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We have found that the [{IrCl(cod)}2] complex catalyzes several reactions involving three-component couplings,
hydrogen migration, vinyl ethers synthesis, and �-alkylation of ketones with alcohols, etc. Thus, the reaction of aldehydes,
amines, and alkynes under the influence of a catalytic amount of [{IrCl(cod)}2] complex led to three-component coupling
products through a new type of C–H bond activation adjacent to the nitrogen atom of imines. Aziridines were also syn-
thesized by three-component couplings of aldehydes, amines, and ethyl diazoacetate in the presence of a catalytic amount
of [{IrCl(cod)}2]. An innovation in the synthesis of vinyl ethers, which are very useful monomer materials in polymer
syntheses but have been difficult to synthesize so far, was made by a simple exchange reaction of alcohols with vinyl ace-
tates through a catalytic process using [{IrCl(cod)}2]. A unique �-alkylation of ketones with alcohols was successfully
achieved under the influence of [{IrCl(cod)}2] and KOH without any solvents, leading to saturated ketones that elongated
the carbon chain. Allyl homoallyl and diallyl ethers were converted by [{IrCl(cod)}2] into �; �-unsaturated aldehydes via
a Claisen rearrangement of in situ-generated allyl vinyl ethers. These reactions provide a novel synthetic tool for impor-
tant chemicals like vinyl ethers and ketones, which are practically synthesized in the chemical industry.

Iridium complexes like [Ir(cod)(PCy3)(py)]PF6 were first
used as effective catalysts for hydrogenation of olefins by Crab-
tree et al. in 1977.1 Thereafter, Stork et al. reported the control
of stereochemistry in catalytic hydrogenation of alkenes direct-
ing by the hydroxy function.2 Pfaltz et al. disclosed the iridium
complexes-catalyzed enantioselective hydrogenations of tri-
and tetrasubstituted simple alkenes.3 Thus, Ir complexes have
become of interest as highly efficient hydrogenation catalysts,
but until recent years they are not used as potent catalysts other
than in the hydrogenation. In 1992, Murai et al. reported the iri-
dium carbonyl complex-catalyzed reactions of hydrosilanes
with alkenes or acetylene hydrazones under CO, leading to silyl
enol ethers4 or nitrogen-containing seven-membered hetero-
cyles,5 respectively. The dimerization of terminal alkynes af-
fording Z-enynes was achieved by a cationic iridium complex.6

Since iridium complexes were found to be effective as catalysts
for carbon–carbon7 and carbon–heteroatom bond formation,8

many iridium-catalyzed coupling reactions have been devel-
oped.9–11 The branched product selective allylic alkylation
via a �-allyl iridium complex was established by Takeuchi et
al.7a In 1998, Murahashi et al. reported that an iridium hydride
complex, [IrH(CO)(PPh3)3], catalyzes an interesting dimeriza-
tion of ethyl cyanoacetate via hydrogen transfer reaction.12 The
coupling of 1-naphthol with internal alkynes through the acti-
vation of the C–H bond of the 8-position of 1-naphthol is re-
ported to be catalyzed by [{IrCl(cod)}2].

13 On the other hand,
iridium complexes bearing pentamethylcyclopentadienyl moi-
ety are reported to catalyze efficiently several reactions such

as the cleavage of aromatic 1,2-diols,14b the deuterium
exchange reaction,14c and the hydrogen transfer reaction from
alcohols to ketones.14d–f

In this account, we would like to describe our own recent
works using [{IrCl(cod)}2] complex: (i) carbon–carbon form-
ing reactions, (ii) a novel synthesis of vinyl ethers and related
compounds, (iii) hydrogen transfer reactions involving �-alky-
lation of ketones with alcohols, and (iv) isomerization of olefin-
ic double bonds.

1. Carbon–Carbon Bond Forming Reactions

1.1 Three-Component Coupling Reaction of Aldehydes,
Amines, and Alkynes. We have found that a new type of ac-
tivation of the C–H bond adjacent to the nitrogen atom of
imines catalyzed by an iridium complex leads to three-compo-
nent coupling products of aldehydes, amines, and alkynes.15 So
far, no reports have appeared on the C–C bond forming reaction
by the activation of the C–H bonds neighboring the nitrogen
atom of imines.16 The reaction of butyraldehyde, butylamine,
and 1-octyne in the presence of a catalytic amount of
[{IrCl(cod)}2] in THF at 60 �C gave N-butylidene(2-hexyl-1-
propylallyl)amine in 72% yield (Eq. 1). Several coupling reac-
tions by the combination of aldehydes, amines, and 1-alkynes
were examined. No reaction took place when tert-butylamine
and internal alkynes were employed. It is interesting to note
that the iridium-catalyzed reaction was not affected by water
generated during the imine formation from amine and alde-
hyde. In fact, almost the same results were obtained when the
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reaction was carried out by adding a small amount of water.

