a new
cluster, (Me;Sn) (Me,SnO) (Me,SnOR ) (-OZNO-)(-OZNOH),
is formed in which the HO- of 1 is analogously replaced by
R'O-. Phenols R'OH give similar reactions provided they are
not too acidic.

It is well known that fluoride is the most nucle-
ophilic agent towards tin. Therefore the reaction of
cluster 1 with fluoride in the presence of a proton
source (NH4F) was studied, and yielded a new clus-
ter (Me;Sn)(Me,SnO)(Me,SnF)(-OZNO-)(-OZNOH), 3, in
which the bridging HO- of cluster 1 is replaced by fluoride
(Fig. 12).177

YF and Sn NMR, in particular the spectral patterns
arising from 'J(WF-1"917Gn) gcalar couplings, unambigu-
ously show that the substitution occurs through the addi-
tion—elimination reaction mechanism shown in Fig. 13.
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