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. Introduction

Chiral organometallic chemistry has received a lot of atten-
ion from both academia and industry as a result of intensive
tudies of asymmetric catalysis in the last four decades or so. In
articular, chiral-at-metal half-sandwich compounds, the most
opular chiral organometallics, have been extensively studied
ince the very early stage of transition metal chemistry. Opti-
ally active organometallic compounds with chiral metal atoms
ere reviewed by Brunner in 1999 [1]; the synthesis/separation

trategies to prepare chiral-at-metal compounds and their con-
gurational stability has been discussed by Brunner [2] and
anter [3]. These excellent reviews offer a broad view of chi-

al organometallic chemistry of various transition metals. Chiral
alf-sandwich complexes of d6 transition metals are of particular
nterest due to their wide applications in organic transformations
nd catalysis. However, compared with the wealthy ruthenium
nd rhodium chemistry with chiral half-sandwich scaffolds, the
ridium counterparts have been investigated to a much lesser
egree. On the other hand, iridium catalysts have been shown to
eliver superior performance for a range of reactions. For exam-
le, a Cp*-Ir(III) catalyst containing a diamine ligand gave a
igher activity in transfer hydrogenation of aldehydes than its
uthenium and rhodium analogues [4]. Similarly, higher catalytic
ctivities and enantioselectivities were obtained in the asymmet-
ic transfer hydrogenation of ketones with an iridium catalyst
ontaining a �-amino alcohol ligand than the corresponding
u(II) and Rh(III) catalysts [5], highlighting the great poten-

ial of half-sandwich iridium complexes in catalysis [6]. Herein
e focus attention on half-sandwich iridium complexes contain-

ng the Cp* and Cp ligands, especially on those with chirality at
he metal and on the advances made from 2000 onwards. Other
tructurally related complexes are known but fewer in numbers
nd will not be covered here [7–12]. Rather than a comprehen-
ive summary of half-sandwich iridium complexes reported in
he literature, we attempt to highlight the progress made in their
ynthesis, especially the novel approaches developed recently.
he applications of these complexes are briefly addressed toward

he end.
It is noted that many of these half-sandwich complexes are

ften prepared as a racemic or diastereomeric mixture. Thus,
lthough they possess stereogenic and chirotopic iridium cen-
ers, they may not display any optical activity. These complexes
re included here because they are chiral-at-iridium and they
re potential catalysts in synthesis. The absolute configuration
f the complexes will only be specified where enantiomerically
r diastereomerically pure forms are identified.

. Classification of chiral half-sandwich iridium
omplexes

The concept of chiral organometallics was raised by analogy
o chiral organic compounds, i.e., a transition metal tetrahedrally

oordinated by four different ligands should be chiral. Although
rganometallic Ir(III) complexes generally possess an octahe-
ral structure, the Cp ring of half-sandwich iridium complexes
ccupies one face of the octahedron and can be treated as one

c
c
s
c

Scheme 1.

igand, thus forming a pseudo-tetrahedral structure. If different
1, L2, L3 ligands are present in the three-leg piano stool, chiral
alf-sandwich iridium complexes result.

These complexes can be categorized into four groups accord-
ng to the nature of ligands (Scheme 1). Group I is defined as
hiral-at-metal iridium compounds, with the absolute configu-
ation at the metal atom, RIr or SIr, determined by the priority
equence of ligands L1, L2, L3 and the Cp ring. Although the
ajority of group I complexes exist as a racemic mixture in

olution due to poor configurational stability, the absolute metal
onfiguration of both R and S enantiomers has been determined
n the solid state by X-ray crystallography in many cases [1,2].

Group II complexes have chiral centers on both the metal
nd ligand, and can thus exist as a mixture of diastereomers. For
omplexes having two chiral centers, in principle there are four
iastereomers, which can exist in equilibrium in solution. How-
ver, certain diastereomers are often formed preferentially over
thers due to a relatively higher kinetic or thermodynamic stabil-
ty. Diastereomers can be separated by column chromatography
r fractional crystallization; this allows resolution and isolation
f group II chiral iridium complexes in diastereomerically pure
orm.

Group III complexes are essentially a subgroup of group II
omplexes, formed by replacing the monodentate ligands with
hiral bidentate analogues. The chelating effect significantly
nhances the configurational stability of the complexes, allowing
any complexes of this group to be isolated and character-

zed in a single diastereomeric form. Furthermore, the great
ariety in the architectural design of chiral chelating skele-
ons makes this group of complexes easily tuneable, and hence
as enabled their extensive applications in enantioselective
atalysis.

Group IV complexes are the so-called tether complexes, in
hich a linker X is introduced to bridge the Cp ring and a coor-
inated ligand. However, although a number of successful tether
atalysts based on half-sandwich ruthenium, zirconium, and tita-
ium complexes have been reported, analogous iridium catalysts
re fewer in the literature.

. Synthesis of half-sandwich iridium complexes

The synthetic chemistry of half-sandwich complexes of tran-
ition metals is well established [1]. Many synthetic protocols
eveloped for other transition metals, such as ligand substitution,

yclometallation, and oxidative addition, have general appli-
ability for iridium complexes. Outlined below are important
ynthetic methodologies and the continuing efforts to control the
onfigurational stability of resulting complexes, with emphasis
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n chiral half-sandwich iridium complexes of synthetic impor-
ance.

.1. Chiral-at-metal-only half-sandwich iridium complexes

Half-sandwich iridium complexes with only one chiral center
t the metal, i.e., the group I complexes, are usually prepared as
acemic mixtures. The absolute configuration of the metal center
as been determined by X-ray crystallography for most chiral-
t-metal complexes reported so far. However, these iridium
omplexes are configurationally labile in solution. Therefore,
he configuration of the metal center will not be specified in the
ollowing discussion.

.1.1. Synthesis by ligand substitution
Structurally well-defined, optically active group I iridium

omplexes are rare in the literature. The synthetic protocols
eveloped usually lead to racemic Cp*IrL1L2L3 complexes,
hich could, however, be extended to the synthesis of chiral irid-

um complexes when using appropriate substrates. The dimeric
Cp*IrCl2]2 is the mostly used precursor to synthesize this group
f iridium(III) complexes through chloride bridge cleavage and
igand substitution with monodentate or bidentate ligands, in the
bsence or presence of metathesis reagents such as NH4PF6,
aPF6 and AgBF4 (Scheme 2). Monomeric Cp*Ir(PR3)Cl2

R = aryl, alkyl) complexes are now commercially available,
nd have been used to prepare the chiral-at-metal complexes
p*Ir(L1,L2,L3) more directly.

Iridium precursors other than [Cp*IrCl2]2 and its derivatives
re also described in the literature. For example, a family of
ridium fluoro compounds, 2, has been prepared from their iodo
nalogues 1 by reaction with AgF in the dark. Subsequent methy-
ation at low temperature leads to the iridium methyl complexes

(Scheme 3) [13]. Up to now, this appears to be the only way
eported to synthesize half-sandwich iridium complexes with

erfluoroalkyl groups.

.1.1.1. Iridium complexes with hetero-bidentate ligands.
hiral-at-metal iridium complexes having bidentate ligands

Scheme 2.
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Scheme 3.

an be directly accessed by substitution at two legs of the
iano stool with heterobifunctional ligands. For example,
he complexes 4 and 5 were synthesized by the reaction
f [Cp*IrCl2]2 with the monosulphide or monoselenide of
is(diphenylphosphino)amine in an acetone/dichloromethane
ixture followed by chloride abstraction with AgBF4 (Table 1,

ntries 1 and 2) [14].
The sodium salts of anionic bidentate ligands can act

s both incoming ligand and metathesis reagent. Thus,
eaction of [Cp*IrCl2]2 with sodium pyridine-2-carboxylate
r sodium 2-(diphenylphosphanyl)thiophenolate afforded the
orresponding iridium η2-(N,O) and η2-(S,P) half-sandwich
omplexes 6 and 7 (Table 1, entries 3, 4) [15]. The struc-
urally similar iridium carboxylato pyrazine complex 8 was
repared from [Cp*IrCl2]2 and pyrazine-2-carboxylic acid
n the presence of sodium methoxide (Table 1, entry 5)
16].

