
[Ph2Bi-(Ge9)-BiPh 2]2-: A Deltahedral Zintl Ion Functionalized by Exo-Bonded
Ligands

Angel Ugrinov and Slavi C. Sevov*

Department of Chemistry and Biochemistry, UniVersity of Notre Dame, Notre Dame, Indiana 46556

Received December 19, 2001

The first nine-atom deltahedral Zintl ion of the carbon group,
Sn9

4-, was structurally characterized 25 years ago.1 Since then, the
corresponding silicon, germanium, and lead analogues have been
also characterized, both in the solid state and in solution (except
for silicon).2,3 These clusters are distorted, monocapped square
antiprisms or tricapped trigonal prisms elongated along one or more
of the prismatic edges (parallel to the three-fold axis). The bonding
in the clusters is achieved by delocalized electrons as in the cagelike
boranes. The numbers of electrons needed for bonding follow
Wade’s rules rather than the octet rule.4 The clusters are usually
made by dissolving a binary compound of the corresponding
element and alkali metal in ethylenediamine or liquid ammonia,
and a compound containing the cluster is crystallized by addition
of cation-sequestering agents such as 2,2,2-crypt(4,7,13,16,21,24-
hexaoxa-1,10-diazabicyclo [8.8.8]hexacosane) or crown ethers.3

Ever since the discovery of these clusters, numerous attempts to
use them in various reactions have been made, some successful
and some not. Successful has been capping the open-square face
of the cluster by transition metals to formcloso-clusters of
[E9M(CO)3]4- for E ) Sn, Pb and M) Cr, Mo, W.5 However, the
much desired functionalization of the clusters by covalently exo-
bonded groups has been elusive until now.6 The closest to this goal
is the recently reported dimerization and polymerization of such
Ge9 clusters to form [Ge9-Ge9]6- and1∞[-Ge9-]2-, respectively,
where the clusters are exo-bonded to each other by normal 2-center-
2-electron bonds.7,8 Thus, in a way, this is functionalization of the
clusters by each other. This achievement indicated that perhaps other
main-group substituents could be exo-bonded in a similar way. We
report here the first such species of a nine-atom germanium cluster
ligated by two diphenylbismuth groups that are exo-bonded to two
opposite germanium vertexes of the open face of the cluster,
[Ph2Bi-(Ge9)-BiPh2]2-.

The new compound (K-crypt)2[Ge9(BiPh2)2]‚en (1) was synthe-
sized by reacting ethylenediamine solution of a precursor of nominal
composition K4Ge9 with BiPh3.9 The major phase of the precursor
was K12Ge17, isostructural with Rb12Si17,2d which contains both
Ge9

4- and Ge44- clusters. The color of the solution changed quickly
from brown-red (for the dissolved precursor) to extremely deep-
red upon reacting with BiPh3. The solution was carefully layered
with toluene, and in a week bright red crystals of the new compound
had grown to sizes suitable for structure determination.9

The new compound contains nine-atom germanium clusters with
two exo-bonded diphenylbismuth groups (Figure 1).10 The two Bi-
Ge distances, 2.7327(8) and 2.7332(8) Å, are virtually identical,
and compare well with other single-bond distances such as those
in Bi{µ-Ge(C6F5)2}3Bi and [{(C6F5)2Ge}2Bi-Bi{Ge(C6F5)2}2] with
distances in the range of 2.73-2.77 Å, as well as with Pauling’s
single-bond distance of 2.752 Å.11,12 The Bi-C distances in
[Ph2Bi-(Ge9)-BiPh2]2-, 2.257(7)-2.277(8) Å, and the two C-Bi-C

angles, 93.6(2) and 93.2(2)°, compare well with those of BiPh3,
2.237-2.273 Å and 92.7-94.7°, respectively.13 The effect of the
inerts-pair of electrons at the bismuth makes the Ge-Bi-C angles
also very close to orthogonal, 94.7(1)-98.0(1)°.

The Ge-Ge distances in the cluster follow the general pattern
observed for other nine-atom clusters, and are quite similar to those
in the various Ge9 clusters with different charges and connec-
tivity.2a,3c,14Thus, they increase in the following order: distances
between four-bonded atoms (Ge6, 7, 8, 9), 2.553(1)-2.585(1) Å
(Figure 1), distances from four-bonded (Ge1, 6, 7, 8, 9) to five-
bonded atoms (Ge2, 3, 4, 5), 2.578(1)-2.653(1) Å, and distances
between five-bonded atoms (Ge2, 3, 4, 5), 2.717(1)-2.826(1) Å.
The shape of the Ge9 cluster is reminiscent of both a monocapped
square antiprism with distorted open face (rhombic rather than
square) and a tricapped trigonal prism with one elongated prismatic
edge. The diphenylbismuth ligands are bonded to two opposite
vertexes of the distorted open face, specifically the two Ge7 and
Ge9 vertexes (Figure 1) along the short diagonal of the rhombus.
This diagonal is 2.985(1), while the corresponding long diagonal
is 4.169(1) Å. Exactly the same type of distortion is observed in
the chains of (-Ge9-) where the same two vertexes of the open
face are exo-bonded to other clusters and the corresponding short
and long diagonals of the rhombus are 3.194 and 3.942 Å,
respectively.8 In the dimer of Ge9-Ge9, where only one vertex is
exo-bonded, the distortion is somewhat less pronounced with
distances of 3.433 and 3.848 Å for the two diagonals.7 Thus, the
two exo-bonded vertexes are closer than in typicalnido-species
but are farther than in typicalcloso-species. However, there is
clearly no interaction between these two germanium atoms, and
therefore, the reason for the distortion should be sought in effects
induced by the exo-bonding. The replacement of a lone pair of
electrons with a bonding one, the exo-bonds at Ge7 and Ge9, leads
naturally to lesser repulsion with the bonds of the cluster, and this
translates into larger endo-cluster angles at those atoms. Fenske-
Hall (self-consistent field) and extended-Hu¨ckel molecular orbital
calculations carried out for [Ph2Bi-(Ge9)-BiPh2]2- and the naked

Figure 1. ORTEP drawing of [Ph2Bi-(Ge9)-BiPh2]2- (70% probability
thermal ellipsoids). The numbering of the germanium atoms is shown.
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Ge9
4- cluster with the same shape confirmed thenido-character of

both,15 that is, 22 cluster-bonding electrons (2n + 4 for n ) 9),
despite the shorter diagonal of the open face. It should be pointed
out that although the charge of the former is 2- the bonding within
the cluster and its stability have not changed since the number of
bonding electrons is the same. What has changed are the two lone
pairs of electrons that would have existed at Ge7 and Ge9 had the
cluster been naked. They have simply been replaced by bonding
pairs of electrons. As it has been discussed elsewhere,8 the highest
occupied orbitals in the nakednido-Ge9

4- clusters are exactly the
lone pairs of electrons at the atoms of the open face. This is why
these particular atoms are most reactive and the first to form exo-
bonds.

The diphenylbismuth ligands have their phenyl rings positioned
away from the cluster in the solid state (Figure 1) but are very
likely fluctional in solution by rotation around the Bi-Ge bond.
Crystals of the new compound can be redissolved in ethylenedi-
amine and THF.16 The solubility of the compound opens venues
for further studies of the reactivity of the functionalized clusters
toward eventual coordination to transition metals via the lone pairs
of the bismuth atoms. Furthermore, similar studies for the phos-
phorus, arsenic, and antimony analogues are underway, and the
initial indications are that they and, likely, the four-substituted
species, form as well.17 These can be very useful ligands in building
various transition-metal complexes and extended structures.
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