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Highly Enantioselective Epoxidation of cis-Alkenylsilanes

Kazuhiro Matsumoto, Takuya Kubo, and Tsutomu Katsuki*!*!

Since the development of the titanium/tartrate-catalyzed
asymmetric epoxidation of allyl alcohols in 1980, significant
progress has been made in the field of asymmetric epoxida-
tion of olefins, and now most olefins can be transformed to
epoxides with high optical purity.'® However, there are no
satisfactory methods available thus far for the asymmetric
epoxidation of terminal olefins such as styrene.! While ep-
oxysilanes are a synthetic equivalent of epoxides, a highly
enantioselective epoxidation of simple alkenylsilanes is also
quite rare in the literature.® Although Shi and co-workers
applied their sugar-derived ketone catalyst to the epoxida-
tion of 2,2-disubstituted alkenylsilanes and obtained the ep-
oxysilanes with high enantioselectivity up to 94% ee, the
method has a major drawback that it requires a substoichio-
metric amount of the catalyst.”"¥ While the introduction of
a sterically more demanding silyl group at the vinyl position
is expected to further facilitate the enantioface-differentia-
tion, there is a concern that the steric hindrance strongly in-
hibits the reaction progress.”) Thus, in order to implement
the catalytic asymmetric epoxidation of alkenylsilanes, the
utilization of a more refined epoxidation catalyst in terms of
catalytic activity, asymmetric induction and durability is nec-
essary.

We have reported that the di-p-oxo-Ti(salalen) complex 1
(Figure 1) is an effective catalyst for the asymmetric epoxi-
dation of olefins with aqueous hydrogen peroxide as the oxi-
dant.”) Not only conjugate olefins but also non-conjugate
olefins, which still are the most challenging substrate for
asymmetric epoxidation with regard to both reactivity and
enantioselectivity, underwent the epoxidation to give the ep-
oxides with high enantioselectivity. Thus, we expected that
Ti(salalen) 1 would best meet the requirements for the ep-
oxidation of alkenylsilanes. Herein, we report the catalytic
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asymmetric epoxidation of cis-alkenylsilanes, in which the
cis-epoxysilanes are obtained with complete enantioelectivi-
ty using 0.5-2 mol % of the catalyst.

Figure 1. Di-p-oxo-Ti(salalen) complex 1.

cis-Alkenylsilanes were readily prepared by simple reduc-
tion of the corresponding alkynylsilanes with diisobutylalu-
minum hydride.'” We first examined the scope of alkenylsi-
lanes in the presence of Ti(salalen) 1 (Table 1). The complex
1 effectively promoted the epoxidation of cis-alkenylsilanes
bearing aromatic groups. Silicon substituents have little
effect on the enantioselectivity (entries 1 and 2). The reac-
tions furnished both the trimethylsilyl- and dimethylphenyl-
silyl epoxides with ee values of >99 %. Substituted alkenyl-
silanes with electron-donating methoxy and electron-with-
drawing bromide groups on the aromatic ring also under-
went the epoxidation with complete enantioselectivity (en-
tries 3-7). However, the substitution at the ortho-position
decreased the reaction rate (entries 3 and 5). The reaction
with methoxy group at this position required a longer reac-
tion time, and an ortho-bromide group significantly impeded
the reaction progress. Alkenylsilanes with other groups, such
as biphenyl and naphthyl groups, were also good substrates
(entries 8-10). Noteworthy the epoxysilanes were effectively
desilylated by TBAF to give the corresponding styrene
oxide derivatives without erosion of the enantioselectivity.!'!!

A combination of Ti(OiPr), and salan ligand 2 was also
effective for the epoxidation.” In the reaction of
dimethylphenyl(styryl)silane, the epoxysilane was obtained
in 59% with >99% ee (Scheme 1). Although the ee value is
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Table 1. Asymmetric epoxidation of cis-alkenylsilanes with Ti(salalen) 1.