Ligands containing a chiral center close to the donor
toms have also been used. An example is the reaction
f [Cp*IrCl2]2 with the chiral sulphur diphosphazane S-
h2PN(CHMePh)P(S)Ph2 in the presence of AgBF4. The
eaction did not give the expected η2-(P,S) diastereomer, how-
ver. Instead, 9 was generated in which the chiral – CHMePh
oiety was lost as a result of C–N bond cleavage (Table 1, entry

) [17]. More promising results were obtained from the reaction
f [Cp*IrCl2]2 with a chiral phosphino alcohol in the presence
f TlBF4. The chiral moiety remained in the cationic iridium
roduct 10; but no diastereo-induction was observed due to the
hiral element being too remote from the iridium center (Table 1,
ntry 7) [18].

.1.1.2. Iridium complexes with unsymmetrical homo-bidentate
igands. When the Cp*-Ir(III) precursor is complexed with
n unsymmetrical homo-bidentate ligands, a chiral iridium
omplex can also be constructed due to the difference
n the coordinating groups. For example, the reaction of
Cp*IrCl2]2 with the 2-(2′-pyridyl)imidazole ligands resulted
n the formation of racemic, cationic complexes 11 and
2 in the presence of NH4PF6 (Table 2, entries 1 and 2)
19].

Similar reactions with polypyridyl ligands have also been
eported. Thus, treatment of [Cp*IrCl2]2 with 2,3-di(2-
yridyl)pyrazine (dpp) or 2,4,6-tri(2-pyridyl)-1,3,5-triazine

tptz) afforded the complexes 13 and 14 (Table 2, entries 3 and
) [20]. Due to the presence of uncoordinated donor sites, these
omplexes can be easily functionalized and potentially used as
uilding blocks for supramolecular assembly through C–H· · ·X
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Table 1
Synthesis of half-sandwich iridium complexes from [Cp*IrCl2]2 and bidentate ligands

Entry Ligand Metathesis reagent Conditions Ir complex formed Yield Reference

1 AgBF4 Acetone/CH2Cl2 63% [14]

2 AgBF4 Acetone/CH2Cl2 70% [14]

3 N/A CH3OH 89% [15]

4 N/A THF 72% [15]

5 NaOMe MeOH 75% [16]

6 AgBF4 Acetone/CHCl3 N/A [17]

7 TlBF4 THF N/A [18]

(
w
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c
t
r
[
S
h

3

h
a

C

X N, F, Cl and � bond) interactions. Similarly, complex 15
as prepared in the presence of NaBF4 in refluxing methanol

Table 2, entry 5) [21].
Another group of important iridium complexes of the same

ategory is half-sandwich iridium complexes containing mono-
osylated diamine ligands. These complexes were prepared in

acemic form from achiral tosyl diamines (16–20) (Scheme 4)
4]. The closely related chiral variants will be addressed in
ection 3.3.2. The tosyl group is crucial for efficient transfer
ydrogenation.

w
R
i
[

.1.2. Synthesis by nucleophilic displacement
Besides ligand substitution, other synthetic methodologies

ave been applied with high efficiency and yield. Some examples
re given below.

As with Cp*(PR3)IrCl2, the iridium dihydride
p*(PMe3)IrH2 21 is also a good precursor. Its reaction

ith a variety of aromatic and hindered aliphatic acid chlorides
C(O)Cl afforded various Ir(III) acyl hydride complexes 22a–j

n moderate yields (Scheme 5) in the presence of proton sponge
22]. Precipitation of the resulting ammonium salt promotes the
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Table 2
Synthesis of half-sandwich iridium complexes from [Cp*IrCl2]2 and unsymmetrical bidentate ligands

Entry Ligand Reagent Ir complex formed Reference

1 NH4PF6 MeOH [19]

2 NH4PF6 MeOH [19]

3 N/A [20]

4 N/A [20]

5 NaBF4 MeOH [21]

Scheme 4.
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Scheme 5.
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w
H2 O, respectively. It is apparent that the hydrogen atoms on
the �-carbon of alkyl and oxygen atom of carbonyl come from
water.
Sch

eaction. Other bases, e.g., (−)-sparteine and triethylamine, led
o similar yields. The reaction mechanism is different from the
igand substitution described above. Kinetic studies revealed
hat this reaction proceeds via nucleophilic attack of the iridium
enter at the carbon atom of the acyl chloride [22]. When the
ame synthetic procedure was applied to the RCH2C(O)Cl
ype acetyl chlorides (R H, CH3, C6H5) under otherwise
dentical conditions, vinyl iridium chloride complexes 23a–c
ere obtained (Scheme 5) [22]. It was suggested that, for these

ubstrates, an �-hydrogen of the acyl group is abstracted after
ucleophilic attack of the metal center, yielding a vinyl enolate
ntermediate. This vinyl enolate then rearranges to an enol
nd then a vinylidene intermediate. Re-addition of HCl to the
inylidene leads ultimately to the observed product.

An iridium(perfluoropropyl)(vinyl) complex 25 was prepared
rom the reaction of the iridium triflate 24 with vinyl lithium at
ow temperature. The preferred conformation of 25 in solution
as been determined by 19F{1H}-HOESY spectrum, which is
he same as that in the solid state. 25 reacts with the weak acid
utidinium iodide to give the η1-allylic complex 26 in high yield
Scheme 6) [23].

The reaction of the analogous iridium perfluoroalkyl iodide
omplex 27 with LiAlH4 afforded an iridium hydride with
fluoroalkenyl group, 28, instead of the saturated iridium
uoroalkyl-hydrido complex. Apparently �-CF bond activation

akes place in both the reactions of 25 and 27, presumably fol-
owed by elimination of HF (Scheme 7) [24].
.

.1.3. Synthesis of iridium carbonyls by C–C bond cleavage
Half-sandwich iridium carbonyl complexes can be accessed

y a novel reaction involving C–C bond cleavage. Thus the
omplex Cp*Ir(PPh3)Cl2, 29, reacted with a terminal alkyne
nd H2O in the presence of KPF6, affording the carbonyl 30
Table 3, entry 1) [25,26]. The reaction possibly involves C–C
riple bond cleavage with H2O, as indicated by the formation of
oluene. The metathesis reagent NaPF6 is not necessary when the
ater soluble iridium precursor Cp*Ir(PAr3)Cl2 31 (PAr3 = P(m-
6H4SO3Na)3) is used, [Cp*Ir(PAr3)(CH2R)(CO)]+Cl− 32
eing obtained in good yield (80–91%) (Table 3, entry
) [27]. Mechanistically importantly, [Cp*Ir(PAr3)(CD2R)
CO)]+Cl− or [Cp*Ir(PAr3)(CH2R)(C18O)]+Cl− isotopomers
ere obtained when the reactions were carried out in D2O or

18
Scheme 7.
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Table 3
Synthesis of chiral half-sandwich iridium complexes by C–C bond cleavage

Entry Ir precursor Organic reactants Metathesis reagent Conditions Ir complex formed Reference

1 HC CPh NaPF6 H2O [25,26]

2 RC CH R Ph,CH2Ph, C(CH3)3, p-C6H4CH3 N/A H2O 25 ◦C [27]

3 ethylene AgOTf H2O [27]

4 RCH OH R Et,Ph,Me N/A D O 135 ◦C 40 h [28]
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The same methodology also works for alkenes. In the reac-
ion of 31 with ethylene, the C C bond cleavage with H2O in
he presence of a silver salt afforded 33 in water, possibly via a
eactive aqua iridium intermediate (Table 3, entry 3) [27]. Mech-
nistic studies show that the reaction involves steps similar to
he Wacker process, followed by oxidative addition of aldehy-
ic C–H to iridium to form an iridium acyl complex and finally
O deinsertion from the coordinated acyl group gives the irid-

um alkyl carbonyl product. Primary alcohols undergo similar
eactions; the formation of 35 from 34 have been reported to
ake place under harsher conditions (135 ◦C, 40 h, Table 3, entry
) [28].The reaction appears to be general for terminal alkynes.
dditional examples are found in the synthesis of 36a–h, with

arying yields under mild conditions (Scheme 8) [29]. All these
eactions probably involve the formation of aldehyde interme-
iates.

