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SiGe, and Ge;: Cyclic Digermenes that Undergo
Unexpected Ring-Expansion Reactions**

Vladimir Ya. Lee, Hiroyuki Yasuda, Masaaki Ichinohe,
and Akira Sekiguchi*

The chemistry of cyclic compounds composed of heavier
Group 14 elements represents one of the most fascinating
topics of modern organometallic chemistry. Since the first
reports on the preparation of heavy cyclopropane analogues
by Masamune et al. in 1982-1983,['! the chemistry of these
unusual compounds has been greatly developed in all
respects, including synthesis, structure, and reactivity. The
first examples of heavy cyclopropene analogues were synthe-
sized only recently, during the last decade.” Since then,
several representatives of these highly challenging com-
pounds, which combine the properties of heavy cyclopropanes
and heavy alkenes in one molecule, have been reported.”!
Apart from the homonuclear heavy cyclopropenes, con-
sisting of identical Group 14 elements, several heteronuclear
analogues containing different heavier Group 14 elements
can also be imagined. However, of all the possible combina-
tions only two heteronuclear heavy cyclopropenes have been
synthesized by the Wiirtz-type coupling reaction, namely 3H-
and 1H-disilagermirenes, which feature endocyclic Si=Si and
Si=Ge bonds, respectively.! Herein, we report the synthesis
of two cyclic, three-membered-ring digermenes: the first 1H-
siladigermirene, a heteronuclear cyclopropene with one Si
and two Ge atoms, and a novel 1H-trigermirene derivative.
As the target compound 1H-siladigermirene, in contrast
to 3H-disilagermirene,"* could not be prepared by the Wiirtz
coupling reaction, we developed a new synthetic protocol that
involves a coupling reaction of 1,1-dilithiosilane R,SiLi,"
with tetrachlorodigermane RCl,Ge—GeCLR in toluene (R =
SiMetBu,). This reaction quickly results in the formation of
two products, tetrakis(di-tert-butylmethylsilyl)-1H-siladiger-
mirene (R,SiGe,, 1a) and disilene R,Si=SiR, (2a),"l in a 2:1
ratio (Scheme 1). It is interesting that among the various
compounds that one can imagine as the products of this
reaction, namely 1,4-disila-2,3-digermabuta-1,3-diene, 2,4-
disila-1,3-digermabicyclo[1.1.0]butane, and 1H-siladigermir-
ene, only the last compound was formed. The isolation of
disilene 2a as the side product provides evidence for the
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Scheme 1. Synthesis of the 1H-siladigermirene 1a and the 1H-triger-
mirene 1b. E=Si, Ge; R=SiMetBu,.

initial formation of the intermediate cyclic 2,3-dichlorosila-
digermirane (3a) followed by a rapid lithium—chlorine
exchange reaction between 3a and a second equivalent of
R,SiLi,, finally resulting in the formation of 1aand 2aina 2:1
ratio.l”) The 1H-siladigermirene 1a represents the first SiGe,
hybrid heavy analogue of cyclopropene featuring a skeletal
Ge=Ge double bond.

Compound 1a exhibits very simple 'H and “C NMR
spectra with only two sets of signals for the protons of the Me
and rBu groups. In the *Si NMR spectrum of 1a, the skeletal
Si atom resonates at high field (6 = —110.6 ppm), as expected
for tetrahedral Si atoms incorporated in a three-membered-
ring system. Dark red crystals of 1a were isolated that were
highly sensitive to air and moisture. The X-ray crystal
structure analysis® proved that la was an unsaturated
three-membered ring with a Ge=Ge double bond length of
2.2429(6) A (Figure 1). The remaining two sides of the SiGe,
isosceles triangle are made up of Si—Ge single bonds
(2.4167(10) A). These skeletal bond lengths are characteristic
for three-membered rings of heavier Group 14 elements. As
expected, the Ge=Ge double bond has a highly pronounced
trans-bent configuration with a bending angle of 51.0(2)°.”

Figure 1. ORTEP plot of the crystal structure of 1a; the thermal ellip-
soids are shown at the 30% probability level and hydrogen atoms are
omitted. Selected bond lengths [A] and angles [°]: Ge1-Ge2 2.2429(6),
Si3-Gel 2.4168(10), Si3-Ge2 2.4165(10), Gel-Si4 2.3995(11), Ge2-Si5
2.3943(11), Si3-Si6 2.3993(13), Si3-Si7 2.4033(13); Ge2-Ge1-Si3
62.34(11), Gel-Ge2-Si3 62.36(3), Gel-Si3-Ge2 55.30(2). The torsional
angle Si4-Gel-Ge2-Si5 is 51.0(2)°.

