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The new compounds [K(CgH3sN,04),Ges - 4NH;3 (1) and [Rb(CgH3sN,04)],Ges - 4NH;3 (2) were
prepared by the extraction of a binary phase of the nominal composition KGe, ¢; and a ternary
phase of the composition Rbg sCsg sGe, s with liquid ammonia in the presence of cryptand
[2.2.2]. The resulting crystalline materials were characterized by low temperature X-ray structure
analysis. Compounds 1 and 2 contain isolated trigonal-bipyramidal Ges>~ cage anions, the

symmetries of which were investigated and compared to the previously reported pentagermanide
anion. Despite the nearly identical formulae, the two compounds are not isotypic, as the space
group type changes from the acentric group P1 (no. 1) for the potassium compound to P1 (no. 2)

for the rubidium compound.

Introduction

The extraction of alloys between germanium and alkali metals
with solvents like ethylenediamine and subsequent crystalliza-
tion with the help of alkali metal cation ligands like crown ethers
or cryptands is an established method for obtaining homoa-
tomic polygermanide Zintl anions without any organic or
organometallic substituents. In the majority of the reactions
reported so far, this route leads to monomeric nonagermanide
anions Geg™™ (x = 2, 3, 4),'> which have the monocapped
square-antiprismatic shape of the most commonly encountered
Zintl anions of the group 14 elements. These nonagermanide
cages can be linked to yield dimers, trimers, tetramers or to form
infinite chains.*”’ A comprehensive review on nonatetrelide
cages was published by Fissler.® Beside the nonagermanides,
other cages such as Ge,>~ or Gey>~ can be isolated from
solutions,>!® but they are far less common. Additionally, a
Ges>™ pentagermanide anion was reported by Schrobilgen and
Campbell in the compound [K(C;gH36N,0¢)],Ges - THF, inves-
tigated using several methods including Raman spectroscopy.''
Analogous dianions, which take the shape of rather regular
trigonal bipyramids, have been reported for other group 14
elements, namely Sis>~, Sns°~ and Pbs>~.'>!® There also exist
similarly shaped isoelectronic homoatomic cages of other main
group elements, examples are Tls'~ and Bis> ".'*!° Calculations
using density functional theory showed the trigonal bipyramid
with the point group symmetry D5}, to be the energetic minimum
for the dianion Ges>~.'¢

Despite this stability, Ges>~ anions seemed to be rather
elusive, as only one compound had been reported so far. We
were looking for additional pentagermanides that might be
formed by extraction of alkali metal germanides with liquid
ammonia. In this article, we report on the new compounds
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[K(CsH36N>06)]:Ges - 4NH;3 (1) and [Rb(Ci3sH36N>0¢)],Ges -
4NH; (2).

Experimental

All work was done excluding moisture and air in an atmo-
sphere of purified argon. The compounds were prepared by
extraction of binary or ternary phases with liquid ammonia in
the presence of cryptand [2.2.2]. For the crystal preparation we
adapted the technique described by Kottke and Stalke.!” The
thermally unstable (decomposition due to loss of ammonia
above —20 °C) and moisture sensitive ammoniate crystals were
transferred directly from the mother liquor to the diffract-
ometer using an endcapped perfluoropolyether oil to protect
them.

Synthesis

[K(C18H36N206)l2Ges - 4dNH3 (1). A mixture of 0.48 g (12.23
mmol) K and 1.5 g (20.65 mmol) Ge was heated in a glass
ampoule to 450 °C (25 °C h™'), annealed at 450 °C for 240
hours, and finally cooled to room temperature (25 °C h™"). 0.15
g (0.17 mmol) of the resulting binary phase with the nominal
composition Ks33Gey and 0.13 g (0.35 mmol) cryptand [2.2.2]
(4,7,13,16,21,4-hexaoxa-1,10-diazabicyclo[8.8.8]-hexacosane)
were placed into a Schlenk tube and 30 cm® of sodium-dried
liquid ammonia was added, yielding a dark-red solution. The
reaction vessel was stored at —40 °C for four months. After this
period, red needle-shaped crystals of (1) had precipitated at the
vessel wall. Due to their extreme sensitivity to temperatures
above —40 °C, as well as to air and moisture, only an orange-
coloured, slightly decomposed crystal could be mounted on the
diffractometer. No yield could be determined.

