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ABSTRACT

The reaction of propargylic acetates with 2-oxocyclohex-3-enecarboxylates in the presence of a palladium catalyst is described. Substituted
7-methylenebicyclo[3.2.1]oct-3-en-2-ones were synthesized in a highly diastereoselective manner.

Palladium-catalyzed reactions of propargylic com-
pounds with nucleophiles have received considerable at-
tention and have been extensively studied due to their
versatile and specific reactivity.1 The reaction of pro-
pargylic compounds with bis-nucleophiles is one example
of the more successful chemical processes developed to
date.2 In this reaction, a substrate having two nucleophilic
moieties within the molecule reacted sequentially with the
π-propargylpalladium complex, resulting from pro-
pargylic compounds and palladium catalysts, to afford
the cyclized product. For example, we have recently re-
ported the reaction of propargylic carbonates with β-keto

esters,2i in which substituted tetrahydrobenzofuranones
having a quaternary carbon stereocenter were synthe
sized in a highly diastereoselective manner (Scheme 1).

Although various heterocyclic molecules can be synthe-
sized by this type of cyclization, no examples have been
reported on the construction of carbocyclic molecules,
presumably because of the difficulty in designing the bis-
nucleophiles.3 In planning our investigation of this reac-
tion, we focused on the nucleophilic activity of 2-oxocy-
clohex-3-enecarboxylates. By introducing a conjugated
enone system within the substrate, it was thought that
both the R-carbon of the keto ester moiety and the

Scheme 1. Palladium-Catalyzed Reaction of Propargylic
Carbonates with β-Keto Esters
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γ-carbon of the enonemoiety could act as the nucleophiles,
which might enable the formation of a carbocyclic ring.
Herein, we describe the palladium-catalyzed reaction of
propargylic acetates 1 with 2-oxocyclohex-3-enecarboxy-
lates 2, in which functionalized bicyclo[3.2.1]octenones 3
have been constructed in a highly stereoselective manner
(Scheme 2).

The initial reactions were attempted using 1-phenyl-2-
propynyl acetate (1a) and methyl 4-methoxy-2-oxocyclo-
hex-3-enecarboxylate (2a) (Table 1).When 1a and 2awere
reacted with 5 mol % of Pd2(dba)3 3CHCl3, 20 mol %
DPPEandK3PO4 inDMSOat120 �C, the cyclization gave
the bicyclo[3.2.1]octenone 3aa in 36% yield as a single
stereoisomer (Table 1, entry 1). After experimenting with
various ligands and reaction temperatures (entries 2�7),
we found that the yield of 3aa could be improved to 81%
when DPPF was used as the ligand (entry 5).

Having identified a useful set of reaction conditions,
we next conducted the reactions of various substituted
propargylic acetates, 1b�1j, with 2a (Table 2). The
propargylic acetates 1b and 1c having a p-methoxyphe-
nyl and a p-fluorophenyl group successfully reacted
with 2a in the presence of the palladium catalyst to

produce the bicyclo[3.2.1]octenones 3ba and 3ca in 69
and 80% yield, respectively (entries 1 and 2). When the
reactions of the substrates 1d and 1e containing a
2-naphthyl and a 3-furanyl group were carried out,
the corresponding products 3da and 3ea were obtained
in good yields (entries 3 and 4). The reactions of the
substrates 1f, 1g and 1h, which have a cyclohexyl, a
pentyl and an isopropyl group, respectively, also af-
forded the bicyclo[3.2.1]octenones 3fa, 3ga and 3ha in

Scheme 2. Palladium-Catalyzed Reaction of Propargylic
Acetates 1 with 2-Oxocyclohex-3-Enecarboxylates 2

Table 1. Effect of Ligand andTemperature in theReaction of 1a
with 2a

entry ligand temp (�C) time (min) yield of 3aa (%)

1 DPPE 120 5 36

2 DPPP 120 5 59

3 DPPB 120 5 53

4 DPPPent 120 5 67

5 DPPF 120 5 81

6 DPPF 80 7 68

7 DPPF 50 15 19

Table 2. Reactions using Propargylic Acetate 1b�j with 2aa

aReactions were carried out in the presence of 1 and 2a, 5 mol %
Pd2(dba)3- CHC13, 20 mol % DPPF and 2 equiv K3PO4 in DMSO at
120 �C for 5 min. bNap=2-naphthyl. cCy= cyclohexyl. dBINAP was
used as the ligand.
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moderate yields (entries 5�7). The corresponding product
3ia was produced from the reaction of the nonsubsti-
tuted propargylic acetate 1i in 40% yield (entry 8).4

When the substrate 1j containing a phenyl group on the
alkynyl moiety was subjected to the reaction, the bicyclo-
[3.2.1]octenone 3aa, which was the same product from the
reaction of 1a, was obtained in 80% yield (entry 9).

Table 3 showsour attemptsusing various 2-oxocyclohex-
3-enecarboxylates, 2b�2e, with 1a. The reactions of the
substrates 2b and 2c containing an ethyl and a benzyl ester
moiety successfully proceeded to give the bicyclo-
[3.2.1]octenones 3ab and 3ac in 76 and 82% yield, respec-
tively (entries 1 and 2). When the reaction of 2d having a
methyl group on the R-position of the enone system was
carried out, the corresponding product 3adwas obtained in
64% yield (entry 3). The substrate 2e, which has a phenyl
group at the β-position, was also converted to the bicyclo-
[3.2.1]octenone 3ae in 75% yield (entry 4). The structure of
3ab, including the stereochemistry, was confirmed byX-ray
crystallographic analysis (Figure 1). Since in all cases the
resulting products 3aa�3ia and 3ab�3ae had been ob-
tained as a single stereoisomer, it was determined that the
reaction had proceeded in a highly stereoselective manner.
A plausible mechanism for the production of the

bicyclo[3.2.1]octenones 3 is shown in Scheme 3. By

reacting with the palladium catalyst, the propargylic acet-
ate 1 is transformed to the π-propargylpalladium
complex 4,5 which reacts with the 2-oxocyclohex-3-en-
ecarboxylate 2 and base to lead to the π-allylpalladium
intermediate 5. The intermediate 5 is further subjected to
intramolecular attack of the γ-carbon of the enone
moiety via the favorable transition state 6 to produce
the bicyclo[3.2.1]octenone 3 with high regio- and dia-
stereoselectivity. The results from the reactions of the
propargylic acetates 1a and 1j to produce the same
product 3aa (Table 1 and entry 9 in Table 2) support
our hypothesis that the reaction proceeds via the forma-
tion of a common π-allylpalladium intermediate 5.

In conclusion, the effort described above has led to the
development of a palladium-catalyzed reaction of pro-
pargylic acetates with 2-oxocyclohex-3-enecarboxylates.

Table 3. Reactions using 2-Oxocyclohex-3-enecarboxylates
2b�2e with 1aa

aReactions were carried out in the presence of la and 2, 5 mol %
Pd2(dba)3-CHC13, 20 mol % DPPF and 2 equiv K3PO4 in DMSO at
120 �C for 5 min. bReaction was carried out in the presence of 20 mol%
BINAP at 80 �C.

Figure 1. ORTEP representation of 3ab.

Scheme 3. Proposed Reaction Mechanisms

(4) As the reason for the low yield of 3ia, it is expected that the part of
propargyl acetate (1i) is vaporized in the reaction because of the volatility.
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The process produces substituted bicyclo[3.2.1]octenones
in a highly stereoselective manner. Since various natural

products having a bicyclo[3.2.1]octane structure have been
reported,6,7 our methodology would provide a new proto-
col for the synthesis of these compounds with high
efficiency.
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