Scheme 8.
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.1.4. Synthesis by oxidative addition

.1.4.1. Oxidative addition of Ir(I) complexes. All the exam-
les given above use a Cp*Ir(III) dimeric or monomeric complex
s substrates. Ir(I) complexes are also excellent precursors for
alf-sandwich iridium complex synthesis. Thus, oxidative addi-
ion of perfluoroalkyl iodides to the Ir(I) complexes Cp*Ir(CO)2
7 gives the Ir(III) complexes 38 in good yield (Table 4, entry
) [30]. Subsequent substitution of CO with trimethylphosphine
ffords Cp*Ir(RF)(PMe3)I.

A similar transformation with a perfluoroaryl iodide gives
he complex 39 (Table 4, entry 2), which can be further
erivatized to Cp*Ir(C6F5)(PMe3)I, [Cp*Ir(C6F5)(H2O)]OTf or
p*Ir(C6F5)(H)I through ligand substitution [31]. These can

erve as intermediates, from which other complexes have been
ynthesized [35]. Iridium complexes capped with other Cp
erivatives can also be prepared in the same way. For instance,
he oxidative addition of tosylchloride to 40 affords the com-
ound 41 (Table 4, entry 3), which readily eliminates one
olecule SO2 to give [(η5-C5HMe4)Ir(C6H4CH3)(CO)]Cl as
nal product [32].

In contrast to the clean reaction of 37, where a single racemic
roduct is formed, oxidation addition of CF3CF2CF2I to 42 is
emperature dependent (Table 4, entries 4 and 5) [33]. At low
emperature (−78 ◦C), the cationic complex 43 was the sole
roduct. At room temperature, however, direct fluoroalkylation
f coordinated CO was observed, giving rise to a mixture of
ridium fluoroacyl compounds 44 and 45 (Table 4, entry 5).

A twist to these reactions is the oxidative addition of HCl

o the Ir C bond of an Ir(I) carbene complex 46, affording the
r(III) alkyl chloride 47 quantitatively (Table 4, entry 6) [34].

C–H activation is another type of important oxidative addi-
ion reaction. An example is seen in the complex 48, which
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Table 4
Synthesis of half-sandwich iridium complexes by oxidative addition of Ir(I) complexes

Entry Ir precursor Organic reactants Conditions Ir complex formed Reference

1 RFI RF CF2CF3 CF2CF2CF3 CF2C6F5 CF(CF3)2 CH2Cl2 [30]

2 C6F5I N/A [31]

3 N/A [32]

4 CF3CF2CF2I −78 ◦C [33]

5 CF3CF2CF2I 20 ◦C [33]

6 HCl N/A [34]
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as been extensively studied by Bergman and co-workers
36]. A variety of cationic iridium alkyl carbonyl complexes
9 were prepared as racemic mixtures by the tandem C–H
ond activation and decarbonylation reactions of aldehydes
ver the iridium center (Scheme 9). A similar reaction of
ldehydes with [Cp*(PMe3)Ir(Me)(C2H4)]OTf was demon-
trated in the supramolecular tetrahedral assembly Na12[Ga4L6]
L = naphthalene-based catecholamide) (Scheme 10), affording
ost–guest products diastereoselectively due to the confinement
ffect of the chiral host [37]. The diastereomeric ratio (dr) of

roducts formed increases from 60:40 for acetaldehyde to 70:30
or butyraldehyde. The shape of substrates also matters here,

lower dr being obtained for isobutyraldehyde (55:45). The
nrichment of a specific isomer may result from a transition Scheme 9.
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Scheme 10.
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[Cp*IrCl2]2 in CH2Cl2. This reaction occurs via transmetalla-
tion of the corresponding silver NHC to [Cp*IrCl2]2. 60 was
not stable at room temperature, resulting in the intramolecular
Sch

tate or a product selective process occurring in the host–guest
anoreactor.

.1.4.2. Oxidative addition of Ir(III) precursors. Oxidative
ddition of Ir(III) complexes to form Ir(V) is less common than
he Ir(I) to Ir(III) transformation; but it is important for C–H and
i–H activation reactions, especially from a mechanistic point
f view. The first example of Si–H oxidative addition proceed-
ng from Ir(III) to Ir(V) was observed in the reaction of 48 with
he secondary silane H2SiMes2; an iridium silylene complex
0 was obtained, which proved to be an excellent intermediate
or further transformations (Scheme 11) [38]. The reaction was
acilitated by reductive elimination of CH4. A slightly different
eaction was observed for tertiary silanes. In the presence of the
ess coordinating B(C6F5)4

− anion, consecutive Si–H activation
f HSiPh3 and C–H activation at the ortho position of one ben-
ene ring in the silane afforded a cationic iridium hydride 51 as
nal product (Scheme 11).

The resulting Ir(V) complexes are reactive towards a number
f unsaturated substrates due to the highly electron-deficient
ature of the metal center. This makes them suitable precursors
or the preparation of new half-sandwich iridium complexes. In
articular, the iridium(V) silylene complexes 52a and 52b are
eactive towards a number of unsaturated substrates, such as p-
olualdehyde and 4-ethynyltoluene, which generated the Ir(V)
ilyl complexes 53 and 54 respectively [39]. The reactivity of 52
ncreases as the size of substituents on the silicon atom decreases
rom R Mes (52a) to Ph (52b) (Scheme 12).

.1.5. Synthesis by cyclometallation
Cyclometallation through C–H activation is a well-

stablished method for the synthesis of transition metal
omplexes with η2-C,X bidentate ligands. For instance, the

yclometallation of aromatic amines, imines and oxazolines
ith [Cp*IrCl2]2 occurred at room temperature, affording the
etallacycles 55, 56 and 57 in good yields (Table 5, entries

–3) [40]. The reaction takes place via C–H activation in the
1.

henyl groups, presumably directed by nitrogen coordination to
ridium.

Cyclometallation may also proceed via C–H activation of
lkyl groups. Thus, the reaction of [Cp*IrCl2]2 with aryl-
ubstituted diazabutadienes in methanol led to the η2-C,N
ridium complexes 58 through C–H activation of the methyl
roup on the ethylene bridge of the diimine (Table 5, entry
); the anticipated Cp*Ir(η2-N,N-diimine) complex was not
ormed [41]. Reaction of 2-diphenylphosphinobenzaldehyde
nd [Cp*IrCl2]2 resulted in a neutral acyl complex 59, through
–H activation of the aldehyde (Table 5, entry 5) [42]. Elimina-

ion of HCl occurred readily in this transformation.
N-Heterocyclic carbenes (NHC) may also facilitate

yclometallation. An example is seen in 60, which was obtained
n the reaction of 1-methyl-3-benzylimidazolylidene with
Scheme 12.
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Table 5
Synthesis of half-sandwich iridium complexes by cyclometallation

Entry Ligand Reagent Ir complex formed Reference

1 NaOAc [40]

2 NaOAc [40]

3 NaOAc [40]

4 MeOH [41]

5 None [42]

6 CH2Cl2 5 h [43]

o
(
5
c
w
c

f
t

rthometallation of the benzene ring to afford the racemic 61
Table 5, entry 6) [43]. However, a mixture of diastereomers in

:1 ratio was obtained with imidazolium salt containing one
hiral center [44], and the same reaction of an imidazolium salt
ith two chiral centers resulted in a diastereomerically pure

omplex [45], showing that chiral chelating ligands are crucial

3

o

or stereoselective synthesis of iridium complexes. A fuller
reatment of this subject is given in Section 3.2.
.1.6. Synthesis by functionalization of Cp rings
The majority of half-sandwich iridium complexes have Cp*,

r Cp in some cases, occupying the fac position of an octa-
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Scheme 13.
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the kinetic isomer, or undergo an epimerization at iridium fol-
Scheme 14.

edron to form the piano stool structure. Derivatization of the
p/Cp* ring introduces new features into the half-sandwich
omplexes. This can be accomplished by preparation of appro-
riate cyclopentadienyl derivatives at an early stage of the
ynthesis or by functionalization of the coordinated Cp ring.
he first route has been used in the synthesis of tethered half-
andwich iridium complexes, which will be described separately
ater. An example of the second route is given in Scheme 13.
s with other metallocenes, the protons of the Cp ring in
alf-sandwich iridium complexes are weakly acidic, which can
herefore be lithiated and then coupled with alkyl halides to intro-
uce an alkyl chain on the Cp* ring (62 → 63, Scheme 13) [46].

he terminal C C bond in 63 has been used for further reac-

ions. Functionalization of the Cp* ring can also be performed
ntramolecularly. For example, when 64 was heated, the benzyl

l
a
a

Scheme 1
Reviews 252 (2008) 782–809

roup migrated from the metal center to the Cp ring via C–H
ctivation, affording the iridium hydride complex 65 [34].

