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Abstract: Two different synthetic reactions catalyzed by an iridium
complex are discussed. The first is allylic alkylation and allylic am-
ination. This reaction proceeds via a �-allyl iridium intermediate.
The selectivity strongly depends on the structure of the allylic es-
ters. Highly branched product-selective allylic substitution and
highly Z-selective allylic substitution were achieved. The selectivi-
ties of allylic substitution described here have not been achieved in
previous studies with other transition metal complexes. The second
reaction is [2+2+2] cycloaddition of �,�-diynes with monoynes.
This reaction proceeds via iridacyclopentadiene and tolerates vari-
ous functional groups. Functionalized monoynes can be used. These
results show that an iridium complex can be a useful catalyst for car-
bon-carbon and carbon-heteroatom bond formation.
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1 Introduction

Transition metal complexes are indispensable tools in
modern organic synthesis. They can realize selective
transformations that would be either difficult or impossi-
ble by conventional organic chemistry.1 The first row and
second row transition metal complexes of group 8–10
have been used as catalysts for organic synthesis. On the
other hand, the third row transition metal complexes of
group 8–10 have been less used as catalysts than the first
row and second row transition metal complexes of the
same group. One reason may be the stability of the car-
bon-metal bond. In general, the carbon-metal bond in a
third row transition metal complex is more stable than that
in a first or second row transition metal complex. Thus,
third row transition metal complexes are likely too stable
to to be used as catalysts for organic synthesis, though
they have been studied as models for intermediates in cat-
alytic reactions. For example, oxidative addition has been
studied using IrCl(CO)(PPh3)2.

2

In 1977, Crabtree reported that [Ir(cod)PyPCy3]PF6 was
an efficient hydrogenation catalyst.3 This catalyst is un-
usual in that it can reduce hindered alkenes. Furthermore,
it shows a strong directing effect. Stork et al. reported that
this catalyst can control the stereoselectivity of hydroge-
nation via hydroxy group coordination.4 Pfaltz et al. re-
ported highly enantioselective hydrogenation of
unfunctionalized tri- and tetrasubstituted alkenes.5 These
impressive successes showed that an iridium complex can
be a useful hydrogenation catalyst for organic synthesis.
However, progress in iridium complex-catalyzed carbon-
carbon or carbon-heteroatom bond formation lags far be-
hind hydrogenation. Few examples of iridium complex-
catalyzed or mediated carbon-carbon bond formation had
been reported when we started our investigation in the
summer of 1995.6,7

We had studied rhodium complex-catalyzed reactions for
several years.8 At that time, we became interested in the
chemistry of iridium complexes. We believed that an irid-
ium complex could be useful for carbon-carbon or carbon-
heteroatom bond formation, and began studying iridium
complex-catalyzed organic synthesis. This Account is a
personal and non-comprehensive review of iridium com-
plex-catalyzed organic synthesis as studied in my labora-
tory over the past six years.

2 Allylic Alkylation

2.1 Branched Product-Selective Allylic
Alkylation

Allylic alkylation via a �-allyl metal intermediate is one of
the most important carbon-carbon bond forming reactions
catalyzed by a transition metal complex. This reaction is
widely used to construct complex organic molecules.
Generally, the substrate of allylic alkylation is an allylic
ester. Allylic esters oxidatively add to a transition metal
complex to give �-allyl metal intermediates. Nucleophilic
attack to a �-allyl ligand gives a final product. When a �-
allyl intermediate is a terminally monosubstituted, nu-
cleophilic attack of the �-allyl intermediate gives three
products [branched product and E- and Z-linear products]
(Scheme 1). The control of regio- and stereoselectivity is
important. Palladium complexes are general and versatile
catalysts for allylic alkylation. With palladium, alkylation
of 1 gives E-linear product.9 Branched product-selective
allylic alkylation is a challenging problem. With molyb-
denum,10 tungsten,11 ruthenium,12 and iron,13 alkylation of
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1 preferentially gives a branched product. However, the
substituent in 1 is limited to an aryl group. Highly
branched product-selective alkylation of not only an aryl
group-substituted �-allyl intermediate but also an alkyl
group-substituted �-allyl intermediate was not report-
ed.14,15

Scheme 1

An iridium complex was found to be an efficient catalyst
for highly branched product-selective allylic alkylation.16

