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Germany

*S Supporting Information

ABSTRACT: The disproportionation reaction of the subvalent metastable
halide SnBr proved to be a powerful synthetic method for the synthesis of
metalloid cluster compounds of tin. Hence, the neutral metalloid cluster
compound Sn10[Si(SiMe3)3]6 (3) was synthesized from the reaction of SnBr
with LiSi(SiMe3)3. In the course of the reaction anionic clusters might also be
present, and we now present the first anionic cluster compound {Sn8E[Si-
(SiMe3)3]3}

− (E = Si, Sn), where one position in the cluster core is occupied by a
silicon or a tin atom, giving further insight into structural variations of E9 cages in
metalloid group 14 cluster compounds.

■ INTRODUCTION
Metalloid clusters of tin of the general formulas SnnRm (n > m;
R = ligand like Si(SiMe3)3 or NSiMe3Dipp; Dipp = 2,6-iPr2-
C6H3) might be seen as model compounds for the area
between the molecular and solid state, as the average oxidation
state of the tin atoms is between 1 and 0, approaching the value
0 of the bulk phase on increasing the number of tin atoms (n)
with respect to the number of ligands (m). For the synthesis of
such molecular metalloid compounds the main synthetic routes
applied1 are the reductive Wurtz-type coupling reaction of a
halide or the disproportionation reaction of a subvalent
metastable halide like SnIBr.2 Thereby in recent years metalloid
cluster compounds with up to 17 tin atoms in the cluster core
could be synthesized, where different structural motives are
present. Thus, the arrangement of the 17 tin atoms in the
metalloid cluster Sn17{GaCl(ddp)}4 (1; ddp = HC-
(CMeNC6H3-2,6-iPr2)2) can be described as two Sn9 units
linked by a central tin atom.3 In addition to this the
arrangement of the tin atoms inside the Sn15 cluster
Sn15[(NSiMe3)Dipp]6 (2; Dipp = 2,6-iPr2-C6H3)

4 can be
described as a section of a bcc structure, realized for elemental
tin only at a pressure of around 45 ± 5 GPa.5 Additionally, the
tin atoms in the Sn10 cluster Sn10[Si(SiMe3)3]6 (3) build up a
centaur polyhedron,6 i.e. a polyhedron that can be described as
a fusion of different polyhedra; in the case of 3 this is a cube
and an icosahedron. Consequently a great structural diversity is
present in the field of metalloid cluster compounds of tin, and
to date no concrete route allocated by larger clusters on the way
to the elemental state is identified. However, in the case of the
Sn17 cluster 1 the outstanding stability of the Sn9 unit becomes
obvious, which was also identified recently by calculations for
larger clusters with up to 20 tin atoms.7 Additionally, gas-phase

measurements of large anionic and cationic clusters show that
larger clusters are best described as a fusion of small clusters
where the Sn9 unit is also of central relevance.8 The special role
of the E9 unit is also obvious from the area of Zintl anions,
where Sn9

x− (x = 2−4) anions are the most prominent starting
material.9

The first metalloid Sn9 cluster compound, Sn9Ar3 (4; Ar =
2,6-trip2-C6H3; trip = 2,4,6-iPr3-C6H2), was synthesized by
Power et al. via the thermolysis of SnArH in hot toluene.10 The
Sn9 framework of 4 can be described as a tricapped-trigonal-
prismatic closo structure with a large height (412 pm) to edge
(300 pm) ratio of the prism of 1.37. However, the open-shell
structure seems unusual, and it is questionable if a comparable
anionic or cationic closed-shell diamagnetic compound can be
obtained. In the following we now describe the synthesis and
structure of such an anionic compound.

