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Abstract: Synthetic routes to the metallole specie&,E(H)R (9, E = Si, R= Si(SiMe;)3; 10, E= Si, R= Mes
(mesityl); 11, E = Ge, R= Si(SiM&)3; 12, E = Ge, R= Mes), GR/E(SiM&), (13, E = Si, R= Me; 14, E = Ge,

R = Me; 19, E = Si, R= Et; 20, E = Ge, R= Et), and GMesE(R)E(R)MaC, (15, E = Si, R= SiMe;; 16, E =

Si, R= Me; 17, E= Ge, R= SiMe3; 18, E = Ge, R= Me) are described. In the presence of 18-crown-6, dihalides

1 and2 are reduced by potassium in tetrahydrofuran to give crystalline samples of the silole dianion [K(18-crown-
6)*12[CsMesSi?7] (21) and the germole dianion [K18-crown-6}][CsMesGep (22). Compound?1 adopts an inverse-
sandwich geometry, whil22 is a dimer with a bridging [K(18-crown-6)K] group and;°-binding modes for all of

the potassium atoms. The metallole dianions in these structures appear to possess detesydisads, as evidenced

by nearly equivalent €C bond lengths in the five-membered rings. Silolyl and germolyl anions have been obtained
by various methods involving nucleophilic cleavage of bonds to germanium and silicon. Deprotonatibaraf

12 in the presence of a crown ether gave the anions [K(18-crown-SgeGeR] 23, R = Si(SiMey)s; 24, R =

Mes) and [Li(12-crown-4)[C4MesGeR] 25, R = Si(SiMe&)s; 26, R = Mes). NMR parameters for these species,
and X-ray structures fo25 and 26, indicate that the anionic rings possess pyramidal germanium centers and bond
localization in the diene portion of the ring. Spectroscopic and X-ray crystallographic data for [Na(15-crown-5)]-
[CsMe,GeMe] 28), prepared by reductive cleavage of the—<&&e bond inl8, reveal a similar structure for the
germolyl ring. The latter compound possesses a-i interaction in the solid state. Silolyl and germolyl anions
M[CsMe4E(SiMe&s)] (30, E = Si, M = Li; 31, E= Si, M = K; 32, E = Si, M = Li(12-crown-4}; 33, E = Si, M

= K(18-crown-6);34, E = Ge, M= K; 35, E = Ge, M = K(18-crown-6)) have been prepared by nucleophilic
cleavage of the ESiMe; bond in GMe4E(SiMe;), with MCH,Ph (M = Li, K). By similar methods, the monoanionic
species [K(18-crown-6)][eMe4E(SiMe;)CsMeqE] (36, E = Si; 37, E = Ge) were obtained. A crystal structure
determination for33 revealed a highly pyramidalized Si center (the angle between iBeglane and the SiSi

bond is 99.8) and pronounced double bond localization in the ring. Interaction between the [K(18-crown-6)]
cation and the anion is rather weak, as indicated by theSKdistance (3.604(2) A) and the atomic position for K.

By variable-temperaturdH NMR spectroscopy, inversion barriers for the compounds [Li(12-crowiielELESiMe;]

(38, E = Si; 40, E = Ge) and K[GE$LESIMe;] (39, E = Si; 41, E = Ge) were estimated. Barriers for the germolyl
anions40 and41 (10.5(1) and 9.4(1) kcal mol, respectively) are distinctly higher than those for the corresponding
silolyl anions38 and 39, as might be expected from periodic trends. The silolyl anions exhibited coalescence
temperatures below the freezing point of tetrahydrofuran (165 K), but upper limits to the inversion barriers were
estimated from spectra recorded at the lowest temperatsi@g kcal mot? for 38 and <8.4 kcal mot? for 39).

The measured inversion barriers for compouB8s41 provide energy differences between the pyramidal anions
and their corresponding planar (possibly aromatic) structures, and their low values may be attributed to stability
imparted to the transition state by delocalizationmeélectron density in the ring.

There has been considerable recent interest in cyebgs- the ground staté. Hong and Boudjouk have provided NMR
tems containing silicon and germanidimMuch of this interest parameters for the lithium and sodium salts ofP&SiBu~
concerns the possibility of aromatic character for such systems,which suggest some delocalization of negative charge in the
which may arise via delocalization of p-orbitals on silicon or ring5 Germolyl anions may also be generated in solufibaof
germanium with carbon-basedsystems. Theoretical calcula-  an analysis of NMR data for fMesGePhr suggested that the
tions indicate that silabenzene is nearly as aromatic as beAzene negative charge was localized substantially on germaniure.
whereas the silolyl (or silacyclopentadienyl) aniogHGSIH™ have reported the X-ray crystal structure for [Li(12-crowgH4)
is predicted to be only partially delocalizédi. Early calculations  [C,Me,GeSi(SiMe)s], which possesses a highly pyramidal Ge
indicated only a small degree of aromatic character for center and pronouncettbond localization in the rin§. How-
C4H4SiH=,2 but more recent studies predict significant delo- ever, it is interesting to compare the properties fgb-Cs-
calization despite the presence of a pyramidal silicon atom in Mes)RU{ °-CsMeESi(SiMey)s} (E = Si® and G&%), which have

TUniversity of Calfornia, Berkeley. significantly delocalized electron density in thgECrings, as

* University of Delaware. shown by NMR spectroscopy and X-ray crystallography. It

€ Abstract published ilAdvance ACS Abstract©ctober 1, 1996. therefore seems that various substituent effects may greatly
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influence the degree of delocalization in silolyl and germolyl
rings.

Freeman et al.

over the year$? For our investigations on stab{é-silolyl and
n>-germolyl transition metal complex&4? we desired silole

Related cyclic systems that have attracted more recent interesfd germole starting materials that did not contain alternative

are silole and germole dianiongRyE?~. After the initial report
by Joo and co-workets on the generation of £hSi¥-, a

number of investigations focused on the use of such species a

synthetic intermediatéé-16 Goldfuss and Schleyer published
a theoretical study on the silole dianionsHGSiZ~ which
characterizes this cyclic system as highly arom¥tiand this

view has been supported by recent crystallographic studies by

West518and ust® Given the level of interest in anions of the

binding sites for the metal (e.g., aryl groups). Therefore the
compounds (Me,GeCb (1) and GMe4SiBr, (2), reported by

Fagan et al., seemed to offer ideal starting mateffal§he

synthesis ofl was achieved by a modification of the Fagan
procedure, involving the synthesis of £pC;Me, and its
conversion tdl in a single reaction flask. The analogous ethyl
derivative GEt4GeC) (3) was obtained similarly as a colorless
oil in 70% yield, after distillation under vacuum. The reported
synthesis of2 gives impure material in relatively low vyield.

types described above, and their potential to exhibit novel This method was modified by carrying out the reaction 05Cp
electronic properties, we have sought to characterize suchz,c,me, and neat SiBrat 135-140°C over 12 h.  In this way
systems in detail. Here we report a comprehensive study on compound?, contaminated by420% hexamethylbenzene, was

the synthesis, structure, and electronic properties for related C
(alky4E—R~ and G(alkyl)4E2~ (E = Si, Ge) ring systems.

Results

Synthesis of Silole and Germole Precursors.A number

obtained in 30% vyield as light pink crystals after purification
by short-path distillation, crystallization, and then sublimation.
Attempts to obtain GEYSIBr; by the reaction of CZrC4Ety

with SiBrs were unsuccessful. However, the analogous chloride
derivative GE{SIiCl, (4) was obtained by the sequence of
reactions shown in eq 1, using methods previously described

of synthetic routes to siloles and germoles have been reportedby Ashé! and West4
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Desired precursors to silolyl and germolyl anions were the
monosubstituted derivativesK@e,E(R)X and GMe,E(R)H (E
= Si, Ge; R= alkyl, aryl, or silyl). Compounds of these types
were obtained by the sequence of reactions shown in eq 2 (Mes
= mesityl). In general, this method is successful only with
sterically hindered R groups, as smaller nucleophiles lead to
mixtures of mono- and disubstituted products. Silyl brontide
was not isolated, but was generated in situ for the preparation
of 10.

4

= Ry /X LiAIH, Ru, /X
X. —_— B —_— “E )
AN X \— H” \— @
5 E=Si X=Br; R=Si(SMeg); 9, E =Si; R=Si(SiMes);
6, E = Si; X =Br; R = Mes 10, E = Si; R = Mes
7,E=Ge; X=Cl; R=Si(SiMeg); 11, E = Ge; R = Si(SiMes),
8,E =Ge; X=Cl; R=Mes 12, E =Ge; R=Mes

Routes to monoanions of interest were also based on the
starting compound43—18 shown in Scheme 1. These met-
allole rings are obtained by the in situ alkylation or silylation
of intermediate dianionic species obtained by the reduction of
1 and2 with potassium metal. In a similar way, the silolg-C
EySi(SiMe;), (19) and the germole £Et,Ge(SiMe), (20) were
prepared. This versatile method was pioneered by Joo and co-
workers, who used it to obtain a number of tetraphenyl silole
derivativest!

Isolation and Structural Characterization of Silole and
Germole Dianions. Given the strong interest in silole and
germole dianions as synthetic intermediates and as potentially
aromatic systems, we attempted to isolate and structurally
characterize examples of this class of compounds. Addition of
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263.

(20) (a) Fagan, P. J.; Nugent, W. A,; Calabrese, J.@m Chem Soc
1994 116 1880-1889. (b) Fagan, P. J.; Nugent, W. &. Am Chem
Soc 1988 110, 2310-2312.

(21) Ashe, A. J.; Kampf, J. W.; Pilotek, S.; RousseaupRjanometallics
1994 13, 4067~—4071.
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Figure 1. ORTEP diagram of the silole dianion [K(18-crownty
[C4M€4Si2_] (21).

Scheme 1
= 4K , 2 Me,SiCl =
- K+
EX —> Ky ——— E(SiMeg)s
= THF = ~
1,2
3K 13, E=Si
14,E =Ge
THF
k® R
=N /S 2 RX =\ / =~
_ . A
= O\== (RX = Mel = / \=
® or Me3SiCl) R
K

15, E = Si; R = SiMegy
16,E=Si;R=Me
17, E = Ge; R = SiMey
18, E=Ge; R =Me

Table 1. Crystallographic data for Compoun@® THF, 26, 28, and33

J. Am. Chem. Soc., Vol. 118, No. 43, 109569

18-crown-6 (2 equiv) to reaction mixtures obtained by adding
1 or 2 to potassium in THF resulted in an increased rate for
reduction to the dianions, as indicated by a more rapid
development of the red colors associated with these species.
Formation of the dianions from the dihalide starting materials
is accompanied by a dramatic downfield shift in & NMR
resonances, which is consistent with considerable aromatic
character in the rings. For example, th¢ NMR shifts for 2

(6 1.38, 1.70) are replaced by shifts for the dian@hat 6

2.81 and 3.27.

Small quantities of crystalline samples were obtained by the
slow (over ~10 days), gas-phase diffusion of pentane into
THF/18-crown-6 solutions of the dianions. In this way, we have
isolated [K(18-crown-6)]2[CsMesSiZ~] (21), which adopts an
“inverse sandwich” structure with both potassium atoms coor-
dinated by the silole dianion in aj¥-fashion (Figure 1} Nearly
equivalent C-C distances in the five-membered ring suggest a
high degree of delocalization, as predicted by theory. Unfor-
tunately we were unable to obtalfC and?°Si NMR data for
this silole dianion due to its low solubility in unreactive solvents
(e.g., benzends and THFs).

