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ABSTRACT: The reaction of GeBr with LiSi(SiMe; )5 leads to
the metalloid cluster compound [(THF),Li];Ge,4[Si(SiMe3)3]s
(1). After the introduction of a first cluster of this type, in which 14
germanium atoms form an empty polyhedron, [(THF),Li]s-
Ge14[Ge(SiMes)s]s (2), we present here further investigations
on 1 to obtain preliminary insight into its chemical and bonding
properties. The molecular structure of 1 is determined via X-ray
crystal structure solution using synchrotron radiation. The elec-
tronic structure of the Ge,4 polyhedron is further examined by
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quantum chemical calculations, which indicate that three singlet biradicaloid entities formally combine to yield the singlet
hexaradicaloid character of 1. Moreover, the initial reactions of 1 after elimination of the [Li(THF),] " groups by chelating ligands
(e.g, TMEDA or 12-crown-4) are presented. Collision induced dissociation experiments in the gas phase, employing FT-ICR mass
spectrometry, lead to the elimination of the singlet biradicaloid GesH,[Si(SiMes);], cluster. The unique multiradicaloid bonding
character of the metalloid cluster 1 might be used as a model for reactions and properties in the field of surface science and

nanotechnology.

B INTRODUCTION

In recent years, we have established a novel fruitful synthetic
route to metalloid cluster compounds of germanium. This was
achieved by applying the disproportionation reaction of meta-
stable solutions of the Ge(I) halides, namely, GeBr' and GeCl.>
These metalloid clusters of the general formula Ge,R,, (n > m,
R = ligand) can be seen as molecular model compounds for the
area between molecules and the solid state,® providing valuable
insight into the processes that occur during formation, as well as
into the dissolution of elemental germanium on an atomic scale,
an aspect that is of great significance in the field of nanotechnol-
ogy. Current studies on such systems act as a first “spotlight” onto
this regime, demonstrating the presence of a great structural
diversity in this region.* In line with this, we were recently able to
isolate the largest metalloid cluster compound of germanium,
[(THF),Li];Ge 4[Ge(SiMe3)3]s (2) where the 14 germanium
atoms in the cluster core build up to an empty polyhedron,
representing a novel structural motif in germanium chemistry.
However, the crystal structure solution of 2 proved to be very
difficult to obtain, due to a complete disorder of 2 inside the
crystal. Only a few crystals of 2 were obtained, providing a
first glimpse toward the understanding of this novel cluster
compound. These preliminary results were published recently.’
To address the low yield, we attempted to synthesize similar
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compounds by varying just the ligands. Such compounds may
potentially show no disorder in the crystal lattice, and may
perhaps also show an increase in the yield, paving the way
for further investigations on this largest metalloid cluster com-
pound of germanium. As such, bonding properties as well as
the chemical behavior of a metalloid Ge;, cluster should be
of fundamental importance for the region between molecules
and the solid state. The results presented here provide a deeper
understanding of the relevance of the singlet biradicaloid bond-
ing character in molecules, which may be essential for under-
standing the chemical and physical properties of surfaces or
nanostructured materials of group 14.

B RESULTS AND DISCUSSION

Synthesis. The synthesis of a metalloid cluster compound
similar to 2 is achieved by carrying out the disproportiona-
tion reaction of a subhalide. This synthesis is quite difficult
to accomplish due to the many reaction steps involved, start-
ing from the binary compound (e.g,, GeBr), all the way to the
formation of the metalloid cluster.® Nevertheless, 1 could be
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Figure 1. Molecular structure of Ge,4[Si(SiMes);]s[Li(THF),]; (1)
(without hydrogen atoms); vibrational ellipsoids with 0% probability.
Selected distances (pm) and angles (deg): Gel—Gel0, 245.12(9); Gel—
Gela,413.8; Gel3—Gel6a, 658.6; Gel0—Gel3, 249.25(16); Gel0—Gel6,
247.9(2); Gel3a—Gel6a, 256.1(3); Gel0—Gel0a, 283.67(17); Gel—Sil,
2417(2); Gel6—Si2, 242.6(4); Gel3—Gel0—Gel6, 108.92(5); Gel0—
Gel6—Gel0a, 69.81(9); Gel—Gel0—Gel3, 109.40(5).