Ti(salalen) 1 (x mol%) .0
RTS . H,0 H
/\m *oaa T CH,Cl,, 25°C R/Ei
Entry Epoxysilanel®! x [mol%] t[h] Yield [%]® ee[%]Cd

0

1 @ 0.5 9 &7 >99 (>99)
SiMes
2 ©/\ 2 9 95 99 (>99)
SiMe,Ph
3 2 18 94 99 (>99)
SiMe;
4 m 0.5 7 9% >99 (>99)
SiMe;
5 2 2410 99 (>99)
SlMe3
6 \©/\ 2 4 o8 99 (>99)
SiMe;
7 1 4 9 99 (>99)
8 0.5 6 9 99 (>99)
9 1 9 0 99 (>99)
10 0.5 6 9 99 (>99)

[a] Absolute configuration was determined after desilylation. [b] Isolated
yield. [c] Enantiomeric excess was determined by chiral HPLC analysis.
[d] Numbers in the parentheses correspond to enantiomeric excesses
after desilylation.

Ti(OiPr), (10 mol%)
salan ligand 2 (10 mol%) (0]
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SiMe,Ph

CH,Cl,, 40°C, 25 h
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salan ligand 2

Scheme 1. Asymmetric epoxidation with an in-situ prepared titanium/
salan 2 catalyst.

still high, the reaction was significantly slow compared to
that with Ti(salalen) 1.

Synthetic application of the cis-epoxysilanes is illustrated
in Scheme 2. As mentioned above, treatment of epoxysi-
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lanes with TBAF cleanly cleaved the silyl group to give the
optically pure styrene oxide derivatives."""*] Regioselective
alkylation and the subsequent desilylation afforded the cor-
responding 2,2-disubstituted terminal epoxides.*'* Al-
though highly enantioselective epoxidation of styrene deriv-
atives and geminally disubstituted alkenes is still difficult at
present, our procedure can provide these epoxides in enan-
tiopure form.™ These transformations enhance the synthet-
ic value of the titanium-catalyzed asymmetric epoxidation.

O TBAF _1) nBuLi, Mel J\?
Ar

AN SiMe, 2)TBAF
93%, >99% ee >99% ee

Ar = 2-naphthyl

60%, >99% ee

Scheme 2. Synthetic application of epoxysilanes.

It is noteworthy that the absolute configuration of styrene
oxide obtained by the desilylation of dimethyl(phenyl)(3-
phenyloxiran-2-yl)silane was consistent with that of the sty-
rene oxide obtained by the epoxidation of styrene. These re-
sults indicate that the active oxidant derived from Ti-
(salalen) 1 and hydrogen peroxide recognizes the same
enantioface of alkenylsilanes and styrene.

In summary, we developed a general and highly enantio-
selective method for the epoxidation of cis-alkenylsilanes, in
which the epoxysilanes were obtained with complete enan-
tioselectivity in the presence of 0.5-2 mol% of Ti(salalen)
complex 1. The combination of this epoxidation method and
the following transformations is a powerful approach that
provides synthetically important epoxides such as styrene
oxides and geminally disubstituted epoxides in enantiopure
form.

Experimental Section

General procedure for asymmetric epoxidation of cis-alkenylsilanes: Ti-
(salalen) 1 [4.5mg (0.5mol%) to 18 mg (2.0 mol % )] and cis-alkenylsi-
lane (0.50 mmol) were dissolved in CH,Cl, (0.50 mL). Then, aqueous
H,0, (30-35% in water, 85 pL,) was added and the reaction mixture was
stirred at 25°C. After the reaction completion, the mixture was purified
by chromatography on basic silica gel (n-pentane or n-hexane) to give
the desired epoxysilane. The ee value was determined by chiral HPLC
analysis.

Acknowledgements
This work was supported by a Grant-in-Aid for Scientific Research (Spe-

cially Promoted Research 18002011) and the Global COE Program, “Sci-
ence for Future Molecular Systems” from MEXT, Japan.