We examined the reaction of (E)-2-hexenyl acetate [(E)-
2a] with diethyl sodiomalonate (3a) in the presence of a
catalytic amount of [Ir(cod)Cl]2 (Ir atom 4 mol%), and
found that an added ligand had a substantial effect on the
selectivity and yield of the products (Scheme 2), with
P(OPh)3 being the most efficient ligand. The reaction oc-
curred at room temperature to give products in high
yields. Branched product 4a was obtained in 96% selec-
tivity. The ratio of P(OPh)3 to Ir was also important. One
or two equivalents of P(OPh)3 relative to Ir were neces-
sary for a high yield and high selectivity. The reaction us-
ing P(OEt)3 gave products in good yield, but the
selectivity of this reaction for branched product was less
than when using P(OPh)3. The reaction using phosphine
ligand gave products in low yield.

The electron-withdrawing property of P(OPh)3 plays a
crucial role in the high selectivity for a branched product.
Based on a 31P NMR study,16b,c a �-allyl iridium interme-
diate is considered to be a monophosphite species in
which P(OPh)3 coordinates with the metal trans to the
substituted allylic terminus (Figure 1). The carbonium ion

character of the substituted allylic terminus, enhanced by
the electron-withdrawing property of P(OPh)3, directs a
nucleophile to this position to give a branched product.

Figure 1

The reactions of (E)-2a with 3b and 3c were examined
(Scheme 3). The reactions occurred at room temperature
to give products in high yields. Both reactions were highly
branched product-selective. On the other hand, the reac-
tion with diethyl sodiomethylmalonate (3d), which is a
more sterically demanding nucleophile than 3a–c, was
linear product-selective. The reaction of (E)-2a with 3d
gave the linear product 5d in 71% selectivity.

Scheme 3
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The reactions of (E)-6a–d with 3a gave branched products
7a–d in 95–99% selectivity (Scheme 4). The reaction of
regioisomeric acetates was also highly branched product-
selective. Regioisomeric acetates 9a,b,d reacted with 3a
to give branched products 4a, 7b, and 7d in 95–99% se-
lectivity. These results strongly suggest that a �-allyl irid-
ium complex acts as an intermediate (Scheme 5).

Scheme 4

Scheme 5

The most unique feature of iridium complex catalysis is
seen in the reaction of 10 with 3a (Scheme 6). The reac-
tions were regiospecific at the tertiary allylic terminus to
exclusively give a 11 bearing a quaternary carbon center.
Iridium complex-catalyzed allylic alkylation is an effi-
cient method for constructing a quaternary carbon center,
which is a feature of a broad range of natural products.
Several transition metal complex-catalyzed reactions of
10c with 3a have been reported. Pd(PPh3)4-catalyzed
reaction17 and NiCl2(dppe)-catalyzed reaction18 give 11c
in 38% and 10% selectivity, respectively. Mo(CO)6-cata-
lyzed reaction of 10c with 3b has been reported to give a
product bearing a quaternary carbon center in 85% selec-
tivity.10b The iridium complex led to the exclusive forma-
tion of a product bearing a quaternary carbon center.

As described above, highly branched product-selective al-
lylic alkylation of (E)-2-alkenyl acetates and (E)-3-phe-

nyl-2-propenyl acetate was achieved. These reactions are
considered to proceed via a �-allyl iridium intermediate.
Branched products result from alkylation at the substitut-
ed allylic terminus of a terminally monosubstituted �-allyl
iridium intermediate. We examined the alkylation of an
alkyl or aryl group-substituted �-allyl iridium intermedi-
ate. The substituent on the �-allyl ligand should strongly
affect the reactivity of the �-allyl iridium intermediate.
Alkenyl and alkynyl groups are particularly important as
substituents on the �-allyl ligand (Scheme 7). 1-(1-Alke-
nyl)-�-allyl metal intermediate (13) isomerizes to 1-alkyl-
3-vinyl-�-allyl metal intermediate (14) via �-�-� inter-
conversion. Similarly, 1-(1-alkynyl)-�-allyl metal inter-
mediate (15) isomerizes to 1-alkyl-3-vinyl-�-allenyl
metal intermediate (16). The selective reaction of these in-
termediates with a nucleophile increases the importance
of this type of transformation in organic synthesis.

