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The transition-metal promoted cyclocondensation of an
alkyne, alkene, and carbon monoxide (the Pauson-Khand
reaction when cobalt complexes are employed) has emerged as
a highly convergent method for the synthesis of cyclopentenones
from readily available starting materials.1 Many advances
relating to this methodology have been reported recently,
including the development of cyclizations employing a catalytic
amount of the transition-metal complex.2 One major goal which
has remained elusive is the development of a catalytic asym-
metric variant of these cyclizations.3 We report here the first
successful realization of this goal.
Our recent demonstration that Cp2Ti(CO)2 is an effective

catalyst for the cyclocarbonylation of enynes2d focused our
attention on the use of its enantiomerically pure analog (S,S)-
(EBTHI)Ti(CO)2, 1 (Figure 1), in asymmetric Pauson-Khand
type cyclizations. We have found that1, generatedin situ from
(S,S)(EBTHI)TiMe2,4 functions as a highly enantioselective
catalyst for the conversion of enynes to cyclopentenones.
The typical experimental conditions which we utilized for

this transformation are outlined in Scheme 1.5 Attempts to effect
cyclization at temperatures lower than 90°C resulted in
diminished conversion to product. The correct choice of CO

pressure was also important. At CO pressures both higher and
lower than 14 psig, conversion to cyclopentenone was less
efficient.
As shown in Table 1, a variety of 1,6-enynes were converted

to bicyclic cyclopentenones with high enantioselectivity.6,7 The
functional group compatibility manifested by this catalyst was
similar to that seen in the Cp2Ti(CO)2 cyclization.2d This
includes toleration of ethers (entry 1), amines (entry 7), and
esters (entries 2, 3, and 6). Of importance is that1 is able to
successfully cyclize substrates containing 1,1-disubstituted ole-
fins (entry 8). The inefficient processing of substituted olefins
is a weakness in many Pauson-Khand systems.1,2 Substrates
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Figure 1.

Table 1. Catalytic Asymmetric Pauson-Khand Type Cyclization

a The yields and ee’s are the average of two or more experiments
and represent isolated products of>95% purity by1H NMR and GC
analysis.bUnreacted starting material (25%) detected by GC analysis.

Scheme 1
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which were geminally substituted (entries 2, 3, 4, and 6) required
significantly less catalyst for cyclization (5-7.5 vs 20 mol%)
than the substrates lacking backbone substitution (entries 1 and
5); presumably this is due to the Thorpe-Ingold effect.8 This
is in contrast to the results obtained with the corresponding Cp2-
Ti(CO)2 system, where all these substrates were cyclized with
5 mol% catalyst.2d,9

While the exact course of this transformation is unclear,10

Scheme 2 shows one possible pathway. After initial formation
of 1, the two CO ligands are replaced, in a stepwise fashion,
by the enyne, to give intermediate2. Reductive cyclization of
2 yields metallacycle3. Subsequent CO insertion and reductive
elimination produce the cyclopentenone. Presumably the enan-
tioselectivity determining step in this mechanism is metallacycle
formation (2 f 3). Two reasonable intermediates leading to
the diastereomeric metallacycles are shown in Scheme 3.
Intermediate2B possesses an unfavorable steric interaction
between the enyne backbone and the EBTHI ligand. Intermedi-
ate2A, which leads to the major enantiomer, suffers from no
such interaction.
Utilizing this model, we can rationalize the reduced enantio-

selectivity obtained for the substrate shown in entry 8. For the
1,1-disubstituted olefin, replacing the olefinic hydrogen with a
methyl group should decrease the energy difference between
the two diastereomeric intermediates in Scheme 3, leading to
the observed decrease in enantioselectivity.
For the substrate shown in entry 7, the effect of the amide

substituent (the X group in Scheme 3) is critical. When the

carbamate is replaced by a phenyl group, the cyclization also
proceeds to completion using 10 mol% catalyst, but, surpris-
ingly, the product obtained is racemic. We currently have no
explanation for the effects of different nitrogen substituents on
the enantioselectivity of the reaction.
In summary, we have developed the first catalytic asymmetric

Pauson-Khand type cyclization. A variety of 1,6-enynes is
converted to the corresponding bicyclic cyclopentenones with
good to excellent enantioselectivity. We are currently inves-
tigating the substrate scope, mechanism, and the development
of an intermolecular version of this process.
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