Keywords: asymmetric catalysis - epoxidation - hydrogen
peroxide - silanes - titanium

Chem. Eur. J. 2009, 15, 6573 -6575


www.chemeurj.org

Highly Enantioselective Epoxidation

[1] T. Katsuki, K. B. Sharpless, J. Am. Chem. Soc. 1980, 102, 5974.
[2] For reviews, see: a) A. Berkessel, H. Groger, Asymmetric Organoca-

3

[4

Chem. Eur. J. 2009, 15, 6573 -6575

[t

[l

talysis, Wiley-VCH, Weinheim, 2005; b) T. Katsuki in Comprehen-
sive Coordination Chemistry II, Vol. 9 (Ed.: J. McCleverty), Elsevier,
Oxford, 2003; c¢) T. Katsuki in Catalytic Asymmetric Synthesis, 2nd
ed. (Ed.: I. Ojima), Wiley-VCH, New York, 2000; d) E. N. Jacobsen,
M. H. Wu in Comprehensive Asymmetric Catalysis (Eds.: E. N. Ja-
cobsen, A. Pfaltz, H. Yamamoto), Springer, Berlin, 1999.

For recent examples of catalytic asymmetric epoxidation, see: a) X.
Wang, C. M. Reisinger, B. List, J. Am. Chem. Soc. 2008, 130, 6070;
b) X. Wang, B. List, Angew. Chem. 2008, 120, 1135; Angew. Chem.
Int. Ed. 2008, 47, 1119; c¢) H. Egami, T. Katsuki, Angew. Chem.
2008, 7120, 5249; Angew. Chem. Int. Ed. 2008, 47, 5171; d) G. Peris,
C. E. Jakobsche, S.J. Miller, J. Am. Chem. Soc. 2007, 129, 8710;
e) W. Zhang, H. Yamamoto, J. Am. Chem. Soc. 2007, 129, 286;
f) F. G. Gelalcha, B. Bitterlich, G. Anilkumar, M. K. Tse, M. Beller,
Angew. Chem. 2007, 119, 7431; Angew. Chem. Int. Ed. 2007, 46,
7293; g) M. Colladon, A. Scarso, P. Sgarbossa, R. A. Michelin, G.
Strukul, J. Am. Chem. Soc. 2006, 128, 14006; h) S. Lee, D. W. C.
MacMillan, Tetrahedron 2006, 62, 11413; i) A. U. Barlan, A. Basak,
H. Yamamoto, Angew. Chem. 2006, 118, 5981; Angew. Chem. Int.
Ed. 2006, 45, 5849; j) H. Kakei, R. Tsuji, T. Ohshima, M. Shibasaki,
J. Am. Chem. Soc. 2005, 127, 8962; k) W. Zhang, A. Basak, Y.
Kosugi, Y. Hoshino, H. Yamamoto, Angew. Chem. 2005, 117, 4463;
Angew. Chem. Int. Ed. 2005, 44, 4389; 1) M. Marigo, J. Franzén, T. B.
Poulsen, W. Zhuang, K. A. Jgrgensen, J. Am. Chem. Soc. 2005, 127,
6964; m) M. K. Tse, C. Dobler, S. Bhor, M. Klawonn, W. Migerlein,
H. Hugl, M. Beller, Angew. Chem. 2004, 116, 5367; Angew. Chem.
Int. Ed. 2004, 43, 5255.

For selected examples of catalytic asymmetric epoxidation of styr-
enes, see: a) D. Goeddel, L. Shu, Y. Yuan, O. A. Wong, B. Wang, Y.
Shi, J. Org. Chem. 2006, 71, 1715; b) M. Hickey, D. Goeddel, Z.
Crane, Y. Shi, Proc. Natl. Acad. Sci. USA 2004, 101, 5794; c) P. C. B.
Page, B. R. Buckley, A.J. Blacker, Org. Lett. 2004, 6, 1542; d) R.
Zhang, W.-Y. Yu, K.-Y. Wong, C.-M. Che, J. Org. Chem. 2001, 66,
8145; e) M. Palucki, G.J. McCormick, E. N. Jacobsen, Tetrahedron

