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Abstract: The highly twisted tetrakis(di-tert-butylmethylsilyl)disilene 4 was prepared and reacted with
BuLi in THF, producing disilene anion radical 5 upon one-electron reduction. The anion radical 5 was
isolated in the form of its lithium salt as extremely air- and moisture-sensitive red crystals. The molecular
structure of 5 was established by X-ray crystallography, which showed a nearly orthogonal structure (twisting
angle of 88°) along the central Si—Si bond, with a length of 2.341(5) A, which is 3.6% elongated relative
to that of 4. The interesting feature of 5 is that one of the central Si atoms has radical character, whereas
the other Si atom has silyl anion character. An electron spin resonance (ESR) study of the hyperfine coupling
constants of the 2°Si nuclei indicates that rapid spin exchange occurs between these central Si atoms on
the ESR time scale.

Introduction electron reduction. ESR studies on tetea-butyldisilene and
tetramesityldisilene anion radicals, which were generated during
reduction of the corresponding 1,2-dichlorodisilanes, have been
reported by Weidenbruch et &Later, Kira et al. demonstrated
the direct reduction of the disilene derivatives to form the
corresponding anion radical$ However, these results report
only on ESR spectra, and no structural study has been reported.
The anion radical 06 presented here is the first example of an
anion radical isolable in a pure form that has been fully
characterized, including X-ray crystallograpHy.

The introduction of a silyl group to ar system causes
remarkable steric and electronic perturbatiérighe unusual
chemical and physical properties of tetrakis(trimethylsilyl)-
ethylene 1) and its derivatives arising from the distorted
nonplanar structure around the=C double bond have been
reportec? An interesting feature of is that a cation radical
was readily generated upon oxidation with aluminum trichloride,
and also an anion radical and, subsequently, a dianion were
formed by reduction with alkali metafs! Disilenes with an S
Si double bond are also known to undergo reduction because
of their low-lying LUMOs compared with those of the corre-
sponding alkene analogug&Meanwhile, we have reported the
effective steric protection by dert-butylmethylsilyl groups that
permits us to successfully isolate various types of unsaturated
compounds of heavier Group 14 elemehtsTherefore, it is
quite interesting to introduce four bulkBu,MeSi groups on
the sg Si atoms of a disilene to cause steric and electronic
perturbations, as found ih Herein, we report our study of the
synthesis of the highly twisted tetrakis(@ir-butylmethylsilyl)-
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Table 1. Crystallographic Data and Experimental Parameters for
the Crystal Structure Analysis of 4 and 5
4.0 4 5
- empirical formula GeHgaSis Cs2H116Li04Sis
= 30 formula mass (g mof) 685.57 980.93
‘e collection temperature (K) 150 200
.,g A (Mo Ko) (A) 0.71070 0.71070
20 cryst syst monoclinic orthorhombic
w space group P 2i/c P21212;
unit cell param
Lo a(A) 21.702(1) 12.0720(3)
’ b (A) 11.470(1) 21.5670(10)
c(A) 18.3010(9) 24.2500(11)
a () 90.00 90.00
300 400 500 600 B() 94.783(5) 90.00
A/nm 7 (%) 90.00 90.00
Figure 1. UV—vis spectrum of4 in hexane at room temperature. \Z/(AS) 3539'7(7) 46313'7(4)
Scheme 1 Dearc (g cm3) 1.003 1.032
u (mm1) 0.205 0.169
Method A _ [ [ F(000) 1536 2188
BuMeSi i BupMeSi _Br BuoMeSi FiMeBu cryst dimensions (mm) 0.60 0.50x 0.10  0.3x 0.3x 0.3
. N AN T Si=si 6 range 0) 2.10-27.89 2.07-28.02
BuzMeSi t BupMeSi Br BuMeSi SiMe'Buy index ranges & h=<28 0<h=<14
2 3 4 0=<k=x15 0<k=28
—23=<1=<23 —-0=<1=31
Method B collected reflns 42353 61161
2KC independent refins 10337 7793
o, Rint 0.1770 0.0450
DME reflns used 10337 7793
params 380 574
Results and Discussion 3 1.020 1.027
weight paramsy/lP 0.1069/11.1422 0.0927/0.9517
Synthesis and Structure of Tetrakis(ditert-butylmethyl- Ri[l > 20(1)] 0.0877 0.0526
wR: 9 (all data) 0.2560 0.1514

silyl)disilene (4).'Bu,MeSi-substituted disilené was success-

fully synthesized by two routes. Since we have demonstrated aS = {SW(E2 — FZ/(n — p)}°5 n = number of reflectionp =

