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R=0.0719 (for 4529 reflections I>20(I)), wR(F?)=0.2142 for all
9201 unique reflections (R;, =0.1101, R,=0.1214), S$=0.962, min./
max. residual electron density =—0.24/0.32 ¢ A3, 0cc=0.006 A.
Crystallographic data of this structure (excluding structure factors)
have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-119100. Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (+44)1223-336-033; e-mail:
deposit@ccdc.cam.ac.uk).

[14] The reference plane of 1is defined by the four bridging methin carbon
atoms.
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In this communication we wish to disclose our results on the
use of enantiomerically pure titanocene complexes in the
opening of meso-epoxides based on our recently developed
[Cp,TiCl,]-catalyzed reductive opening of epoxides!!! and
pinacol couplings.>3 The resulting transformation is to the
best of our knowledge the first example of a transition metal
catalyzed enantioselective formation of radicals.) Our reac-
tion, in which the crucial f-titanoxy radical intermediate is
generated selectively, is conceptually different from the
enantioselective opening of meso-epoxides by an Sy2 reac-
tion, where the path of the incoming nucleophile has to be
controlled. The essential characteristics of a useful catalyst in
the enantioselective opening of a meso-epoxide are depicted
in Figure 1.
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Figure 1. Steric requirements for selective epoxide opening.

To achieve high enantioselectivity the catalyst should allow
for distinctly differing interactions of the ligand with the
enantiotopic substituents of the epoxide. To implement
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rationally designed catalysis the catalyst’s chiral pocket must
be tailored to allow for recognition of structural elements of
the substrate distant from the epoxy group. Efficient chirality
transfer to the periphery of the complex is thus essential for
successful catalysis. Inspection of the extensive literature on
titanocene complexesP! suggested that

complexes with ligands derived from .....O—éph
terpenes are suitable. After consider- >

ation of molecular models we decided 1 OG y3—TiCly
to use 1 because its methyl groups
seemed to shield the chlorine atoms
bound to titanium. The crystal structure of 1, determined by us
for the first time, confirmed our assumptions nicely (Figure 2).

Figure 2. X-ray crystal structure of 1.

We used epoxides derived from (Z)-butenediol dialkyl
ethers as substrates for optimizing the reaction conditions.
The absolute configuration of the products was established as
S by comparison with samples derived from (§)-malic acid.
The reaction conditions are summarized in Scheme 1 and the
results in Table 1.
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Scheme 1. Optimized conditions for the enantioselective reductive open-
ing with 5 mol % of 1.

Not only is the enantioselectivity of the electron transfer
high (96.5:3.5), but 1 also constituted the catalytically most
active complex amongst a series of titanocene complexes. The

Table 1. Enantioselective reduction of meso-epoxides in the presence of
Smol% of 1 (0.1m in THF, 60 h).

Substrate Product Yield [%] (S):(R)ll
@] OH
EtO. 65 96.5:3.5
EtO—/?\—OEt \/;\/\OEt

87.5:13.5

Q OH

nPrO. :
nPrO—ﬁ“\—OnPr \/sk/\OnPr 61 96:4
0] OH

¢ \—OfBu Buo\/_',\/\oaau 60

BuO

[a] Determined by gas chromatography on chiral phases.
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reason for the high selectivity of epoxide opening with 1
seems to stem from its striking structural feature, the almost
perfect coplanarity of the benzene rings and the cyclopenta-
dienyl rings, presumably due to ; stacking. This interaction
seems to lock the ligands in a conformation necessary for
highly selective binding of the substrate. The methyl groups of
the terpene moiety point towards the homotopic binding sites
of the supposed catalytically active titanium(iti) complex.[’]
These binding sites should be located close to the Cl atoms of
the almost C,-symmetrical titanium (1v) complex, by compar-
ison with other titanocene(irr) and titanocene(iv) complexes.®!
Therefore, 1 meets all requirements we believed to be
necessary for a succesful catalyst.

Our anticipated mechanism is supported by the reduced
enantioselectivity of the opening of 6. In the case of the n-
alkyl ethers 2 and 4 the selectivity was similar and high.
However, in the case of 6 both fert-butyl groups made a rather
strong contact with the chiral pocket of 1, resulting in
dimished steric differentiation.

An interesting and demanding problem is the use of bicyclic
epoxides in enantio- and diastereoselective C—C bond form-
ing reactions by addition of the S-titanoxy radical to fert-butyl
acrylate. The results of our investigation are summarized in
Table 2. With increasing ring size the enantioselectivity of the
epoxide opening increases and reaches synthetically useful

Table 2. Enantioselective C—C bond forming reactions in the presence of
5mol% of 1 (0.1m in THE, 48 h).

Substrate Product Yield [%] (R,S):(S,R)[
OH 8
0 <:r 68 87:13!
<:D 47" CO,tBu
O OH
9
o U 61 9191
" CO,Bu
10
(o) i 65 91:9l
“0”"CO,Bu

[a] Determined by gas chromatography on chiral phases. [b] trans:cis >
97:3. [c] trans:cis=81:19, same ee value for the two diastereoisomers.
[d] trans:cis = 87:13.

levels for the six- and seven-membered rings. This indicates a
better fit of the larger substrates in the chiral pocket of the
catalyst. The diastereoselectivity of the C—C bond forming
stepst”) was higher than with [Cp,TiCl,] as catalyst*><! (8: 86:14
vs. 97.5:2.5; 9: 60:40 vs. 81:19; 10: 70:30 vs. 87:13) or with
stoichiometric amounts of reagent.[']

In summary we have demonstrated for the first time
that the catalytic opening of meso-epoxides by electron
transfer can be performed with high enantioselectivity
and high diastereoselectivity with 1 as rationally designed
catalyst.
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Noncatalytic Organic Synthesis Using
Supercritical Water: The Peculiarity
Near the Critical Point

Yutaka Ikushima,* Kiyotaka Hatakeda, Osamu Sato,
Toshirou Yokoyama, and Masahiko Arai

As industry is interested in moving away from toxic or
environmentally damaging solvents, the finding of an ideal
replacement medium for conventional nonpolar solvents
offers new opportunities in, for example, reaction engineer-
ing, environmental science and technology, and materials
science. Supercritical water (scH,O) heated and pressurized
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