isolated after heating the reaction mixture of GeBr with LiSi-
(SiMe3); to 80 °C; ie., we applied similar reaction conditions
as for the synthesis of 2. The nearly black colored reaction
solution obtained is heated to 80 °C for 16 h. After changing
the solvent to hexane, orange crystals of the well-known metal-
loid cluster compound Geo[Si(SiMes)3]5~ (3)” were isolated in
ca. 15% yield.®

After the separation of 3, the hexane solution was still nearly
black. We varied the solvent to Et,O and from this solution
obtained another product in the form of dark red, rod-like crystals.
X-ray crystal structure analysis of these crystals® reveals that the
metalloid compound Ge4[Si(SiMe;);]s[Li(THF),]; (1) had
been formed. The molecular structure is shown in Figure 1. As 1
is obtained in substantial amounts, a more thorough investigation
into the chemical behavior of this largest metalloid cluster com-
pound of germanium became possible.

Structure. The arrangement of the 14 germanium atoms in
the cluster core of 1 is comparable to that of 2; i.e., a discus-like
empty polyhedron of 14 germanium atoms is formed. The Gej4
polyhedron is composed of six five-membered and three four-
membered rings, where the four-membered rings are distorted in
a butterfly arrangement, leading to diagonal Ge—Ge distances of
283.7 pm (Gel0—Gel0a). The Ge—Ge distances and Ge—Ge—
Ge angles inside 1 and 2 are quite similar, with differences of less
than 1%."° This structural feature shows that the hollow arrange-
ment of the 14 germanium atoms is quite robust against changes
in the ligand shell, also suggesting that bonding within the cluster
core is energetically favorable. The hollow arrangement of the 14
germanium atoms in 1 and 2 further shows that the forma-
tion of empty polyhedra, i.e., without a stabilizing central atom,
is possible even for the heavier congeners of carbon. This also
suggests that fullerene-like compounds may be accessible to

germanium, possibly via the mild route of the disproportionation
reaction of a Ge(I) halide.

As expected, the main difference between 1 and 2 lies in the
bond distance to the ligand; that is, the average Ge—Si distance
(242 pm) of 1 is substantially shorter than the average Ge—Ge
distance to the ligand in 2 (251 pm). Moreover, the Ge—SiMe;
distance in 2 (238 pm) is substantially longer than the Si—SiMe;
distance in 1 (233 pm); i.e., the more compact Si(SiMe3); ligand
is bound to the Ge,, core much more tightly compared to that of
the larger Ge(SiMe3); ligand. Despite these differences, there
exists a complete shielding of the 14 germanium atoms in the
cluster core together with the three Li(THF), units (Figure S1 in
the Supporting Information).

Classification of the Structure. The aforementioned geo-
metric arrangement of the 14 germanium atoms in 1 and 2 is
unique in the field of molecular compounds. In spite of simila-
rities with a recently described Sn;, polyhedron found in the
Zint] phase Na,oZn,4Sn3,,"" the differences between the Ge,, and
Sn,, polyhedra are significant: (a) The Sn;, polyhedron exhibits
planar four-membered rings, leading to a more spherical arrange-
ment of the 14 tin atoms. (b) The Sn,, polyhedron is not empty;
ie, a sodium cation is present in the center. (c) The Sny, poly-
hedron is a cut-out of the solid state structure. However, the
similarities in arrangement of group 14 atoms in a molecular as well
as in a solid state compound supports the assumption that such an
M, polyhedron is a stable structural motif in group 14 chemistry.'

Structural similarities of the Ge;; polyhedron in 1 with
the recently reported solid state structure of germanium,
Ge(cF136)," are also observed. In Ge(cF136), the germanium
atoms are arranged in a clathrate(I) form, exhibiting a sub-
structural motif of a Ge,o pentagon dodecahedron and a Ge,g
hexacaidecahedron.'* In both polyhedra, the structural motifs
of three directly bound five-membered rings are present, i.e.,
a similar central structural motif as observed for 1 (Figure S4 in
the Supporting Information).