■ RESULTS AND DISCUSSION
In the case of germanium the anionic Ge9 cluster compound
{Ge9[Si(SiMe3)3]3}

− (5) is obtained in ca. 30% yield by the
reaction of the monohalide GeBr with LiSi(SiMe3)3

11 or by the
reaction of the Zintl anion Ge9

4− with ClSi(SiMe3)3 in ca. 80%
yield.12 As the Ge9 core in 5 is shielded rather incompletely by
the three Si(SiMe3)3 ligands, 5 is highly reactive and can be
used for further build-up reactions leading to Ge18M[Si-
(SiMe3)3]6

n clusters (n = −1, M = Cu, Ag, Au; n = 0, M = Zn,
Cd, Hg).13 Due to the incomplete shielding 5 can also be used
as a ligand in coordination chemistry, where a cluster
enlargement takes place.14
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In the case of tin, a comparable reaction of a metastable
SnIBr solution with LiSi(SiMe3)3 first of all leads to the neutral
metalloid cluster Sn10[Si(SiMe3)3]6 (3) in 17% yield.6

However, storing the reaction solution at −28 °C leads first
of all to the formation of a black oil, which can be separated.
Dissolving this oil in Et2O yields a black solution. Mass
spectroscopic investigations of this black solution, applying the
mild electrospray ionization (ESI)15 technique, show that a
couple of anionic clusters are present inside this solution
(Figure 1).

The signal with the greatest intensity can be clearly assigned
to the anionic cluster of the composition {Sn8Si[Si(SiMe3)3]3}

−

(6Si; m/z 1728.55) by a comparison of the calculated and
measured isotopic patterns (Figure 2). Additionally, less intense
signals of {Sn9[Si(SiMe3)3]3}

− (6Sn; m/z 1820.47) and
{Sn7Si2[Si(SiMe3)3]3}

− (6Si2; m/z 1636.62) are observed
together with signals of anionic clusters with higher masses
which cannot be identified directly by their isotopic pattern due
to a small intensity, leading to a bad signal-to-noise ratio.
Nevertheless, this result shows that in addition to the neutral

cluster Sn10[Si(SiMe3)3]6 (3) also anionic clusters are formed
by the reaction of a metastable SnIBr solution with LiSi-
(SiMe3)3, and on concentrating the ether solution we finally

were able to obtain another product of the reaction in the form
of dark red, nearly black crystals. X-ray crystal structure analysis
of these crystals reveals that the anionic {E9[Si(SiMe3)3]3}

−

cluster 6 is present, crystallizing together with [Li-
(Et2O)2(THF)2]

+ as the countercation.
The molecular structure of 6 is shown in Figure 3 and is best

described as a monocapped-square-antiprismatic arrangement
of nine heavy atoms where the capping atom (Sn3/Si3a) and
two of the base square atoms (Sn1 and Sn2) are bound to a
ligand.
However, during refinement of the crystal structure it

became obvious that the capping atom (Sn3/Si3a) must be
heavier than a silicon atom and lighter than a tin atom. As tin
and silicon are the only atoms heavier than oxygen that fit
within this position and which were used during the reaction
course, this finding can only be explained assuming that two
different molecules crystallize together, which only differ in that
special atom position. Applying this model, the crystal structure
could be refined, leading to an occupation at this position of
74% and 26% of Si and Sn, respectively. Hence, inside the
crystal the anion {Sn9[Si(SiMe3)3]3}

− (6Sn) crystallizes
together with anionic {Sn8Si[Si(SiMe3)3]3}

− (6Si), where the
ligand-bound tin atom (Sn3) is substituted by a silicon atom
(Si3a). The silicon atom (Si3a) must thereby come from the
degradation of a Si(SiMe3)3 ligand, which seems plausible, as
also Si(SiMe3)4 is obtained during the reaction in substantial
amounts, as identified by 29Si NMR spectroscopy (signal at
−134 ppm16 for the central silicon atom). A similar degradation
of the Si(SiMe3)3 ligand was recently observed during the
s yn t h e s i s o f { (S iMe 3 ) 2 S iGa 4 [S i ( S iMe 3 ) 3 ] 3 }

− , 1 7

{ ( S i M e 3 ) 2 S i A l 4 [ S i ( S i M e 3 ) 3 ] 3 }
− , 1 8 S n 4 S i ( S i -

( S i M e 3 ) 3 ) 4 ( S i M e 3 ) 2 ,
1 9 a n d { G e 1 0 S i [ S i -

(SiMe3)3]4(SiMe3)2Me}−.20 Additionally, such a dismantling
of the Si(SiMe3)3 ligand was recently observed in the gas phase
via collision-induced dissociation experiments starting from
{Ge9[Si(SiMe3)3]3}

− (5), leading at the end to [Ge9Si]
−, where

also one silicon atom of a Si(SiMe3)3 ligand is incorporated,
leading to a cluster enlargement.21 The occupation of 6Si and
6Sn of 74% to 26% inside the crystal lattice nearly fits the
intensity in the mass spectra, where the signal height for 6Sn is
only ca. 30% of that of 6Si (Figure 1): i.e., the intensity

Figure 1. Mass spectrum of the black ether solution from the reaction
of SnBr with LiSi(SiMe3)3 applying electrospray ionization.

