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[Au;Ges] —A Gold—Germanium Cluster with Remarkable

Au—-Au Interactions**

Annette Spiekermann, Stephan D. Hoffmann, Florian Kraus, and Thomas F. Fissler*

The chemistry of anionic Group 14 Zintl ions have had a
reawakening!!! with respect to the discovery of novel and
larger structures and chemical reactivity. Whereas Group 10
transition metals tend to form intermetalloid clusters with
Zintl ions, such as in [M@Pb,]>~ (M=Ni, Pd, Pt)/
[M@Sn,ML]"™ (M=Ni, L=CO, n=3; M=Pt, L=PPh;,,
n=2), or [Ni@Ge,NiL]*" (L = CO, PPh;, CCPh) when the
corresponding M° complexes as reagents are used, Au'
complexes lead to an oxidation of the Zintl ion [Pby]*~ and
formation of the closo-[Pb,,]*~ ion.”) On the basis of our recent
results, which showed that the Group 12 element mercury can
act as a linker between the [Ge,]*~ Zintl ions in forming the
one-dimensional polymeric structure [HgGe,],! we have
extended our study to the Ge—Au system.

Herein, we report the synthesis and structural character-
ization of the first ligand-free anionic germanium-gold cluster
in [K([2.2.2]crypt)]s[AusGeg] (1). The stability of such a
cluster offers valuable clues to both the use as a catalytic seed
for the growth of (germanium) nanowires” and the use of the
cluster itself as a building block for one-dimensional systems.

Cluster compound 1 was obtained through the reaction of
[Au(PPh;)Cl] with an ethylenediamine solution of the phase
K,Ge, in the presence of [2.2.2]crypt (4,7,13,16,21,24-hexa-
oxa-1,10-diazabicyclo[8.8.8]hexacosane). After filtration, the
solution was carefully layered with toluene, and dark-orange
to red plate-shaped crystals were obtained after one week.
Semiquantitative energy-dispersive X-ray (EDX) analyses of
the crystals showed the approximate ratio of Au/Ge/K =
3:18:5. Single-crystal X-ray structure determination and
refinement® of 1 in the triclinic space group P1 showed that
1 contains the anionic cluster [Ge,Au;Ge,]’~ (Figure 1) and
five [K([2.2.2]crypt)]" units per cluster. The cluster consists of
a central triangular Au; unit with two Ge, subunits bonded to
either side of the Au triangle with an almost linear coordina-
tion of each Au atom by two Ge atoms. EPR and magnetic
measurements showed that the crystals of 1 are diamagnetic.

As shown in Figure 2, the two nine-atom cluster units
possess different shapes, both having nine crystallographically
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Figure 1. Structure of the cluster anion [Ge;3Aus]*~ (1a). Two nine-
atom clusters A (left) and B (right) are linked through a gold triangle.
Interatomic distances are given in A.

Figure 2. Structures of the two individual Gey clusters A and B. Atoms
are shown with a 50% occupation probability.

independent atom positions. Cluster unit A can be described
as a monocapped square antiprism with only slight distortion
from C,, symmetry. The small C,, distortion of A is expressed
in the ratio of diagonal bond lengths of the open square
(Gel0, Gell, Gel2, Gel3) with d(Gel0—Gel2)/d(Gell—
Gel3)=1.03. B is best described as a variant of a tricapped
trigonal prism (Figure 2b). Distortion from D, symmetry is
expressed in the ratio of the three prism heights d(Ge5—Ge6)/
d(Gel—Ge3)/d(Ge7-Ge8) =1:1.02:1.05 with d(Ge5—Geb)=
2.879 A. A detailed investigation of bond lengths and angles
shows a ratio hle=1.14 (h=mean prism height, e=mean
edge length) for the distorted trigonal prism of B (Gel, Ge3,
Ge5, Ge6, Ge7, Ge8). This ratio lies well within the range of
earlier reported clusters with 21 (Ge,*: h/e=1.17"1) and
22 skeletal electrons ([[Gey " ]: hle =1.07; [Geg—Ge,|*: hle =
1.121). Considering this and the distortion resulting from the
additional three external bonds to Au atoms, a charge of 3—
or 4— can be assigned to each Ge cluster. The uncertainty of
the assignment of the number of electrons to homoatomic
nine-atom structures was also recently examined in the case of
nine-atom Sn clusters.'!! In B the three capping atoms Ge2,
Ged4, and Ge9 are not symmetrically located above the
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rectangular sides of the trigonal prism but are shifted in the
direction of the gold triangle. The distances of 2.54 A to
2.56 A between the three capping Ge atoms and the Ge atoms
adjacent to the Au atoms (Gel, GeS5, Ge8) are considerably
shorter than those of any other Ge—Ge bond in the cap (2.62—
2.64 A). Such Ge—Ge bond shortening has also been observed
in 22-skeletal-electron clusters with covalent exo bonds, such
as [Ph;Sn-Ge,-SnPh;]*7).[1

