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The chemistry of acetylene (I) and its isomerization to
vinylidene (II) has been an intensely researched topic for
theoretical chemists for a long time,!! which soon prompted
interest in the corresponding heavier congeners III and IV
(Scheme 1).”! To date, neither free vinylidene or its heavier

Scheme 1. Chemical structures of acetylene (1), vinylidene (ll), and
their corresponding heavier analogues Ill and IV (M and M’ are
heavier Group 14 elements).

analogues have been isolated.’**! The parent vinylidene (II)
has been detected in matrix experiments.?* In 1966, Mills
et al. reported the first structurally characterized transition-
metal complexes of diphenylvinylidene, which were obtained
from the reaction of diphenylketene and ironpentacarbo-
nyl.™! In the meantime, vinylidene transition-metal com-
plexes have acquired some prominence as catalysts, in
particular in alkene and alkyne metathesis.“*! Substituted
examples of disilynes (ITI, M = M’ = Si)*! and digermynes (III,
M =M’ = Ge)!® have been isolated as the heavier analogues
of alkynes. In neither case, however, was isomerization to the
corresponding disilenylidene or digermenylidene of type IV
observed. In contrast, theoretical calculations on the hetero-
nuclear H,SiGe potential energy surface predict that silager-
menylidene (H,Si=Ge:) is energetically favored over both
silagermyne (HSi=GeH) and germasilenylidene (H,Ge=
Sit).l" The stability of H,Si=Ge: relative to H,Ge=Si: is
attributed to the more diffuse orbitals at germanium that
accommodate a lone electron pair more easily than in the case
of silicon.

For the synthesis of a substituted version of H,Si=Ge: we
chose an N-heterocyclic carbene (NHC) as a base to
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coordinate to the low-valent germanium center. NHCs have
been shown to stabilize low-coordinate compounds in numer-
ous cases.*? Herein, we now report an isolable NHC-
stabilized silagermenylidene. As proof-of-concept for its
suitability as a novel synthon to access various low-valent
Group 14 compounds, we also demonstrate the formal [2+2]-
cycloaddition with phenylacetylene.

The reductive dehalogenation of either diaryl substituted
dichlorosilane Tip,SiCl, (1; Tip =2,4,6-iPr;CsH,) or NHC-
stabilized  germanium(I)  dichloride, ~NHC""-GeCl,
(NHCP? = C{N(Ar)CH},, Ar=2,6-diisopropylphenyl)
alone had been shown to afford the homoleptic disilene™!
and an NHC-coordinated digermanium(0) compound,™
respectively. To obtain the desired cross-coupling product,
we figured that a more pronounced discrimination between
the two precursors in terms of steric congestion would be
beneficial. As a consequence, we chose the less-bulky
NHCPMe.GeCl, (2; NHCPMe=1 3-diisopropyl-4,5-dime-
thylimidazol-2-ylidene)!'? as starting material alongside 1.1

Indeed, the dropwise addition of four equivalents of
freshly prepared lithium/naphthalene (Li/C;(Hy) to the tetra-
hydrofuran solution of 1 and 2 (one equivalent each) at
—78°C afforded the target compound, silagermenylidene 3,
along with the known homoleptic disilene, Tip,Si=SiTip,""
and free NHC*™M*, 1 3-diisopropyl-4,5-dimethylimidazol-2-
ylidene as side products."¥ The 'H NMR of the crude reaction
mixture indicated the formation of 3 and Tip,Si=SiTip, in
a molar ratio of approximately 2:3 (Supporting Information,
Figure S7). From the reaction solution, pure 3 was isolated in
8 % yield with respect to Tip,SiCl, by fractional crystallization
from hexane as red crystals (mp. 128-130°C) in a reproducible
manner (Scheme 2).*! The 'H NMR spectrum of a second
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Scheme 2. Synthesis of silagermenylidene 3 (Tip=2,4,6-iPr;CsH,).

crop of crystals obtained from the mother liquor indicated the
presence of considerable quantities of Tip,Si=SiTip," and of
free NHC™M=[" (Supporting Information, Figure S8).

