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were identified and indexed with an optic goniometer, and their 
respective distance d to the origin of the crystal was carefully 
measured with a microscope. In all three cases, absorption 
corrections of a Gaussian integration type were applied to the 
intensity data. The introduction of the corrected data files after 
refinement of the isotropic model led to an improved fit between 
observed and calculated structure factors. 

Solution and Refinement of the Structures. All calculations 
were performed on a MicroVAX 3400 computer by using com- 
binations of the following program files: S D P , ~ ~  SHELXS-M,~~ and 
SHELX-76.a Neutral atomic scattering factors were taken from 
the standard sources.u Anomalous dispersion corrections were 
applied to Ru atoms. The structures were solved by direct 
methods ( s ~ ~ ~ x 9 - 8 6 )  and subsequently refined by combinations 
of full-matrix least-squares and electron density calculations 

All non-hydrogen atoms were refined with anisotropic thermal 
parameters, except for [PPN][4c]. Due to the high number of 
variable parameters in the latter case, the eight phenyl rings of 
[PPN][4c] were treated as rigid groups including the hydrogen 
atoms in idealized positions (Da symmetry; C-C = 1.395 A, C-H 
= 0.95 A). The methyl hydrogens of 6d were located on a Fourier 

(41) Structure Determination Package, 4th ed.; B. A. Frenz & Asso- 
ciates: College Station, TX 77840, and Enraf-Nonius: Delft, The 

(SHELX-76). 

Netherlands, i981. 
(42) Sheldrick, G. M. SHELXS-86 Program for Crystal Structure 

Solution: Universitv of Gattineen: Gattineen. Federal Reuublic of Ger- 

map and could be refined. The phenyl hydrogens of 1Oc were 
entered in idealized positions but were not refined. 

Crystal and intensity data for [PPN][4c], 6d, and 1Oc are 
summarized in Table I. Perspective views of the three complexes 
are provided in Figure 1 for [PPN][4c], in Figures 2 and 3 for 
the two independent cluster units of 6d, and in Figure 4 for 1Oc. 
The final atomic coordinates, selected interatomic distances, and 
bond angles for [PPN][4c], 6d, and 1Oc are listed respectively 
in Tables 11-IV, V-VII, and VIII-X. Whenever possible, these 
data have been listed according to the noncrystallographic sym- 
metry of the molecules: in a given table, the distances and the 
angles corresponding to 'equivalent" atoms are given on the same 
line. Tables of anisotropic thermal parameters, hydrogen coor- 
dinates, and observed and calculated structure factor amplitudes 
are provided as supplementary material. 
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Pentacoordinate hydridosilicates [HSi(OR),]- (where R = Me, Et, n-Bu, i-Pr, Ph) as their K+ salts are 
obtained from reactions of trialkoxy- (or phenoxy-) silanes with the respective alkoxide (or phenoxide). 
Compared to HSi(OEtI3, [HSi(OEt),]K exhibits a wide range of reactivities: (1) it  undergoes facile 
displacement reactions at silicon with Grignard reagents and PhLi; (2) it acta as a base and leads to proton 
abstraction in the case of P h C e H  and Ph3CH; (3) it is able to reduce carbonyl compounds to the related 
alcohols; (4) it  reacts with primary organic halides through an ionic mechanism (a SET process can be 
invoked in the case of benzylic halides (RX), which afford the dimer RR in addition to the alkane RH); 
(5) the ability to donate one electron is confirmed in reactions with oxidizing agents (Cu+, Ag+, Cp(CO)2Fe+) 
and by direct ESR observation of stable radical intermediates. 

1. Introduction 
Since the pioneering work carried out in the 1960s by 

Frye,' Muller,2 and M u e t t e r t i e ~ , ~  numerous penta- 
coordinate anionic organosilicon derivatives have been 
reported' and structurally characterized! They have been 

(1) (a) Frye, C. L.; Vogel, G. E.; Hall, J. A. J. Am. Chem. SOC. 1961, 
89,990. (b) Frye, C. L.; Vincent, G. A,; Finzel, W. A. J.  Am. Chem. SOC. 
1971,93,6805. (c) Boer, F. P.; Flynn, J. J.; Turley, J. W. J.  Am. Chem. 
SOC. 1968,90,6973. 

(2) Mdler, R.; Heinrich, L. Chem. Ber. 1961, 94, 1943. 
(3) (a) Klanberg, F.; Muetterties, E. L. Inorg. Chem. 1968,7,155. (b) 

Muetterties, E. L.; Mahler, W.; Schmutzler, R. Inorg. Chem. 1963,2,613. 
(c) Muetterties, E. L.; Schunn, R. A. Q. Reu., Chem. SOC. 1966,20, 245. 

invoked as intermediates in nucleophilic displacements at 
silicon! and moreover, they have recently received much 

(4) Review: (a) Tandura, S. N.; Alekeeev, N. V.; Voronkov, M. G. Top. 
Curr. Chem. 1986, 131, 99-189. (b) Corriu, R.; Young, J. C. In The 
Chemistry of Oraanic Silicon Comoounds, Patai. S., Rauwwrt, Z.. E%.: . - - - . . . 
Wiley: ChicheLr, U.K., 1989; Chapter 20, p 1241. 

(5) Recent papers: (a) Johnson, S. E.; Day, R. 0.; Holmes, R. R. Inorg. 
Chem. 1989, 28, 3182. (b) Johnson, S. E.; Payne, J. S.; Day, R. 0.; 
Holmes, J. M.; Holmes, R. R. Inorg. Chem. 1989,28,3190. (c) Johnson, 
S. E.; Deitera, J. A,; Day, R. 0.; Holmes, R. R. J.  Am. Chem. SOC. 1989, 
11 1, 3250. (d) Damrauer, R.; OConnell, D.; Danahey, S. E.; Simon, R. 
Organometallics 1989,8,1167. (e) Swamy, K. C. K.; Chandrmekhar, V.; 
Harland, J. J.; Holmes, J. M.; Day, R. 0.; Holmes, R. R. J. Am. Chem. 
SOC. 1990,112,2341. (f) Tamao, K.; Hayaehi, T.; Ito, Y.; Shim, M. J. Am. 
Chem. SOC. 1990, 112, 2422. 
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Table I. nSi NMR Datao for HSi(0R). Silanes and IHSi(0R)JK Silicates 
~~ ~ 

silane 6, PPm 'Jai-n, Hz silicate anion 6, PPm 'Jsi-n, Hz A6 A J  
HSi(OMe)3 -62.6 290 [HSi(OMe),]- -82.5 223 19.9 67 
HSi(OEt)S -59.6 285 [HSi(OEt),]- -86.2 218 26.6 68 

[HSi(OEt),]- -87.5 215 27.9 71 
[HSi(OEt),]-' -85.8 223 26.2 63 

HSi(O-n-Bu)S -59.2 286 [HSi(O-n-Bu),]- -86.1 219 26.9 67 
HSi(O-i-Pr)3 -63.4 285 [HSi(O-i-Pr),]- -90.5 215 27.1 70 

[HSi(O-i-Pr)J -92.0 209 28.6 76 
HSi(OPh)s -71.3 320 [HSi(OPh),]- -112.6 296 41.3 24 

As the [Kt( 18-crown-6)] salt. (I All spectra were recorded at room temperature in THF. As the sodium salt. 

