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synthesized a series of ScIII-pybox complexes 1 for enantiose-
lective Friedel–Crafts alkylations [47], vinylsilane additions [48],
enantio- and diastereo-selective Sakurai–Hosomi reaction [49] and
pyrrolealkylations of �,�-unsaturated 2-acyl imidazoles [50]. It is

Scheme 1. Enantioselective alkenylation using air- and moisture-stable
trimethylvinylsilanes catalysed by 1d (Ref. [48]).
992 W.-H. Zhang et al. / Coordination C

. Introduction

Hybrid ligands are bi- or polydentate ligands that contain at
east two different types of chemical functionality capable of
inding to metal centres. They range from ligands that differ
y their donating atoms (e.g. NR3 and PR3) (“hetero-donating
ybrids”) to those that are chemically different although they have
he same donor atom (e.g. amine and imine) (“homo-donating
ybrids”). These donor functions are often chosen to be inher-
ntly contrasting so that bonding phenomena such as hemilability
nd trans-influence can be exemplified and harnessed [1–8]. In
any cases, the hybrid donors introduce new features that are

ot found in pure homo-ligands. Since many of these proper-
ies also govern, or at least affect, the functional behaviour of the
omplexes such as in catalysis, the use of hybrid ligands to influ-
nce the functional outcome in metal complexes has proven to
e a powerful means to design molecular complexes for tech-
ological applications. As the behaviour of the hybrid ligands
lso depends on the electronic and geometric states of the metal
pon which the ligands are coordinated, the overall design often
equires a synchronised adjustment of both ligand and metal
eatures.

Recent years have seen an influx of research endeavours in
pplying hybrid ligands in transition metal-based homogenous
atalysis. The field is too broad and diverse to be covered in a single
eview. There are also other excellent reviews on some specialised
opics in this area, such as oxazoline-based systems [1,9,10],
yridine-2,6-bis(oxazolines) [11], planar-chiral ferrocene-based

igands [9,12–15], bis(imino)pyridines [16], chiral thiophospho-
amide and thioamide [17], phosphoramidite [18,19] etc. We
erein limit to the most abundant donor sets in the 2p and 3p
eries and confine to recent developments within the last 5 years.
hese are primarily ligand sets with different permutations of
, N, O, P and S donors. Other donors such as B, Si and Se are
utside the present scope and will be captured only for compar-
tive purpose. Hybrid ligands that are based on N-heterocyclic
arbenes (NHCs) [20–33] hybridised with an X (X = C or a het-
roatom) donor, tridentate pincer complexes [32,34,35],  and [N,
]-Schiff-base (mostly salen, salan and salanen) hybrids [36–40]
ave been sufficiently reviewed and hence are also excluded in this
ccount.

. [C, N, O] hybrids

With the current flourish of N-heterocyclic carbenes (NHCs), the
esign and application of [C,X]-ligands (X = heteroatom) has been
ell explored [20–33].  The development of bi- or polydentate NHCs

ontaining different carbene scanfolds is tempting but uncommon
41,42] probably due to the technical challenges not only in the
igand syntheses but also purification of the precursors. Very few O-
entric hybrids have been reported so far due to their notably weak
onation ability. A mixed set of weak to moderate donors could
owever be used to enhance the substrate selectivity of metal com-
lexes through selective ligand ejection [43–45].  N-based hybrid

igands are however ubiquitous, as they are abundant and cover a
road range of ligand types. Their synthesis and complexation are
enerally convenient and facile. Very significantly, N-donors are
daptable in different metal environments and compatible with
ther donor functions. Hence there are many established meth-
ds to bring them together into single molecular entities [16,46].

he design, synthesis and structure of various metal complexes
ith N-based hybrid ligands are described in Section 2.1.  The

ollowing Section 2.2 will cover the catalytic systems of these
omplexes.
try Reviews 255 (2011) 1991– 2024

2.1. Design, synthesis and structures

The quest of a suitable catalyst hinges on a successful combina-
tion of an active metal and a compatible and synergistic ligand.
Such a simple principle is best reflected in N-based hybrid lig-
ands since nitrogen donors have the propensity to almost all metal
states, especially those of transition metals. The metals summa-
rized herein span from Group 3 ScIII (1) [47–50] (including LaIII (2)
[51] and CeIV (3) [52]) to Group 11 CuI (17) [53] and from 3d to 5d
metals.