The *Si NMR resonance of 3 at 0 =158.9 ppm is shifted
significantly downfield compared with those of the disilenes
Mes,Si=SiMes, (63.6 ppm; Mes=2.4,6-Me;CJH,)!'® and
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Tip,Si=SiTip, (53.4 ppm);"” or silagermenes Mes,Si=GeMes,
(80.6 ppm),"7 (Bu,MeSi),Si=GeMes, (22.4 ppm).'¥ Tt is
well-established that the chemical shift anisotropy of heavier
multiple bonds can be large in the presence of electronically
differing substituents at the constituent Group 14 atoms.!”
Not unexpectedly, the dicoordinate Ge™ moiety in 3 appears
to be more electron-rich than the silylene fragment (SiTip,),
resulting in a *Si chemical shift that is much closer to those of
the silyl substituted disilene, (iPr5Si),Si=Si(iPr;Si),, 0=
154.5 ppm,?! but shifted upfield compared with NHCPP —
Si=SiNHC""" (§ =224.5 ppm).”"! In the 'HNMR spec-
trum, the CH protons of the ortho-isopropyl groups of 3 result
in broadened signals at room temperature, which is presum-
ably due to hindered rotation about the Si—C bonds.
Conversely, the para-isopropyl groups of the Tip substituents
are chemically inequivalent (cis/trans with regard to
NHC™Me) and give rise to two different signals even at
25°C. At —50°C, individual resonances are observed for most
other isopropyl CH moieties as well (Supporting Information,
Figure S2).

The molecular structure of compound 3 as determined by
X-ray crystallography is shown in Figure 1.”? Compound 3
crystallizes from hexane in the monoclinic P21/n space group.
The Si—Ge bond length is 2.2521(5) A, which matches that of
the H-substituted parent silagermenylidene, H,Si=Ge:, almost

Figure 1. Molecular structure of 3 in the solid state (ellipsoids set at
30% probability; hydrogen atoms are omitted for clarity). Selected
bond lengths [A] and angles []: Si-Ge 2.2521(5), Ge—C31 2.0474(18),
C31-N11.358(2); C1-Si-C16 110.44(8), C1-Si-Ge 114.97(6), C16-Si-Ge
134.50(6), C31-Ge-Si 98.90(5).

precisely (2.263 A at the MP2/TZV (2df, 2p) level of
theory)."™ This distance is close to the mathematical average
of the bond lengths of Tip,Si=SiTip, (2.144 A)!' and
NHCP*_stabilized digermanium(0), NHCP* —Ge=Ge «N-
HCP™ (2.3490(8) A)."" The Si atom has an almost perfectly
planar coordination environment (sum of the angles at Si:
359.8°). NHC™2M coordinates to the germanium center in
a near-orthogonal manner with respect to the Si—Ge bond
vector (C31-Ge-Si 98.90(5)°). The torsion angle of C1-Si-Ge-
C31is —176.89°, which allows for efficient & overlap between
the Ge and Si centers. The Ge—C31 distance in 3
(2.0474(18) A) is shorter than that of 2 (2.106(3) A)l'!
although it is similar to the digermanium(0) compound
(2.030(3) A)."") Taken together these structural features
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justify the description of compound 3 as an NHCF2Me.

stabilized singlet silagermenylidene. Alternatively, 3 could
also be described as a formal germanium(0) species stabilized
by silylene and NHCP?™e coordination (Tip,Si:—
Ge”«—NHC™M=) A few carbene-stabilized so-called sily-
lones and germylones have been reported.””! The UV/Vis
spectrum of 3 in hexane exhibits absorptions at 4,,,, =455 nm
(¢=8820Lmol'cm™") and at A,,=365nm (e=
8370 Lmol 'cm™"), which can possibly be attributed to the
n—n* and n—mt* transitions.

Because of the presence of the Si—Ge double bond,
silagermenylidene 3 has the potential for formal [2+2]
cycloadditions, for instance with phenylacetylene. As antici-
pated, the addition of one equivalent of phenylacetylene to
a toluene solution of 3 at room temperature afforded
exclusively one regioisomer of the base-stabilized cyclic
germylene 4 as yellow crystals (mp. 217-219°C) in 71%
yield of isolated product (Scheme 3)."™™ In the reaction
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Scheme 3. Formal [2+2] cycloaddition of 3 with phenylacetylene
(Tip=2,4,6-iPr;CsH,).

mixture we did not detect any side products, including the
conceivable other regioisomer or the product of oxidative
addition of an alkynyl C—H bond to the Ge center. In case of
silicon(II) compounds such a C—H addition has been
reported.”!

