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Polyhedra with triangular faces, known as deltahedra, are among
the most frequently occurring shapes in cluster chemistry. The high
symmetries of their idealized geometries make them also very
aesthetically pleasing. Among these deltahedra are the octahedral
(Oh) transition-metal clusters and the much more diverse boranes,
carboranes, and metallaboranes that include tetrahedra (Td), trigonal
and pentagonal bipyramids (D3h, D5h), tricapped trigonal prisms
(D3h), bicapped square antiprisms (D4d), and icosahedra (Ih).1 Until
very recently, the icosahedron, a cluster with 12 vertices, was the
largest single-cage deltahedron.1 Not long ago, the synthesis and
structure of a 14-vertex carborane deltahedron with the shape of a
bicapped hexagonal antiprism (D6d) was reported2 (metallacarbo-
ranes with the same shape have been known for much longer3).

Another class of deltahedral clusters are the so-called Zintl anions
of the heavier members of group 14. The most stable among these
are the nine-atom species with the shape of distorted tricapped
trigonal prisms, E9n- (where E) Si, Ge, Sn, or Pb andn ) 2, 3,
or 4). Also known are the five-atom species with a charge of 2-,
E5

2- (trigonal bipyramids).4 Recent work has shown that the nine-
atom clusters can be functionalized,5 interconnected,6 and even
centered with transition metals.7,8 Furthermore, in the case of lead,
attempts to center the clusters with transition metals have led to
cluster enlargement to 10- and even 12-atom species, [Ni@Pb10]2-

and [Pt@Pb12]2-, with the shapes of a bicapped square antiprism
and an icosahedron, respectively.9 Herein, we report the result from
a similar reaction involving nine-atom germanium clusters, the
largest single-cage deltahedron. It is made of 18 germanium atoms,
has 32 triangular faces, and is centered by a dimer of palladium
atoms, [Pd2@Ge18]4- (Figure 1).

The new anion was structurally characterized in [K(2,2,2-crypt)]4-
[Pd2@Ge18]‚2tol synthesized by reaction of an ethylenediamine
solution of K4Ge9 with an excess of Pd(PPh3)4.10,11 The 18-vertex
deltahedron is not spherical, but rather oblong, with a prolate shape.
The cluster has an inversion center only, but its overall shape is
very close toD3d symmetry. This shape and high symmetry are
among those proposed as possible for a deltahedron of this size.12

The ellipsoidal nature of the cluster provides for two foci instead
of the one focus observed in the smaller clusters which tend to be
spherical. This, in turn, results in two bonding molecular orbitals
made of germanium hybrids that are radially pointing at the two
foci instead of the one such orbital observed and prescribed by
Wade’s rules for spherical clusters.13 Therefore, instead of the
expected 2- charge for a deltahedron of germanium atoms, this
cluster has one additional bonding orbital and, therefore, carries a
charge of 4- instead (i.e., Ge18

4-).14 The two palladium atoms
occupy the foci of the cluster and do not bring additional cluster
bonding electrons.9,15 Therefore, [Pd2@Ge18]4- carries the same
charge of 4-. The role of the palladium atoms is mainly to provide
central orbitals for overlap with the germanium orbitals for better
bonding of the cluster which, in turn, is responsible for the
stabilization of such a large deltahedron.9,15 An attestation for this

is the relatively large HOMO-LUMO gap of 2.67 eV calculated
for the cluster.16 The Pd-Pd distance of 2.831(1) Å is longer than
the range of observed single-bond distances, 2.53-2.70 Å,17 and
indicates weak interactions at best. Perhaps the distance is
“imposed” by the Ge-Ge distances of the cluster.

The new 18-atom deltahedron is most likely formed by fusion
of two Pd-centered 9-atom deltahedra (Figure 2a and b). It has been
shown that Ni and Pt can center 9-atom clusters of germanium or
tin with the addition of a ligated Ni or Pd vertex, forming [Ni@-
(Ge9Ni-PPh3)]2-, [Ni@(Sn9Ni-CO)]2-, and [Pt@(Sn9Pt-PPh3)]2-.7

This additional (tenth) vertex caps one of the triangular bases of
the otherwise tricapped trigonal prismatic Ni-centered 9-atom
germanium clusters and opens it to a great extent. (We have
characterized [Ni@Ge9]3- with the shape of such an elongated
tricapped trigonal prism.8) Such a cluster looks very much like each

Figure 1. The structure of [Pd2@Ge18]4-, the largest single-cage deltahe-
dron. The shape of the deltahedron is prolate with a pseudo-D3d symmetry
(the pseudo 3-fold axis is vertical) and has two foci that are occupied by
the palladium atoms. The Pd-Pd distance is 2.831(1) Å.

Figure 2. Ball-and-stick drawings of (a) [Pd2@Ge18]4-; (b) [Pd2@Ge18]4-,
shown as made of two Pd-centered Ge9 clusters by simply removing the
bonds between the halves; and (c) the recently characterized [Ni3@(Ge9)2]4-

made of the same halves as (b) but separated further by the third nickel
atom.
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of the two halves of [Pd2@Ge18]4- shown in Figure 2b. These two
halves are “generated” by simply omitting the bonds that stitch
them together in Figure 2a. Note that they are staggered with respect
to each other in order to produce triangular faces when con-
nected into the large cluster. Recently, we characterized a very
similar formation of such two halves positioned in a similar way
but encompassing a linear formation of three nickel atoms,
[Ni3@(Ge9)2]4- (Figure 2c).8 The additional nickel atom in this case
keeps the two 9-atom clusters further apart and prevents Ge-Ge
interactions between them. Thus, the sequence shown in Figure
2a-c can be viewed as the opening (cracking) of a large ellipsoidal
cluster (an egg) by adding more central atoms.

The new cluster stays intact in solutions. This was confirmed
by electrospray mass spectrometry in both negative- and positive-
ion modes of a solution of [K(2,2,2-crypt)]4[Pd2@Ge18]‚2tol in
DMF.18 The negative-ion mode shows a sequence of different
cluster charges coupled with a different number of [K(2,2,2-crypt)]+

cations, that is, [Pd2@Ge18]- (m/z ) 1519.82),{[K(2,2,2-crypt)]-
[Pd2@Ge18]}- (1935.41), and{[K(2,2,2-crypt)]2[Pd2@Ge18]}-

(2351.00) (see Supporting Information). Shown in Figure 3 are the
first two anions and the corresponding calculated isotope distribu-
tions. Clearly, the match is excellent. The positive-ion mode shows
a very strong peak of{K[K(2,2,2-crypt)][Pd2@Ge18]}+ (1974.51)
which also matches perfectly the theoretical isotope distribution
(Supporting Information).

An 18-atom cluster with exactly the same shape has been
observed before, but as a part of an extended three-dimensional
framework of Cd/Sn in Na49Cd58.5Sn37.5.19 However, six of the
vertices are partially occupied, and the cluster is not a complete
deltahedron. Also, it is bonded within the complex framework via
12 of its vertices and cannot be isolated as discrete species.
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Figure 3. The mass spectrometry peaks corresponding to (a) [Pd2@Ge18]-

and (b){[K(2,2,2-crypt)][Pd2@Ge18]}-. The calculated theoretical isotope
distributions are shown under each peak.
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