Scheme 7

Dienyl acetates 17 and 18 smoothly underwent alkylation
with 3a to exclusively give branched products 20a–d in
yields of 84–94% (Scheme 8).19 The reaction of dienyl ac-
etates 17 and 18 was more branched product-selective
than that of (E)-2-alkenyl acetates. Oxidative addition of
17 or 18 gives an alkenyl group-substituted �-allyl iridium
intermediate 13. Since an alkenyl group is more electron-
withdrawing than an alkyl group, an alkenyl group-substi-
tuted allylic terminus is more electron-deficient than an
alkyl group-substituted allylic terminus (Figure 2).20

Therefore, alkylation occurs at the substituted allylic ter-
minus of a �-allyl iridium intermediate 13 with perfect re-
gioselectivity to exclusively give a branched product 20.
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tion was linear product-selective. The major product of
alkylation of 17a with 3b catalyzed by  Pd(PPh3)4 has
been reported to be linear.21

Scheme 8

Figure 2

This success prompted us to examine the allylic alkylation
of enynyl acetates. Oxidative addition of (E)-22 or 23
gives an alkynyl group-substituted �-allyl iridium inter-
mediate 15 (Scheme 9). We were interested in the reactiv-
ity of this intermediate. Enynyl acetate 23 was easily
prepared by reacting alkynylmagnesium bromide with ac-
rolein, followed by acetylation. To prepare 22, we needed
a stereodefined synthesis of 2-alken-4-yn-1-ols. One effi-
cient route to 2-alken-4-yn-1-ols is the coupling of 3-iodo-
2-propen-1-ol with 1-alkynes. This protocol requires the
stereodefined synthesis of (E)- and (Z)-3-iodo-2-propen-
1-ol. Hydrostannation of 2-propyn-1-ol followed by io-
dolysis has been reported to give (E)-3-iodo-2-propen-1-
ol.22 However, hydrostannation of 2-propyn-1-ol with
tributylstannane gave a mixture of (E)-3-tributylstannyl-
2-propen-1-ol, (Z)-3-tributylstannyl-2-propen-1-ol, and
2-tributylstannyl-2-propen-1-ol. This route requires sepa-
ration of these isomers prior to iodolysis. We decided to
develop another route that did not use 3-iodo-2-propen-1-
ol. Coupling of 3-iodo-2-propenoic acid or its derivatives
with 1-alkynes followed by reduction gives 2-alken-4-yn-
1-ol. 3-Iodo-2-propenoic acid is obtained by hydroiodina-
tion of 2-propynoic acid. We examined the hydroiodina-
tion of 2-propynoic acid in detail, and obtained (Z)-3-
iodo-2-propenoic acid in high yield. Furthermore, we

found that (Z)-3-iodo-2-propenoic acid isomerizes to (E)-
3-iodo-2-propenoic acid in high yield. Both (E)- and (Z)-
3-iodo-2-propenoic acid can be obtained from 2-propyno-
ic acid. Sonogashira coupling of 3-iodo-2-propenoate
with 1-alkynes followed by DIBALH reduction gave 2-
alken-4-yn-1-ols. We have developed a stereodivergent
route to (E)- and (Z)-2-alken-4-yn-1-ols from 2-propynoic
acid (Scheme 10).23

Scheme 9

Scheme 10
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enynyl acetates. The reaction of (E)-22 and 23 with 3a
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(E)-6. To explain the product distributions of the reactions
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decrease the selectivity to a branched product. Therefore,
nucleophilic attack occurs to some extent at the unsubsti-
tuted allylic terminus to give a linear product. To obtain a
branched product in high selectivity, we surveyed phos-
phite ligands. P(OEt)3 gave a good result. The reaction of
23 with 3a using P(OEt)3 (P/Ir = 2) was highly branched
product-selective. The selectivity of 24 was 92%. It is not
yet clear why P(OEt)3 gives a better result than P(OPh)3.

Scheme 11

Based on our studies, iridium complex-catalyzed enantio-
selective allylic alkylation was reported.24

2.2 Z-Selective Allylic Alkylation

We have described a branched product-selective allylic
alkylation. In this section, we would like to describe an-
other feature of iridium complex-catalyzed allylic alkyla-
tion.

The stereochemistry of a carbon-carbon double bond in
the allyl system affected the regiochemistry of this allylic
alkylation. The reaction of (Z)-2a with 3a in the presence
of a catalytic amount of [Ir(cod)Cl]2 and P(OPh)3 (Ir atom
4 mol%, P/Ir = 2) gave (Z)-5a in 70% selectivity. The ma-
jor product was a (Z)-linear product (Scheme 12). Oxida-
tive addition of (Z)-2a gives an anti �-allyl iridium
intermediate. Product (Z)-5a resulted from alkylation of

the anti �-allyl iridium intermediate at the unsubstituted
allylic terminus. The major product was different from
that in the reaction of (E)-2a. The regioselectivity of the
alkylation of the anti �-allyl iridium intermediate was dif-
ferent from that of the syn �-allyl iridium intermediate.