ð1Þ

In order to obtain further insight into the reaction pathway,
we examined the reaction of N-butylidene-1,1-dideuteriobutyl-
amine, prepared independently, under the influence of
[{IrCl(cod)}2] (Eq. 2). As expected, a coupling product in
which a deuterium is incorporated to the terminal triple bond
of the imine was produced. It is noteworthy that the coupling
product consisted of a single geometrical isomer. These results
suggest that the present reaction proceeds through the follow-
ing reaction path (Scheme 1). At first, an IrI complex A coordi-
nates to imine generated in situ from aldehyde and amine. The
oxidative addition of the C–H bond adjacent to the nitrogen
atom in the imine to the IrI complex would afford an IrIII com-
plex C. The coordination of alkyne followed by insertion to the
complex C may give an iridium complex E, on which subse-
quent reductive elimination forms the coupling product.

ð2Þ

Interestingly, when trimethylsilylacetylene in place of 1-oc-
tyne was used in the iridium-catalyzed three-component cou-
pling of aldehydes, amines, and alkynes, the unexpected prod-

uct, where the alkyne was added to the double bond of imine,
was obtained (Eq. 3). It is probable that the reaction proceeds
through the oxidative addition of the terminal C–H bond of
alkyne to the IrI complex, followed by the insertion of imine
to the resulting Ir–H complex. Recently, Miyaura et al. have
reported that the iridium-catalyzed dimerization of terminal
alkynes involves the oxidative addition of alkyne to a low-
valent Ir complex, followed by insertion of an alternative al-
kyne to give dimers.17 After our finding, Carreira et al. reported
the addition of TMS-acetylene to various aldimines, prepared
independently from aldehydes and amines, catalyzed by
[{IrCl(cod)}2] leading to the corresponding adducts.18

ð3Þ

1.2 Three-Component Coupling Reaction of Amines, Al-
dehydes, and Ethyl Diazoacetate. Aziridines are versatile
compounds as precursors for the synthesis of various types of
nitrogen-containing compounds that are biologically important,
such as amino acids, amino alcohols, and lactams.19 Although
aziridines involving an aromatic moiety can be prepared by
Lewis acid-catalyzed reactions using ethyl diazoacetate
(EDA), there has been little study about the aziridine synthesis
from aliphatic imines and EDA.20 We have found that
[{IrCl(cod)}2] catalyzes the three-component coupling reaction
of aliphatic aldehydes, aliphatic amines, and EDA to the corre-
sponding aziridine derivatives under mild conditions.21 Some
representative results for aziridine synthesis are shown in Eq.
4. Although the La(OTf)3-catalyzed three-component coupling
reaction requires the presence of 5A molecular sieves,22 the
present reaction was performed without any dehydrating
agents.

ð4Þ

Scheme 1.
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From a mechanistic point of view, it is of interest that the se-
lectivity of aziridine is affected by the order of the addition of
substrates to the catalytic solution. When an imine like N-(bu-
tylidene)butylamine was added to a THF solution containing
[{IrCl(cod)}2], the solution changed immediately from or-
ange-red to light yellow, and EDA was added to this solution
to form the corresponding aziridine. However, the addition of
EDA to a THF solution of [{IrCl(cod)}2] resulted in a change
to dark purple, and the addition of imine produced aziridine
and homo-coupling products of EDA, diethyl maleate and fu-
marate, whose formation may be explained by generation of
carbene from EDA assisted by an Ir complex. These results
suggest that the present Ir-catalyzed aziridination proceeds
via the formation of an Ir–imine complex rather than an Ir–car-
bene complex.