The great diversity of ligand types, from bidentate to multiden-
tate, and from achiral to chiral, etc., also adds to their popularity.
Their synthesis and subsequent complexation are rather simple and
straightforward under relatively mild conditions, as well as with
often predictable structural outcomes. Table 1 lists a series of rep-
resentative examples of recent metal complexes of N-based hybrid
ligands.

For example, the synthesis of pyridine-2,6-bis(oxazolines)
(pybox) by Nishiyama et al. [54] has established a standard syn-
thetic methodology for others. The complexation of pybox with
many metals presents a model of a versatile ligand. As seen in com-
plexes 1–3,  10 and 13,  pybox is distinctive in that the two peripheral
oxazoline rings make a chiral and C2-symmetrical concave, which
allows the two  bulky substituents on the oxazoline ring to be posi-
tioned close to the reaction site thus serving as “chiral fences”[54].

The design of 5, 6 and 9 is inspired by nature in mimicking the
heme [55,56] or histidine [57]. Complex 16 on the other hand can
mimic  the synthetic benzimidazole-derived carbene complexes
[58].

Chirality of complexes 7 and 12 can be achieved by installing a
chiral centre in the pyridylimine or pyridylamido ligands [59,60].
The synthesis of water soluble cationic RuIII complex 8 can be
accomplished by oxidation of its neutral RuII counterpart by t-
BuOOH in the presence of NaBF4 in CH2Cl2 [61]. Other ligands
are designed to have hemilability that can potentially provide a
dynamic “on and off” [1] chelating effect for the metal centre during
the catalytic cycle.

2.2. Catalysis

Asymmetric synthesis catalysed by transition metal complexes
of enantiopure pybox has experienced a pronounced growth in
recent years [11]. The use of pybox in RhIII-based asymmet-
ric hydrosilylation of ketones [54] gives higher optical yields
than many chiral phosphine catalysts. Recently, Evans et al. have
Scheme 2. Mannich-type reaction catalysed by 2 (Ref. [51]).
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Table  1
A  selected list of metal complexes of N-based hybrid ligands and their catalytic reactions.

M Compound Preparation Catalytic reactions Authors Reference

Sc Sc(OTf)3 and L in CH2Cl2 Friedel–Crafts alkylations,
vinylsilane additions,
Sakurai–Hosomi reaction,
pyrrole alkylation of
�,�-unsaturated 2-acyl
imidazoles

Evans [47–50]

La  La(OAr)3, L and LiOAr in
toluene/THF

Mannich-type reactions Matsunaga and Shibasaki [51]

Ce Ce(OTf)4 and L in EtOAc Nitrone cycloadditions of
�,�-unsaturated 2-acyl
imidazoles

Evans [52]

Cr  [CrCl3(THF)3] with L in THF Ethylene trimerization Hor [62,63]

Mn  Mn(OTf)2 with L in THF Olefin epoxidation Ribas and Costas [64,65]
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Table 1 (Continued)

M Compound Preparation Catalytic reactions Authors Reference

Fe FeCl2 4H2O with L in MeCN
at r.t. followed by chloride
extraction using AgSbF6

Selective secondary or tertiary
C–H bond oxidation

White [55,56]

Ru  [{RuCl(�6-arene)}2(�-Cl)2]
with L and NaSbF6 in MeOH

1,3-dipolar cycloaddition of
nitrones with methacrolein

Carmona [59]

[RuCl2(cod)]x

(cod = cycloocta-1,5-diene)
with L in ClC2H4Cl at 100 ◦C
followed by oxidation
using NaBF4/t-BuOOH in
CH2Cl2

C–H bond oxidation of
arylalkanes

Yi [61]

Ru-phosphine precursor
with L in toluene at 100 ◦C

Hydrogenation of aryl ketones Sandoval [57]

[RuCl2(�6-benzene)]2 with
L  in the presence of 1 atm
ethylene in CH2Cl2

C–H amination Blakey [66]

RuCl2(PPh3)3 with L in
toluene at 110 ◦C giving
RuCl2(L)(PPh3).
Substitution reactions
giving other complexes

Transfer hydrogenation of aryl
ketones

Yu [67]

Ir  [(IrClCp*)2(�-Cl)2]
(Cp* = �5-C5Me5) and L in
the presence of NaSbF6 in
MeOH

Diels–Alder reactions Carmona and Lamata [60]
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Table  1 (Continued)

