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Tin-tin bonds are quite prevalent in inorganic!! and organo-
element chemistry.”) Along with homo- or heteroatomic Zintl
anions, recent derivatives with transition metal atoms, for
instance [Pd,@Sn,s]*~ P or [{(1/’-CsHsMe)Nb},Sne]>~*® have
attracted attention because of their interesting dynamic
behavior and uncommon bonding situations. Furthermore,
reports on subvalent clusters, such as [Sng{Sn(NR'R")}s] (R'=
SiMe;, R”=2,6-iPr,CiH;),” currently demonstrate a rich
structural and electronic variety. Multifaceted organoelement
compounds—dimers of different bond orders, charges, and
ligands,™ chains,® cycles,” heterocycles,®™ and polycy-
cles!™’l__serve to understand both analogies and differences
to the carbon homologues, including the reactivity of the tin—
tin bond. The synthesis and structural, magnetic, and elec-
tronic properties of compounds with further heteroatoms
bonded to a tin—tin unit have been investigated, namely with
boron™! or phosphorus atoms,'? such as [(SnB,,H,,),]>~,!
[(SnBoHy,),]>~,"™ or [{Sn(u-PCys};]*.'*! Compounds with
sulfur, selenium, and tellurium have also been investigated.[13]
The latter compounds are rare, especially with more than one
or two chalcogen ligands; in particular, no compound
containing a tin-tin bond and more than one sulfur ligand
per tin atom has been reported to date. The prototypical
[Sn",E]°" anion is only known for E = Se or Te.'!

Herein we present the in-situ transformation of a novel,
double-decker  thiostannate [(RSn),S¢] 1 R=
CMe,CH,COMe) into the polynuclear complex [{(RSn"),-
(1-S),}5Sn™,S]-0.93 CH,Cl,-1.08 H,S (2:(CH,Cl1,,H,S),
Scheme 1). As confirmed by '"’Sn Mossbauer spectroscopy
and quantum-chemical investigations, 2 is a mixed-valent
complex that formally contains both tin(IlI) and tin(IV)
atoms. Both compounds have C=O functional groups; the
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acetone/H,0 (1:1), -5°C
dissolving in CH,Cl,
8 ClI3SnR  ayering by n-hexane
+ 2 [(RSN"),4Sg] (1) + 24 NaCl
12 NayS-9H,0
CH,Cly
layering by n-hexane
— 2 Me,C=CHCOMe
— H2
2 [{(RSN™)a(1-8)213Sn",S6] (2)

2:0.93CH,Cl,1.08H,S, 78.7% crystalline

Scheme 1. Synthesis of compounds 1 and 2; R=CMe,CH,COMe.

potential reactivity explains the motivation to study chalco-
genidometallate complexes with organic ligands that are
terminated by reactive units. The reaction of 1 to give
hydrazones, such as [(H,N-N=CMeCH,CMe,Sn),S¢], serves
as a proof of principle.'”) The complexes were structurally
characterized by single-crystal X-ray diffraction;'® Figure 1
shows the molecular structures of both compounds. Details of
the preparation of 1 and 2 and a full list of structural
parameters is given in the Supporting Information.

The Sn/S core of 1 is not an adamantane-type cage, but
adopts an isomeric, double-decker topology based on two
parallel, p-S-bridged Sn,S, rings. Whereas this topology is
well-known for silicon and germanium compounds,'’ it is
rare in chalcogenidostannate chemistry.'”” Moreover, the
ligands in 1 are involved in an intramolecular Lewis acid-base
interaction via the keto group, with a coordination number
(cn.) of 5 at the tin atoms. ''?Sn NMR spectroscopic inves-
tigations of 1in solution (Figure 2) confirm the predominance
of the double-decker isomer (6=45.0, 95.5 ppm) at room
temperature, whereas the adamantane-type topology (0=
97.9 ppm) is formed upon heating in darkness. This observa-
tion is in accordance with DFT!"®' calculations of relative
stabilities, which show an energetic preference of the double-
decker Sn/S cage (DD) over the adamantane-type cage (AD)
by about 20kJmol !, Additionally, the calculation of
"9Sn NMR shifts of all possible isomers with N =0-4 open
ligands, along with 4—N closed ligands (DD°Y)?" indicate that
1 coexists in different conformers, most probably with 0, 1, or
2 open ligands (DD, DD*!, DD, Figure 2 f).