the utility of 1,1-dilithiosilane in the preparation of a variety of

number of parameter8w = 1/[0%(F?) + (aP)2 + bP], with P = (Fs2 +

doubly bonded derivatives of heavier Group 14 elements, we 2F/3. °Ru= 3|IFo — Fll/3|Fol. ‘WR = F[W(Fo* — FAF/ S [WFe)T}°*

first examined the reaction of bis(tért-butylmethylsilyl)-
dilithiosilane @)812with 2,2-dibromo-1,1,3,3-tetreert-butyl-
1,3-dimethyltrisilane §) (Scheme 1, method A). Indeed, the
reaction proceeds very smoothly to giewhich was isolated

the most twisted S+Si bond reported so f&2 However, the
sp? Si atoms have nearly planar geometry, the sum of the bond
angles being 359?7for Sil and 359.6for Si2. Similar silyl-
substituted (BSi),Si=Si(SiRs)2 (R3Si = 'Pr,MeSi, 'BuMe,Si,

as blue crystals in 97% yield. An easier and simpler method to ipr,Sj BuMe,SifPr,MeSi) have been synthesized and their

accesdl is the direct reaction d8 with alkali metals. Thus, the
reaction of3 with 2 equiv of potassium graphite (KCin
dimethoxyethane (DME) producebin 96% yield (Scheme 1,
method B). Disilenét is stable, even in air, due to the effective
steric protection around the=S8i double bond. The interesting
feature of4 is its intense blue color. Indeed, the longest-
wavelength absorption peak d@f was observed at 612 nm

X-ray structures have been reporféddowever, there is a very
large structural difference betweehand the reported com-
pounds, since a large twisting is observedd@4.5") compared
to those of the others{@8.9°).14

Synthesis and Structure of Tetrakis(ditert-butylmethyl-
silyl)disilene Anion Radical (5).The highly twisted disilend
showed an unexpected reaction wBuLi. When a mixture of

(1300), together with absorption peaks at 375 (2000), 290 4 and 1.2 equiv ofBuLi in THF was stirred from—78 °C to

(8200), and 220 (26 500), as shown in Figure 1.

The crystal structure of was determined by X-ray crystal-
lography (Figure 2, Tables 1 and 2). The=Sii double bond
length (2.2598(18) A) lies in the reported range (2128289
A)13 but is longer than that for the known silyl-substituted
disilenes (2.1962.251 A} due to steric reasons. The most
interesting feature o is the twisting of the S+Si bond; the
torsional angles of SiSi=Si—Si are 48.8 and 62.9. The
twisting angle is 54.5 as determined by the angles between
the mean plane of Si3Si1—-Si4 and Si5-Si2—Si6, leading to

(12) Sekiguchi, A.; Ichinohe, M.; Yamaguchi $.Am. Chem. S0d.999 121,
10231

(13) Kaftory, M.; Kapon, M.; Botoshansky, M. Ifthe Chemistry of Organic
Silicon CompoundsRappoport, Z., Apeloig, I., Eds.; John Wiley & Sons
Ltd.: New York, 1998; Vol. 2, Part 1, Chapter 5.

(14) (a) Kira, M.; Maruyama, T.; Kabuto, C.; Ebata, K.; Sakurai,Athgew.
Chem., Int. Ed. Engl1994 33, 1489. (b) Iwamoto, T.; Sakurai, H.; Kira,
M. Bull. Chem. Soc1999 71, 2741.

room temperature over 2 h, the color of the reaction mixture
immediately changed from dark blue duedtto an intense red,
from which the disilene anion radicBlwas isolated in the form

of its lithium salt in 58% yield as red crystals (Scheme 2). The
anion radicab is extremely air- and moisture-sensitive, with a
melting point of 164166 °C (dec). The formation db can be
rationalized by assuming a single-electron transfer process
because the formation of isobutene was observed. The choice
of the reducing reagent is crucial, and only the uséBoiLi
producess. When disilene4 was reacted with LiNp or Li, the
cleavage reaction of the centrakS8i took place, probably via
two-electron reduction.

The crystal structure d& was unambiguously determined by
X-ray crystallography (Figure 3, see also Tables 1 and 2). The
lithium cation of5 is coordinated by four THF molecules, and
the closest distance between the lithium ion and a silicon atom

J. AM. CHEM. SOC. = VOL. 126, NO. 31, 2004 9627
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Figure 2. Molecular structure oft with thermal ellipsoids drawn at the 30% level (hydrogen atoms are omitted for the clarity): left, top view; right, side
view.