.2. Half-sandwich iridium complexes containing
onodentate chiral ligands

In contrast to the use of achiral ligands, when a chiral ligand
s placed on the leg of half-sandwich piano stool, a mixture of
wo diastereomers results. The diastereoselectivity depends on

number of factors, such as the relative proximity of chiral
enters in the complexes, the structural rigidity of ligands, and
teric and/or electronic interactions between ligands.

Steric hindrance can be exploited to aid the diastereoselec-
ivity of synthesis. Examples are seen in iridium fluoroalkyl
omplexes. Thus, oxidative addition of perfluoroalkyl iodide to
7 afforded the complex 66 with a dr of 2.5:1 due to the steric
onstraint on the rotation about the Ir–C bond. The dr increased
o 5:1 in complex 67 on substitution of CO by the bulkier PMe3
t iridium, suggesting that the iridium center is configurationally
abile (Scheme 14). For the major diastereomers of both com-
lexes, a (SIr,SC) or (RIr,RC) configuration was determined by
sing 19F{1H} HOESY and X-ray structural analysis [47].

However, the stereochemical control by size of the neigh-
ouring group can be overridden by other factors such as kinetics
nd ligand dissociation. For example, a slightly better diastere-
meric differentiation was achieved in the reaction of 68 with
,6-dimethylpyridine hydrochloride rather than the correspond-
ng hydroiodide (dr = 2.4 for 70b versus 2.0 for 69b, Scheme 15).
n this example, the bulky nature of the iodide might be offset
y its ready dissociation from the metal center. The initial dr of
0a and 70b was higher, however. Its decrease over the reaction
ime can be attributed to a two-step process: first, diastereose-
ective protonation takes place to give a cationic intermediate,
hich can then be irreversibly trapped by chloride to form
owed by chloride trapping to form the thermodynamic isomer
s illustrated in Scheme 15 [48]. The cationic intermediate is
lso shown to catalyze the kinetic and thermodynamic epimer-

5.



J. Liu et al. / Coordination Chemistry Reviews 252 (2008) 782–809 793

eme 1

i
p

o
T
a
o
h
o
t
u
i
b
[

r
c
T
fi
a
a
o
r

3
c

p
l
o
a

3
l

t
s
l
T
i
c
(
q
s
C

c
d
s
u
o
f

i
c
t
a
(
R
s
2

Sch

zation by forming a chloride-bridged dimer with the kinetic
roduct.

The interplay between kinetic and thermodynamic control
ver the iridium configuration is also manifest in other examples.
he reaction of 71, formed from 24, with lutidinium iodide gave
n unexpected iridium allenyl complex 72 as a single diastere-
mer, with a (SIr,M)/(RIr,P) configuration at the iridium and the
elical allenyl ligand (Scheme 16). The reaction is believed to
ccur via a �-CF bond activation and propynyl migration to
he carbon. The diastereoselectivity of the reaction is in fact
nder kinetic control; the (SIr,M)/(RIr,P) diastereomer formed
nitially slowly epimerized to the thermodynamically more sta-
le (RIr,M)/(SIr,P) diastereomer 73 on standing in the solution
49].

The reaction of Cp*Ir(PMe3)Cl2 34 and lithium phospho-
anide in THF resulted in a diastereomeric mixture of the
hiral-at-metal phosphoranide complex 74 (Scheme 17) [50].
his non-diastereoselective transformation illustrates the dif-
culty of controlling the configuration of iridium by using
monodentate ligand alone. Better stereochemical control is

chieved via chelation. Thus, a single (RIrSP)/(SIrRP) diastere-
mer of the metallaphosphacyclo 75 was obtained through
earrangement of 74 at 150 ◦C.

.3. Half-sandwich iridium complexes containing bidentate
hiral ligands

As aforementioned, half-sandwich iridium complexes incor-

orating monodentate ligands are generally configurationally
abile. Iridium complexes containing chiral bidentate ligands
ffer better stereocontrol due to the chelating effect of the ligand,
s demonstrated by the example of 75.

a
e
d
c

Scheme 1
6.

.3.1. Iridium complexes with hetero-bidentate chiral
igands

The introduction of resolved hetero-bidentate ligands to
he piano stool could in principle generate diastereopure half-
andwich iridium complexes. In practice, the nature of bidentate
igand plays a crucial role in affecting the diastereoselectivity.
hus reaction of enantiopure benzylamines with [Cp*IrCl2]2

n the presence of NaOH and KPF6 afforded the cationic
yclometallated complex 76 with no diastereomeric excess
de) (Table 6, entry 1) [51]. The diastereomers inter-converted
uickly at room temperature, as indicated by NMR analy-
is, which is likely to be triggered by the dissociation of
H3CN.

Under similar conditions, the reaction of [Cp*IrCl2]2 with
hiral phosphinooxazolines also resulted in a mixture of two
iastereomers (SIr,SC) and (RIr,SC); the dr varied with the sub-
tituents on the oxazoline ring and with the metathesis reagent
sed (77–79, Table 6, entries 2–4) [52]. However, single diastere-
mers of 77, 78 and 79 (>98% by 1H NMR) were obtained by
ractional crystallization from methanol.

Ferrocenyl ligands with planar chirality have been used
n the construction of chiral-at-metal half-sandwich iridium
omplexes. For example, reaction of [Cp*IrCl2]2 with enan-
iopure bisphosphine monoselenide in the presence of NaSbF6
fforded the diastereopure cationic complex 80 in 78% yield
Table 6, entry 5) [53]. The thermodynamic preference for
-configuration at the metal may result from the dominant
teric interaction of the ferrocenyl moiety with Cp*. Using (S)-
-[2-(diphenylphosphino)ferrocenyl]-4-isopropyl oxazoline, an

ir-stable complex 81 resulted, with a de of 98% (Table 6,
ntry 6) [54]. The absolute configuration of this complex was
etermined to be S at the metal by X-ray crystallography. The
omplex has a high configurational stability, epimerization being

7.
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Table 6
Synthesis of chiral half-sandwich iridium complexes with chiral bidentate ligands

Entry Ligand Reagent Ir complex formed Configuration of metal Reference

1 KPF6 NaOH CH3CN Not defined [51]

2 NaX (X SbF6 or BF4) RIr:SIr = 57:43 (X SbF6) RIr:SIr = 45:55 (X BF4) [52]

3 NaSbF6 MeOH RIr:SIr = 40:60 [52]

4 NaX (X SbF6 or BF4) RIr:SIr = 79:21 (X SbF6) RIr:SIr = 59:41 (X BF4) [52]

5 NaSbF6 CH2Cl2 RIr [53]

6 KPF6 MeOH SIr [54]
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low with the de decreasing to 80% after 20 days at room
emperature.

Replacement of halide inherited from the iridium precursor

y a bulky coordinating ligand can significantly impact on the
e. Thus, the reaction of 82 with dpmp afforded 83a with a
igh selectivity (Scheme 18). The syn- and anti-form refers to
he R group and Cl/dpmp occupying the same or the opposite

w

b
a

ide. The relative stereoconfiguration at iridium and phosphorus
f the P,O-chelate was determined to be RIrSP/SIrRP by X-ray
rystallography [55]. Thus the reaction proceeds preferentially

ith stereochemical inversion.
Half-sandwich iridium complexes of aminocarboxylates can

e readily prepared from [Cp*IrCl2]2 and the corresponding
minocarboxylate salts (Scheme 19, 84–87) and have been used
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substitution is not very diastereoselective (Scheme 21) [62].
Scheme 18.

s enantioselective hydrogen transfer catalysts [56]. Similarly
hese complexes can be accessed from �-amino acids or their
erivatives [57–60].

