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1. INTRODUCTION

Oxidation of organic compounds is one of the most funda-
mental technologies for organic synthesis. Traditional methods,
however, use stoichiometric quantities of toxic heavy metal
oxidants and produce large amounts of inorganic salts along
with the target compounds. During recent years, the develop-
ment of environmentally friendly processes has attracted much
attention.1 From an environmentally benign point of view,
synthetic methods should be developed with a high atom
economy. Nontoxic and recyclable reagents are also preferred.
Oxidations with molecular oxygen or hydrogen peroxide are

high-atom economical methodologies relying on such nontoxic
oxidants. In ‘green’ processes, the use of an auxiliary solvent,
especially halogenated solvents, should also be avoided. Ambient
temperature and pressure is ideal for energy saving. High yield
and high stereoselectivity, including regioselectivity, diastereo-
selectivity, and enantioselectivity, contribute to the environmental
value as well as the economic importance. Chemoselective pro-
cesseswith high functional group tolerance supply protecting group
free syntheses. The key to achieving the above-mentioned points is
the development of excellent catalyticmethodologies. For example,
the oxidation of alcohols with H2O2 or O2 has been developed
using a transition-metal catalyst such as Pd, Cu, and Ru.2 The
application of iridium catalysts for oxidation reactions is less well
known than the use of other transition metals. In general, the
iridium complex is more stable than the rhodium and cobalt
complexes. The stability has been utilized for the mechanistic study
using stoichiometric reactions. However, research using Ir catalyst
has made tremendous progress since the report of the Crabtree
hydrogenation catalyst.3 Many oxidations utilizing the hydrogen
transfer process have been developed in the last few decades.4 The
stable character of the Ir complex can be effective for the severe
thermal condition or basic condition. This unique feature of the Ir
complex provides access to the new tandem reaction world. This
review covers studies up to October 2010.

2. OXIDATION OF ALCOHOLS AND CARBONYL
COMPOUNDS

2.1. Oxidation of Secondary Alcohols to Ketones
The first example of a transition-metal-catalyzed hydrogen

transfer reaction was reported by Henbest in the 1960s.5 IrCl3-
(dmso)3 or HIrCl2(dmso)3 catalyzed the transfer hydrogenation
of cyclohexanone or chalcone in the presence of 2-propanol,
giving the cyclohexanol and dihydrochalcone, respectively. Later,
Zassinovich developed the more active transfer hydrogenation
catalyst [Ir(Phen)(cod)]Cl, which has been shown to have a
turnover number of more than 5000.6

After these successes with iridium-catalyzed transfer hydro-
genation, Ajjiou reported the oxidation of secondary alcohols
using [Ir(cod)Cl]2/BQC as the catalyst and acetone as the
oxidant (eq 1).7 This catalyst system is soluble in water, and
recycling the aqueous phase for repeated catalysis was carried out
three times. Interestingly, when the oxidation was performed
with [Ir(cod)Cl]2 alone or combined with 2.2% biquinoline
(BQ) in acetone containing only 0.5%water, very low yields were
obtained (∼5%).
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The oxidation of 3-methyl-2-cyclohexenol proceeded with full
conversion to the corresponding unsaturated ketone (Table 1,
entry 1).7b However, 1-octen-3-ol and 1-phenyl-2-propen-1-ol
underwent quantitative isomerization to give saturated carbonyl
compounds (entries 2 and 3).

Fujita and Yamaguchi reported that [Cp*IrCl2]2 with K2CO3

also catalyzes oxidations with acetone as an oxidant (Table 2).8

They found that the introduction of N-heterocyclic carbene
(NHC) ligands enhanced the catalytic activity. In the oxidation
of 1-phenylethanol and cyclopentanol, turnover numbers
reached 3200 and 6640, respectively.8c,d Enhancement of the
catalytic activity by NHC ligands was explained to result from the
increased nucleophilicity of the iridium hydride.

Gelman reported the oxidation of secondary alcohols using an
air-stable Ir pincer complex (eq 2).9 The manipulations were
carried out in air, and no advantage was observed when the

reaction was performed under a nitrogen atmosphere. Various
aromatic ketones including benzophenone can be synthesized.
The reaction of benzylalcohol produced Tishchenko product
along with minute quantities of the desired aldehyde.

Crotti and Farnetti showed regioselective oxidation of glycerol
to dihydroxyacetone (DHA) (eq 3).10 HIr(cod)(PNP) gave
DHA using benzaldehyde in the absence of a basic cocatalyst
in order to avoid decomposition of the desired product.10b

Jensen developed a dihydride iridium PCP pincer complex
and applied it to the oxidation of phenylethanol in the presence
of tert-butylethylene (tbe) as an oxidant (eq 4).11 O-Hoxidative
addition of the alcohol to the 14 e Ir(I) complex, which is
generated by reaction of Ir dihydride and tbe, was proposed. β-
Elimination from the alkoxide produces the ketone and the
dihydride complex (Scheme 1).

Ikariya reported the mild aerobic oxidation of secondary
alcohols with bifunctional Ir catalysts bearing C-N chelating
ligands (eq 5). The catalyst facilitates the aerobic oxidation of
alcohols under mild conditions of atmospheric pressure and
ambient temperature. The oxidation of unsaturated 2-cyclohex-
en-1-ol gave 2-cyclohexenone in 47% yield.12

Scheme 1

Table 2. Oxidation of Secondary Alcohols by Acetone Using
Cp*Ir Catalysts

Table 1. Reaction of Allylic Alcohols by Acetone Using
[Ir(cod)Cl]2/BQC]
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Ison showed that [Cp*IrCl2]2 can catalyze the oxidation of
secondary alcohols with O2 as the oxidant (eq 6).