Scheme 12

Palladium complex-catalyzed allylic alkylation of (Z)-2-
alkenyl acetate gives a E-linear product,9a,b since the anti
�-allyl palladium intermediate easily isomerizes to a ther-
modynamically more stable syn �-allyl palladium inter-
mediate prior to alkylation.25 It has been difficult to retain
the Z-stereochemistry in the allylic alkylation of (Z)-2-
alkenyl acetate. Limited examples of Z-selective allylic
substitution have been reported.9a,11d,26

In the reaction of (Z)-2a with 3a, the ratio (Z)-5a/(E)-5a
was 93/7. We considered that while Z-selective allylic
alkylation catalyzed by an iridium complex is possible,
the regioselectivity to a linear product is not high enough
(branched/linear = 25:75). To improve the selectivity for
a linear product, alkylation must be directed to the unsub-
stituted allylic terminus. A bulky phosphite ligand is ex-
pected to increase such selectivity, since a bulky
phosphite ligand increases the steric bulkiness of the met-
al center. We prepared tris(2-tert-butyl-4-methylphe-
nyl)phosphite (26) by reacting PCl3 with 2-tert-butyl-4-
methylphenol (Scheme 14). We examined the reaction of
(Z)-2-alkenyl acetates [(Z)-2a, 6c, 6d] with 3a using 26 as
a ligand (Scheme 13). As expected, Z linear products were
obtained in 87-90% selectivities. We successfully per-
formed Z selective allylic alkylation.16b,c
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product (Z)-25 in 95% selectivity (Scheme 14). Bulky
phosphite 26 was not necessary in the reaction of (Z)-22
with 3a.

Allylic alkylation of (Z)-2-alkenyl acetates gave a Z-linear
product. When a nucleophile approached the substituted
allylic terminus of an anti �-allyl iridium intermediate, the
substituent and iridium moiety are close together to in-
crease steric repulsion. Thus, the transition state of the
alkylation at the substituted allylic terminus of an anti �-
allyl iridium intermediate is less stable than that of a syn
�-allyl iridium intermediate (Figure 3). Therefore, alkyla-
tion of an anti �-allyl iridium intermediate preferentially
occurs at the unsubstituted allylic terminus to give a Z-lin-
ear product.

Figure 3

3 Allylic Amination

3.1 Branched Amine-Selective Allylic Amination

Transition metal complex-catalyzed allylic amination is
important in carbon-nitrogen bond formation. Unfortu-
nately, there are few efficient catalysts other than palladi-
um complexes.27 Recently, ruthenium,28 rhodium,29

iron,30 and nickel31 complexes have been used as catalysts
for allylic amination. In the previous section, we showed
that an iridium complex is an efficient catalyst for allylic
alkylation. We extended this chemistry to allylic amina-
tion.32

We observed that the solvent strongly affects allylic ami-
nation. The reaction of (E)-27 with piperidine (28a) in the
presence of a catalytic amount of [Ir(cod)Cl]2 and
P(OPh)3 (Ir atom 4 mol%, P/Ir = 2) was examined in var-
ious solvents (Scheme 15); EtOH and MeOH gave good
results. Branched amine 29a was obtained in high yield
with high selectivity. Although THF is a common solvent
for palladium complex-catalyzed allylic substitution,
THF and dioxane gave products in low yields. The ET(30)
value is a well-known measure of solvent polarity.33 Sol-
vents with ET(30) values above 40 gave products in good
yield. A polar solvent clearly enhances allylic amination.
It is important to note that no (Z)-30a was obtained with
any of the solvents tested.