Consequently, with respect to structural similarity, 1 may be
seen as an intermediate on the way to the solid state structure of
Ge(cF136) or to fullerene-like molecular Ge, compounds. Fur-
thermore, because the arrangement of the 10 germanium atoms
in the two metalloid cluster compounds {Ge,o(SitBus)el} ™ "
and {Ge;Si[Si(SiMe;);]4(SiMe;),Me} ~ * can be described as a
structural approach to the solid state structure of 0t-germanium, a
great variety of structural motifs is realized within this bordering
region between molecules and the solid state. The question
of which route the larger metalloid cluster compounds with more
germanium atoms take should be addressed by forthcoming
investigations in the field of metalloid germanium clusters.
Nevertheless, the singular arrangement of the 14 germanium
atoms in 1 hints at a unique bonding inside the Ge 4 core of the
cluster (vide infra).

Bonding Properties. Structural Aspects. The ligand bound
(Gel, Gel6) and the lithium coordinated (Gel3) germanium
atoms exhibit nearly tetrahedral coordination. Furthermore, the
Ge—Ge bond distances (245—256 pm) are within the range
of a normal Ge—Ge single bond of 245 pm, as found for example
in OL—germanium.16 Hence, one can say that a classical bonding is
present here.

With regard to the three pairs of ligand- and lithium-free
germanium atoms (GelO, GelOa) within the four-membered
Ge, units (highlighted in Figure 2), the situation is different
for the following reasons. First, the four substituents are not
tetrahedrally bound to these atoms.'” Second, only three Ge—Ge
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Figure 2. Optimized molecular structure of the model compound
Ge4(SiH;3)sLis(H,0)s (1a). The three butterfly shaped four-mem-
bered rings are emphasized via a polyhedral representation.

distances (245—249 pm) are within the range of a normal Ge—
Ge single bond, where the fourth “bond” (Gel0—Gel0a) is
significantly elongated (284 pm). The arrangement of the
germanium atoms GelO and GelOa actually resembles more
of that found for the bridgehead atoms in the EsR¢ propellanes.'®
As a result of these observations, the question of whether
the bonding in 1 within the Ge, units is comparable to the
aforementioned bonding in propellanes or related compounds
arises.'” High-level quantum chemical calculations are utilized to
answer this question.

Electronic Aspects. The structure of 1 was optimized with the
TURBOMOLE?® program package at the DFT (density func-
tional theory) level. The gradient corrected BP86 functional
with the resolution of the identity (RI) approximation and a
def2-SV(P) basis set were em loyed.21 The calculated structure
belongs to the point group Cs.** In the DFT calculations, a closed
shell singlet state was observed. In order to evaluate whether
such a closed shell configuration is appropriate in describing the
electronic structure of the undercoordinated Ge atoms (GelO,
Gel0a), the CASSCF*® (complete active space self-consistent
field) method was applied. CASSCEF is an ab initio multireference
method in which different electronic configurations can be
considered at the same time. To reduce the computational effort,
the model compound Ge,,(SiH;)s[Li(H,0),]5 (1a), shown
in Figure 2, was used in the CASSCF calculations. The structure
of 1a is obtained from the optimized structure of 1, substituting
all SiMe; groups with hydrogen atoms and the THF molecules
with H,O, reoptimizing only the positions of the hydrogen
atoms.

The crucial step in a CASSCF calculation is the choice of the
“active space”, which is composed of a set of orbitals that are
allowed to be partly occupied in the wave function. A systematic
way of obtaining the active space is to use the natural orbitals of a
ground state MP2 (second-order Moller—Plesset perturbation
theory) calculation. At first, we considered all four orbitals with
occupation numbers of 1.8—1.9, as well as the seven orbitals with
occupations between 0.05 and 0.1 electrons, for inclusion in the
active space of the CASSCF calculation. However, after a few
optimization steps, it became obvious that only six orbitals were
necessary to include in the active space. The other orbitals were

either doubly occupied or empty.** The final CASSCF calcula-
tions were performed in a [6,6] active space with a def2-TZVP
basis set.”’

Figure 3 shows the six orbitals (24, 2¢), together with their
orbital energies € and occupation numbers n. These orbitals are
linear combinations of those six sp> hybrid orbitals of the six
GelO atoms, that are not involved in the three classical single
bonds. The three strongly occupied orbitals are the symmetry
adapted linear combinations of bonding orbitals, while the three
weakly occupied orbitals are the corresponding antibonding orbi-
tals. The occupation of the three bonding orbitals is significantly
smaller than 2, while the antibonding orbitals show an increase in
occupation number. This observation clearly indicates a weakening
of the Ge10—Gel0a bonds, in accord with a radicaloid character.
As suggested earlier by the geometric structure, the bonding is
indeed comparable to the weak bonding between the bridgehead
atoms in the EsRg propellanes.'® This strongly suggests that the
three Ge10—Gel0a bonds possess a biradicaloid character.