Table 2. Selected Bond Lengths (A) and Bond Angles (deg) of 4
and 52

4 5
Bond Lengths
Sil-Si2 2.2598(18)  SitSi2 2.341(5)
Si1—Si3 2.416(2) Si+Si3 2.390(5)
Si1—Si4 2.4188(19) SitSi4 2.392(5)
Si2—Si5 2.4132(19) Si2Si5 2.4122(13)
Si2—Si6 2.423(2) Si2-Si6 2.4008(13)
Bond Angles
Si2—Si1-Si3 124.68(8)  Si2Sil-Si3 120.3(2)
Si2—Si1—Si4 116.66(8)  Si2Sil—Si4 116.4(2)
Si3—Si1-Si4 118.36(7)  Si3Sil-Si4 115.97(18)
Sil-Si2-Si5 124.18(7)  SitSi2-Si5 126.59(10)
Si1—Si2—Si6 117.15(7)  Si+Si2—Si6 116.65(10)
Si5—Si2—-Si6 118.23(7) Si5Si2—Si6 116.66(5)
Si4—Si1—Si?—Si6 48 E;I'(cir)smnal AS?ig:}IeSSilfSiZfSiS 70.5(2) Figure 3. Molecular structure ob with thermal ellipsoids drawn at the
Si3-Sil-Si2-Si5  62.9(1) Si3-Si1-Si2-Si6  113.2(2) ao"g"ro'e;’ﬁ'agﬁsztfemor‘r’]"i':g dog)‘i“gg?if}}’ factor of 0.516 is disordered).
Si4-Si1-Si2—Si5  78.4(2) yarog -

Si4—-Si1-Si2—Si6  97.9(2)

is also reflected in the bond lengths ofSi attached to these
_ #Atomic numbers are given in Figures 2 and 3. Standard deviations are Sj atoms; the Si+Si3 (2.390(5) A) and SitSi4 (2.392(5) A)
in parentheses. bond lengths are shortened compared to thoge(af = 2.418

Scheme 2 A) due to delocalization of the negative charge over the Si3
. _ " and Si4 atoms, whereas the Si@i5 (2.4122(13) A) and Si2
BuLi BuzMeSi, Si6 (2.4008(13) A) bond lengths are similar to those of the tris-
o Si——SiSiMeBuz | [1iithe)1* (di-tert-butylmethylsilyl)silyl radical (2.421(7) A}?

'BupMesSi SiMe'Bu, The ESR spectrum 0b measured at room temperature in
2-methyltetrahydrofuran showed a strong signal withvalue

of 2.0061, accompanied by a pair of satellite signals (2.45 mT)
due to coupling of the unpaired electron with #&i nuclei,

as shown in the top of Figure 4. The magnitude of the spin
coupling by the?°Si nuclei is half the value of the coupling
observed in the tris(diert-butylmethylsilyl)silyl radical (5.80
mT).17 Kira et al. also observed hyperfine coupling constants
of 2.45-3.18 mT for the silyl-substituted disilene anion
radicald® generated upon reduction of the corresponding di-
silenes with potassium in DME. On the basis of the observed
hyperfine coupling constants d, it is quite reasonable to
assume that rapid spin exchange occurs between atoms Sil and
SSi2 of5in solution on the ESR time scale, as depicted in Chart
1. Indeed, when the ESR spectrum%ofvas measured at 120

(15) The addition of LiH across the=fE' bond (E, E = Si, Ge) through single K in a glass matrix, we observed satellite signals with a coupling
electron transfer was observed in the reaction of 2- and 1-disilagermirenes
with ‘BuLi, see: Lee, V. Ya.; Sekiguchi, AChem. Let2004 33, 84.

(16) For a theoretical calculation on the disilene anion radical, see: Schoeller, (17) Sekiguchi, A.; Fukawa, T.; Nakamoto, M.; Lee, V. Ya.; Ichinohe, M.
W. W.; Busch, T.J. Phys. Org. Chenil994 7, 251. Am. Chem. So002 124 9865.

5

of 5is greater than 9 A, indicating no interactions between them.
The central Si+Si2 bond length is 2.341(5) A, which is 3.6%
longer than that o#t due to the lack of double-bond character.
The most important feature is the twisting angle of the central
Si—Si bond, which is 88 as determined by the angles between
the mean plane of Si2Sil—Si4 and Si5 Si2—Si6. The
geometry around the Si2 atom is nearly planar (the sum of the
bond angles= 359.9), whereas the Sil atom has pyramidal
geometry (the sum of the bond angles 352.7).16 These
structural features ob show that the Si2 atom has radical
character, whereas the Sil atom has silyl anion character. Thi

9628 J. AM. CHEM. SOC. = VOL. 126, NO. 31, 2004
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g =2.0061 {\

/‘ a (*Si)=2.45mT
- ’ —
— |
1mT ‘

| \

|
x10 W, / \

Figure 4. Variable temperature ESR spectramin 2-methyltetrahydro-

furan: top, 298 K; middle, 155 K; bottom, 120 K.