For instance, the reaction of butanal, tert-butylamine, and
EDA in the presence of a catalytic amount of [{IrCl(cod)}2]
at �10 �C afforded 1-tert-butyl-2-ethoxycarbonyl-3-propyl-
aziridine in 83% in excellent stereoselectivity (cis:trans =
96:4) (Eq. 5). This high stereoselectivity of the aziridination
can be explained by the following reaction path (Scheme 2).
It is possible that the Ir complex coordinates to imine, followed
by nucleophilic attack of EDA from the direction to reduce the
steric repulsion between the ester moiety of the incoming EDA
and tert-butyl group of the imine to form the corresponding cis-
product.

ð5Þ

In contrast to the Ir-catalyzed three-component coupling re-
action of amines, aldehydes, and alkynes, where the oxidative
addition of the C–H bond adjacent to the nitrogen atom in the
imine to Ir complex occurred, the reaction of amines, alde-
hydes, and EDA did not proceed through the C–H bond activa-
tion. Although the detail of the reaction mechanism of the cou-
pling reaction of amines, aldehydes, and alkynes is not clear at
this stage, the alkyne may coordinate to the Ir complex, and the
resulting Ir complex could activate the C–H bond adjacent to
the nitrogen atom in the imine.

1.3 Head-to-Tail Dimerization of Acrylates. The dimeri-
zation of functional alkenes like acrylates and acryronitrile is
an attractive route to obtain bifunctional compounds like dicar-
boxylates and diamine, respectively. The tail-to-tail dimeriza-
tion of acrylates can be achieved by various transition metal
compounds like Co,23a,b Ni,23c Ru,23d–f Rh,23g–k and Pd,23l–n

but only a limited number of reports have appeared on the se-
lective head-to-tail dimerization. We found that the head-to-tail
dimerization of acrylates and vinyl ketones was catalyzed by an
iridium hydride complex generated in situ from [{IrCl(cod)}2]
and alcohols in the presence of P(OMe)3 and Na2CO3.

24 The
reaction of butyl acrylate in the presence of [{IrCl(cod)}2] in
1-butanol led to a head-to-tail dimer, 2-methyl-2-pentenedioic
acid dibutyl ester, (53%) along with butyl propionate (35%)
which is formed by the hydrogen transfer from 1-butanol. In or-
der to avoid the formation of butyl propionate, the reaction was
examined in several solvents like THF and toluene. However,
no products were obtained by the reaction in such solvents.
Thus, 1-butanol was removed from the catalytic solution after
treatment of a mixture of [{IrCl(cod)}2], P(OMe)3, and
Na2CO3 in 1-butanol at 100 �C for 1 h, and then butyl acrylate
in toluene was added and reacted at 100 �C for 5 h to give a
head-to-tail dimer in 86% (Eq. 6). Under these conditions,
methyl vinyl ketone was also dimerized to form a head-to-tail
dimer, 3-methy-3-heptene-2,6-dione (Eq. 6). It is interesting
to note that the present reaction was promoted in methanol,
ethanol, and 2-butanol, while no reaction occurred in tert-butyl
alcohol having no �-hydrogen. These results suggest that an iri-
dium hydride complex generated in situ from [{IrCl(cod)}2]
and alcohols in the presence of P(OMe)3 and Na2CO3 promotes
the head-to-tail dimerization of acrylates.

ð6Þ

It is interesting to reveal the reaction course for the selective
head-to-tail dimerization of acrylates by [{IrCl(cod)}2]. Al-
though we have unambiguous evidence for the high head-to-tail
selectivity of the present dimerization, the following reaction
path may be proposed (Scheme 3). An acrylate coordinates to
an in situ-generated iridium hydride complex and then inserts
into the Ir–H bond to form a �-Ir complex A to which the co-
ordination and insertion of another acrylate lead to an iridium
complex B. The �-hydride elimination of an iridium hydride
from the intermediate B, followed by the isomerization of theScheme 2.
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double bond to a more stable internal alkene results in a head-
to-tail dimer.

2. A Novel Synthesis of Vinyl Ethers via an Unusual
Exchange Reaction

Vinyl ethers are important raw materials as practical chem-
icals for the production of glutaraldehyde as well as vinyl pol-
ymer materials containing oxygen which are expected to de-
grade easily in nature. Practically, vinyl ethers are prepared
by the reaction of acetylene with alcohols developed by Reppe
et al. in 1956.25 The reaction must be carried out under severe
conditions at higher pressure (2–5 MPa) and temperature (180–
200 �C) in the presence of KOH as a catalyst. Several other
methods to prepare vinyl and alkenyl ethers are reported:
e.g., mercury-catalyzed transvinylation of alcohols with vinyl
ethers,26 elimination of the alcohol moiety or HBr from acetals
or �-bromo ethers, respectively,27,28 isomerization of allyl
ethers,29 and carbometalation of alkynic ethers.30 But, employ-
ment of these methods is limited to small-scale synthesis, and
some methods call for the use of very toxic metals. Despite nu-
merous attempts to overcome these drawbacks, no versatile
methods have appeared for the synthesis of vinyl ethers so far.