13 The role of
Et3N in the catalytic reaction is to promoteβ-hydride elimination
of the coordinated alcohol and formation of [(Cp*IrCl)2HCl].
Reaction of [(Cp*IrCl)2HCl] with O2 is the turnover limiting
step. The reaction occurs with Ir in a þ3 oxidation state
throughout the catalytic cycle.

Iridium-catalyzed dehydrogenationwithout a hydrogen acceptor
was reported by Lu in 1987.14 IrH5(P

iPr3)2 was used as the catalyst
in hexamethyldisiloxane (TMS2O) at 100 �C (eq 7). The catalytic
turnover number reached 150 for the dehydrogenation of cyclo-
hexanol. Dehydrogenation of an allylic steroidal alcohol gave
52% of the desired unsaturated ketone and 41% of the
saturated ketone.

Fujita and Yamaguchi reported that a Cp*Ir catalyst bearing a
2-hydroxypyridine ligand is effective for the dehydrogenation of
secondary alcohols (eq 8). A high turnover number (2120) was
noted for the reaction run in xylene for 100 h with 0.025 mol %
catalyst.15 Rauchfuss and Wilson reported dehydrogenation of
2-phenylethanol with Cp*Ir(Hcmhp)Cl (eq 9).16 A 2-hydroxy
substituent in the pyridine ring enhances the catalytic reactivity.
Although the structure of the corresponding Rh complex was
determined by single-crystal X-ray diffraction analysis, the com-
plex is not sufficiently robust thermally.

Oxidative kinetic resolution of secondary alcohols is one
approach for obtaining optically active alcohols. Gao found that
a chiral diaminodiphosphine (PNNP) Ir complex efficiently
catalyzed enantioselective oxidation of racemic secondary alco-
hols in acetone. In the presence of KOH, oxidative kinetic
resolution of the alcohols proceeded smoothly and the best
selectivity factor (s = [rate of fast-reacting enantiomer]/[rate of
slow-reacting enantiomer]) was up to 34 (eq 10).17

The first aerobic oxidative kinetic resolution of secondary
alcohols was reported by Ikariya. Cp*Ir((S,S)-Msdpen) also
showed a high selectivity factor (eq 11).18 Similarly, the R
enantiomers with >99% ee and with 46-50% yields were readily
obtainable from reactions of 1-indanol and 1-tetralol at ambient
temperature.

A mechanistic study of the aerobic oxidation using Cp*IrTsD-
PEN was carried out by Rauchfuss. His group proposed a catalytic
cycle involving regeneration of the 16e catalyst via IrOOH and
IrOH intermediates (Scheme 2, path a).19 Ikariya suggested direct
regeneration of the catalyst from IrOOH with H2O2 (path b).
H2O2 reacts with IrH to provide the 16e catalyst and H2O.

18

Suzuki reported the oxidative desymmetrization of meso-diols
using an Ir aminoalkoxide or Cp*IrTsDPEN catalyst (eq 12).20

High yields and selectivities were achieved using cyclohexanone
as an oxidant. In particular, the reaction is effective for the cyclic
diols to give the corresponding hydroxy ketones with >99% ee.

This oxidative desymmetrization reaction was applied to the
synthesis of otteliones, compounds that exhibit antitumor activ-
ity (Scheme 3) .20b In the absence of base, low conversion to the
desired compound was observed.

2.2. Oxidation of Primary Alcohols to Aldehydes
Selective oxidation of primary alcohols to aldehydes is one of the

fundamental reactions in organic synthesis. Jensen’s iridium PCP
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pincer complex converts aliphatic primary alcohols and benzylic
alcohols to the corresponding aldehydes in the presence of tert-butyl-
ethylene as the oxidant (eq 13).11 The reaction ofmethanol, however,
gave the carbonyl complex Ir(CO)[C6H3-2,6-(CH2P

tBu2)2].

Fujita andYamaguchi reported for the first time anOppenauer-
type oxidation of primary alcohols using [Cp*IrCl2]2 and
K2CO3.

8a The use of [Cp*Ir(NHC)(MeCN)2][OTf]2 or an Ir
NHC complex bearing functionalized Cp* ligands gave high
turnover numbers for benzyl alcohol.8b,d Suzuki reported the
Oppenauer-type oxidation of primary alcohols using an Ir ami-
noalkoxide complex (eq 14).21 Reaction of alcohols bearing an
easily oxidizable sulfide substituent proceeded with no problem.
Reaction of cinnamyl alcohol gave cinnamaldehyde without
formation of any saturated aldehyde. When these Oppenauer-
type reactions were carried out with acetone or butanone as the
oxidant, however, low yields of aliphatic primary alcohols were
obtained due to the lower oxidation potential of the oxidants.

Gr€utzmacher developed a process for the selective oxidation
of primary alcohols using an iridium amido complex with 1,4-

benzoquinone as the oxidant (eq 15).22a,b Oxidation of aliphatic,
aromatic, and allylic alcohols proceeds with 0.01 mol % catalyst.
Moreover, selective oxidation of 1,3-butanediol gives 3-hydro-
xybutanal exclusively. An iridium aminyl radical species plays an
important role in the proposed mechanism.

Gabrielsson reported the first aerobic oxidation of alcohols using
an iridium catalyst in 2006.23 [Cp*Ir(Cl)(bpym)]OTf catalyzed the
oxidation of benzyl alcohol containing aq. Na2CO3 at 70 �C in a vial
open to air with an observed turnover number of 70. Ison reported a
mechanistic study of the aerobic oxidation of primary alcohols using
[Cp*IrCl2]2 (5-10 mol % as Ir) with 20 mol % NEt3.

13 Benzyl
alcohol derivatives are oxidized at 80 �C. A dimeric [(Cp*IrCl)2-
(μHCl)] complex was suggested to be a key intermediate.

2.3. Oxidation of Primary Alcohols to Esters
For the synthesis of dimeric esters, oxidative dimerization is an

important method, as is the Tishchenko reaction of aldehydes.