Scheme 15

Carbonate (E)-27 reacted with various amines under re-
fluxing EtOH to give a branched amine 29 as a major
product (Scheme 16). Both secondary and primary
amines could be used. The yields were generally good, but
the selectivities depended on the amine used. The reac-
tions of (E)-27 with pyrrolidine (28b), morpholine (28c),
cyclopentylamine (28d), butylamine (28e) and benzyl-
amine (28h) gave 29b–e,h in selectivities of 92–96%. Di-
ethylamine is more sterically demanding than
piperidine.34 The reaction with diethylamine (28f) was
less branched amine-selective than that with piperidine
(28a). Reactions with primary amines (28d,e,g,h) exclu-
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sively gave monoallylation products. It is well known that
palladium complex-catalyzed allylic amination with a pri-
mary amine gives a monoallylation product and a consid-
erable amount of a diallylation product. For example, the
reaction of (E)-27 with 2 equivalents of butylamine (28e)
has been reported to give a monoallylation product in 80%
yield and a diallylation product in 11% yield.35 Iridium
complex has an advantage over palladium complex with
regard to the control of monoallylation and diallylation, in
that no diallylation product was obtained. Carbonate 31
also reacted with both a secondary amine and a primary
amine to give a branched amine 29 with high selectivity
(Scheme 17). The reaction of 31 with butylamine (28e)
exclusively gave a monoallylation product. 

Scheme 16

Scheme 17

Allylic amination of (E)-2-alkenyl carbonate [(E)-32] was
less branched amine-selective than that of (E)-3-phenyl-
2-propenyl carbonate [(E)-27] (Scheme 18). We surveyed
several iridium complexes and found that [Ir(cod)OMe]2

was a more branched amine-selective catalyst than
[Ir(cod)Cl]2. The reaction of (E)-32 with piperidine (28a)
in the presence of a catalytic amount of [Ir(cod)OMe]2 and
P(OPh)3 (Ir atom 4 mol%, P/Ir = 2) under refluxing ace-
tone gave branched amine 33a in 81% selectivity. Cyclo-
pentylamine (28d), butylamine (28e) and aniline (28i)
gave better, branched amine selectivity than piperidine
(28a). Branched amines 33d, 33e, and 33i were obtained

in selectivities of 92–95%. Oxidative addition of (E)-2-
alkenyl carbonate gives a 1-alkyl �-allyl iridium interme-
diate. Since an alkyl group is more electron-donating than
an aryl group20, an allylic terminus substituted with an
alkyl group is less electron-deficient than that substituted
with an aryl group. Thus, the amination of a 1-alkyl �-al-
lyl iridium intermediate is less branched amine-selective
than that of a 1-aryl �-allyl iridium intermediate.

Scheme 18

Allylic amination of 1,1-disubstituted-2-propenyl acetates
was examined. Amination at the disubstituted allylic ter-
minus gives �,�-disubstituted allylic amine. A general
route to such amines is the addition of organometallic re-
agents to ketimines and their iminium salts.36 However,
when ketimines have an �-hydrogen, the addition of orga-
nometallic reagents to an imine carbon is problematic,
since �-deprotonation competes with the addition reac-
tion.37 A more widely applicable method for the synthesis
of an �,�-disubstituted allylic amine is needed. Regiose-
lective allylic amination at the disubstituted allylic termi-
nus should be a useful alternative route. Acetates 35
smoothly reacted with amines under refluxing EtOH to
exclusively give �,�-disubstituted allylic amines 36
(Scheme 19). The use of EtOH was essential for this reac-
tion. The same reaction under refluxing dioxane for 24 h
gave no amination product, and the starting material was
recovered in quantitative yield. Pd(PPh3)4-catalyzed allyl-
ic amination of 1,1-disubstituted allylic nitro compounds
with piperidine (28a) has been reported to give both an E-
linear allylic amine and an �,�-disubstituted allylic
amine.38 The selectivity of an �,�-disubstituted allylic
amine was moderate. Only iridium complex-catalyzed al-
lylic amination gave an �,�-disubstituted allylic amine as
a single product.
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Scheme 19

3.2 Z-Selective Allylic Amination

Allylic amination of (Z)-2-alkenyl carbonate was exam-
ined. Palladium complex-catalyzed allylic amination of
(Z)-2-alkenyl acetate gave E-linear allylic amine, since
the anti �-allyl palladium intermediate easily isomerized
to a syn �-allyl palladium intermediate prior to nucleo-
philic attack by an amine. The retention of Z stereochem-
istry in the palladium complex-catalyzed allylic
amination of (Z)-2-alkenyl esters has been difficult to
achieve.39 We developed Z-selective allylic alkylation of
(Z)-2-alkenyl acetates.16b,c Extending this methodology,
we achieved the first complete retention of Z-stereochem-
istry in allylic amination.32 First, we examined the reac-
tion of (Z)-32 with 28a in the presence of a catalytic
amount of [Ir(cod)Cl]2 and P(OPh)3 (Ir atom 4 mol%, P/
Ir = 2) under refluxing EtOH. The selectivity of (Z)-34a
was unsatisfactory (Scheme 20). We then examined the
reaction of (E)-27 with 28a in various solvents
(Scheme 15), and found that the reaction in MeNO2 is
more linear amine-selective than that in EtOH. The reac-
tion of (Z)-32 with 28a in MeNO2 gave (Z)-34a in 94% se-
lectivity. The solvent of choice was MeNO2.

