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Abstract

A new Rh-catalyst system has been developed for the [4+2] and [5+2] cycloaddition reactions. This new
system shows high reactivity at room temperature and the Rh-center bears tunable phosphine ligands. Up
to 1000 turnovers have been obtained for the [4+2] cycloaddition reaction at room temperature. © 2000
Elsevier Science Ltd. All rights reserved.

Intramolecular cycloaddition of unactivated dieneynes or vincylcyclopropanes and alkynes by
transition metals provides convenient access to 6,5 or 7,5-fused ring systems (Eqs. (1) and (2)).
The resulting bicyclic structures are commonly encountered in a variety of designed and natural
molecules and some of these products are difficult to construct without the aid of a transition
metal complex.1,2 An advantage of transition metal-catalyzed reactions is the potential to make
new ring systems with multiple stereogenic centers in a single synthetic operation under mild
reaction conditions. Recent advances in developing these types of reactions are quite impressive.
Wender, Livinghouse, Trost and others have used different transition metals such as Ni,3 Rh,4,5

Ru6 and Pd7 to catalyze these reactions. Despite such significant progress, there is still a need to
discover more efficient catalyst systems. For examples, the Rh-catalyzed cycloaddition some-
times requires high temperatures (e.g. 55°C for [4+2],4a 55–110°C for [5+2]5 cycloaddition with
the Wilkinson compound as the catalyst), and some side products are formed depending on
reaction conditions.4d
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An important advance in this area is the observation by Gilbertson4d,f that the catalyst system
[Rh(DIPHOS)(CH2Cl2)n]SbF6, generated by hydrogenation of a [Rh(NBD)(DIPHOS)]SbF6

precursor in CH2Cl2, promotes [4+2] cycloaddition under mild conditions. Recently, we devel-
oped a more active Rh-catalyst, [Rh(bisphosphine)(substrate)]+, to promote the Alder–ene
reaction.8 In this reaction, we found that the Rh-complex prepared by the Gilbertson’s protocol
gave no desired ene product.8 We envisioned that the protocol developed by us for the
Rh-catalyzed Alder–ene reaction may be efficient for promoting [4+2] and [5+2] cycloaddition
reactions under mild conditions. This extension is based on the recognition that the [4+2],4a

[5+2]5a cycloaddition and the Alder–ene reaction8 share in common with the cyclometallapen-
tane intermediate III. Bosnich9 has demonstrated the similar strategy for enhancing the reaction
rate in the Rh-catalyzed hydroacylation reactions (Fig. 1).

Figure 1. Mechanism of Rh-catalyzed [4+2] and [5+2] cycloaddition reaction

In an initial experiment, reaction of the dieneyne 3d with 2.5% of [Rh(dppb)Cl]2 was done in
the presence of AgSbF6 in 1,2-dichloroethane (DCE) at room temperature. After 10 minutes,
cycloadduct 4d was obtained in 99% yield as a single diastereomer.10 Based on this finding, a
number of phosphines were tested for the [4+2] cycloaddition reaction. Some experimental
results are shown in Table 1. Interestingly, Rh complexes with a variety of electronically and
sterically different phosphine ligands all had high reactivity and gave excellent yields (entries 1,
2, 5, 6). It is also noteworthy to point out that the cycloaddition occurs with a catalyst loading
as low as 0.1 mol% at room temperature (entry 7). Such high turnovers (up to 1000) are useful
for this type transformation. However, the reactivity decreased significantly with dppe and dppp

Table 1
Effect of phosphine ligands on the Rh-catalyzed intramolecular [4+2] cycloaddition reactionsa

Time Yield (%)Entry [Rh]c Time Yield (%) Entry [Rh]c

10 min1 99[Rh(dppm)]+ 10 min 98 5 [Rh(dppb)]+

9910 min[Rh(dppbo)]+62 9715 min[Rh(dmpe)]+

7b [Rh(dppb)]+ 4 h 934 h3 86[Rh(dppe)]+

10 h4 [Rh(dppb)(NBD)]+8817 h 0[Rh(dppp)]+

a The reaction was run in DCE with substrate (0.25 mmol, 0.1 M)/[Rh(bisphosphine)Cl]2/AgSbF6=1:0.0125:0.025
at room temperature. [Rh(I)(bisphosphine)]+ was generated by adding AgSbF6 to [Rh(bisphosphine)Cl]2 in the
presence of dieneyne substrate.

b The reaction was run using 0.1 mol% catalyst in 0.2 M DCE solution.
c dppm: bis-diphenylphosphinomethane; dmpe: 1, 2-bis-dimethylphosphinoethane; dppe: 1, 2-bis-diphenylphosphino-

ethane; dppb: 1, 4-bis-diphenylphosphinobutane; dppbo: 1,4-bis-diphenylphosphinyoxybutane.
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and reaction required a longer time to reach good conversion. In the presence of 2,5-norborna-
diene (NBD), the Rh(I) complex is not active for the reaction due to the competition between
the NBD and substrate (entry 8).

By preparing a variety of substrates, the reaction scope was explored to establish the
generality of the process and its applicability for synthetic problems. A variety of dieneyne
substrates were converted to the corresponding cycloadducts in excellent yields at room
temperature using the Rh–dppb catalyst. Our results show that this catalyst system can accept
the oxygen, nitrogen or carbon tether in the substrate. Change of terminal substituents in the
alkyne (entries 1–4, 6–10, 12–15) has little effect on the efficiency of the cycloaddition.
Importantly, the catalyst loading can be decreased to 1 mol% and reaction still gave high yields
in the short period of time due to the high reactivity of the catalyst (entry 5, 11, 16). To explore
the utility of our catalyst system, we have investigated the Wender [5+2] cycloaddition reaction.5

An important observation is that the new protocol permits Rh-catalyzed [5+2] cycloaddition to
occur smoothly at room temperature. With the exception of the volatile product 8a, cycloaddi-
tions proceeded in excellent isolated yield and products are clean. The catalyst is active and low
catalyst loading (1 mol%) can be used (entry 23, Table 2).

Table 2
Rh-Catalyzed intramolecular [4+2] and [5+2] cycloaddition reactionsa
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In summary, we have developed a new Rh-catalyst system for the intramoleculer [4+2] and
[5+2] cycloaddition reactions by generating coordinatively unsaturated Rh catalysts with sub-
strates. The following attractive features of this system are: (1) easy variation of the bisphos-
phine ligand in [Rh(bisphosphine)Cl]2 which allows fine-tuning of the Rh-catalyst to meet steric
and electronic requirements of substrate; (2) high reactivity for both the [4+2] and [5+2]
cycloadditions at room temperature (a turnover of up to 1000 has been achieved in one case);
(3) excellent isolated yields were obtained with no detectable amount of side-products. Work
toward developing an asymmetric variant of the [4+2] and [5+2] reactions is underway.
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