Crystals obtained by reduction @fcontain the bis(germole
dianion) complex [K(18-crown-63][CsMe,Ge} (22-THF, Fig-
ure 2). Crystal and data collection parameters are given in Table
1, and selected bond distances and angles are listed in Table 2.
The two germole dianions in the unit cell are related by a
crystallographic point of inversion and are therefore identical.
The slight differences in the ©€C bond lengths of the fGe
ring (1.45(1), 1.43(1), and 1.42(1) A) point toward considerable
delocalization ofrz-electron density in the ring. The large
difference in Ge-C bond distances results from the rather high

compd 22:THF 26 28 33
(a) Crystal Parameters
formula GeH104GEK 4019 Ca3Hs5GeLiOg CioH3sGeNaQ Co3H45KO6Si
formula weight 1382.97 659.3 439.05 512.87
crystal system monoclinic monoclinic monoclinic _triclinic
space group C2/c P2i/c P2i/c P1
a(d) 20.681(3) 16.037(6) 10.101(1) 9.999(2)
b (R) 19.347(2) 12.692(5) 14.270(1) 10.705(2)
c(A) 20.887(2) 17.893(6) 16.422(3) 14.208(3)
o (deg) 94.08(2)
B (deg) 114.88(1) 103.25(3) 98.24(1) 92.79(2)
y (deg) 102.58(2)
V (A3 7582(2) 3545(2) 2342.6(5) 1477.2(4)
VA 4 4 4 2
cryst color red-orange yellow yellow yellow
D(calc), g cnT® 1.212 1.235 1.245 1.153
u(Mo Ka), cmt 10.70 9.10 13.49 2.92
temp, K 293 246 238 238
(b) Data Collection
diffractometer Siemens P4
monochromator graphite
radiation Mo Ko (1 = 0.71073 A)
26 range, deg 4-50 4-42 4-45 4-50
rfins collected 6870 3913 4024 5923
indpt rfins 6670 3761 3056 4952
std rflns 3 std/197 rflns 3 std/197 rflns 3 std/197 rflns 3 std/197 rflns
(c) Refinemertt

R(F), % 7.10 5.66 5.68 5.1
R(wWF), % 16.23 6.39 14.22 12.5%4
Alo (max) 0.05 0.07 0.11 0.01
A(p), e A3 0.62 0.42 0.46 0.29
No/N, 17.5 55 12.9 17.1
GOF 0.89 1.14 0.88 0.70

aQuantity minimized= SWA?% R = SA/S (Fo); RW) = SAWYIE(Fow?), A = |(Fo — Fc)|. P Quantity minimized=

AVIIWFATY R = FAI3 (Fo), A = [(Fo — Fo)l. © RWF?), %.

RWF) = S[W(FF ~
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Scheme 2
) ®
KN(SiMej3),/18-crown-6 K(18-crown-6)
or
Hy,, ESS KCH,Ph/18-crown-6 o =
Ge Ge 23, R = Si(SiMes)
) 3)3
R' — R( _— 24 R = Mes
11,12
R -"BuH
BuLi ®
2 (12-crown-4) Li(12-crown-4),
S =~
et 25, R = Si(SiMeg),
o Ked R —{_ 26,R=Mes
c2r ¢

Figure 2. ORTEP diagram for the bis(germole dianion) complex

have very similar structures in solution. For example, i@
[K4(18-crown-6)][C.sMesGel (22).

NMR shifts for the ring carbons (Cand G) of compound<£3

Table 2. Selected Bond Distances (&) and Angles (deg) for and25 are nearly equivalent (Table 3), and somewhat downfield
[K 4(18-crown-6)][C4sMe,Ge] THF (22-THF) shifted relative to analogous resonances for the corresponding
(a) Bond Distances germoles. Such shifts seem to be associated with bond
Ge-C(1) 1.846(9) K(1)}-C(3) 2.881(7) localization in the rings, and considerable localization of
Ge—-C(4) 1.959(8) K(1>C(4) 3.008(7) negative charge onto the germanium at@mNote that the
C(1)-C(2) 1.451(11) K(2yGe 3.348(2) analogoug3C shifts for27 are similar (Table 3), indicating that
ggg:ggig iﬁ%ggg Egggg; g-gg?g; interaction of the lithium cation with the ring does not greatly
K(1)-Ge 3.302(2) K(2)}C(3) 3.063(7) perturb its electronic structure. _
K(1)—C(1) 3.049(6) K(2)-C(4) 3.169(7) X-ray quality crystals of25 and 26 were obtained by slow
K(1)—C(2) 2.885(7) diffusion of pentane into diethyl ether solutions of the com-
pounds. The structure &5 was communicated previously.
(b) Bond Angles . . . .
C(1)-Ge-C(4) 86.4(4) C(5-C(1)-C(2) 117.3(8) Both structures consist of d|§crgte cations and anions. An
Ge-C(1)-C(2) 113.0(5) C(8)C(4)-C(3) 123.2(8) ORTEP drawing of the anion i@6 is shown in Figure 3, and
Ge—C(4)—C(3) 112.2(5)  C(1yC(2)—C(6) 122.4(9) important bond distances and angles are listed in Table 4. The
gg&—g%—ggg ﬂggg; gggggg—ggg igi-gg; anion possesses a pyramidal germanium center, which results
Ge-C(1)-C(5) 1207(7)  O(CE)-C@)  124.1(8) in an angle between the@e plane and the GeC(Mes) bqnd
Ge-C(4)-C(8) 124.4(7) of 113.#. For comparison the analogous angle 2B is

considerably smaller, at 100.1 In addition the GGe ring
possesses pronounced bond localization, as indicated by the
esd’'s associated with this structure, and is therefore not variation in G-C bond lengths. Table 5 compares germole ring
chemically meaningful. C—C bond distances with related<C distances in germolyl

Interestingly, silolyl and germolyl dianions were also pro- anions. As can be seen from these data, the germolyl anions
duced (in only ca. 5% yield) when 3 equiv of potassium was 25 and26 exhibit similar differencesAd) between the ¢—Cs
used in the reduction. From the reduction aM24GeC} (1) and G—C;s bond distances, indicating that both compounds have
by 3 equiv of potassium, a mixture of poorly formed crystals considerable diene character.
was obtained. This mixture reacts with p&CI in benzeneds Reductive cleavage of the G&e bond in18 with Na/15-
to give both14and17(3:1). Thus, it appears that the reactions crown-5 in toluene produce®8, which is the germolyl anion
with 3 equiv of potassium give mixtures of the dianiong C  analog of pentamethylcyclopentadienideN@s~) (eq 3). The
MesE(K)E(K)CsMe, and GMe4EK;.  In preparative-scale reac-
tions, however, compounds—18 are readily separated from ]j /Me </ 2 Na/15-crown-5 = /Me @)
the corresponding metallolés3 and 14 by fractional crystal- Ge—Ge —_— Ge,_
lization. Similar observations on silole dianion systems have 7~
been described by J&oand Boudjouk?

Synthesis and Isolation of Silolyl and Germolyl Anions.
We have employed three different methods for the synthesis of 13C NMR data for28 indicate that the anionic ring, like those
these monoanionic species. The first method, pioneered byin 25and26, is bond-localized and nonaromatic (Table 3). This
Curtis in 1967 involves abstraction of a proton from germa- species was crystallized by simply cooling the reaction solution
nium. More recently, this method has been used to generate ao —40 °C. The molecular structure is shown in Figure 4, and
solution of [CMesGePh}.” The second route, introduced by important bond distances and angles are listed in Table 6. This

/ = = .
Me Na(15-crown-5)

18 28

Boudjouk?® is based on reductive cleavage of as B bond. structure differs from those fa25 and 26, in that there is a
Finally, we have employed nucleophilic cleavage ofHE strong interaction between the cation and anion. This interaction
bond$16to produce both silolyl and germolyl anions. brings the sodium atom in contact with only the germanium

The proton abstraction route was successfully employed only atom of the ring; there are no soditroarbon bonding interac-
for the hydrogermole$land12. Anions23—26 form cleanly tions in the structure. Thus, the germanium atom is in a
in benzeneds solution by!H NMR spectroscopy, and prepara- distorted tetrahedral environment. Bond distances in the ring
tive scale reactions in toluene or diethyl ether allow isolation reflect a nonaromatic diene structure, and are very similar to
of these salts as crystalline solids (Scheme 2). In addition the the corresponding distances2b and26, despite the presence
base-free lithium germolyl Li[@Me,GeSi(SiMe)s] (27) was of the Na--Ge bonding interaction. The angle between the-Ge
isolated, as a yellow crystalline solid, from reactionldfwith C(Me) bond and the fGe plane, 110 is very close to the
"BuLi. The NMR parameters f@3—27 indicate that the anions  corresponding value for the free ani@6 (113.4).
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Table 3. °C and?°Si NMR Shifts for Ring Atoms of Selected Germoles, Siloles, Germolyl Anions, and Silolyl Anions

compd 0(Co) 0(Cp) o(ring Si)
(a) Germoles
C:Me,Ge(H)Si(SiMe); (11)2 132.89 146.45
C,Me,Ge(H)Mes (2)° 144.69 146.65
CiMe,Ge(SiMe), (14)° 134.86 145.67
C/MesGe(SiMe)Ge(SiMe)CsMe, (17)° 135.83 145.47
Ci;Me,Ge(Me)Ge(Me)GMe, (18)° 133.79 145.22
C.Et,Ge(SiMe) (20)° 144.34 151.18
(b) Siloles
C:MesSi(H)Si(SiMey)s (9) 129.53 150.94 —8.9¢%
C:Me,sSi(H)Mes (0) 129.28 151.00 —27.57
C,;Me,Si(SiMes) (13)° 130.99 149.81 —34.26
C4Me,Si(SiMe;)Si(SiMes)CsMe, (15)° 131.83 150.11 —34.71
CiMe,Si(Me)Si(Me)GMe, (16)° 131.25 149.11 —13.95
C,EuSi(SiMes), (19)° 139.78 155.56 —37.50
(c) Germolyl Anions
[K(18-crown-6)][C/Me,GeSi(SiMe)s] (23)° 137.13 157.06
[K(18-crown-6)][C;Me,GeMes] 4)° 145.94 156.40
[Li(12-crown-4)}][C.Me,GeSi(SiMe)s] (25)¢ 136.95 157.03
[Li(12-crown-4)][C,Me,GeMes] @6)° 145.49 155.21
Li[C sMesGeSi(SiMe)3] (27)¢ 141.29 156.90
Li[C sMe,GePh] ¢ 138.7 151.5
[Na(15-crown-5)][GMe,GeMe] 28)° 136.10 156.89
[K(18-crown-6)][C:Me,GeMe] R9)° 145.83 159.96
K[C4Me,GeSiMe] (34) 141.10 157.40
[K(18-crown-6)][CMe,GeSiMe] (35)° 136.72 158.56
[K(18-crown-6)][C;Me,Ge(SiMe)CiMe,Ge] (37)° 140.63 156.43
[Li(12-crown-4)][C,Et.GeSiMg] (40) 142.45 166.84
K[C4EuGeSiMe] (41)¢ 141.05 168.62
(d) Silolyl Anions

Li[C sMe,SiSiMe;] (30)¢ 138.66 146.38 —45.38
K[C4Me,SiSiMey] (31)¢ 136.23 148.97 —42.70
[Li(12-crown-4)}][CMe,SiSiMey] (32)° 135.78 148.62 —43.96
[K(18-crown-6)][C/Me,SiSiMey] (33)° 135.76 149.60 —41.52
[K(18-crown-6)][CsMesSi(SiMe;)CaMesSi] (36)° 138.49 149.08 —53.43
[Li(12-crown-4)}][C4EtSiSiMe;] (38)¢ 141.96 158.27 —53.12
K[C4EtSiSiMey] (39)¢ 140.88 158.42 —47.38

aDichloromethanet,. ® Benzeneds. ¢ Benzeneds—THF-dg (1:1). ¢ THF-ds.

