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[(Me3Si)Si]3EtGe9Pd(PPh3), a Pentafunctionalized Deltahedral Zintl
Cluster: Synthesis, Structure, and Solution Dynamics
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Abstract: The title compound, which has a ten-atom deltahe-
dral cluster core of Ge9Pd, was synthesized through insertion
of Pd(PPh3) into the tetrasubstituted nona-germanium cluster
[(Me3Si)Si]3EtGe9 through a reaction of the latter with Pd-
(PPh3)4. This first reaction of neutral tetrasubstituted nine-
atom clusters shows that they retain reactivity despite their
neutral charge. The Ge9Pd core is the first that incorporates a 5-
connected transition metal other than from Group VI, a noble
metal in this case. Single-crystal X-ray diffraction shows that
the ten-atom core is a closo-cluster with the expected shape of
a bicapped square antiprism. 1H and 13C NMR spectroscopy
show that, in contrast to the parent tetra-substituted
[(Me3Si)Si]3EtGe9, the new compound does not exhibit
dynamics. Relativistic DFT calculations are used to explain
the differences.

Functionalization of nine-atom deltahedral germanium
clusters with various organic and main-group fragments has
become a very rich field in the chemistry of Zintl ions.[1] In
turn, the resulting functionalized species are of interest for
follow-up reactions. The reactivity of the hypersilyl trisub-
stituted nine-atom germanium monoanion [Ge9R3]

¢ (1),
where R is the hypersilyl group Si(SiMe3)3, has been
extensively investigated since its initial synthesis in 2003.[2]

It turned out that the anion can coordinate to a number of
transition metals in various ways, thus making it a flexible
ligand, both structurally and electronically.[3] In addition, mild
oxidation with FeCl2 resulted in formation of the neutral
“dimer” [Ge18R6]

0 with a rearranged cluster core.[4] Not long
ago, we reported a different approach for synthesis of the
anion in nearly quantitative yields.[5] This made the species
much more readily available in large amounts for further
reactivity studies. We showed that [Ge9R3]

¢ can also react
with main-group organometallics and their halides, as well as
with organic halides, to add a fourth substituent and form
neutral tetrafunctionalized clusters [Ge9R3R’]0 (2), where
R’ = SnPh3, SnnBu3, Et, etc.[6] Our recent studies have shown
that some of these neutral species exhibit interesting solution

dynamics that resembles those observed before for substi-
tuted and/or centered Sn9 and Pb9 clusters.[7] The nature of the
dynamics in 2 was suggested previously but has not been
confirmed experimentally.[6b] In addition, the question of the
reactivity of the neutral species Ge9R3R’ compared to the
parent monoanion [Ge9R3]

¢ had not been addressed. Herein,
we report the results of such studies, in which Ge9R3Et (2) is
reacted with Pd(PPh3)4 to insert a Pd(PPh3) fragment into the
cluster core to form Ge9R3EtPd(PPh3) (3), thereby unraveling
the different reactivity caused by the presence of the ethyl
substituent and the neutrality of 2. The new compound
represents the first example of a pentafunctionalized neutral
deltahedral cluster, in this case a 10-atom closo-cluster core of
Ge9Pd with a 5-connected noble-metal atom. In addition,
investigation of the solution properties of 3 helped clarify the
nature of the solution dynamics of 2.

Cluster 3 was prepared by treating a benzene solution of 2
with Pd(PPh3)4. After removal of the solvent under vacuum,
the resulting brown-red solid was extracted with hexane. A
large amount of brown block crystals of 3 (77% yield) were
obtained after storing the solution at ¢20 88C for three days.
The new compound, just like the parent 2, is highly soluble in
nonpolar solvents such as benzene, toluene, and hexanes (for
experimental details, see the Supporting Information).

Cluster 3 is best described as a pentafunctionalized 10-
atom closo-deltahedron of [Ge9Pd] (Figure 1). The five

Figure 1. The structure of 3, with a cluster core consisting of a bicap-
ped square antiprism (Ge atoms shown in green and numbered):
atoms 1 and 6 are capping, atoms 2-3-8-9 and 4-Pd-5-7 form the two
squares of the antiprism. The hypersilylmethyl groups and the phenyl
hydrogen atoms are omitted for clarity.
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functionalities are an exo-bonded ethyl moiety, three hyper-
silyl moieties, and one phenylphosphine moiety. Its formation
mechanism is very likely the same as that proposed for the
analogous tetrafunctionalized anions [Ge9R3Cr(CO)3]

¢ , in
which a {Pd(PPh3)} fragment initially caps a trigonal-pris-
matic base of the anion 1 (tricapped trigonal prism).[3d] Such
h3-coordination has been observed for Pd sandwiched
between two anions of 1 and for {Cu(PPh3)} capping the
same anion.[8] In the case of 3, the two prismatic bases of the
parent 2 are different since one is ethyl decorated (atoms 1-2-
3; Scheme 1 and Figure 1) and the opposite one is ligand free

