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Abstract: The topology of many modi-
fications of elemental gallium is reflect-
ed in the large variety of metalloid Ga
clusters that have been isolated as in-

the first metalloid cluster anion [Gag-
(PtBuw,),o]*" with the singular core top-
ology that resembles the gallium high-
pressure modification Ga-II. The stabi-

lization of the cluster anion through
ion-pair contacts with a chainlike
“Li,Br, backbone” is discussed. Fur-
thermore, the compound is discussed in

termediates on the way from the meta-
stable molecular GaX species (X=Cl,
Br, I) by means of disproportionation
to the bulk metal. Herein, we report
the synthesis and characterization of

Introduction

We recently reported the synthesis of metalloid™ gallium
cluster compounds™® in which the sterically demanding
phosphanide ligands PR, (R=¢Bu,) lead to structures that
are analogous to modifications of elemental gallium. For ex-
ample, the central coordination polyhedra in the neutral
cluster compound [Gay,R,,] (1) are Ga,, icosahedra (6-gal-
lium) and centered Ga;; cubeoctahedra (face-centered cubic
Ga-1V) in the anionic cluster [GasRy,Brg]*~ (2).”! By com-
paring the volume of the central Ga,, or Ga; polyhedra in
the cluster compounds 1 and 2, respectively, with the corre-
sponding gallium modification it has been shown by quan-
tum chemical single-point calculations that the cluster cores
of 1 and 2 are “compressed”; this compression can be ex-
plained to some extent by the constricting effects of the
P1Bu, ligands (cf. below). In addition to the lower-volume
elementlike central core units in 1 and 2, a “compressed”
Ga, core is also observed in the neutral cluster compound
[Ga,;(PtBu,),o] (3).! What is the basis for this “compres-
sion”?: In contrast to the previously used ligands,” for ex-
ample, -N(SiMej;), or -C(SiMe;)s;, the PrBu, ligand is charac-
terized by its ability to form bridging coordination modes in
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context of the other metalloid clusters
GajRg and Ga,Rg (R=SiBu;) and
their structural relation to the elemen-
tal modifications Ga-III and -Ga, re-
spectively.

compounds

addition to occupying terminal positions on the cluster
framework.* The number of phosphanide ligands in termi-
nal and bridging positions is similar in the reported com-
pounds 1 (6:6), 2 (6:8), and 3 (6:4).

In this publication we report the synthesis of the novel
cluster compound [Ga,s(PtBu,);o][LisBr,(thf),] (4) and the
bonding within its [Ga(PfBu,),0]’” cluster ion (4a), which
differs significantly from the cluster species 1-3 in terms of
the coordination modes of the PrBu, ligand. Additionally,
cluster anion 4a can be compared to the recently synthe-
sized metalloid cluster compound [Ga(SitBuw,)s] (5), in
which the bulkier SirBus ligands (supersilyl) shield the clus-
ter core in terminal positions and cannot take part in bridg-
ing coordination. The ladderlike arrangement of the central
Ga,, framework in 5 exhibits a high resemblance to the
structure of B-Ga.l*”! The topology of the gallium atoms in
the herein reported Gag cluster (4a) can therefore be seen
as another piece of the puzzle in completing the understand-
ing of the formation of intermediates on the way to one of
the seven modifications of the gallium metal bulk phase.®!

Results and Discussion

To synthesize different metalloid gallium cluster compounds
with PrBu, ligands, solutions of the metastable, subvalent
GaX (X=Cl, Br) have to be partially disproportionated in
absence of the ligand by a controlled temperature in-
crease.>® This procedure leads to the formation of gallium-
rich [Ga,X,,] clusters (n>m) prior to the addition of the
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phosphanide ligand, which suppresses subsequent growth of
the cluster after the substitution of the halide function. The
number of aggregated gallium atoms in the formed metal-
loid clusters is therefore directly linked to the temperature
at which the metathesis of solutions of the LiP/Bu, ligand
and Ga' halide is carried out. The general relationship be-
tween cluster size and reaction temperature could be veri-
fied and extended to other ligands with the synthesis of dif-
ferent metalloid gallium and aluminium clusters; the largest
clusters were obtained when solutions of the metastable
Ga'X/AI'X species were gently heated until formation of the
metal by disproportionation just began.[*®

In our experiment, a metastable solution of GaBr in tol-
uene/THFP! in a ratio of 3:1 was added to the solid LiPrBu,
ligand at —78°C. The reaction suspension was slowly
warmed to —45°C and then diluted with toluene in order to
get a homogenous solution and to initiate the substitution
process. After stirring the reaction mixture at room temper-
ature for 24 h, the solution is warmed to +60°C for a fur-
ther 24 h.