Table 4. Selected Bond Distances (A) and Angles (deg) for
[Li(12-crown-4)}][CsMesGeMes] @6)

(a) Bond Distances

Ge—C(1) 2.007(9) GeC(9) 2.039(10)
Ge-C(4) 1.961(8) C(1yC(5) 1.500(12)
C(1)-C(2) 1.340(15) C(2yC(6) 1.497(15)
C(2)-C(3) 1.472(12) C(3yC(7) 1.511(14)
C(3)-C(4) 1.346(14) C(4yC(8) 1.521(11)
(b) Bond Angles
C(1)-Ge-C(9) 98.5(4) C(2C(3)-C(4) 116.9(9)
C(4)-Ge—C(9) 111.8(4) C(3yC(4)—-C(8) 122.6(8)
C(1)-Ge-C(4) 84.8(4) C(5rC(1)-C(2) 125.7(8)

Ge-C(1)-C(5) 124.0(7)  C(4YC(3)-C(7)  124.1(8)
Ge-C(4)-C(3) 110.6(6) C(1}YC(2)-C(6)  124.7(8)
Ge-C(4)-C(8) 124.7(7)  C(2}C(3)-C(7)  119.0(9)
Ge-C(1)-C(2) 110.2(6)  C(3YC(2)-C(6)  119.1(9)
C(1)-C(2-C(3)  116.2(9)

Figure 3. ORTEP diagram for [Li(12-crown-4)JC,Me,GeMes] @6).
in THF.2® We have extended this method to the synthesis of

Attempted reduction of the silicon analogyNe,;Si(Me)Si- tetraalkyl-substituted silolyl and germolyl anions. For example,
(Me)CsMe, (16), with potassium/18-crown-6 in THF, gave the Ge-Ge bond of GMe,Ge(Me)Ge(Me)GMe, (18) is cleaved
numerous products. However, reduction X with sodium by KCH,Ph/18-crown-6 to form [K(18-crown-6)][{MesGeMe]
dispersion/15-crown-5 in benzedgproduced a slightly impure  (29).
product which displayedH NMR shifts (atd 2.30 and 2.65) Nucleophilic cleavage of the-ESiMe; bonds in13 and 14
that were similar to those observed f28. with benzyl lithium or benzyl potassium proceeds cleanly in

toluene, benzends, or tetrahydrofurards (eq 4). Complexing
agents for Li or K were readily incorporated by simply adding
them to the reaction mixture. Compound@8 and 35 were
isolated in moderate yields by crystallization from toluene, as
orange-yellow and yellow crystals, respectively. The remaining

The generation of silyl anion species via nucleophilic cleavage
of a Si—Si bond is a well-established synthetic meti&dd.
Ishikawa et al. have previously described extension of this
method to generation of the 1-methyldibenzosilacyclopenta-
dieneide anion, by cleavage of a=Si bond with PhMeSiLi

(23) Ishikawa, M.; Tabohashi, T.; Okashi, H.; Kumada, M.; lyoda, J.
(22) Tamao, K.; Kawachi, AAdv. OrganometChem 1995 38, 1-58. Organometallics1983 2, 351-352.
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Table 5. Bond Length Data for Germoles and Germolyl and Silolyl Anions

compd dE—C.] (av) (A) d[C.—Cy] (av) (A) d[Cs—Cs] (A) Ad? ()
CiMe,Ge(H)Si(SiMe)s (11)8 1.95 1.34 1.504(4) 0.16
C/PhGe(SiMe),° - 1.361(4) 1.494(4) 0.13
[Li(12-crown-4)][C 4sMe,GeSi(SiMe)s] (25) 1.98 1.36 1.46(6) 0.10
[Li(22-crown-4)][C/Me,GeMes] @6) 1.98 1.34 1.47(1) 0.13
[Na(15-crown-5)][GMe,GeMe] 28) 1.96 1.33 1.48(1) 0.15
[K(18-crown-6)][&:MesSi(SiMe;)] (33) 1.88 1.36 1.450(5) 0.09

2 Ad is the difference between the;€Cs and G—Cg bond lengths® West, R., personal communication.

Figure 4. ORTEP diagram for [Na(15-crown-5)][®le,GeMe] 28).

Table 6. Selected Bond Distances (A) and Angles (deg) for
[Na(15-crown-5)][GMe,GeMe] 28)

(a) Bond Distances

Ge-C(1) 1.957(7) GeC(9) 2.006(6)
Ge-C(4) 1.967(7) C(1¥C(5) 1.525(10)
Ge-Na 2.975(3) c(2yC(6) 1.522(10)
C(1)-C(2) 1.335(11) C(3yC(7) 1.536(10)
C(2)-C(3) 1.484(11) C(4yC(8) 1.493(9)
C(3)-C(4) 1.331(9)

(b) Bond Angles
C(1)-Ge-C(9) 103.0(3) C(2)C(3)-C(4) 116.9(7)
C(4)-Ge-C(9) 102.0(3) C(3)C(4)—-C(8) 126.4(7)
C(1)-Ge-C(4) 85.7(3) C(5r-C(1)-C(2) 124.8(7)
Ge-C(1)-C(5) 124.0(6) C(4yC(3)-C(7) 123.8(9)
Ge-C(4-C(3) 109.9(5) C(1)C(2)—C(6) 123.8(9)
Ge-C(4)-C(8) 123.5(6) C(2)C(3)-C(7) 119.3(8)
Ge-C(1)-C(2) 110.5(6) C(3)C(2)—C(6) 120.4(9)
C(1)-C(2-C(3) 115.9(6) Na-Ge-C(9) 142.4(2)

silolyl and germolyl anions were generated in solution and
characterized by NMR spectroscopy. SimilaBg,and37were
formed by cleavage of an-ESiMe; bond in15and17 (eq 5).

= MCH,Ph M® ~
E(SiMey) _— OF
3)2 ] 7 (4)
= -Me3SICH2Ph Me3S| —

13,14
30: E=Si,M=Li
31:E=Si,M=K
32: E = Si, M = Li(12-crown-4),
33: E = Si, M = K(18-crown-6)
34:E=Ge, M=K
35: E = Ge, M = K(18-crown-6)

iM SiMe
_ /S' ® )~ KCH,Ph/18-crown-6 B AV
E—E E—E
~ / \= -Me;SiCH,Ph S O \=
Me,Si

K(18-crown-6
36: E =Si
37:E=Ge

®)
)@
15,17

The13C NMR shift data for the ring carbons of these anions
are listed in Table 3. The germolyl aniod4, 35, and37 exhibit

Figure 5. ORTEP diagram for [K(18-crown-6)][fe;SiSiMe&;] (33).

shifts that are very similar to those observed for the related
germanium-centered anions described above. Generally, forma-
tion of the silolyl anions results in a downfield shift of the ring
carbons with respect to the parent silole compounds, especially
for the G, carbon atoms. Note also that the silolyl anions
possesd’Si NMR shifts for the ring silicon atoms that are quite
upfield, and shifted considerably upfield with respect to
analogous neutral silole compounds. These data are entirely
consistent with silyl anion character for these spetiesnd
significant charge localization on silicon. Not that the NMR
shift parameters foBO and 31 (in tetrahydrofurardg), which

may have significant metaling interactions in solution, are
very similar to the shifts observed for the anion3g which
should have no coordinated metal atom.

Given the complete lack of structural data for silolyl anions,
and reported suggestions that they might be delocafiZede
determined the structure of compouB® A view of the
structure is given in Figure 5, and important metrical data are
listed in Table 7. The [@Me4SiSiMes]~ anion in this structure
is clearly nonaromatic, as indicated by the pronounced bond
localization which is reflected in a difference between the-C
Cs and G—C; distances of almost 0.1 A. In particular, the
sharp angle of 99%between the ¢Si plane and the SiSi bond
indicates a high degree of pyramidalization at silicon. The
[K(18-crown-6)]" cation interacts with the anion, but only via
contact with the ring silicon atom, at a long distance of 3.604-
(2) A. For comparison, the &Si bond distances i1 are
3.387(3) and 3.364(3) A8 Further evidence for a relatively
weak K---Si interaction is seen in the atomic position for K,
which is far removed from the remaining tetrahedral position
about Si(1). This can be seen for example in the inequivalent
K(1)—Si(1)—-C(1) and K(1)}-Si(1)—C(4) bond angles of 146.8-
(1) and 95.9(2), respectively. The SiC, distances (1.890(4)

(24) (a) Scholl, R. L.; Maciel, G. E.; Musker, W. K. Am Chem Soc
1972 94, 6376-6385. (b) Stanislawski, D. A.; West, R. Organomet
Chem 1981 204, 295-305. (c) Sharp, K. G.; Sutor, P. A.; Williams, E.
A.; Cargioli, J. D.; Farrar, T. C.; Ishibitsu, K. Am Chem Soc 1976 98,
1977-1979. (d) Sekiguchi, A.; Nanjo, M.; Kabuto, C.; Sakurai, H.
Organometallics1995 14, 2630-2632.
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Table 7. Selected Bond Distances (A) and Angles (deg) for NP
[K(18-crown-6)][GiMesSi(SiMes)] (33) 260°K W 205°K 185°K \

(a) Bond Distances

Si(1)-C(1) 1.880(3) Si(1ySi(2) 2.334(2)

Si(1)-C(4) 1.890(4) C(2yC(5) 1.515(5) '
Si(1)-K(1) 3.604(2) C(2y-C(6) 1.525(5) 240°K
C(1)-C(2) 1.360(5) C(3rC(7) 1.527(5)
C(2)-C(3) 1.450(5) C(4yC(8) 1.507(5)
C(3)-C4) 1.354(5)

(b) Bond Angles

C(1)-Si(1)-Si2)  95.2(1) C(2C(3)-C(4)  115.6(3) 220° /V 195% \ 175% J\
C(1)-Si(1}-C(4)  87.9(2) C(5}C1)-C(2)  122.4(3) J \

C(4)y-Si(1)-Si(2)  96.2(1) C(3}C(4)-C(8)  123.9(3)
Si(1)-C(1)-C(5)  127.0(3) C(4¥C(3)-C(7)  123.8(4) : — . ,
Si(1)-C(4)-C(3) ~ 110.3(3) C(1}C(2-C(6)  124.4(3) ” OjV\ o /‘ \ .
Si(1)-C(4y-C(8) 125.7(3) C(2}C(3)-C(7)  120.6(3) \ / \
\\
— /

/Jv\k 200°K 1807 \/\
Si(1)-C(1)-C(2)  110.5(2) C(3YC(2)-C(6)  120.2(3) /
C(1-C(2-C(3)  115.3(3) K(1}Si(1)-Si(2) 117.01(5)

K(1)-Si(1)-C(1) 146.8(1) K(1}Si(1)-C(4)  95.9(1)

Figure 6. Coalescence behavior for the diastereotapimethylene
hydrogens in K[GEt,GeSiMg] (41) in *H NMR spectra.