The de values of these complexes vary with the ligands used
nd they are configurationally labile. For instance, the complex
4 existed as a 1:1 mixture of two diastereomers in the solid
tate; but a 90% de was measured in solution. The halide can be
eplaced with other ligands, e.g. phosphines. The resulting com-
lexes are again configurationally labile. Kinetic measurements
f the epimerization processes revealed an activation enthalpy of
a 20 kcal/mol [56]. The epimerization occurs probably via lig-
nd dissociation, generating a 16-electron species; re-addition of
he ligand may take place on both sides of the plane, thus leading
o two chiral Ir(III) centers (Scheme 19) [56]. DFT calculations
n closely related Ru(II) and Fe(II) complexes suggest that the
6-electron species may adopt a planar or pyramidal configu-
ation at the metal on the ground state. However, the barrier
or inter-conversion is low, ranging from being almost flat to ca
kcal/mol in the case of the Ru(II) complexes [61].

Amino alcohols reacted with [Cp*IrCl ] in a similar
2 2
anner. The resulting complexes show varying activities

nd enantioselectivities in asymmetric transfer hydrogenations
f ketones [5]. The complexes 88a–c were believed to be

b
9

Scheme 1
Scheme 20.

ormed as catalyst precursors under the catalytic conditions
Scheme 19).

.3.2. Iridium complexes with homo-bidentate chiral
igands

Diphosphine ligands with chiral backbones or substituents
ave found extensive applications in organometallic chemistry
nd catalytic synthesis; their half-sandwich iridium complexes
ave also been widely studied. Reaction of [Cp*IrCl2]2 with
n unsymmetrical chelating chiral phosphine in the presence of
odium salt gave the cationic complexes 89a or 89b in high yield
Scheme 20). The diastereomer composition obtained again
epends on the counter-ion used, underlining the importance
f anions in this type of synthesis. The major diastereomer
51%) of 89a was crystallized from n-hexane/acetone and its
onfiguration determined as (SIr,SP) by X-ray crystallography
62].

In a related reaction of [Cp*IrCl2]2 with (+)-Norphos, com-
lex 90 was obtained in high yield as a mixture of SIr and
Ir diastereomers in a ratio of 42:58. Apparently, the ligand
Half-sandwich iridium complexes with chiral diols have also
een reported. An example is the iridium pinacolate complex
1, which reacts with excess TolNCS to afford a new complex

9.
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Scheme 21.
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[Cp*IrCl2]2 with a potassium salt of N-acetyldipeptide ester led
Scheme 22.

2 (Scheme 22). The ring expansion might result from insertion
f TolNCS; the 7-membered metallacycle was then trapped by
second equivalent of isothiocyanate [63].

A number of half-sandwich iridium-(η2-N,N-ligand) com-
lexes have been prepared. Representative examples are shown
n Scheme 23 [4,64–69]. The complexes 93–101 were generated
y reacting the appropriate ligand with [Cp*IrCl2]2 and base in
n organic solvent, or in water without base. In both solution and
olid states, these complexes appear to exist as a single diastere-
mer. The structures of analogous Rh(III) complexes have been

etermined, with (R,R)-diamines conferring S configuration on
he metal [68–70]. This is in contrast to the configurational
ability of the related amino acid complexes discussed above.

t
i
l

Scheme 2
Reviews 252 (2008) 782–809

These complexes have been used as metal-ligand bifunc-
ional catalysts in asymmetric transfer hydrogenation reactions
f ketones. The acidic NH protons activate the substrate by
ydrogen bonding to the carbonyl oxygen atom. Some of these
atalysts have been heterogenized on polymer supports (102 and
03), showing reasonable recyclability [71].

The iridium amido complex 104 and its analogues are coor-
inatively unsaturated. However, their electron-deficiency is
lleviated by the amido nitrogen sharing its lone pair with an
ridium d orbital [61,69]. Nonetheless, 104 reacts with nucle-
philes bearing acidic protons, such as nitromethane, acetone
nd phenylacetylene, to give new chiral iridium complexes in
uantitative yields (105–107, Scheme 24). The C–H activa-
ion proceeds through deprotonation of the acidic substrates by
he basic amido group [72]. This results in protonation of the
mido nitrogen, thus rendering the nitrogen lone pair unavailable
o share with iridium; consequently, the reaction enhances the
ewis acidity of Ir(III) and so facilitates the nucleophilic attack

o give 105–107. It is noted that although achiral at iridium, 104
eacted with the nucleophiles to form only one diastereomer in
olution, indicating the attack to be highly face-selective. Again,
n S configuration at the metal was found for the (R,R)-diamine
s revealed in 106.

The 16-electron iridium amide complex 108 undergoes
ntramolecular cyclometallation in the presence of an acidic
lcohol, affording the iridium complex 109 (Scheme 25) [73].
his complex can also be accessed from the chloride complex
3 in the presence of a strong base.

Coordinatively and electronically unsaturated Cp*Ir(III)
omplexes can also be prepared from diamides. The reaction of
o 110 (Scheme 26) [74]. As may be expected, this 16-electron
ridium complex, in which the Cp* plane is almost perpendicu-
ar to that consisting of NCCN, does not display chirality on the

3.
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Scheme 24.
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etal, although it has two chiral carbon centers on the peptide
ackbone.

Another interesting group of half-sandwich iridium com-
lexes with bidentate nitrogen donors is the complexes 111–116,
hich have been extensively investigated by Carmona et al.

Scheme 27) [75,76]. Using enantiopure imines, the reaction
ith [Cp*IrCl2]2 in the presence of NaSbF6 afforded the Ir(III)-

mino complexes with dr in the range of 52:48 to 80:20,
epending on the intramolecular interactions of chiral moiety
nd Cp* ring. The configuration of the major diastereomer in
hese complexes was determined to be RIrSC by either X-ray
rystallography or NOEDIFF NMR spectroscopy [75].

The Ir(III)–pyridylamino complexes 117–121 were synthe-
ized in a similar manner (Scheme 28) [76]. Whilst four
iastereomers were observed for the complexes 117 and 119b,
nly two were detected for the rest. It is noteworthy that only
wo diastereomers were observed for the iridium aqua complex
19b in the ratio of 75:25; diastereomeric enrichment occurred
n ligand exchange from 119a. A slight increase in diastere-
meric purity was also noticed for the aqua complex 118. These
esults are interesting because the solvate complexes are real
atalysts for enantioselective Diels–Alder reactions, whilst the

orresponding chloride complexes are inactive due to chloride
oordination.

The aqua analogues of 117, 120 and 121 are unstable at room
emperature. Diastereoselective cyclometallation via C–H bond

Scheme 26.
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ctivation of the phenyl or naphthyl ring took place cleanly,
ffording the diastereomerically pure complexes 123 and 124.
he complex 122 was obtained as a 96:4 mixture of two diastere-
mers. The configuration of the most favourable isomers of
22, 123 and 124 were determined to be SIrSNRC by NOESY
pectroscopy (Scheme 29) [76].

.4. Tethered half-sandwich iridium complexes

Apart from using chelating bidentate ligands to stabilize the
onfiguration of metal center, introducing a bridge between
he Cp ring and a ligand of the piano stool is an efficient
ay to enhance the rigidity of resulting complexes. Such com-
lexes are generally referred to as “tethered” half-sandwich
ompounds. “Tethered” ruthenium complexes have received a
ot of attention; the analogous iridium complexes are fewer,
owever.

There are at least two routes to introduce suitable bridg-
ng linkers into half-sandwich metal complexes: (1) use of

functionalized Cp derivative with the pendent functional
roup acting as donor to iridium; (2) intramolecular ring clo-
ure between the Cp and ligands seated on the piano stool.
he former route is more adopted since synthetic strate-
ies of building functionalized Cp rings are well established.
ore importantly, substituted Cp rings could be used to con-

truct planar chiral complexes. A number of chiral iridium
omplexes with Cp–phosphine ligands have been synthesized
ollowing this route. The cyclopentadienyl–phosphine ligands
hown in Scheme 30 are accessible from optically active vicinal
iols. Their reaction with [Ir(COE)2Cl]2 (COE = cyclooctene)
fforded 125 and 126, which were then oxidized by methyl
odide to give the chiral Ir(III) complexes 127 and 128 in moder-

te yields with high de of 95% and 80% respectively (Scheme 30)
77]. Greater stereochemical control is exerted on the metal cen-
er when the chiral moiety on the alkyl bridge is closer to the
ridium atom. Furthermore, the cationic 127 and 128 are more
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Scheme 27.
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onfigurationally stable than their neutral counterparts, 129 and

30.