Scheme 3

Scheme 2
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Suzuki developed the mild oxidative dimerization of alcohols
using an iridium aminoalkoxide catalyst.24 Dimerization of
aliphatic or benzylic primary alcohols proceeds at room tem-
perature with 2 mol % catalyst using butanone as an oxidant in
the presence of K2CO3 (eq 16).

Aerobic oxidative dimerization using [IrCl(coe)2]2 at 95 �C
was reported by Ishii (eq 17).25 This is the first successful Ir-
catalyzed oxidative dimerization of primary alcohols to esters
using air as an oxidant. Aliphatic primary alcohols can be
converted to the corresponding dimeric esters without the need
for any base or solvent.

Ikariya reported the mild aerobic oxidative dimerization of
primary benzylic or aliphatic alcohols with bifunctional Ir cata-
lysts bearingC-Nchelating ligands (eq 18).12 KOtBu is required
for not only generation of the Ir amido complex but also
intermediate formation of the hemiacetal. In the oxidation of
aliphatic alcohols, esters were produced in moderate yields and
with good selectivities.

Kiyooka reported oxidative esterification of aldehydes with
alcohols using an [Ir(cod)Cl]2 catalyst (eq 19).

26 The oxidative
esterifications are accompanied by formation of the reduction
product of the aldehyde. However, the reaction with secondary
allylic alcohols proceeds in high yield (eq 20).

Ishii reported the ethyl and methyl esterification of ethanol
using an iridium aminoalcohol complex with acetone as
oxidant.27 The methyl ester was preferentially obtained in 82%

yield (eq 21). This is the first Ir-catalyzed direct route to ethyl
and methyl acetates from ethanol.

2.4. Oxidation of Diols to Lactones
Lin reported the oxidative lactonization of 1,4- and 1,5-diols

using IrH5(P-iPr3)2 with acetone as the oxidant.28 Selective
oxidation proceeds with 1,4-pentanediol to give γ-valerolactone
in 93% yield (eq 22). This indicates that the primary hydroxy
group was dehydrogenated in preference to the secondary
hydroxy group. Oxidative lactonization without a hydrogen ac-
ceptor was observed for 1,4- butanediol to give γ-butyrolactone in
54% yield.

Suzuki developed a mild oxidative lactonization using a Cp*Ir
aminoalkoxide catalyst with acetone as the oxidant.29 The
reaction proceeds in high yield with high functional group
tolerance. The oxidation of unsymmetrical diols occurs at the
less hindered hydroxy group (eq 23). The same catalyst was used
for the synthesis of isocoumarin via the oxidative lactonization of
o-acetonyl benzaldehyde and for the synthesis of a pheromone of
Biprorulus bibax.29b,c

Galano synthesized isoprostane employing the selective oxi-
dation reaction using a Cp*Ir aminoalkoxide catalyst (Scheme 4).30

The same reaction using PDC or IBX (1.2 equiv) only provides
the inseparable lactones in a 1:1 ratio.

Harada succeeded in the synthesis of enantiopure phthalides
from optically pure diols (eq 24).31 The oxidative lactonization
using Cp*Ir aminoalkoxide proceeds without racemization. Even
3-(4-methoxyphenyl)phthalide is also obtained in 80% yield with
an enantiopure form.

Gr€utzmacher developed a highly active oxidative lactonization
of primary alcohols using an iridium amido complex with
1,4-benzoquinone as the oxidant (eq 25).22b The oxidation of
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1,4-pentanediol or cis-1,2-bis(hydroxymethyl)cyclohexane pro-
ceeds with 0.01 mol % catalyst.

Ikariya reported the mild aerobic oxidative lactonization with
bifunctional Ir catalysts bearing C-N chelating ligands
(eq 26).12 The oxidation of 1,2-benzenedimethanol afforded
phthalide in 72% yield.

Suzuki developed the asymmetric oxidative lactonizations
using the Ir complexes prepared from a chiral aminoalcohols to
give 81% ee of the lactone that is an intermediate of β-santalene
(Scheme 5).32 Optically pure lactone was obtained after a single
recrystallization.

2.5. Oxidation of Secondary Alcohols or Carbonyl Com-
pounds to Carboxylic Acids

Oxidation of acyclic ketones and aldehydes by Ce(IV) gives
carboxylic acids in the presence of IrCl3 as catalyst (eq 27).33

Oxidation of glycols by K3Fe(CN)6 or sugars by KIO3

yields the corresponding carboxylic acids with the IrCl3
catalyst.34

3. OXIDATION OF PHENOLS AND ETHERS

Bianchini reported aerobic oxidation of 3,5-di-tert-butylca-
techol to the corresponding benzoquinone catalyzed by an
Ir catecholate complex bearing a triphos ligand (eq 28).35

Muconic acid anhydrides are also produced at higher O2

pressure.

Iwasa reported the oxidation of catechol or hydroquinone with
hydrogen peroxide using Ir complexes (eq 29).36 [Ir(coe)2Cl]2 is
more reactive than [Ir(cod)Cl]2. Although the Ru complex is
more active for the above reaction and is applicable for the
methoxybenzene derivatives, the Ir complex is not effective for
them.

Shi reported that γ-butyrolactone was formed along with a
trace amount of lactol and 4-hydroxybutyraldehyde when stirring
a THF solution of Vaska’s complex under an aerobic atmosphere
(eq 30).37 The corresponding Rh complex showed 94 of TON
(turnover numbers) in the same reaction.

Scheme 4

Scheme 5
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4. OXIDATION OF NITROGEN AND PHOSPHORUS
COMPOUNDS

4.1. Oxidation of Amines
Jensen reported the dehydrogenation of secondary amines to

imines catalyzed by the iridium PCP pincer complex (eq 31).38

Greater than 99% regioselectivity was observed in the dehydro-
genation of the asymmetric substrates cyclohexylethylamine
and benzylpropyl amine, which underwent dehydrogenation to
N-ethylidenecyclohexylamine and N-benzylidenepropylamine,
respectively.