Scheme I 

1 

attention from the mechanistic point of view, including 
intramolecular ligand e x ~ h a n g e , ~ J  enhanced reactivity 
toward nucleophiles! and activation of the silicon-carbon 
bonds? At the same time, a number of synthetic methods 
have been reported that involve the intermediacy of pen- 
tacoordinate silicon.1° 

In this context and as a part of our systematic investi- 
gation of hypervalent organosilicon species,lb*&J1 we be- 
came interested in pentacoordinate anionic hydrido- 

(6) (a) Corriu, R.; GuBrin, C. J. Organomet. Chem. 1980,198,231. (b) 
Comu, R.; GuBrin, C. Adu. Organomet., Chem. 1982,20,265. (c) Corriu, 
R.; GuBrin, C.; Moreau, J. In Topics an Stereochemistry; Eliel, E. L., 
Wilen, S. H., Allinger, N. L., Ede.; Wiley: New York, 19% Vol. 15,,p 43. 
(d) Corriu, R.; GuBrin, C.; Moreau, J. In The Chemietry of Organosrlrcon 
Compounds; Patai, S.,  Rappoport, Z., Eds.; Wiley Chicheater, U.K., 1989; 
Chapter 4, p 305. (e) Holmes, R. R. Chem. Rev. 1990,90, 17. 

(7) Damrauer, R.; Danahey, S. E. Organometallics 1986,5, 1490 and 
references cited therein. 

(8) (a) Corriu, R.; GuBrin, C.; Henner, B.; Wong Chi Man, W. W. C. 
Organometallics 1988, 7, 237. (b) Boudin, A.; Cerveau, C.; Chuit, C.; 
&mu, R.; Ny6, C. Angew. Chem., Int. Ed. Engl. 1986,25,473. (c) CarrB, 
F.; Cerveau, G.; Chuit, C.; Corriu, R.; Reye, C. Angew. Chem., Int. Ed. 
Engl. 1989,223,489. (d) Brefort, J. L.; Corriu, R.; GuBrin, C.; Henner, B.; 
Wong Chi Man, W. W. C. Organometallics 1990,9, 2080. 

(9) (a) Tamao, K.; Akita, M.; Maeda, K.; Kumada, M. J. Org. Chem. 
1987,52, 1100. (b) Kuwajima, I.; Nakamura, E.; Hashimoto, K. Tetra- 
hedron 1983,39,975. (c) Cerveau, G.; Chuit, C.; Corriu, R.; My€, C. J. 
Organomet. Chem. 1987,328, C17. (e) Yamamota, Y.; Takeda, Y.; Akiba, 
K. Tetrahedron Lett. 1989,30,725. (0 Hatanaka, Y.; Hiyama, T. J. Org. 
Chem. 1989,54,268. (g) Sakurai, H. Synlett 1989,1,1 and references 
therein. 

(10) (a) Corriu, R.; Perz, R.; my€,  C. Tetrahedron 1983,39,999. (b) 
Chuit, C.; Corriu, R.; RByB, C. J. Organomet. Chem. 1988, 368, 57. (c) 
Webster, 0. W.; Hertler, W. R.; Sogah, D. Y.; Farnham, W. B.; Rajan 
Babu, T. V. J. Am. Chem. SOC. 1983,105,5706. 

(11) Recent papers: (a) Corriu, R. Proceedings of 8th International 
Organosilicon Symposium; Ellis Horwood; Chicheater, U.K., 1988; p 225. 
(b) Corriu, R.; Lanneau, G.; Perrot, M. Tetrahedron Lett. 1987,28,3941. 
(c) Arya, P.; Boyer, J.; Corriu, R.; Lanneau, G.; Perrot, M. J. Organomet. 
Chem. 1988,346 C11. (d) Boudin, A.; Cerveau, G.; Chuit, C.; Corriu, R.; 
Rey6, C. Organometallics 1988,7,1186. (e) Breliere, C.; CarrB, F.; Corriu, 
R.; Royo, G. Organometallics 1988, 7, 1006. (0 Boyer, J.; BreliBre, C.; 
CarrB, F.; Corriu, R.; Kpoton, A,; Poirier, M.; Royo, G.; Young, J. C. J. 
Chem. Soc., Dalton Trans. 1989,43. (g) BreliBre, C.; CarrB, F.; Corriu, 
R.; Poirier, M.; Royo, G.; Zwecker, J. Organometallics 1989, 8, 1831. 

Scheme 11. Reduction of Aldehydes or Ketones by 
HSi(0R)S Catalyzed by F or RO- 

H30+ R'\ 
(R0)3Si-OCHR1R2 - ,CH-OH 

R2 

Scheme 111. Reaction of HSi(0R)S with ROLi 

Si(OR), ( A n )  + HLi- [HSi(OR),I-Li+ (ppt) 
R = Et, 40% 
R = Ph, >90% 

R = Et 

silicates,12 [HSi(OR),]-, for two main reasons. 
(1) No general synthetic route to these derivatives has 

been developed. The bis( 1,2-benzenediolato)hydrido- 
silicate has been obtained in s01ution.l~ The only com- 
pound that has been isolated up to now in this series re- 
sulted either from the reaction between trichlorosilane and 
the dilithio derivative of the hexafluorocumyl or 
from the reaction of the spirosilane 1 with lithium alu- 
minum hydridels (Scheme I). 
(2) Pentacoordinate hydridosilicates have been suggested 

to be the reactive intermediates in the reduction of al- 
dehydes and ketones by tetravalent hydrosilanes catalyzed 
by fluoride16 and alko~ides '~J~ (Scheme 11). 

We have now established the formation of several 
[HSi(OR),]- species (where R = Me, Et, n-Bu, i-Pr, Ph) 
as K+ salts. In the present paper, we shall describe our 
synthetic route and focus on some aspects of their chem- 
istry. 

(12) For preliminary communications: (a) Becker, B.; Corriu, R.; 
GuBrin, C.; Henner, B.; Wang, Q. J. Organomet. Chem. 1989,359, C33. 
(b) Corriu, R.: GuBrin. C.: Henner, B.: W a n ,  Q. J. Oranomet. Chem. - -  
1989,366, C7. 

(13) Kira, M.; Sato, K.; Sakurai, H. J. Org. Chem. 1987,52,948. 
(14) Kira, M.; Sato, K.; Sakurai, H. Chem. Lett. 1987,2243. 
(15) Chopra, S. K.; Martin, J. C. 23rd American Chemical Society 

Organosilicon Symposium, Midland, MI, April 1990; J. Am. Chem. Soc. 
1990.112. 5342. 

(16) (a) Boyer, J.; Comu, R.; Pen, R.; Reye, C. Tetrahedron 1981,37, 
2165. (b) Boyer, J.; Comu, R.; Pen,  R.; Poirier, M.; Reye, C. Synthesis 
1981, 558. (c) Chuit, C.; Corriu, R.; Pen, R.; My& C. Synthesu 1982, 
981. 