Isolated crystals of 1 do not show any reactivity under
ambient conditions. However, if kept in the mother liquor
under daylight, the compound undergoes a slow transforma-
tion into 2: the mother liquor turns yellow, and yellow crystals
of compound 2, along with a yellow powder of the same

SR, WWILEY R
) InterScience*

Chemie

444


http://dx.doi.org/10.1002/anie.200805719

Communications

4442

cs2 CE2 el c11 ! composition, appear within three days at the expense of the
parent compound. After two weeks, compound 1 is no longer
observed. Two signals upfield in the '”Sn NMR spectrum that
arise during the reaction (6 = —12.3 ppm and around 15 ppm)
can be assigned to the Sn'"! and Sn'Y atoms of 2, respectively.?"!

The molecular structure of 2 has no precedence in
chalcogenidostannate chemistry. A homoleptic, paddle-
wheel-type arrangement of three [(RSn),(u-S),]S, groups
surrounds a central Sn1—Sn2 dumbbell with pseudo Cj,
symmetry. The Sn—-Sn bond length (Sn—Sn 278.03(17) pm,
Vsnsn 174 cm™) is at the short end of the range of known
values for Sn—Sn single bonds,™">?!I The tin and sulfur atoms

of the [(RSn),(u-S),] units in 2 form three four-membered

rings at the end of the paddle wheels, which are part of three

Sn1 pairs of seven-membered rings that then share the Sn-Sn
dumbbell.

Although the structure of 2 appears to be trimeric at first

glance, with three fragments of 1 being attached to the tin—tin

unit, a closer look at the two formulae clearly shows that 2 is a
dimeric condensation product of 1, with insertion of one of
the double-decker rings into the other. The only difference
Figure 1. Molecular structures of 1 (top left) and 2 (top right: one of between the composition of 2 x 1 and of 2 is the loss of the two
two crystallographically independent molecules; bottom: view of the molecules R, which were identified as 4-methyl-3-penten-2-
SngS,, skeleton). Hydrogen atoms and disordered carbon atoms are one (mesityl oxide) in the reaction mixture, plus one
omitted for clarity. Selected bond lengths [pm]: 1: Sn-S 238.92(15)— equivalent of H,. Time-dependent NMR spectra (Supporting

247.55(14), Sn—O 261.4(5)—267.2(4), Sn—C 217.9(5)-218.6(5). 2: Sn— Information. Fisare S9) rafionalize th tion of mesity]
Sn 278.03(17)-280.39(17), Sn—S 239.7(5)-247.5(5), Sn-O 254.2(11)— nformation, Figure S9) rationalize the generation of mesity

272.9(25), Sn—C 213.2(16)-219.7(18). oxide during the reaction of 1 to 2; the formation of H, was
detected by absorption with palladium metal and subsequent
reduction of molybdate(VI) by Pd/H,.”?! The olefin is the
oxidation product of the process, and two of the tin atoms in 2
(those forming the Sn—Sn dumbbell) are formally reduced to
Sn"!, and two protons are reduced to H, by four electrons
from two R molecules. Scheme 2 illustrates the condensation

reaction.
DFT As is typical for polynuclear chalcogenidometallate com-

plexes, elucidation of the mechanism of formation is not
?doa‘gness)‘ trivial. To shed light on this point, we have performed further
t=3h experimental and quantum chemical investigations. Besides
P the above-mentioned identification of the by-products, NMR
(darkness), spectroscopy studies were helpful in gaining insight in the
t=3h

ongoing processes. Figure 2 shows "”Sn NMR spectra under
different reaction conditions, together with calculated chem-

UV iradiation ical shifts.