Table 8. Inversion Barriers foB8—41

compd Te, K* _barrier, kcal mot* be useful in the synthesis of a number of cyclic main group
[Li(12-crown-4)p][C4ELSISiMey] (38 <170 <84 compoundg?21.26and in this work we show that it provides a
K[C.EtSiSiMes] (39)° _ <170 <8.4 convenient synthetic pathway to silolyl and germolyl anions,
[Li(12-crown-4)}][C,Et,GeSiMe] (40) 210 10.5(1)

and silole and germole dianions.
Via alkali metal reduction of dihalide starting materiats4,
® Coalescence temperature. Data were obtained at 300 MHz in THF- go|ytions of the dianions [R4E]>~ may be conveniently

g’;ﬂbr;;gdc?s ?écfhlesggﬁnﬂf;ir?grc {ehg Zﬂ?ﬁ;nmﬁq (;?%?&I/r:g:pzeg I;S was generated in solution. This synthetic method, pioneered by Joo
Hz). © Av. estimated to be the same as for the germanium artlog and co-workers! has proven to be a valuable synthetic method
(24.8 Hz). for the synthesis of various silole and germole derivatives. The
long reaction times associated with dianion formation may be
and 1.880(3) A) and the SiSi distance (2.334(2) A) represent  reduced with the use of ultrasoultior by addition of a crown
typical single bond lengths. ether. The dianions are formed cleanly, as demonstrated by
Inversion Barriers in Silolyl and Germolyl Anions. The derivatization reactions carried out in situ, such as those
structural and spectroscopic data described above clearlyrepresented in Scheme 1. In the presence of 18-crown-6,
characterize germolyl and silolyl anions as metallole-like crystalline samples of the dianion complex@sand 22 may
species, with minimal delocalization af-electron density in be obtained in low yield. The structural analyses of these
the five-membered rings. To probe the stability of these compounds reveal the presence of delocalizesystems, as
pyramidal structures, we sought to measure their inversion indicated by roughly equivalent-&C distances in the ring. This
barriers. For this purpose we synthesized ion pais41 was also observed for the dianion rings in [Li(THIR)i(THF) 3]-
(Table 8), using the methods described above. These specie§n®7*-C4PhiSi],*8 [Li(dioxane)]s[n5-CsPhGe], and [Li(diox-
possess diastereotopic methylene hydrogens which are interane}]2[7°n7*-CsPhGe] 1S In addition, Hong and Boudjouk have
converted by inversion at silicon or germanium. Thus, the recently reported NMR data for the dianions JE§GeF~ and
measured inversion barriers provide energy differences betweerlPhuC4Si]>~ which is consistent with delocalized-electron
the ground state pyramidal and planar (possibly delocalized) density in the ring3® Aromaticity in silole dianions has recently
structures. been investigated theoretically by Goldfuss et al. ateinitio
Inversion barriers were determined by variable-temperature calculations'’ These calculations indicate thatGS?~ would
1H NMR spectroscopy, which allowed analysis of the coales- be even more aromatic than isoelectronic phosphole and
cence behavior for the diastereotopic hydrogens of the methylenethiophene systems, and about as aromatic gssC This
groups bonded to the Qcarbons (Figure 6). Barriers for the aromaticity apparently reflects the absence of a pyramidal silicon
germolyl anions40 and41 are distinctly higher than those for ~atom in the dianion. Consistent with aromatic character in
the corresponding silolyl anior8 and39, as might be expected ~ CaHaSi#, the calculations indicate that the dilithium, disodium,
from periodic trend3® The silolyl anions exhibited coalescence and dipotassium salts would adopt “inverse-sandwich” structures
temperatures below the freezing point of tetrahydrofuran (165 Wwith simultaneous;>-binding of the silole dianion to both metal
K), but upper limits to the inversion barriers were estimated atoms. This bonding mode is in fact observed for three of the

from spectra recorded at the lowest temperatures. Spectrafive structurally characterized silole and germole dianions.

K[C.Et,GeSiMe] (41) 190 9.4(1)

recorded at 170 K indicated that compowsiwas very close Various methods were employed for the synthesis of silolyl
to coalescence, and closer tha@. Note that the inversion  and germolyl anions. Of particular note is the utility of benzyl
barriers are slightly higher for the “free anion” speci8and potassium as a nucleophilic reagent which generally gives short
40. reaction times and clean conversions. The most general routes

(26) (a) Fagan, P. J.; Burns, E. G.; Calabrese, J. Bm Chem Soc

1988 110, 2979-2981. (b) Buchwald, S. L.; Fisher, R. A.; Foxman, B.
i i i . Angew Chem, Int. Ed. Engl. 199Q 29, 771-772. (c) Spence, R. E. v.

We describe here a general approach to the synthesis of S.'|°|q§.; Hsu, D. P.. Davis, W. M.; Buchwald, S. L.; Richardson, J. F.
and germole derivatives, based on Fagan szwconocene-med|ateq)rganometa“icslggz 11, 3492-3493. (d) Hsu, D. P.; Warner, B. P.;
route to the dihalideg and2.2° This approach has proven to Fisher, R. A.; Davis, W. M.; Buchwald, S. [Organometallics1994 13,
5160-5162. (e) Kaniji, A.; Meunier, P.; Gautheron, B.; Dubac, J.; Daran,

(25) (a) Pitzer, K. SAcc Chem Res 1979 12, 271-276. (b) PyykKo J.-C.J. OrganometChem 1993 454, 51-58. (f) Cowley, A. H.; Gabbal
P.; Desclaux, J.-PAcc Chem Res 1979 12, 276-281. F. P.; Decken, AAngew Chem, Int. Ed. Engl. 1994 33, 1370-1372.

Discussion
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involve nucleophilic cleavage ofE= bonds. This method was
pioneered by Hong and Boudjouk, who generated THF solutions
of M[C4Ph;Si'Bu]~ (M = Li, Na) by reductive cleavage of the
Si—Si bond in GPhy('Bu)SiSi(Bu)CsPh.5 In general, we have
introduced crown ethers as metal-complexing agents that (1)
accelerate formation of the anions by solubilizing and/or
activating the nucleophilic reagent, (2) render the final products
more crystalline and therefore more amenable to structural
analysis, and (3) serve to weaken or cancel megalion o SiMeq
interactions, so that the inherent electronic properties of the —_ Ge __ Ge
anions may be probed directly. \smne3 ©

By NMR spectroscopy, it seems that the nature of the
countercation has little effect on the electronic structure of the
silolyl and germolyl anions (e.g., compare data for compounds
30—-33in Table 3). The3C chemical shifts for the ring carbons
in these anions are very similar to the corresponding shifts for
related siloles and germoles (Table 3). T88i NMR shifts
for the silolyl anions reported here are displaced upfield with . . .

. h ._,_state properties of silolyl and germolyl anions can be greatly
respect to values for the corresponding neutral starting materials,; fl d by the nature of substituents on the five-membered
and appear in the region expected for classical silyl anions of influenced by 0 on the
the type RRR"'Si~.?* Thus, the NMR data are consistent with ing. - . .
significant localization of charge on the heavy group 14 element I.t IS mtt_erestlng to compare the results obtained for the free
(Si or Ge) and a nonaromatic, bond-localized structure. Similar anions with those observed for the metal complex£sQe-

results for related anions have been reported forME&GePh] MeS)Rllj{lns'c“Mle“ESL(S'M%)s}. (E = SPand GbéO)H Fh(IJr t(?el

and 1-lithio-1-methyl-1-silafluorenid€. This picture is sup- gelr_mody co_mg_ex, L%@ﬁ fing appears tfob ed '9 >|' eo-G
ported by X-ray crystal structures that have been determined calized, as In rllcate oy It € summ_atlon 0 ofn ang}fs at Ge
for three germolyl anion26, 26, and28) and the silolyl anion (35%.3..f) and the equivalent eC Q|st§nces of 1.42 A. .In.
33, which reveal highly pyramidalized Ge and Si centers and addltlc_)n, the_ germolyl ring carbons in this molecule have similar
n-bond localization that rivals that found in isolated dienes. CNemical shifts, ab =80.23 and 87.32. Also, NMR parameters

Boudjouk and co-workers have recently determined the structure?rstrﬁns'lOI_IYLg?ng)éég%ciﬁiig'nggf'f:zgtngﬁilgﬁ?:zglc;rna'nnt]git
of a novel trisgermole dianion, [Li(THF)(tmed)]lEt.Ge- 4 9- 9

(GeEtCa),Li], which also displays pyramidal Ge centers and induces considerable-delocalization and apparent aromatic
bond Iocalizétior?s character for silolyl and germolyl rings.

Theoretical studies have also concluded that silolyl and The measureq inversion barriers for compourﬁﬁs—_41
germolyl anions should be pyramidal and nonaronititwe provide energy differences between the pyramidal anions and

have reported RHF-level calculations on isolategHSESits] - their corresponding planar (possibly aromatic) structures (Figure

. . . ) o 7). For the germolyl anions investigated, this barrier is
ions, which predict a high degree of localization in theystems . L . .
for E = Si, Ge, and Sn, and give good agreement with the bond approxmately 10 kpal mot, and the corre;;pondmg silolyl
paramete,rs f0,25 Thi,s is consistent with a high degree of anions have inversion barriers that we estimate to be on the
. 1 .

p-character in the bonding orbitals for E, as might be expeted. o_rde_r_ of 7-8 _kcal mol. Thus, the observed barngrs are

. . . - - " significantly higher than the value of 4 kcal mélpredicted
Earlier theoretical studies have described the silolyl anion for [CaHsSIH]-4 However, they are much lower than the
[C4H4SiH]~ as being pyramidal at silicon, but delocalized in 44 ' » they

i i i i i 1y 29
the ring to some degreée Most recently, Goldfuss and Schleyer estimated inversion barrier for Siff (26 kcal mol), gnd .
) X - o Lambert and Urdaneta-Perez have concluded that inversion
have come to the interesting conclusion that althoughlJSiH]

would be pyramidal, it should possess roughly half of the barriers for LiSiR and LiGeR anions are greater than 24 kcal

—1 30 i -
aromaticity associated witheBs~. The planar [GHeSiH]- ion mol~13°% Therefore the low barriers observed 88—41 may

> - be attributed to stability imparted to the transition state by
was calculated to be destabilized relative to the ground state o o .
1 - - - delocalization ofz-electron density in the ring. It should be
by only 3.8 kcal moti, which corresponds to the inversion

. X . : S noted, however, that the SiMe; substituents in these anions
barrier for the silolyl anion. These calculations also indicate mav also blay a role in lowering the barrier to inversiihis
that Lit would coordinate to [¢H4SiH]~ in an #°® fashion, to y play 9 ’

give a structure that would be significantly more aromatic than possibility will be addressed in f%““re e_zxperim_ents intended to
the free ionf broaden the database for such inversion barriers.

In light of the above results, it is somewhat surprising that The|(1:|ffe(ence n barrllers f?etweenllarr:?logous S|(Ijolyl andf
the silolyl anions M[GPhSIBU] (M = Li, Na)® exhibit NMR germolyl anions apparently reflects a slightly greater degree o

parameters that are consistent with significant delocalization in deloca_hzauon n the. silicon compounds. ‘The barriers also seem
the ring. Perhaps most significantly, the downfi&lgi NMR to be influenced slightly by the nature of the countercation.

