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ABSTRACT

A cationic Rh(Ι) complex, [(η6-C10H8)Rh(cod)]BF4, has been found to be a quite useful catalytic system for both the intermolecular [4 + 2]
cycloaddition reaction of 1,3-dienes with nonactivated acetylenes and the intramolecular [4 + 2] cycloaddition of dienyne under very mild
reaction conditions (CH2Cl2, 15 °C, 15 min).

The remarkable versatility of the Diels-Alder reaction for
the stereoregulated construction of six-membered rings has
made this reaction one of the most widely studied synthetic
methods in organic chemistry.1 However, cycloaddition
reactions between electronically similar dienes and dieno-
philes usually require extreme reaction conditions.2 This has
severely limited their use in organic synthesis until the
relatively recent discovery of metal-catalyzed cycloaddition.
A number of excellent catalysts have been discovered, and
transition metal-catalyzed [4+ 2] cycloadditions are emerg-
ing as synthetically useful processes.3 However, in many
cases, a transition-metal catalytic system is effective for either
intermolecular or intramolecular cycloaddition reaction usu-

ally in the presence of additives. In our continuing efforts
in developing efficient catalytic reactions using naphthalene
transition-metal complexes,4 we have devised a new, highly
effective catalyst for the [4+ 2] cycloaddition reaction.
Herein we report on the development of a new catalyst
system that proceeds under very mild reaction conditions to
give the [4+ 2] cycloaddition products in excellent yields.

Our new process has been successfully achieved by
introducing (naphthalene)Rh(cod)]BF4 (1)5 as a catalyst
precursor. Complex1 is stable and can be stored for a long
time under nitrogen. Complex1 is a practically quite useful
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catalytic system for both the intermolecular [4+ 2] cyclo-
addition reaction of 1,3-dienes with nonactivated acetylenes
and intramolecular [4+ 2] cycloaddition reaction of dienyne.

Treatment of phenylacetylene and 2,3-dimethyl-1,3-buta-
diene with [(η6-C10H8)Rh(cod)]BF4 (1) (1 mol %) in CH2Cl2
at 15°C for 15 min afforded (4,5-dimethyl-1,4-cyclohexa-
dien-1-yl)benzene in 83% yield without any noticeable
amounts of byproducts (Scheme 1).

No isomerization was observed. The generality of the
catalyst was tested with several substrates (Table 1).

Table 1 gives details on the amounts of reagents and
conditions of each catalytic run. An important feature of this
system is its experimental simplicity. Terminal acetylenes

bearing benzyl (entry 2),n-alkyl chains (entry 3), diynes
(entry 4), trimethylsilyl (entry 5), protected propargyl alcohol
(entry 6), and ferrocenylmethylene (entry 7) gave excellent
yields of cycloaddition products. With 1,7-octadiyne (entry
4), a double [4 + 2] cycloaddition reaction occurred.
Reactions involving internal alkynes did not proceed well
at 15°C, but the reaction went smoothly at 40°C (entry 8).
It has been reported3i that in the presence of [Rh(cod)(dppb)]-
PF6 1-phenyl-1-propyne gave no cycloaddition products. In
contrast with [Rh(cod)(dppb)]PF6, treatment of1 at 40 °C
for 18 h gave the corresponding cycloaddition product in
71% yield (turnover number: 35.5). When isoprene was used
as a diene, a 3:1 mixture of [4+ 2] cycloaddition products
A andB was obtained in 98% yield (entries 9 and 10). Thus
1 is a quite effective catalyst for the intermolecular [4+ 2]
cycloaddition reaction of 1,3-butadienes with nonactivated
alkynes.

Treatment of internal dienes and phenylacetylene with1
in CH2Cl2 at 15°C led to the cyclotrimerization of phenyl-
acetylene. However, when 3-phenyl-1-propyne was used as
an alkyne substrate, a mixture of 2.3-3.5:1 of [4 + 2]
cycloaddition productsA andB was obtained in 28-50%
yields (entries 11-13).

The scope of the catalytic reaction was examined for the
intramolecular [4+ 2] cycloaddition reaction (Table 2).

The reaction of 4,4-bis(carbomethoxy)-6,8-decadien-1-yne
gave a bicyclic diene derivative in 94% yield. The present
reaction can be extended to the use of an oxygen-containing
analogue. Subjecting 4-oxo-6,8-decadien-1-yne to the same
reaction condition provided the oxabicyclic diene in 98%
yield. In the same way, the nitrogen-containing substrate
produced azabicyclic diene in 98% yield. Thus, the intramo-
lecular cycloaddition reaction was also extremely effective
as an intermolecular cycloaddition reaction and was found
to proceed with excellent levels of diastereoselection.

The follwing observations may provide some insights into
the catalytic reaction mechanism. Complex [(η6-C6Me6)Rh-
(cod)]BF4 has no catalytic activity in the [4+ 2] cyclo-
addition of 2,3-dimethyl-1,3-butadiene with phenylacetylene.
In the reaction of1 and 2,3-dimethyl-1,3-butadiene, [(2,3-
dimethyl-1,3-butadiene)Rh(cod)]BF4 was observed as a

Scheme 1

Table 1. [(Naphthalene)Rh(cod)]BF4-Catalyzed Intermolecular
[4 + 2] Cycloadditiona

a CH2Cl2, 15 °C, 1 mol % of catalyst, 15 min.b Isolated yield.c 1 h. d 2
mol % of catalyst used.e 40 °C, 18 h.f 15 °C, 8 h.

Table 2. [(Naphthalene)Rh(cod)]BF4-Catalyzed Intramolecular
[4 + 2] Cycloadditiona

a CH2Cl2, 15 °C, 1 mol % of catalyst, 15 min.b Isolated yield.
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product.6 Thus, naphthalene acts as a better leaving group
than C6Me6 does. The easy displacement of naphthalene by
diene may be due to the facile ring-slippage.7 Hence, we
envision that [(diene)Rh(cod)]BF4 was generated in the first
step of the catalytic cycle. The cationic charge on1 can
provide a notable rate enhancement as in other Rh(I)- or
Pd(II)-catalyzed [4+ 2] cycloaddition.8 Thus, the presence
of a formal positive charge on the rhodium and the ease of
displacement of the naphthalene ligand may help1 to be an
excellent catalyst system in the [4+ 2] cycloaddition.

In conclusion, we have found a practically useful catalyst

system that is active especially for the inter- and intra-
molecular [4+ 2] cycloaddition between 1,3-butadiene and
nonactivated alkyne. Tables 1 and 2 demonstrate that the
method shows considerable promise as a synthetic tool. We
are currently investigating asymmetric catalysts based on this
system.
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