Knapp and Goldman reported the dehydrogenation of tertiary
amines catalyzed by the same Ir PCP complex to give
enamines.39 N,N-Diisopropylvinylamine was selectively formed
from the corresponding amine (eq 32). The use of an excess
amount of tert-butyl ethylene caused formation of the didehy-
drogenated product. N,N-Divinylethylamine (25%) is obtained
in addition to N,N-diethylvinylamine (54%) in the reaction of
triethylamine.

Brookhart reported the dehydrogenation of primary amines
using [C6H3-2,6-(OP

tBu2)2]IrH2 (eq 33).40 Isobutylamine and
several benzylamines can be converted to the corresponding
nitriles. The mechanism of amine dehydrogenation is proposed
to proceed from an iridium(I) nitrile complex, the catalyst resting
state, via two preturnover-limiting equilibria, followed by a slow
β-hydride elimination event from a transient iridium(III) amido
hydride species.

Yamaguchi and Fujita reported dehydrogenation of tetrahydro-
quinolines using aCp*Ir complex prepared from2-hydroxypyridine
(eq 34).41 The reaction proceedswithout a hydrogen acceptor. The
reverse reaction, i.e., hydrogenationof quinoline to tetrahydroquinoline,

also proceeded under hydrogen (1 atm) in the presence of the
same catalyst at 110 �C in p-xylene in quantitative yield.

4.2. Oxidation of Phosphines
Oxidation of triphenylphosphine using Vaska’s complex with

O2 was studied by Teranishi in early 1970.
62 An Ir-O2 complex

42

was suggested as the active species (Scheme 6).
Trimesityliridium(III) (mesityl =2,4,6-trimethylphenyl) cata-

lyzes the oxidation of triphenylphosphine and triphenylarsine
(Scheme 7).43 The reaction proceeds at room temperature and
atmospheric pressure with an overall activity of∼60 turnovers/h.
Aerobic oxidation by oxotrimesityliridium(V) was proposed by
Brown. Triphenylarsine is also oxidized, though over an order of
magnitude more slowly.

5. OXIDATION OF ALKANES, ALKENES, AND AROMATIC
COMPOUNDS

5.1. Oxidation of Alkanes
The dehydrogenation of alkanes is one of the significant goals

in the field of homogeneous catalysis. Crabtree first reported in
1979 the stoichiometric dehydrogenation of alkanes using
[IrH2(acetone)2(PPh3)2]BF4 with tbe as the hydrogen
acceptor.44 Later, thermal and photochemical catalytic dehydro-
genation of alkanes were developed, but turnover numbers were
limited by catalyst decomposition.45 A key breakthrough was
achieved by Kaska and Jensen with the robust pincer-ligated
iridium complex (tBu4PCP)IrH2, which catalyzes the transfer
dehydrogenation of cyclooctane to cyclooctene at a rate of 12
turnovers per min.46 The PCP complex catalyzes transfer
dehydrogenation of ethylbenzene,47 tetrahydrofuran,47 n-
alkanes,48 and polyofefins.49 Transfer dehydrogenation of
cyclohexane and decalins gave benzene and naphthalenes,
respectively.50 Brookhart found that p-XPCP pincer complexes
exhibited high catalytic activity for transfer dehydrogenation
(eq 35).51 Koridze developed an Ir PCP complex based on
ferrocene that shows a high turnover number (3300) for the
transfer dehydrogenation of cyclooctane.52

Scheme 6

Scheme 7
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Jensen andGoldman first found that the robust Ir PCP complex
catalyzes the dehydrogenation of cycloalkanes under reflux with-
out the need for a hydrogen acceptor.53 Several Ir PCP
complexes54 or IrCCC-pincerN-heterocyclic carbine complexes55

have been synthesized for acceptorless dehydrogenation. A high
turnover number of 3050was obtained for the dehydrogenation of
cyclodecane by Krogh-Jespersen and Goldman (eq 36).54c

Oxidation of cyclohexane by Ce(IV) sulfate catalyzed by IrCl3
at 100 �C was found to give a 44% yield of cyclohexanone.56 The
electrooxidation of cyclohexane to cyclohexanone using Ir-
(acac)3 supported on a carbon fiber anode was reported by
Yamanaka.57

5.2. Oxidation of Alkenes
Allylic oxidation is a fundamental transformation in organic

synthesis. In 1967, Collman first reported that the allylic oxida-
tion of cyclohexene catalyzed by IrI(CO)(PPh3)2 under oxygen
(1-2.5 atm) gave cyclohexenone.58 This process was found to
occur via the radical autoxidation of cyclohexene by low oxida-
tion state phosphine complexes.59An iridium nitro complex also
catalyzes the oxidation of cyclohexene to give cyclohexenone as a
major product (eq 37). Severe reaction conditions are required
for high conversion though.60 Polyoxoanion-supported Ir com-
plexes were also investigated for oxidation reactions by Finke.61

Epoxides are important synthetic intermediates for organic
synthesis. In early studies of the oxidation of cyclohexene
and styrene by Collman and Takao, epoxides were obtained
as minor products.58,62 Lyons reported that the oxidation of
tetramethylethylene with IrCl(CO)(PPh3)2 gives 2,3-dimethyl-
2,3-epoxybutane and 2,3-dimethyl-3-hydroxy-1-butene.63 The
reaction initiates autoxidation of the olefin to form an allylic

hydroperoxide, and the subsequent epoxidation step is cat-
alyzed by IrCl(CO)(PPh3)2. The iridium nitro complex [Ir-
(CH3CN)5(NO2)](PF6)2 catalyzes the epoxidation of 1-hex-
ene selectively but with low conversion.60