In the '"HNMR spectrum, the most deshielded signal
appears as a singlet at 8.57 ppm, which is assigned to the
vinylic hydrogen atom. The upfield-shifted *Si NMR signal of
4 (0 =—-39.1 ppm) in comparison to 3 confirms the absence of
a Si—Ge double bond. The UV/Vis spectrum of 4 shows an
absorption at A, =336 nm (¢ =2524 Lmol 'cm™"), which is
blue-shifted in comparison to silagermenylidene 3. The
regioselectivity of the reaction is easily explained by a step-
wise dipolar addition pathway in which the initial attack
occurs at the positively polarized Si atom of 3. Stepwise
reaction pathways are well-established for homo- and heter-
onuclear heavier double-bond systems.

Single crystals of 4 suitable for an X-ray diffraction study
were obtained from a benzene solution at room temperature.
The cyclic NHC®M<_stabilized germylene crystallizes in the
triclinic P1 space group (Figure 2).”?! The analysis of the
solid-state structure clearly indicates a markedly pyramidal-
ized germanium center (sum of angles 270.25°). C1 and C2, Si,
and Ge form an almost perfectly planar trapezoid (sum of
internal angles 359.96°). The bond length between the
carbenic carbon, C33, and germanium is 2.0948(19) A,
which is longer than the corresponding distance observed in
3 (2.0474(18) A), but very close to the value found in 2
(2.106(3) A).?
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Figure 2. Molecular structure of 4 in the solid state (ellipsoids set at
30% probability; hydrogen atoms are omitted for clarity except the
vinylic hydrogen). Selected bond lengths [A] and angles [°]: Si-Ge
2.4982(6), C1-C2 1.351(3), Si-C1 1.879(2), Ge-C2 2.068(2), Ge~C33
2.0948(19); Si-Ge-C2 68.96(6), Ge-Si-C1 77.45(6), Si-C1-C2 106.62(14).

In conclusion, with silagermenylidene 3 we have isolated
the first example of a monomeric base-stabilized vinylidene
analogue. Although compound 3 is sensitive to oxygen and
moisture, it is stable in the solid state and in solution under
argon for at least two months without any decomposition.
With the high degree of functionality (double bond, lone pair
of electrons, NHC™™< coordination site), silagermenylidene
3 has the potential to act as a valuable novel synthon in low-
valent main-group chemistry.”” As a first proof-of-principle,
we have demonstrated the clean conversion of 3 with
phenylacetylene to a four-membered base-stabilized cyclic
germylene. The scope of this novel access to base-stabilized
germylenes, as well as the general reactivity of 3, are currently
being studied in our laboratory.

Experimental Section

3: Li/C\¢Hg (freshly prepared from 0.215 g (30.97 mmol) of granular
Liand 4.76 g (37.17 mmol) C,;Hg in 80 mL THF) was added dropwise
into a Schlenk flask with 1 (3.916¢g, 7.74 mmol) and 2 (2.508 g,
7.74 mmol) in THF (100 mL) at —78°C. The mixture was slowly
brought to 25°C and stirred overnight. All of the volatiles were
removed under vacuum at 65°C and the solid residue dissolved in
hexane (200 mL). The crude reaction mixture contained the product 3
and Tip,Si=SiTip,!'"”! in an approximate molar ratio of 2:3 as well as
free NHCP™Me: (which could not be quantified owing to signal
overlap).'" After filtration the solution was kept at —78°C overnight.
Occasionally an oily precipitate forms at this stage, from which the
solution is separated and concentrated to about 30 mL. After another
15h at —78°C red crystals of 3 were obtained (0.430 g, 8%). Mp.:
128-130°C. '"H NMR (300 MHz, [D¢]benzene, TMS, 298 K): 6 =7.20
(br, 2H, Tip-H), 7.04 (br, 2H, Tip-H), 6.02 (br, 2H, CH(CH,), of
NHC?=Me) 520-3.79 (br, 4H, 0-CH(CH;),) 2.91-2.70 (m, 2H, p-
CH(CH;),), 1.62 (br, 6H, CH(CH,),), 1.54 (s, 6H, CH3), 1.26 (d, 6 H,
CH(CH,),), 1.20 (d, 6H, CH(CH;),) 1.30-0.90 ppm (br, 30H, CH-
(CHs),). "HNMR (300 MHz, [Dg]toluene, TMS, 223 K): 6 =7.44 (s,
1H, Tip-H), 7.19-7.01 (3H, Tip-H, masked by [Dg]toluene), 6.24
(hept, 1H, CH(CHs),), 5.98 (hept, 1H, CH(CH,),), 5.56 (hept, 1H,
CH(CH,),), 4.81 (hept, 1H, CH(CHs;),), 3.99-3.85 (m, 2H, CH-
(CH;),) 2.94-2.75 (m, 2H, CH(CHs,),), 1.92 (d, 3H, CH(CH,),), 1.69
(d, 3H, CH(CHs;),), 1.62 (d, 3H, CH(CHs;),), 1.58-1.28 (altogether
33H, CH; & CH(CH,),), 0.76 (d, 6H, CH(CHs;),) 0.71-0.63 ppm (br,
6H, CH(CH;),). “C{'H} NMR (75.4 MHz, [D¢benzene, TMS,
298 K): 0=177.85 (NCN), 154.12, 152.73, 148.99, 148.41, 14421,
142.30 (Ar-Cyy,y), 126.08 (NCCN), 121.51, 121.24 (Ar-CH), 54.15
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(CH(CH,), of NHC™M%) 36.86, 35.25, 34.73, 34.62 (CH(CH,),),
24.62, 2429, 24.19, 23.81, (CH(CHj),), 20.73 (CH(CHj), of
NHC?™Me) 1001 ppm  (CHi).  ¥Si{'H} NMR  (59.5 MHz,
[Dg]benzene, TMS, 298 K): 6 =158.92. UV/Vis (hexane): Ay, (€)
455 (8820), 365 (8370)nm (Lmol 'cm™'). Elemental analysis
caled (%) for CyHgGeN,Si: C71.61, H9.67, N4.07; found:
C71.64, H9.53, N 3.88.

