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Abstract: Activated titanocene(Cp,Ti*) prepared by the reduction of titanocene dichloride with
excess lithium in dimethoxyethane (DME) effectively catalyses the hydrosilylation of alkenes by
alkyl- or phenylsilanes.

The transition metal catalyzed olefin hydrgsilylation is one of the most important methods for the
preparation of organosilicon compounds.! Many late transition metal complexes catalyze olefin
hydrosilylation, 2 but few early transition metal hydrosilylation catalysts have been reported.3
Recent results showed that early transition metallocenes, such as Cp,MEt, (M = Ti, 32 Zr33), Cp,M(n-
Bu) , (M = Ti, 3ef Zr, 3adt Hfdety Cp,ZrMe,32 and its complexes3¢, prepared by the treatment of
CpoMX; (X = ClI, Br) with Grignard reagents are active catalyst precursors for olefin hydrosilylation.
However, the methodology in the use of Cp,MR; as a catalysts has some disadvantages including
low yields, the required synthesis from a metallocene dichloride, the formation of polysilanes?, the
redistribution of alkylsilanes4?, the hydrogenation of olefins3d and the fact that Cp,ZrMe,32
undergoes decomposition at room temperature. Apparently, a simpler method of preparation of the
catalyst would be the generation in situ of an active and stable species directly from the metallocene
dichloride. Our previous paper dealt with hydrosilylation of olefins5 and carbonylsStcatalyzed by
activated metal powders (Ni, Zr, Mo) prepared by the reduction of the corresponding metal halides
(Cl, Br, I) with lithium or zinc. In this communication, we now report that the use of activated
titanocene (Cp,Ti*) circumvent all the above disadvantages. The experimental results of
organosilicon compounds prepared by the Cp,Ti* method are summarized in Table 1.
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Scheme 1. Reagents and conditions: [Activated Cp,Ti]; Cp,TiCl,-Li (1:3 molar ratio), DME, 25 ©C,
stirred for 1 h ;’i, 1:1.2:0.1 molar ratio of alkene: alkylsilane: catalyst, 25 OC, stirred for 1 h.
Experimental details; see ref. 6

improvements in the yields or the elimination of by-products (polysilane, dehydrogenative silylation
and olefin hydrogenation) are significant in most cases. However, the most dramatic differences are
those observed using Cp,ZrR, (R=Et, Me, n-Bu) or Cp,TiMe, as catalysts by Negishi and Takahashi.
3a For gxample, when a mixture of 2-octene or 1-octene and diphenylsilane was stirred with
Cp,ZrEt, (prepared by the treatment of Cp,ZrCl, with EtMgBr) in THF under nitrogen at 50 °C for 1
h, n-OctSiHPh, was produced in only 53% and 73% yields respectively (determined by GC). The
hydrosilylation of 1-octene with phenylsilane under the same reaction conditions gave n-OctSiH,Ph
in only 41% yield. The use of Cp,Zr(n-Bu) , in place of Cp,ZrEt; led to a 75% yield of n-OctSiHPh,
and a 10% yield of n-BuSiHPh, (determined by GC). The use of Cp,ZrMe, led to only a 10% yield of
n-OctSiHPh,. However, when a mixture of 1-octene and diphenylsilane was refluxed in the
presence of Cp,Ti* in DME under nitrogen for 2 h, n-OctSiHPh, was formed in 84% isolated yield
(run 8). Using Cp,Ti*, hydrosilylation of 1-hexene with phenylsilane gave n-hexylSiH,Ph in an 83%
isolated yield (run 9). In each case, the reaction proceeded smoothly and was only moderately
exothermic. In contrast to Cp,ZrEt,32, no hydrosilylation was observed when phenylsilane was
reacted with 2-octene using Cp,Ti*. Alkene isomerization was also not observed using Cp,Ti*. We
also found that DME was the best choice of solvent. Surprisingly, the hydrosilylation reaction did
not occur at all when activated titanocene prepared in other solvents (such as THF, diethyl ether or
benzene) was used as a catalyst. Using Cp,Ti*, the terminally silylated products were formed in over
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Table 1. Hydrosilylation of Olefins with Alkylsilanes Catalyzed by Activated
Titanocene Prepared from Cp,TiCl, - Li.2
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*10:12.5: 1 mmol of olefin : silane : catalyst (run 1-4, 8-10, 13-15, 17) and 12.5:10: 1 mmol
of olefins : silane : catalyst (run 6-7, 11-12, 16) in 5m| of DME. ® Product are assigned by 'H
NMR, IR, Mass spectral data.  Isolated. 9225:10:1 mmol of olefin : silane : catalyst (run 5).
® Refluxed for 2hr. 'Yield was only 9% by GC when the reaction was run in THF for 1hr
at 50°C rising Cp,TiEt, as catalyst: see ref 3a.?20% of dehydrogenative silylated product
was also formed by GC along with hydrosilylated product: see ref 7.
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95% vyield (run 1-17, determined by GC) in most cases avoiding by-products (dehydrogenative
silylation, polysilanes, olefin polymers and olefin hydrogenation) except the reaction of
allyltrimethylsilane with n-octylsilane (run 18). Products (dehydrogenative silylated product :
hydrosilylated product; 1 : 4, determined by GC) in this reaction were stirred for an additional hour
under an atmosphere of hydrogen, the hydrogenative silylated product was hydrogenated to give
the corresponding hydrosilylated product in 88% yield (run 18).7

