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ABSTRACT

Titanocene chloride reacts with epoxides by C−O homolysis with clean regioselectivity. The resultant radicals undergo intramolecular addition
to aldehyde and ketone carbonyls to afford cycloalkanols in good yields. The behavior of epoxy alcohols with titanocene chloride to afford
saturated diols and epoxy esters that give unsaturated hydroxy esters deserve special mention.

Selective one-electron reduction of an epoxide to a radical
intermediate promoted by titanocene chloride and the
subsequent radical trapping reaction represents a valuable
synthetic tool that has been used in deoxygenations, reduc-
tions, and intra- and intermolecular carbon-carbon bond-
forming reactions.1 No references to the addition of these
radicals to the carbonyl group are known. Although the
intramolecular radical addition to a carbonyl group is a
potentially useful process for the synthesis of cycloalkanols,
it was not until recently that this reaction attracted the
attention of organic chemists. Recent rate studies by Beck-
with and Hay2 have shown that ring closure of radicals A
and B is slower than the ring openings of the alkoxy radical
counterparts A′and B′ (Figure 1).1b Since alkoxyl radicals
A′ and B′ are much less stable than the starting carbon radical

A and B in reactions 1-2, it is necessary to prevent the
â-fragmentation from trapping the former alkoxy radical if
cyclization is the desired pathway. This has been partially
achieved in different ways, always generating the initial
carbon radical by tributyltin hydride.3 There are no kinetic
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Figure 1. Intramolecular addition to carbonyl group of carbon
radical and ring opening of alkoxy radicals.
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data for reactions 3 and 4, although it is assumed that the
ring openings C′f C and D′f D will be much faster than
the ring closures Cf C′and Df D′, in the same manner
as described for reactions 1 and 2. There are known examples
of the D f D′ cyclization depicted in the reaction 4.4

However, the cyclopropyloxy radical D′ has not been trapped

to afford a cyclopropanol derivative but rather has given
throughâ-fragmentation other kind of products.4 We have
not found any reaction corresponding to Cf C′ cyclization
in the literature.

Our interest in the chemistry of titanocene chloride was
triggered by our attempts at the deoxygenation of epoxides
in the presence of other functional groups. However, our
initial interest declined after we found that the radicals
obtained by the reductive opening of some oxo epoxides were
cyclized to diols.

The reactions of a series of difunctional epoxides were
carried out by the addition of a THF solution of the epoxide
to a solution of Cp2TiCl in THF, generated in situ from Cp2-
TiCl2 and zinc at room temperature.1a Test substrates1-4,
7, and8 were obtained fromR-cyclocitral5 by procedures to
be described elsewhere. Epoxides5 and6 were obtained by
epoxidation of comercial unsaturated aldehyde or ketone.

Treatment of epoxy ketone1a generated the expected
unsaturated ketone9a in 100% yield. Surprisingly, the epoxy
aldehyde1b afforded only the diol9b in 95% yield.6

Compounds2a,b were used to explore the possibility of
cyclobutanol formation. Epoxy ketone2aafforded a mixture
of two compounds in 92% yield, the major compound being
the unsaturated hydroxy ketone10 and the minor one the
diol 10a. By contrast, the epoxy aldehyde2b gave a mixture
of the epimeric bicyclic diols10b and10b1 at a ratio of 3:2
in 92% yield (Table 1).

In the series of compounds3a,b, the formation of
cyclopentanols was the only reaction observed. From3a, a
2:1 mixture of epimeric bicyclic diols11a/11a1 was obtained
in 100% yield. A similar result was found with3b, a 3:2
mixture of diols11b/11b1 in 96% yield.

(4) Dowd, P.; Zhang, W.Chem. ReV. 1993,93, 2091.
(5) Gedye, R. N.; Aura, P. C.; Deck, K.Can. J. Chem. 1971,49, 1764.
(6) All compounds synthesized are racemic, although only one enantiomer

is depicted. The relative configuration of the newly created stereocenters
has been tentatively assigned.

Table 1. Cycloalkanols from Oxo Epoxide

Table 2. Cycloalkanols from Oxo Epoxide
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Finally, in this series, the epoxy ketone4aafforded a three-
product mixture in 84% yield. The major component was
an epimeric mixture of the bicyclic diols12a/12a1 in a ratio
of 4:1. The minor component was identified as the unsatur-
ated hydroxy ketone12a2. The epoxy aldehyde4b gave two
products in 84% yield. The major product was the bicyclic
diol 12b, and the minor one the monocyclic unsaturated diol
12b2.

The epoxy aldehyde5 served as a test to probe the
regioselectivity cleavage of a disubstituted epoxide (Table
2). The reaction with Cp2TiCl afforded exclusively the
bicyclic system [4.2.0] represented by the diol13 in 75%
yield.

The regioselectivity cleavage of the trisubstituted epoxide
6, with a different skeleton with respect to the examples seen
before, remains invariable. The reaction of6 with Cp2TiCl
provided a 1:1 mixture of epimeric diols15a and 15b in
86% yield. It is interesting to note that the hydroxy group
arising from the epoxide lies within the newly formed ring.

Although a more indepth study of the reaction mechanism
is required, most of the above experiments provide evidence
that a radical addition to carbonyl is involved (Figure 2).

The alternative ionic mechanism would be less probable.
If the initial radical generated by the homolytic cleavage of
the epoxide were reduced to the anion, aâ-elimination of a
titanium-oxo moiety to the corresponding olefin would
occur.1a A similar elimination has been described by Molan-
der for similar compounds reacting with samariun diiodide.7

This ionic mechanism seems to operate only in the epoxy
ketone1a because of the impossibility of achieving radical
addition to the carbonyl, due to steric hindrance; for the
compounds2a, 4a, and 4b, in addition to the radical

cyclization a competitive reduction of the tertiary radical to
the alkyl titanium species followed byâ hydrogen elimina-
tion is the main side reaction. A similar elimination has been
described by Molander for a tertiary alkyl iodide with
samariun diiodide.8

Two other compounds,7 and 8, were subjected to the
titanocene chloride treatment to explore the scope of the
reaction. The epoxy acetate7 afforded exclusively the
unsaturated hydroxy acetate16 in 100% yield. The inability
of the radical arising from7 to be cyclized only affords after
reduction theâ hydrogen elimination. The same result is
obtained in the presence of methanol. Surprisingly, the epoxy
alcohol8 gave only the saturated diol17 in quantitative yield.
Here, some kind of interaction with the hydroxyl group must
operate to afford the reduction product; however this reaction
deserve further study.

In addition, several side chain observations are noteworthy.
First, the presence of a large excess of methanol or phenol
in the 3a f 11 and 6 f 15 reactions did not modify the
result obtained in their absence. Second, the presence of
thiophenol in the reaction of titanocene chloride with3a
afforded the hydroxy ketone18 in quantitative yield. The
two probes seem to indicate a radical mechanism. With the
first, the ionic addition mechanism would be improbable in
the presence of a proton source such as phenol.1d

The second probe corroborates the radical mechanism,
invoking the “radical clock”,9 which indicates that the rate
constant of the radical reduction with thiophenol is much
larger than that of the addition to a carbonyl group.2

The synthesis of cyclopropanols and cyclobutanols by
radical addition to the carbonyl group has not been reported
previously in the literature. The addition of a radical to a
ketone carbonyl to afford cyclopentanols and cyclohexanols
is also very unusual.
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Figure 2. Reaction mechanism of Ti(III) with epoxy ketone.
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