4: A solution of 3 (0.136 g, 0.19 mmol in 1 mL toluene) was added
to an NMR tube containing phenylacetylene (22 pL, 0.20 mmol).
After 24h a crystalline compound deposited. The supernatant
solution was removed, the remaining solid washed with hexane (2 x
1.5 mL), and dried in vacuum to afford 0.110 g (71 %) of 4 as yellow
crystals. Mp.: 217-219°C. '"H NMR (300 MHz, [D4]benzene, TMS,
298 K): 0 =8.57 (s, 1 H, vinylic C-H), 7.96 (m, 2H, o-Ph-H), 7.19 (m,
2H, m-Ph-H), 7.15 (2H, Tip-H masked by CsDsH), 7.09-7.00 (m and
s altogether 3H, p-Ph-H & Tip-H), 5.03 (2H, hept, CH(CHj;), of
NHC*Me) 459 (br, 2H, 0-CH(CH,),), 3.96 (hept, 2H, 0o-CH(CHs,),),
2.93-2.70 (m, 2H, p-CH(CH,),), 1.50 (d, 6H, 0-CH(CH,),), 1.48 (s,
6H, CH,), 1.44 (d, 6H, 0-CH(CHy),), 1.32-127 (m, 6H, p-CH-
(CHs3),), 1.24-1.16 (br and m, altogether 12H, o- & p-CH(CH),), 1.02
(d, 6H, CH(CH,;), of NHC™:Me) (.70-0.63 ppm (m, 12H, six from
each 0-CH(CH;), & CH(CH,), of NHC*™Me) BC{'H} NMR
(75.4 MHz, [Dg]benzene, TMS, 298 K): 6 =177.88 (NCN), 173.50
(PhC=C), 154.87 (C=CH), 154.10, 154.03, 148.39, 148.14, 147.58,
139.71, 138.65 (Ar-Cyyy), 125.98, 125.76 (PhCH), 125.60, (NCCN),
121.33, 121.29 (Ar-CH), 51.73 (CH(CHj;), of NHC™Me) 35,06, 34.46,
34.32,33.45, (CH(CH;),), 25.72,24.73, 24.25, 24.16, 24.12, 24.01, 23.86
(CH(CH,),), 21.05, 19.85 (CH(CH,), of NHC®"™*) 9 86 ppm (CH,).
Si{'H} NMR (59.5 MHz, [D¢]benzene, TMS, 298 K): 6 = —39.12.
UV/Vis (hexane): A, (¢) 336 (2520) nm (Lmol 'cm™!). Elemental
analysis caled (%) for C,oH;,GeN,Si: C 74.51, H9.19, N 3.55; found:
C73.58, H9.01, N 3.36.
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