Angew. Chem. 2005, 117, 6536 —6539

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

By employing the same synthetic approach, we were able
to prepare the corresponding Ge; analogue, tetrakis(di-zert-
butylmethylsilyl)-1H-trigermirene (1b), by the reaction of
dilithiogermane  R,GeLi,!'” and tetrachlorodigermane
RCl,Ge—GeCLR in toluene (Scheme 1). As with 1a, com-
pound 1b was formed along with R,Ge=GeR, (2b) in a 2:1
ratio.

The reactivity of the new cyclic digermenes 1a and 1b
proved to be very interesting. Compounds 1a and 1b readily
react with an excess of CH,Cl, at room temperature to
produce the new four-membered-ring compounds, trans-2,4-
dichloro-1,1,2,4-tetrakis(di-tert-butylmethylsilyl)[1,2,4]sila-
digermetane (5a) and trans-1,3-dichloro-1,2,2,3-tetrakis(di-
tert-butylmethylsilyl)[1,2,3]trigermetane (5b), respectively, as
the result of ring expansion (Scheme 2).
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Scheme 2. Reaction of 1a and 1b with CH,Cl, along with the proposed
mechanism for the formation of [1,2,4]siladigermetane 5a and
[1,2,3]trigermetane 5b. R=SiMetBu,.

Surprisingly, the '"H NMR spectra of 5a and Sb display
markedly downfield-shifted resonances for the skeletal meth-
ylene protons: 6 =2.79 and 2.98 ppm, respectively.!!!! This
unusual feature might be attributed to a hyperconjugative
0(C—H)-0%*(Ge—Cl) interaction, which would result in a
downfield shift of the signal of the CH, protons. The crystal
structure analysis of 5al® demonstrates a folded SiGe,C four-
membered ring (folding angle 33°) with long skeletal Si—Ge
bonds of 2.475(2) and 2.547(3) A (typical values 2.384—
2.462 A", which could be due to steric congestion around
the Gel-Si2-Ge3 unit (Figure 2). The long Ge—Cl bonds of
2.229(2)-2.236(2) A are another interesting feature, as they
exceed the normal values of 2.08-2.15 A"l The formation of
Sa and Sb may involve initial 1,2-addition of a molecule of
CH,CI, across the Ge=Ge bond of 1a and 1b to form the
intermediate cyclopropane-type derivatives 4a and 4b,"
followed by intramolecular insertion of the methylene unit
into the neighboring endocyclic Ge—Ge bond (Scheme 2).
Indeed, calculations at the B3LYP/6-31G(d) level with the
GAUSSIAN 98 program on model compounds of 5a and 4a
with R=SiH; showed that the final four-membered ring 5a is
41.7 kcalmol™' more stable than the intermediate three-
membered ring 4a.

We found that CH,Cl, is a unique reagent with respect to
its reactivity toward the heavy cyclopropene analogues 1a
and 1b. For example, CCl, reacts with 1a and 1b to form the
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Figure 2. ORTEP plot of the crystal structure of 5a; the thermal ellip-
soids are shown at the 30% probability level and hydrogen atoms are
omitted. Selected bond lengths [A] and angles []: Si2-Gel 2.547(3),
Si2-Ge3 2.475(2), Gel1-C1 1.998(10), Ge3-C1 1.956(10), Gel-CI1
2.229(2), Ge3-Cl2 2.236(2); Gel-Si2-Ge3 73.88(6), Si2-Ge3-C1 90.0(3),
Ge3-C1-Gel 99.5(4), C1-Gel-Si2 87.0(3).

corresponding dichloro derivatives 2,3-dichloro-1,1,2,3-tetra-
kis(di-tert-butylmethylsilyl)siladigermirane (3a) and 1,2-
dichloro-1,2,3,3-tetrakis(di-tert-butylmethylsilyl)trigermirane
(3b), instead of the ring-expansion products (Scheme 3).14]
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Scheme 3. Reaction of 1a and 1b with CCl, with formation of 2,3-
dichlorosiladigermirane 3a and 1,2-dichlorotrigermirane 3b.
R=SiMetBu,.

The reaction with CHCl; results in complicated product
mixtures. The ring-expansion reaction with CH,Cl, is general
for all heavy cyclopropene analogues of the type R,EE) (R =
SiMerBu,; E, E' =Si, Ge). Thus, the previously reported 1H-
trisilirene R,Si;®! as well as the 3H- and 1H-disilagermirenes
R,GeSi,! smoothly react with CH,Cl, to produce four-
membered rings that are isostructural to Sa and Sb.