M Compound Preparation Catalytic reactions Authors Reference

[Ir(�-Cl)(�2-C8H14)2]2 with
L and ethylene in MeOH at
−40 ◦C followed by anion
exchange with NaX
(X = PF6, SbF6) giving
[Ir(�2-C2H4)2(L)](X), and
then treatment with
HCl(OEt2) in THF at 0 ◦C

Transfer hydrogenation of aryl
ketones

Gamasa [68]

Ni  NiBr2(dme) (dme = 1,2-
dimethoxyethane) with L
in CH2Cl2

Ethylene polymerization Chen [69]

Pd  PdMeCl(cod) with L in Et2O
at r.t.

Ethylene–norbornene
copolymerization

Chen [70]

K2[PdCl4] and L in MeOH at
r.t.

Suzuki, Heck and Sonogashira
reactions

Hor [58]

Cu CuI and L in MeCN at r.t. N-arylation and azide–alkyne
cycloaddition

Hor [53]

f
n
i
c
e
a
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a

urther expanded to CeIV-pybox complexes 3 in enantioselective
itrone cycloadditions with �-substituted �,�-unsaturated 2-acyl

midazoles [52]. LaIII-pybox complexes 2 have been applied to
atalytic asymmetric Mannich-type reactions [51]. Blakey et al.
xtended this to RuII-pybox complexes 10 for enantioselective C–H
mination [66] while Gamasa et al. applied IrI- and IrIII-pybox com-

lexes 13 for asymmetric transfer hydrogenation of ketones [68].

For example, 1d can effectively catalyze enantioselective
lkenylation using air- and moisture-stable trimethylvinylsilanes
under mild conditions (Scheme 1). It also represents the first
example of intermolecular Lewis acid-catalysed alkenylation. The
products formed are highly crystalline solids, ideally suited for
industrial process chemistry [48].

Asymmetric Mannich-type reaction can be achieved by using
2 as catalyst (Scheme 2). The La(OAr)3-iPr-pybox + LiOAr system

gives products in >72–99% yield and 92–98% ee. The LaIII-OAr moi-
ety in the La(OAr)3-iPr-pybox plays a key role in promoting the
reaction compared to La(OTf)3-iPr-pybox [51].
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Scheme 3. Asymmetric endoselective nitrone cycloadditions catalysed by 3 (Ref.
[52]).
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catalyst [75–83].  Cyclometalated [84] and pincer complexes
Scheme 4. Clean oxidation of olefins catalysed by 5 (Ref. [65]).

CeIV-Ph-pybox complex 3 catalyzes asymmetric endoselec-
ive nitrone cycloaddition with a range of �,�-unsaturated
-acylimidazoles substrates under mild conditions (Scheme 3). This
hemistry is amenable to the efficient asymmetric synthesis of
ighly functionalized �′-hydroxy-�-amino acid derivatives [52].

The catalytic reactions based on amino/amido-pyridine (5, 6, 12,
5) [55,56,59,60,64,65,70],  imino-pyridine (7) [59], amino/imino-

midazole (9, 17)  [53,57] and imine-amine (14) [69] hybrids have
lso been widely explored since they are adaptable to a range of cat-
lytically active metals. Ribas and Costas have developed the MnII

ased tetradentate amino-pyridine catalysts 5a [64,65] as efficient
poxidation catalysts towards the oxidation of a broad range of
lefins using H2O2 or CH3CO3H as clean oxidants (Scheme 4). These
atalysts exhibit unusual chemoselectivity that allows regioselec-
ive monoepoxidation of diolefins [64,65]. White et al. have pursued
eII catalyst 6 for site-selective oxidations of unactivated secondary
nd tertiary C–H bonds [55,56]. Such catalyst may  be capable of
iscriminating the subtle electronic and steric differences between
–H bonds in complex molecules even in some complicated natural
roducts (Schemes 5 and 6). They also show better selectivity than
nzymatic oxidation [55,56].

Other catalytic reaction such as 1,3-dipolar cycloaddition (7)
59], hydrogenation (9) [57] for RuII complexes, Diels–Alder reac-
ion for IrIII complex (12) [60], ethylene polymerization for NiII
14) [69] and CrIII (4) complexes [62,63] or ethylene–norbornene
opolymerization for PdII (15) [70], N-arylation and “click” reaction
or CuI (17) [53] have also been reported.