In a similar manner, racemic iridium complexes have
een synthesized from planar-chiral, phosphine-substituted
yclopentadienyl ligands (Scheme 31) [78]. One enantiomer

b
l
a
o

Scheme 2
8.

f the diiodide complex 131 was kinetically resolved with

inaphthol to afford complex 134 with 100% diastereose-
ectivity. The iridium dihydride 133 has been found to be
n excellent catalyst for stereoselective C–H bond activation
f benzene and cyclohexane [79]. Complexes 131 and 133

9.
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an be further converted into complexes such as 132, 135
nd 136.
Using the second route, the cationic iridium complex 139 was
repared by intramolecular dehydrofluorinative coupling of Cp*
nd a pentafluorophenyl phosphine ligand in the complex 138,
hich was made from 137 (Scheme 32) [80].

t
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Scheme 3

Scheme 3
0.

In a similar fashion, [Cp*IrCl2]2 reacted with a phosphine
hioether in the presence of NaBF4 to give 140, which, on

reatment with proton sponge, afforded the tethered iridium
omplex 141 (Scheme 33). This compound has three chiral cen-
ers and most possibly exists as a pair of enantiomers with a
IrRSSP/SIrSSRP configuration [80].

1.

2.
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Scheme 3

Scheme 34.

3

m
o
2
1

f
o
p
b
a
[

i
[
d
a
i
s

a
[
i

t
c
s
[

p
a

Scheme 35.

.5. Multinuclear half-sandwich iridium complexes

Multinuclear iridium complexes are often generated when

ulti-dentate ligands are employed. For example, the reaction

f [Cp*IrCl2]2 with pyrazine-2,5-dicarboxylic acid or pyrazine-
,3-dicarboxylic acid afforded the dinuclear complexes 142 and
43, shown in Scheme 34 [16].

d
h
a
a

Scheme 3
3.

An unexpected dinuclear iridium complex containing a
used amino acid dimmer was obtained from the reaction
f [Cp*IrCl2]2 and a dimeric hippuric acid derivative in the
resence of NaOMe. The reaction leading to 144 occurred
y decarboxylation of one carboxylic group of the amino
cid dimer and formation of an oxazoline ring (Scheme 35)
81].

The tridentate dpmp has been used to build a large fam-
ly of mono- and poly-nuclear complexes. In its reaction with
Cp*IrCl2]2 in the presence of KPF6, a 1:1 mixture of two
iastereomers, anti-RR/SS and syn-RS/SR, was formed (145a
nd 145b, Scheme 36). The syn-diastereomer was formed kinet-
cally; but the anti-diastereomer was thermodynamically more
table [55].

Closely related hetero-metallic multinuclear complexes can
lso be prepared, starting from suitable iridium precursors, e.g.,
Cp*IrCl(η2-dpmp)]PF6. Some examples (146–151) are shown
n Scheme 37 [55].

The multinuclear iridium complexes can be further func-
ionalized. An example is the reaction of the binuclear
omplex 152 with phenylacetylene in water, resulting in a
ymmetrical dicarbonyl iridium complex 153 (Scheme 38)
26].

An unusual example of a heterobinuclear iridium com-
lex is formed, in which a pendent olefin on the Cp ring
cts as the bridge. Thus, [PtI2(Me2phen)] (Me2phen = 2,9-

imethyl-1,10-phenanthroline) reacted with 63 to afford a stable
eterometallic binuclear complex 154 via coordination of the
lkene to Pt(II) (Scheme 39) [46]. However, the spatial sep-
ration of the chiral iridium center from the prochiral olefin

6.
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Scheme 3
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e
fer hydrogenation of acetophenone in 2-propanol, suggesting
Scheme 38.

esulted in little chiral relay from the former to the latter
n the formation of the prochiral η2-olefin complex, thus

esulting in an equilibrating mixture of diastereomers in the
olution.

Scheme 39.

d

A

7.

Mononuclear Ir–Cp* complexes may aggregate in solution
hrough self-recognition. Thus, the mononuclear [Cp*Ir(�2-
,N-d-proline)] self assembled in water to give a trinuclear
omplex [Cp*Ir(d-proline)]3 155, which contains nine chiral
enters (3Ir,3N,3�-C) of R-configuration (Scheme 40) [82].
imilarly, treatment of the mononuclear complex [Cp*Ir(�-
minoacidate)Cl] with AgBF4 led to new chiral trimers [83].
nterestingly, the cationic trimers afforded similar activities and
nantioselectivities to the mononuclear chloro complex in trans-
isintegration of the trimer into monomer in solution.
As aforementioned (Section 3.1.4), [M4L6]12− (M = Ga(III),

l(III), Fe(III) has proven to be a robust chiral host, which

Scheme 40.
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ontains large cavities and can be used to encapsulate
ationic guest molecules (Scheme 10). The cationic complexes
Cp*Ir(PMe3)(Me)(propene)]+ and [Cp*Ir(PMe3)(Me)(cis-2-
utene)]+ were encapsulated into Na12[Ga4L6], forming
uest-host assemblies with moderate diastereoselectivity, due
o the chirality of the host and the chiral-at-metal iridium guests
84].

. Application in catalysis

Although this review is focused on the preparation of chiral
alf-sandwich iridium complexes, a few selected examples of
heir applications in catalysis are presented below, aiming to
ighlight the potential of such complexes in catalyzing reactions
f widely differing nature.

.1. C–H activation

The application of C–H bond activation reactions in the syn-
hesis of half-sandwich iridium complexes has already been
ummarized above. A number of half-sandwich iridium com-

lexes are known to be active in catalyzing isotope labelling of
rganic molecules. Representative examples are given in Table 7.
euteration of benzene has been used as a benchmark reaction to

valuate the performance of catalysts. It appears that the choice

a
p
a
w

able 7
/D exchange reactions catalyzed by Cp*–Ir(III) complexes

ntry Catalyst Substrate D-source

1 Cp*(PMe3)IrCl2 C6H6 D2O
2 Cp*(PMe3)IrCl2 C6H6 D2O/CD3OD
3 Cp*(PMe3)IrCl2 C6H6 CD3OD

4 Cp*(PMe3)IrCl2 D2O

5 Cp*(PMe3)IrCl2 D2O

6 Cp*(PMe3)IrCl2 D2O
7 Cp*(PMe3)Ir(H3)OTf C6H6 Acetone-d6

8 Cp*(PMe3)Ir(H3)OTf Ferrocene Acetone-d6

9 Cp*(PMe3)Ir(H3)OTf Acetone-d6

0 60 (CH3CH2)2O CD3OD
1 61 (CH3CH2)2O CD3OD

2 60 Styrene CD3OD

3 61 Styrene CD3OD

a Percentage of deuterium incorporation.
b The percentage of deuterium incorporation at the ortho-, meta-, para-position of
c The percentage of deuterium incorporation at the CH3 and CH2 groups of diethyl
d The percentage of deuterium incorporation at thevinyl group of styrene.
Reviews 252 (2008) 782–809

f iridium catalyst and deuterium sources is crucial for high
atalytic performance. Thus, Cp*(PMe3)IrCl2 is a catalyst for
euteration of benzene and alcohols with D2O, with some regios-
lectivity in deuterium incorporation being observed (Table 7,
ntries 1–6) [28,85]. Extensive deuterium incorporation at unac-
ivated C–H bond positions means this is an economic way to
ynthesize deuterium-labelled compounds.