We found that [{IrCl(cod)}2] catalyzes efficiently a new type
of exchange reaction between vinyl acetate and alcohols or
phenols, leading to the corresponding vinyl ethers (Eq. 7).31

Usually, the acid-catalyzed exchange reaction between alco-
hols and vinyl acetate results in alkyl acetates and vinyl alcohol
which is readily isomerized to acetaldehyde.

ð7Þ

Table 1 summarizes the representative results for vinylation
of octyl alcohol with vinyl acetate under various reaction con-
ditions. When a mixture of [{IrCl(cod)}2], vinyl acetate, alco-
hol, and Na2CO3 (the molar ratio is 0.01:2.0:1.0:0.6) in toluene
was stirred at about 100 �C for 2 h, octyl vinyl ether was ob-
tained in almost quantitative yield (Run 1). It is worth noting
that the present reaction stopped at the stage of vinyl ether for-
mation, since in the Pd-catalyzed reaction the vinyl ethers
formed would tend to react further with an additional alcohol
to form acetals rather than vinyl ethers. Almost no reaction took
place in the absence of a base (Run 2). NaOAc was also effi-
cient for the present reaction, but K2CO3, Cs2CO3, and pyridine
were inert (Runs 3 to 6). Cationic iridium complexes possessed
high catalytic activity for the present reaction, while other tran-
sition metal complexes such as Rh, Ru, and Pt complexes were
inert (Runs 7–10). In the case of the reaction with the Rh com-
plex, octyl acetate was obtained in low yield (Run 8). The reac-
tion was not promoted at all by a Pd(OAc)2/PPh3 system under
these conditions (Run 11).

A wide variety of vinyl ethers could thus be synthesized by
this method (Scheme 4). Some of these products are not now
available from commercial suppliers, although usage of these
vinyl ethers is expected to be very interesting in polymer chem-
istry as components of homo- and copolymers. This catalytic
vinylation system was found to be applicable to the synthesis
of vinyl ethers from secondary and tertiary alcohols. Notably,
thiophenol reacted with vinyl acetate to form vinylthiobenzene
in 92% yield, since sulfur compounds frequently inhibit transi-
tion metal-catalyzed reactions.

In order to obtain mechanistic information, we allowed phe-
nol-d to react with vinyl acetate under these conditions. It was
found that no deuterium was introduced into the resulting phen-
yl vinyl ether. This may suggest that the following reaction path
through an intermediate A resulted from the reaction of
[{IrCl(cod)}2] with vinyl acetate and alcohol under the influ-
ence of Na2CO3 (Scheme 5). The release of an alkyl vinyl ether
from the intermediate A gives rise to an iridium acetoxy com-
plex B, which then reacts with alcohol, leading to an iridium al-
koxy complex C; the coordination of the vinyl acetate to the
complex C followed by insertion regenerates the A.

Scheme 3.

Table 1. Vinylation of Octyl Alcohol with Vinyl Acetate
under the Selected ConditionsaÞ

Run Complex Base Conv./% Yield/%

1 [{IrCl(cod)}2] Na2CO3 100 >99

2 [{IrCl(cod)}2] none 3 1
3 [{IrCl(cod)}2] NaOAc 100 82
4 [{IrCl(cod)}2] K2CO3 39 3
5 [{IrCl(cod)}2] Cs2CO3 30 6
6 [{IrCl(cod)}2] Pyridine 2 1
7 [Ir(cod)2]BF4 Na2CO3 72 70
8 [{RhCl(cod)}2] Na2CO3 28 3
9 [RuCl2(cod)] Na2CO3 4 4
10 [PtCl2(cod)] Na2CO3 9 1
11 Pd(OAc)2/PPh3 Na2CO3 0 0

a) Octyl alcohol (1 mmol) was allowed to react with vinyl ace-
tate (2 mmol) in the presence of transition metal complex (0.01
mmol) and base (0.6 mmol) in toluene (1 mL) at 100 �C for 2 h
under Ar.
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Recently, the palladium-catalyzed synthesis of allyl vinyl
ethers by transfer vinylation between allyl alcohols and vinyl
ether was reported by Schlaf and co-workers.32 They showed
that allyl alcohol was vinylated with 20 molar amounts of butyl
vinyl ether under the influence of [Pd(O2CCF3)2(dpp)] (dpp =
4,7-diphenyl-1,10-phenanthroline).