(17) (a) Fujita, M.; Hiyama, T. J. Am. Chem. SOC. 1964,106,4629. (b) 
Hosomi, A.; Hayaahida, H.; Kohra, S.; Tominaga, Y. J. Chem. Soc., Chem. 
Commun. 1986,1411. (c) Kohra, 5.; Hayashida, H.; Tominaga, Y.; Ho- 
somi, A. Tetrahedron Lett. 1988,29, 89. 



Pentacoordinate Hydridosilicates 

2. Results and Discussion 
2.1. Formation of the [HSi(OR),]- Anions. We have 

found that the direct reaction of alkoxy- (or (aryloxy)-) 
hydrosilane with the corresponding potassium &oxide (or 
aryloxide) affords the anionic five-coordinate hydrido- 
silicate [HSi(OR),]- (eq 1). For instance, treatment of 
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nucleophiles such as Grignard reagents and organolithiums. 
The high reactivity of the Si-H bond is illustrated both 
in reactions where the hydridoeilicate will act as a base and 
in the ready reduction of carbonyl derivatives. Finally, 
evidence will be given of the possibility for [HSi(OEt),]- 
to donate one electron to suitable substrates. 

Reactions with Grignard Reagents and Phenyl- 
lithium. We have reported recently the high reactivity 
of pentacoordinate anionic o-arenedi~lato-'~ and fluoro- 
and alkoxosilicatesed toward strong nucleophiles, such as 
Grignard reagents or organolithiums relative to the tet- 
racoordinated species. Analogous reactions with nucleo- 
philes were performed in the case of [HSi(OEt),]- as the 
potassium salt. For instance, this silicate reacts readily 
with a slight excess of the Grignard reagent R'MgX at low 
temperature. Whatever the nature of R'MgX (R' = n-Bu, 
Ph, PhCH2), the triorganosilane R',Si-H was obtained in 
high yield (Scheme IV), and the formation of such com- 
pounds provides sound chemical evidence for the nature 
of the hydridosilicate. Moreover, the displacement of the 
Si-H bond was not detected. 

Scheme IV. Reactivity of [HSi(OEt),]- toward 
Grignard Reagents 

R = Me, Et, n-Bu, LPr, Ph 
triethoxysilane with 1 equiv of potassium ethoxide as a 
suspension in a large excess of THF at room temperature 
yielded 2 (R = Et), which was isolated as a white powder 
by removal of the solvent (see the Experimental Section 
for details). This reaction, which is general for other po- 
tassium alkoxides (R = Me, LPr, n-Bu) or aryloxide (R = 
Ph) has been carried out in either THF or dimethoxy- 
ethane (DME), and the yields have been optimized up to 
8040%. In a similar manner, the hydridosilicate anions 
have been obtained as the sodium (2, R = Et) or potassium 
18-crown-6 (2; R = Et, i-Pr) salts. However, the stability 
of these species in solution seems to depend on the nature 
of the cation. In the reaction of EtOLi with HSi(OEt), in 
THF at  room temperature, we observed competitive for- 
mation of Si(OEt), in 40% yield as the isolated product 
in addition to [HSi(OEt),]Li, which precipitated from the 
reaction mixture (Scheme 111). Treatment of HSi(OPh)3 
with PhOLi led exclusively to Si(OPh),. 

Scheme I11 represents a likely mechanism for the for- 
mation of Si(OR),, which corresponds to a nucleophilic 
displacement of the Si-H bond by RO-. A two-step 
pathway is suggested, with the first step involving nu- 
cleophilic addition of RO-, resulting in [HSi(OR),]Li. The 
hydridosilicate formed then precipitates (R = Et). When 
it remains in solution, it undergoes elimination of ionic 
LiH; the formation of the latter compound is the driving 
force for the process. 

The ready hydrolysis of these salts made both their 
analysis and subsequent NMR study difficult. Never- 
theless, when extreme care was taken, NMR studies could 
be carried out and the hydridosilicates 2 gave satisfactory 
spectroscopic data (see Experimental Section for details). 
In particular, the %Si NMR chemical shifts were in the 
usual range of neutral or anionic pentacoordinate silicon 
compounds5J8 (Table I). Similar values were reported 
recently for the anionic pentaoxysilicates [ Si(OR),j- and 
[R',Si(OR),,]-.s"8d As expected, upfield shifts of the 9 3 i  
NMR resonances relative to those of the corresponding 
alkoxy- (or phenoxy-) silanes were observed. The use of 
EtOK or i-PrOK and 18-crown-6 does not significantly 
alter the 29si NMR spectrum. The %3i-'H coupling con- 
stants are smaller for the five-coordinate silicates than for 
the corresponding neutral species, as expected from the 
decrease of the proportion of s character of the orbital for 
the Si-H bond. 

2.2. Chemical Reactivity. Recent work clearly indi- 
cated that pentacoordinate silicon species have a varied 
chemistry, significantly different from that of their tet- 
ravalent counterparta. Furthermore, data emphasized 
their enhanced reactivity as compared to that observed 
with the latter compounds.'b From this point of view, the 
hydridosilicate [HSi(OEt),]- reported here has, in fact, 
such a wide range of reactivities. As will be shown, it can 
undergo facile nucleophilic attack at silicon by strong 

(18) (a) Stevenson, W. H.; Wilson, S.; Martin, J. C.; Farnham, W. B. 
J. Am. Chem. SOC. 1986,107,6340. (b) BreliBre, C.; Corriu, R.; Royo, G. 
Unpubliihed resulta. 

R3SiH 
THF 

-78 to 0 'C, 2 h 
[HSi(OEt),]-K+ + 3RMgX 

R = Ph, 66%; R = n-Bu, 62%; R = PhCH2,70% 

Treatment of the anionic silicate (R = Et) with 4 molar 
equiv of phenyllithium in THF or ether at 0 "C for 2 h led 
to the tetrasubstituted silane, Ph4Si (85% yield). Under 
mild conditions, i.e., -78 "C for 1 h with only 3 equiv of 
the organolithium reagent, a mixture of Ph,Si (35%) and 
Ph3SiH (42%) as major products was obtained. 

Reactions with P h C S H  and Ph3CH: [HSi- 
(OEt),]K as a Base. The ready hydrolysis of [HSi- 
(OEt),]K on exposure to air moisture is consistent with 
a high hydridic character of the Si-H bond. Thus, we 
investigated the reactions with the weak acids triphenyl- 
methane and phenylacetylene. When phenylacetylene 
reacted with 1 equiv of [HSi(OEt),]K in THF, deproton- 
ation was observed. The metalation was complete within 
4 h at room temperature and led to the potassium ace- 
tylide, which was trapped with Me3SiC1 (eq 2). In a 

[HSi(OEt),]-K+ Mr@iCI 
PhC=C-K+ - PhCsCH m F ,  room temp' 

PhC=CSiMe3 (2) 

similar manner, the reaction of Ph3CH with [HSi(OEt),]K 
resulted in the formation of Ph3CK. Upon deuterolysis, 
Ph3CD was obtained in 35% yield. 