[Rb(CgH36N,206)]2Ges - 4NH3 (2). 0.26 g (3.04 mmol) Rb,
0.4 g (3.01 mmol) Cs and 1.0 g (13.77 mmol) Ge were heated in a
stainless steel ampoule to 800 °C (20 °C h™'), annealed at
800 °C for 3 hours, and finally cooled down to room tempera-
ture (30 °C h™1). 0.15 g (0.14 mmol) of the resulting binary phase
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Table 1 Crystal data and refinement results for the compounds 1 and
2

Empirical formula [K(C13H36N206)]2 [Rb(C13H3(,N206)]2

GC5 . 4NH3 GC5 . 4NH3
Formula weight/g mol™'  1262.3 1355.0
Crystal system Triclinic Triclinic
Space group Pl (no. 1) P1 (no. 2)
alA 11.2887(9) 11.316(2)
b/A 11.8949(9) 12.333(2)
c/A 11.9433(9) 20.915(3)
o/° 117.911(8) 89.183(1)
pl° 98.650(9) 83.60(2)
y/° X 91.797(9) 78.26(2)
Volume/A® 1391.5(2) 2840.3(7)
z 1 2
p/mm™! 2.876 4.374
Refl. coll./unique/obs. 10669/8934/8001 36788/10249/7057
(I > 20(D)
Rint 0.0293 0.0794
R, (all data) 0.0501 0.0671
WR; (all data) 0.1205 0.1014

of the nominal composition Rb,Cs;Gey and 0.026 g (0.069
mmol) cryptand [2.2.2] were placed in a Schlenk tube and 30
em’® of sodium-dried liquid ammonia was added, yielding a
deep-red solution. The reaction vessel was stored at —40 °C for
10 months. After this period red crystals of (2) were obtained.

Crystal structure determinationf

The diffraction data were collected with graphite monochro-
mated Mo-K, (A = 0.71073 A) radiation on a STOE IPDS
(imaging plate diffraction system) at —150 °C. For compound 1,
the data collection was made with a 0.8° oscillation step of ¢,
360 s exposure time and 70 mm scanner distance. 242 frames
were collected. For compound 2 data collection was made with a
0.8° oscillation step of ¢, 420 s exposure time and 70 mm
scanner distance. 410 frames were collected. The data were
integrated with the STOE IPDS software. The structures were
solved by direct methods (SHELXS-97) and refined on F
(SHELXL-97)."® A DIFABS-type absorption correction was
applied which is integrated into the PLATON program pack-
age.'” All of the atoms, except the hydrogen atoms, were refined
with anisotropic displacement parameters. The nitrogen atoms
of ammonia were localised in the Fourier synthesis. The hydro-
gen atoms of the cryptand [2.2.2] and the ammonia molecules
were inserted using a riding model. The selection of the space
groups was certified using PLATON.'® The crystal data and the
details of the structure refinements are given in Table 1.

Results and discussion

The asymmetric unit of compound 1 consists of a Ges>~ anion
(Fig. 1), two potassium cations, each of which is surrounded
by a molecule of cryptand [2.2.2], and four additional mole-
cules of ammonia of crystallization. As compound 1 crystal-
lizes in the acentric space group P1 (no. 1), the Ges>~ anion
cannot have any crystallographic symmetry. Nevertheless, a
close inspection of the bond lengths and angles within the

1 CCDC reference numbers 615430 (1) and 615431 (2). For crystal-
lographic data in CIF or other electronic format see DOI: 10.1039/
b610547¢

Fig. 1 The pentagermanide cage in compound 1 (50% probability
ellipsoids). Selected interatomic distances [A]: Compound 1: Ge(1)-
Ge(2) 2.5000(9), Ge(1)-Ge(3) 2.505(1), Ge(1)-Ge(4) 2.511(1),
Ge(2)-Ge(3) 2.7039(9), Ge(3)-Ge(4) 2.689(1), Ge(4)-Ge(2) 2.688(1),
Ge(2)-Ge(5) 2.504(1), Ge(3)-Ge(5) 2.5051(9), Ge(4)-Ge(5) 2.495.
Compound 2: Ge(1)-Ge(2) 2.5035(9), Ge(1)-Ge(3) 2.500(1), Ge(1)—
Ge(4) 2.514(1), Ge(2)-Ge(3) 2.718(9), Ge(3)-Ge(4) 2.697(1), Ge(4)-
Ge(2) 2.691(1), Ge(2)-Ge(5) 2.517(1), Ge(3)-Ge(5) 2.4956(9), Ge(4)—
Ge(5) 2.5348(9).