Scheme 5. Selective secondary C–H bond oxidation in (−)-ambroxide

Scheme 6. Selective tertiary C–H bond oxidation i
Scheme 7. C–H bond oxidation of ethylbenzene with t-BuOOH catalysed by 8 (Ref.
[61]).

Pyridyl-oxazoline, imidazole-pyrazole and more complicated
pyridyle-imidazole-pyrazole ligands have also been conveniently
synthesized for metal-catalysed transformations. While high-
valent metal-oxo species have been invoked in both non-heme
and Gif-type oxidations [71,72],  catalytic C–H bond oxidation reac-
tions mediated by well-defined RuIII complexes have been rarely
reported [73,74]. Yi et al. have developed cationic RuIII com-
plex 8 for effective C–H bond oxidation reaction of arylalkanes in
water (Scheme 7). The treatment of ethylbenzene with t-BuOOH
(3 equiv.) and 1.0 mol% 8 in water cleanly produced PhCOCH3
at r.t. A large kinetic isotope effect (KH/KD = 14) and a relatively
large Hammett value (� = −1.1) suggest a solvent-caged oxygen
rebounding mechanism via a RuIV-oxo intermediate species [61].
Complex 16 developed by Hor et al. represents a new class of
hybrid ligands which are “carbene-mimics” and can efficiently cat-
alyze Suzuki, Heck and Sonogashira reactions with a broad scope of
substrates (Scheme 8)[58]. The cross-coupling of unactivated aryl
bromides and 5- or 6-membered heteroaryl bromides with aryl-
boronic acids at r.t. with turnover frequencies (TOF) reaching as
high as 60,000 h−1 which is significantly better than that of the C–N
carbene-imidazole analogue. These results suggested that these
PdII complexes with N-based hybrid ligands are versatile and effi-
cient catalysts for different types of cross-coupling reactions under
aerobic conditions. It points a way forward to design NHC-carbene
mimics in a similar manner that carbene could mimic phosphine.

3. [C, N], [C, O] and [N, O] hybrids

One of the most prevailing organometallic complexes today is
functionalized or hybridised heterocyclic carbenes [20–33].  Among
the most notable are the [C, O]-heterodonating Grubbs–Hoveyda
[32,34,35] represent other common forms of carbon hybrids. One
important class of [N,O] hybrid ligands is found in Schiff-base
derivatives [36–40],  especially the salen, salan and their hybrid

 catalysed by 6 (Ref. [56]) (rsm = recovered starting materials).

n (+)-arteminsinin catalysed by 6 (Ref. [55]).
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Scheme 8. Suzuki, Heck and Sonogashira r
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Scheme 9. Synthetic scheme for 18a (Ref. [93]).

salalen). Shibasaki et al. have also developed salen type complexes
ith additional oxygen functionality that can support dinuclear
omo- or heterometallic complexes [85–90].  Some recent repre-
entative complexes from [C, N], [C,O], and [N, O] hybrid ligands
re compiled in Table 2.

.1. Design, synthesis and structures

Within the last few years the design of heteroscorpionate lig-
nds derived from bis(pyrazol-1-yl)methane has been extended
ecause these systems can be adapted to a range of metals. These
ultidentate hybrid ligands can also be sterically and electronically

uned [91,92]. The functions of the complexes formed are strongly
nfluenced by the design of the scorpionate ligands. Complexation is
enerally straightforward. For example, 18a is isolated from direct
eaction of the scorpionate ligand with [ScIII(CH2SiMe3)3(THF)3] in
exane at 0 ◦C (Scheme 9) [93]. Complex 18a is fluxional in solu-
ion even at −90 ◦C (NMR), probably due to an exchange between
he coordinated and uncoordinated pyrazole rings, and hence inter-
onversion between the stereoisomers (Scheme 10). Complex 18a
eacts with an alkyl sponge [Ph3C][B(C6F5)4] to give its cationic
orm 18e in good yield (70%) (Scheme 11).

