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Owing to their high and unique reactivity, oxa- and azabicyclic
alkenes have been recognized as useful starting compounds for
enantioselective synthesis of chiral building blocks in recent years.1

Lautens and co-workers have developed transition-metal-catalyzed
asymmetric transformations of these bicyclic alkenes, where
enantioposition-selective addition of nucleophiles brings about
desymmetrization of their meso structure, and subsequent ring-
opening reactions provide a route to optically active compounds
bearing multiple stereocenters.2 Another important synthetic use
of the oxa- and azabicyclic alkenes is the nickel-catalyzed co-
dimerization with alkynes giving benzocoumarins or dihydroarenes
reported by Cheng and co-workers.3,4 This type of co-dimerization
is of great interest because of the high atom efficiency.5 Here we
describe that a cationic binap-rhodium complex efficiently cata-
lyzes asymmetric cyclodimerization of oxa- and azabicyclic alkenes,
providing a new method for the construction of chiral furan and
pyrrolidine derivatives with excellent enantioselectivity.

A cationic rhodium complex coordinated with binap was found
to be highly effective in catalyzing the asymmetric cyclodimeriza-
tion of oxabenzonorbornadienes1, producing high yields of
polycyclic tetrahydrofuran derivatives with high enantioselectivity
(Table 1). Thus, a solution of1a, [RhCl((R)-binap)]26 (1 mol % of
Rh), and NaBArF4 (ArF ) 3,5-bis(trifluoromethyl)phenyl)7 in 1,2-
dichloroethane (DCE) was heated at 40°C for 1 h. Evaporation of
the solvent followed by silica gel chromatography gave a quantita-
tive yield of (+)-tetrahydrofuran2a ([R]D

20 +220 (c 1.03, CHCl3)),
whose enantiomeric purity was 99% (entry 1). The presence of
NaBArF4 is essential for this reaction, indicating that a cationic
rhodium complex works as an active catalytic species. A cationic
rhodium complex generated from [Rh(cod)2]BF4 and (R)-binap can
also be used, but the reaction was slower than that with the
combination of [RhCl((R)-binap)]2 and NaBArF4, probably due to
the strong coordination ability of 1,5-cyclooctadiene which prevents
the olefinic substrate from coordinating to the rhodium. Oxaben-
zonorbornadienes1b-1ebearing substituents on the benzene ring
also gave the corresponding cyclodimerization products2b-2e in
high yields with high enantioselectivity (96-99% ee) (entries 2-5).
The relative and absolute configurations of2d were determined as
depicted in Table 1 by X-ray crystallographic analysis.8

On the basis of high catalytic activity of the cationic rhodium com-
plex and stereochemistry of the product, the catalytic cycle of the
present cyclodimerization is speculated as shown in Scheme 1. A
coordinativelyunsaturatedcationicbinap/rhodium(I)speciesA,gener-
ated from [RhCl((R)-binap)]2 and NaBArF4, undergoes the oxidative
cyclization with two molecules of oxabenzonorbornadiene1a to
form rhodacyclopentane intermediateB.9 â-Oxygen elimination
giving a six-membered alkoxorhodium(III) complexC10 followed
by reductive elimination of sp3 C-O bond11 from C produces
tetrahydrofuran2a with regeneration of the cationic rhodium(I)A.

It is most likely that the stereochemistry of the product2a is decid-
ed at the formation of rhodacyclopentane intermediateB (Scheme

2). Two molecules of the olefinic substrate1a approach the rhodi-
um, avoiding the steric repulsions between the phenyl rings on the
diphenylphosphino groups of binap12 and oxabenzonorbornadiene
moiety. Thus, the rhodacyclopentane in theB-1 structure, which leads
to (+)-enantiomer of2a, is formed preferentially over its diaster-
eomeric isomerB-2 or a meso-type rhodacyclopentane intermedi-
ate.13

The same type of ring-opening cyclodimerization was observed
in the rhodium-catalyzed reaction of3, which is an aza analogue
of 2a (eq 1). Although the reactivity of3 is lower, the reaction in
toluene at 100°C for 14 h gave 90% yield of pyrrolidine derivative
4 with 99% ee. The reaction of oxanorbornadiene5, which lacks
the benzo moiety, proceeded in a different way to give 56% yield