In another controlled experiment using Cp,Ti*, we found that the reaction of phenylsilane with an
excess of styrene (styrene : phenylsilane ratio 2.25 : 1) produced PhSiH(CH,CH,Ph) , in 77%
yields (run 5) and no PhSiH,CH,CH,Ph was detected. However, when the styrene : silane ratio was
changed to 1: 1.25, the relative amounts were reversed. The yield of PhSiH,CH,CH,Ph was 83%
(run 1) and no PhSiH(CH,CH,Ph), was detected. An attempted preparation of the asymmetric
organosilane by altering the olefin was very successful. For example, after the styrene :
phenylsilane mixture (1 : 1.2 molar ratio) was stirred in the presence of Cp,Ti* for 1 hr,
vinylcyclopentane was added and refluxed for another 1 hr. An asymmetric alkylsilane, Ph(c-
CgH11CH,CH,)SIHCH,CH,Ph, was isolated in 70% yield (Scheme 2).

/
Acti Cp,Ti Sli

Scheme 2. Reagents and conditions: [Activated Cp,Ti]; Cp,TiCl,-Li (1:3 mmol), DME, 25 °C,
stirred for 1h ; i, 5: 6: 1 mmol of styrene: phenylsilane: catalyst, stirred for 1 h ; ii, vinylcyclohexane (6
mmol) was added, refluxed for 1 hr. 70% isolated yield

We also studied the reproducibility of the activated catalyst as follows; after removing the solvent
under reduced pressure, hexane was added; the catalyst was recovered when the product mixture
was removed from the reaction flask by decantation and the reaction flask was recharged with
alkene, silane and DME after evaporation of the remaining hexane. The catalyst was reused without
significant loss of activity. An excess of Li was essential for the preparation of highly activated
titanocene to optimize the yields. For example, when the hydrosilylation of styrene with
phenylsilane was carried out using the activated titanocene prepared by the treatment of Cp,TiCl,
with an equivalent of Li (1:2 molar ratio), B-phenethylphenylsilane was produced in 30% yield
according to GC. The yields increased up to 83% using Cp,Ti* prepared by the treatment of
Cp,TiCl, with excess lithium (1:3 molar ratio) (run 1). The exact role of the excess lithium and the
need for DME as a solvent are still unexplained at this stage. We have focused on the scope and
synthetic potential of this reaction.

In summary, the hydrosilylation of alkenes with alkyl hydrosilanes was catalyzed by activated
titanocene prepared by the reaction of titanocene dichloride with an excess of lithium in DME under
very mild conditions. The hydrosilylation of alkynes and dienes using these reagents, as well as
mechanistic studies, are in progress and will be reported in due course.

Acknowledgements .
This work was supported in part by the Ministry Education through the Basic Research Institute
Program (BSRI-97-3433) and Korea Science & Engineering Foundation (961-0302-024-2).

References and Notes

1. For reviews on hydrosilylation see: (a) Speier, J. L.; Stone, F.G.A.; West, R.(Eds), Organomet.
Chemistry, Vol. 2, Academic Press, New York, 1979, pp. 407-447. (b) Ojima, |.; Patai, S,;
Rappoport, Z. The Chemistry of Organic Silicon Compounds. Part 2, eds. Wiley, Chichester,
UK, 1989, ch. 25. p1479.(c) Harrod, J. F.; Chalk, A. J.; Wender, |.; Pino, P(Eds), Organic
Synthesis via Metal Carbonyls, Vol.2, Wiley, New York, 1977, pp. 673-704.