Reduction of Carbonyl Derivatives. The reduction 
of aldehydes and ketones with hydrosilanes has been 
recognized as a useful synthetic method for a number of 
years.l0* This reaction was shown to be catalyzed by 
fluoride ion16p20 or alcoholate" ions (Scheme 11). It was 
clearly demonstrated that the reducing properties of hy- 
drosilanes are enhanced by intramolecular penta- 
coordination.21 Furthermore, either the in situ generated 

87 % 

(19) Boudin, A.; Cerveau, G.; Chuit, C.; Corriu, R.; Reye, C. J. Orga- 
nomet. Chem. 1989, 362, 265 and references therein. 

(20) (a) Yang, D.; Tanner, D. D. J. Org. Chem. 1986, 51, 2267 and 
references therein. (b) Zhang, 2.-U.; Liu, H.-Y.; Wang, J.-Y. VIIIth 
International Symposium on Organosilicon Chemistry, St. Louis, June 
1987. 

(21) Boyer, J.; BreliBre, C.; Corriu, R.; Kpoton, A.; Poirier, M.; Royo, 
G. J. Organomet. Chem. 1986, 311, C39. 
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Table 11. Reduction of Carbonyl Compounds 
THF [HSi(OEt),]K + R1COR2 - - R1R2CHOH 

R1COR2 t ,  OC reacn time, h HOH, 9i 
R'R2C- 

PhCHO 0 3 90 
p-BrCeHICHO 0 4 84 
CH&CH2)&HO 0 4 80 
PhCOPh room temp 4 73 
PhCOMe room temp 15 53 . I 

HSi-o-OC,H,O),]- l3 or the isolated [HSi-o-C6H4C- 
(CF3)20)z]- in the presence of the related spirosilane'6 has 
been found to be an effective reducing agent toward al- 
dehydes and ketones. 

As indicated in Scheme 11, the results summarized in 
the literature support the notion that the reduction cata- 
lyzed by F or RO- takes place by in situ generated pen- 
tacoordinate silicon hydrides related to [HSi(OEt),]-. The 
isolation of the hydrido silicates 2 should be a good model 
for examining the proposed mechanism (Scheme II), and 
as summarized in Table 11, the isolated [HSi(OEt),]K was 
found to reduce ketones and aldehydes effectively in the 
absence of a catalyst at  room temperature. 

Yields of primary and secondary alcohols were generally 
excellent (up to 90%); the lower yield in the case of ace- 
tophenone could be attributed to partial enolization of the 
starting material due either to ethoxide anions liberated 
during the reaction or to the hydridosilicate itself, the basic 
behavior of which was demonstrated above. The presence 
of the enolate derived from PhCOCH3 was demonstrated 
with Me3SiC1 as a trapping agent. The enol silyl ether 
PhC(OSiMe3)==CH2 was recovered in 40% yield in addi- 
tion to PhCH(OSiMe3)CH3 resulting from H- addition to 
the carbonyl group. Reduction of benzophenone gave only 
benzhydrol. No trace of the blue ketyl radical anion was 
detected during the reaction, and no benzpinacol was re- 
covered. Furthermore, a dilute mixture of [HSi(OEt),] and 
benzophenone was found to be ESR inactive. 

The efficiency of [HSi(OEt),]K as a hydride-transfer 
agent also is illustrated by its reactions with ethyl benzoate 
and ethyl dodecanoate. Whereas no reduction was ob- 
served with dilithium bis(l,2-benzenediolato)hydrido- 
silicate,13 the alcohols were obtained in good yield in the 
reactions with the potassium hydridosilicate (Scheme V). 
Scheme V. Reduction of Esters by [HSi(OEt),]-K+ 

R1COOR2 + 2[HSi(OEt),]-K+ 

I 

HsO* 
w- 

THF 
mom temp, 8-16 h 

R'CH20H 
R' = Ph, R2 = Et, 86%; R' = CH3(CH2),,, 

Rz = Et, 65% 
From a mechanistic point of view, the present data 

demonstrate the inherent high reactivity of the Si-H bond 
in the pentacoordinate hydridosilicates. In sharp contrast, 
under similar experimental conditions, the analogous hy- 
drosilane HSi(OR)3 is unreactive toward carbonyl com- 
pounds. Furthermore, the data strongly support the notion 
that the anionic silicates should be the reactive species 
toward the ketones and aldehydes in the one-pot reaction, 
as summarized in Scheme I. It is also assumed that the 
hydride transfer should arise in a hexacoordinate inter- 
mediate generated by coordination of the carbonyl deriv- 
ative to silicon. 

Reactivity toward Organic Halides. In recent years, 
numerous studies concerning the reduction of organic 
halides by metal hydrides have appeared in the literature. 

Table 111. Reduction of Organic Halides 
THF [HSi(OEt)JK + RX - RH + RR + Si(OEt), 

R X  t, OC reacn time, h RH, %" RR, %" 
Cl2H&1 45 48 33 
CllHIBr room temp 15 47 

PhCHzBr room temp 20 37 34 

Ph3CBr room temp 15 47 2 2 b  

PhCHzCl room temp 40 16 14 

Ph2CHCI room temp 15 12 40 

" Yields refer to the percentage of the R radical recovered in RH 
and RR. The only other product is the unreacted starting materi- 
al. *RR = (4-tritylphenyl)diphenylmethane.28 

In particular, the occurrence of either a direct nucleophilic 
substitution or an initial single-electron-transfer pathway 
(SET) in these reactions has been discussed in 
Furthermore, the pentavalent anion formed in situ from 
phenyldimethylsilane and fluoride anion has been reported 
previously to be a SET reagent,% and thus we investigated 
the reactions of [HSi(OEt),]K with organic halides. 

The hydridosilicate reacted smoothly with alkyl halides 
in THF to give the corresponding alkanes in 30-35% yields 
after 2 days. The bromides were more reactive than the 
chlorides. Moreover, concomitant formation of Si(OEt), 
was observed (Table 111). Under similar experimental 
conditions, HSi(OEt), was found to be unreactive. 

Since it is known that the 5-hexen-1-yl radical cyclizes 
to the cyclopentylmethyl radical, 6-bromo-1-hexene can 
serve as a probe for the detection of a SET process.23 
Thus, if the 5-hexen-1-yl radical is produced in the re- 
duction by [HSi(OEt),]-, then the occurrence of a single- 
electron transfer would be confirmed by the observation 
of methylcyclopentane. In fact, the rearranged cyclic 
product was obtained in less than 5% yield, in addition 
to 1-hexene, suggesting a polar hydride-transfer process 
in the reduction of primary alkyl halides instead of a SET 
mechanism. The latter would require that the 5-hexen-1-yl 
intermediate radical would be intercepted by [HSi(OEt),]' 
generated from the initial electron-transfer step before it 
can cyclize into methylcyclopentane. 