; o . Although the structures of the KRE4ESiIMe;] species in
Shm? suggest delocalization of the hegative charge throughOUttetrahy(‘:(jalrofuran solution are unkno%;/:‘n it see]msppossible that
the ring. These results therefore stand in sharp contrast to whatIhese derivatives possess some kir,1 d of potassamon

we observe for the silolyl anions prepared in our laboratory, interaction. as was observed 28 and 33. It is therefore

which exhibit upfield shifts for the silicon atoms. The only tempting to speculate that a weak interaction of this kind may

silolyl anion to be structurglly_ chara_ctenzed, compo_LBﬁ;I stabilize a delocalized transition state, as predicted by Goldfuss
possesses a strongly pyramidalized silicon center. Animportant

question that remains, therefore, is whether or not the ground (29) Eades, R. A.; Dixon, D. AJ. Chem Phys 198Q 72, 3309-3313.
(30) Lambert, J. B.; Urdaneta-fez, M.J. Am Chem Soc 1978 100,

©
O Ge—SiMe,

|

10.5 kcal
mol™

Y

reaction coordinate

Figure 7. Reaction coordinate diagram for inversion in the complex
[Li(12-crown-4)][C4sELGeSiMe] (40).

(27) Hong, J.-H.; Boudjouk, P.; StoenescuQiganometallicsL996 15, 157-162.
2179-2181. (31) (a) Apeloig, Y.; Godleski, S. A.; Heacock, D. J.; McKelvey, J. M.
(28) Hong, J. H.; Pan, Y. L.; Boudjouk, Rngew Chem, Int. Ed. Engl. Tetrahedron Lett1981 22, 3297-3300. (b) Godleski, S. A.; Heacock, D.

1996 35, 186-188. J.; McKelvey, J. M.Tetrahedron Lett1981 23, 4453-4456.
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and Schleyef. Clearly there is much more to be learned about
the electronic structures of this type of anion, and how their

J. Am. Chem. Soc., Vol. 118, No. 43, 10965

6 14.52, 16.15, 21.54, 29.50 (s, @BHs), 109.84 (s, GHs), 134.00,
191.02 (s C4ELSI).

electronic properties may be manipulated via changes in ring  C4Etal>. A modification of the literature procedure foukleal, was
substituents and the nature of the cation. Future investigationsfollowed? using crystalline CgZrC,Ets. The product was purified

will address these issues.

Experimental Section

All manipulations were conducted under an atmosphere of nitrogen
or argon using standard Schlenk techniques or a Vacuum Atmosphere
glovebox. Dry, deoxygenated solvents were employed for all manipu-

lations (except chromatography). Olefin impurities were removed from
pentanes by treatment with concentrate®&, 0.5 N KMnQ, in 3 M
H,SQOy, saturated NaHC$) and then MgS®@ Removal of residual

thiophenes from benzene and toluene was accomplished by washin

each with concentrated,BO,, saturated NaHC$) and then MgSQ@
Solvents were distilled from sodium benzophenone ketyl. The NMR
solvents benzends and tolueneds were purified by vacuum distillation
from Na/K alloy. Dichloromethane, was stirred over Cajifor 2
days, transferred by vacuum distillation ontgDB, stirred for 2 h, and
then vacuum-distilled for purification. The compounds LiMes,
(THF)LiSi(SiMes)s, 3 KCH,Ph34 and (E3O)LiICH,PH4 were synthe-
sized by literature methods. The reagembutyllithium (1.6 M in
hexanes) and G@rCl, were used as received. GgC3iBr,, CISiMe;,

and Mel were distilled before use, and LiAJHvas purified by
extraction into diethyl ether, followed by removal of the ether by
vacuum transfer. 12-Crown-4 and 15-crown-5 were distilled fre®sP
and 18-crown-6 was sublimed twice.
performed by Desert Analytics or the College of Chemistry Microana-
lytical Laboratory at UC Berkeley. NMR spectra were recorded on
GE QE-300 or Bruker AMX-300 instruments at 300 MH#], 75.5
MHz (*3C), 59.6 MHz ¢°Si), or on a Bruker AMX-400 instrument at
400 MHz (H) and 100 MHz ¥C). Infrared spectra were recorded
with a Perkin-Elmer 1330 spectrometer.

C4Me,GeCl, (1). A modification of the literature procedfewas
followed. CpZrCl; (30.0 g, 102 mmol) in 250 mL of THF was cooled
to —80 °C, and then 2-butyne (16.1 mL, 205 mmol) was added. A
hexane solution oh-butyllithium (1.6 M, 128 mL, 205 mmol) was

then added dropwise to the reaction flask over 90 min, and the solution

was stirred for 15 min at-80 °C. The cold bath was removed, and
stirring of the solution was continued for 3 h. The reaction mixture
was then cooled to 8C, and GeCJ (19.3 mL, 195 mmol) was added
over 2 min by syringe. After the reaction mixture was stirred for 12

h at room temperature, the volatiles were removed by vacuum transfer,

and the resulting residue was extracted with pentane (80 mL).

S

Elemental analyses were

by column chromatography on silica gel (206000 mesh) with
petroleum ether. The product was isolated as a slightly impure, light-
sensitive, colorless oil in 70% yield*H NMR (400 Mz, benzenek):

6 1.00, 1.06 (t, 6 H, CKCHg), 2.01, 2.19, 2.37, 2.46 (m, 2 KGH-
CHs). 3C{'H} NMR (100 MHz, benzenek): ¢ 13.49, 13.99, 25.70,
34.81 (s, CHCHgz), 108.99, 149.39 (L/ELSI).

C4Et,SiCl, (4). This procedure is a modification of the one used
by West et al. to prepare,®e,;SiCl.* To a cold (-80 °C) diethyl
ether (100 mL) solution of §Etl, (7.41 g, 14.4 mmol) was added a
hexane solution ofi-butyllithium (1.6 M, 18.9 mL, 30.3 mmol) which

ghad been diluted with 100 mL of diethyl ether. The latter reagent was

added slowly over 1 h. The reaction mixture was allowed to warm to
room temperature (over 1 h), and was then stirred for an additional 20
min. After the reaction mixture was cooled 6110 °C with a liquid
nitrogen/pentanes slurry, Sigt16.5 mL, 144 mmol) was added. The
resulting mixture was stirred for 15 min before the cold bath was
removed, and stirring was continued for 12 h. The volatiles were
removed by vacuum transfer and then the product was extracted with
pentane (4x 50 mL). The pentane was evaporated from the combined
extracts to give the product as a yellow oil. Distillation (45; 0.001
Torr) gave a 75% vyield of somewhat impure material. Anal. Calcd
for Ci,H2CloSi: C, 54.73; H, 7.67. Found: C, 51.08; H, 7.6%
NMR (400 MHz, benzenek): 6 0.75, 1.18 (t, 6 H, CkCH3), 1.97,
2.21 (g, 4 H,CH,CHg). '3C{*H} NMR (100 MHz, benzeneks): ¢
14.06, 14.64, 20.90, 20.92, (s, &EHs), 131.15, 155,76 (L4ELSI).

CsMe,Si(Br)Si(SiMes) (5). A solution of (THF}LiSi(SiMes)s (6.57
g, 15.5 mmol) in 50 mL of toluene was added2(.17 g, 15.5 mmol)
in cold (0°C) toluene (50 mL). The cold bath was removed after 5
min and the reaction solution was stirred for 90 min at room
temperature. The volatiles were then removed by vacuum transfer,
and the residue was extracted with pentane @ mL). The combined
pentane extracts were reduced to 60 mL and coot8D(C) to give
light pink crystals in 50% yield. Anal. Calcd for@H39BrSis: C,
44.01; H, 8.49. Found: C, 42.20; H, 8.68H NMR (300 MHz,
benzeneds): 6 0.32 (s, 27 H, SiMg, 1.61, 1.98 (s, 6 H, MMesSi).
13C{*H} NMR (100 MHz, benzenek): 6 2.75 (s, SiMe), 14.04, 14.35
(s, GMesSi), 130.57, 149.61 (€4MesSi). 2°Si{IH} NMR (59.6 MHz,
benzeneds): 6 —130.82 (sSi(SiMes)s), —8.72 (s, SiMe), 8.21 (s, G-
MesSi).

C.Me,Ge(Cl)Si(SiMe;)s (7). The method fob was followed, using
1(0.998 g, 3.97 mmol) and (THEDISI(SiMe3); (1.68 g, 3.97 mmol),

The combined pentane extracts were concentrated to 100 mL and cooled® 9ive colorless crystalline product in 70% yield. Anal. Calcd for

to —80 °C to yield the oily crystalline product which was pure #y
NMR spectroscopy. Sublimation gave colorless, non-oily crystals of
the product in 60% yield.!H NMR (300 MHz, benzenek): ¢ 1.31,
1.70 (s, 6 H, GMesGe). B8C{'H} NMR (75.5 MHz, benzenés): o
12.49, 13.69 (s, MMesGe), 124.58, 145.81 (€:Me,Ge).

C4MesSiBr, (2). The literature procedure was followé&d. The
product was distilled (4070 °C; 0.001 Torr), dissolved in 3 times its
volume of pentane, and crystallized-a40 °C. The product was then
sublimed (35°C; 0.001 Torr) and isolated as light pink transparent
crystals that contain 120% hexamethylbenzene. The yield was
typically ca. 30%. 'H NMR (400 MHz, benzenek): 6 1.38, 1.70 (s,

6 H, GMesSi).

C4Et,GeCl; (3). The method described fdr was followed. *H
NMR (400 MHz, benzenek): 6 0.70, 1.18 (t, 6 H, CkCH3), 1.92,
2.22 (g, 4 H,CH,CHy). 3C{H} NMR (100 MHz, benzenek): ¢
14.11, 14.76, 20.97, 21.97 (s, @BHs), 132.61, 149.81 (C,ELGe).

Cp2ZrC 4Et,s. This compound was obtained in 70% yield by the
method reported by Fagan for £pC,Me,?° Anal. Calcd for GoHzo
Zr: C,68.50;H, 7.86. Found: C, 68.25; H, 7.8tH NMR (400 MHz,
benzeneds): 6 0.88, 1.00 (t, 6 H, CKCH), 2.21, 2.32 (q, 4 HCH,-
CHa), 5.92 (s, 10 H, GHs). 13C{H} NMR (100 MHz, benzenek):

(32) Fink, M. J.; Michalczyk, M. J.; Haller, K. J.; West, R.; Michl, J.
Organometallics1984 3, 793-800.

(33) Gutekunst, G.; Brook, A. G. OrganometChem 1982 225 1-3.

(34) Schlosser, M.; Hartmann, Angew Chem, Int. Ed. Engl. 1973
12, 508-509.

Ci7H3oClGeSi: C, 44.01; H, 8.49. Found: C, 44.26; H, 8.66H

NMR (300 MHz, benzenek): 6 0.32 (s, 27 H, SiMg), 1.59, 2.07 (s,
6 H, GMesGe). 3C{H} NMR (75.5 MHz, benzenek): § 2.42 (s,
SiMes), 14.53, 15.47 (s, MMesGe), 133.63, 146.02 (€4Me,Ge). Mp
159-161°C.