James reported that [IrHC12(cod)]2 and [Ir(cod)Cl]2 with
hydrogen chloride catalyze the oxidation of cyclooctene to
cyclooctanone and water using oxygen and hydrogen mixtures
(eq 38).64

Olefin cleavage was observed by Takao in 1970 in the
oxidation of styrene with IrCl3 or IrClCO(PPh3)2 under O2

bubbling.62 Lyons reported that the initial step in styrene
oxidation is radical-initiated autoxidation; a 40% yield of benzal-
dehyde and formaldehyde was obtained with 0.01 mol % IrCl-
(CO)(PPh3)2 (eq 39).65

5.3. Oxidation of Aromatic Compounds
Oxidation of anthracene to anthraquinone catalyzed by IrCl-

(CO)(PPh3)2 with tert-butylhydroperoxide proceeds in 15%
yield. The same reaction is efficiently promoted by RhCl(PPh3)3
in 96% yield.66 Oxidation of naphthalene by cerium sulfate in the
presence of IrCl3 catalyst provides R-naphthol in 34% yield.67

The same catalyst system oxidizes p-cresol to p-hydroxybenzal-
dehyde in 96% yield.

6. TANDEM REACTIONS

Tandem reactions are a very attractive strategy since they
involve multistep transformations that allow for a rapid increase
in molecular complexity from readily available starting com-
pounds. In particular, ‘borrowing hydrogen methodology’68 or
‘hydrogen autotransfer processes’69 is an example of an attractive
method for synthesizing complex molecules.70 In this reaction
substrate is activated by the redox process and the activated
substrate leads to the next reaction and the final product was
produced by the redox process. Thus, it is a totally redox-neutral
process. This method can be classified into two types based on
the order of the redox steps (Scheme 8). The first begins with
oxidative activation followed by reaction with component B, with
resulting intermediate C reduced to the final product. The
second type involves an initial reductive activation followed by
reaction with component B and final oxidation of intermediate C
to yield the desired product.

6.1. Synthesis of Esters, Lactones, and Amides
Williams reported the synthesis of homologated esters from

alcohols (Scheme 9).71 The alcohol is first oxidized to the

Scheme 8
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aldehyde, which is then converted to the unsaturated ester via
Wittig olefination. Reduction of the alkene yields the final homo-
logated ester. 2-Substituted propanoate was successfully obtained
with 87% ee in the presence of (S)-BINAP. Combination with the
Hornor-Wadsworth-Emmons reaction gave moderate yields.72

Homologated esters can also be synthesized by combining the
reaction with the decarboxylative Knoevenagel reaction
(Scheme 10).73 Pyrrolidine was used as the organocatalyst for
the decarboxylative Knoevenagel reaction. The catalyst loading is
reduced to 2.5 mol % by using Ru (PPh3)3Cl2.

Suzuki reported a mild Tishchenko-type reaction using an
iridium aminoalkoxide catalyst (Scheme 11).74 Both aliphatic
and aromatic aldehydes could be converted to the corresponding
dimeric esters in high yields. In the presence of Ir hydride
catalyst, the aldehyde is reductively activated to the alcohol,
which reacts with another aldehyde to produce a hemiacetal,
which in turn is oxidized to the final dimeric ester.

Similarly, intramolecular Tishchenko-type reactions of δ-ketoalde-
hydes give 3,4-dihydroiosocoumarins in 70% yield (Scheme 12).29b

Isocoumarin was also obtained in 28% yield under the conditions,
although no extra cooxidant was added to the reaction mixture.

Williams reported the one-pot synthesis of amides from
alcohols (Scheme 13).75 This synthesis does not involve the
borrowing hydrogen methodology but consists of Ir-catalyzed
oxidation, oxime formation, and Ir-catalyzed rearrangement.

6.2. Alkylation of Ketones, Nitriles, Nitro Compounds, and Esters
Ishii reported direct R-alkylation of ketones with primary

alcohols catalyzed by an [Ir(cod)Cl]2/PPh3/KOH system

without solvent (Scheme 14).76 After initial oxidation of the
primary alcohol, base-catalyzed aldol condensation takes place
with complete regioselectivity at the less hindered side of the
ketone. Selective hydrogenation of the R,β-unsaturated ketones
by an iridium dihydride complex leads to theR-alkylated ketones.
The reaction of methyl ketone and R,ω-diols can be utilized for
the synthesis of diketones orω-hydroxy ketones (eqs 40 and 41).77

This reaction was applied by Nishibayashi to the synthesis of
optically active alcohols in a one-pot process (Scheme 15).78

Iridium complex, PPh3, and KOH did not interfere with the final
reduction step of the ketone intermediate. The iridium

Scheme 10

Scheme 11

Scheme 9 Scheme 12

Scheme 13

Scheme 14
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and ruthenium complexes play their roles independently in
each step.

Grigg reported the solvent-free selective alkylation of arylace-
tonitriles with alcohols catalyzed by [Cp*IrCl2]2 (Scheme 16).

79

The reaction is selective for the monoalkylated product, as in the
second Knoevenagel condensation there is no R proton to the
OH group to be eliminated as water. The reaction time can be
reduced with microwave heating.

Williams investigated the alkylation of nitroalkanes, β-dike-
tones, malonate esters, and R-cyanoketones, achieving moderate
yields (Scheme 17).72 The high temperature required for the
crossover transfer hydrogenation process is almost certainly
responsible for the lack of selectivity.