We have also investigated other reactions with organic 
halides that might produce stable radical intermediates. 
Reaction of a slight excess of [HSi(OEt),]K with 1 equiv 
of PhCH2C1, PhCHzBr, or Ph2CHC1 gave the dimer in 
addition to the expected toluene and diphenylmethane, 
respectively (Table 111). In the case of Ph,CBr, an intense 
red color developed immediately when the bromide was 
added to a THF solution of the silicate anion at  room 
temperature. After hydrolysis of the reaction mixture, 
Ph3CH and (4-tritylphenyl)diphenylmethaneZ4 were re- 
covered as the main organic compounds (Table 111). 
Moreover, the reaction solution w a ~  found to be EPR ac- 
tive and showed an ESR spectrum consistent with that of 

(22) For instance: (a) Ashby, E. C.; Goel, A. B.; De Priest, R. N. 
Tetrahedron Lett. 1981,22,3729. (b) Aahby, E. C.; De Priest, R. N.; Goel, 
A. B.; Wenderoth, B.; Pham, T. N. J. Org. Chem. 1984, 49, 3545. (c) 
Ashby, E. C.; Pham, T. N. J. Org. Chem. 1986,5f, 3598. (d) Park, S.-U.; 
Chung, S.-K.; Newcomb, M. J. Org. Chem. 1987,52,3275. 

(23) Review: Newcomb, M.; Curran, D. P. Acc. Chem. Rea. 1988,2f, 
206. 

(24) (4-Tritylpheny1)diphenylmethane reaulta from the rearrangement 
of l-(diphenylmethylene)-4-tritylcyclohexa-2,5-diene, Le., the dimer of the 
triphenylmethyl radical,26* under our experimental conditions (Scheme 
VII). 

(25) For instance: (a) Lankamp, H.; Nauta, W. Th.; Machan, C. 
Tetrahedron 1968,249. (b) Guthrie, R. D.; Weisman, G. R. J. Chem. Soc. 
D 1969,1316. (c) Volz, H.; Lotsch, W.; Schnell, H.-W. Tetrahedron 1970, 
26, 5343. 

(26) Huszthy, P.; Lempert, K.; Simig, G.; Tamae, J.; HegedbB-V8jda, 
J.; Toth, G. J. Chem. Soc., Perkin Tram. 2 1986, 491. 
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3. Conclusion 
The present investigation has provided a general route 

to a new series of pentacoordinate hydridosilicates, 
[HSi(OR),]K, isolated as stable crystalline products. 

From a mechanistic point of view, the data clearly in- 
dicate that these five-coordinate species exhibit a wide 
range of reactivities. (i) The silicon atom acta as an 
electrophilic center and undergoes fast nucleophilic dis- 
placement reactions with Grignard reagents and organo- 
lithiums. (ii) The hydridosilicates exhibit basic properties 
in deprotonation reactions of weakly acidic compounds 
such as PhCZCH and PhBCH. (iii) They are reducing 
agents toward carbonyl derivatives. In the reaction, hy- 
dride transfer occurs through a hexacoordinate interme- 
diate, resulting from the coordination of the carbonyl 
species to silicon. The data also confirm unambiguously 
the intermediacy of such species in the reduction of al- 
dehydes and ketones with trialkoxysilanes catalyzed by F 
or RO- anions. (iv) The reduction of alkyl halides results 
from a direct attack of the hydride at silicon via an SN2- 
type mechanism. However, a SET process can be invoked 
in the case of benzylic halides (RX), which afford the dimer 
RR in addition to the expected alkane RH. (v) Finally, 
this ability to donate an electron is confi ied in reactions 
with oxidizing agents (Cu', Ag+, Cp(CO),FeI). This is a 
new kind of reactivity that was never observed with tet- 
racoordinated silanes. 

The varied chemical behavior of the pentacoordinate 
hydridosilicates is of special interest, and generalization 
of the above observations to other models is now in 
progress. 

4. Experimental Section 
All reactions were carried out under argon by using a vacuum 

line and Schlenk tubes. Solvents were dried and distilled before 
use. All carbonyl compounds and organic halides used are com- 
mercial products. Triethoxysilane (Fluka) and trimethoxysilane 
(Aldrich) were used as received. Other alkoxysilanes were pre- 
pared from trichlorosilanes and the corresponding alcohols.g0 
Potassium and lithium alcoholates or phenate were prepared by 
reaction of potassium hydride (Aldrich) or butyllithium, re- 
spectively, with the corresponding alcohols and phenol. 

'H NMR spectra were obtained on a Bruker AW-60, AW-80, 
or AC-250 instrument and %i NMR spectra on a Bruker AC-200 
or AC-250 spectrometer (chemical shifts are relative to Me,Si). 
%i NMR spectra in THF were taken by using a internal capillary 
tube with c6D6 to lock the instrument or a THF-C6DB (9010) 
mixture and are referenced to Me4Si taken under the same 
conditions. IR spectra were recorded on a Perkin-Elmer 298 or 
Perkin-Elmer 1600 instrument. ESR spectra were obtained on 
a Bruker ER 200 D instrument. Melting points were taken under 
vacuum with a Gallenkamp melting point apparatus and are 
uncorrected. Gas chromatography analyses were performed with 
a 1.40-m Chromosorb W, DMCS, 10% SE30 column, with hex- 
adecane as internal standard. 

4.1. Preparation of Hydridosilicates [HSi( OR),]-K+. The 
following procedure is given as an example. 

[HSi(OEt),]-K+. A solution of triethoxysilane (3.27 g, 20 
mmol) in THF (20 mL) was added dropwise to a slurry of po- 
tassium ethoxide (1.68 g, 20 mmol) in THF (60 mL) at room 
temperature, and the mixture was stirred for 2 h. The reaction 
mixture was filtered to remove traces of potassium ethoxide, and 
the solvent was evaporated under vacuum to give a white powder 
(4.18 g, 16.8 mmol, 85% yield). This crude product was recrys- 
tallized from ether at -20 OC and gave the title compound as white 
crystals (3.67 g, 14.8 mmol, 75% yield): mp 127-134 OC dec; 'H 
NMR (C&) d 4.24 (8 ,  1 H, SiH), 4.00 (9, 8 H, CH,), 1.36 (t, 12 
H, CH,); =Si NMR (THF) 6 -86.2 ppm (dh), J(Si-H) = 218 Hz, 
V(f3i-H) = 6 Hz. Anal. Calcd for CBH21K04Si: C, 38.67; H, 8.52; 

Scheme V1.O Reduction of Organic Halides with 
[HSi(OEt),]K 

e- transfer 
RX + [HSi(OE1)4]-K+ (b)- (R* + Br- + IHSi(OE1)41*) 

SH or [HSI(OEt)d- I 
RH* + RR 

a For R alkyl, RH results from path a; for R = PhCH,, Ph,CH, 
Ph&, RH may result from path a or/and b. 

