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The silyl radical is one of the most important reactive
intermediates in organosilicon chemistry, and its spectroscopic
characterization has been reportdd.particular, the stable silyl
radical has become of interest in recent years, and persistent silyl@\/®
radicals stabilized by bulky substituents have been repérted. @"'
However, isolation of the silyl radical and its structural charac-
terization have not yet been reporfed.

Very recently, we have succeeded in synthesizing a cyclotet-
rasilenylium ion1%* by the reaction of tetrakis[dert-butyl-
(methyl)silylJcyclotrisilené with [Et;Si(benzene)]-TPFPB
(TPFPB™ = tetrakis(pentafluorophenyl)borate)The cyclotet-
rasilenylium ion1* is not only a free silyl cation in the condensed ) ]
phase but also a homoaromatic compound consisting of silicon Figure 1. ORTEP Drawing of cyclotetrasilengt. Hydrogen atoms are
atoms. It is quite reasonable to assume that the reactidri of ~ Omitted for clarity. Selected bond lengths (A): Si$i2, 2.226(1); Sit
with nucleophiles may afford cyclotetrasilérand tetrasilabicyclo- 54, 2.358(1); SitSi5, 2.372(1), Si2Si3, 2.263(1); Si2Si6,

S " . 2.377(1); Si3-Si4, 2.364(1); Si3Si7, 2.372(1). Selected bond angles
[1.1.0]butane derivativéIndeed,1™ smoothly reacts with small (deg): Si2-Si1—Sid, 91.41(6): Si2-Si1—Si5, 138.30(7): Si4-SI1—Si5
nucleophiles such as methyllithium in diethy! ether, o produce ;345q7). iz sip-si3, 91.89(6); Sit-Siz—Si(6), 130.82(7); Si3Si2—
yellow crystals of cyclotetrasneng denvatane.ln 97% vyield Si6, 136.35(7); Si2Si3-Si4, 90.33(6); Si2 Si3-Si7, 139.20(7); Si4
(Scheme 1y. However, the reaction ofl™ with the bulky Si3-Si7, 126.67(7); SitSi4—Si3, 86.18(6)
trialkylsilylsodium compound®8BusSiNa andBu,MeSiNa did not B ’ T '
produce the corresponding cyclotetrasilene or bicyclo[1.1.0]butane A mixture of 1*-TPFPB and'BusSiNa in diethyl ether, which
compounds. Instead, cyclotetrasilenyl radical was formed as awas initially a yellow suspension, became a red-purple solution
result of one-electron reduction. Herein we report the first isolation within 5 min with stirring at room temperature. The resulting
and full characterization of the stable silyl radidal Na"-TPFPB  salt was removed by filtration after exchange of

1) For reviews, see (a) Sakural, Firee Radicals Kochi, J. K., Ed. solvent to heptane, and _su_bsequent evaporation_ of heptane gave
JohT Wiy & Sons Lk New work. 10v5: yor i1 1) Chatgiilogn, c. @ red-purple solid containing. Pure1 was obtained as red-
Chem. Re. 1995 95, 1229. purple crystals by recrystallization from hexane in 67% yield.

(2) (8) Hudson, A.; Jackson, R. A.; Rhodes, C. J.; Vecchio, A. LID.  One-electron reduction df* could also be achieved by potassium
Qrgenae, Chrss 260 175, () oy V. o4 Labbert M+ graphite (KG) in clethyl ether, and- was easiy isolated n 839%
5. (c) Sakurai, H.; Umino, H.; Sugiyama, H. Am. Chem. Sod.98Q 102, yield (Scheme 1)° Radicall® is quite stable at room temperature
6837. (d) Bennett, S. W.; Eaborn, C.; Hudson, A.; Jackson, R. A; Root, K. in the absence of air and moisture, and an intense ESR signal

D. J.J. Chem. Soc. AL97Q 348. (e) Hudson, A.; Lappert, M. F.; Lednor, P. P :
W. 3. Chem. Soc.. Dalton Tran&976 2369. (f) Mckinley, A. J Karatsu, V@S observed for both solitt and heptane solution df.

T.; Wallraff, G. M.; Miller, R. D.; Sooriyakumatan, R.; Michl, Drgano- The structure ofl* was determined by X-ray analyé%and

%stalllcsm%fi ;, 2'3_?'7- (%) B"C'R}P'ﬁ'ﬁ'/f‘ Pg:lr:atsu,sTaBnglllr?gf,Z%bévl.; an ORTEP drawing of the molecular structure bfand its
ompson, D. P.; Miller, R. D.; Michl, J. Am. Chem. So . B ; R ;

(h) Kyushin, S.; Sakurai, H.; Betsuyaku, T.; Matsumoto@tganometallics !mportant Strucu."al parameters are.glven in Figure 1. The. closest

1997 16, 5386. (i) Chatgilialoglu, C. Ferreri, C.; Vecchi, D.; Lucarini, M.; |nt§rmqlecular dllstances between silicon atoms of the rad!cal'part

Pedulli, G. F.J. Organomet. Cheml997, 545/546 475. (j) Kyushin, S.; (Si1, Si2, and Si3) range from 8.401(2) to 9.914(2) A, indicating

Sakurai, H.; Matsumoto, Hohem. Lett1998 107. (k) Kira, M.; Obata, T..  that cyclotetrasilenyl is a free silyl radical in the solid state.

