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Designing new strategies for the selective synthesis of five-
membered carbocycles continues to attract the interest of organic
chemists.1 The Pauson-Khand reaction constitutes a powerful
tool for the rapid construction of substituted cyclopentenones.2

Probably, the most efficient access to the cyclopentane ring is
based on the [3+ 2] cycloaddition which requires devising
appropriate C-C-C synthons of typeI (C2-C1-C5 + C3-C4
coupling) (Figure 1). Thus, various synthons for dimethylene-
methaneIA3 and trimethylenemethaneIB4 have been elaborated
and successfully reacted with electron-deficient alkenes.1,5 Direct
entry into the cyclopentanone ring is not so straightforward and
has been accomplished either by ozonolysis of the cycloadducts
from IB or by cycloaddition of the oxyallyl speciesIC with
electron-rich alkenes.5,6 Studies on the asymmetric version have
centered mainly in speciesIB and high selectivity has been
reached in some occasions.4a Although Fischer carbene complexes

have been reported to form cyclopentadiene derivatives,7 the [3
+ 2] cycloaddition of complexes of type1 toward alkenes leading
to cyclopentene derivatives has remained unknown until recently.8

Herein we report that tertiary achiral and homochiral enamines
smoothly undergo [3+ 2] carbocyclization to pentacarbonyl-
(alkoxyalkenylcarbene)tungsten(0) complexes19 and that the
cycloaddition formally involves the carbene synthonsIIA or IIB
(Figure 1) depending primarily on the nature of the enamine.10

Therefore the present cyclopentaannulation involves the coupling
of C1-C2-C3 and C4-C5 fragments.

The reaction of pyrrolidine enamines2a,b, derived from
3-pentanone and cycloheptanone, with the tungsten alkenylcarbene
complex 1a in THF, went to completion after 6 h at 25 °C
affording cleanly the [3+ 2] cycloadducts4a,b (Scheme 1).
Column chromatography of the crude reaction product furnished
pure methoxycyclopentenes4a (95%; one diastereoisomer) and
4b (92%; C-3 epimers, 70% de). Interestingly, the formation of
two carbon-carbon single bonds and three stereogenic centers
occurred with regio- and stereochemical control. Hydrolysis of4
with diluted acid provided cyclopentenones6 (90% for6a; 92%
for 6b). To test the facial selectivity of the process the corre-
sponding optically active enamines3a,b, derived from (S)-2-
methoxymethylpyrrolidine,9 were reacted with carbene complex
1a in THF at 25°C, affording5a (88%) and5b (90%) with more
than 80% de. Hydrolysis of the resulting diastereomeric mixtures
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permitted the isolation of enantiomerically enriched cyclopen-
tenones7a (88%, 87% ee) and7b (93%, 83% ee).11

The reaction of complexes1 with enamines derived from
aldehydes took place in THF at 25°C (for 1c,d) or 60 °C (for
1a,b,e) (Scheme 2). Although a 2:1 regioisomeric mixture of
cycloadducts (not shown) formed from enamine8b (R3 ) n-Hex),
the reaction of carbene complexes1a-d and enamine8a (R3 )
i-Pr) gave rise to cycloadducts10a-d (72-95%) with excellent
regiocontrol (12:1 for10a; >20:1 for 10b-d). Fortunately, we
found that the bulkiness of the ultimately removable alkoxy group
OR2 of 1 does play a definitive role in the cyclization and dictates
the sense of the regiochemistry. Thus, the carbene complex1e
(R2 ) t-Bu) and the enamine8b yielded exclusively10e(94%).
Remarkably, the cycloadducts10 were produced as diastereo-
chemically pure materials.11 Compounds10a,b,ewere elaborated
into 3,4-disubstituted cyclopentanones14a,b,e by sequential
enolether hydrolysis (concentrated HCl, AcOH; 82-89%) to give
12a,b,e followed by reductive carbon-nitrogen bond cleavage
(SmI2, THF, MeOH; 78-90%).11,12 This protocol was applied
successfully to the asymmetric synthesis of cyclopentanones using
enantiopure enamines9 (Scheme 2).9 Thus, the expected substi-
tuted cyclopentenes11a-e were obtained as single regioisomers
with excellent chemical yield (74-91%) and complete relative
and absolute stereocontrol. Hydrolysis of11a,b,e furnished
cyclopentanones13a,b,e (80-84%) which gave rise to enantio-
merically enrichedtrans-3,4-disubstituted cylopentanones15a,b,e
(90-92%; 92-99% ee) upon reductive cleavage.11,12 Finally,
compound(+)-16was efficiently synthesized (30% overall yield,
>97% ee) from carbene complex1a and malonaldehyde mono-
acetal enamine.11,13

The absolute configuration of compound7a was determined
by circular dichroism (CD) analysis of thep-bromobenzoyl

derivative of its reduced alcohol17 (λmax ) 243 nm) (Figure 2).
On the basis of the CD allylic benzoate method,14 the observed
negative exciton Cotton effect at 242 nm (∆ε ) -10.7)
established the absolute configuration shown for these compounds.
On the other hand, the absolute configuration of11b was
established by an X-ray analysis performed on its methylammo-
nium iodide18 (Figure 2).

A possible reaction course is outlined in Figure 3. The
formation of cycloadducts4,5 and10,11 implies 1,2-addition (via
III ) and 1,4-addition (viaIV), respectively, followed by cyclization
and (CO)5W elimination.15 The structure of5 is in agreement
with a carbene complex-to-enamineanti-(s-cis)approach accord-
ing to the Seebach model for the addition of ketone enamines to
nitroalkenes.16 The absolute stereochemistry of11 would result
from an anti-(s-trans)approach, a finding that might provide
further insight when applying the Seebach model to aldehyde
enamines.

In conclusion, a new protocol for the selective synthesis of
cyclopentane derivatives is reported which is based on the rich
reactivity and flexibility of group 6 alkenyl carbene complexes.
The chemical yields (e.g., the cyclopentanones15 are formed in
>55% unoptimized overall yield from carbenes1), the regiose-
lectivity and the relative and absolute stereocontrol are intriguing.
In our opinion, these annulation reactions are complementary to
previous methodologies for cyclopentenone and cyclopentanone
synthesis.
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