Compound 4 crystallizes at ambient temperature and
under slightly reduced pressure within one week in form of
black rhombohedrons. The most striking feature of the crys-
tal structure! is the formation of two ion-pair contacts be-
tween the cluster anion [Gaz(PBu,),o]”” (4a) and a [Li-
(thf)]* cation (Lil, Figures 1 and 2) as well as a [Li,Br,-
(thf)g]** cation (connected by Li3, Figures 1 and 2). These
anion—cation interactions are, as far as we know, the first re-

Figure 1. Representation of the cluster 4a in 4 including the two phos-
phanide coordinated Li ions. The Ga atoms of the cluster core that re-
semble the Ga-II modification are highlighted in black. Selected bond
lengths in A: Ga2—Gal 2.62(2); Ga2—Ga3 2.74(7), Ga2—Ga5 2.55(4),
Ga2—Gab 2.66(5), Ga2—Gal0 2.66(8), Lil-P5 2.48(8), Li3—P2 2.61(3),
Li3—P6 2.69(0).
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Figure 2. View of the elemental cell (b=23.35 A and ¢=30.76 A) along
the crystallographic a axis of 4 with central Li,Br, backbone. For clarity,
only the bonds from phosphorus to the aC atoms in the PrBu, ligands
and the O atoms of the Li coordinating THF molecules are shown. All
hydrogen atoms are omitted.

ported in the field of metal-rich cluster compounds. The for-
mation of these interactions is plausible due to the crystalli-
zation conditions, in which the reduced pressure prevents
complete solvation of the cations by THF molecules present
in the solvent mixture. The coordination of the phosphorus
lone pair to the lithium cation substitutes the missing THF
molecules and leads to a stabilization by forming the ener-
getically favored ion—pair contacts.

The single-crystal x-ray structural analysis of 4 reveals a
chainlike arrangement of the cluster anions in the crystal, in
which an alternating orientation of the anions along a partly
solvated “Li,Br,” backbone!'” is realized (Figure 2). This
chainlike structure can be seen as the result of optimized
electrostatic interactions and the steric demand of the bulky
[Ga;sR o]’ (4a) ions.

Significantly, the cluster anion 4a has eight of its ten li-
gands occupying terminal positions and just two taking part
in bridging coordination (Figure 1), in contrast to the phos-
phanide-stabilized cluster compounds 1, 2, and 3. The two
trans-orientated ion contacts are realized by two terminal
coordinated phosphanide ligands through their lone pairs.
The threefold negative charge of the cluster anion 4a is de-
rived from this arrangement, which also leads to an odd
number of electrons due to an even number of gallium and
phosphorus atoms. The radical character of 4 is supported
by solid-state EPR measurements!' that reveal a g factor of
2.0028, a value close to the one of a free electron and there-
fore an example of a well-separated spin system.

The core of the “body-centered” cluster anion 4a has
lower symmetry in contrast to the polyhedral central Ga,
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units in the compounds 1 (icosahedron), 2 (cube-octahe-
dron), and 3 (tetrahedron). The structure of 4a can best be
described in allusion to the coordination sphere of the galli-
um atoms in the recently re-determined high-pressure modi-
fication Ga-IL.>'? In this gallium modification, which can be
understood as a layered structure in analogy to the modifi-
cations of Cs-ITI"™ or the high-pressure modification of lithi-
um," the gallium atoms have an average coordination
number of ten (mainly 842). The coordination sphere of the
14(!) crystallographic independent Ga atoms in the Ga-II
phase can be distinguished by their Ga—Ga bond lengths in
two different subspheres with distances of 2.65-3.1 A and
3.1-3.3 A (Figure 3, right), whereas on average eight of the
ten surrounding gallium atoms are in the coordination
sphere from 2.65-3.1 A and two are between 3.1-3.3 A. The
coordination number of nine in 4a is just between that of

Figure 3. Comparison of the gallium coordination sphere in 4a (left) and
the high-pressure modification Ga-II (right). The gallium atoms are la-
beled as in Figure 1.

the 14 different Ga atoms of Ga-II with eight shorter and
two longer Ga—Ga distances. As expected, the Ga—Ga bond
lengths in 4a as a molecular species are shorter than ob-
served in Ga-II; they are in the range 2.55-2.77 A with an
average value of 2.67 A. [Note: This relation of shorter
bonds in molecular clusters in comparison to the bulk metal
phase has been shown many times:® The larger bonds in
the bulk metal are mainly caused by the high coordination
numbers of all metal atoms, while in a cluster the central
metal atom has a higher coordination number than the
outer ones.] Thus, the coordination number of nine
(Figure 3, left) and the topology of this coordination sphere
show for the first time a strong analogy of a metalloid clus-
ter compound to the high-pressure phase Ga-II (Figure 3,
right).

The bond lengths in the cluster core of 4a (cf. Figure 1)
are in the range of the distances observed in formerly char-
acterized metalloid gallium cluster compounds (2.68-2.77 A
in 3, 2.58-2.8 A in 1), but significantly shorter than in 2 with
2.79-2.95 A (due to the high coordination number of
twelve). The gallium-gallium bonds from the atoms of the
first coordination sphere to the outer gallium atoms in 4a
are shorter, with an average value of 2.56 A, and reflect the
increasing covalent character of these bonds and the higher
oxidation state of the involved atoms: that is, the outer,
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ligand bearing gallium atoms of the GaPR, moieties have an
oxidation state of +1.

