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Transition metal catalysts provide powerful tools for 1,2-
addition reactions to carbon-carbon double bonds, which enable
versatile and useful transformations of alkenes by means of
introducing a variety of functionalities at the olefinic carbons.
We wish to describe an unprecedented metal-catalyzed double
alkylation of alkenes with alkyl halides (eq 1). This reaction

proceeds via the use of Cp2TiCl2 in the presence ofnBuMgCl
and gives rise toVic-dialkylated products regioselectively in high
yields under mild conditions.1

A typical example is as follows. To a mixture of styrene (1.03
mmol), 1-bromopentane (1.1 equiv),tert-butyl bromide (1.1
equiv), and titanocene dichloride (0.05 equiv) was added a THF
solution ofnBuMgCl (2.2 equiv, 2.5 mL) at 0°C, and the solution
was stirred for 1 h. The NMR analysis of the crude mixture
indicated the formation of the double alkylation product1 in 94%
yield in which pentyl andtert-butyl groups are regioselectively
incorporated at the adjacent carbons (Table 1, run 1). The product
was obtained in pure form in 88% yield by a recycling preparative
HPLC using CHCl3 as the eluent. No evidence for the presence
of the regioisomer of1 nor dialkylated products which contained
the same alkyl moiety was detected. The combined use of
secondary and primary bromides (runs 2, 3) or tertiary and
secondary bromides (run 4) afforded the corresponding dialkylated
products2-4 in good yields with high regioselectivities. In run
2, only theexo-isomers were obtained in a diastereomer ratio of
ca. 1:1. Chloro substituents were not affected in this reaction
system and the desired product5 was obtained in good yield (run
5). The same primary alkyl groups can be introduced at both
vicinal carbons by the use of 2.2 equiv of the corresponding alkyl
bromide (runs 6-8). Under the same conditions 1-iodooctane
gave 9-phenyloctadecane in 54% yield, whereas no dialkylated
product was obtained when 1-chlorooctane was used. Double
alkylation also occurred whensec-alkyl bromides were used as
shown in run 9, buttert-butyl bromide failed to give the
corresponding dialkylated product under the same conditions.
R-Substituted styrenes also efficiently underwent double alkylation
(runs 7, 8). The reaction was sluggish with respect to internal
alkenes, such asâ-methyl styrene or stilbene, and to 1-alkenes
which contain no aryl group, such as 1-octene or 3-methyl-1-
pentene. This chemoselectivity allows the successful synthesis
of diene 10 in 82% yield, using 5-bromo-1-pentene (run 10).
Interestingly, when 1,4-dibromobutane was used as the alkylating
reagent, cyclohexylbenzene was obtained in moderate yield (run

11). Vinyl ethers, sulfides, sulfoxides, and sulfones were not
alkylated under the same conditions.

A plausible reaction pathway is shown in Scheme 1.2 Alkyl
radicals, formed by the electron transfer to alkyl bromides from
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Table 1. Titanocene-Catalyzed Double Alkylation of Olefins with
Alkyl Bromides

a NMR yield. Isolated yield is in parentheses.b exo-2-Norbornyl
bromide was used in 1.5 equiv. As a by-product,6 was formed in 7%
yield. c Besides, 6 and 9 were formed in 22% and 5% yields,
respectively.d A trace amount of the by-product having twoiPr groups
was formed in<1% which was identified by GC-MS. e GC yield.
1,4-Dibromobutane (5 equiv),nBuMgCl (5 equiv), and Cp2TiCl2 (10
mol %) were used.

Scheme 1
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some reduced titanocene complex3 (step 1), add to the terminal
carbon of styrene yielding benzyl radical intermediates (step 2).
Recombination of the benzyl radicals with a titanocene complex
gives rise to benzyl-Ti intermediates (step 3) which then undergo
transmetalation withnBuMgCl to afford benzylmagnesium chlo-
rides (step 4). The dialkylated products are formed by the reaction
of benzylmagnesium chlorides with the alkyl halides (step 5).

This pathway clearly explains the observed regioselectivity by
taking into account the features of the following reactions. The
rates of alkyl radical formation increase in the order of primary
< secondary< tertiary reflecting the stabilities of alkyl radicals.
The radical addition to carbon-carbon unsaturated bonds takes
place at the terminal carbons exclusively. The alkylation at the
benzylic carbon, probably via an SN2 mechanism, would be
favorable for less hindered alkyl halides in the order of primary
> secondary> tertiary.

To confirm the validity of the proposed pathway, we employed
(bromomethyl)cyclopropane as the alkylating reagent. As might
be expected, cyclopropylmethyl and 3-butenyl units were intro-
duced regioselectively giving rise to12 as the sole dialkylation
product in 50% yield (eq 2). This result along with the evidence

that ring opening of cyclopropylmethyl radical to 3-butenyl radical
is a rapid process which is much faster than the addition of
primary radicals to styrene4 strongly supports the proposal that
the first alkylation step is a radical process but that the second
step is not.

The intermediacy of benzylmagnesium chlorides in the second
alkylation step is supported by the following results. The reaction
of styrene with 1.5 equiv of 2-norbornyl bromide was conducted
at 0 °C for 1 h using 2.2 equiv ofnBuMgCl in the presence of 5
mol % of Cp2TiCl2. Quenching the reaction with D2O afforded
the monoalkylated compound13which contained a deuterium at
the benzylic position (d-content> 95%) in 59% yield (eq 3).

This result suggests that a benzylmagnesium chloride14 was

formed in this reaction. While14could not be trapped efficiently
with 2-norbornyl bromide probably due to steric reasons, sterically
nonencumbered primary and secondary alkyl bromides react
smoothly withR-substituted benzylmagnesium chlorides under
the reaction conditions employed. For example, the reaction of
155 (0.36 M) with isopropyl bromide (1.5 equiv) in THF at 0°C
afforded9 in 62% yield after only 10 min.6

Interestingly, wheniPrMgCl was used instead ofnBuMgCl, the
reduction of the alkyl bromides3,7 predominated, and only a trace
amounts of dialkylated products (<2%) were obtained. It should
also be noted that the Ti-catalyzed hydromagnesiation of olefins,
which can proceed under similar conditions,8 is completely
suppressed in this reaction system. The fact that Cp2TiCl2 reacts
with Grignard reagents (RMgX) to form anionic Ti(III) ate
complexes Cp2TiR2

- and that Cp2Ti iPr2- is unstable at temper-
atures above-50 °C yielding hydride complexes, whereas
Cp2TiEt2- is stable at room temperature,8b,9 leads us to propose
that an ate complex Cp2TinBu2

- may play an important role as
the active species for the electron transfer to alkyl halides. A
detailed study of the mechanism of this titanocene-catalyzed
double alkylation is currently under investigation.

In conclusion, we report that a titanocene complex catalyzes
the double alkylation of aryl alkenes with various alkyl halides
in the presence ofnBuMgCl.10 Although aryl, vinyl and allyl
halides have widely been used for a number of transformations
catalyzed by transition metals, the use of alkyl halides in transition
metal chemistry is very limited mainly due to the facile
â-elimination from the alkylmetal intermediates.11 The present
study outlines a novel methodology for overcoming this drawback
by the use of a titanocene catalyst and will provide a useful
synthetic method, especially for the construction of carbon
skeletons, with the concomitant formation of two carbon-carbon
bonds at the adjacent carbons.
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