PR EAPE L R PR S PR S g

RN SO

Roe¥ C AT RN CE ] Do § LLi

A Free Cyclotrigermenium Cation with a
2m-Electron System

Akira Sekiguchi,* Masanori Tsukamoto, Masaaki Ichinohe

The reaction of tetrakis(tri-tert-butylsilyl)cyclotrigermene with trityl tetraphenylborate in
benzene produces tris(tri-tert-butylsilyl)cyclotrigermenium tetraphenylborate [(tert-
Bu,SiGe),"BPh,~], which can be isolated as a yellow solid that is stable in the absence
of air. The crystal structure of the cyclotrigermenium ion reveals a free germyl cation with
a 2m-electron system. The three germanium atoms form an equilateral triangle similar to

the carbon analog, the cyclopropenium ion.

Silyl and germyl cations, and more recently
also silicon and germanium compounds with
double bonds, have been known for some
time in the gas phase (I, 2), but their char-
acterization in the condensed phase has been
considerably more difficult. The synthesis of
several compounds with double bonds involv-
ing silicon or germanium has recently been
accomplished, after the discovery of
Mes,Si=SiMes, (Mes = 2,4,6-trimethylphe-
nyl) and (Me;Si),Si=C(OSiMe;)Ad (Ad =
l-adamantyl) (3, 4). However, tricoordinate
free silyl and germyl cations, the analogs of
the carbenium ion (R;C*, R = alkyl), have
yet to be characterized unambiguously in the
condensed phase (5). The closest approach
structurally to the silyl cation to date has been
achieved in Et;Si(toluene) "B(CgF;),~ and
i-Pr;Sit CBHeBrs™ (6, 7). In contrast to
the carbenium ion, the cyclopropenium ion
(C3Ry™), which represents the simplest
Hiickel-type aromatic system, is relatively sta-
ble despite the large ring strain (8). Recent
theoretical calculations of cyclic A;H;* cat-
ions (A = C, Si, Ge, Sn, and Pb) suggest new
possibilities for the experimental observation
of free cations of the group 14 elements heavi-
er than carbon (9).

We report the isolation and characteriza-
tion of tris(tri-tert-butylsilyl)cyclotrigerme-
nium tetraphenylborate 2 [("Bu;SiGe),
*BPh,~], which incorporates a free germyl
cation with a 2-electron system. Treatment
of tetrakis(tri-tert-butylsilyl)cyclotrigermene
1 with trityl tetraphenylborate in dry ben-
zene produces a dark-brown viscous oil from
which the cyclotrigermenium tetraphenyl-
borate 2 can be isolated as air- and moisture-
sensitive yellow crystals in 90% yield (Eq. 1)
(10, 11). Despite the steric congestion, the
reaction proceeds rapidly and is complete
within 1 min. The reaction may involve
electron transfer from 1 to trityl tetraphenyl-
borate to produce the cyclotrigermenium ion
2 and a ‘Bu,Si radical following cleavage of
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the weak Si—Ge bond in 1 (12).

BugS,, ,SitBug SiBuy
(/Be\ ,Ph,C®BOPh, Benzene /G@e ©BPh,
Ge=Ge Ge=Ge )
1BuySi” “SitBu, BugSi~ “SitBug,

Compound 2 was purified by recrystalli-
zation from toluene. The physical and spec-
troscopic properties of 2 are consistent with
the assigned structure (13), which was sub-
sequently confirmed by single-crystal x-ray
crystallographic analysis (Fig. 1) (14). The
three Ge atoms form a nearly equilateral
triangle [Ge-Ge bond lengths: 2.321(4) to
2.333(4) A, average 2.326(4) A; Ge-Ge-
Ge bond angles: 59.8(1)° to 60.3(1)°, aver-
age 60.0(1)° numbers in parentheses are
the standard errors in the last digit]. The
Ge-Ge bond lengths observed for 2 are
intermediate between the Ge=Ge double
bond [2.239(4) A] and the Ge-Ge single
bond [2.522(4) A] of the precursor 1 (10).