CsMe,Ge(Cl)Mes (8). A pressure bottle containinty(6.01 g, 23.88
mmol), LiMes (3.01 g, 23.88 mmol), and toluene (75 mL) was heated
at 70°C for 6 h, and then the volatile materials were removed by
vacuum transfer. The white residue was extracted with pentane (4
40 mL), and the combined extracts were concentrated and coe8& (
°C) to give the product as a colorless powder in 56% yield. Anal.
Calcd for G/H.sClGe: C, 60.87; H, 6.92. Found: C, 56.15; H, 6.44.
H NMR (300 MHz, benzenek): ¢ 1.57, 1.96 (s, 6 H, Me,Ge),
2.05 (s, 3 Hp-Me), 2.53 (s, 6 Hp-Me), 6.69 (s, 2 HmM-H). B3C{H}
NMR (100 MHz, benzenek): 6 14.24, 14.80 (s, MesGe), 24.21 (s,
0-Me), 20.94 (sp-Me), 129.42, 130.61, 130.85, 140.04 (s, Ph), 143.77,
146.33 (s,CsMesGe).

CsMe,Si(H)Si(SiMes)s (9). A solution of5 (4.58 g, 9.87 mmol) in
50 mL of THF was added to LiAlld(0.370 g, 9.87 mmol) in 50 mL
of cold (0°C) THF. After stirring at 0°C for 10 min, the cold bath
was removed and the reaction solution was then stirred for an additional
90 min before the volatiles were removed by vacuum transfer. The
product was extracted with pentane 440 mL) and the combined
extracts were concentrated and coole®(Q °C) to give the product as
a colorless powder in 85% yield. Anal. Calcd for7840Sis: C, 53.03;

H, 10.49. Found: C, 52.87; H, 10.65H NMR (300 MHz; benzene-
ds): 0 0.30 (s, 27 H, SiMg, 1.75, 2.04 (s, 6 H, ®esSi), 4.79 (s, 1
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H, SiH). BC{'H} NMR (75.5 MHz; benzenek):  2.86 (s, SiMe),
14.77, 15.69 (s, 1esSi), 129.53, 150.94 (€£sMe,Si). 2°Si{*H} NMR
(59.6 MHz; dichloromethand,): 6 —138.64 (sSi(SiMes)s), —32.68
(s, GMe,Si), —8.90 (s, SiMe).

CsMe,Si(H)Mes (10). A solution of 6 was generated from the
reaction of2 (1.60 g, 5.93 mmol) and MesLi (0.735 g, 5.93 mmol) in
toluene (40 mL). After reaction at 6% for 14 h, the volatile materials

Freeman et al.

was extracted with pentane (8 40 mL) and the combined pentane
extracts were concentrated and cooled-#0 °C. The product was
isolated as colorless crystals in 60% yield. Anal. Calcd feiHa:-
Sis: C, 63.06; H, 10.12. Found: C, 62.89; H, 10.24d NMR (400
MHz, benzeneds): 6 0.13 (s, 18 H, SiMg, 1.87, 2.12 (s, 12 H, Mex-
Si). 3C{*H} NMR (100 MHz, benzenék): 6 —0.61 (s, SiMe), 14.81,
15.74 (s, GMe,Si), 131.83, 150.11 (£4Me,Si). 2°Si{*H} NMR (59.6

were removed, and the resulting residue was dissolved in 50 mL of MHz, benzeneds): 6 —34.71 (s, GMe,Si), —13.24 (s, SiMe).

THF. This solution was then added to a cold® (@) solution of LiAlH,
(0.225 g, 5.93 mmol) in 30 mL of THF. The reaction mixture was

C,Me,Si(Me)Si(Me)CsMe, (16). The procedure fod5 was fol-
lowed, using2 (1.28 g, 4.76 mmol), potassium (0.558 g, 14.3 mmol),

stirred at room temperature for 60 min, the volatiles were removed by and Mel (1.50 mL, 24.0 mmol), to give the product as colorless crystals

vacuum transfer, and then the residue was extracted with pentane (3
40 mL). Evaporation of the pentane gave an oil which was purified
by column chromatography on silica gel (20000 mesh) with hexanes.

in 15% vyield. Anal. Calcd for GHseSi: C, 71.43; H, 10.01.
Found: C, 69.78; H, 10.10'H NMR (400 MHz, benzenek): ¢ 0.28
(s, 6 H, SiMe), 1.78, 1.92 (s, 12 H,.KeSi). 3C{*H} NMR (100

The hexanes were removed by vacuum transfer and the product wasMHz, benzeneds): 6 —8.06 (s, SiMe), 14.14, 14.24 (s,.@esSi),
dried under vacuum for 12 h. The silane was then crystallized from 131.25, 149.11 (sCsMesSi). 2°S{*H} NMR (59.6 MHz, benzene-

pentane at-80 °C as colorless crystals in 45% yield. Anal. Calcd
for C17H24Si: C, 79.60; H, 9.45. Found: C, 79.71; H, 9.554 NMR
(300 MHz, benzenek): ¢ 1.75, 1.88 (s, 6 H, Me,Si), 2.10 (s, 3 H,
p-Me), 2.44 (s, 6 Ho-Me), 5.29 (s, 1 H, SiH), 6.76 (s, 2 Hn-H).
13C{1H} NMR (75.5 MHz, benzenés): 6 14.03, 14.44 (s, DMesSi),
21.16, 23.16 (sp- andp-Me), 128.59, 128.92, 139.67, 146.07 (s, Ph),
129.28, 151.00 (sCsMe,Si). 2°Si{H} NMR (59.6 MHz, dichloro-
methaned;): 6 —27.57 (s, GMesSi).

C,Me Ge(H)Si(SiMes)s (11). The method fo® was followed, using
7 (3.68 g, 7.73 mmol) and LiAl&(0.293 g, 7.73 mmol), to give the
product as colorless crystals in 80% yield. Anal. Calcd feiHao
GeSi: C, 47.55; H, 9.41. Found: C, 46.95; H, 9.7&H NMR (300
MHz, benzenedk): 6 0.29 (s, 27 H, SiMg, 1.77, 2.13 (s, 6 H, £
MesGe), 4.96 (s, 1 H, GeH).3C{H} NMR (75.5 MHz, dichloro-
methaned;): 6 2.46 (s, SiMg), 14.80, 17.36 (s, MesGe), 132.89,
146.45 (s,CsMesGe). 2°Si{H} NMR (59.6 MHz, dichloromethane-
dy): 0 —127.62 (s,Si(SiMes)3), —8.83 (s, SiMe).

C,MesGe(H)Mes (12). The method fo® was followed, with8 (3.98
g, 11.9 mmol) and LiAlH (0.450 g, 11.9 mmol), to give the product
as a colorless powder in 73% yield. Anal. Calcd fortG.Ge: C,
67.83; H, 8.05. Found: C, 68.04; H, 8.13H NMR (300 MHz,
benzeneds): 6 1.76, 1.95 (s, 6 H, MesGe), 2.11 (s, 3 Hp-Me),
2.39 (s, 6 Ho-Me), 5.62 (s, 1 H, GeH), 6.76 (s, 2 HrMe). BC{H}
NMR (75.5 MHz, benzeneg): 6 14.51, 15.90 (s, Me,Ge), 21.10
(s, p-Me), 23.41 (s,0-Me), 128.81, 129.92, 130.95, 138.76 (s, Ph),
144.69, 146.65 (=sMesGe).

CsMe,Si(SiMes); (13). Compound2 (0.533 g, 1.98 mmol) in 100
mL of THF was added to chunks of potassium (0.310 g, 7.92 mmol),

ds): 0 —13.95 (s, GMesSi).

C:Me,Ge(SiMe;)Ge(SiMe;)CsMe, (17). The procedure fot5was

followed, with1 (1.21 g, 4.83 mmol), potassium (0.585 g, 14.9 mmol),
and CISiMe (8.20 mL, 64.5 mmol), to give the product as colorless
crystals in 33% vyield. Anal. Calcd for £H3sGeSi;: C, 52.02; H,
8.35. Found: C, 51.69; H, 8.47*H NMR (300 MHz, benzenegk):
0 0.19 (s, 9 H, SiMg), 1.87, 2.20 (s, 6 H, MesGe). 3C{H} NMR
(100 MHz, benzenek): 6 0.12 (s, SiMe), 14.80, 17.58 (s, Mes-
Ge), 135.83, 145.47 (sC:Me,Ge). °Si{*H} NMR (59.6 MHz,
benzeneds): 6 —4.93 (s, SiMe).

C,Me,Ge(Me)Ge(Me)CMe, (18). The procedure forl5 was
followed, with1 (1.59 g, 6.32 mmol), potassium (0.741 g, 18.9 mmol),
and Mel (1.50 mL, 24.0 mmol), to give the product as colorless crystals
in 35% vyield. Anal. Calcd for GHsGe: C, 55.20; H, 7.74.
Found: C, 55.07; H, 7.80*H NMR (400 MHz, benzenek): 6 0.50
(s, 6 H, GeMe), 1.78, 2.03 (s, 12 H/@e,Ge). 3C{*H} NMR (100
MHz, benzenedk): 6 —6.27 (s, GeMe), 14.37, 15.89 (s.MeGe),
133.79, 145.22 (£sMesGe).

C4Et,Si(SiMes); (19). The procedure fot3 was followed, usingt
(2.87 g, 10.9 mmol), potassium (1.73 g, 44.3 mmol), and CISi(@93
mL, 54.7 mmol), to give the product as a yellow oil in 45% yield.
Anal. Calcd for GgHseSis: C, 63.80; H, 11.33. Found: C, 64.04; H,
11.38. 'H NMR (400 MHz, benzenek): 6 0.22 (s, 18 H, SiMg),
1.00, 1.12 (t, 6 H, CkCHg), 2.33, 2.42 (q, 4 HCH,CHg). °C{H}
NMR (100 MHz, benzenek): ¢ 0.10 (s, SiMe), 15.50, 17.21, 21.79,
23.29 (s, CHCHs), 139.78, 155.56 (C4ELSI). 2°S{ *H} NMR (59.6
MHz, benzeneds): 6 —37.50 (s, GELSI), —14.78 (s, SiMg).

C,Et,Ge(SiMe&), (20). The procedure fol3 was followed, using

and the resulting reaction solution was stirred for 10 days at room 3 (1.52 g, 4.98 mmol), potassium (0.792 g, 20.2 mmol), and CIgiMe

temperature. The initially clear, colorless solution slowly turned white

and then ruby red as the potassium was consumed. The reaction85% yield. Anal.

solution was cooled t6-80 °C and CISiMg (1.50 mL, 11.8 mmol)

(6.00 mL, 47.2 mmol), to give the product as a slightly yellow oil in
Calcd for @HisGeSp: C, 56.39; H, 10.01.
Found: C, 56.38; H, 10.11'H NMR (400 MHz, benzenek): 6 0.26

was added. The volatiles were removed and the product was extracteds, 18 H, SiMg), 1.03, 1.14 (t, 6 H, CbCHs), 2.35, 2.49 (q, 4 H,

with pentane (4x 30 mL). The pentane was removed from the

CH,CHg). 13C{'H} NMR (100 MHz, benzenek): 6 0.77 (s, SiMe),

combined extracts and the product was isolated as a slightly yellow 15.66, 17.59, 21.87, 25.06 (s, @BHs), 144.34, 151.18 (C:ELGe).

oil in 75% yield. *H NMR (400 MHz, benzenek): 6 0.19 (s, 18 H,
SiMes), 1.84, 2.01 (s, 6 H, @esSi). ¥C{*H} NMR (100 MHz,
benzeneds): 6 —0.34 (s, SiMe), 14.65, 15.38 (s, MesSi), 130.99,
149.81 (s,C4Me,Si). 2°Si{*H} NMR (59.6 MHz, benzenek): o
—34.26 (s, GMe,Si), —14.83 (s, SiMg).