On the other hand, the transfer vinylation between carboxyl-
ic acids and vinyl acetate is performed by some palladium and
ruthenium compounds.33 But, these reactions sometimes re-
quire a relatively higher reaction temperature (130–150 �C).
We found that a variety of carboxylic acids were converted into
the corresponding vinyl esters with excellent yields by allowing
them to react with vinyl acetate in the presence of
[{IrCl(cod)}2] and NaOAc at 100 �C (Scheme 6).34 Recently,
it was reported that the addition of carboxylic acids to alkynes
was efficiently promoted by Ru.35

3. Hydrogen Transfer and Related Reactions

3.1 Selective Hydrogenation of �;�-Unsaturated

Carbonyl Compounds with Alcohol. Chemoselective reduc-
tion of �;�-unsaturated carbonyl compounds using an alcohol
as a hydrogen source has been widely studied. The selective re-
duction of the carbonyl group of �; �-unsaturated compounds
to allylic alcohols has been achieved with ease.36,37 In contrast,
the transfer hydrogenation of the alkenic double bond of conju-
gated enones is limited.38 The transfer hydrogenation of conju-
gated enones with an alcohol is performed by the use of ruthe-
nium36a–c,39 or rhodium40 complexes, but the reduction using
iridium complexes is rare.37

We found that the [{IrCl(cod)}2]/phosphine/base system
serves as an efficient catalyst for the reduction of �; �-unsatu-
rated carbonyl compounds and of carbonyl compounds using
2-propanol as a hydrogen source.41 Treatment of 4-phenyl-3-
buten-2-one with 2-propanol under the influence of catalytic
amounts of [{IrCl(cod)}2], Ph2P(CH2)3PPh2 (dppp), and
Cs2CO3 at 80 �C for 4 h gave 4-phenyl-2-butanone with

Scheme 4.

Scheme 5.

Scheme 6.
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100% selectivity at 93% conversion (Eq. 8). Almost no reaction
took place in the presence of [{IrCl(cod)}2] complex alone.

ð8Þ

Table 2 summarizes the results for the transfer hydrogena-

tion of various �;�-unsaturated carbonyl compounds using
the [{IrCl(cod)}2]/dppp/Cs2CO3 system. A variety of �; �-un-
saturated ketones were reduced to the corresponding ketones in
excellent yields except for 3-methyl-2-cyclohexen-1-one which
was reduced to the corresponding alcohol (Runs 1 to 8). 2-
Hexenal under these reaction conditions afforded hexanal
(70%) and hexanol (7%) at 75% conversion (Run 9).

Tani et al. reported that simple alkynes and alkenes were
reduced with methanol under the influence of an iridium
hydrido(methoxo) complex prepared by the reaction of
[{Ir(bpbp)Cl}2] (bpbp = 2,20-bis(diphenylphosphino)-1,10-bi-
phenyl) with methanol.42 They suggested that an iridium dihy-
dride complex was formed and acted as the real catalyst. The
coordination of the iridium complex to alkene, followed by hy-
dride insertion, gave the corresponding alkane. The reaction
pathway of the present transfer hydrogenation by [{IrCl-
(cod)}2]/dppp/Cs2CO3 is not fully confirmed at this stage,
but it seems likely that the reaction proceeds through a similar
pathway, as reported by Tani et al. The reaction may be initiat-
ed by the coordination of an iridium hydride complex, generat-
ed in situ from [{IrCl(cod)}2]–dppp complex and 2-propanol in
the presence of Cs2CO3, to �;�-unsaturated carbonyl com-
pound, followed by hydrogen transfer to conjugated double
bond, giving a saturated carbonyl compound.