2. (a) Harrod, J. F.; Chalk, A. J. J. Am. Chem. Soc. 1965, 87, 1133. (b) Chalk, A. J.; Harrod, J. F. J.
Am. Chem. Soc. 1967, 89, 1640. (c) Benett, E .W.; Orenskis, P. J. J. Organomet. Chem. 1971,
28, 137. (d) Capka, M.; Svoboda, P.; Heitflejs, J. Collect. Czech. Chem. Commun. 1973, 38,

317



Vol. 21, No. 6, 1998 Hydrosilylation of Olefins Catalyzed by Activated Titanocene Prepared
Jrom the Reduction of Titanocene Dichloride with Excess Lithium

3830. (e) Yamamoto, K.; Kiso, Y.; Ito, R.; Tamao, K.; Kumada, M. J. Organomet. Chem. 1981,
210, 9. (f) Onopchenko, A.; Sabourin, E. T. J. Org. Chem. 1987, 52, 4118. (g) Brookhar, M.;
Grant, B. E. J. Am. Chem. Soc. 1993, 115, 2151. (h) LaPointe, A. M.; Rix, F. C.; Brookhart, M.
J. Am. Chem. Soc. 1997, 119, 906.

3. (a) Takahashi, T.; Hasegawa, M.; Suzuki, N.; Saburi, M.; Rousset, C. J.; Fanwick, P. E.; Negishi,
E. l. J. Am. Chem. Soc. 1991, 113, 8564. (b) Sakakura, T.; Lautenschlager, H. J.; Tanaka, M. J.
Chem. Soc., Chem. Commun. 1991, 40. (c) Harrod, J. F.; Yun, S. S. Organometallics, 1987, 6,
1381. (d) Kesti, M. R.; Abdulrahman, M.; Waymouth, R. M. J. Organomet. Chem. 1991, 417,
C12. (e) Kesti, M. R.; Waymouth, R. M. Organometallics, 1992, 11, 1095. (f) Corey, J. Y.; Zhu,
X. H. Organometallics, 1992, 11, 672.

4. (a) Chang, L. S.; Corey, J. Y. Organometallics, 1989, 8, 1885. (b) Corey, J. Y.; Zhu, X. H;
Bedard, T. C.; Lange, L. D. Organometallics, 1991, 10, 924. (c) Kreutzer, K. A.; Fischer, R. A,;
Davis, W. M.; Spaltenstein, E.; Buchwald, S. L. Organometallics, 1991, 10, 4031.

5. (a) Boudjouk, P.; Han, B. H.; Jacobsen, J. R.; Hauck, B. J. J. Chem. Soc., Chem. Commun.,
1991, 1424. (b) Lee, S. J.; Kim, T. Y.; Park, M. K.; Han, B. H. Bull. Korean Chem. Soc., 1996
17, 1082.

6. In a typical experiment, a well-dried solution of Cp,TiCl, in DME (1 mmol in 5 ml) was treated with
lithium powder (3 mmol). After stirring the mixture for 1 h at 25 °C under nitrogen, its color
changed from deep red to a dark solution. 10 mmol of alkene and 12.5 mmol of alkylsilane were
added, and the mixture was stirred for another 1 h at 250C under nitrogen. Isolation of
organosilicon compounds was straightforward: After removing the solvent under reduced
pressure, hexane was added, and the solution was filtered through the pad of a silica gel
column (1 cm dia x 5 cm packed) using hexane as an eluent to remove the catalyst. Evaporation
of the solvent under reduced pressure gave the corresponding hydrosilylated products with
>98% purity (Table 1). The yields are based on the quantity obtained after this step. All
alkylsilanes were characterized by 'H NMR, IR and Mass spectroscopy.

7. Product mixture was stirred for another one hour under an atmosphere of hydrogen,
hydrogenative silylated product was hydrogenated to give the corresponding product.
Hydrogenation of various alkenes under hydrogen were observed and similar result was already
reported; see Scott, F.; Raubenheimer, H. G; Pretorius, G.; Hamese, A .M. J .Organomet.
Chem. 1880, 384, C17.

Received: March 3, 1998 - Accepted: March 20, 1998 -
Accepted in revised camera-ready format: March 24, 1998

318



