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Designing efficient, short routes for the stereoselective con-
struction of polycyclic molecules is currently one of the main
challenges in synthetic organic chemistry. Among polycyclic
targets, much work has been devoted to outline efficient entries
into the [3.2.1] and [3.3.1] bicyclic frameworks.1 In general, this
task has been accomplished by reaction of appropriate C3-
synthons with cyclic ketones (R,R′-annulation)2 or, to a lesser
extent, with their enamine derivatives (â,â′-annulation).3 In the
former case, a number of two-step processes based onR-alkeny-
lation or R-alkynylation followed by induced ring closure have
been disclosed.2 On the other hand, apart from the elegant [3+3]-
cyclization of nitroallylic esters and enamines discovered by
Seebach,3a no highly enantioselective approaches have been
reported.2f,3b Despite that transition metal complexes have played
a paramount role in the area of carbocyclization reactions,4 there
is still an important gap for the [3+3]-carbocyclization reaction
mediated or assisted by transition metals.5

While studying the potential of group 6 Fischer carbene
complexes we have discovered not only a newâ,â′-annulation
([3+3] cyclization) but also a novelR,â,â′-annulation reaction
of cyclopentanone and cyclohexanone enamines (Figure 1).6 The
preliminary results of this study are reported now.

First 1-pyrrolidinylcyclopentene2 was reacted with chromium
or tungsten alkenylcarbene complexes1 in THF at 60°C for 1.5
h to furnish substituted semibullvalenes3a-c in around 90% yield
after column chromatography purification (Scheme 1). This
astonishing result entails the formation of three carbon-carbon

bonds and five stereogenic centers with total selectivity in a
process that has no precedents in the chemistry of metal carbene
complexes. A series of NMR experiments clearly confirmed the
connectivity and stereochemistry of compounds3 (HMQC,
HMBC, and NOESY experiments). Additionally, when the chiral,
nonracemic carbene complexes1e-g, derived from (-)-menthol,
and 2 were heated in THF at 60°C for 6 h the cycloadducts
3e-g were formed as a sole isomer.7 Interestingly, conducting
the reaction of complexes1a-d and enamine2 in hexane at room
temperature resulted in quantitative precipitation of the metal
complexes4a-d.7 In turn, complexes4a-c led to semibullvalene
derivatives3a-c by heating in THF at 60°C for 1.5 h. From a
synthetic point of view it was important to find that compounds
4 were transformed very efficiently into bicyclo[3.2.1]oct-2-en-
8-ones 5 by treatment with TFA/THF at 0°C followed by
warming in the presence of water.8

Actually, the formation of3 from 1 and2 can be rationalized
via 1,4-addition of the Câ-enamine to the electrophilic alkene
carbene complex9 followed by intramolecular cyclopropanation
of the CR-Câ′ double bond of the newly formed enamine.
Importantly, the isolation of the zwitterionic species4 does
represent an unprecedented feature for supporting the accepted
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polar pathway for the cyclopropanation reaction of electron-rich
alkenes, like enamines, by Fischer carbene complexes.10 More-
over, the endo orientation of the M(CO)5 fragment precludes the
cyclopropanation reaction to involve the participation of a
metallacyclobutane species, but rather backside attack of the
carbanion-type metal-bonded carbon to the iminium function is
thought to occur.11

The asymmetric synthesis of bicyclo[3.2.1]oct-2-en-8-ones was
best accomplished by using cyclopentanone enamines derived
from readily available (S)-2-methoxymethylpyrrolidine (Scheme
2). Thus, stirring a solution of tungsten carbene complexes1a-c
and enamine6 (THF, -20 °C, 6.5 h) followed by TFA quenching
and warming with water resulted in the diastereoselective forma-
tion of the enantiomerically enriched endo-cycloadducts5.
Column chromatography purification gave pure5 with 85-90%
yield and high enantiomeric excess (88-93% ee).12

Cyclohexanone enamines7a,bwere also tested toward tungsten
complexes1a,b (Scheme 3).13 We found that these enamines are
fairly less reactive than the former and that the selectivity of the
process is dependent on the reaction conditions and even on the
substituent R1 of the carbene complex. Thus, the reaction of1a
(R1 ) 2-furyl) and7a (THF, -20 °C, 72 h) led to the cycloadduct

8a (75% yield) as a 1:2 mixture of endo/exo isomers. Column
chromatography separation afforded pureendo-8a (73% ee) and
exo-8a (98% ee). On the contrary, the corresponding endo isomer
was efficiently formed (80%;endo-8a/exo-8a ) 15:1; 95% ee)
by reacting carbene1a with enamine7b in CH2Cl2 at -20 °C.14

In turn, the reaction of carbene1b and enamine7b in THF at
-30 °C afforded theendo-8b with moderate chemical yield
and excellent stereoselectivity (50%;endo-8b/exo-8b >50:1;
94% ee).12

In conclusion, we have demonstrated that alkenyl carbene
complexes of chromium and tungsten15 are very useful C3-
synthons for the [3+3] cycloaddition reaction toward cyclopen-
tanone and cyclohexanone enamines. This simple, one-step
protocol features a highly diastereo- and enantioselective synthesis
of functionalized bicyclo[3.2.1]octane and bicyclo[3.3.1]nonane
skeletons16 having three chiral and two prochiral centers. The
novelR,â,â′-annulation reaction of cyclopentanone enamines and
alkenyl carbene complexes described here represents the shortest
thermal access to tricyclo[3.3.0.02,8]octanes (semibullvalene de-
rivatives),17 systems known to be precursors of molecules of
interest, e.g. triquinanes.18 Moreover, diastereo- and enantiomeri-
cally pure semibullvalenes containing five chiral centers are
readily available from menthyl derived carbene complexes. The
isolation of intermediates supports the polar pathway for the
cyclopropanation of enamines by Fischer carbene complexes.19
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