Figure 2. Calculated and measured isotopic patterns of (right) {Sn9[Si(SiMe3)3]3}
− (6Sn), (middle) {Sn8Si[Si(SiMe3)3]3}

− (6Si), and (left)
{Sn7Si2[Si(SiMe3)3]3}

− (6Si2).
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distribution in the mass spectrum seems to resemble the
proportions of the anionic clusters in solution.22

This interpretation shows that 6Si can be substituted by 6Sn
inside the crystal lattice and vice versa, which is only possible if
both compounds exhibit a similar arrangement. Hence, to verify
that such a substitution is possible, we calculated the gas-phase
structure of 6Sn and 6Si via quantum chemical calculations.23

The calculations thereby show that the substitution of the tin
atom by a silicon atom only leads to minor changes in the
arrangement of the remaining eight tin atoms and the three
Si(SiMe3)3 ligands. Hence, the Sn−Sn distances inside 6Sn (E =
Sn) and 6Si (E = Si) only differ by ca. 5 pm, while the Sn−E
distance to the capping E atom differs by 24 pm.24 This result
clearly indicates that 6Sn and 6Si can indeed cocrystallize in one
crystal lattice, statistically occupying the anion position. During
the calculations we also found that the capping tin atom in 6Sn
has a slightly immersed position, as the calculated Sn−Si
distance is at 261 pm shorter than the remaining two Sn−Si
bonds (264 pm): i.e., the position for the substitution is already
obvious inside the Sn9 compound. Additionally the reaction
6Sn + Si → 6Si + Sn is exothermic by 137 kJ/mol. However, 6Si
will not form by the substitution of a Sn atom in 6Sn by a silicon
atom. It might be rather expected that 6Si will form from a
Sn8Rx precursor molecule (x > 3) where one Si(SiMe3)3 ligand

is dismantled, leading to the naked Si atom, which is then
incorporated into the cluster core (vide supra16−20).
Nevertheless, due to the statistic occupation in the cocrystal

6Si/6Sn the experimental Sn−Sn and Sn−Si distances show
large standard deviations, as not all heavy-atom positions could
be refined for the separated molecules. Hence, we tried to
obtain 6Si or 6Sn or both together in another crystal system
where no statistic occupation is present by changing the
complexing reagent of the lithium cation. Thereby, the addition
of the crown ether 12-crown-4 leads to the formation of black
crystals showing a different crystal system. The crystal structure
solution of these crystals reveals that 6Sn now crystallizes alone
with the cation {Li(12-crown-4)2}

+. The molecular structure of
6Sn is given in Figure 4, showing slight differences from the
structure found in the cocrystal 6Si/6Sn.
This time the nine tin atoms are arranged in the form of a

tricapped trigonal prism, where the Sn−Sn distances between
naked tin atoms are, at 305.6 pm, slightly longer than the Sn−
Sn distance between the naked and ligand-bound tin atoms,
where an average tin−tin distance of 288.9 pm is found. This
result clearly indicates that the arrangement of the nine tin
atoms within 6Sn is quite flexible with respect to the
requirement of the surroundings: e.g., crystal packing. The
height (387.4 pm) to edge (305.6 pm) ratio of the prism is
1.27, thus being a bit smaller than that found within the neutral