(A =254 nm),

t=3n It can be seen from the NMR spectra (Figure 2a—¢) that
compound 1 undergoes partial fragmentation in solution
daylight, under light or radical initiation with (Figure 2b,c) or without
e N e (Figure 2d, e) formation of 2. Thus, these fragments, which are
e PRI | PRI O " daylight,
@ hidai v s ™ t=0h 0
T SR T i e i e ML R O S S atd S B
140 120 100 80 60 40 20 0 -20 ppm-—
HH '? S /R
Figure 2. a—e) '"°Sn NMR spectra recorded during the reaction of 1 to By A~ S~an® g ls . hy R‘Sn’S“SH_/\S‘;/SQ
form 2 under different conditions, and f) comparison with calculated ds / 5 R—s# S\én/ 4% \S’S o
s . § SN > _Sh—
chemical shift values for 1 and 2. Signal ranges c'>f d?uble-decker ’g:;\ ¥ A ¢ —2 9 =i ,\8{1\ _sn— S Sn—g
fragments (yellow) and 2 (blue and yellow) are highlighted; spec- R B S| >=2‘\ R S \5 g\
trum (e) is shifted by 2 ppm to the right to make clear the peak height H R H \SrL/S
at 45 ppm. In (f), ranges are given for different double-decker or & &
adamantane-type conformers DD°V (red) or AD°V (blue) with N open
(c.n.=4) and 4—N closed (c.n.=5) ligands. Best agreements of Scheme 2. Condensation reaction of 1 to form 2: Rearrangement of
calculated and experimental chemical shifts are indicated by bold Sn—S bonds and Sn—Sn bond formation are associated with Sn—C
lines. bond cleavage, producing mesityl oxide and H,. R=CMe,CH,COMe.
www.angewandte.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 4441 —4444
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presumably based on (RSn),S dimers or (RSn),S, four-
membered rings similar to those reported for Ge/S ana-
logues,®! are not essential to the formation mechanism of 2.
Their '"Sn NMR signals (6 = 13.9-17.5 ppm) are in the same
range as the signal caused by the Sn'Y,S, ring atoms in 2, which
complicates the differentiation. The upfield signal of 2 that
arises under daylight, and is more pronounced upon UV
irradiation, is however definitely hardly observed upon
addition of AIBN or upon heating in darkness. This obser-
vation is in accordance with the observation that compound 2
does not crystallize from these samples; that is, it is neither
formed in the dark, nor upon shifting the [(RSn),S¢]
equilibrium toward the adamantane topology. The latter
point is rationalized by the high structural relationship of 2
with 1 rather than with an adamantane cage.

The formation of a detectable intermediate containing
Sn—H bonds from the leaving ligand R can be excluded, at
least on the NMR timescale, as direct Sn—H coupling is never
observed (3J=130-200 Hz for all signals),? which is in
agreement with the ineffectiveness of radical initiation that
might have provoked the generation of intermediate Sn—H
bonds. Consequently, tin—tin bond formation from two L;SnH
precursors, which was reported for reactants with L = Me, Bu,
Ph, F upon radical initiation by AIBN or irradiation,™**! can
be ruled out. A comparison to calculated chemical shifts not
only excludes the latter hypothesis, but also an intermediate
with Sn-R groups instead of the Sn—Sn bond at the bridgehead
atoms in 2. We assume that the mechanism involves a light-
induced transition state with a short lifetime and with
weakened bonds—for instance upon suitable relative orien-
tation of two double-decker molecules as indicated in
Scheme 2—that undergoes rapid and concerted bond cleav-
age/bond formation. The high crystallization tendency of
compound 2 acts as additional driving force toward the
product. Based on this information, comprehensive theoret-
ical studies are currently underway to model the transition
state, including more complicated Sn/S cages and precursor
aggregates.