Grigg reported the one-pot bisalkylation of 1,3-dimethylbar-
bituric acid sequentially using iridium and palladium catalysts
(Scheme 18)80 Oxidation of the alcohol is first catalyzed by
iridium, followed by Pd-catalyzed three-component coupling.
Alkylation of oxindole with various alcohols under solvent-free
thermal or microwave conditions afforded the corresponding
C-3-monoalkylated products in high yield (eq 42).81 In a similar
manner, 4-hydroxy-quinolones, coumarin, and 4-(1H)-quino-

lone were successfully C-alkylated with a range of substituted
benzyl and aliphatic alcohols (eq 43).82

Ishii reported the alkylation of R-cyanoesters with alcohols
catalyzed by an iridium phosphine complex (Scheme 19).83 This
system functions without added base to give the corresponding
saturated R-alkylated products in good yields. Grigg reported
alkylation of tert-butyl cyanoacetate using [Cp*IrCl2]2 under
solvent-free conditions (eq 44).84 Extended reaction time leads
to some product degradation via hydrolysis and decarboxylation.

Alkylation of acetates with primary alcohols has also been
reported by Ishii (Scheme 20).85 This alkylation is influenced by
the base employed. No alkylation is induced by KOH, which is
the efficient additive for the alkylation of ketones. Notably,
alkylation with secondary alcohols such as 2-butanol do not
occur under these conditions.

6.3. Synthesis of Alcohols
Fujita and Yamaguchi reported direct β-alkylation of second-

ary alcohols with primary alcohols catalyzed by a Cp*Ir complex
(Scheme 21).86 The reaction involves the oxidation of primary
and secondary alcohols to the corresponding aldehydes and
ketones followed by cross-aldol condensation between them.
Successive transfer hydrogenations of the CdC and CdO

Scheme 15

Scheme 16

Scheme 17

Scheme 18

Scheme 19
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double bonds of the intermediateR,β-unsaturated ketone lead to
the final product.

Tejeda, Peris, and Royo studied the β-alkylation of secondary
alcohols with a Cp*-functionalized N-heterocyclic carbene Ir
complex,87 and Crabtree investigated similar reactions with
chelating NHC complexes88 and an Ir terpyridine complex89

(Table 3). The Ir terpyridine complex can operate effectively
under neat conditions.

Ishii reported the Guerbet reaction of primary alcohols
catalyzed by [Ir(cod)Cl]2 and [Cp*IrCl2]2 (Scheme 22).90

The Guerbet reaction of ethanol also proceeds in the presence
of a catalytic amount of [Ir(acac)(cod)], 1,7-octadiene, and
NaOEt to give n-butanol.91 A turnover number of 1220 was
obtained.

6.4. Synthesis of Homoallylic Alcohols and Related
Compounds92

In 2007, Krische developed a new type of autotransfer reaction
that involves carbonyl allylation (Scheme 23).93 His group
utilized the metal hydride complex formed in the alcohol
dehydrogenation for generation of the allyl metal species.

The reaction of alcohols and allenes proceeds in the presence
of the [Ir(cod)(BIPHEP)]BARF complex. Prenylation, crotyla-
tion, and allylation products were obtained without over reduc-
tion of the olefinic substituent (eqs 45-47).

Krische also developed enantioselective carbonyl prenylation
from alcohols and 1,1-dimethylallene (eq 48).94 The Ir complex

prepared from allyl acetate,m-nitrobenzoic acid, and (S)-SEGPHOS
shows good to excellent isolated yields and enantioselectivities.

The reaction of 1,3-cyclohexadiene and primary alcohols also
proceeds with an Ir phosphine catalyst (eq 49).95 Addition of
nBu4NI has an effect on the diastereoselectivity and suppression
of the regioisomeric product.

Scheme 20

Scheme 21

Scheme 22

Table 3. Ir-Catalyzed β-Alkylation of Secondary Alcohols
with Primary Alcohols

Scheme 23
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Krische found that allyl acetate can be used as an allyl donor for
enantioselective carbonyl allylation with alcohols. In contrast to Ir-
catalyzed allylic substitution (O-alkylation) reactions employing an
alcohol nucleophile where an Ir allyl intermediate functions as an
electrophile in this system the allyl intermediate acts as a
nucleophile.96 The reaction with allylic alcohols or aliphatic alco-
hols also gives the allylation products with high ees (Scheme 24).97

The use of Cs2CO3 and m-nitrobenzoic acid is effective for
both conversion and enantioselection. They suggest that the
active catalyst is ortho-cyclometalated complex as shown in
eq 48.

Thus, the reaction is quite practical. In fact, O’Doherty used
this allylation method in the synthesis of (þ)-goniothalamin.98

The allylation is also applicable to furan methanol derivatives.99

Krische succeeded in the elongation of 1,3-polyols via iterative
enantioselective carbonyl allylation (Scheme 25).101b High levels
of catalyst-directed enantioselectivity and diastereoselectivity
were attained.

Reactions with 1,3-, 1,4-, and 1,5-diols give doubly allylated
products with high enantio- and diastereoselectivities (eq 50).100

Thus, 1,n-glycols can be used instead of the corresponding
unstable dialdehydes. This reaction was useful in the concise
synthesis of the bryostatin A-ring.101a

Krische reported anti-diastereo- and enantioselective carbonyl
crotylations from alcohols (Scheme 26). A broad range of
alcohols can be crotylated with high ee.102 This method avoids
the use of chirally modified crotylmetal reagents or metallic
terminal reductants and, consequently, keeps away from genera-
tion of stoichiometric metallic byproducts.

The reaction of R-(trimethylsilyl)allyl acetate with alcohols
under similar conditions gave (trimethylsilyl)allylation products
with high enantioselectivity and anti-diastereoselectivity
(Scheme 27).103 The use of K3PO4 was effective for suppressing
the Peterson olefination. Trimethylsilyl allylated products can be
converted to 1,4-ene-diols via DMDO-mediated oxidative elim-
ination (eq 51). Protodesilylation was also achieved using TiCl4

in the presence of exogeneous aldehydes to give allylic alcohols
(eq 52).

