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During the last two decades the development of efficient
chain reactions has led to an explosive growth in free radical
chemistry.[1] Although the understanding of how substrate
control determines the stereo- and chemoselectivity of these
reactions has reached a high level,[2] to the best of our
knowledge little is known about reagent-controlled, catalytic
transformations of radicals not proceeding as chain reac-
tions.[3] The advantage of this type of reaction is broader
application because the influence of the substrate on the
chemo- and stereoselectivity can ideally be overruled and the
course of the reaction determined solely by the reagent in
catalytic amounts. Therefore a reagent-controlled catalytic
reaction would extend the synthetic utility of free radicals
even further.

nistically viewed as a thermally activated process, as previ-
ously established for many triplet ketones.[4,21]

In conclusion, the combined experimental and theoretical
data for the solvent-induced quenching of n,p* excited singlet
azoalkanes support a hydrogen abstraction in which a
transition state is followed by a conical intersection as the
reaction coordinate. This photochemical reaction mechanism
should be general for n,p* singlet excited chromophores and
provides an important rationale for their reactivity and
efficiency in hydrogen abstractions.
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An interesting alternative to radical chain reactions is the
reductive opening of epoxides by single electron transfer
(SET) from titanocene chloride dimers.[4] The b-titanoxy
radical thus formed can undergo the typical radical reactions.
Epoxides can be prepared conveniently from a number of
functional groups, for example olefins[5] and carbonyl com-
pounds,[6] and can thus serve as radical precursors. An
attractive feature of this reaction is that an alcohol is formed
after hydrolysis rather than a hydrocarbon, as in the reactions
of halides with stannanes.[7] However, both the electron
transfer reagent precursor, titanocene dichloride, and the
reductant, usually zinc powder, are employed in at least
stoichiometric quantities. This is clearly disadvantageous
when more complex titanocenes are used.[8] If the reaction
could be conducted with a catalytic amount of titanocene, this
problem would be solved, and the way would be paved for
transition metal catalyzed radical reactions with the potential
for efficient reagent control. To achieve this goal the
titanocene alkoxide formed must be converted into a deriv-
ative of the alcohol or the alcohol itself and titanocene
dichloride, the catalyst precursor. In situ reduction by the
stoichiometric reductant would yield the redox-active titan-
ium(iii) complex[9] and complete the catalytic cycle.

Recently Fürstner et al. have devised efficient catalytic
McMurry[10] and Nozaki ± Hiyama couplings[11] by adding
chlorotrimethylsilane to the reaction mixture. The metal
alkoxides and oxides formed in the couplings are thus
silylated and the catalytically active metal species are
regenerated. This method is, however, not applicable to
epoxides because silylated chlorohydrins would form by
Lewis acid initiated ring opening. We reasoned that proto-
nation of the titanium-bound oxygen atom should also allow
efficient regeneration of the catalyst. For this purpose the acid
must be strong enough for the protonation, but neither may
the metal powder be oxidized nor the catalyst deactivated by
complexation of the resulting base. Pyridinium hydrochlor-
ides (Py-HCl) seemed to be appropriate based on their pKa

values[12] and were therefore tested as acids in the reaction

of 1 with cyclohexadiene as the hydrogen atom donor, a
stoichiometric reductant, and 5 mol % titanocene dichloride
(Table 1).

All of the pyridine hydrochlorides tested, except the bulky
2,6-di-tert-butylpyridine hydrochloride, led to conversion.
2,4,6-Trimethylpyridine hydrochloride (collidine hydrochlor-
ide) was the most efficient. In addition to the milder reaction
conditions required, there are two more general advantages to

having protonation as the key step in the catalytic cycle:
1. Protonations are amongst the fastest reactions. 2. 2,4,6-
Collidine can be recovered simply by acid ± base extraction or
distillation; treatment with HCl then provides the hydro-
chloride. Hydrolysis of the silylated alcohols yields hexame-
thyldisiloxane, which cannot be reconverted to chlorotrime-
thylsilane in a straightforward manner. These advantages
should become especially important in large-scale applica-
tions.

In hydrogen atom abstraction reactions with 1,4-cyclo-
hexadiene, manganese is superior to zinc as the stoichiometric
reductant in two respects. When manganese is used, no
chlorohydrin 3 is formed by Lewis acid initiated ring opening
of the epoxides, and the reaction proceeds significantly faster.
Apparently the zinc chloride formed in the reaction com-
plexes the epoxide, prevents complete conversion into
product, and allows the slow chloride-mediated ring opening
to compete. Gratifyingly the much less Lewis-acidic manga-
nese dichloride[11] does not interfer with the catalytic reaction
and thus the products are obtained cleanly in a reasonable
time. It should be noted that other metals such as aluminum[13]

do not lead to fast reduction of titanocene dichloride and are
therefore not suitable as stoichiometric reductants.