With acetone-d6 as isotopic source, the reaction time
an be significantly reduced by employing the trihydride
p*(PMe3)Ir(H3)OTf as catalyst; 99% deuteration of benzene
as achieved in 20 h. In contrast, a 90% deuterium incorporation
ecessitated 5 days with Cp*(PMe3)IrCl2 in D2O (Table 7, entry
) [86]. Under the same reaction conditions, good to excellent
euteration of the aryl rings of ferrocene and other aromatic sub-
trates is also demonstrated (Table 7, entries 8–9). The Cp*Ir(III)
omplexes of NHC show good H/D exchange activity at a lower
atalyst loading in the presence of AgOTf (Table 7, entries
0–13) [43]. It is interesting that the NHC complex 60 shows
higher H/D exchange activity than the cyclometallated com-
lex 61, suggesting that half-sandwich iridium complexes with
onodentate ligand are preferable for selective deuteration of
romatic compounds. Highly selective deuteration of the olefinic
ositions of styrene with 61 is also notable (Table 7, entry 13),
nd this is in contrast to the non-selective deuteration observed
hen using 60.

Temp Time % Dinc
a Reference

135 5 d 90 [85]
135 2 d 97 [85]
135 2 d 58 [85]

135 40 h [28]

135 40 h [28]

135 40 h [28]
135 20 h 99 [86]
135 20 h 99 [86]

135 20 h o: 57b [86]
m: 98b

p: 97b

CH3: 50
100 12 h CH3,CH2:c > 99 [43]
100 12 h CH3: 45c [43]

CH2: 65c

100 12 h vinyl: > 99d [43]
o: > 99
m,p: 65

100 12 h vinyl: > 99d [43]
o,m,p: 0

aromatic ring.
ether.
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.2. Hydrogen transfer reactions

Half-sandwich iridium chloro, aminocarboxylate, amino
lcohol, and diamine complexes are excellent catalysts for a
ange of hydrogen transfer reactions, including asymmetric
ransfer hydrogenation (ATH) in organic media or in water
5,69,70,87–93]. Described below are selected recent examples
f alcohol oxidation, ATH of ketones, and dynamic kinetic res-
lution of imines and alcohols. The application of [Cp*IrCl2]2
n hydrogen transfer reactions has been summarised by Fujita
nd Yamaguchi [6], and we recently reviewed the aqueous-phase
symmetric transfer hydrogenation reactions, including the use
f half-sandwich iridium catalysts [64].

Pioneering work on ATH of ketones and imines with half-
andwich iridium complexes was carried out by the groups of
ani [69,70], Blacker [94], Ikariya [68], and Baker [95], and a
ignificant development in the last a few years is the ATH in
queous media [64]. As shown in Table 8, ATH of ketones with
he catalysts 93–99 can be performed in either organic solvents
r aqueous media. In general, the ATH reactions in water afford
aster reaction rates than in isopropanol (Table 8, entries 4 ver-
us 1, 8 versus 7, and 20 versus 19). The same is also true with
he catalyst 88. The reduction appears to be much slower in
he azeotropic mixture of HCOOH-Et3N with the iridium com-
lexes, as reviewed by Wills [99–101]. The ATH of imines with
3 and 99 have also been demonstrated [95,98]. The reaction

orks efficiently for cyclic imines and iminium salts, affording
ood to excellent enantioselectivities. This is not the case for
cyclic imines, however, where very low ee’s were observed.

r
i
a

able 8
TH of ketones with half-sandwich iridium complexes

ntry Substrate Catalyst Solventa & [H] Temp

1 93 IPA 30
2 Azeotrope 40
3 Azeotrope/H2O 40
4 H2O/HCOONa 40
5 94 IPA/H2O 22
6 95 H2O/HCOONa 40
7 97a IPA 30
8 H2O/HCOONa 40
9 97b IPA/H2O 22

10 99a H2O/HCOONa 40
11 99b H2O/HCOONa 28

12 93 H2O/HCOONa 40
13 94 IPA/H2O 22
14 95 H2O/HCOONa 40
15 97b IPA/H2O 22

16 94 IPA/H2O 22
17 95 H2O/HCOONa 40
18 97b IPA/H2O 22

19 93 IPA r.t.
20 93 H2O/HCOONa 40
21 94 IPA/H2O 22
22 95 H2O/HCOONa 40
23 97b IPA/H2O 22

a Azeotrope refers to the azeotropic mixture of HCOOH-NEt3; IPA is isopropanol.
b No = no reaction.
Reviews 252 (2008) 782–809 803

new bidentate monosulfonated diamine with an axially chiral
iaryl backbone in combination with [Cp*IrCl2]2 was recently
eported for the ATH of ketones in isopropanol [102], affording
oderate ee’s.
The iridium–amido complexes 16–20, especially 17, have

een disclosed as remarkably efficient and highly chemoselec-
ive catalysts for both hydrogenation and transfer hydrogenation
f aldehydes in aqueous media [4,103]. Similar water-soluble
henanthroline complexes of iridium have also been applied to
ransfer hydrogenation of ketones in water [16,104,105]. It is
orth noting that Cp*Ir–NHC complexes also serve as active

atalysts for both hydrogenation and transfer hydrogenation
eactions [106–113].

The [Cp*IrCl2]2 dimer itself is an excellent catalyst for
ydrogen transfer reactions, such as the Oppenauer-type oxi-
ation of alcohols, N-alkylation of amines and alcohols, and
ransfer hydrogenation of quinolines [6,114–122]. Selected
xamples of these applications are given in Table 9 . The
xidation of alcohol proceeds under mild conditions (room tem-
erature in acetone in the presence of K2CO3), with both primary
nd secondary alcohols being feasible substrates. The same
xidation can also be effected by half-sandwich Cp*Ir–NHC
omplexes [120,125–127]. In these reactions, acetone serves
s hydrogen acceptor, being converted into isopropanol. How-
ver, acceptor-less oxidation has been demonstrated with a
ydroxypyridine-substituted complex 156, where hydrogen is

eleased as H2 (Scheme 41) [120]. The 2-substitued OH group
s believed to play a critical role in the hydrogen generation; the
nalogous 3- and 4-OH complexes were much less active.

erature (◦C) Time/h Conv. (%) ee (%) Reference

12 36 96 [68]
16 Nob – [96]
24 39 83 [96]

3 99 93 [96]
140 90 82 [94]

0.7 98 97 [90]
12 36 96 [68]

1 99 93 [89]
26 88 96 [94]
24 10 58 [97]

0.5 29 94 [98]

24 97 91 [96]
150 22 78 [94]

22 94 97 [90]
141 80 95 [94]

91 93 76 [94]
1.8 97 95 [90]

20 99 95 [94]

48 67 81 [70]
3 100 80 [96]

139 77 73 [94]
4 >99 97 [90]

45 96 96 [94]
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Table 9
Hydrogen transfer reactions catalyzed by [Cp*IrCl2]2

Entry Substrate Product Solvent Temperature (◦C) Time (h) Conv. (%a) Reference

1 Acetone r.t. 6 87 [6,122,123]

2 Toluene 110 24 100 [124]

3 Acetone r.t. 6 99 [6,122,123]

4 Acetone r.t. 6 47 [6,122,123]

5 Acetone r.t. 6 100 [6,122,123]

6 Acetone r.t. 6 100 [6,122,123]

7 Acetone r.t. 6 79 [6,122,123]

8 Toluene 110 17 (88) [6,117]

9 Toluene 110 17 (95) [6,117]

10 Toluene 110 17 (93) [6,117]

11 Toluene 110 17 (67) [6,117]

12 Toluene 110 17 (80) [6,121]

13 Toluene 110 17 (96) [6,121]

14 Acetone 100 20 N/A [6,119]

15 IPA/H2O Reflux 17 (93) [6,116]
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Table 9 (Continued )

Entry Substrate Product Solvent Temperature (◦C) Time (h) Conv. (%a) Reference

16 Toluene Reflux 24/16 (87) [124]

17 Toluene Reflux 24/16 (90) [124]

18 Toluene Reflux 30/16 (83) [124]

a The number in bracket refers to the isolated yield.
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Scheme 41.

The iridium dimer has also been used as catalyst for the con-
ersion of alcohols into amines via a process of dehydrogenation
f the alcohol, condensation to form an imine, and finally hydro-
enation to afford the amine (Table 9, entries 8–15). It is noted
hat this “borrowing hydrogen” strategy has also been applied to
he formation of C–C bond from alcohols via alkene and alde-
ydes derived from dehydrogenation of the alcohols [128–132].
ery recently, the application of [Cp*IrCl2]2 in catalysis has
een extended to a one-pot synthesis of amides from alcohols
ia oximes (Table 9, entries 16–18) [124].