(atoms 7-8-9). Relativistic DFT calculations (at the ZORA/
PBE-TZ2P level employing relaxed structures without fur-
ther simplification performed with the Amsterdam Density
Functional (ADF) package[9]) show virtually no face prefer-
ence for h3-coordination based on the energy difference of
3.12 kcal mol¢1. Therefore, this cannot be the reason for the
preference of the ethyl-decorated face. It is important to note,
however, that based on the interaction energies of {Pd(PPh3)}
with 1 and 2, h3-coordination is more favorable by about
184 kcalmol¢1 for the neutral tetrasubstituted 2 compared to
the same coordination for the trisubstituted anion 1. This
provides a good theoretical evaluation of the effect of the
ethyl group and the zero charge of 2 on its chemistry and
reactivity.

h3-Coordination of the {Pd(PPh3)} fragment is then
followed by “pushing” away of the {GeEt} motif, opening of
the corresponding triangular face 1-2-3, and insertion of the
fragment to achieve h5-coordination within the cluster
(Scheme 1). This rearrangement is favored by 33.3 kcalmol¢1

for the ethyl-decorated face compared to the opposite ligand-
free face, and this energy difference for the h5-coordination is
what defines the observed cluster compared to the one where
the Pd fragment will be at the other available position. To
recap, the ethyl group does not define the initial h3-approach
of the Pd fragment but dictates its final h5-positioning.

The cluster rearrangement results in a much shorter 1¢7
distance of 2.6817(7) è compared to 3.634 è in the parent
trigonal prismatic 2, where 1¢7 is the longest prismatic edge
(Scheme 1).[6b] Atom 1 and its ethyl substituent are now in the
plane defined by the three Ge atoms bonded to hypersilyl
substituents, that is, 4-5-6, positioning the ethyl group
between two hypersilyl groups. The Pd¢Ge distances for the
three Ge atoms of the original triangular face, that is, atoms 1-

2-3, are fairly short and in the range 2.4324(7) ¢2.5152 (8) è,
while the additional two interactions with atoms 4 and 5 are at
relatively longer distances of 2.7166(5) and 2.7260(6) è,
respectively. Overall, the average Pd¢Ge distance of
2.577 è is virtually identical with that of the sandwiched
and pseudo-octahedral palladium in [(Ge9R3)Pd(Ge9R3)]2¢

(2.568 è)[8] and the h4-coordinated palladium in [Ge9Pd-
PPh3]

3¢ (2.587 è).[10]

The overall geometry of the [Ge9Pd] core in 3 can be
viewed as a bicapped square antiprism where the Pd atom
takes one of the square-antiprismatic sites and is 5-coordinate
within the core. This positioning of the metal atom is unlike
most of the known [Ge9M] clusters where the metal atom
takes one of the two capping positions with h4-coordina-
tion.[10, 11] The two squares of the antiprism in 3 are made of
atoms 4-5-7-Pd and 2-3-8-9, while the capping atoms are 1 and
6. The [PdGe3] square is noticeably smaller, with an average
edge length of 2.762 è compared to the [Ge4] square, which
has an average edge length of 3.018 è. The exo bonds to the
five functionalities are unaffected upon insertion of the new
palladium vertex. Overall, the cluster has a pseudo mirror
plane cutting through atoms Pd-1-7-6.

The bonding of the {Pd(PPh3)} fragment in 3 (Figure 2)
involves interactions between the palladium 4d and 4d/5s
levels with the Ge9 core-based orbitals. However, both the
highest occupied and the lowest unoccupied orbitals in the
new species are of mainly Ge9 core character. The resulting
sizable gap of about 1.66 eV suggests stability from the point
of view of electronic structure. Hirshfeld charge analysis (see
the Supporting Information) shows that there is a slight
charge donation of 0.15 e¢ from the {Pd(PPh3)} fragment
towards the Ge9 core, and this is in line with the more
electronegative character of the latter.

The core geometry of 3 is similar to that of the previously
reported tetrafunctionalized anionic species [Ge9R3M(CO)3]

¢

(M = Cr, Mo, W) and the naked tetra-anions [Sn9W(CO)3]
4¢

and [Pb9Mo(CO)3]
4¢, all with inserted {M(CO)3} frag-

ments.[3d,e,12] A similar example but with a [Ge8M2] core has
been reported in the tetra-anion [Ge8(Mo(CO)3)2]

4¢ as
well.[13] It should be noted that the core of 3 is the first with
a 5-connected transition metal other than from Group VI, the

Scheme 1. A suggested mechanism for the formation of 3 (right)
through capping of a triangular face of 2 by a {Pd(PPh3)} fragment,
followed by displacement of the Et-bonded Ge vertex (atom 1).

Figure 2. Schematic representation of the electronic structure of 3,
highlighting the contribution from the {Pd(PPh3)} fragment based
orbitals. Colors for major participation in the occupied orbitals: blue
for Pd 4d, black for Pd 4d/5s, and grey for the Ge9 core. Isosurface
plots of relevant molecular orbitals are shown.
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first with a noble metal, and the first such cluster that is
without charge.