Figure 3. Molecular structure of {Sn9[Si(SiMe3)3]3}
−/{Sn8Si[Si(SiMe3)3]3}

− (6Sn/6Si). Thermal ellipsoids are shown at the 25% probability level.
For the split position Sn3/Si3a and Si3/Si3b only the tin atom and Si3 are shown. Selected bond distances (pm) and angles (deg): Sn(1)−Sn(4) =
289.35(12), Sn(1)−Sn(7) = 291.08(12), Sn(1)−Sn(8) = 295.43(12), Sn(3)−Sn(8) = 266(2), Sn(3)−Sn(6) = 269.3(19), Sn(3)−Sn(9) =
271.7(19), Sn(3)−Sn(5) = 273.4(16), Si(3A)−Si(3B) = 228(4), Si(3A)−Sn(5) = 262(3), Si(3A)−Sn(9) = 269(3), Si(3A)−Sn(6) = 289(3),
Si(3A)−Sn(8) = 295(3), Sn(5)−Sn(6) = 313.12(13), Sn(5)−Sn(9) = 348.6(1), Sn(8)−Sn(9) = 313.34(13), Sn(6)−Sn(8) = 338.9(1), Sn(2)−
Si(2) = 258.5(3), Sn(3)−Si(3) = 251(6), Si(2)−Si(22) = 234.9(4); Sn(4)−Sn(1)−Sn(7) = 99.79(4), Sn(8)−Sn(1)−Sn(6) = 69.86(3), Sn(8)−
Sn(3)−Sn(5) = 118.6(6), Sn(6)−Sn(3)−Sn(5) = 70.5(4), Sn(5)−Si(3A)−Sn(8) = 112.9(9), Sn(6)−Si(3A)−Sn(8) = 70.9(6), Sn(1)−Sn(4)−
Sn(2) = 80.02(3), Sn(3)−Sn(5)−Sn(2) = 94.1(4).
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compound Sn9Ar3 4 but exactly the same as that found for the
isostructural Ge9 compound 5.
Structure and Electronics. Both clusters discussed here

(6Sn and 6Si) exhibit 22 bonding electrons, and due to Wade's
rules25 a nido cluster might be expected and is found on first
glance for the cocrystal 6Sn/6Si, where a slightly distorted E9

cluster core of a monocapped square antiprism is present; i.e.,
the Sn−Sn distances in the capped Sn4 rectangle (Sn5, Sn6,
Sn8, Sn9) are quite different (313 and 344 pm). Despite this,
when 6Sn crystallizes together with the cation Li(12-crown-

4)2}
+ a closo structure of a tricapped-trigonal-prismatic

arrangement (D3h) is realized, as was also found in the case
of the neutral cluster Sn9Ar3 4 (Ar = 2,6-trip2-C6H3; trip =
2,4,6-iPr3-C6H2), which possesses 21 bonding electrons,
indicating that the E9 core is easily modified depending on
external influences, such as the number of electrons, ligand, and
crystal-packing forces. To further elucidate the influence of the
ligand and the number of electrons inside the cluster core, we
performed quantum chemical calculations on neutral and
anionic Sn9R3

x clusters (R = H, CH3, Ph, SiH3; x = 0, −1).

Figure 4. Molecular structure of {Sn9[Si(SiMe3)3]3}
− (6Sn). Thermal ellipsoids are shown for Sn and Si at the 25% probability level. Selected bond

distances (pm) and angles (deg): Sn(1)−Sn(3) = 288.56(10), Sn(1)−Sn(4) = 286.84(11), Sn(2)−Sn(4) = 289.16(9), Sn(3)−Sn(4) = 305.74(10),
Sn(4)−Sn(4a) = 305.47(15), Sn(3)−Sn(3b) = 376.1(1), Sn(4)−Sn(4b) = 393.4(1), Sn(1)−Si(1) = 252.7(4), Sn(2)−Si(2) = 254.2(4), Si(1)−
Si(10) = 228.4(6), Si1−Si15 = 240.1(9), Si(2)−Si(20) = 238.5(7), Si2−Si21 = 227.6(9); Sn(4)−Sn(1)−Sn(4b) = 86.58(4), Sn(4)−Sn(3)−Sn(4a)
= 59.94(3), Sn(4)−Sn(1)−Sn(3) = 64.19(3).