CiMe,Ge(SiMe;), (14). The method forl3 was followed, usind.
(1.27 g, 5.04 mmol), potassium (0.808 g, 20.7 mmol) and ClgiMe
(9.00 mL, 70.8 mmol), to give the product as a slightly yellow oil in
75% yield. Anal. Calcd for @H30GeSp: C, 51.39; H, 9.26. Found:
C, 50.40; H, 8.98.*H NMR (400 MHz, benzenek): 6 0.23 (s, 18 H,
SiMe;), 1.86, 2.11 (s, 6 H, MMesGe). BC{*H} NMR (100 MHz,
benzeneds): 6 0.51 (s, SiMe), 14.71, 17.53 (s, PlesGe), 134.86,
145.67 (s,CsMesGe). 2°Si{*H} NMR (59.6 MHz, benzenék): o
—7.55 (s, SiMe).

CsMe,Si(SiMe;)Si(SiMe;)CsMe, (15). 2(0.620 g, 2.30 mmol) in

50 mL of THF was added to chunks of potassium (0.270 g, 6.90 mmol),

29Si{1H} NMR (59.6 MHz, benzenek): 6 —7.74 (s, SiMe).

[K(18-crown-6)],[C4Me,Si] (21). 2 (0.404 g, 1.50 mmol), 18-
crown-6 (0.793 g, 3.00 mmol), small potassium chunks (0.240 g, 6.15
mmol), and 70 mL of THF were combined, and the reaction solution
was stirred for 3 days. The product was crystallized from the red
solution by pentane diffusion as red crystals in 5% yield. Anal. Calcd
for CaoHgoK2012Si: C, 51.71; H, 8.15. Found: C, 49.12; H, 7.94.
NMR (400 MHz, benzenek): 6 2.81, 3.27 (s, 6 H, MesSi), 3.47
(br s, 24 H, 18-crown-6). Attempts to obtain acceptable elemental
analysis data for this compound failed, perhaps due to its extreme air-
sensitivity.

[K 4(18-crown-6)][C sMe,Gel THF (22-THF). 1 (0.748 g, 2.97
mmol), 18-crown-6 (1.57 g, 5.94 mmol), small potassium chunks (0.476
g, 12.2 mmol), and 80 mL of THF were stirred together for 3 days.
The product was crystallized from the red solution by pentane diffusion
as orange crystals in 5% yield. Anal. Calcd fogld0.GeK4O1q: C,

and the reaction solution was stirred for 10 days at room temperature.48.62; H, 7.59. Found: C, 45.20; H, 7.08H NMR (400 MHz,

The initially clear colorless solution slowly turned white and then bright

benzeneds): 6 2.80, 3.56 (s, 6 H, MesGe), 3.44 (br s, 24 H, 18-

red as the potassium was consumed. Then the reaction solution wasrown-6). Attempts to obtain acceptable elemental analysis data for

cooled to—80°C and CISiMg (1.50 mL, 11.8 mmol) was added, and

after 5 min the cold bath was removed and the reaction solution was

stirred for 60 min longer. After removal of the volatiles, the residue

this compound failed, perhaps due to its extreme air-sensitivity.
[K(18-crown-6)][C sMesGeSi(SiMey)s] (23). To 11(0.202 g, 0.470
mmol), 18-crown-6 (0.124 g, 0.470 mmol), and KN(Si4g0.094 g,
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0.47 mmol) were added 50 mL of toluene, and the resulting reaction

J. Am. Chem. Soc., Vol. 118, No. 43, 10967

Li[C sMe4SiSiMeg] (30). To an NMR tube containind.3 (0.0408

solution was stirred for 30 min at room temperature. The product was g, 0.144 mmol) in 0.35 mL of THF was added (EO)LiICH.Ph

crystallized at—40 °C as yellow crystals in 45% yield. Anal. Calcd
for CogHesGeKGsSia: C, 47.59; H, 8.68. Found: C, 47.44; H, 8.57.
IH NMR (300 MHz, benzenés): ¢ 0.59 (s, 27 H, SiMg), 2.22, 2.62
(s, 6 H, GMesGe), 3.09 (s, 24 H, 18-crown-6):*C{'H} NMR (75.5
MHz, benzenedk): 6 3.98 (s, SiMg), 15.96, 20.46 (s, MesGe), 69.91
(s, 18-crown-6), 137.13, 157.06 G,Me,Ge). 2°Si{*H} NMR (59.6
MHz, benzeneds): 6 —125.03 (s,Si(SiMes)s), —8.22 (s, SiMe).

[K(18-crown-6)][C sMesGeMes] (24). To an NMR tube containing
12 (0.018 g, 0.061 mmol), 18-crown-6 (0.016 g, 0.061 mmol), and
0.35 mL of benzenek was added KCEPh (0.0079 g, 0.061 mmol),
then the NMR tube was shaken for 20 midfH NMR (400 MHz,
benzeneds): 6 2.27, 2.61 (s, 6 H, MesGe), 2.33 (s, 3 Hp-Me),
2.96 (s, 6 H,0-Me), 3.15 (s, 24 H, 12-crown-4), 7.03 (s, 2 kiH).
13C{*H} NMR (100 MHz, benzenek): d 15.56, 19.23 (s, Me,Ge),
21.39, 26.04 (sp- andp-Me), 70.00 (s, 18-crown-6), 127.15, 133.00,
134.09, 152.05 (s, Mes), 145.94, 156.40(sMe;Ge).

[Li(12-crown-4),][C sMe,GeSi(SiMey)s] (25). To 11(0.258 g, 0.602
mmol) and 12-crown-4 (0.194 mL, 1.20 mmol) in 25 mL ot@twas
added a hexane solution afbutyllithium (1.6 M, 0.396 mL, 0.632
mmol). Diffusion of pentane into the reaction solution yielded the
product as yellow crystals in 42% yield. Anal. Calcd fogl@-
GelLiOsSis: C, 50.30; H, 9.10. Found: C, 50.22; H, 9.18H NMR
(300 MHz, benzenek): 6 0.62 (s, 27 H, SiMg), 2.26, 2.69 (s, 6 H,
C,Me,Ge), 3.18 (s, 32 H, 12-crown-4)3*C{'H} NMR (100 MHz,
benzeneds; THF-dg): 6 3.77 (s, SiMe), 15.59, 20.30 (s, MMesGe),
69.19 (s, 12-crown-4), 136.95, 157.03 GMe,Ge). >°Si{*H} NMR
(59.6 MHz, benzenés): 6 —125.57 (sSi(SiMes)s), —8.43 (s, SiMe).

[Li(12-crown-4),][C sMesGeMes] (26). The procedure foR5 was
followed, with12(0.204 g, 0.677 mmol), 12-crown-4 (0.219 mL, 1.35
mmol), andn-butyllithium (1.6 M, 0.440 mL, 0.712 mmol), to yield
the product as yellow crystals in 35% yield. Anal. Calcd fagHss-
GelLiGs: C, 60.10; H, 8.42. Found: C, 60.01; H, 8.4%H NMR (300
MHz, benzeneds): 6 2.29, 2.60 (s, 6 H, dMe,Ge), 2.31 (s, 3 Hp-Me),
2.92 (s, 6 Ho-Me), 3.20 (s, 32 H, 12-crown-4), 7.04 (s, 2 hiH).
B3C{*H} NMR (100 MHz, benzeneéls, THF-do): ¢ 15.12, 18.83 (s,
C:MeGe), 21.14, 25.67 (8- andp-Me), 69.44 (s, 12-crown-4), 126.71,
132.60, 133.84, 152.13 (s, Mes), 145.49, 155.2C{N)e,Ge).

Li[C sMe,GeSi(SiMey)3] (27). The procedure fo25was followed,
with 11 (0.35 g, 0.81 mmol) ana-butyllithium (1.6 M in hexanes,
0.53 mL, 0.85 mmol), to yield the product as yellow crystals in 20%
yield. Anal. Calcd for G/HzsGeLiSik: C, 46.89; H, 9.04. Found:
C, 47.22; H, 9.51.*H NMR (400 MHz, THF4dg): 6 0.09 (s, 27 H,
SiMey), 1.77, 2.16 (s, 6 H, Ple,Ge). *C{*H} NMR (100 MHz, THF-
dg): 0 6.50 (s, SiMe), 18.11, 22.78 (s, MMesGe), 141.29, 156.90 (s,
C4Me4Ge).

[Na(15-crown-5)][CsMesGeMe] (28). A solution of 18 (0.212 g,
0.540 mmol) and 15-crown-5 (0.238 g, 1.08 mmol) in 10 mL of toluene
was added to a sodium dispersion (0.038 g, 1.62 mmol) in 5 mL of
toluene. The reaction solution was stirred for 4 days at room
temperature, and then the product was extracted with toluesel®
mL) and the extracts were combined, concentrated, and cooled@o
°C. The product formed as yellow crystals in 40% yield. Anal. Calcd
for CigH3sGeNaQ: C, 51.97; H, 8.05. Found: C, 51.62; H, 7.8R
NMR (400 MHz, benzenek): 6 0.95 (s, 3 H, SiMe), 2.27, 2.67 (s, 6
H, CsMe,Si), 3.17 (s, 20 H, 15-crown-5)1C{*H} NMR (100 MHz,
benzeneds): ¢ 0.36 (s, GeMe), 15.30, 18.64 (s,MesGe), 69.82 (s,
15-crown-5), 136.10, 156.89 (§:,MesGe).

[K(18-crown-6)][C sMesGeMe] (29). To an NMR tube containing
18 (0.021 g, 0.053 mmol), 18-crown-6 (0.014 g, 0.058 mmol), and
0.35 mL of benzenek was added KCkKPh (0.069 g, 0.058 mmol),
then the NMR tube was shaken for 20 min. R& 'H NMR (400
MHz, benzenadk): 6 1.01 (s, 3 H, GeMe), 2.25, 2.69 (s, 6 HNl=s-
Ge), 3.16 (s, 24 H, 18-crown-6):3C{*H} NMR (100 MHz, benzene-
ds): 0 0.96 (s, GeMe), 15.36, 18.92 (s4Me,Ge), 69.99 (s, 18-crown-
6), 145.83, 159.96 (£4Me,Ge). For GMe,Ge(Me)CHPh: *H NMR
(400 MHz, benzenek): ¢ 0.25 (s, 3 H, GeMe), 1.71, 1.82 (s, 6 H,
CisMeGe), 2.32 (s, 2 HCH,Ph), 6.98-7.11 (m, 5 H, Ph). 3C{H}
NMR (100 MHz, benzenek): 6 —7.21 (s, GeMe), 14.07, 15.57 (s,
C:MesGe), 23.35 (sCHyPh), 124.44, 128.06, 128.46, 140.87 (s, Ph),
131.31, 135.26 (zsMesGe).

(0.0260 g, 0.151 mmol), then the tube was shaken for 2 HhNMR
(300 MHz, THF4g): 6 —0.29 (s, 9 H, SiMg), 1.83, 2.02 (s, 6 H,
CiMe,Si). 3C{*H} NMR (100 MHz, THF4dg): & 1.55 (s, SiMe),
14.78, 16.91 (s, Ple;Si), 138.66, 146.38 (£4Me,Si). 2Si{*H} NMR
(59.6 MHz, THFdg): 6 —45.38 (CGMe,Si), —12.47 (SiMe).