The electron count of 3 is easily understood as a penta-
functionalized closo-cluster that requires 2n + 2 = 22 cluster-
bonding electrons for n = 10 vertices.[14] These 22 electrons are
provided by five naked germanium atoms (each contributes 2
electrons; the other 2 electrons are used for a lone pair), four
exo-bonded germanium atoms (each contributes 3 electrons;
the other 1 electron is used in the exo bond), and the
{Pd(PPh3)} fragment (contributes 0 cluster-bonding electrons
since Pd is d10 ; the pair of electrons for the exo bond comes
from the ligand): 5 × 2 + 4 × 3 + 0 = 22.

The new environment of the ethyl group in 3, between two
hypersilyl groups riding on a germanium vertex directly
bonded to the inserted palladium, significantly affects its
1H NMR chemical shift compared to 2. Both the methylene
and methyl protons are shifted downfield and are observed at
d = 2.772 and 2.046 ppm, respectively, in 3, while in 2, they are
at d = 1.813 and 1.467 ppm, respectively (Figures S1 and S2 in
the Supporting Information). However, the most interesting
feature is that the hypersilyl protons of 3 show two separate
and sharp peaks in a ratio of 2:1, while there is only one broad
signal in 2 (Figures S1 and S2). The latter splits into two at
lower temperatures and sharpens at higher temperature,
which is a classical indication of solution dynamics. The two
sharp peaks in 3, on the other hand, do not change even at the
higher temperature of 75 88C (Figure S3). All of this suggests
that 3 is static in solution, that is, the addition of the
{Pd(PPh3)} fragment quenches the mobility of the atoms
observed in 2. The 13C NMR spectrum is also in agreement
with this conclusion, showing two signals for the methyl
groups of the hypersilyl substituents (Figure S4). Overall, the
integrated proton signals in the 1H NMR spectrum of 3 match
its formula quite well, with 6.14:7.92:2.00:3.54:34.02:56.75
measured for 6H (phenyl), 9H (phenyl), 2H (CH2), 3H (CH3),
27H (SiCH3), 54H (Si-CH3), respectively, thus highlighting
the fixed position of the hypersilyl ligands.

We have already stated before that the observed dynamic
behavior of 2 is consistent with two possible intramolecular
scenarios (we have shown that the dynamics is solution
independent and therefore hypersilyl dissociation is unlikely).
The first assumes nonlabile Ge¢Si bonds and a highly fluid
cluster core where the Ge atoms, together with their
substituents, scramble somehow independently of the sub-
stituents. This mechanism, however, would predict an equally
fluid and dynamic cluster 3, and this is not the case. The
second scenario assumes more labile Ge¢Si bonds, which
allow the three hypersilyl groups to migrate on the surface of
the cluster. We speculated that the three hypersilyl groups
rotate in a synchronized manner around the waist of the
tricapped trigonal prismatic cluster core by switching from
a single-atom-bonded position to a bridging position. Such
rotation would be impossible in 3 because of the “insertion”
of the ethyl substituent within the plane of rotation of the
hypersilyl groups. We have now investigated this behavior
computationally using simpler -SiH3 substituents instead of
hypersilyl groups. By using the transition-state search and
vibrational analysis in the ADF package, we explored the
potential energy surface in order to elucidate intermediates

and transition states involved in the dynamic processes
(Figure S5).[9] The results revealed a slightly different
exchange mechanism. It involves similar bond–bridge–bond
migration for the silyl groups, but along existing bonds as
shown in Scheme 2 and Figures S5 and S6. The silyl groups
bonded to atoms 4, 5, and 6 move to atoms 9, 7, and 3,
respectively (Scheme 2). This is followed by a very small

cluster distortion where atoms 5 and 6 become closer while
atoms 7 and 9 become further apart. This leads to a new
tricapped trigonal prism where the bases are now 1-2-4 and 5-
6-8, while the capping atoms are 3, 7, and 9. Note that while at
the beginning, the silyl group labeled SiA was in a different
environment to the equivalent SiB and SiC, it is now SiB that is
different from the equivalent SiA and SiC (Scheme 2). These
dynamics lead to the observed temperature dependence of
the hypersilyl protons in the NMR spectra of compound 2.
The barrier for this migration in EtGe9(SiH3)3 is calculated to
be a very reasonable 4.5 kcal mol¢1 and goes up for larger silyl
substituents, for example, 7.3 kcal mol¢1 for EtGe9(SiMe3)3.
For comparison, the measured barrier in compound 2 (with
hypersilyl groups) is DG�

298 = 14.1 kcalmol¢1 (DH� =

10.8 kcal mol¢1; DS� = 4.6 cal mol¢1 K). Upon coordination
of {Pd(PPh3)}, such migration might be possible [10.6 kcal
mol¢1 is calculated for analogous migration of the silyl groups
in EtGe9(SiMe3)3(PdPPh3)], but any cluster rearrangement
similar to 2 is blocked by the position of the ethyl group and
the ligated Pd vertex. There is no available pathway for
hypersilyl migration that could account for averaging of the
environments of all three hypersilyl groups.
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