Table 1. Values of αa for Calculated Anionic Sn9R3
− (Second Column) and Neutral Sn9R3 (Third Column) Clusters

aGraphical clarification is given by the schematic presentation on the right.
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Thereby the change of the structure of the cluster core is best
illustrated by comparing the angle α between the triangular
faces defined by three naked tin atoms (Table 1).
As can be seen from Table 1, the changes in α are small on

changing the ligand, indicating that there is only a minor
electronic influence by the ligand.26 Additionally the calcu-
lations show that also in the case of the neutral compound the
distorted-monocapped-square-antiprismatic structure (C2v) is
more stable than the D3h structure. However, the energetic
difference between the distorted (α > 0°) and the undistorted
tricapped-trigonal-prismatic structures (α = 0°) is small (less
than 10 kJ/mol for the anionic as well as for the neutral model
compound27), leading to a highly flexible system within the
cluster core with different possible arrangements depending on
the external requirements.
Nevertheless a major difference between the neutral

compound 4 and 6Sn is the fact that the Sn9 core is completely
shielded by the three ligands in the case of 4, while it is quite
open in the case of 6Sn, where the ligands incompletely shield
the cluster core (Figure 5). This opens the possibility for

further reactions, as was recently shown for the isostructural
germanium compound {Ge9[Si(SiMe3)3]3}

− (5), which also
exhibits the structure of a tricapped trigonal prism with an
height to edge value of the prism of 1.27, identical with that
found for 6Sn.

■ SUMMARY AND OUTLOOK

In summary, we have presented the synthesis and structure of
the first monoanionic metalloid Sn9 cluster, {Sn9[Si-
(SiMe3)3]3}

− (6Sn), which cocrystallizes together with the
structurally similar cluster {Sn8Si[Si(SiMe3)3]3}

− (6Si), where
one ligand-bound tin atom is substituted by a silicon atom,
which results from the fragmentation of a Si(SiMe3)3 ligand.
On changing the countercation, a second solid-state structure
of 6Sn is obtained. In the different solid-state structures the nine
tin atoms within 6Sn are arranged in the form of a distorted
tricapped trigonal prism or a distorted monocapped square
antiprism. Quantum chemical calculations show that the
difference between these two arrangements of the nine tin
atoms is small, leading to a flexible Sn9 core.
The less shielded Sn9 cluster core of the anionic clusters 6Sn/

6Si now opens the possibility for subsequent reactions in the
future, perhaps giving access to larger aggregates as has been
possible in recent years for the comparable anionic cluster
{Ge9[Si(SiMe3)3]3}

− (5).13,14

■ EXPERIMENTAL SECTION
All operations were carried out under an atmosphere of dry argon or
nitrogen using modified Schlenk line and glovebox techniques. The
cocondensation reaction was performed in a homemade cocondensa-
tion apparatus.28 All solvents were freshly distilled from sodium and
degassed immediately prior to use. The 1H and 13C NMR
spectroscopic data were recorded on a Bruker AV 400 spectrometer.
Mass spectrometric experiments were performed on an IonSpec
Ultima FT-ICR-MS (Fourier transform ion cyclotron resonance mass
spectrometer), equipped with a 7 T superconducting magnet, coupled
to a home-built electrospray ionization source (ESI).

Synthesis of {Sn9[Si(SiMe3)3]3/Sn8Si[Si(SiMe3)3]3}[Li-
(THF)2(Et2O)2] (6Sn/6Si). A metastable SnIBr solution was prepared
applying a cocondensation technique, where elemental tin (2.08 g;
17.6 mmol) reacted with 20 mmol of HBr at 1240 °C and where the
resulting SnIBr was condensed at −196 °C with a mixture of toluene
and NBu3 in a volume ratio of 4:1. After the temperature was raised to
−78 °C, a solution of 10.6 g (22 mmol) of LiSi(SiMe3)3·3THF in 50
mL of toluene was added. The reaction mixture was slowly warmed to
room temperature, and a black reaction solution was obtained. Storing
this solution at −28 °C led to a black oil. The solution was decanted,
and the oil was washed with pentane, leading to an almost solid black
residue. Afterward the residue was dissolved in 10 mL of ether, leading
to a nearly black solution. Storing this ether solution at 6 °C for 1
week led to dark red, nearly black rodlike crystals of {Sn9[Si-
(SiMe3)3]3/Sn8Si[Si(SiMe3)3]3}[Li(THF)2(Et2O)2] (100 mg, 0,05
mmol, 2.2%). 1H NMR (THF-d8): δ 0.19 (s, 54 H, 6Sn/6Si
SnSi(SiMe3)3), 0.23 (s, 27 H (25%), 6Sn SnSi(SiMe3)3), 0.24 (s, 27
H (75%), 6Si SiSi(SiMe3)3).