Kon, I.; Hashimoto, H.; Ichinohe, M.; Sakurai, H.; Kyushin, S.; Matsumoto, . . . K

H. Chem. Lett1998 1097. The four-membered ring is almost planar with the dihedral angle
(3) Recently, a stable three-membered cyclotrigermenyl radical and a stable between the radical part Sil5i2—Si3 and Sit+Si4—Si3 being

anion radical [ArSnSnArl" (Ar = —Cef15-2,6(2,4 61-PrCeto), were re- 4 7 This s in marked contrast to the precursor silyl cation

ported: (a) Olmstead, M. M.; Pu, L.; Simons, R. S.; Power, PCRem. . . .
Commun.1997 1595. (b) Olmstead, M. M.; Simons, R. S.; Power, PJP. which has a largely folded four-membered ring (the corresponding

Am. Chem. Sodl997, 119 11705. folding angle: 46.8), caused by 1,3-orbital interaction due to
115y, Sekiguehi, A.; Matsuno, T.; Ichinohe, M. Am. Chem. S02000 122 the homoaromatic characteThe sum of the bond angles around
(5) (a) Ichinohe, M.; Matsuno, T.; Sekiguchi, Angew. Chem., Int. Ed. the three coordinated silicon atoms of the radical part (Sil1, Si2,
1999 38, 2194. (b) M. Ichinohe, T. Matsuno, and A. SekigucBihem. and Si3) are 360.0, 359.1, and 35%.spectively. The Sil and
Commun2001, 183.
(6) Lambert, J. B.; Zhang, S.; Stern, C. L.; Huffman, J.S€iencel993 (10) The crystals oft™TPFPB™ (70 mg, 0.051 mmol) and K&(7 mg,
260, 1917. 0.050 mmol) were placed in a reaction tube with a magnetic stirrer and
(7) (a) Kira, M.; lwamoto, T.; Kabuto, CJ. Am. Chem. S0d.996 118 degassed. Dry oxygen-free diethyl ether (1 mL) was introduced by vacuum
10303. (b) lwamoto, T.; Kira, MChem. Lett.1998 277. (c) Wiberg, N.; transfer, and the mixture was stirred at room temperature to give a purplish-
Auer, H.; Nah, H.; Knizek J.; Polborn KAngew. Chem. Int. EAL998 37, red solution within 5 min. After the solvent was removed in vacuo, degassed
2869. heptane was introduced. After the resultingg KPFPB" salt and graphite had
(8) Masamune, S.; Kabe, Y.; Collins, S.; Williams, D. J.; Jones]. R_Rm. been removed, the solution was cooled to produce red-purple crystais of
Chem. Soc1985 107, 5552. (29 mg, 83%); UV-vis (hexane).mawnm(€) 241 (sh, 23500), 302 (9600), 331
(9) Spectral data o2: air-sensitive yellow crystals; mp 17477 °C, *H (sh, 6300), 365 (sh, 4700), 483 (2100), 541 (9400).

NMR (C¢Ds, 0) 0.37 (s, 3 H), 0.45 (s, 3 H), 0.46 (s, 3 H), 0.85 (s, 3H), 1.18 (11) The single crystals for X-ray analysis were obtained by the recrys-
(s, 9 H), 1.19 (s, 9 H), 1.197 (s, 9 H), 1.200 (s, 9 H), 1.21 (s, 9 H), 1.24 (s, tallization from hexane. Crystal data ©fat 120 K: MF= CzsHg:1Siz, MW

9 H), 1.39 (s, 9 H), 1.49 (s, 9 H}3C NMR (C¢Ds, 0) —3.3,—3.2,—3.0, 5.2, = 698.63, triclinic, space groupl, a = 8.906(1) A,b = 15.076(3) A,
21.6, 21.7, 22.0, 22.1, 22.6, 23.1, 23.9, 24.8, 30.1, 30.2, 30.4, 30.5, 30.7,c = 16.939(4) A,a = 90.97(1}, f = 90.82(1), y = 91.92(1}, V =
31.4, 32.9, 33.42Si NMR (Ce¢Ds, 0) —34.6, 14.4, 17.3, 19.2, 43.9, 158.1,  2272.5(8) B, Z = 2, Dcarca = 1.021 gcm3. The final R factor was 0.0767
182.7; HRMS calcd for gHg.Si;: 712.4958; found 712.4960. with 1, > 20(ls) (Ry = 0.2148 for all data, 7836 reflections). GGF1.044.
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Figure 2. ESR Spectrum of* in heptane at 298 K.