To explore the generality of the optimized reaction
conditions a number of epoxides were tested in inter- and
intramolecular C ± C bond forming reactions and reductions
(Table 2). Terminal, 1,1- and 1,2-disubstituted (cis and trans,
entry 3), and trisubstituted epoxides give the desired products
in good yields. It should be noted that deoxygenation of the
epoxide was not detected for any substrate. The regioselec-
tivity of the epoxide opening is opposite to that of SN2
reactions and seems to be governed only by the stability of the
radical formed. Therefore the radical is produced only on
the more substituted carbon atom of the epoxide. The
observed diastereoselectivities of the cyclizations are typical
for radical reactions and their well-known conformational
effects.

For the intermolecular addition of the radical to methyl
acrylate, zinc was used as the stoichiometric reductant
(entries 12 and 13). The lactones were isolated in 75 ± 80 %
yield after 40 h but the corresponding chlorohydrins (roughly
5 %) were also detected. The reaction was much slower with
manganese. After 40 h the conversion was estimated at 15 %.
This is presumably due to deactivation of the titanium catalyst
by the MeOH generated. Zinc chloride seems to be Lewis-
acidic enough to complex MeOH and thus prevent catalyst
deactivation. When manganese was employed in combination
with zinc chloride, essentially the same results were obtained

Table 1. Optimization of the reductive opening of epoxide 1 with 5 mol %
[Cp2TiCl2] and 1,4-cyclohexadiene.

Hydrochloride M t [h] 1 :2 :3[a]

Py-HCl Zn 35 28:32:26
2,4-Me2Py-HCl Zn 36 30:43:22
2,4,6-Me3Py-HCl Zn 36 15:71[b]:12
2,4,6-Me3Py-HCl Mn 16 0:88[b]:0.5

[a] Determined from the 1H NMR spectrum of the crude mixture.
[b] Yield of the isolated product.
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as with zinc as reductant. This result supports the above-
mentioned hypothesis of catalyst deactivation.

Since titanocene-mediated SET is the key step in the
epoxide opening, a number of functional groups sensitive to
electron transfer reagents such as samarium diiodide[14] were
subjected to the optimized conditions. Gratifyingly benzyl
ethers, chlorides, and even ketones (see Table 2, entry 10 for
the competition experiment) are perfectly stable under the
reaction conditions, and the corresponding products were
isolated in good yields. Chlorides are not tolerated in radical
chain reactions using tributylstannane (dehalogenation), and
therefore the reaction described here allows a mild and highly
chemoselective entry to radical chemistry.[7] Protecting groups
that can migrate under basic conditions like pivalate (Piv),
tosylate (Ts), and tert-butyldiphenylsilyl ether (OTBDPS) do
not migrate even when it would be kinetically favorable, as in
the case of the TBDPS ethers.[15] Also elimination of tosylate
was not observed. Although these alcohols can also be

obtained by hydroboration and oxidation, the method descri-
bed here is superior because distant double bonds and ketones
are not tolerated by the hydroboration protocol.[16] Also
hydroboration of 2-methyl-1,11-dodecadiene takes place
preferentially at the less substituted double bond and is
therefore complementary to our reaction (entry 4).[17]

We have demonstrated that the reductive opening of
epoxides with concommitant hydrogen atom abstraction and
inter- or intramolecular C ± C bond formation can be cata-
lyzed efficiently and in a highly chemoselective manner by
titanocene dichloride if manganese or zinc is used as the
stoichiometric reductant and 2,4,6-collidine hydrochloride is
used as an acid to protonate the titanium oxide and regenerate
titanocene dichloride.

Experimental Section

All new compounds were characterized by the usual means. Preparation of
cyclododecanol: A suspension of collidine hydrochloride (197 mg,
1.25 mmol), titanocene dichloride (12.4 mg, 0.05 mmol), manganese
(60.0 mg, 1.1 mmol), 1,4-cyclohexadiene (0.425 mL, 4.5 mmol), and cyclo-
dodecene oxide (182 mg, 1.0 mmol) in THF (10 mL) was stirred at room
temperature for 32 h. After extraction (5 mL 2m HCl, 2� 20 mL H2O) and
chromatography on silica gel (diethyl ether/petroleum ether 1/3) cyclo-
dodecanol (153 mg, 0.83 mmol) was obtained in 83% yield.
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Table 2. Titanocene-catalyzed reductive opening of epoxides under the
optimized conditions.[a]

Entry Substrate t [h] Yield [%] Product

1 30 78[b]

2 30 55[c]

3 30 83[d]

4 16 72

5 18 58

6 18 86

7 12 67

8 18 74

9 18 69

10 60 70
4-phenyl-2-butanone 95 4-phenyl-2-butanone

11 30 76[e]

12 40 77[e]

13 40 82[e, f]

[a] See Experimental Section. [b] cis :trans� 88:12. [c] cis :trans� 85:15.
[d] Substrate was a mixture of cis und trans isomers. [e] Zn was used as
reductant. [f] cis :trans� 14:86.