Chart 1
H 1
° SiMe'Buz 'BupMesSi
Si(1)—Si(2)- o m— ©
By Mesiv-Si(1) —Si2) * 8i(1)-Si(2)-msiMe'Bu,
n I .
BupMeSi SiMe Bup 'BupMeSi SiMe'Buy

constant of 4.50 mT (Figure 4). This indicates that the spin

exchange was suppressed at low temperature.

Conclusions

NMR spectra were recorded on a Bruker AC-300FT NMR spec-
trometer {H NMR at 300.13 MHz3C NMR at 75.47 MHz?°Si NMR
at 59.63 MHz). Mass spectra were obtained on JEOL JMS SX-102
instrument (El, 70 eV). UV/vis spectra were recorded on a Shimadzu
UV-3150 UV/visible spectrophotometer in hexane. ESR spectra were
recorded on a Bruker EXM-T ESR spectrometer.

Synthesis of 4 (Method A).Dry, oxygen-free THF (2.0 mL) was
introduced by vacuum transfer to a mixture of dilithiosilah¢0.22
mmol) and 2,2-dibromo-1,1,3,3-tettert-butyl-1,3-dimethyltrisilane
(104 mg, 0.21 mmol), and then the reaction mixture was allowed to
warm from —78 °C to room temperature. The color of the reaction
mixture immediately changed from reddish-brown to an intense blue
color. The mixture was vigorously stirred at room temperature for 1 h.
The solvent was replaced by hexane, and the reaction mixture was
filtered to remove the resulting inorganic salt. The solvent was
evaporated to give blue crystals4{139 mg) in 97% yield. Mp 189
191 °C (dec);H NMR (C;Ds, 298 K, 0) 0.64 (s, 12 H), 1.23 (s, 72
H); 3C NMR (C/Dg, 298 K, 0) 1.3, 23.9 CMe3), 31.4 (Mey); 2°Si
NMR (C7Ds, 200 K, 0) 21.1, 155.5 (S&Si); UV/vis (hexanefma/nm
(€) 220 (26 500), 290 (8200), 375 (2000), 612 (1300); HRMS calcd
for CaeHgsSis 684.5189, found 684.5188. TR NMR spectrum was
measured at low temperature because of the very weak intensity,
probably due to the biradical characterdfesulting from the highly
distorted structure.

Synthesis of 4 (Method B).Dry, oxygen-free DME (30 mL) was
introduced by vacuum transfer to a mixture3{4.02 g, 7.99 mmol)
and KG (2.35 g, 17.3 mmol), and then the reaction mixture was allowed
to warm from—78 °C to room temperature with stirring over 5 h. The
solvent was replaced by hexane, and the reaction mixture was filtered
to remove the resulting potassium salt and graphite. The solvent was
evaporated to give blue crystals4{2.63 g, 3.84 mmol) in 96% yield.

Synthesis of 5Crystals of4 (216 mg, 0.32 mmol) and a powder of
‘BuLi (25 mg, 0.39 mmol) were placed in a reaction tube. Dry, oxygen-
free THF (2 mL) was introduced by vacuum transfer, and the mixture
was warmed from-78 °C to room temperature over 2 h. A rapid color
change from blue to intense red was observed. The solvent was
evaporated, and the resulting solids were washed with hexane several
times in a glovebox. After evaporation of solvent, toluene (1.5 mL)
was added, and the solution was cooled-80 °C to give red crystals
of 5 (179 mg, 0.17 mmol) in 58% yield. Mp 164166 °C (dec); ESR
(MeTHF) g = 2.0061; UV/vis (THF)Ama/nm (¢) 291 (11 600), 436

We presented here the synthesis and molecular structure of2100).

a highly twisted tetrakis(diert-butylmethylsilyl)disilene4 and
its unique reactivity. The disilengéreadily reacts withBuLi in
THF, producing stable anion radic8) representing the first

X-ray Crystal Structure Analyses. The single crystals of for the
X-ray diffraction study were grown from the saturated hexane solution.
The single crystals 05 for the X-ray diffraction study were grown

isolable example of the heavy alkene analogues. The X-ray from the saturated toluene solution a30 °C in a sealed tube.
analysis of5 showed a nearly orthogonal structure along the Diffraction data were collected on a Mac Science DIP2030K image

central Si-Si bond. The most interesting feature is that one of Plate diff
the central Si atoms has radical character, whereas the other S
atom has silyl anion character. ESR study indicates that rapid

ractometer employing graphite-monochromatized Ma K
ﬁadiation ¢ = 0.71070 A). The structure was solved by the direct
method and refined by the full-matrix least-squares method using the
SHELXL-97 program. The crystallographic and structural data are given

spin exchange occurs between these central Si atoms on thg, tapies 1 and 2.

ESR time scale.
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