After our finding, Williams et al. reported an indirect Wittig
reaction of alcohols by the use of the [{IrCl(cod)}2]/dppp/
Cs2CO3 catalytic hydrogen transfer system, which catalyzes
the transformation of alcohols to aldehydes.43 For instance,
the reaction of benzyl alcohol with benzyl (triphenylphosphor-
anylidene)acetate in the presence of catalytic amounts of
[{IrCl(cod)}2], dppp, and Cs2CO3 in toluene at 150 �C for 72
h gave benzyl dihydrocinnamate in 79% yield, along with ben-
zyl cinnamate (12%) and benzaldehyde (5%) (Eq. 9).

ð9Þ

In addition, Yamaguchi14d–f and Hiroi44 et al. reported that
Ir complexes bearing Cp� ligand efficiently catalyze the hydro-
gen transfer reactions from primary alcohols to acetone and
butanone, leading to aldehydes.45

3.2 Solvent-Free �-Alkylation of Ketones with Alcohols.
�-Alkylation of enolates derived from ketones with alkyl hal-
ides is one of the important and frequently used methods for
forming a new carbon–carbon bond in organic synthesis.46 This
reaction, however, will inevitably form undesirable waste salts.
If the �-alkylation of enolates derived from ketones with alkyl
halides can be replaced by the direct reaction of ketones with
alcohols, this method would provide a very useful waste-free
green route to �-alkylation, which does not produce any side
products other than water.

As shown in the preceding section, [{IrCl(cod)}2] catalyzes

Table 2. Transfer Hydrogenation of Various �; �-Unsaturat-
ed Carbonyl Compounds Catalyzed by [{IrCl(cod)}2]

aÞ

O

O

O OH

O

O

O

O
O

O

O

O

O

H

O

H

O

OH

O

O

1

5

2b)

3b)

4c,d)

(98)

(95)

(70)

(94)

(96)

(96)

(98)6d)

7c,e)

8c,e) (74)

Run Substrate Product  (Selectivity/%)Conv. /%

9

(25)

(26)

(70)

(7)

99

91

96

79

99

90

78

68

75

O

O

O

a) Substrate (0.5 mmol) was allowed to react with 2-propanol (5.0
mmol) in the presence of a catalytic amount of [{IrCl(cod)}2]
(0.01 mmol), dppp (0.01 mmol), and Cs2CO3 (0.01 mmol) in tol-
uene (0.5 mL) at 80 �C for 4 h. b) [{IrCl(cod)}2] (0.005 mmol),
dppp (0.005 mmol), Cs2CO3 (0.005 mmol). c) Cs2CO3 (0.005
mmol). d) 15 h. e) 75 �C, 6 h.
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efficiently the selective hydrogen transfer from alcohols to car-
bonyl compounds.41 Williams et al. have also reported an indi-
rect Wittig reaction of alcohols by the use of [{IrCl(cod)}2]
which serves as a transfer hydrogenation catalyst of alcohols
to aldehydes.43

Quite recently, we have successfully achieved the �-alkyla-
tion of ketones with alcohols catalyzed by an iridium complex
in the presence of a small amount of base.47 The reaction of 2-
octanone with 1-butanol in the presence of [{IrCl(cod)}2] (0.01
molar amount), PPh3 (0.02 molar amount), and KOH (0.01 mo-
lar amount) at 100 �C for 4 h without any solvents afforded 6-
dodecanone (80%), along with small amounts of 6-dodecanol
(2%) and 2-octanol (7%) (Eq. 10).

ð10Þ

It is interesting to note that the alkylation took place with
complete regioselectivity at the less hindered side of 2-octa-
none. Recently, Cho et al. reported that the �-alkylation of ke-
tones with alcohols in the presence of stoichiometiric amounts
of a hydrogen acceptor like 1-dodecene and a base like KOH
using dioxane as a solvent is catalyzed by a ruthenium com-
plex.48 In contrast to the Ru-catalyzed �-alkylation of ketones
with alcohols, the Ir-catalyzed reaction took place with a small
amount of KOH (0.1 molar amount) in the absence of both a
hydrogen acceptor and a solvent. This method provides a very
convenient route to aliphatic ketones, to which a carbonyl func-
tion can be introduced into the desired position by selecting the
ketones and alcohols employed (Table 3).