The reaction with cyclic carbonates and alcohols produces
anti-selective (hydroxymethyl)allylation products (eq 53).104

This method is the first general method for enantioselective
carbonyl (hydroxymethyl)allylation. The reaction can be used
for a broad range of alcohols.

Obora and Ishii reported the coupling of 1-aryl-1-propynes with
primary alcohols using an [Ir(cod)OH]2 and P(n-Oct)3 catalyst
system to give homoallylic alcohols (Scheme 28).105 A (π-
allyl)iridium hydride species is proposed as an intermediate. On
the other hand, coupling with the [Ir(cod)Cl]2 and P(n-Oct)3
catalyst system gives R,β-unsaturated ketones (Scheme 29).106

The reaction proceeds through the initial formation of homoallylic
alcohols followed by dehydrogenation to β,γ-unsaturated ketones
and then isomerization.

6.5. Synthesis of Amines and Related Compounds
In 1981, Grigg reported the N-alkylation of amines with

primary and secondary alcohols in the presence of transition-
metal complexes such as Rh, Ir, and Ru (Scheme 30).107 Iridium-
(I), -(III), and -(IV) chloride phosphine catalyst systems catalyze
the N-alkylation of pyrrolidine.

In 1992, Tanaka reported the N-alkylation of azole with
alcohols catalyzed by transition-metal complexes (Ru, Rh,
Ir).108 The IrCl3-P(OnBu)3 catalyst system can catalyze the

Scheme 24
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N-methylation of 3,5-dimethlpyrazole by methanol under high-
pressure conditions (Scheme 31).

Fujita and Yamaguchi reported that [Cp*IrCl2]2/K2CO3

or NaHCO3 catalyzes theN-alkylation of primary and secondary

amines (eqs 54-56).109 A wide range of secondary and ter-
tiary amines can be synthesized in good yield. The mecha-
nism of this reaction has been studied by Eisenstein using
DFT calculations.110 The involvement of ancillary carbonate

Scheme 25

Scheme 26

Scheme 27
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ligands on the Ir for the hydrogen transfer reaction is
proposed.

Williams reported the N-alkylation of amines with alcohols in
water in the absence of base using [Cp*IrI2]2.

111 The reaction has
also been investigated in an ionic liquid using [Cp*IrI2]2.

112

N-Alkylations of aniline or primary amines with alcohols using
NHC-iridium complexes have also been examined by several
groups.87,88,113 The catalyst system consisting of [Cp*IrCl2(NH-
C)] and AgOTf promotes N-alkylation in the absence of base.113a

Williams reported that N-alkylation of phenylethylamine and try-
ptamine with alcohols proceeds with the [Ir(cod)Cl]2-dppf catalyst
system.114 The conversion of alcohols into N-alkylamines via aza-
Wittig reactions using Ph3PdNPh and [Ir(cod)Cl]2-dppf catalyst
system has also been reported by the same author.115

Kempe developed the [Ir(cod)Cl]2-Py2NP
iPr catalyst system,

which shows high activity for the selective monoalkylation of

anilines with primary alcohols (eq 57).116 The reaction of aliphatic
amines such as benzylamine, n-butylamine, and cyclohexylamine
with benzylalcohol barely proceeded, however. This catalyst system
works well, though, for aminopyridines, and aminoalcohols can be
used as the aminoalkyl source to give mono-N-arylated aliphatic
diamines (eq 58). Using careful NMRobservations, the researchers
recently developed an aminopyridine-based ligand and succeeded
in lowering the catalyst loading using a preformed catalyst
(eq 59).117 P,N-ligand-stabilized iridium catalyst also promotes
the alkylation of methyl-N-heteroaromatics (eq 60).118 The alkyla-
tion of 2- and 4-picoline is possible in moderate yield.

The reaction of nitroarenes and primary alcohols affords
the imine by [Cp*IrCl2]2 or Ir/Pd heterobimetallic complex

Scheme 28

Scheme 29

Scheme 30
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(Scheme 32).119 In the bimetallic catalyst system, the author sugge-
sts that oxidation of the alcohol to aldehyde is catalyzed by
iridium and reduction of nitroarene to amine is catalyzed by
palladium.

Peris reported the N-alkylation of aromatic amines by
primary alkylamines using the [Cp*IrCl2(NHC)] and AgOTf
catalyst system (Scheme 33).113a The reaction proceeds with-
out additional base, and secondary amines are produced
selectively.

Williams employed secondary and tertiary amines in addition
to primary amines as an alkyl source (eq 61).120 Alkyl exchange
reactions between tertiary amines with Ir4(CO)12 have been
known since 1980.121 A wide range of aliphatic primary amines
can be converted to the isopropylated secondary amines using
iPr2NH (eq 62). Madsen reported the dimerizations of primary
amines to secondary amines are catalyzed by [Cp*IrCl2]2
(eq 63).122 The neat conditions allow the straightforward isola-
tion of the product by direct distillation.

Ammonium salts can be used for iridium-catalyzed selective
N-alkylations without solvent.123 NH4OAc, with weak acidity,
affords tertiary amines by reaction of primary alcohols (eq 64).
NH4BF4, with stronger acidity, can be used for the synthesis of
secondary amines (eq 65). Current conditions have been

shown to be ineffective for the selective synthesis of primary
amines, however.

Andrushko and B€orner reported the reaction of secondary
amine and alcohols and diols with an Ir pincer catalyst.124 The
reaction of primary or secondary amine with methanol gave the
corresponding methylated tertiary amine in high yield. Reaction
of (S)-1-phenylethylamine led to selectively (S)-N,N-dimethyl-
1-phenylethylamine without racemization in quantitative yield.
The reaction of diols with secondary amine affords the corre-
sponding aminoalcohols selectively (eq 66).