A quantitative analysis of the bond strength has been obtained
from comparison with two model compounds (details of these
calculations and figures of the model compounds, Figures S2 and
S3, can be found in the Supporting Information). We estimate
that the bond strength of the Gel0—Gel0a bond is reduced by
60% in comparison to a typical Ge—Ge single bond. The origin
of the biradicaloid character and the reduction in bond strength is
the unfavorable orientation of the orbitals which participate in
this bond. The orbitals point away from each other due to the
arrangement of the other three bonds of the GelO centers. If a
typical Ge—Ge single bond is stretched to the same length, the
binding energy is reduced by only 10—15% and the bonding
orbitals remain doubly occupied.

In order to analyze the electronic structure of these bonds in
detail, we calculated the relative energy of the three lowest triplet
states for 1a using a state average CASSCF calculation, employ-
ing the six partly filled orbitals obtained from the singlet state in
this active space (Figure 3). The lowest triplet state is found to be
doubly degenerate and 2.11 eV higher in energy than the singlet
ground state. The next triplet state is 88.9 meV higher in energy,
indicating that a coupling of the three Ge10—Gel0a bonds with
biradicaloid character is present in 1. Thus, from an orbital point
of view, [ (THF),Li];Ge 4[Si(SiMe;);]5 (1) can be described as
a singlet hexaradicaloid species, which is an extension of the
biradicaloid character onto a larger cluster compound.

Insight from ab initio Calculations. As metalloid clusters
are model compounds for the area between molecules and the
solid state, the observed multiradicaloid character may also be of
importance for nanoparticles and surfaces where unsaturated
germanium atoms can be found too. Thus, the emergence of a
multiradicaloid character may be the reason for the differences
in physical and chemical properties between nanoparticles and
the bulk phase; e.g,, a strong size-dependent photoluminescence
(PL) of germanium nanoparticles is observed even though
elemental germanium exhibits no comparable PL.*® Additionally,
the reactivity of a reconstructed Ge(100)-2 X 1 surface with
unsaturated organic compounds such as 1,5-cyclooctadiene is
normally traced back to the presence of possible “multiple” Ge—
Ge bonds.”” However, a radicaloid character would also lead to a
higher reactivity.”®

These results clearly show a unique bonding for 1. Due to
the multiradicaloid character of 1, the six GelO atoms may be
considered as highly reactive centers for attacking reagents, and
initial results in this respect are presented below.

2520 dx.doi.org/10.1021/ja107446z |J. Am. Chem. Soc. 2011, 133, 2518-2524



Journal of the American Chemical Society

2a, £=1.20 eV
n=0.10

2e, £=1.93 eV
n=0.09

la,, £=-7.03 eV
n=1.91

le, £=-6.84 eV
n=1.91

Figure 3. Active orbitals of the CASSCF calculations for the singlet ground state of 1a, with occupation numbers, 1, and energies, &, of the respective
orbitals. The numbering of orbital numbers 1a;, le, 2a;, and 2e takes into account only the orbitals of the active space.

Reactivity of [(THF),Li]sGe14[Si(SiMes)s]s (1). Solution. As
mentioned previously, the germanium core of [(THF),Li]s-
Ge4[Si(SiMes)3]s (1) is completely shielded by five Si(SiMe;);
and three Li(THF), groups. Furthermore, 1 in solution stays
intact; i.e., it can be recrystallized in THF without ion separation;
no signals are observed in a mass spectrum of a pure THF solu-
tion. The mass spectrometer applied uses a home-built electro-
spray ionization source (ESI)* coupled to a commercial FT-ICR-
MS (Ionspec, Ultima). With this setup, different metalloid
cluster ions have been successfully detected, using THF solu-
tions of dissolved crystals.*** Although no ions were detected
from a THF solution of 1, ion signals of the Ge;4 compound 1
were obtained by adding complexing reagents like crown-ethers,
such as 12-crown-4 or TMEDA, to the THF solution of 1, leading
to the mass spectrum shown in Figure 4.