It seems likely that the reaction proceeds via the following
pathway: (i) hydrogen transfer from alcohol to an Ir complex,
giving aldehyde and an Ir–dihydride complex; (ii) base-cata-
lyzed aldol condensation between the resulting aldehyde and
ketone giving �;�-unsaturated ketone; and (iii) selective hy-
drogenation of the �; �-unsaturated ketone by an Ir–dihydride
complex generated in the reaction course, forming �-alkylated
ketone (Scheme 7). Although the in situ generation of an Ir–di-
hydride complex from [{IrCl(cod)}2], PPh3, and alcohol is not
completely confirmed, various iridium dihydride complexes

have been prepared and are used in many reactions. Since the
present reaction is rationally explained by in situ generation
of an Ir–dihydride complex, it seems reasonable to assume
the Ir–dihydride complex as a key species in the present reac-
tion.

Yamaguchi and co-workers showed that N-alkylation of
amines with alcohols was promoted under the influence of
[(IrCp�Cl2)2] catalyst combined with K2CO3 in toluene at
110 �C (Eq. 11).14f This N-alkylation of amines may proceed
in a similar manner to the �-alkylation of aldehydes shown
above: (i) dehydrogenation of alcohols to aldehydes, (ii) the
formation of imines from aldehydes and amines, and (iii) hy-
drogenation of imines to amines.

ð11Þ

4. Claisen Rearrangement of Allyl Homoallyl Ethers

Iridium complexes possess efficient potential as catalysts for
isomerization of olefinic double bonds. In 1978, Bauday and
co-workers showed that treatment of allylic ethers with a cata-
lytic amount of [Ir(cod)(PMePh2)2]PF6 at room temperature af-
forded E-enol ethers with high stereoselectivity.49 Allylic alco-
hols are efficiently isomerized to carbonyl compounds in the
presence of IrCl3 in CF3COOH.

50 The iridium-catalyzed dou-
ble bond migration was successfully applied to the selective
synthesis of allylic silanes from homoallylic silanes byMatsuda
et al.51 In recent years, Miyaura et al. studied the stereoselective
isomerization of allyl silyl ethers to E- or Z-silyl enol ethers cat-
alyzed by a cationic iridium complex.52 A polymer-supported
iridium was a useful catalyst for isomerization of double
bonds.53 This reaction proceeds with excellent trans selectivity
and does not need conventional work-up procedures.

The aliphatic Claisen rearrangement of allyl vinyl ethers has
been adopted as a valuable synthetic tool for the synthesis of
�; �-unsaturated carbonyl compounds.54 Therefore, the Claisen
rearrangement is carried out through the in situ generation of
allyl vinyl ethers which are derived from �-allyloxyacrylic
acids,55 the reaction of allyl formates with the Tebbe reagent,56

the acid-catalyzed reaction of diallyl acetals,57 and the transi-
tion metal- or acid-catalyzed transvinylation between alkyl vi-
nyl ethers and allylic alcohols.58 Diallyl ethers are reported to
be converted into �; �-unsaturated aldehydes by heating in
the presence of [RuCl2(Ph3P)3]

59a or [Ir(C8H12)(PMePh2)2]-
PF6,

59b although these reactions must be carried out at a higher
temperature (>160 �C).

We found that �; �-unsaturated aldehydes can be obtained by
treating allyl homoallyl ethers under the influence of
[{IrCl(cod)}2] combined with PCy3 and Cs2CO3 through dou-
ble bond migration, followed by the Claisen rearrangement un-Scheme 7.
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der relatively mild conditions.60 Thus, a wide variety of allyl
homoallyl ethers were converted into the corresponding �; �-
unsaturated aldehydes in moderate to good yields (Table 4).

It is interesting that 4-allyloxy-1-pentene was converted into
E-2,3-dimethyl-4-hexenal without the formation of the Z-iso-
mer (Run 3). This suggested that the rearrangement took place
in regio- and stereoselective fashion to give the sole rearranged
product having E-geometry. From 4-allyloxy-1-pentene, 3-eth-
yl-5-hexen-2-one is expected to be formed through an alterna-
tive path (b), but no such compound was formed at all
(Scheme 8). However, 4-allyloxy-4-phenyl-1-pentene led to a

2:1 stereoisomeric mixture of E- and Z-2,3-dimethyl-5-phen-
yl-4-hexenal, whose ratio may be dependent on the free-energy
difference between the six-membered transition states (A) and
(B), which are assumed in the common aliphatic Claisen rear-
rangement (Run 6, Scheme 9). Since the preparation of allyl ho-
moallyl ethers is more easily carried out than that of allyl vinyl
ethers, the present method provides a novel route to �; �-unsat-
urated aldehydes which are difficult to prepare by conventional
methods. Recently, Dixneuf and co-workers reported that the
aliphatic Claisen rearrangement of allyl homoallyl and dially
ethers was promoted in the presence of a catalytic amount of