Scheme VI1 
e- transfer 

CdC0)2FeI + [HSi(OEt)J K+ - 
Cp(C0)2Fe* + [HSi(OEt)4]* + K I  

I 
[Cp(CO)2Fe]2 + Si(OEt)4 + H2 

the trityl rad i~a l~%*~'  generated by one-electron transfer 
from [HSi(OEt),]- to Ph3CBr. Additionally, the red color 
of the reaction mixture did not decay with time and so is 
indicative of the presence of some Ph,C-= resulting from 
the reaction from Ph&H with [HSi(OEt)4]K (vide supra). 
Thus, (i) the detection of the dimers, i.e. (PhCH,), and 
(Ph,CH),, respectively, in the case of PhCH2X (X = C1, 
Br) and Ph,CHCl, resulting from a radical coupling and 
(ii) the radical Ph3C' observed with use of ESR spectros- 
copy indicate that a SET process can be invoked in the 
reduction of benzylic halides. However, we cannot exclude 
that a part of the RH that was formed (PhCH3, Ph2CH, 
or Ph,CH) results from direct nucleophilic substitution and 
we propose Scheme VI for the reactions above. 

[HSi(OEt)JK as a Single-Electron-Transfer 
Reagent. The aptitude of the pentacoordinate hydrido- 
silicates to donate one electron was confirmed with sub- 
strates such as Cu+ and Ag+ cations and Cp(CO),FeI. In 
both cases, Si(OEt), was the major organosilicon product 
(up to 90%). In the case of the iron iodide complex, the 
reaction gave the iron dimer [Cp(CO)2Fe]2 quantitatively 
(Scheme VII). 

Additionally, a THF solution of [HSi(OEt),]K with 
added p-dinitrobenzene (DNB) turned green, indicating 
the formation of the radical anion. Si(OEt), was recovered 
in 75% yield. A dilute aliquot of this mixture showed an 
ESR spectrum which was identified as that (g = 2.002) of 
the radical anion of p-dinitr0benzene.w HSi(OEtJ3 itself 
did not produce the radical anion when treated with p- 
dinitrobenzene. Thus, it was apparent that the electron 
transfer was due to the interaction of the pentavalent silyl 
anion with DNB (eq 3). 

(O2N+O2) K +  + (HSi(OEt)41' (3) 

[HSi(OEt),]- was also added to another electron accep- 
tor, i.e., 2,6-di-tert-butylbenzoquinone. The solution was 
found again to be ESR active and showed a three-line 
spectrum (a = 1.256, g = 1.999), assigned to the radical 
anion of the benzoquinone.20.i29 

(27) Adam, F. C.; Weieeman, S. I. J. Am. Chem. SOC. 1968,80,2057. 
(28) Freed, J. H.; Fraenkel, G. K. J. Chem. Phys. 1964, 40, 1815. 
(29) Chen, K. S.; Foster, T.; Wan, J. K. S .  J.  Chem. SOC., Perkin 

Tram. 2 1979, 1288. 
(30) Eabom, C .  In Organmilicon Compounds; Butterworthe: London, 

1960. 
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Si, 11.30. Found: C, 37.86; H, 8.74; Si, 11.53. 
[HSi(OPh),]-K+, This compound was prepared by the same 

procedure as for [HSi(OEt),-K+ with triphenoxysilane (1.98 g, 
6.44 mmol) and potassium phenoxide (0.85 g, 6.44 mmol) in 20 
mL of THF; a clear, colorless solution was obtained after 1-h 
reaction, and removal of the solvent gave the title compound 
quantitatively as a white powder: mp 298-299 OC; 'H NMR 
(THF-dB) 6 6.8 (m, 20 H, Ph), 4.6 (e, 1 H, SiH); %i NMR (THF) 
6 -112.6 ppm (d), J(Si-H) = 296 Hz. AnaL Calcd for &HnK04Si: 
C, 65.42; H, 4.81; Si, 6.37. Found: C, 65.36; H, 4.67; Si, 6.43. 

[HSi(O-i-Pr),rX+. This compound was prepared by the same 
procedure as for [HSi(OEt),]-K+ with triisopropoxysilane (9.41 
g, 45.7 mmol) and potassium isopropoxide (4.48 g, 45.7 mmol) 
in 100 mL of THF. The title compound was obtained as a white 
powder (12.3 g, 40.4 mmol, 89% yield): mp 120-130 OC dec; 'H 
NMR (CJIB) 6 4.41 (m, 4 H, CH), 3.64 (8, 1 H, SiH), 1.30 (d, 24 
H, J = 6 Hz, CH,); '%i NMR (THF) 6 -90.5 ppm (d), J(Si-H) 
= 215 Hz. 

[HSi(OMe),]-K+. This compound was prepared by the same 
procedure as for [HSi(OEt),]-K+ with trimethoxysilane (3.10 g, 
25.4 m o l )  and potassium methoxide (1.78 g, 25.4 "01) in THF 
(30 mL). The title compound was obtained as a white powder 
(4.20 g, 21.9 mmol,86% yield): mp 260 OC dec; %i NMR (THF) 
6 -82.5 ppm (d), J(Si-H) = 223 Hz. Anal. Calcd for C4H13K04Si: 
C, 24.98; H, 6.81; Si, 14.60. Found C, 23.84; H, 6.51; Si, 15.00. 
This compound is extremely air and moisture sensitive; this fact 
explains why we did not obtain a good 'H NMR spectrum or a 
better analysis. 

[HS~(O-~-BU)~]-K+.  This compound was prepared by the 
same procedure as for [HSi(OEt),]-K+ with tributoxysilane (8.43 
g, 34.0 mmol) and potassium butoxide (3.80 g, 34.0 mmol) in THF 
(50 mL). The title compound was obtained as a white powder 
(10.0 g, 27.7 mmol, 82% yield): mp 115-125 OC dec; 'H NMR 
6 4.0 (m, 9 H, CH2, Si), 1.65-1.13 (m, 28 H, CH2, CHS); %i NMR 
(THF) 6 -86.1 ppm (d), J(Si-H) = 219 Hz. 

[HSi(OEt),I-Na+. This compound was prepared by the same 
procedure as for [HSi(OEt),]-K+ with triethoxysilane (0.57 g, 3.5 
mmol) and sodium ethoxide (0.24 g, 3.5 mmol) in THF (20 mL) 
(reaction time 4 h). The title compound was obtained as a white 
sticky powder (0.77 g, 3.3 mmol, 95% yield): Y3i NMR (THF) 
6 -85.8 ppm (d), J(Si-H) = 223 Hz. 

Reaction of HSi(OEt)3 with LiOEt. A solution of HSi(OEtI3 
(2.0 g, 12 "01) was added to a slurry of LiOEt (0.62 g, 12 mmol) 
in THF (20 mL) cooled to 0 OC, and the mixture was stirred for 
4 h at room temperature. The reaction mixture was filtered, giving 
a solid residue and a solution. %i NMR spectroscopy of the 
solution gave a single peak at  -81.6 ppm, which corresponds to 
Si(OEt),. Distillation of the solution gave Si(OEt), (0.96 g, 4.6 
mmol,40% yield). The solid residue was treated with 30 mmol 
of PhMgBr at  room temperature for 15 h and gave, after the usual 
workup and preparative silica gel plate purification (eluent 
CH2Cl2) a 30% yield (0.92 g, 3.5 "01) of PhaSiH (identical with 
an authentic sample). 