The gold triangle is coordinated by two Ge; triangles of
the two Ge,y polyhedra. In A one of the deltahedral faces
connecting the two squares of the quadratic antiprism and in
B the triangular face of the underlying trigonal prism are each
almost coplanar with the Au; plane. Each Au atom is almost
linearly coordinated to two Ge atoms with Ge-Au-Ge angles
of 168.3° to 173.7°. The Ge—Au bond lengths range from 2.437
to 2.460 A and are thus considerably shorter than the sum of
the covalent radii (Ge: 1.22 A, Au: 1.44 A).

The tendency of gold to form bonds to other gold atoms is
also shown to apply here. The Au—Au contacts range from
2.900 A to 3.095 A and are thus in the range of so-called
aurophilic contacts.'® The Au—Au and Au—Ge contacts
compare well to molecular compounds with Au—Ge bonds.
Such compounds are only known in the form of GeCls
complexes of gold. In the dimeric complex [{(Ph;P)Au-
(GeC(ly)},], the association occurs through a short Au—Au
contact of 2.960 A" Even in [(GeCl;),Au-{(PhMe,P),Au},-
Au(GeCly),], which formally contains the cationic unit
[(PhMe,P),Au]" and the anionic unit [Au(GeCly),]”, the
symmetrically substituted Au atoms exhibit short contacts
with d(Au—Au) in the range from 2.88 to 2.98 A and are
almost linearly aligned.['*"!

A preliminary density functional theoretical (DFT) anal-
ysis of the electronic structure of 1a shows a well-separated
HOMO and LUMO with an energy gap of 2.60 eV. An NBO
(natural bond orbital) analysis reveals a comparable bond
situation for the Au atoms in 1a and in [Au(PH;)Cl] with a
positive charge on the Au atoms of 0.24 and 0.34, respectively.
The lower mean value for 1a reflects the high negative charge
of the cluster. A and B have rather similar orbital contribu-
tions to the molecular orbitals of 1a, which is reflected by the
same mean atomic charge of —0.32 per Ge atom for each
cluster unit. We observe covalent orbital interactions between
the Au and Ge atoms, which originate from donor orbitals of
Ge atoms to empty acceptor orbitals of the Au atoms. The
present calculations show only very weak Au—Au interac-
tions; however, this aspect must be examined in more
detail ")

The linear coordination of the Au atoms, the electro-
negativity difference between Ge and Au, and a similar
calculated charge of the Auatoms in 1a and [Au'(PH;)CI]
hint at a Au' compound in the case of 1."” Thus, the chemical-
bond situation is rather similar to that in the polymer
[HgGe,)* ' A reduction to Au’, as is indicated by a linear
P-Au-Au-P chain and a rather short Au—Au bond length of
2.625A in the stannaborate-gold complex [(Ph;P)Au-
(SnBy;H;;)],*~ " does not occur in 1a.