Thus, the positive charge is delocalized over

Fig. 1. Molecular structure of tris(tri-tert-butylsilyl)
cyclotrigermenium tetraphenyloorate [(‘Bu,SiGe);*
BPh,~] 2 (30% probability ellipsoids for Ge, Si, and
C). Methyl carbon atoms of 'Bu are shown isotropi-
cally and all hydrogen atoms are omitted for clarity.
Selected bond lengths (A): Ge1-Ge2 2.325(4),
Gel1-Ge3 2.321(4), Ge2-Ge3 2.333(4), Ge1-Sit
2.444(8), Ge2-Si2 2.439(9), Ge3-Si3 2.447(9).
Selected bond angles (in degrees): Ge2-Gel-

Ge3 60.3(1), Ge2-Ge1-Si1 148.0(2), Ge3-Ge1-
Si1 151.6(2), Ge1-Ge2-Ge3 59.8(1), Ge1-Ge2-
Ge3-Ge2-Si2 152.4(2), Ge1-Ge3-

Si2 147.5(2),
Ge2 59.9(1), Ge1-Ge3-Si3 150.4(2), Ge2-Ge3-
Si3 149.4(2). Estimated standard deviations are in
parentheses.
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the three Ge atoms to produce a structure
similar to that of the cyclopropenium ion
of carbon (8). In addition, the Si atoms of
the ‘Bu;Si substituents are in the approx-
imately same plane as the three-membered
germanium ring; the angles between the
Gel-Ge2-Ge3 plane and the Si-Ge
bonds are 1.7° to 3.2°. The sum of the
bond angles around the Ge atoms (for
example, £Sil-Gel-Ge2 + £Sil-Gel-
Ge3 + 2£Ge2-Gel-Ge3 for Gel) are
359.9(2)° for Gel, 359.7(2)° for Ge2, and
359.7(2)° for Ge3.

The crystal structure can be described
as (‘Bu;SiGe);™ and BPh,~ ions alternat-
ing along the ¢ axis to form a sheetlike
layer parallel to the plane formed by the a
and b axis (Fig. 2). The distances between
the Ge and B atoms range from 6.941(3)
to 9.695(3) A. The closest distance bg-
tween Ge and phenyl C atoms is >4 A,
well beyond the range of any significant
interaction. These structural features indi-
cate that 2 is a cyclotrigermenium ion and
that it is a free germyl cation with a
2m-electron system (15). The stabilization
of the cyclotrigermenium ion and the
charge delocalization explain the observed
lack of any close interaction with the
counterion (16).

The structure of 2 presented here is
similar to that predicted in a recent cal-
culation of the corresponding D5, Ge;H;™
isomer (9). The observed average Ge-Ge
distance for 2 is 2.326(4) A, compared to
the calculated value of 2.361 A for the
Ge;H;" ion with Dj, symmetry. The cal-
culations also predicted a hydrogen-
bridged nonplanar structure with C;, sym-
metry to be lower in energy than the Dy,
minimum. However, bridging cannot be
expected when the hydrogens are replaced
by other groups. As a result of steric hin-
drance and the electronic properties of the
*Bu,;Si groups, the cyclotrigermenium ion
2 favors the planar structure similar to the
cyclopropenium ion (17).

Fig. 2. Perspective view of the orthorhombic cell
of 2 down the ¢ axis.
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Compressibility, Phase Transitions, and Oxygen
Migration in Zirconium Tungstate, ZrW,Og4

J. S. O. Evans, Z. Hu, J. D. Jorgensen, D. N. Argyriou,
S. Short, A. W. Sleight*

In situ neutron diffraction experiments show that at pressures above 2 kilobars, cubic
zirconium tungstate (ZrW,0) undergoes a quenchable phase transition to an ortho-
rhombic phase, the structure of which has been solved from powder diffraction data. This
phase transition can be reversed by heating at 393 kelvin and 1 atmosphere and involves
the migration of oxygen atoms in the lattice. The high-pressure phase shows negative
thermal expansion from 20 to 300 kelvin. The relative thermal expansion and compress-
ibilities of the cubic and orthorhombic forms can be explained in terms of the “cross-
bracing” between polyhedra that occurs as a result of the phase transition.

Materials with a negative coefficient of
thermal expansion (either as pure phases or
as constituents of composite materials de-
signed to achieve a desired overall coeffi-
cient) may become useful in a variety of
electronics applications and as substrates for
high-precision optical mirrors, components
of high-precision thermometers, and cata-
lyst supports. Cubic ZrW,0Oq4 was recently
shown to exhibit isotropic negative thermal
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expansion from 0.3 to 1050 K (I, 2). The
coefficient of this thermal contraction (o =
—8.8 X 1079 K1) (2) is of the same order
of magnitude as that of a so-called high-
expansion normal ceramic such as AL,O; («
= 49 X 107¢ K1) (3). The material re-
mains cubic over the entire temperature
range, and the contraction is therefore iso-
tropic. In contrast, the low thermal expan-
sion materials currently in use generally
expand anisotropically, which can lead to
severe problems such as microcracking in
ceramics. Further insights into the mecha-
nisms leading to the negative thermal ex-
pansion in ZrW,0Og may therefore be im-
portant both to gain fundamental insight
and to design materials.

The structure of ZrW,Oq consists of a
framework of corner-sharing ZrO; octahe-
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