Reaction of HSi(OPh)3 with LiOPh. The same procedure 
as for HSi(OEtI3 and LiOEt was used. Treatment of HSi(OPh), 
(1.23 g, 4.0 mmol) with LiOPh (0.40 ,4.0 "01) in THF (50 mL) 

showed a major peak at 6 -100.1 ppm corresponding to Si(OPh),. 
The solution was treated with PhMgBr (10 mmol) to give a 5% 
yield (0.05 g, 0.2 mmol) of Ph3SiH (identical with an authentic 
sample). 
4.2. Reactions of [HSi(OEt),rK+ with Nucleophiles. The 

following example is given as a general procedure. 
PhMgBr. A solution of PhMgBr (28.5 mmol) in THF was 

added dropwise to a stirred solution of [HSi(OEt),]-K+ (2.35 g, 
9.5 mmol) in THF (30 mL) stirred at  0 OC. After it was stirred 
at  -78 OC for 2 h, the reaction mixture was hydrolyzed with a 
saturated solution of ammonium chloride. Standard workup gave 
Ph#M in 66% yield (1.64 g, 6.3 mmol) after recrystallization from 
benzene (identical with an authentic sample). 

PhCH2MgBr. This procedure was the same as for PhMgBr. 
(PhCH2)8SiH was obtained in 70% yield after recrystallization 
from diethyl ether (identical with an authentic sample). 

n -BuMgBr. This procedure was the same as for PhMgBr. 
n-BuaiH was obtained in 62% yield after distillation (bpI6 95-100 
OC; lit.a bp, 104 OC) (identical with an authentic sample). 

gave a clear colorless solution, the z! Si NMR spectrum of which 

Corriu et  al. 

PhLi. A solution of PhLi (32.5 mmol) in diethyl ether was 
added dropwise to a solution of [HSi(OEt),]-K+ (2.0 g, 8.06 m o l )  
in THF (20 mL) at  -78 "C. The reaction mixture was warmed 
up to 0 OC and stirred for 2 h. The mixture was hydrolyzed with 
a saturated solution of ammonium chloride and extracted from 
toluene to give Ph4Si in 87% yield (2.35 g, 7.0 mmol) (identical 
with an authentic sample). With 3 equiv of PhLi (Le. 21.6 mmol) 
and 7.2 mmol(1.8 g) of [HSi(OEt),]-K+, the same procedure gave 
Ph,SiH in 42% yield (0.79 g, 3.0 mmol) and Ph4Si in 35% yield 
(0.84 g, 2.5 "01) after separation on a preparative silica gel plate 
(eluent toluene-hexane, 1:l). 
4.3. Reduction of Carbonyl Compounds with [HSi- 

(OEt),]-K+. The following example is given as a general pro- 
cedure. All producta are known and identified by comparison 
with authentic samples. 

PhCHO. A solution of PhCHO (0.80 g, 7.5 "01) in THF (10 
mL) was added dropwise to a stirred solution of [HSi(OEt),]-K+ 
(1.8 g, 7.5 mmol) in THF (10 mL) at  0 "C. After 3 h at  that 
temperature, the reaction mixture was hydrolyzed with a 2 N 
solution of HC1. Standard workup followed by purification on 
a preparative silica gel plate (eluent CHC13) gave PhCHzOH in 
90% yield (0.73 g, 6.8 mmol). 

CH3(CH2)&H0. This procedure was the same as for PhCHO. 
The corresponding alcohol CH3(CH2),0H was obtained in 80% 
yield. 

p-BrC,H,CHO. This procedure was the same as for PhCHO. 
The corresponding alcohol was isolated in 84% yield. 

PhCOPh. This procedure was the same as for PhCHO (re- 
action conditions: 4 h at room temperature). PhCHOHPh was 
obtained as crystals in 73% yield without chromatographic pu- 
rification (no PhzC(OH)C(OH)Ph2 was observed). 

PhCOCH3. This procedure was the same as for PhCHO (re- 
action conditions: 15 h at  room temperature). PhCH(OH)CH8 
was obtained in 53% yield together with 28% of PhCOCH3 ob- 
tained from hydrolysis of the enolate. The presence of PhC- 
(OK)=CH2 was demonstrated by ita reaction with MMiC1, which 
was added to the preceding reaction mixture before the hydrolysis 
step. Distillation gave a 30% yield of PhC(OSiMe3)=CH2: bpo> 
5040 "C. The 'H NMR spectrum was identical with that in the 
literat~re.~' 

PhCOOEt. This procedure was the same as for PhCHO. A 
mixture of PhCOOEt (2.3 g, 15 mmol) and [HSi(OEt),]-K+ (3.7 
g, 15 mmol) in THF (45 mL) was stirred at  room temperature 
for 4 h. After hydrolysis a mixture of PhCH,OH (0.62 g, 5.7 mmol, 
38% yield) and starting material (0.93 g, 6.2 "01) were obtained. 
No PhCHO was found. With a 1:2 ratio of PhCOOEt-[HSi- 
(OEt),]-K+, PhCHzOH was obtained in 86% yield after stirring 
at room temperature for 8 h and the usual workup. 

CH3(CH2)loCOOEt. This procedure was the same as for 
PhCHO. A mixture of CH3(CH2)loCOOEt (0.77 g, 3.40 mmol) 
and [HSi(OEt),]-K+ (1.70 g, 6.85 mmol) in THF (20 mL) was 
stirred at room temperature for 15 h to give, after hydrolysis, a 
65% yield (0.41 g, 2.2 mmol) of CH3(CH2)loCH20H. 
4.4. Reduction of Organic Halides. The following example 

is given as a general procedure. 
C12HEBr. A solution of C12HEBr (1.1 g, 4.4 mmol) in THF 

(5 mL) was added via a syringe to a stirred solution of [HSi- 
(OEt),]-K+ (1.4 g, 5.6 mmol) in THF (15 mL) at mom temperature 
and stirred for 15 h. A gas chromatographic analysis indicated 
55% ClzHu, 45% C12H=Br, and 31% Si(OEt),. Filtration and 
distillation gave a 45% yield (0.35 g, 2.1 mmol) of C12Hm 

C12H2aCl. This procedure was the same as for ClzH&r. The 
reaction was performed at 45 OC for 48 h. Gas chromatographic 
analysis gave 33% C12Hu, 67% C12H&1, and 28% Si(OEt),. 

PhCH2Cl. This procedure was the same as for C12H&r. The 
reaction was performed at  room temperature for 40 h. Gas 
chromatographic analysis gave 16% toluene, 7% PhCH2CH2Ph, 
and 70% starting material. 

PhCHJ3r. This procedure was the same as for ClzH&r. After 
the reaction mixture was stirred at  room temperature for 20 h, 
gas chromatographic analysis indicated 37% toluene and 55% 
Si(OEt),. A silica gel plate purification (eluent hexane) yielded 

(31) House, H. 0.; Czuba, L. J.; Gall, M.; Olmstead, H. D. J .  Org. 
Chem. 1969, 34, 2324. 
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PhCH2CH2Ph (34% calculated from PhCH2Br). 
Ph&ECl. This procedure was the same as for C12H&r. The 

mixture was stirred at  room temperature for 15 h, filtered, and 
concentrated to give crystals of Ph2CHCHPh2 in 40% yield 
(calculated from Ph2CHCl). The filtrate was distilled (bh., 70-80 
"C) to give 12% Ph2CH2. 