DFT calculations reveal a reaction energy AER=
22.60 kJmol ™" for the reaction according to Scheme 2, that
is, being slightly endothermic in the gas phase. This situation is
plausible if the bond balance is regarded: two four-coordinate
tin atoms form, whereas two five-coordinate atoms were
initially present, along with the different bond types of
reactants versus products. To understand the observation of 2,
it is however necessary to assume a higher lattice energy of 2
than of 1 and to contemplate participation of the solvent.

To rationalize the different formal oxidation states in 2,
we measured ''’Sn Mossbauer spectra of ground single
crystals of 1 as a reference, and 2. Figure 3 shows the spectra,
and Table 1 summarizes the refined Mossbauer spectroscopic
parameters.

Compound 1 produces a quadrupole-split signal at an
isomer shift of 1.483(3) mms™' (Figure 3, left), in accordance
with covalently bonded Sn" atoms (cf. the isomeric shift in
SnS,: 1.3 mms™").”” Slight differences in the arrangement of
the ligands around the tin atoms cause some line-broadening
(that is, superposition of the signals of the two crystallo-
graphically independent tin atoms). The spectrum of 2
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Figure 3. "'°Sn Méssbauer spectra of 1 (left) and 2.(CH,Cl,,H,S) (right)
measured at 77 K. The red lines are fit curves for Sn" in 1 and Sn"
(74%) and Sn" (26 %) in 2. The subsets are marked in green and
blue. TR=relative transmission.

Table 1: "'°Sn Mé&ssbauer spectroscopic investigation of ground single
crystals of 1 and 2 at 77 K.

o AE, T Formal oxidation state I [%]
1 1.483(3) 1.58(4) 097(7) +IV 100

1.39(7) 1.39(7)  0.97™ +1v 74(1)

1.9(1) 1.2(2) 0.9t +11 26(1)

[a] 0: isomer shift [mms™"], AE,: electric quadrupole splitting parameter
[mms™'], T: experimental line width [mms™], Iy: relative intensity.
[b] Parameters held during the fitting procedure.

(Figure 3, right) can be well-modeled by two signals. One of
them, with 74 % intensity, is similar to that found in 1, and is
assigned to the twelve almost similar but crystallographically
independent tin atoms of the two independent molecules with
unchanged chemical environment. The second, with 26 %
intensity, shows an isomer shift (1.9 mms™') right between the
values typically observed for covalently bonded tin(II) atoms
(3.4 mms~' for SnS)?"! and covalently bonded tin(IV) atoms.
Therefore, the four remaining tin atoms that form the two
inner dumbbells of the two independent molecules are best
described as being formally tin(III). This formulation is
consistent with the '"”Sn Mdssbauer spectroscopic data
obtained for [LFeSnFeL](PFy),*! which contains a tin(IIT)
species at an isomer shift of 2.00 mms~'. The strong quadru-
pole splitting of both signals of 2 results from the low site
symmetries. These investigations are supported by natural
population analyses (NPA)?” on the calculated complexes 1
and 2: a natural charge of + 1.36 is found at the formal tin(IV)
atoms in both compounds, whereas the tin(III) atoms in the
Sn—Sn dumbbell in 2 have only 76 % of this natural charge
value (+1.04).

In summary, the formation and stabilization of the
unprecedented Sn"',S, unit is supported by reduction of the
charge of the sulfur donor atoms by the attached Sn,S, rings
and adequate lattice energy of 2. Future work includes the
synthesis of related RT/E systems (T =Sn, Ge; E=S, Se, Te).
Additionally, we are investigating reactions of 1 and 2 and its
homologues with transition metal compounds, with nucleo-
philes targeting the Sn—Sn bond, and with organic molecules
with complementary functionality to continue the journey
toward multinary hybrid networks.
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