Au atoms can serve as a link between anionic cluster units,
thus giving rise to promising expectations for even larger
nanostructures made up of Zintl ions. Moreover, the synthesis
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of 1 supplements the series of reactions of Ge, clusters
including low-valent Ni and Pd metals in Ni;@Ge;z and
Pd,@Ge *? as well as oxidative-coupling reactions to form
[Ge=Ge=Ge]* " and [Ge=Ge=Ge=Ge]*".*? In this context
it is interesting to point out that the interaction of silicon or
germanium with gold nanoparticles plays an important role in
the formation of low-dimensional Si or Ge nanostruc-
tures.’*?¥ Current techniques to obtain semiconducting
nanowires involve the vapor-liquid-solid (VLS) whisker-
growth mechanism,” 2% in which gold metal has proven to be
a capable catalyst to seed wire growth.?”l However, virtually
nothing is known about Ge—Au interactions at the metal-
cluster—nanowire interface. Ongoing investigations show that
even larger clusters with up to 45 germanium atoms and three
gold atoms can be isolated from the same reaction as reported
here.®™ The anion [Au;Ges]°~ represents the first binary
cluster of the elements Au and Ge. This is especially
interesting since the binary-phase diagram does not hint at
the existence of binary Au-Ge compounds but forms a
eutectic mixture at 28% germanium.”” Furthermore, the
anion shows a most exciting result for Au chemistry: the
aurophilic character can be observed in the direct vicinity of
highly negatively charged Zintl anions.

Experimental Section

All manipulations and reactions were performed under argon with
standard Schlenk techniques. Solids were weighed in a glove box in an
argon atmosphere. An alloy of the nominal composition K,Ge, was
synthesized from the elements by heating for 8 h at 650°C in stainless-
steel tubes. Ethylenediamine (Merck) was distilled over calcium
hydride and used immediately after collection. [Au(PPh;)Cl] was
synthesized according to known procedures®™ from HAuCl, (Chem-
Pur) and PPh; (Merck) and dried under vacuum for 8 h. [2.2.2]Crypt
(4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane, Merck)
was also dried in vacuo for 8 h. The phase K,Ge, (122 mg, 0.15 mmol)
was dissolved in ethylenediamine (3 mL) and stirred for two hours.
The intense red-brown solution was then separated from the residue
by filtration onto [Au(PPh;)CI] (75 mg, 0.15 mmol). This mixture was
stirred for another hour and filtered onto [2.2.2]crypt (236 mg,
0.6 mmol). After stirring for 1.5 h and filtration, the intensely brown-
red solution was carefully layered with toluene. Dark orange to red
plate-shaped crystals were obtained in approximately 20 % (40 mg)
yield after one week. Repeated syntheses showed that the formation
of 1 strongly depends on the concentration of the reactants.

EDX analyses of the crystals were carried out on a JEOL-SEM
5900LV spectrometer. EPR spectra were obtained on a JEOL JES-
RE2X spectrometer, and magnetic measurements were carried out on
a MPMS XL Squid Magnetometer (Quantum Design).

Crystal structure determination: Single crystals of 1 were fixed on
glass capillaries. The structure was solved by direct methods
(SHELXS-97%) and refined by full-matrix least-squares calculations
against F° (SHELXL-97®!). The Au, Ge, and K atoms and the
cryptand units coordinating to K1, K3, and K4 were refined with
anisotropic displacement parameters. The cryptand units coordinat-
ing to K2 and K5 show a disorder that could not be resolved by using a
split model and were refined with isotropic displacement parameters
using restraints for some bond lengths. Residual electron density
indicates a disordered solvent molecule, which could not be resolved
by using even split positions, so the PLATON SQUEEZE procedure
was used.”® Crystal size: 0.4 x 0.2 x 0.02 mm?; unit cell parameters at
120K: a=15.090(1), b=19.911(1), ¢ =25.967(1) A, a =111.326(3),
B=92.123(2), y =93.120(2)°, V =7243.3(4) A’; triclinic, space group
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P1 (No.2), Z=2, peuca=1.878 gcm™>, 11 =6.904 mm™'; data collec-
tion: Oxford-Diffraction Xcalibur3 Diffractometer, Mok, radiation,
0 nax = 20.86°, 29 141 measured reflections, 14346 independent reflec-
tions, R;,,=0.031, R, =0.053 and wR, =0.121 for reflections with / >
20(I), R;=0.096 und wR,=0.130 for all data. CCDC-606528 (1)
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.

Calculations: Single-point DFT calculations with the LanL.2DZ
basis set and B3LYP functional were performed on the cluster 1a by
using the atomic positions deduced from the single-crystal X-ray
analysis. Full structure optimization was run for [Au(PH;)Cl], leading
to a P-Au-Cl angle of 180.0° as well as Au—P and Au—Cl bond lengths
of 2.389 and 2.373 A, respectively, and is in agreement with earlier
studies.”!! Computations were executed with the Gaussian03 pack-
age, Revision C.
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