PhSCBr. A solution of PhaCBr (2.9 g, 9.0 mmol) was added 
dropwise to a stirred solution of [HSi(OEt),]-K+ (2.3 g, 9.2 "01) 
in THF (60 mL) at  room temperature. After it was stirred for 
15 h, the reaction mixture was hydrolyzed with a saturated solution 
of NH4Cl and extraded with toluene to give a white powder after 
removal of the solventa. Addition of diethyl ether gave a solution 
(A) and left a solid (B). Solution A was concentrated to give 
PhSCH as colorless crystals (1.03 g, 4.2 mmol) in 47% yield. 
Dissolution of the solid B into CC14 followed by preparative TLC 
(eluent CClJ gave p-Ph2CHC&4CPh3U in 22% yield (0.48 g, 0.99 
"01): mp 215-235 OC (lit.= mp226-227 "C); 'H NMR spectrum 
identical with that in the literature.sg 

4.5. Miscellaneous. Reaction of [HSi(OEt)4]K with 
P h C e H .  A solution of PhCd2H (0.55 g, 5.4 mmol) in 10 mL 
of THF was added to a solution of [HSi(OEt),]K (1.34 g, 5.4 "01) 
in the same solvent (10 mL), and the mixture was stirred at room 
temperature for 4 h. MesSiC1 (0.65 g, 6 mmol) was added, and 
the reaction mixture was stirred for 4 h. Hydrolysis with a 
saturated solution of NH4C1, followed by standard workup, gave 
an oil, which was purified by TLC (silica, eluent hexane) to give 
PhC=CSiMe3 in 87% yield (0.82 g, 4.7 mmol): 'H NMR (CC14) 
S 7.0-7.5 (m, 5 H, Ar), 0.1 (s,9 H, SiMe,); IR (neat) v(C=C) 2159 
cm-'. 

Reaction of [HSi(OEt),]K with PhSCH. A solution of 
PhaCH (0.60 g, 2.5 mmol) in 10 mL of THF was added dropwise 
to the solution of [HSi(OEt),]K (0.80 g, 3.2 mmol) in 15 mL of 
THF. The solution turned red. After 48 h of stirring, the 'H NMR 
spectrum of the reaction mixture showed the presence of Ph3C- 

(about 35%, 'H NMR spectrum analogous to that in the litera- 
tureu) and PhSCH. After deuterolysis, a mixture of Ph3CD and 
Ph3CH (35:65) was determined by 'H NMR spectroscopy. 

Reaction of [HSi(OEt),]K with Copper and Silver Salts. 
With AgBPh,. A solution of [HSi(OEt),]K (1.6 g, 6.4 mmol) in 
20 mL of THF was added to a suspension of AgBPh, (2.2 g, 6.4 
"01) in 10 mL of the same solvent. After 4 h of stirring at  room 
temperature, Ag and KBPh, were eliminated by filtration. The 
filtrate was concentrated and distilled, giving Si(OEt), in 83% 
yield (1.1 g, 5.3 mmol) (bp,, 55-60 "C). 

With CUI. This procedure was the same as for AgBPh4 with 
[HSi(OEt)4]K (1.75 g, 7 mmol) and CUI (1.3 g, 7 "01) in 30 mL 
of THF. Distillation gave an 81% yield of Si(OEt1, (1.2 g, 5.7 
mmol) (bp,, 55-60 "C). 

Reaction of [HSi(OEt),]K with Cp(CO),FeI. A solution 
of Cp(C0)2FeI (0.70 g, 2.3 mmol) in 15 mL of THF was added 
dropwise to a solution of [HSi(OEt),]K (0.80 g, 3.2 mmol) in 15 
mL of THF at 0 "C. After 4 h of stirring at room temperature, 
the IR spectrum of the reaction mixture showed only the presence 
of [Cp(CO)2Fe]2. Elimination of the solvent under vacuum fol- 
lowed by recrystallization from hexane gave [Cp(CO)2Fe]2 in 81% 
yield (0.33 g, 0.94 mmol). 

4.6.. EPR Experiments. The following procedure is given as 
an example. One milliliter of a dilute solution (5-10 mg in 3 mL 
of THF) of Ph3CBr was added via a cannula under argon to 1 
mL of a dilute solution of [HSi(OEt),]-K+ (5-10 mg in 3 mL of 
THF) in a 5- or 2-mm-diameter glass tube, which was then put 
in the field of the instrument: g = 1.977; a = 1.256 G (spectrum 
analogous to that in the literature2%). [HSi(OEt),]-K+ with 
2,5-di-tert-butyl-p-quinone: g = 1.999; a = 1.256 G (spectrum 
analogous to that in the literaturema). [HSi(OEt),]-K+ with 
p-dinitrobenzene gave a nonsymmetrical signal centered at g = 
2.002 (see refs 20a and 28). A solution of pure [HSi(OEt),]-K+ 
in THF gave no ESR signal under similar conditions. 

(32) Staab, H. A,; Brettehneider, H.; Brunner, H. Chem. Ber. 1970, 

(33) Newcomb, M.; Varick, T. R.; Goh, S. H. J. Am. Chem. SOC. 1990, 
103, 1101. 

112, 5188. 

(34) Gratzner, J. B.; Lawlor, J. H.; Jack",  L. H. J. Am. Chem. SOC. 

(35) Organosilicon Compounds; Bazant, V., Chvalovsky, V., Ra- 
1972,94,2306. 
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NMR Structural and Dynamic Study of a Carbenium Ion with a 
Steroidal Substituent, [ Mo,Cp,( CO),(p-HC=CCI9H2,O)]+BF,- 
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lac and 'H NMR evidence for the fluxional behavior of a carbenium ion with a steroidal substituent, 
[ M ~ C p 2 ( C O ) , ( ~ - H C C i ~ ~ O ) ] + B F i ,  is presented. In solution, the NMR spectra are highly temperature 
dependent. We propoee the existence of diastereomers of this ion in solution, one of these beiig very similar 
to the solid-state structure previously determined by X-ray diffraction. 

Introduction 
It is well-known that the  organometallic derivatives of 

ethynyl&radiol recognize the estradiol receptor. In the  
C M  of a C O ~ ( C O ) ~  derivative, the inbraction with the 

a reversible bond is formed.' This result has been at- 
tributed to the  formation of a carbenium ion, which is 
stabilized by the presence of a bimetallic cluster coordi- 
nated to  the  position adjacent t o  the  carbenium 

receptor is irreversible, while for a M ~ & P ~ ( C O ) ~  derivative 
(1) Vessieres, A.; Vaillant, C.; Salmain, M.; Jaouen, G. J. Steroid 

(2) Meyer, A.; McCabe, D. J.; Curtie, D. Orgammetallics 1987,6,1491. 
Biochem. 1989,34, 301. 
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