Complexes 20 and 21 are photoredox catalysts designed by
tephenson et al. [90] and MacMillan et al. [94], respectively. Pre-
iminary mechanistic studies of photoredox catalysis for reductive
ehalogenation reactions [95] suggested that iminium ions are

ikely byproducts in the reactions of tertiary amines (Scheme 12)
96].  Complex 20 serves as a photoredox catalyst in generating
RuI(bpy)3]+ (bpy = 2,2′-bipyridine) as reductant after reductive
uenching. The latter in turn oxidizes imine to iminium ions in
he presence of alkyl halides which functions as oxidizing reagent
o regenerate 20 [90].

In the catalytic cycle proposed by MacMillan et al. [94]
Scheme 13),  21 should readily accept a photon from room light
o populate the [*Ir(ppy)2(dtbbpy)]+ (ppy = 2-phenylpyridinato-N,
2′

; dtbbpy = 4,4′-di-tert-butyl-2,2′-bipyridine) excited state.
iven its known tendency towards reductive quenching,
*Ir(ppy)2(dtbbpy)]+ would readily accepts a single electron
rom a sacrificial quantity of enamine to form a strong reduc-
ant Ir(ppy)2(dtbbpy). This electron-rich iridium system would
articipate in single electron transfer (SET) with trifluoromethyl
eactions catalysed by 16 (Ref. [58]).

iodide to render the electrophilic trifluoromethyl radical in the
organocatalytic cycle while regenerating the photoredox catalyst
21. Further development of such novel ideas of cooperation of
organo- and photoredox catalytic cycles could lead to a new
generation of catalysts [90,94,97–104].

Complexes 22–25 were also developed based on relatively sim-
ple [C, N] hybrids. Easy preparation and functional modification
offer a distinct advantage to this system [105–108]. For example,
complex 24 developed by Shaughnessy et al., bears hydrophilic
functional groups which enables the PdII complex to catalyze
Suzuki reactions in aqueous solutions [107].

The planar-chiral palladacycles based on iron- or cobalt-based
metallocenes were independently reported by Uemura [109],
Richards [110] and Sammakia [111] in 1995. This topic is exten-
sively studied recently by Wu  (26–29) [112–117], Peters (31–33)
[15,118–121], Overman (34) [122] and Richards (35) [14,123]. Com-
plexation using this type of [C, N] ligands usually takes place in
two steps, viz: ligand addition to a suitable metal substrate (e.g.
Na2PdCl4) giving a dinuclear palladacyclic complex, and then cleav-
age by an incoming ligand (e.g. PPh3) to yield the mononuclear
complex (Scheme 14). The cyclometalated [C, N] ligand is chelated
to the sq. planar Pd(II).

Trost et al. and Hui et al. have developed pentadentate [N, O]
hybrid ligand bis-ProPhenol which reacts with Et2Zn to give a din-
uclear Zn(II) in which the metal atoms in proximity are chemically
distinctive (51) [124–131] (Scheme 15).  The complementary reac-
tivity of these two  metal centres could promote dual activation of
the substrate whereas conformational rigidity would enable chi-
ral recognition. Ding et al. further reported the reaction of 51 with
p-nitrophenol, giving 52,  in which p-nitrophenol inserts between
the metals as phenoxide (eliminating ethane), thereby giving two
hetero-phenoxo bridges (from bis-ProPhenol and p-nitrophenol)
while maintaining the dinuclear core and keeping the central Zn2O2
ring to be planar (e.s.d. 0.002 Å) (Zn· · ·Zn 3.178(1) Å). The ZnII adopts
a sq. pyramidal geometry with two coordinated THF molecules
protruding in opposite directions out of the plane (Fig. 1) [132].

Catalyst 24 was  designed to be water soluble [107]. Different
ligands are used to adjust the electronic and steric properties of
38–46 [133–142].

3.2. Catalysis

The planar-chiral palladacycles 26–35 are catalytically active
towards a range of reactions such as Suzuki and Sonogashira
coupling [112–115,117],  amination of aryl chlorides [116,147],
aza-Claisen rearrangement [15,118,120,121],  Friedel–Crafts reac-
tion [119] and allylicimidate rearrangement [123]. Complex 32
enables the enantioselective intramolecular Friedel–Crafts alkyla-

tion of indoles having disubstituted internal olefins (Scheme 16)
[119]. A highly strained planar-chiral platinacycle is sufficiently
reactive, presumably providing an accelerated olefin coordination
step. Catalyst 34 gives the first catalytic asymmetric allylic esteri-
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Table 2
A selected list of metal complexes of [C, N], [C, O] and [N, O] hybrid ligands and their catalytic reactions.