K[C sMe4SiSiMe;] (31). To an NMR tube containing3 (0.026 g,
0.094 mmol) in 0.35 mL of THFRs was added KCHPh (0.013 g, 0.098
mmol), then the tube was shaken for 2 mittd NMR (400 MHz, THF-
dg): 6 —0.03 (s, 9 H, SiMg), 1.81, 2.09 (s, 6 H, Be,Si). *C{H}
NMR (100 MHz, THF4gg): ¢ 1.90 (s, SiMe), 14.84, 17.72 (s, Dles-
Si), 136.23, 148.97 (£:MesSi). 2°Si{H} NMR (59.6 MHz, THF-
dg): 0 —42.70 (GMe,S), —12.44 (SiMe).

[Li(12-crown-4),][C sMe,SiSiMe;] (32). To an NMR tube contain-
ing 13(0.0291 g, 0.103 mmol) and 12-crown-4 (33I3, 0.206 mmol)
in 0.35 mL of benzenek was added (EO)LICH.Ph (0.0177 g, 0.103
mmol), then the tube was shaken for 2 mitH NMR (400 MHz,
benzeneds): 6 —0.49 (s, 9 H, SiMg), 2.30, 2.63 (s, 6 H, B1e,Si),
3.37 (s, 32 H, 12-crown-4)3C{*H} NMR (100 MHz, benzenek):

0 2.74 (s, SiMe), 14.42, 18.35 (s, Be,Si), 68.82 (s, 12-crown-4),
135.78, 148.62 (sCsMesSi). 2°S{*H} NMR (59.6 MHz, benzene-
ds): 0 —43.96 (CMe,Si), —11.68 (SiMg).

[K(18-crown-6)][C sMe,SiSiMe;] (33). A toluene (10 mL) solution
of 13(0.465 g, 1.64 mmol) and 18-crown-6 (0.435 g, 1.64 mmol) was
added to KCHPh (0.224 g, 1.72 mmol) in 5 mL of toluene, and the
resulting solution was stirred for 30 min at room temperature. Cooling
to —40°C produced orange-yellow crystals of the product in 20% yield.
Anal. Calcd for GsHasKO6Siz: C, 53.85; H, 8.86. Found: C, 54.13;
H, 8.94. 'H NMR (400 MHz, benzenek): 6 0.57 (s, 9 H, SiMg),
2.34, 2.67 (s, 6 H, MMe,Si), 3.20 (s, 24 H, 18-crown-6)1C{H}
NMR (100 MHz, benzenek): 6 2.50 (s, SiMe), 15.55, 18.34 (s,
C4MesSi), 70.05 (s, 18-crown-6), 135.76, 149.60 (sMesSi). 2°Si-
{*H} NMR (59.6 MHz, benzenek): & —41.52 (s, GMe,Si), —11.00
(s, SiMe).

K[C sMe,GeSiMe;] (34). To an NMR tube containing4 (0.029 g,
0.090 mmol) in 0.35 mL of THFs was added KCkPh (0.012 g, 0.095
mmol), then the tube was shaken for 1 mitdi NMR (400 MHz, THF-
dg): 0 —0.02 (s, 9 H, SiMg), 1.87, 2.06 (s, 6 H, Ple,Ge). 3C{*H}
NMR (100 MHz, THFdg): 6 2.03 (s, SiMe), 15.16, 19.42 (s, es-
Ge), 141.10, 157.40 (£4Me,Ge).

[K(18-crown-6)][CMe4GeSiMe;] (35). A mixture of compound

14 (0.203 g, 0.620 mmol) and 18-crown-6 (0.164 g, 0.620 mmol) in
10 mL of toluene was added to KGPh (0.085 g, 0.65 mmol) in 5
mL of toluene, and the reaction solution was stirred for 30 min at room
temperature. The reaction solution was cooled-#0 °C to obtain
the product as yellow crystals in 30% yield. Anal. Calcd for
Co3HasGeKOsSi: C, 49.55; H, 8.15. Found: C, 49.55; H, 8.0
NMR (400 MHz, benzenek): 6 0.54 (s, 9 H, SiMg), 2.26, 2.67 (s,
6 H, GtMe,Ge), 3.19 (s, 24 H, 18-crown-6)-3C{*H} NMR (100 MHz,
benzeneds): 6 2.49 (s, SiMeg), 15.86, 20.06 (s, MesGe), 70.07 (s,
18-crown-6), 136.72, 158.56 64Me,Ge). 2°Si{*H} NMR (59.6 MHz,
benzeneds): 6 —3.86 (s, SiMeg).

[K(18-crown-6)][C sMesSi(SiMes)CsMeSi] (36). To an NMR tube
containing15 (0.0202 g, 0.048 mmol), 18-crown-6 (0.0127 g, 0.048
mmol), and 0.35 mL of benzerdg-was added KCEPh (0.0063 g, 0.048
mmol), then the tube was shaken for 20 mitH NMR (400 MHz,
benzeneds): 0 0.44 (s, 9H, SiMg), 2.08, 2.39 (s, 6 H, Me;SiSiMe;),
2.33, 2.65 (s, 6 H, MMesSi"K™), 3.24 (s, 24 H, 18-crown-6).13C-
{*H} NMR (100 MHz, benzenek): 6 0.60 (s, SiMe), 14.60, 16.45
(s, &GMesSiSiMe;), 15.71, 18.43 (s, MMe,Si"K™), 69.95 (s, 18-crown-
6), 137.23, 143.80 (€£4Me,SiSiMe;), 138.49, 149.08 (£4Me,Si~K ™).
29Si{*H} NMR (59.6 MHz, benzenék): 0 —53.43 (s, GMe,SiTK™),
—25.47 (s, GMe,SiSiMes), —13.49 (s, SiMg).

[K(18-crown-6)][C sMesGe(SiMe;)CsMesGe] (37). A mixture of
17 (0.206 g, 0.405 mmol) and 18-crown-6 (0.107 g, 0.405 mmol) in
10 mL of toluene was added to KGPh (0.555 g, 0.426 mmol) in 5
mL of toluene, and the reaction solution was stirred at room temperature
for 30 min. The solution was then cooled 40 °C to obtain the
product as yellow crystals in 20% yield. Anal. Calcd fo5lds:Ge-
KOeSi: C, 50.43; H, 7.80. Found: C, 50.59; H, 7.4%H NMR (400
MHz, benzeneds): 6 0.38 (s, 9 H, SiMg), 2.04, 2.45 (s, 6 H, ey
GeSiMe), 2.25, 2.69 (s, 6 H, Me,Ge K1), 3.16 (s, 24 H, 18-crown-
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6). BC{*H} NMR (100 MHz, benzenek): 6 1.08 (s, SiMe), 14.82,
18.41 (s, GMesGeSiMe), 15.96, 20.01 (s, Me,Ge K*), 70.16 (s,
18-crown-6), 138.46, 143.92 (€.,Me,GeSiMe), 140.63, 156.43 (s,
CMe,GeK™). 29Si{H} NMR (59.6 MHz, benzenés): 6 —5.99 (s,
SiMe;).

[Li(12-crown-4),][C 4Et4SiSiMe;] (38). To an NMR tube containing
19(0.0407 g, 0.120 mmol) and 12-crown-4 (3&B, 0.240 mmol) in
0.35 mL of THFdg was added (EO)LiCH,Ph (0.0217 g, 0.126 mmol),
then the tube was shaken for 2 mitk NMR (400 MHz, THFdg): 0
—0.02 (s, 9 H, SiMg), 0.99, 1.12 (t, 6 H, CbCHs), 2.36, 2.52 (q, 4 H,
CH,CHz), 3.63 (s, 32 H, 12-crown-4)3C{'H} NMR (100 MHz, THF-
dg): 0 2.73 (s, SiMeg), 17.20, 20.03, 22.47, 26.20 (s4ELSi), 70.70
(s, 12-crown-4), 141.96, 158.27 (§4EtSi). 2°Si{*H} NMR (59.6
MHz, THF-dg): 6 —53.12 (GMe,Si), —14.27 (SiMeg).

K[C 4EtsSiSiMe;] (39). To an NMR tube containindg9 (0.026 g,
0.076 mmol) in 0.35 mL of THRl was added KCHPh (0.010 g, 0.079
mmol), then the tube was shaken for 2 mitdi NMR (400 MHz, THF-
dg): 6 —0.02 (s, 9 H, SiMg), 0.98, 1.14 (t, 6 H, CbCHj), 2.40, 2.55
(9, 4 H, CH,CHz). *3C{*H} NMR (100 MHz, THF#dg):  2.56 (s,
SiMes), 16.99, 20.56, 22.26, 25.90 (s482,Si), 140.88, 158.42 (X s-
Et,Si). 2°S{H} NMR (59.6 MHz, THFdg): & —47.38 (GMesS)),
—14.22 (SiMe).

[Li(12-crown-4),][C 4Et,GeSiMe;] (40). To an NMR tube contain-
ing 20(0.0517 g, 0.135 mmol) and 12-crown-4 (4alz, 0.270 mmol)
in 0.35 mL of THFds was added (EO)LiCH,Ph (0.0244 g, 0.142
mmol), then the tube was shaken for 2 mitd NMR (400 MHz, THF-
dg): 6 —0.02 (s, 9 H, SiMg), 0.97, 1.11 (t, 6 H, ChCHjy), 2.31, 2.54
(9, 4 H, CH,CHg), 3.68 (s, 32 H, 12-crown-4)*3C{*H} NMR (100
MHz, THF-dg): 6 2.97 (s, SiMe), 16.96, 19.84, 22.59, 27.74 (s, eH
CHg), 69.64 (s, 12-crown-4), 142.45, 166.84,ELGe).

K[C 4Et.GeSiMej] (41). To an NMR tube containin@0 (0.0543
g, 0.142 mmol) in 0.35 mL of THREs was added KCEPh (0.0194 g,
0.149 mmol), then the tube was shaken for 2 miH.NMR (400 MHz,
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THF-dg): 6 —0.03 (s, 9 H, SiMg), 0.97, 1.14 (t, 6 H, CkCH3), 2.34,
2.55 (g, 4 H,CH,CHz). *C{*H} NMR (100 MHz, THFdg): ¢ 2.52
(s, SiMe), 16.79, 20.06, 22.42, 27.54 (s, @EH3), 141.05, 168.62 (s,
C4Et466).

Crystallographic Structure Determinations. Crystallographic data
are collected in Table 1. All data crystals were sealed in Lindemann
capillary tubes under nitrogen. The Laue symmetry of each was
photographically determined and the space groups assigned unambigu-
ously for 26 and 28 from systematic absences. F2@-THF and33
the centrosymmetric alternatives were chosen initially based ok the
statistics; the results of subsequent refinement supported these choses.
y-scan data indicated that no corrections for absorption were required.
All structures were solved by direct methods, refined with anisotropic
thermal parameters (except as noted), and include idealized hydrogen-
atom contributions. 1r22-THF, a partially occupied, multiply posi-
tioned molecule of disordered THF was found to accompany the
asymmetric unit. The disorder was modeled as two concentric
orientations in different planes with one atom in common with a
combined occupancy of 0.5. The atoms of the solvent molecule were
isotropically refined and hydrogen atoms were ignored. All computa-
tions used SHELXTL software (version 4.2 28, and version 5.1 for
the others; G. Sheldrick, Siemens XRD, Madison, WI.).
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