Half-sandwich iridium complexes have also shown promise
n metallo-enzymatic catalysis, thanks to the recent development
n Biotin–Avidin technology, allowing organometallic catalysts
o be integrated with protein/peptide hosts. An excellent exam-
le is the docking of the biotinylated, racemic Cp*Ir–diamine

omplexes 157 into a variety of protein and DNA hosts to
fford artificial metalloenzymes, which catalyze enantioselec-
ive transfer hydrogenation of ketones (Scheme 42) [133,134].
he configuration of the iridium complex is influenced by the

r
h
g
p

Scheme 4
ost protein; a more stable one can be readily achieved by chlo-
ide dissociation. This epimerization can lead to optically active
atalyst, and as might be expected, the enantioselectivity of the
TH is shown to vary significantly with the host structure.

Dynamic kinetic resolution (DKR) takes advantage of
oth resolution and racemisation, and is a most efficient
pproach to prepare enantiomerically pure compounds. The
r–TsDPEN complex 93 catalyzed the DKR of �-substituted
yclic ketimines, using HCOOH/Et3N as the hydrogen source
Table 10, entries 1–3) [65]. The achiral half-sandwich irid-
um complex 60 has been combined with an enzyme for DKR;
xcellent conversions and enantioselectivity were obtained in the
ne-pot chemoenzymatic DKR of secondary alcohols (Table 10,
ntries 4–6) [135]. In the first example, the catalyst selectively
educes one of the racemic ketimines, with inter-conversion
etween the pair being triggered presumably by protonation of
he imine. The success of the second example hinges on the
fficient racemization of the alcohol by 60 through a process of
ehydrogenation and hydrogenation.

.3. Asymmetric Diels–Alder reaction

A variety of iridium complexes are known to be active for
he Diels–Alder (DA) reactions. Table 11 shows the asymmet-

ic DA reaction of methacrolein with cyclopentadiene using
alf-sandwich iridium catalysts. The chloride complexes are
enerally inactive, the active catalyst being iridium solvate com-
lexes generated in situ. Evidently, the DA reaction is catalyzed

2.
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Table 10
DKR catalyzed by half-sandwich iridium complexes

Entry Catalyst Substrate S/C Time Product Yield (%) ee (%) Reference

1 (S,S)-93 500 1 d 75 63 [65]

2 (S,S)-93 500 6 d 60 72 [65]

3 (S,S)-93 500 1 d 55 50 [65]

4 60/Novozyme 435 1000 18 h 93 97 [135]

5 60/Novozyme 435 1000 18 h 89 99 [135]

6 60/Novozyme 435 1000 8 h >99 99 [135]

Table 11

Enantioselective DA reactions catalyzed by chiral half-sandwich iridium complexes

Entry Catalyst (RIr:SIr ratio) Solvent Temperature (◦C) Time (h) Yield (%) Isomeric ratio (exo:endo) ee (%) (exo) Reference

1 79 (79:21) CH2Cl2 r.t. 0.1 96 91:9 51 [52]
2 77 (57:43) CH2Cl2 r.t. 0.1 95 91:9 58 [52]
3 81 (0:100) CH2Cl2 r.t. 1 94 87:13 8 [54]
4 111 (32:68) CH2Cl2/acetone r.t. 0.9 91 90:10 7 [75]
5 111 (98:2) CH2Cl2/acetone r.t. 1.5 94 90:10 5 [75]
6 111 (98:2) CH2Cl2/acetone −50 94 48 93:7 32 [75]
7 116 (98:2) CH2Cl2/acetone r.t. 1.6 89 90:10 14 [75]
8 114 (98:2) CH2Cl2/acetone r.t. 2 94 85:15 0 [75]
9 112 (50:50) CH2Cl2/acetone r.t. 0.3 100 90:10 20 [75]

10 120 (70:30) CH2Cl2 r.t. 2 96 85:15 0 [76]
11 120 (70:30) CH2Cl2 −80 72 97 98:2 70 [76]
12 119 (75:25) CH Cl r.t. 0.17 94 91:9 16 [76]
1 72
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3 119 (75:25) CH2Cl2 −80

y half-sandwich iridium complexes containing diverse lig-
nds. However, the enantioselectivity is low. The exo adduct is
btained preferentially, with higher enantioselectivities obtained
t lower temperatures.

There appears to be no correlation between the opti-
al purity/diastereomeric composition of the catalyst and the
nantioselectivity of the reaction. For example, the diastere-
merically pure 81 gave a poor enantioselectivity of 7% ee
54], and little significant change was observed in ee’s when
he diastereoselectivity of 111 was varied [75]. As aforemen-
ioned, the configuration of the iridium center can change on
isplacement of the chloride with a solvent molecule; this leads
o variation in the diastereomeric purity of the catalyst (e.g. 119a
ersus 119b, Scheme 28). Such diastereoisomerization of cat-

lysts under reaction conditions is expected to impact on the
nantioselectivities of the catalyzed reactions. However, this
onfigurational lability of the metal center also prevents a clear
tructure–selectivity relationship from being established.

a
h
s
c

95 98:2 72 [76]

. Conclusions

Three-legged piano stool half-sandwich iridium complexes
an be accessed by a number of means. The group I complexes
an be readily prepared from suitable Cp*/Cp-Ir precursors
y ligand substitution. Alternative synthetic protocols have
lso been established, which include: (1) C–X (X C, H) bond
leavage of terminal alkynes, alkenes, aldehydes and alcohols,
ffording “one pot” syntheses of half-sandwich iridium carbonyl
omplexes; (2) oxidative addition of alkyl/fluoroalkyl halides
o iridium(I) and iridium(III) complexes; (3) cyclometallation
hrough C–H bond activation to afford Cp*Ir(η2-C,X) com-
lexes (X P, S, O, N). In most cases, these complexes are
btained as racemic mixtures, although a specific configuration

t the iridium can be enriched through diastereoselective guest-
ost interactions. This group of complexes has been mostly
tudied in stoichiometric transformations; however, their suc-
ess in catalytic synthesis has also been demonstrated, e.g.,



mistry

t
C
p

t
c
w
t
i
c
b
t
i
s
s
t
f
i
r
c
D
u
l
b
a
l

c
c
i
c
c
h

i
t
m
t
w
p

A

t

R

J. Liu et al. / Coordination Che

he selective deuteration of organic substrates catalyzed by
p*Ir(PMe3)(Me)(R)X, affording isotopically labelled com-
ounds.

Half-sandwich chiral-at-metal iridium complexes with more
han one chiral center, viz the groups II and III complexes,
an be prepared by the complexation of an iridium precursor
ith ligands containing chiral elements. The diastereoselec-

ivity of these reactions depends on the steric and electronic
nteractions between the stereogenic centers involved. For
hiral monodentate ligands, moderate diastereoselectivity has
een obtained under both kinetic and thermodynamic con-
rol. Highly diastereoselective synthesis of iridium complexes
s achieved when chiral bidentate ligands are employed. In
ome cases, a single diastereomer has been observed in both
olution and the solid state. These features confer advan-
ages on chiral half-sandwich iridium as potential catalysts
or highly enantioselective synthesis. A good example is seen
n the Cp*Ir–TsDPEN type complexes, which display high
ates and enantioselectivities in ATH reactions. Analogous
omplexes have also found applications in enantioselective
iels–Alder reactions. However, in many other cases, config-
rational lability at iridium is observed when a chiral bidentate
igand is employed, and for catalysis, a clear relationship
etween the chirality of catalysts, particularly that at the metal,
nd the enantioselectivity of reactions is yet to be estab-
ished.

The group IV, tethered half-sandwich iridium complexes
an relay chirality from the bridge to iridium. Configurational
hange at iridium through ligand dissociation could also be min-
mised by the chelating effect. Whilst the potential of these
omplexes in catalysis remains to be explored, analogous Ru(II)
omplexes have shown excellent performance in asymmetric
ydrogen transfer reactions [136].

Half-sandwich iridium complexes have shown applications
n a number of highly interesting chemical reactions. However,
heir use in catalysis appears to be still limited thus far, with the
ost notable examples being found in hydrogen transfer reac-

ions. Given the rich chemistry displayed by these complexes,
e believe that it will only be a matter of time before their full
otential in catalysis is exploited.
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