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Strained rings incorporating heavier group 14 elements have
attracted considerable attention in recent years due to their unique
structures and reaction patterns.1 Several three- and four-membered
rings with heavier main group elements have been synthesized and
characterized. However, stable cyclobutadiene rings containing Si-
Pb atoms remain unknown, although in a few cases they have been
postulated as reactive intermediates.2 This is, of course, consistent
with the instability of cyclobutadiene itself for which calculations
have indicated an antiaromatic destabilization of 30-60 kcal/mol.3

Moreover, recent experimental results also showed that the cyclic
4π-electron system is destabilized by 55 kcal/mol.4 For heavier
element derivatives, a few calculations have been carried out on
SiC3H4,5 Si2C2H4,6 and their isomers. For Si2C2H4, they have shown

that the silacyclopropene HCC(SiH3)Si structure is the most stable
of the numerous possible isomers with 1,2-disilacyclobutadiene ca.
46 kcal/mol higher in energy. Accordingly, the synthesis and
characterization of a stable cyclobutadiene ring containing a heavy
group 14 element is of fundamental interest and a formidable
synthetic challenge. We previously reported the synthesis and
structure of the stable germanium alkyne analogue Ar′GeGeAr′ (1,
Ar′ ) C6H3-2,6-Dipp2, Dipp ) C6H3-2,6-iPr2).7 It has a trans-bent
geometry in contrast to that of the linear alkynes. The lone pair
character and consequent bending at the Ge atoms suggest
heightened reactivity, but little is known of the chemistry of these
heavier group 14 alkyne analogues. We now report the reaction of
the “digermyne”1 with alkynes and the formation of the first stable
cyclobutadiene incorporating heavier group 14 elements as shown
in Scheme 1.

Upon stirring ann-hexane solution of1 and diphenylacetylene
at room temperature for 7 days, the orange red color became deep
red.8 Cooling the solution at 6°C overnight afforded black-red
crystals of2, a 1,2-digermacyclobutadiene, in high yield (Scheme
1). It displayed relatively high thermal stability as indicated by its
high melting point (178°C). Nonetheless, it is extremely air-
sensitive both in solution and in the solid state. It was characterized
by 1H NMR, 13C NMR, IR, and UV-vis spectroscopies, and by
X-ray crystallography. The reaction of2 with an excess of
diphenylacetylene under normal conditions did not result in further
addition of alkyne. However, the reaction of1 with the less crowded
terminal alkyne HCCSiMe3 led to the unusual bicyclic compound
3 (Scheme 1), which was also spectroscopically and structurally
characterized.

The structure of2 is shown in Figure 1.9 Its most prominent
feature is the four-membered Ge2C2 ring which is an almost planar
trapezoid (average deviation from the plane 0.026 Å; sum of the
internal angles 359.82°). The two terphenyl ligands are disposed
above and below the Ge2C2 ring such that the Ge centers have
pyramidal coordination (∑°Ge) 318.0° and 317.3°, ClGe1Ge2C31
) 151.4°). The C61-C68 bond length (1.365(7) Å) is consistent
with C-C double bonding, and the Ge-C ring distances (ca. 2.00

Å) indicate single bonding. The Ge-Ge bond length (2.4708(9)
Å) is slightly longer than a single bond (2.44 Å)10aand is just above
the known range for “digermenes” (2.21-2.46 Å).10b,c The data
for 2 clearly establish the presence of a carbon-carbon double bond
and two germanium-carbon single bonds in the central four-
membered ring. In addition, the pyramidal Ge environments and
the Ge-Ge bond length are consistent with a weak Ge-Ge double
bond as seen in several acyclic digermenes.10b,c,11

Compound3 crystallizes as two crystallographically independent
molecules which have similar bond lengths and angles. One of these
molecules is shown in Figure 2. The unusual structure results from
the addition of a Dipp ring from an Ar’ ligand to the postulated
diradical intermediateB in Scheme 1. The C61-C62 and C66-
C67 bond lengths are in the range for alkenes, while C38-C39
(1.555 Å) is close to that of a C-C single bond. The Ge atoms are
each coordinated to four carbon atoms and display a distorted
tetrahedral geometry. The Ge-Ge separation is 3.076(3) Å, which
underlines the breaking of the Ge-Ge bond during the reaction.

The reaction of1 with PhCCPh or HCCSiMe3 under ambient
conditions underlines its high reactivity in comparison to alkynes.
A possible mechanism for the formation of2 and 3 is shown in
Scheme 1. The 1,2-digermacyclobutadienes2 and A are formed
initially by a [2+2] cycloaddition of1 with PhCCPh or HCCSiMe3.
The speciesA is probably more reactive due to the lower steric
protection afforded by the hydrogen substituent on the carbon atom.
It reacts with another molecule of HCCSiMe3 to afford the 1,4-

Figure 1. Thermal ellipsoid drawing of2 (50% probability). Hydrogen
atoms and Dipp rings (exceptipsocarbon atoms) are not shown. Selected
bond lengths (Å) and angles (deg): Ge1-Ge2 2.4708(9), Ge1-C61
2.022(5), Ge2-C68 2.027(5), C61-C68 1.365(7), Ge1-C1 2.004(5), Ge2-
C2 2.003(5); C61-Ge1-Ge2 74.00(15), C68-Ge2-Ge1 74.22(15), Ge1-
C61-C68 106.2(4), C61-C68-Ge2 105.4(4), C61-Ge1-C1 109.2(2),
C1-Ge1-Ge2 134.8(15), Ge1-Ge2-C31 132.04(14).
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digermabenzene intermediateB,12 followed by the activation of one
of the flanking aryl rings on the terphenyl ligands to give3. The
regioselectivity of this reaction may be attributed to steric effects
in which head-to-head coupling of the germanium center with the
less hindered carbon atom of the unsaturated C-C units is favored.
Although [2 + 2] cycloadditions are common for reactions of
unsaturated heavier group 14 element species with unsaturated
hydrocarbons,13 reaction with a relatively unactivated benzene ring
is uncommon, suggesting that the reactive intermediateB has
considerable diradical character.

In summary, the reactions of PhCCPh or HCCSiMe3 with
Ar′GeGeAr′, 1, show that it is much more reactive than normal
alkynes. The heightened reactivity of1 is very probably due to its
incipient diradical character and accessibility of the excited state
of this molecule.
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Figure 2. Thermal ellipsoid drawing of3 (50% probability). Hydrogen
atoms are not shown. Selected bond lengths (Å) and angles (deg): Ge1-
C1 1.978(6), Ge1-C39 2.002(6), Ge1-C61 1.945(7), Ge1-C66 1.957(6),
Ge2-C31 1.973(6), Ge2-C38 2.017(7), Ge2-C62 1.978(5), Ge2-C67
1.961(6), C66-C67 1.334(9), C61-C62 1.360(9), C38-C39 1.555(9);
C39-Ge1-C61 102.1(3), C39-Ge1-C66 104.3(3), C61-Ge1-C66
100.9(3), C1-Ge1-C39 119.8(3), C1-Ge1-C61 119.9(3), C1-Ge1-C66
107.3(3), Ge1-C39-C38 110.8((4), Ge1-C61-C62 117.8(4).
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