Nevertheless, neither the highly charged compound {Ge,-
[Si(SiME3)3]5}37 (1b) (m/z =751.5) nor a lithium coordinated
Ge,4 compound like {Ge ,4[Si(SiMes);]sLi,(THF),}~ (1c)
(m/z=2556.8) is observed in high intensity. The dominating
signal in the mass spectra can be assigned to the metalloid cluster
{Ge4[Si(SiMes);]sH,} ~ (4) (m/z = 2256.6), whose measured
and calculated isotopic patterns are also shown enlarged in
Figure 4.>° Hence, the addition of a complexing reagent leads to
ion separation, where the resulting cluster anion is highly reactive,
leading to the protonated species 4 (Scheme 1).

A DFT geometry optimization of 4 yields a structure wherein
both H atoms are bound to those germanium atoms which were
previously bound to the Li(THF), group (Ge;3), leading to a
Ge 4 core that is comparable to that in 1 (Figure S). This result
once again emphasizes the robustness of the Gej, polyhedron
core. The THF solutions of 1 are very reactive after addition
of TMEDA or 12-crown-4; that is, the formerly black solu-
tions decompose overnight even at —28 °C, leading to colorless
solutions with a gray precipitate. The increased reactivity can be
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Figure 4. FT-ICR mass spectrum of a solution of 1 in THF/toluene/
12-crown-4 after electrospray ionization. The inset shows the compar-
ison of the enlarged measured and calculated mass spectra of {Gej4-
[Si(SiMes)3]sHa} ™ (4).

traced back to the removal of the Li(THF), groups, leading
to deshielded ligand-free germanium atoms in 1b (GelO,
Gel0a, Gel3). Apparently, the highly charged cluster {Ge,[Si-
(SiMes);]s} (1b) can deprotonate the solvent, initially lead-
ing to compounds such as 4, which in turn decompose to a gray
precipitate of unknown composition.

Gas Phase. To get a first insight into the decomposition reac-
tion, the cluster anion {Ge4[Si(SiMe;);]sH,} ~ (4) was isolated
in the ICR cell of the FT-ICR-MS. Afterward, the fragmentation
of 4 was observed in the gas phase after excitation via SORI-CAD
(sustained off-resonance irradiation collisional activated dissociation)>"
experiments, leading to different elimination products (Figure 6).
These dissociation experiments show that the metalloid cluster
{Ge,4[Si(SiMe3)3]sH,} ~ (4) fragments after activation, leading to
three different product ions with m/z = 2008.4, 1760.3 and 1396.7.
These fragment ions can be assigned to {Ge4[Si(SiMe;);],H}
(5) (m/z = 2008.4), {Ge4[Si(SiMes)s]5}~ (6) (m/z =1760.3),
and the already known metalloid cluster { Geo[Si(SiMe3)3]3}~ (3)

2521 dx.doi.org/10.1021/ja107446z |J. Am. Chem. Soc. 2011, 133, 2518-2524



Journal of the American Chemical Society

Scheme 1. Reaction Sequence for the Formation of 4 after Addition of a Complexing Reagent Such as TMEDA to a THF Solution

of 1

[(THF),Li]sGe;Rs+ 6 TMEDA
1

R = Si(SiMe;),

*

> 3 [Li(TMEDA),]* + ‘I.tGe"R,SF': +6 THF

1b

deprotonation of the solvenli_

[Ge,RsH, |
4

Figure 5. Calculated structure of the metalloid germanium cluster
{Ge,4[Si(SiMe;)3]sH,} ~ (4) (without carbon-bound hydrogen atoms).
The arrows point to the two additional H atoms.
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Figure 6. FT-ICR mass spectra detected at different activation energies.
Lowest energy: Signal of the isolated ion 4 (m/z = 2256.6). Higher
energies: Parent ion 4 and its fragment ions (m/z = 2008.4; 1760.3;
1396.7). The intensity of the detected fragment ions increases at higher
SORI-CAD energies (R = Si(SiMe;)3).

(m/z =1396.7).” The smaller signal at 1468.6 is most likely due to
the presence of {Ge;o[Si(SiMe;)3]3} as a minor fragmentation
product of 4. All three main fragment ions have similar intensities

Figure 7. Molecular structure of GesR, (8) (R’ = CH(SiMe;), or 2,6-
Mes,-C¢Hs; Mes = 2,4,6-Mes-CgH,). The two germanium atoms with
coordination number 3 are emphasized in bold representation.

in the dissociation experiment; i.e., all intensities increase as the
internal energy increases, showing that parallel routes (eqs a—c)
with energetically similar activation barriers are present.

