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Abstract—[Ir(cod)Cl]2 combined with dppe was found to be a new and efficient catalyst for [2+2+2] cycloaddition. Dimethyl
dipropargylmalonate reacted with 1-hexyne in the presence of a catalytic amount of [Ir(cod)Cl]2 combined with dppe at room
temperature in 20 min to give an indane derivative in 84% yield. Various functionalized monoalkynes can be used for this [2+2+2]
cycloaddition. © 2001 Elsevier Science Ltd. All rights reserved.

The transition metal complex-catalyzed synthetic trans-
formation of alkynes has been studied extensively.
From the standpoint of atom economy, dimerization
and cyclotrimerization are particularly important.1 The
synthetic application of the cyclotrimerization of alky-
nes to give substituted benzene derivatives has not been
developed due to the low regioselectivity. Vollhardt
enhanced the synthetic value of the cyclotrimerization
of alkynes by using a,v-diyne as one component and a
monoalkyne as the other component.2 Several transi-

tion metal complexes, such as those of Co,2 Ni,3 Rh,4

Pd,5 and Ru,6 have been reported to be catalysts for
this reaction. However, new catalysts are still valuable
to expand the reaction scope and selectivity.

Less attention has been paid to iridium complexes as
catalysts for organic synthesis compared to palladium
and rhodium complexes. Recently, synthetically useful
reactions catalyzed by an iridium complex have been
reported.7 Collman et al. first prepared an iridiacy-
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Table 1. Effect of ligands on the reaction of 1a with 2aa

LigandEntry Conditions Yield of 3aa (%)b

50°C 24 h1 45PPh3

50°C 24 h2 45dppm
rt 20 mindppe 843

dppp4 50°C 24 h 68
None5 50°C 24 h 35

Reflux 24 h 12P(OPh)36

a A mixture of 1 (1 mmol), 2a (3 mmol), [Ir(cod)Cl]2 (0.02 mmol),
ligand (P/Ir=2) and benzene (5 ml) was stirred under Ar.

b Isolated yield based on 1. Scheme 2.

clopentadiene complex by the reaction of
IrCl(N2)(PPh3)2 with dimethyl acetylenecarboxylate and
found that an iridiacyclopentadiene complex was a
potential catalyst for the cyclotrimerization of alkynes.8

However, this chemistry has not yet been developed. In
the course of our study on iridium complex-catalyzed
carbon�carbon bond forming reactions,9 we first found
that [Ir(cod)Cl]2 combined with dppe was an efficient
catalyst for the [2+2+2] cycloaddition of a,v-diynes
with monoalkynes to give polysubstituted benzene
derivatives (Scheme 1).

Diyne 1a reacted with 3 equiv. of 1-hexyne (2a) to give
an indane derivative 3aa in the presence of a catalytic
amount of [Ir(cod)Cl]2 (Ir atom 4 mol%; cod=1,5-
cyclooctadiene). The catalytic activity depended on the
ligand used. The results are summarized in Table 1.
Dppe was found to be the most efficient ligand (entry
3). The reaction was completed in 20 min at room
temperature to give 3aa in 84% yield. Dppp, dppm and
PPh3 were all inferior to dppe. Reactions using dppp,
dppm or PPh3 as a ligand required heating to give 3aa,
and the yield of 3aa decreased (entries 1, 2 and 4).
[Ir(cod)Cl]2 without any ligand gave 3aa in 35% yield
(entry 5). We previously reported that P(OPh)3 was an
efficient ligand for [Ir(cod)Cl]2-catalyzed allylic substi-
tution.9 However, P(OPh)3 was a less efficient ligand

than dppe for [2+2+2] cycloaddition (entry 6). Iridium
complexes such as [Ir(cod)OMe]2 and [Ir(cod)2]BF4

combined with dppe were less efficient than [Ir(cod)Cl]2
combined with dppe.