N-Alkylation with diols using [Cp*IrCl2]2 affords a variety of
five-, six-, and seven-membered cyclic amines in good yields
(eqs 67-69).125 The two-step asymmetric synthesis of (S)-2-
phenylpiperidine was also attained by use of (R)-1-phenylethy-
lamine as a starting primary amine.

Scheme 32

Scheme 31
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The coupling reaction of racemic diols with (R)-phenethyla-
mine gave a diasetereomixture of 2-phenylpiperidines with a
small extent of racemization. Hydrogenolysis of the diastereo-
mixture afforded 2-phenylpiperidine of 78% ee (Scheme 34).125

This approach was applied by Trudell to the synthesis of both the
R and the S enantiomers of the amphibian alkaloid noranabasa-
mine with 80% ee.126

The synthesis of piperazines has been reported by Madsen
using the reaction of 1,2-diols and 1,2-diamines or primarya-
mines in aqueous media.127 The reaction with an optically
pure diamine affords the corresponding product without
racemization (eq 70). Piperadine derivatives can be synthe-
sized by homocoupling of ethanolamines using [Cp*IrCl2]-
NaHCO3.

128

Chemoenzymatic dynamic kinetic resolution of secondary
amines was reported by Page and Blacker (Scheme 35).129a,b

[Cp*IrI2] racemizes the amine with a 120-fold rate increase
compared to [Cp*IrCl2]. The reaction was performed at 10 g scale,
and the product carbamate was isolated in 82% yield with 96% ee.
Chemenzymatic dynamic kinetic resolution of secondary alcohols
were reported for the synthesis of chiral esters or epoxides using Ir
NHC complex or iridacyclic complex, respectively.129c,d

N-Alkylations of carbamates and amides with alcohols have
been developed by Fujita and Yamaguchi (eq 71).130 These

Scheme 34

Scheme 35

Scheme 36

Scheme 37

Scheme 33
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compounds are benzylated or alkylated by [Cp*IrCl2]-
NaOAc without solvent. N-Alkylation of TsNH2 with benzyl
alcohol also proceeds with [Cp*IrCl2]-K2CO3.

110 Fujita and
Yamaguchi found the reactions are promoted with a low
catalyst loading of [Cp*IrCl2]-

tBuOK (eq 72).131 Mechan-
istic investigations revealed the key catalytic species is a
sulfonylimido-bridged unsaturated diiridium complex [(Cp*Ir)2-
(μ-NTs)2].

6.6. Synthesis of Heteroaromatic Compounds
In 2002, Fujita and Yamaguchi reported the synthesis of indoles

from 2-aminophenethyl alcohols using the [Cp*IrCl2]2/K2CO3

catalyst system (eq 73).132 2-Nitrophenethyl alcohols have also
been used for the synthesis of indoles (eq 74). This catalyst system is
also effective for the synthesis of 1,2,3,4-tetrahydroquinolines from
3-(2-aminophenyl)propanols and 2,3,4,5-tetrahydro-1-benzaze-
pines from4-(2-aminophenyl)butanols (Scheme36). Eary reported
the synthesis of tetrahydroquinoxalines and tetrahydrobenzodiaze-
pines from the corresponding aniline alcohols using the [Cp*IrCl2]2/
K2CO3 catalyst system.133

Grigg extended the strategy to the synthesis of 3-substituted
indoles (Scheme 37).134 Aromatic, heteroaromatic, and aliphatic
alcohols can be used as the alkyl substituent.

Ishii reported the synthesis of quinolines and pyroles
from aminoalcohols and ketones in the presence of several
iridium catalyst systems and KOH without any solvent
(Scheme 38, eq 75).135 The reaction is even catalyzed by IrCl3,
which does not promote the R-alkylation of ketones. His group
proposed the formation of a six-membered iridium hydride
complex stabilized by a ketimine group as the driving force in
the reaction.

Scheme 39

Scheme 38

Scheme 40
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Benzoindoles and benzoquinolines were synthesized from
naphthylamine and 1,2- and 1,3-diols. The N-heterocyclization
was influenced by the ligand employed. The IrCl3/BINAP
catalyst system gave the best results (Scheme 39).136

Blacker, Marsden, and Williams reported the synthesis of
benzazoles and benzothiazoles from o-aminophenol or o-ami-
nothiophenol and aldehydes in the presence of [Cp*IrI2]2
(Scheme 40).137 No reaction took place between benzyl alcohol
and o-aminophenol, however. The reaction proceeds without an
added hydrogen acceptor, and [Cp*IrI2] shows higher activity
than [Cp*IrCl2]2.

6.7. Synthesis of Alkanes
Alkane metathesis was reported by Goldman and Brookhart

(Scheme 41).138 The reaction proceeds with alkane dehydro-
genation using an Ir(PCP) complex followed by Schrock Mo-
based alkene metathesis and hydrogenation of the resulting
alkene. Schrock evaluated various Mo andWmetathesis catalysts
for this reaction.139 Goldman and Scott also carried out metath-
esis-polymerization of cycloalkanes.140

The alkenes generated by the alkane dehydrogenation reac-
tion are a mixture of terminal and internal alkenes, resulting in a
complex product distribution. Takai developed the regioselective
one-pot functionalization of alkanes utilizing a hydrozirconation
step (Scheme 42).141

7. CONCLUSION

The foregoing sections clearly demonstrate the impressive
progress made in the area of iridium-catalyzed oxidation. The
methodologies described, such as the hydrogen autotransfer
process, present new synthetic strategies for modern organic
synthesis. These tandem methodologies depend on the reversi-
bility and the functional group compatibility of iridium-catalyzed
oxidation. These green processes have just been born, however,
and further improvements in catalyst activities for milder condi-
tions are strongly expected in the near future. Further develop-
ment of enantioselective hydrogen autotransfer processes might
also become part of mainstream synthetic organic chemistry.
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