Scheme 20

The reaction of (Z)-32 with various amines in MeNO2

gave Z-linear allylic amines in selectivities of 97–79%
(Scheme 21). No E-isomer was obtained in any of the cas-
es. In contrast to the results obtained with secondary
amines, the yield was decreased in the reaction of (Z)-32
with butylamine (28e). Carbonates (Z)-38a–c were suc-
cessfully reacted with piperidine (28a) to give (Z)-40a–c
in selectivities of 92–99% (Scheme 22). No E-isomer was
obtained. We achieved the complete retention of Z-stere-
ochemistry in allylic amination.

Scheme 21

Scheme 22

In this allylic amination, the use of a polar solvent such as
EtOH or MeNO2 is essential to obtain a product in high
yield. This effect of a polar solvent may be explained as
follows. A neutral �-allyl Ir intermediate formed by oxi-
dative addition of an allylic carbonate can dissociate
methoxide with the aid of a polar solvent to give a cationic
�-allyl Ir intermediate (Scheme 23). Since a cationic �-al-
lyl intermediate is more reactive to a nucleophile than a
neutral �-allyl intermediate, the reaction in a polar solvent
increases the yield of an amination product. If this hypoth-
esis is correct, methoxide will be formed by dissociation
from a neutral �-allyl Ir intermediate. Thus, allylic alkyla-
tion with diethyl malonate in EtOH may give an alkyla-
tion product without using a base. To test this hypothesis,
we examined the reaction of (E)-27 with diethyl malonate
in the presence of a catalytic amount of [Ir(cod)Cl]2 and
P(OPh)3 (Ir atom 4 mol%, P/Ir = 2) under refluxing EtOH
for 24 hours. No alkylation product was obtained. The
starting material was recovered in quantitative yield. This
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result strongly suggests that a �-allyl Ir intermediate is
neutral and does not dissociate methoxide.

When the substrate and nucleophile in an SN2 reaction are
both neutral, the charge density in the transition state is
greater than that of the initial reactants. A polar solvent
can stabilize the transition state to enhance an SN2 reac-
tion.40 It is well known that oxidative addition to a low-va-
lent transition metal complex proceeds via an SN2-type
mechanism. Oxidative addition to an Ir (+1) complex in a
polar solvent, were reported to be enhanced by stabiliza-
tion of the transition state.41 Due to this solvent effect, ox-
idative addition in this reaction might be enhanced.
Furthermore, a polar solvent plays an important role in the
nucleophilic attack by an amine to a �-allyl Ir intermedi-
ate. As described above, a �-allyl Ir intermediate generat-
ed in this reaction is a neutral species. The transition state
of the nucleophilic attack is more polar than the initial re-
actants. As a consequence, nucleophilic attack by an
amine to a �-allyl Ir intermediate is also enhanced by a po-
lar solvent. Thus, this allylic amination in a polar solvent
is enhanced to give an amination product in high yield.

4 [2+2+2]Cycloaddition of �,�-Diynes with 
Monoynes

The transition metal complex-catalyzed synthetic trans-
formation of alkynes has been studied extensively. From
the standpoint of atom economy, dimerization, and cyclo-
trimerization are particularly important. Vollhardt en-
hanced the synthetic value of the cyclotrimerization of
alkynes by using �,�-diyne as one component and a
monoyne as the other component.42 Several transition
metal complexes such as those of Co,42 Ni,43 Rh,44 Pd45

and Ru46 have been reported to be catalysts for this reac-
tion. However, new catalysts are still needed to expand
the reaction scope and selectivity. Collman et al. first pre-
pared an iridiacyclopentadiene complex by reacting
IrCl(N2)(PPh3)2 with dimethyl acetylenedicarboxylate
and found that an iridacyclopentadiene complex was a
potential catalyst for the cyclotrimerization of alkynes.47

