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The chemistry of unsaturated three-membered ring compounds >
consisting of heavier group 14 elements, cyclotrimetallenes, has
attracted considerable attention because of their unique structures
and has developed very rapidily’ In 1995, we reported the first
synthesis of cyclotrigermene {Be;, R = 'BusSi and BusGe)
constituting an unsaturated three-membered skefétdve have
subsequently succeeded in transforming cyclotrigermene to cyclo-
trigermenylium ion (RGes"),2bcewhich has been a long-sought
free germyl cation with a 2-electron system. Very recently, we
have also shown the reaction of the cyclotrigermenylium ion with
appropriate bulky nucleophiles to produce the corresponding
unsymmetrically substituted cyclotrigermeriés;hich opens a new
synthetic route for cyclotrimetallenes.

However, the heteroatom-substituted cyclotrimetallenes are
completely unknown, due to synthetic difficulties and their instabil- ) o )
ity. It is quite interesting to introduce electronegative substituents, g?%iﬁiylosgifgiﬁﬁg ?;Zgﬁf? X).:ew&%ygogzr;gg’s gg;g;'ged

particularly a halogen (X) atom, at the saturated position of the 2 4191(9), Ge2Ge3 2.4200(9), Ge3Brl 2.4253(10). Selected bond angles
skeleton. This would produce not only changes in the geometry of (deg): Ge2-Gel-Ge3 61.99(3), GetGe2-Ge3 61.95(3), Ge1Ge3-

the three-membered skeleton but also significant effects on the Ge2 56.07(2). Selected torsion angles (deg):—&#&1-Ge2-Ge3 134.90-
reactivity, arising from the interaction between the low-lyistgy (9), Si2-Ge2-Gel-Ge3 ~169.83(12).

orbital of the exo Ge X bond and a high-lyingz-orbital of the Scheme 1
endocyclic Ge=Ge double bond. Herein, we report the synthesis, SifBug BusSi, X
i i i i | R F s
structure, and the unique dynamic behavior of halogen-substituted Ge o Go
. . T . s KX/ Eto0

cyclotrigermenes, as well as facial selectivity in the Digidder VoY - ode—be
reaction with butadiene. ’Buasi/Ge_Ge\SitBua F/4 Busi” sifBu,

_ Air-sensitive dark red cry_stals of the halo.gen-subst_ltuted cyclo- 1+ TTFPE KX = KGI 28 (X = C)
trigermene®a—2cwere obtained by the reaction o(1:Si):Ges] ™ KBr 2b (X = Br)
TTFPB™ (1*-TTFPB~; TTFPB™ = tetrakis(2,3,5,6-tetrafluorophe- Ki 2 (X=1)
nyl)borate) with potassium halides (KCI, KBr, or KI) in oxygen-  |engthening of the GeGe double bond and the shortening of the
free dry diethyl ether at room temperature in-601% yields Ge—Ge single bond. These changes in bond length can be explained
(Scheme 1j. by the o*-aromaticity concept! that is, the interaction between

X-ray crystallographic analyses @a—2c established the exact  the o*-orbital of the Ge-X bond and the GeGe z-orbital. This
structure? In all of the halogen-substituted cyclotrigermenes, the ¢*—x interaction also leads to the remarkabls-bent geometry
three-membered ring represents an almost-isosceles triangle; fofaround the GeGe double bond, as found b and2c. Thecis-
example2b has bond angles of 56.07(2), 61.95(3), and 61.99(3) bent Ge=Ge double bonds i2b and 2c are well reproduced by
The Ge=Ge double bond length o2b is 2.2743(8) A, being  density functional calculations of the model compoung(Sieis)sX
lengthened relative to that of tetrakis(tert-butylsilyl)cyclot- (X = Br, I) and real molecules GESiBus)sX (X = Br, ) at the
rigermene §) (2.239(4) A)?2 whereas the GeGe single bonds ~ B3LYP/DZd levell2 No energy minimum was found for theans
(2.4191(9) and 2.4200(9) A) are shortened compared with those bent form, suggesting that thes-bent geometry irRb and 2c is
of 3 (2.522(4) A). Similar structural changes of the unsaturated due to the electronic effeét.

three-membered skeleton can be seezeiand2c.’® The geometry These structural features of the halogen-substituted cyclot-
around the Ge=Ge double bond israns-bent in2a but highly cis- rigermenes bring about unique dynamic behavior in solution. At
bent in2b and2c, as determined by the folding anglezb( 45.1 room temperature, thdd NMR spectrum ofb in tolueneds gave

and 10.2 2c. 43.3 and 8.9) (Figure 1). one sharp signal at 1.38 ppm, and no peaks were observed in the

The introduction of an electronegative group, such as a halogen2°Si NMR spectrum. However, thé1 NMR signal was broadened
atom, at the endocyclic $pgermanium atom results in the on lowering the temperature and split into two peaks at 1.29 and
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Figure 2. Temperature-dependetti NMR spectra of2b in tolueneds:
observed (left) and simulated (right).

Scheme 2
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1.45 ppm with 2:1 intensity ratio below 250 K. In tA&i NMR
spectrum at 210 K, two signals were observed at 44.7 and 27.1
ppm in the ratio of 2:1. These spectral changes indicate that bromine
migration occurs on the NMR time scale. The activation parameters

for Br migration in2b were estimated by temperature-dependent
IH NMR spectra, measuring from 245 to 298 IE,(= 53.8
kJmol~1, AH* = 51.6 kmol~%, ASF = —0.6 Jmol~1-K~1) (Figure

2). These activation parameters are essentially independent of

concentration and solvent polarity (toluedeand THFdg), sug-

gesting that the bromine atom intramolecularly rearranges over the

three-membered ring without intermediate formation of the cyclo-
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