M Compound Preparation Catalytic reactions Authors Reference

[C, N] hybrids

Sc, Y [M(CH2SiMe3)3(THF)3] (M = Sc,
Y) with L in hexane at 0 ◦C

Ring-opening polymerization
of �-caprolactone

Otero [93,143–145]

Ru [RuCl3(trpy)] and
2-phenylpyridine in refluxing
DMF

Oxidative dehydrogenation of
2-substituted imidazolines

Kanbara [146]

RuCl2 with bpy in DMF  Aza-Henry reactions Stephenson [90]

Ir  [IrCl(ppy)2]2 with L in
1,2-ethanediol at 150 ◦C

�-Trifluoromethylation of
aldehydes

MacMillan [94]

Pd  Palladacycle dimer with PPh3

in CH2Cl2
Ring-opening of oxabicyclic
alkenes with organozinc
halides

Hou [105]

PdMe2(tmeda)
(tmeda = N1,N1,N2,N2-
tetramethylethane-1,2-
diamine), and
2-(2-chlorophenyl)ethylamine
and phosphine L in methyl
tert-butyl ether at 50 ◦C

Cross-coupling reaction of aryl
chlorides and dimethylamine

Buchwald [106]

PdCl2 and the appropriate L in
the presence of NaOAc in
MeOH

Suzuki coupling Shaughnessy [107]
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Table  2 (Continued)

M Compound Preparation Catalytic reactions Authors Reference

[Pd(�-Cl)(dmba)]2 with PTA
(dmba = N,C-chelating 2-
(dimethylaminomethyl)phenyl;
PTA = 1,3,5-triaza-7-
phosphaadamantane) in
CH2Cl2 at r.t.

Sonogashira reaction Ruiz [108]

Dinuclear palladacycle with
PCy3 in CH2Cl2 at r.t.

Suzuki coupling Wu [112]

Dinuclear palladacycle with
PPh3 in CH2Cl2 at r.t.

Suzuki and Sonogashira
couplings, coupling of
arylboronic acids with terminal
alkynes

Wu [113–115]

Palladacyclic dimers with PPh3

in CH2Cl2 at r.t.
Amination of aryl chlorides Gong and Wu [116]

Palladacyclic dimers with
phosphine ligand in CH2Cl2 at
r.t.

Suzuki coupling Gong and Wu [117]

Palladacyclic dimers with
phosphine ligand in CH2Cl2 at
r.t.

Amination of aryl chlorides Xu and Ji [147]

Na2PdCl4 with L in the
presence of MeOH, followed by
reaction with PPh3 or Na(acac)
(acac = acetylacetonate) in
MeOH/benzene

Aza-Claisen rearrangement Peters [15,118]
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Table 2 (Continued)

M Compound Preparation Catalytic reactions Authors Reference

K[PtCl3(H2C CH2)] with L in
the presence of base in
MeOH/benzene followed by
treatment of Na(acac) and
LiCl/HCl

Friedel–Crafts alkylation of
indoles

Peters [119]

Na2[PdCl4] with L in the
presence of NaOAc in
MeOH/CH2Cl2

Aza-Claisen rearrangement,
Michael Additions

Peters [120,121]

Pd(OAc)2 with L in HOAc at
95 ◦C

Synthesis of allylic aryl ethers Overman [122]

Palladacyclic dimers with PPh3

ligand in CH2Cl2 at r.t.
Allylicimidate rearrangement Richards [123]

Zn  Zn(CH2SiMe3)2 and L in
toluene at −70 ◦C. Reaction
2,4,6-trimethylphenol ZnEt2

and L in THF at −40 ◦C

Ring-opening polymerization
of �-caprolactone

Sánchez-Barba and Otero [148]

Bi  Chloride precursor with
AgOSO2C8F17

Mannich-type reactions Yin, Au and Wong [149]

[C,  O] hybrids

Ru RuH2(CO)(PPh3)3 with [2′-(4-
methylphenoxy)pivalophenone

C–H alkenylation Kakiuchi [133,134]

Au  Reaction of SnMe3(L) with
K[AuCl4] in MeCN at 90 ◦C

Three component coupling of
aldehyde, amine and alkyne

Ortiz [135]
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Table 2 (Continued)