However, this chemistry has not yet been developed. We
first found that [Ir(cod)Cl]2 combined with dppe was an
efficient catalyst for the [2+2+2] cycloaddition of �,�-
diynes with monoynes to give polysubstituted benzene
derivatives.48

Diyne 41 reacted with 1-hexyne (42a) to give an indane
derivative 43a in the presence of a catalytic amount of
[Ir(cod)Cl]2 (Ir atom 4 mol%). The catalytic activity de-
pended on the ligand used (Scheme 24). Dppe was found
to be the most efficient ligand. When dppe was used as a

ligand, diyne 41 reacted with 42a at room temperature to
give 43a in 84% yield. Although P(OPh)3 was an efficient
ligand for [Ir(cod)Cl]2-catalyzed allylic substitution,16,19,32

P(OPh)3 was a less efficient ligand than dppe for [2+2+2]
cycloaddition.

Scheme 24

The reaction mechanism may involve the formation of
an iridacyclopentadiene complex as an intermediate
(Scheme 25). The reaction of [Ir(cod)Cl]2 with dppe gives
a mononuclear species Ir(cod)Cl(dppe). Oxidative cy-
clization of diynes with Ir(cod)Cl(dppe) would give an iri-
diacyclopentadiene 44. The reaction of 44 with a
monoyne by insertion or a Diels–Alder type process49 fol-
lowed by reductive elimination gives a final product 43.
Bidentate coordination of dppe produces a vacant coordi-
nation site above the plane of an iridiacyclopentadiene 44.
Coordination of a monoyne to this position would facili-
tate a Diels–Alder type process via transition state 45.
Among bidentate ligands, dppe might give the most stable
chelation. This may explain the efficiency of dppe.

It is important to note that this cycloaddition can tolerate
various functional groups. Diyne 41 reacted with various
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functionalized monoynes to give indane derivatives in
good to excellent yields (Scheme 26). The optimal reac-
tion conditions depended on the monoyne component
used. Diyne 41 reacted with 1-hexyne (42a), 1-decyne
(42b), 5-phenyl-1-pentyne (42c) and 5-chloro-1-pentyne
(42d) at room temperature. The reaction with phenylacet-
ylene (42e), propargylic alcohol (42f), propargylic ether
(42g) and conjugated enyne (42h) required more drastic
conditions. Interestingly, the reaction with N,N-dimethyl-
propargylic amine (42i) gave 43i in 65% yield. The reac-
tion of �,�-diyne with 42i has been reported to require a
stoichiometric amount of a Ni(0) complex.50 1,7-Diyne
(44) and dipropargyl ether (46) could be used for this
[2+2+2] cycloaddition (Scheme 26).

Scheme 26

5 Conclusion

We found that an iridium complex is an efficient catalyst
for carbon-carbon and carbon-heteroatom bond forma-
tion. In the chemical industry, the importance of iridium
continues to increase. Iridium-catalyzed methanol carbo-
nylation is now a commercial process.51 This new process
offers significant improvements over the rhodium-cata-

lyzed process, and is a good example of practical iridium
chemistry.

It is well known that the choice of a ligand is important for
transition metal complex-catalyzed reactions. This is also
true for iridium complex-catalyzed reactions. In addition,
an important consideration when using an iridium com-
plex for organic synthesis is the choice of a solvent. Most
iridium catalyst precursors are iridium (+1) complexes.
The catalytic cycle is iridium (+1) � iridium (+3). The
substrate oxidatively adds to an iridium complex to give
an iridium (+3) complex. The bond-forming reaction oc-
curs with the iridium (+3) complex. The product is then
reductively eliminated from iridium (+3) complex to re-
generate iridium (+1) complex. An iridium (+3) complex
has six coordination sites. Ligand as well as solvent can
coordinate to the iridium center. Weakly coordinated sol-
vent can sometimes considerably affect the catalytic ac-
tivity. To optimize the reaction conditions, we should try
various solvents.

As described above, the chemistry of �-allyl iridium inter-
mediate and iridiacyclopentadiene can be quite useful in
organic synthesis. It is important to note that the selectiv-
ities of allylic substitution described here have not been
achieved in previous studies with other transition metal
complexes. An iridium complex is potentially useful as a
catalyst for carbon-carbon and carbon-heteroatom bond
formation. In fact, many useful reactions catalyzed by an
iridium complex have been reported since our report in
1997.52
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