anion reveals a highly symmetric cage for which D3, point
group symmetry is a very good approximation.?’ The equa-
torial Ge-Ge contacts within the trigonal base
Ge(2)-Ge(3)-Ge(4) range from 2.688(1) A to 2.7039(9) A
and are remarkably longer than the axial bonds to the capping
atoms Ge(1) and Ge(5) with 2.495(1) A to 2.511(1) A. The
eq—eq/eq—ax length ratio is found to be 1.08, which is in good
agreement with the ratio found for the anion of
[K(C,sH36N,0¢),Ges - THE.!' The cage has 22 valence elec-
trons, of which 12 are used for skeletal bonding. In accordance
with Wade’s rules,?' the pentagermanide has the shape of a
closo-cluster. In a simpler view of the chemical bonding, the 22
electrons can even be attributed to nine 2e2c bonds between
the germanium atoms and two lone pairs at the capping
atoms. The cages are arranged in distorted hexagonal layers
with the [K([2.2.2]-crypt)]” units filling the space between
them (Fig. 2). Three of the adjacent [K([2.2.2]-crypt)] * units
shown in Fig. 2 are situated above, and the other three below
the layer of the Ges>~ anions. The smallest distance between
two cages is 7.438(1) A. Due to the cryptands, cations and
anions are completely separated. The K—O distances within
the cryptand lie between 2.735(5) A and 2.902(5) A and the
K-N distances between 2.955(6) A and 2.994(6) A.

The asymmetric unit of compound 2 again consists of one
Ges>~ anion, two rubidium cations surrounded by cryptand
[2.2.2], and four molecules of ammonia. In contrast to com-
pound 1, compound 2 crystallizes in the space group P1 (no. 2)
with two asymmetric units per unit cell. All atoms reside on
general sites with the Wyckoff letter 2. The Ges>~ anion has
the same shape as the anion in 1, and the same atom designa-
tion scheme as in Fig. 1 is used. The centre of gravity of the
cage is located on a general site, so that again no crystal-
lographic site symmetry is observed for the anion. An inspec-
tion of the distances and angles within this polyhedron reveals
it to be close to Dj, symmetry with only slightly larger
deviations than those in compound 1.2° The eq-eq/eq-ax
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Fig. 2 Hexagonal layer of the pentagermanide cages in compound 1.
(50% probability isotropic ellipsoids).

length ratio is again 1.08. In contrast to compound 1, the cages
are arranged in very distorted layers where the distances
between the centres of the polyhedra range from 10.31 A to
15.03 A. The smallest distance between two cages has a value
of 7.441(1) A. The interstices between the Ges>~ cages are
occupied by the [Rb([2.2.2]-crypt)] " units. They exhibit Rb—O
distances ranging from 2.841(4) A to 2.930(4) A and Rb-N
distances between 3.017(5) A and 3.039(4) A.

The pentagermanide cages of the compounds 1 and 2 are very
similar to the one reported by Schrobilgen and Campbell.!" All
cages show approximately Dj, symmetry even though their
centre of gravity lies on a general site with no symmetry. They
all show significant differences between axial and equatorial
bond lengths. The equatorial bond lengths of the previously
reported Ges>~ anion range from 2.678(1) A to 2.698(1) A, the
axial bonds have values between 2.466(1) A and 2.506(1) Al

Conclusions

The isolation of two further examples of Ges>~ anions confirms
the calculations, which predict the trigonal bipyramid to be the
energetic minimum for dianionic pentagermanide cages.'® Close
approximations to idealized Ds, point group symmetry were
observed for the anions of the two compounds 1 and 2.
Noteworthy is the difference in the space groups, the nearly
identical chemical formulas would lead one to expect the
compounds to be isostructural. The difference in packing must
be due to the cationic units consisting of the alkali metal cations
and the cryptand. The usage of the cryptand [2.2.2] seems to
facilitate the formation of this cage anion in liquid ammonia.
However, it does not seem to matter whether the cryptand is
applied in excess (1), in an equimolar ratio'! or in a half molar
ratio (2). Despite the different alkali metals and solvate mole-
cules, all the up-to-now known Ges>~ cages have very similar
shapes, whereas the shape of the nonagermanide cage is very
sensitive to changes in the alkali metal counterions, leading to a
higher structural diversity.? Highly reduced phases were utilized
in the preparation of compound 1 (KGe;q;) and
[K(C;sH36N»06)1,Ges - THF (KGe, 5),!! whereas for compound

2 the solvation of the less reduced phase RbgsCsysGesos was
successful. Up to now, Ges>~ containing compounds crystallize
from the extraction reactions only by serendipity. While a
connection between the Geo*~ anions detected in binary solids
like Cs4Geg and in the compounds isolated from solutions of
similar solids may be postulated,?? no such easy rationality exists
for the pentagermanide cages, as no analogous solid containing
Ges*~ is known up to now.
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