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The reaction of tetrakis(tri-tert-butylsilyl)cyclotrigermene with trityl tetraphenylborate in 
benzene produces tris(tri-tert-butylsilyl)cyclotrigermenim tetraphenylborate [(tert- 
Bu,SiGe),-BPh,-1, which can be isolated as a yellow solid that is stable in the absence 
of air. The crystal structure of the cyclotrigermenium ion reveals afree germyl cation with 
a 27-electron system. The three germanium atoms form an equilateral triangle similar to 
the carbon analog, the cyclopropenium ion. 

Silyl and gern~yl cations, and nlore recently 
also silicon and germanium co~npounds with 
double bonds, have been known for some 
time in the gas phase ( 1 ,  2) ,  but their char- 
acterization in the condensed phase has been 
considerably tnore difficult. The synthesis of 
several conlpounds lvith double bonds involv- 
ing silicon or gernlanium 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 = 
1-adatnantyl) (3, 4). However, tricoordinate 
free silyl and germyl cations, the analogs of 
the carbeni~un ion (R3Ct, 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 E t ,S i ( t o l~ene )+B(C~F~)~ -  and 
i-Pr,Sit CB,,H,Br,- (6, 7). In contrast to 
the carbenium ion, the cyclopropeniunl ion 
(C3R3+), which represents the simplest 
Hi~ckel-type aronlatic system, is relatively sta- 
ble despite the large ring strain (8). Recent 
theoretical calculations of cyclic A3H3+ cat- 
ions (A  = C, Si, Ge, Sn, and Pb) suggest new 
possibilities for the experimental observation 
of free cations of the group 14 ele~nents heavi- 
er than carbon (9). 

We report the isolation and characteriza- 
tion of tris(tri-tert-b~1tylsily1)cyclotrigerme- 
nium tetraphe~lylborate 2 [('Bu,SiGe), 
+BPh4-1, which incorporates a free germyl 
cation with a 2n-electron system. Treatment 
of tetrakis(tri-tert-bi1ty1silyl)cyclotrigermene 
1 with trityl tetraphenylborate in dq- ben- 
zene produces a dark-brown viscous oil from 
~vllich the cyclotriger~neniunl tetraphenyl- 
borate 2 can be isolated as air- and moisture- 
sensitive yellour crystals in 90% yield (Eq. 1) 
(1 0,  11). Despite the steric congestion, the 
reaction proceeds rapidly and is complete 
within 1 min. The reaction inay involve 
electron transfer from 1 to trityl tetraphenyl- 
borate to produce the cyclotrigermenium ion 
2 and a 'Bu3Si radical following cleavage of 
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the weak S i G e  bond in 1 (12). 

'Bu3Si, SI'BU, StBu, 
$i/ +ph,~*~-ph Benzene 

4- Ge ' B P ~ ,  
Ge=Ge ~i@\Ge, 

'Bu,Si' SitBu3 
(1) 

'BU,SI' 'SI~BU, 

Compound 2 was purified by recrystalli- 
zation from toluene. The physical and spec- 
troscopic properties of 2 are consistent with 
the assigned structure (1 3 ) ,  which was sub- 
sequently confir~ned by single-crystal x-ray 
crystallographic analysis (Fig. 1 ) (1 4). The 
three Ge atoms form a nearly equilateral 
triangle [Qe-Ge bond lengths: 4.321(4) to 
?.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 
inter~nediate betyeen the Ge=Ge double 
bond [2.239(4) fi] 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-ter?-butysiy) 
cyclotrigermenum tetraphenylborate [('Bu,SIG~),+ 
BPh,-] 2 (3096 probablity ellipsoids for Ge. SI, and 
C). Methyl carbon atoms of 'Bu are shown isotropl- 
c a y  and all hydrogen atoms are omitted for clarity. 
Selected bond lengths (A): Gel-Ge2 2.325(4), 
Gel-Ge3 2.321(4), Ge2-Ge3 2.333(4). Gel-Sil 
2.444(8). Ge2-Si2 2.439(9), Ge3-SI~ 2.447(9). 
Selected bond angles (in degrees): Ge2-Gel- 
Ge3 60.3(1). Ge2-Gel-Sil 148.0(2). Ge3-Gel- 
Sil 151.6(2). Gel-Ge2-Ge3 59.8(1). Gel-Ge2- 
Si2 147.5(2), Ge3-Ge2-Si2 152.4(2). Gel  -Ge3- 
Ge2 59.9(1). Gel-Ge3-Si3 150.4(2), Ge2-Ge3- 
Si3 149.4(2). Estmated standard deviations are in 
parentheses. 

the three Ge atoins to a structure 
sitnilar to that of the cyclopropenium ion 
of carbon (8). In addition, the Si atolns of 
the 'Bu,Si substituents are in the approx- 
inlately same plane as the three-membered 
qermaniuin ring; the angles between the 
~ e l - ~ e 2 - ~ e 3  plane and the Si-Ge 
bonds are 1.7" to 3.2". The sum of the 
bond angles around the Ge atolns (for 
example, iSil-Gel-Ge2 + LSil-Gel- 
Ge3 + iGe2-Gel-Ge3 for G e l )  are 
359.9(2)" for Ge l ,  359.7(2)" for Ge2, and 
359.7(2)" for Ge3. 

The crystal structure can be described 
as ('Bu,SiGe),+ and B P h 4  ions alternat- 
ing along the c axis to fornl a sheetlike 
layer parallel to the plane formed by the a 
and b axis (Fig. 2). The distances between 
the Ge and Bo atoms range from 6.941(3) 
to 9.695(3) A. The closest distance b$- 
tween Ge and phenyl C atonls is >4 A, 
\yell beyond the range of any significant 
interaction. These structural features indi- 
cate that 2 is a cyclotrigermeniu~n ion and 
that it is a free gernlyl cation with a 
27-electron systenl (15). The stabilization 
of the cyclotriger~neniunl ion and the 
charge delocalization explain the observed 
lack of any close interaction with the 
coutlterion (1  6). 

The structure of 2 presented here is 
sinlilar to that predicted in a recent cal- 
culation of the corresponding D,\, Ge3H3+ 
isomer (9). The observed :Yerage Ge-Ge 
distance for 2 is 2.326(4) A ,  c o ~ p a r e d  to 
the calculated value of 2.361 A for the 
Ge,H,+ ion with D3\, symmetry. The cal- 
culations also predicted a hydrogen- 
bridged nonplanar structure with Ci1 syn- 
metry to be lower in energy than the D3/, 
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 ot the 
'Bu,Si groi~ps, the cyclotrigerrneniun~ ion 
2 favors the planar structure similar to the 
cyclopropeniunl ion ( 1  7). 

b axis 

Fig. 2. Perspective view of the orihorhombic cell 
of 2 down the c axis. 
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Mater ia ls  lvith a negative coefticlent of 
thermal expansion (either as pure phases or 
as constituents of composite materials de- 
signed to  achleve a desired overall coeffl- 
clent) m a r  become usefill tn a lartetv of 
electronics applications and as substrates for 
high-precision optical mirrors, components 
of high-precision thermometers, and cata- 
lyst supports. Cubic ZrW,O, was recently 
s h o n ~ n  to exhibit isotropic negative thermal 
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sion materials currently in use generally 
expand anisotropically, which can lead to 
severe proble~ns such as microcracking in  
ceramics. Further insights into the  mecha- 
nisms leading to  the  negative thermal ex- 
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