M Compound Preparation Catalytic reactions Authors Reference

[N, O] hybrids

Y  Y(N(SiMe3)2)3 and N-
(diisopropylphenyl)naphthyl
amide in toluene at 90 ◦C

Hydroamination of aminoalkenes Schafer [136]

Ti,Zr TiCl4(THF)2 with L in toluene at
−78 ◦C or ZrCl4 with L in THF at
−78 ◦C

Ethylene polymerization Jin [137]

Zr(NMe2)4 with 6-tert-butyl-3-
phenyl-2-pyridone in
benzene

Aminoalkene cyclohydroamination Schafer [138]

M(NMe2)4 (M = Ti, Zr) and L in
toluene

Hydroamination Zi and Fang [140]

Cr  [CrCl3(THF)3] with L in THF Ethylene trimerization Hor [139]

CrCl2 and L in refluxing THF,
followed by air oxidation

Nozaki–Hiyamaallylation Yamamoto [141]

Re  Cl extraction from the
precursor complex using
[Et3Si]+

Converting vicinal diols and
aldehydes to cyclic acetals

Abu-Omar [142]

Ru [RuCp(CH3CN)3]PF6,
2-quinolinecarboxylic acid and
2-propen-1-ol in acetone

Deallylation of allyl ethers,
dehydrativeallylation of alcohols,
dehydrative S-allylation of thiols
and thioic S-acids

Kitamura [150,151]
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Table 2 (Continued)

M Compound Preparation Catalytic reactions Authors Reference

Rh [RhCl(cod)]2 with L in
methanol at r.t.

Polymerization of carbenes de Bruin [152]

Pd Pd(OAc)2 with L in THF at r.t. Suzuki and Heck reaction Kantam and Likhar [153]

Au  Na[AuCl4]·2H2O and
pyridine-2-carboxylic acid in
H2O

Cycloisomerization of 1,5-enynes
and acyl migration of propargylic
esters

Zhang [154,155]

Zn  ZnEt2 with L in THF Michael reaction; Mannich-type
reaction, Aza-Henry reaction,
Friedel–Crafts alkylation of
pyrroles with nitroalkenes,
aza-Friedel–Crafts reaction

Trost, Hui and Ding [126–132]

Scheme 10. Schematic representation of the fluxional process of 18a involving Sc-pyrazole bond making and breaking (Ref. [93]).

Scheme 11. Conversion of neutral 18a to cationic 18e (Ref. [93]).
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Scheme 12. Iminium ion generation using photoredox catalyst 20.
(Adapted from Ref. [90]).

Scheme 13. Proposed cooperative organocatalytic and photoredox catalytic cycles for CF3 alkylation using catalyst 21 (SET = Single Electron Transfer).
(Adapted from Ref. [94]).

Scheme 14. Preparative route of the planar-chiral mononuclear palladacyclic complexes via its dinuclear analogue (Ref. [118]).



2004 W.-H. Zhang et al. / Coordination Chemistry Reviews 255 (2011) 1991– 2024

Scheme 15. Preparation of the dinuclear Zn complexes 51 and 52 (Refs. [125] and [132]).

Fig. 1. Structure of 52 with hydrogen atoms and solvent molecules omitted for
clarity.
(Structure reproduced from Ref. [132]).
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Scheme 18. Oxidative iminium ion formation catalysed by 20 (Ref. [90]).

are highlighted in Sections 5–8.  Numerous P-based hybrid
Scheme 16. Friedel–Crafts alkylation of indoles catalysed by 32 (Ref. [119]).

cation reaction with high stereo-induction (Scheme 17)  [122]. It
roceeds readily at r.t. under low catalyst loadings (1 mol%).

Use of cyclometalating RuII and IrIII complexes as (co)catalyst
s an emerging area. They are widely used in solar cells (SCs) and
rganic light emitting diodes (OLEDs). Kanbara et al. have used the
yclometalated ruthenium complex 19 as an effective catalyst for
he oxidative dehydrogenation of 2-substituted imidazolines under
erobic oxidation conditions giving imidazole derivatives [146].
Stephenson et al. reported the Ru(II) mixed-ligand catalyst
0 in an experimentally simple method for the oxidative cou-
ling of nitroalkanes with tertiary N-arylamines under visible light

cheme 17. Enantioselective formation of allylic esters from (Z)-
llylictrichloroacetimidates and carboxylic acids catalysed by 34 (Ref. [122]).
Scheme 19. �-Trifluoromethylation and �-perfluoroalkylation of aldehydes using
21 as catalyst (Ref. [94]).