Diyne 1a reacted with 3 equiv. of monoalkynes 2 to
give indane derivatives 3 in good to excellent yields
(Scheme 1). Various functionalized monoalkynes could
be used. The results were summarized in Table 2. The
optimal reaction conditions depended on the
monoalkyne component used. Diyne 1a reacted with
1-hexyne (2a), 1-decyne (2b), 5-phenyl-1-pentyne (2d)
and 5-chloro-1-pentyne (2h) at room temperature to
give 3aa, 3ab, 3ad and 3ah in excellent yields (entries 1,
2, 4 and 8). The reaction with phenylacetylene (2c)
required more demanding conditions. The reaction with
2c under refluxing dioxane for 2 h gave 3ac in 83%
yield (entry 3). Propargylic alcohol (2e), propargylic
ether (2f) and conjugated enyne (2i) could each be used
as a monoalkyne component. The reaction with 2e
under refluxing in dioxane for 8 h gave 3ae in 85% yield
(entry 5). Reactions with 2f and 2i gave the correspond-
ing products in decreased yields compared to 3aa–ae
(entries 6 and 9). Interestingly, the reaction with N,N-
dimethylpropargylic amine (2g) gave 3ag in 65% yield
(entry 7). The reaction of a,v-diyne with 2g has been

Table 2. [2+2+2] Cycloaddition of 1 with 2a

Entry Substrate Alkyne Conditions Product Yield (%)b

1a 3aa 842a1 Benzene, rt 20 min
1a 3ab 822b2 Benzene, rt 20 min

833acDioxane, reflux 2 h3 2c1a
814 1a 2d Benzene, rt 1 h 3ad

1a 2e5 Dioxane, reflux 8 h 3ae 85
6 663afBenzene, reflux 10 h2f1a

3agDioxane, reflux 2 h 652g1a7c

8 1a 2h Benzene, rt 30 min 3ah 86
Benzene, reflux 6 h 3ai 659 1a 2i

1b 2a10 Toluene, reflux 7 h 3ba 87
11 1b 2c Toluene, reflux 4 h 3bc 77

3bfToluene, reflux 5 h2f1b12 79
2j13 873bjBenzene, rt 2 h1b

14 2k1b Benzene, rt 30 min 3bk 94
15 1b 2l Benzene, rt 15 min 3bl 86

a A mixture of 1 (1 mmol), 2 (3 mmol), [Ir(cod)Cl]2 (0.02 mmol), dppe (0.04 mmol) and solvent (5 ml) was stirred under Ar.
b Isolated yield based on 1.
c [Ir(cod)Cl]2 (0.03 mmol), dppe (0.06 mmol).
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Scheme 3.

reported to require a stoichiometric amount of a Ni(0)
complex.10 Diyne 1b also reacted smoothly with 2.
Reactions with 1-hexyne (2a) and phenylacetylene (2c)
gave 3ba and 3bc in respective yields of 87 and 77%
(entries 10 and 11). The reaction with propargylic ether
(2f) gave 3bf in 79% yield (entry 12). Diyne 1b reacted
with internal alkynes 2j and 2k at room temperature to
give 3bj and 3bk in respective yields of 87 and 94%
(entries 13 and 14). Conjugated diyne could also be
used for this reaction. The reaction with 5,7-
dodecadiyne (2l) gave 3bl in 86% yield (entry 15).

Other diynes could be used for this [2+2+2] cycloaddi-
tion (Scheme 2). 1,7-Diyne (4a) reacted with 1-hexyne
(2a) to give 5a in 53% yield. Dipropargyl ether (4b) also
reacted with 1-hexyne (2a) to give 5b in 63% yield.

The reaction mechanism may involve the formation of
an iridiacyclopentadiene complex as an intermediate
(Scheme 3).8,11 The reaction of [Ir(cod)Cl]2 with dppe
gives a mononuclear species Ir(cod)Cl(dppe). Oxidative
cyclization of diynes with Ir(cod)Cl(dppe) would give
an iridiacyclopentadiene 6. The reaction of 6 with an
monoalkyne by insertion or a Diels–Alder type
process12 followed by reductive elimination gives a final
product. Bidentate coordination of dppe produces a
vacant coordination site above the plane of an iridiacy-
clopentadiene 6.13 Coordination of a monoalkyne to
this position14 would facilitate a Diels–Alder type pro-
cess via transition state 8. Among bidentate ligands,
dppe might give the most stable chelation. This may
explain the efficiency of dppe.

[Ir(cod)Cl]2 and dppe are commercially available, air-
stable solids. Our simple procedure is useful for the
selective synthesis of polysubstituted benzene deriva-
tives. Further mechanistic study and the synthetic
application of this [2+2+2] addition are underway.
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