13C{1H} NMR (THF-d8): δ 2.4 (s, 6Sn/6Si
SnSi(SiMe3)3), 3.7 (s, 6Sn/6Si ESi(SiMe3)3).

The addition of 12-crown-4 to a thf solution of 6Sn led to the
formation of black blocklike crystals of [Sn9(Si(SiMe3)3)3][Li(12-
crown-4)2].

Mass Spectrometry. The cluster {Sn9[Si(SiMe3)3]3}
−/{Sn8Si-

[(Si(SiMe3]3}
− (6Sn/6Si) was brought into the gas phase by

electrospraying a THF solution of 6Sn/6Si. The end plate of the
electrospray source was typically held at a potential of +3.2 kV relative
to the electrospray needle, which was grounded. A potential of +3.3 kV
was applied to the entrance of the metal-coated quartz capillary.

X-ray Structural Characterization. Table 2 contains the crystal
data and details of the X-ray structural determination for {Sn9[Si-
(SiMe3)3]3/Sn8Si[Si(SiMe3)3]3}[Li(THF)2(Et2O)2] (6Si/6Sn) and
[Sn9[Si(SiMe3)3]3][Li(12-crown-4)2] (6Sn). The data were collected
at 150 K (6Si/6Sn) or 200 K (6Sn) on a STOE IPDS II (6Si/6Sn) or
Bruker APEX II (6Sn) diffractometer employing monochromated Mo
Kα (λ = 0.710 73 Å) radiation from a sealed tube and equipped with
an Oxford Cryosystems cryostat. The structure was solved by direct
methods and refined by full-matrix least-squares techniques (programs
used: SHELXS and SHELXL29). The non-hydrogen atoms were
refined anisotropically, and the hydrogen atoms were calculated using
a riding model. 6Si/6Sn: inside the crystal Sn9[Si(SiMe3)3]3

− and
Sn8Si[Si(SiMe3)3]3

− occupy the same position in a way that only one
ligand bound tin atom is substituted by a silicon atom. This disorder is
described during refinement by a split model where the two positions
are correlated by a variable which refines to an occupation of 0.74 for
silicon and 0.26 for tin. Additionally the directly bound silicon atom of
the Si(SiMe3)3 group is split (Si3, Si3b), refining to the same
occupation (0.74 for Si3b and 0.26 for Si3). However, splitting of the
atoms of the SiMe3 groups was not possible. Due to the large unit cell
many reflections are overlapped and omitted during data collection.
Additionally, the reflections are quite broad, which might be due to the
poor fit of Sn9(Si(SiMe3)3)3

− and Sn8Si(Si(SiMe3)3)3
−. During

refinement only reflections with a 2θ value lower than 45° were
used. 6Sn: due to a severe disorder of the Si(SiMe3)3 ligands, which was
described by a split model together with a racemic twinning of the
crystal that was described by the twin matrix −1000−1000−1 (BASF
value refines to 0.305 91), the crystals only diffract well up to a 2θ
value of 50°. Thus, only reflections with a 2θ value lower than 50°
were used during refinement. CCDC-837278 (6Si/6Sn) and CCDC-

Figure 5. Space-filling models of (left) {Sn9[Si(SiMe3)3]3}
− (6Sn) and

(right) Sn9Ar3 (4; Ar = 2,6-trip2-C6H3; trip = 2,4,6-iPr3-C6H2): view
toward the three naked tin atoms.
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870582 (6Sn) contain supplementary crystallographical data for this
paper. These data can be obtained online free of charge at www.ccdc.
cam.ac.uk/conts/retrieving.html or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K. (fax,
(+44)1223-336-033; e-mail, deposit@ccdc.cam.ac.uk).
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(21) Koch, K.; Schnepf, A.; Schnöckel, H. Z. Anorg. All. Chem. 2006,
632, 1710−1716. Schenk, C.; Henke, F.; Neumaier, M.; Olzmann, M.;
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(28) Köppe, R.; Schnepf, A. Z. Anorg. Allg. Chem. 2002, 628, 2914−
2918.
(29) Sheldrick, G. M. Acta Crystallogr. 2008, A64, 112−122.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic201730g | Inorg. Chem. 2012, 51, 3989−39953995