Si2 atoms have planar geometry, but the Si3 atom is slightly
pyramidalized. A small unsymmetrical feature for the radical part
was also found in the bond lengths: Si%i2 [2.226(1) A] is
slightly shorter than Si2Si3 [2.263(1) A]. However, these Si
Si bond lengths are comparable with the correspondingS8i
bond lengths ofl* [2.240(2) and 2.244(2) K peing intermediate
between the S#Si double bond [2.174(4) A] and the-S&i single
bond [2.349(4)-2.450(4) A] in the four-membered ring of hexakis-
(tert-butyldimethylsilyl)cyclotetrasilen&*?The bond lengths of
Si1—-Si4 [2.358(1) A] and Si3Si4 [2.364(1) A] are slightly
longer than the corresponding bond length4d{2.336(2) and
2.325(2) AJ* The interatomic distance between Sil and Si% of
[3.225(2) A] indicates that the 1,3-orbital interaction observed in
1* is lost by the one-electron reduction.

Crystallinel* reveals an intense ESR signal wigh= 2.0058,
which is close to the typical values for tris(trialkylsilyl)silyl
radicals (2.00532.0063)'2 The heptane solution df also gives

of 'Bu,MeSi groups. Since cyclotetrasilenyl radidals an allyl-

type radical, the largest spin density $pin) should be located

on the terminal Sil and Si3 atoms, and the second largest spin
density 8 spin), on the central Si2 atol.Therefore, the two
hfcc of 4.07 and 3.74 mT can be assigned to coupling with the
29Si1 and?°Si3 nuclei, and the hfcc of 1.55 mT is assigned to
coupling with the?°Si2 nucleus. The relatively low hfcc due to
Sil and Si3 atoms are consistent with the delocalization of the
unpaired electron in the allylic syste¥h'®

The high reactivity of silyl radicals toward organic halides is
well established.The stable silyl radical® also readily reacted
with 1,2-dibromoethane to giveans,transl,2,3-tribromo-4,4-
di-tert-butyl-1,2,3-tris[ditert-butyl(methyl)silyl]cyclotetrasilane
(3) in 79% yield (Scheme 2¥ The one-electron oxidation df
leading to the startind* also occurred. Thus, the reaction Iof
with PhkC*TPFPB™ in benzene produceti-TPFPB in 80%
yield.
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(13) The geometry and structural parameters are well reproduced by a DFT
alculation of the model compound {&);SisMe;*, with Cs symmetry at the

a strong ESR signal at room temperature as an unresolved broa@SLYP/GQlG* level. The calculated spin densities of the model compound

singlet @ = 2.0058) with the definite five doublet satellite signals,
as shown in Figure 2. Three doublet satellite signals with relatively

large hyperfine coupling constants (hfcc) (4.07, 3.74, and 1.55

mT) are evidently due to coupling with t#&Si nuclei, judging
from their intensities relative to the central peak. The two doublet

satellite signals with hfcc of 4.07 and 3.74 mT are broadened by 5)

are+0.724 for Sil and Si3, anet0.364 for Si2.

(14) For the similar delocalization of the unpaired electron in the cyclot-
rigermenyl radical, see ref 3a.

(15) For the carbon allyl-type analogous radical with a silacyclobutenyl
skeleton, see: Maier, G.; Kratt, A.; Schick, A.; Reisenauer, H. P.; Barbosa,
F.; Gescheidt, GEur. J. Org. Chem200Q 1107.

(16) Spectral data @: colorless crystals; mp 82 dec,'H NMR (C¢Ds,
0.55 (s, 6 H), 0.63 (s, 3 H), 1.25 (s, 18 H), 1.28 (s, 18 H), 1.34 (s, 18 H),

raising the temperature and coalesce at 370 K due to the rotation1.45 (s, 9 H), 1.58 (s, 9 H}3C NMR (C:De, 8) —2.9,—2.3, 23.0 (2C), 23.2,

(12) 3,4-Diiodo-1,2,3,4-tetrakis(ttert-butylsilyl)cyclotetrasilene has also
been reporte® Its Si=Si double bond length is reported to be 2.257(2) A,
which is significantly elongated due to the steric reasons.

23.3, 24.4, 31.0, 31.1, 31.2, 33.4, 34€8i NMR (C:Ds, 0) —8.2, 9.4, 18.6,
26.4, 37.3: MSm/z(%) 935 (M*, 5.0), 700 (M — 'Bu,MeSiBr), 643 (33),
555 (36), 73 (100); Anal. Calcd for&HgiBrsSiz: C, 44.80; H, 8.70. Found:
C, 45.12; H, 8.99.