Not only the unusual coordination sphere of the central
gallium atom in 4a, but especially the relatively high
number of terminally bonded ligands, makes this compound
so unique among all other gallium phosphanide clusters.
Eight out of ten phosphanide ligands are connected to the
cluster framework in a terminal fashion with bond lengths
between 2.37 and 2.39 A, that is, only slightly longer than in
crystalline GaP (2.35 A). The two bridging phosphanide li-
gands form nearly symmetric gallium—phosphorus bonds of
2.43 and 2.45 A with an inner angle of 96.4° (P7, Figure 1),
which is similar to some of the bridging Ga—P bonds in com-
pounds 1, 2, and 3 but different from the situation in normal
valent R,GaP,GaR, species. Thus, similar bonds within Ga-
P-Ga bridges like in 4a and some other metalloid Ga clus-
ters (1, 2, and 3) indicate a more delocalized bonding situa-
tion (four-electron three-center bonds), while normal “asym-
metric” Ga-P-Ga bridges (c.f. also above) are characteristic
for donor-acceptor behavior without significant electron de-
localization.!"”

In comparison to the other gallium cluster compounds
with shielding phosphanide ligands (1, 2, and 3), the ques-
tion arises whether the high negative charge (—3) on the
clusters suppresses further bridging modes of the ligands
(with their lone pairs) or whether the low number of bridg-
ing ligands makes an external reduction necessary to stabi-
lize the cluster framework. In any case, the formation of the
two ion contacts by four terminal ligands and the two Li cat-
ions contribute significantly to the stabilization and the ob-
served structure of cluster 4a (Figure 2). Furthermore, the
direct ion contacts between the cluster anion 4a and the Li
cations also prohibit further bridging arrangements of the
phosphanide ligands within the cluster framework. The ex-
perimental proof for this kind of stabilization derives from
attempts to dissolve the compound 4 in THF, as we ob-
served the dissociation of the phosphorus lithium contacts
and the complete solvation of the Li cations. This solvation
of the stabilizing contact pairs results in a rearrangement or
degradation of the cluster, which was indicated by *'P NMR
measurements.["”!

Conclusion

Cluster 4a is of fundamental importance for the so far
unique structural systematics of metalloid gallium cluster
compounds: the many examples reported by our group lead
to the conclusion that these Ga cluster compounds can be
understood as intermediates on the way to the gallium
metal. In particular, the parameters for the synthesis of
these metalloid clusters are instrumental in determining the
reaction pathway that results in one of the seven different
modifications of elemental gallium. Because this connection
was recently reported in a review article,® we will only dis-
cuss the structural relationship of 4a to the high-pressure
modification Ga-II. This relationship is particularly interest-
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ing in comparison to the Ga cluster (5) that exhibits a
structural analogy to the (3-gallium, a phase stable under am-
bient conditions (Figure 4, bottom). We therefore conclude
that the PrBu, ligands in 4a are less bulky than the SirBuj li-
gands in 5, and can therefore also act as bridging agents.
This results in a denser, body-centered framework for 4a
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Figure 4. Representation of the metalloid gallium cluster compounds
[Gay(SitBuy)g] (6, top left) and [Gag(SirBus)g] (5, bottom left) and the
section of their corresponding elemental modifications Ga-III (top right)
and fB-gallium (bottom right).

(while the number of 18 gallium atoms is the same for 4a
and 5!). In terms of density, the “body-centered” Ga,s clus-
ter 4a (with analogy to the high-pressure phase Ga-II) lies
between that of the cluster [Ga(SifBus)g] (5) and that of
the “centered” cluster [Ga,,(SifBu,)s] (6)!® (Figure 4, top).
The latter, with its very similar ligand shell of six SirBu; sub-
stituents, has a coordination number of 13 for the central
Ga atom, and the architecture of the inner Ga,, unit strong-
ly resembles that of the high-pressure modification Ga-
L% The increasing density of the central Ga, units (Gay,,
Ga,, and Ga,;) from the three clusters 5, 4a, to 6 thus rep-
resents the topologies of the three gallium modifications [3-
Ga, Ga-II, and Ga-III that are realized under increasing
pressure.

Experimental Section

A solution of Ga'Br (3.2 mmol) in toluene/THF (3:1 10 mL)® was added
to LiPrBu, (610 mg, 4.0 mmol) at —78°C. The reaction mixture was
warmed to —45°C within 3h and then diluted with toluene (30 mL),
causing the reaction temperature to rise to —20°C. After 4 h, the solution
reached room temperature and was stirred for further 24 h, resulting in a
dark black solution without any precipitate. This solution was then
warmed to +60°C under reduced pressure (ca. 500 mbar) for 24 h, and
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afterwards the compound 4 crystallizes at room temperature within one
week. Yield 25 mg, that is, this amount could be separated from the reac-
tion mixture.
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