{Gew[Si(SiMes) | H )~ (4) — {Gen [Si(SiMes) JiH} ™ (3)
+ HSi(SiMe;), (a)

{Ges[Si(SiMe;); ] Ha}  (4) = {Ges[Si(SiMes),],}  (6)
+ 2HSi(SiMes ), (b)

{Geny[Si(SiMes ), Hy} ~ (4) — {Geo[Si(SiMes),];} ~ (3)
+ Ges[Si(SiMes),],Hy (7) (c)

The most unusual result of the collision induced dissocia-
tion experiments is the elimination of the neutral GesH,-
[Si(SiMes)s], cluster (7), leading to the stable metalloid Geo|[ Si-
(SiMe3)3]5~ cluster (3). The eliminated neutral cluster might
possess the structure of the recently described metalloid cluster
GesR', (8) (R’ = CH(SiMes), or 2,6-Mes,-C¢Hs; Mes = 2,4,6-
Me;-CgH,),*® where a Ge,R', rectangle, distorted in a butterfly
arrangement, is capped by a ligand-free germanium atom
(Figure 7). As the bonding between the two germanium atoms
with coordination number 3 in 8 also exhibits a biradicaloid
character, a direct connection between a singlet biradicaloid
and a singlet hexaradicaloid system is present via this dissocia-
tion channel in the gas phase.

Bl CONCLUSION AND OUTLOOK

The reaction of GeBr with LiSi(SiMe;); leads to a second
isostructural example of a metalloid Ge,, cluster compound,
which is the largest structurally characterized metalloid cluster for
germanium to date. Such a polyhedral arrangement is robust against
changes in the ligand shell, owing to the fact that only minor
distortions of the Ge;4 polyhedron in the cluster core of 1 and 2 are
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observed. Because the yield of isolated crystals of [(THF),Li]s-
Ge4[Si(SiMe3);]s (1) was quite high, more extensive investiga-
tions were made possible. Such investigations led to an improved
understanding of the bonding within this metalloid Ge,4 cluster,
revealing its relevance in nanotechnology and surface science.

CASSCF quantum chemical calculations provide important
clues into the unusual bonding situation within the Ge,4 poly-
hedron, showing that the long bond in each of these Ge, subunits
of the Gey, polyhedron exhibits a singlet biradicaloid character.
Because three of these subunits are present in the Geyy poly-
hedron, [(THF),Li];Ge 4[Si(SiMes)3]s (1) can be described as
a singlet hexaradicaloid species. Consequently, as metalloid
clusters are ideal model compounds for the area between
molecules and the solid state, such multiradicaloid character
may very well be of importance to nanoparticles and surfaces
where subvalent atoms play a significant role. The expected high
reactivity of the ligand-free germanium atoms in 1 can be shown
by first subsequent reactions. These reactions can be carried out
after the elimination of the [Li(THF),]" groups by chelating
ligands such as TMEDA or 12-crown-4, eventually leading to a
complete decomposition. Gas phase mass spectrometer mea-
surements of 1 via collision induced fragmentation indicate that
the trianion 1b is highly reactive and deprotonates the solvent,
leading to the protonated species {Ge 4[Si(SiMe3);]sH,} ™~ (4).
Dissociation experiments of 4 in the gas phase via FT-ICR mass
spectrometry provide a first glimpse into the reaction course of
the decomposition. At this stage, neutral H—Si(SiMe;); mole-
cules are eliminated, giving a less shielded Ge;; compound. In
solution, this Ge 4 compound could be an intermediate on the
way to the gray, possibly germanium-rich precipitate, we ob-
served during our experiments. If this reactivity can be reduced,
the anionic intermediates can perhaps be used as building blocks
for further build-up reactions. Additionally, the elimination of a
singlet biradicaloid GesH,[Si(SiMes);], cluster, similar to that
presented recently, further validates the importance of such a
multiradicaloid bonding character in compounds belonging to
the border region between molecules and the solid state.