Table 3. Reaction of Various Ketones with Alcohols Catalyzed by [{IrCl(cod)}2] and KOHaÞ

nC6H11

O

Ph

O

Ph

O

O

O

O

O

nC6H11

O

Ph

O

nC6H11

O

nC6H11

O

nC6H11

O

nC3H7 OH

Ph OH

OH

OH

Ph OH

nC3H7 OH

nC3H7 OH

nC3H7 OH

nC3H7 OH

nC3H7 OH

Ph OH

Ph OH

nC6H11

O
nC3H7

Ph

O
nC3H7

Ph

O
nC3H7

O
nC3H7

O
nC3H7

O

nC3H7

nC6H11

O

Ph

Ph

O

Ph

nC6H11

O

Ph

nC6H11

O

nC6H11

O

O

PhPh

Ketone Alcohol Product /%Run

1

2 b)

3

4

5 c)

6 c)

7

8

9

10
d)

11

12e)

80

88

71

80

47

88

81

86

81

96

84

77

a) Ketone (2 mmol) was allowed to react with alcohol (4 mmol) in the presence of [{IrCl(cod)}2]
(0.02 mmol), KOH (0.2 mmol), and PPh3 (0.08 mmol) at 100 �C for 4 h without solvent. b) Butyl
alcohol (8 mmol) was used. c) KOH (0.6 mmol) was used. d) KOH (0.4 mmol) was used. e)
Benzyl alcohol (8 mmol) was used.
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a Ru complex, giving �; �-unsaturated aldehydes in a manner
similar to our Ir-catalyzed reaction.61

5. Summary

We have shown that [{IrCl(cod)}2] acts as an efficient cata-
lyst for various organic transformations. By the use of

[{IrCl(cod)}2] as a key catalyst, efficient and selective car-
bon–carbon bond-forming reactions, vinyl ether or ester syn-
theses, hydrogen transfer reactions, �-alkylations of ketones
with alcohols, and isomerization–Claisen rearrangement reac-
tions of allyl homoallyl ethers were developed. Such reactions
have not been available before this technique was establishied.
A new type of C–H bond activation adjacent to the nitrogen
atom of imines was catalyzed by [{IrCl(cod)}2], leading to a
three-component coupling reaction of aldehydes, amines, and
alkynes. The three-component coupling reaction of aliphatic
aldehydes, aliphatic amines, and ethyl diazoacetate to the
corresponding aziridine derivatives was achieved. The
[{IrCl(cod)}2] complex was found to promote a novel transfer
vinylation between alcohols and vinyl acetate. The chemose-
lective reduction of �;�-unsaturated carbonyl compounds to
saturated carbonyl compounds using isopropyl alcohol as a hy-
drogen source has been established by the use of
[{IrCl(cod)}2]/dppp/Cs2CO3. As an extension of this hydro-
gen-transfer catalytic system, we developed the �-alkylation
of ketones with alcohols catalyzed by [{IrCl(cod)}2]/PPh3/
KOH under solvent-free conditions. The [{IrCl(cod)}2] was ap-
plied to aliphatic Claisen rearrangement of allyl homoallyl
ethers. The Ir complex possessing a unique catalysis is expect-
ed to be extensively used in organic synthesis.

Table 4. Claisen Rearrangement of Various Allyl Homoallyl
Ethers and Diallyl Ethers Catalyzed by [{IrCl(cod)}2]

aÞ

H

O

C5H11
n

O

C5H11
n

H

O

C4H9
n

O

C4H9
n

O H

O

O

Ph

H

O

Ph

O H

O

O

Ph

H

O

Ph

O H

O

O

H

O

2

6

3

4

5

68

81b)

78

81

72

48

787

8

9c) 78

Run Substrate Product Yield /%

O
H

O

1 74

a) Substrate (0.5 mmol) was allowed to react in the presence of
catalytic amounts of [{IrCl(cod)}2] (0.005 mmol), PCy3 (0.01
mmol), and Cs2CO3 (0.005 mmol) in toluene (0.5 mL) at 100
�C for 15 h under Ar. b) The ratio of E-isomer/Z-isomer was
2/1. c) The reaction was carried out in p-xylene at 140 �C. Scheme 9.

Scheme 8.
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