(5]
(o]

(7]

(8]
]

(10]

(11]

(12]

(13]

(14]

(1]

COMMUNICATION

Lett. 1995, 36, 5457; f) J. P. Collman, Z. Wang, A. Straumanis, M.
Quelquejeu, E. Rose, J. Am. Chem. Soc. 1999, 121, 460.
a) Y. Kobayashi, T. Ito, I. Yamakawa, H. Urabe, F. Sato, Synlett
1991, 811; b) T. Katsuki, Tetrahedron Lett. 1984, 25, 2821.
a) T. Satoh, Chem. Rev. 1996, 96, 3303; b) N. S. Mani, C. A. Town-
send, J. Org. Chem. 1997, 62, 636; c) G. A. Molander, K. Mautner, J.
Org. Chem. 1989, 54, 4042; d) J.J. Eisch, J. E. Galle, J. Organomet.
Chem. 1988, 341, 293; e) J. J. Eisch, J. E. Galle, J. Am. Chem. Soc.
1976, 98, 4646.
a) O. A. Wong, Y. Shi, Chem. Rev. 2008, 108, 3958; b) Y. Shi, Acc.
Chem. Res. 2004, 37, 488; c) D. Yang, Acc. Chem. Res. 2004, 37, 497.
J. D. Warren, Y. Shi, J. Org. Chem. 1999, 64, 7675.
a) K. Matsumoto, Y. Sawada, B. Saito, K. Sakai, T. Katsuki, Angew.
Chem. 2005, 117, 5015; Angew. Chem. Int. Ed. 2005, 44, 4935; b) Y.
Sawada, K. Matsumoto, T. Katsuki, Angew. Chem. 2007, 119, 4643;
Angew. Chem. Int. Ed. 2007, 46, 4559.
J. J. Eisch, M. W. Foxton, J. Org. Chem. 1971, 36, 3520.
T. H. Chan, P. W. K. Lau, M. P. Li, Tetrahedron Lett. 1976, 17, 2667.
a) Y. Sawada, K. Matsumoto, T. Katsuki, Angew. Chem. 2006, 118,
3558; Angew. Chem. Int. Ed. 2006, 45, 3478; b) K. Matsumoto, Y.
Sawada, T. Katsuki, Synlett 2006, 3545; ¢) Y. Shimada, S. Kondo, Y.
Ohara, K. Matsumoto, T. Katsuki, Synlett 2007, 2445; d) S. Kondo,
K. Saruhashi, K. Seki, K. Matsubara, K. Miyaji, T. Kubo, K. Matsu-
moto, T. Katsuki, Angew. Chem. 2008, 120, 10349; Angew. Chem.
Int. Ed. 2008, 47, 10195.
Kinetic resolution for the asymmetric synthesis of terminal epoxides,
see: a) M. Tokunaga, J. F. Larrow, F. Kakiuchi, E. N. Jacobsen, Sci-
ence 1997, 277, 936; b) J. E. Larrow, S. E. Schaus, E. N. Jacobsen, J.
Am. Chem. Soc. 1996, 118, 7420.
a) J. J. Eisch, J. E. Galle, J. Org. Chem. 1990, 55, 4835; b) V. Capriati,
S. Florio, R. Luisi, A. Salomone, Org. Lett. 2002, 4, 2445; c) A.
Nagaki, E. Takizawa, J.-i. Yoshida, J. Am. Chem. Soc. 2009, 131,
1654.
a) T. Sone, A. Yamaguchi, S. Matsubara, M. Shibasaki, J. Am.
Chem. Soc. 2008, 130, 10078; b) Y. Zhang, W. Wu, Tetrahedron:
Asymmetry 1997, 8, 2723.
Received: April 21, 2009
Published online: June 5, 2009