B EXPERIMENTAL SECTION

Synthesis. Liquid germanium was treated with HBr at 1550 °C,
and the resulting gaseous GeBr molecules were subsequently condensed
with a solvent mixture of toluene/N"Pr; (10:1) at —196 °C. The solid
condensate (20 mmol of GeBr) was then warmed to —78 °C, giving an
emulsion of a dark red oil in a pale yellow solution. This emulsion was
treated at —78 °C with a toluene solution of Li{Si(SiMe;);}-3THF
(10.3 g, 20 mmol). The reaction mixture was then slowly warmed up to
room temperature, producing a nearly black solution. Removal of the
solvent in vacuum yielded a black oil. Extraction of this oil with heptane
gives a black heptane solution, which was stored at 80 °C for 16 h.
A white precipitate was filtered, and storage of the heptane extract at
6 °C gave orange crystals, which are recrystallized from THF, leading
to [Geo{Si(SiMe;)3};]Li(THF), (540 mg, 0.33 mmol, 14.8%). The
solvent of the remaining heptane extract was changed to Et,O, and the
resulting black Et,O solution gave dark red, almost black crystals of
[Ge4{Si(SiMe;)3}s][Li(THF),]5 - [Si(SiMes),] - Et,O (143 mg, 0.0S
mmol, 3.5%) at —28 °C.

Crystal Structure Analysis. Crystal structure data for [Ge4{Si-
(SiMe; )3} 5] [Li(THF), ]5 - [Si(SiMes)4]: Ge14Siz507CssLisHazo M, =
30984 ¢ mol !, crystal dimensions 0.4 x 0.2 X 0.2 mm?, hexagonal,
space group P63/m, a =20.1775(6) A, c =21.9148(7)°, V = 7726.9(4)
A% Z =2, peatea = 1.312 g em ™3, pipgo = 2.909 mm ™Y, 20,4 = 52.16°,
21115 measured, 3389 independent reflections (Ry, = 0.0709),

absorption correction: numerical (min/ max transmission 0.4403/
0.5992), R, = 0.0471, wR, = 0.0975, STOE IPDS II diffractometer
(ANKA synchroton radiation (4 = 0.8 A), 150 K. The structure was
solved by direct methods and refined against F* for all observed
reflections. Programs used: SHELXS and SHELXL.** CCDC-785494
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from the Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.as.uk/data_request/cif.
Mass Spectrometry. Mass spectrometric experiments were per-
formed on an IonSpec Ultima FT-ICR-MS (Fourier transform ion
cyclotron resonance mass spectrometer), equipped with a 7 T supercon-
ducting magnet, coupled to a home-built electrospray ionization source
(ESI).” The cluster {Ge, 4[Si(SiMes)3]sH,} ~ (4) was brought into the
gas phase by electrospraying a solution of the Ge; 4 compound 1 in THF
after addition of complexing reagents like crown-ethers, e.g., 12-crown-4
or TMEDA. The end-plate of the electrospray source was typically held
at a potential of 4-3.2 kV, and a potential of 4-3.3 kV was applied to the
metal coated quartz capillary. Prior to ion transfer into the ICR cell through
several differential pumping stages, the ions were stored in a hexapole ion
trap in order to accumulate ions and to adopt the continuously working
ESI source to the pulsed ICR technique. After ion transfer, 4 was isolated
by a SWIFT (stored waveform inverse Fourier transform) excitation.®
In order to dissociate the {Ge4[Si(SiMes);]sH,}  ions by the SORI
(sustained off-resonance irradiation collisional activated dissociation)
technique, a short (4 ms) gas pulse of argon was admitted into the ICR
cell, raising the pressure to ~1 x 10~ mbar. Then, the anions of 4 were
excited in the presence of argon by applying an off-resonant dipolar radio
frequency (rf) pulse at a frequency of ~1.5% lower than the reduced
cyclotron frequency of the ions for the duration of 1000 ms. The collision
energy was varied by changing the voltage of the rf excitation pulse. Ion
detection took place after a pumping delay of ca. 12 s at ~5 x 10~ "* mbar.

B ASSOCIATED CONTENT

© Ssupporting Information. Comparison of 1 and 2; space
filling model of Ge4[Si(SiMes);]s[Li(THF),]5 (1); calcula-
tions concerning the bond strength between Gel0—GelOa
(diagonal in the Ge, unit); calculated structure of 4 and structural
clarification of the relation of 1 and Ge(cF136). Discussion of the
dissociation routes of 4 in the gas phase. This material is available
free of charge via the Internet at http://pubs.acs.org.
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