Table 1. Rhodium-Catalyzed Asymmetric Cyclodimerization of
Oxabenzonorbornadienea

entry substrate product isolated yield (%) ee (%) of 2b

1 1a 2a 99 99
2 1b 2b 99 98
3 1c 2c 99 99
4 1d 2d 99 99
5 1e 2e 92 96

a Reaction conditions: alkene1 (0.40 mmol), [RhCl((R)-binap)]2 (0.002
mmol, 1 mol % of Rh), NaBArF4 (0.008 mmol, 2 mol %), 1,2-dichloroethane
(0.4 mL) at 40°C for 1 h. b Determined by HPLC analysis with chiral
stationary phase columns: Chiralcel OD-H (2a, 2c-2e) and Chiralpak
AS (2b).

Scheme 1. Proposed Catalytic Cycle

Scheme 2 a

a The binaphthalene moiety in (R)-binap is omitted for clarity.
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of cyclobutane6 and 33% yield of phenol7, both of which have
the same and high enantiomeric purity (99% ee) (eq 2).14 Both 6
and7 are formed probably by way of an alkoxorhodium intermedi-
ate analogous toC, the subsequent transformations of which are
different from those in the case of1.15

The asymmetric cross-cyclodimerization of oxabenzonorborna-
dienes1 with an alkyne was also successful using the cationic
rhodium/binap catalyst (Table 2). Thus, treatment of1a with
dimethyl 2-butynedioate (DMAD) (3 equiv) in the presence of
[RhCl((R)-binap)]2 (2 mol % of Rh) and NaBArF4 at 80°C for 3 h
gave dihydronaphthofuran8a in 95% yield (entry 1). It is
remarkable that the enantioselectivity is extremely high (99% ee)
here again. The present cross-cyclodimerization of oxabenzonor-
bornadiene1a with DMAD is one of the rare examples of [3+ 2]
cycloaddition,16 which may proceed via rhodacyclopentene in a
catalytic cycle similar to the homodimerization shown in Scheme
1. Other oxabenzonorbornadienes1b-1ealso gave the correspond-
ing dihydronaphthofurans8b-8e in high yields with high enanti-
oselectivity (entries 2-5).17,18

The homo- and cross-cyclodimerization products obtained here
with high enantioselectivity are readily converted into some highly
functionalized compounds without loss of enantiomeric purity. Two
examples are shown in eqs 3 and 4. Treatment of the homodimer-
ization product2a with hydrochloric acid leads to carbon-oxygen
bond cleavage of the tetrahydrofuran ring, giving a quantitative
yield of alcohol9 (99% ee). Exposure of dihydronaphthofuran8a
to hydrogen in the presence of iridium catalyst [Ir(cod)(PCy3)(py)]-
PF6

19 brought about selective hydrogenation of the double bond in
the dihydronaphthalene moiety. On treatment of the resulting10
with sodium ethoxide in ethanol in the presence of urea, the
dihydrofuran ring was isomerized into lactone to give hydantoin
11 (99% ee), which has potential biological activity.20

In summary, we have realized a new type of catalytic asymmetric
[3 + 2] cycloaddition reactions. High enantioselectivity (up to 99%

ee) was observed in both homo- and cross-cyclodimerization of
oxabicyclic alkenes by use of a cationic rhodium/(R)-binap catalyst.
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Table 2. Rhodium-Catalyzed Asymmetric Cross-Cyclodimerization
of Oxabenzonorbornadiene and DMADa

entry substrate product
isolated
yield (%)

ee (%)
of 8b

1 1a 8a 95 99
2 1b 8b 87 98
3 1c 8c 97 99
4 1d 8d 89 99
5 1e 8e 94 87

a Reaction conditions: alkene1 (0.20 mmol), dimethyl 2-butynedioate
(DMAD) (0.60 mmol), [RhCl((R)-binap)]2 (2 mol % of Rh), NaBArF4 (4
mol %), 1,2-dichloroethane (0.4 mL) at 80°C for 3 h. b Determined by
HPLC analysis with a chiral stationary phase column: Chiralcel OD-H.
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