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

— 6575

www.chemeurj.org


http://dx.doi.org/10.1021/ja00538a077
http://dx.doi.org/10.1021/ja801181u
http://dx.doi.org/10.1002/ange.200704185
http://dx.doi.org/10.1002/anie.200704185
http://dx.doi.org/10.1002/anie.200704185
http://dx.doi.org/10.1002/ange.200800797
http://dx.doi.org/10.1002/ange.200800797
http://dx.doi.org/10.1002/anie.200800797
http://dx.doi.org/10.1021/ja073055a
http://dx.doi.org/10.1021/ja067495y
http://dx.doi.org/10.1002/ange.200701235
http://dx.doi.org/10.1002/anie.200701235
http://dx.doi.org/10.1002/anie.200701235
http://dx.doi.org/10.1021/ja0647607
http://dx.doi.org/10.1016/j.tet.2006.07.055
http://dx.doi.org/10.1002/ange.200601742
http://dx.doi.org/10.1002/anie.200601742
http://dx.doi.org/10.1002/anie.200601742
http://dx.doi.org/10.1021/ja052466t
http://dx.doi.org/10.1002/ange.200500938
http://dx.doi.org/10.1002/anie.200500938
http://dx.doi.org/10.1021/ja051808s
http://dx.doi.org/10.1021/ja051808s
http://dx.doi.org/10.1002/ange.200460528
http://dx.doi.org/10.1002/anie.200460528
http://dx.doi.org/10.1002/anie.200460528
http://dx.doi.org/10.1021/jo0520285
http://dx.doi.org/10.1073/pnas.0307548101
http://dx.doi.org/10.1021/jo010329i
http://dx.doi.org/10.1021/jo010329i
http://dx.doi.org/10.1021/ja9818699
http://dx.doi.org/10.1055/s-1991-20886
http://dx.doi.org/10.1055/s-1991-20886
http://dx.doi.org/10.1016/S0040-4039(01)81299-5
http://dx.doi.org/10.1021/cr950081v
http://dx.doi.org/10.1021/jo9618177
http://dx.doi.org/10.1021/jo00278a013
http://dx.doi.org/10.1021/jo00278a013
http://dx.doi.org/10.1016/0022-328X(88)89085-5
http://dx.doi.org/10.1016/0022-328X(88)89085-5
http://dx.doi.org/10.1021/ja00431a052
http://dx.doi.org/10.1021/ja00431a052
http://dx.doi.org/10.1021/cr068367v
http://dx.doi.org/10.1021/ar030063x
http://dx.doi.org/10.1021/ar030063x
http://dx.doi.org/10.1021/ar030065h
http://dx.doi.org/10.1021/jo990951z
http://dx.doi.org/10.1002/ange.200501318
http://dx.doi.org/10.1002/ange.200501318
http://dx.doi.org/10.1002/anie.200501318
http://dx.doi.org/10.1002/ange.200700949
http://dx.doi.org/10.1002/anie.200700949
http://dx.doi.org/10.1021/jo00822a012
http://dx.doi.org/10.1016/S0040-4039(00)77790-2
http://dx.doi.org/10.1002/ange.200600636
http://dx.doi.org/10.1002/ange.200600636
http://dx.doi.org/10.1002/anie.200600636
http://dx.doi.org/10.1002/ange.200804685
http://dx.doi.org/10.1126/science.277.5328.936
http://dx.doi.org/10.1126/science.277.5328.936
http://dx.doi.org/10.1021/ja961708+
http://dx.doi.org/10.1021/ja961708+
http://dx.doi.org/10.1021/jo00303a015
http://dx.doi.org/10.1021/ol026212d
http://dx.doi.org/10.1021/ja809325a
http://dx.doi.org/10.1021/ja809325a
http://dx.doi.org/10.1021/ja803864p
http://dx.doi.org/10.1021/ja803864p
http://dx.doi.org/10.1016/S0957-4166(97)00309-1
http://dx.doi.org/10.1016/S0957-4166(97)00309-1
www.chemeurj.org

