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The ene reaction involves the addition of a group possessing
a π-bond (enophile) to a group possessing an allylic hydrogen
(ene), with concomitant transfer of the allylic hydrogen to the
enophile.1 When performed in an intramolecular fashion, the ene
reaction is referred to as a cycloisomerization and can serve as
an efficient method for the construction of carbocyclic frame-
works.2 The need for high reaction temperatures and substrate
activation has limited the applicability of the thermal reaction in
the synthesis of complex structures. The use of transition-metal
catalysts3 has provided a means for performing cycloisomeriza-
tions4 under mild conditions with enhanced selectivity and a wider
substrate scope than was previously possible.5 Most notably, the
use of palladium for the cycloisomerization of enynes has been
elegantly demonstrated by Trost6 and has proven to be a valuable
tool for the synthesis of natural products.7 The Pd-catalyzed
reaction has also provided encouraging results in enantioselective
cycloisomerizations.8,9 Although early transition metal complexes
have been extensively applied to the cyclization of enynes,10 no
early transition-metal-mediated or -catalyzed cycloisomerization
reactions have been reported. In the course of our studies on the
titanocene-catalyzed Pauson-Khand type reaction,11 we found
that Cp2Ti(CO)2 can serve as a catalyst for the cycloisomerization
of enynes (Scheme 1). We have examined the scope of this

process with respect to structural variations on the enyne and have
observed unique selectivities for the titanocene-catalyzed reaction.

We have also been able to effect the cycloisomerization of
dienynes to form allenes, a metal-catalyzed transformation which,
to our knowledge, has not previously been reported.

The proposed catalytic cycle, shown in Figure 1, proceeds
through initial loss of CO from Cp2Ti(CO)2 (1) followed by
reaction with enyne2 to form titanacyclopentene3. â-Hydride
elimination exclusively of Ha (Figure 1) results in the formation
of the vinyl titanocene hydride4. This is in contrast to Pd-
catalyzed systems in whichâ-hydride elimination of Hb to produce
1,3-dienes is a competitive pathway. Ligand-induced reductive
elimination12 provides the diene5 and regenerates the catalytic
titanium(II) species.

Table 1 illustrates the scope of the titanocene-catalyzed
cycloisomerization reaction. It is striking that whiletrans-olefins
are cycloisomerized,cis-olefins such as6a and7 either do not
react or are partially converted to cyclopentenones.11 To inves-
tigate the reason for this dichotomy, metallacycles were prepared
from both atrans-enyne (Table 1, entry 3) and acis-enyne (6a)
by addition of Cp2Ti(PMe3)2 to the enyne at room temperature
in C6D6. Upon heating, thetrans-metallacycle is converted to
diene product, while thecis-isomer slowly decomposes, resulting
in the release of the enyne from which it was formed. Energy
minimization13 of model metallacycles (Figure 2) suggests that
in the metallacycle derived from atrans-olefin, theâ-hydrogen
is positioned close to the metal-center, while in acis-metallacycle,
the â-hydrogen is not geometrically disposed for overlap with
the 1a1 orbital necessary forâ-hydride elimination.14 The selectiv-
ity of the titanocene catalyst for the cyclization oftrans-olefins
is further demonstrated by the cycloisomerization of an enyne
bearing bothcis- and trans-3-pentene fragments (Table 1, entry
10). The trans-olefin is cycloisomerized while thecis-olefin,
although it may undergo reversible conversion to the correspond-
ing metallacycle, is recovered unchanged.

Phenyl-n-propyl-, and methyl-substituted alkynes are cyclized
using the titanocene catalyst, but a trimethylsilyl-substituted
alkyne could not be converted to product. A nitrogen-containing
enyne was also successfully isomerized to the 1,4-diene (Table
1, entry 4). It should be noted that reaction of this substrate for
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Scheme 1

Figure 1. Proposed catalytic cycle for the cycloisomerization of enynes.

Figure 2. Calculated structures of proposed intermediate metallacycles
derived fromtrans- andcis-enynes.
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4 h results in exclusive formation of the 1,4-diene product shown;
however, heating for an additional 8 h results in isomerization to
the 1,3-diene. A substrate which contains a methylene group in
the allylic position undergoes cyclization with a moderate degree
of selectivity with respect to the resulting olefin geometry (Table
1, entry 5). Notably, in the case of a substrate which contains a
tertiary carbon in the allylic position (Table 1, entry 6), exclusive
formation of the 1,4-diene is still observed. The trisubstituted
enyne6b and the ether815 were not cycloisomerized with this
catalyst system.

Table 1 also illustrates the scope of the cycloisomerization of
a variety of chiral enyne substrates (entries 7-10). The cyclo-
isomerization proceeded with complete diastereoselectivity when
an enyne bearing a substituentγ to the alkyne was employed as
a substrate (entry 7). However, the cyclization of substrates with
chiral centersR (entry 8) andâ (entry 9) to the alkyne moiety
proceeded with little or no diastereoselectivity. These results are
consistent with stereoselectivity trends observed in other early
metal-mediated cyclizations.10c,17

A novel feature of the titanocene system is its reaction with
dienynes.â-Hydride elimination from metallacycle3 (Figure 1),

formed from the reductive cyclization of a dienyne, results in
the formation of an allene.18 To our knowledge, formation of
allenes via loss of aâ-hydrogen from allyl-metal complexes is
unknown.19 Using late transition-metal catalysts, this class of
substrates has been shown to undergo [4+ 2] intramolecular
cyclizations.20 The malonic ester-derived substrates shown below
cycloisomerize to allenes, with either no detectable or trace

amounts of the thermal [4+ 2] reaction observed; however, an
11% yield of the Diels-Alder product was observed (1H NMR)
for the reaction of the amine-containing enyne. Finally, attempts
were made to cyclize a methyl-substituted dienyne, but only
extensive isomerization of the uncyclized olefin was observed.

The amount of catalyst required for complete conversion of
the enyne to product could be lowered by performing the reaction
at relatively high dilution. Two reaction protocols have been
employed: the procedure at a higher substrate concentration,
method A, uses concentrations of1 ranging from 9 to 13 mM. In
method B, the concentration of1 is reduced to 2 mM, but an
increase in reaction time and temperature is also necessary. The
success of this protocol may be due to the minimization of an
intermolecular catalyst decomposition pathway, or it may be due
to a decrease in the rate of the recombination of CO with a
catalytically active titanocene species.

In conclusion, we have demonstrated Cp2Ti(CO)2 to be the first
early metal-based catalyst for the cycloisomerization of enynes
and dienynes to 1,4-dienes and 1,4,5-trienes, respectively. Our
findings illustrate that the titanocene system displays comple-
mentary reactivity and selectivity to analogous late transition-
metal-catalyzed processes.
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Table 1. Cycloisomerization of Enynes

a E ) CO2Et. b Unless indicated otherwise, experimental method B
(2 mM in 1, 105 °C, 24-48 h) was employed.c Method A was
employed (9-13 mM in 1, 95 °C, 4-24 h).
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