Experimental Section

1a: A mixture of (rBu,MeSi),SiLi,—prepared from 1,1-bis(di-tert-
butylmethylsilyl)-2,3-bis(trimethylsilyl)-1-silacycloprop-2-ene

(500 mg, 0.98 mmol) and Li (35 mg, 5.00 mmol) in THF (4 mL)—and
Bu,MeSi-GeCl,-GeCl,-SiMerBu, (200 mg, 0.33 mmol) was placed in
a reaction tube with a magnetic stirrer bar. Dry, oxygen-free toluene
(4mL) was introduced by vacuum transfer, and the dark green
reaction mixture was stirred for 1 h at room temperature. After the
inorganic salts were removed by filtration and the solvent was
removed under vacuum, the residue was taken up in hexane and
separated by column chromatography on silica gel (eluent: hexane) in
a glove box. Recrystallization of the appropriate fraction from
pentane at —30°C produced pure 1la as dark red crystals (68 mg,
26%), m.p.: 193-195°C; '"H NMR (300.1 MHz, [D¢]benzene, TMS):
0=043 (s, 6H), 0.53 (s, 6H), 1.21 (s, 36 H), 1.30 ppm (s, 36 H);
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BC{'H} NMR (75.5 MHz, [Dg]benzene, TMS): 6 = —3.9, 2.1, 22.8,
23.4,29.8, 31.2 ppm; ¥Si{'H} NMR (59.6 MHz, [D¢]benzene, TMS):
0=-110.6 (cyclic Si), 5.8 and 40.8 ppm (substituent Si); UV/Vis
(hexane): Ay, (€)=470 (1200), 403 (1000), 311 (2400), 236 nm
(21800 m~'ecm™"); elemental analysis (%) calcd for CyHg,Ge,Sis: C
53.87, H 10.55; found: C 54.06, H 10.33.

1b: Compound 1b was prepared from (1Bu,MeSi),GeLi, and
tBu,MeSi-GeCl,-GeCl,-SiMerBu, in 22 % yield as dark red crystals;
m.p.: 188-190°C; '"H NMR (300.1 MHz, [D¢]benzene, TMS): 6 = 0.46
(s, 6H), 0.54 (s, 6H), 1.23 (s, 36 H), 1.29 ppm (s, 36 H); *C{'"H} NMR
(75.5 MHz, [Dg]benzene, TMS) 6=-3.8, —1.9, 22.7, 23.7, 29.8,
31.0 ppm; #Si{'H} NMR (59.6 MHz, [D;]benzene, TMS): 6 =17.0,
39.1 ppm; UV/Vis (hexane): A,. () =457 (700), 407 (700), 324
(2400), 234 nm (13600 Mm~'cm™"); elemental analysis (%) calcd for
C5¢HgGesSiy: C 51.04, H 9.99; found: C 50.71, H 9.77.

Sa: A mixture (319 mg) of 2-siladigermirene 1a and disilene 2a
(2:1) was placed in a reaction tube with a magnetic stirrer bar. Dry,
oxygen-free CH,Cl, (1 mL) and hexane (1 mL) were introduced by
vacuum transfer, and the reaction mixture was stirred for 3 h at room
temperature to give a dark blue solution. After removal of the
solvents under vacuum, the residue was separated by column
chromatography on silica gel (eluent: hexane) in a glove box. Two
fractions were collected: the first blue fraction (2a) and the second
pale yellow fraction (5a). After removal of the solvent under vacuum,
the second fraction was recrystallized from hexane at —30°C to give
pure 5a as colorless crystals (173 mg, 71%), m.p.: 152-154°C;
"H NMR (300.1 MHz, [Dg¢]benzene, TMS): 6 =0.46 (s, 6H), 0.79 (s,
6H), 1.20 (s, 18H), 1.21 (s, 18H), 1.24 (s, 18H), 1.31 (s, 18H),
2.79 ppm (s, 2H, CH,); *C{'H} NMR (75.5 MHz, [D¢]benzene, TMS):
0=-438, 1.1, 22.5, 23.1, 23.5, 24.3, 29.8, 30.0, 31.4, 31.8, 42.6 ppm,;
¥Si{'H} NMR (59.6 MHz, [D¢]benzene, TMS): 6=21.5 and 28.6
(substituent Si), 30.7 ppm (cyclic Si); elemental analysis (% ) calcd for
C;3;HgCLGe,Sis: C 50.07, H 9.77; found: C 49.81, H 9.82.

Sb: Compound 5b was prepared from a mixture of 1b and 2b in
69% yield as colorless crystals; m.p.: 149-152°C; 'HNMR
(300.1 MHz, [Dg]benzene, TMS): 6=0.46 (s, 6H,), 0.84 (s, 6H),
1.201 (s, 18 H), 1.203 (s, 18 H), 1.23 (s, 18 H), 1.30 (s, 18 H), 2.98 ppm (s,
2H, CH,); *C{'H} NMR (75.5 MHz, [D¢]benzene, TMS): 6 = —4.9,
1.3,22.9,23.3,23.5,24.2,29.8,30.0, 31.2, 31.6, 44.9 ppm; *Si{'H} NMR
(59.6 MHz, [Dg]benzene, TMS): 6 =27.7, 31.0 ppm; elemental anal-
ysis (%) caled for C3;HgsCl,Ge;Siy: C 47.68, H 9.30; found: C 47.74, H
9.32.
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