(Scheme 18). The reaction proceeds in high chemical yield with only
1 mol% catalyst and visible light without the need for an external
oxidant [90].

Similarly MacMillan et al. reported the first enantioselective,
organocatalytic �-trifluoromethylation and �-perfluoroalkylation
of aldehydes using the readily available iridium photocatalyst
21 and a chiral organocatalyst imidazolidinone. A range of �-
trifluoromethyl and �-perfluoroalkyl aldehydes are obtained from
commercially available perfluoroalkyl halides with high efficiency
and enantioselectivity (Scheme 19)  [94].

Complex 51 developed by Trost et al. have proven a robust cata-
lyst towards various types of reactions, such as Michael [126,130],
Mannich-type [127], aza-Henry [128] and Friedel–Crafts reactions
[129]. Hui et al. further extended the use of 51 to the first asym-
metric aza-Friedel–Crafts reaction of 2-naphthol with tosylimines
(up to 98% ee) (Scheme 20)  [131].

4. [P, S] hybrids

[P, X] and [S, X] (X = C, N, O) ligands are typical “hard-
soft” hybrid pairs and most frequently used ligands for
catalytic reactions. The hybrids between 2p and 3p elements
ligands such as phosphine–phosphoramidite [156–160] and
phosphine–phosphonite [161] ligands are widely applied to var-

Scheme 20. Asymmetric aza-Friedel–Crafts reaction of 2-naphthol with tosylim-
ines catalysed by 51 (Ref. [131]).
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cheme 21. One-step synthesis of a phosphine–phosphite hybrid ligand (Ref.
164]).

ous enantioselective catalytic reactions. However, most of these
omplexes are catalytically generated in situ, and their structures
ptimized using computational methods [156,157,160,162].

[P, S] type ligands have been more explored compared to their
X, P] and [X, S] (X = hard donor) relatives. Although both are con-
idered soft donors, they are sufficiently different to work well as
ybrid pairing. For example, phosphines are generally regarded
s �-donors and �-acceptors while the sulfur ligands are poorer
-donor and �-acceptor ligands. Their combination could target
t regio- and enantiofacial discrimination. A handful of examples
f planar-chiral complexes with [P, S] hybrid ligands have been
ecently reviewed by Chan et al. [163]. Some recent representative
omplexes from [P, S] hybrid ligands are compiled in Table 3.

.1. Design, synthesis and structures

Complexes with homoatomic P-based hybrid ligand are
ffective catalysts compared to their conventional mono- or
identate analogues by showing high activity, selectivity and
tability for a number of transformations. In 53 and 55 with
hosphine–phosphonite ligands, the �-donating phosphine and �-
ccepting phosphonite, bearing a chiral auxiliary, are designed to
reate a highly asymmetric environment at the catalytic centre
160,161]. This demonstrates a key thrust of research in hybrid lig-
nds. The ligand synthesis is facile and straightforward – a hybrid
hosphine–phosphite ligand binaphos, for example, developed by
akaya et al. requires only simple workup and is formed in high
ield (Scheme 21)  [164,165].

Another advantage offered by hybrid ligands is found in 53–55
n which the two phosphorus atoms are structurally locked at the
is-position and form a rigid and steric chiral pocket for asymmetric
eactions.

.2. Catalysis

Zhang et al. reported the synthesis of RhI complex 53 as a
atalyst for hydroformylation reaction of styrene derivatives and
inyl acetate with excellent enantioselectivities (up to 99% ee)

Scheme 22).  The performance is significantly enhanced compared
o the benchmark ligands, binaphos [160]. Reek et al. also devel-
ped a set of chiral phosphine–phosphoramidite ligands based on
ndole backbone [157]. However, the enantioselectivity (up to 72%

Scheme 23. Preparative routes to Herrmann–Beller palladacycle a
Scheme 22. Asymmetric hydroformylation of styrene catalysed by 53 (Ref. [160]).

ee) of their rhodium complexes 54 was  a shade lower compared to
the catalysts reported by Zhang. Complex 55 could also catalyze
asymmetric hydroformylation of heterocyclic olefins with high
enantioselectivity (∼91%) and excellent region-selectivities [161].

5. [C, P] hybrids

Several types of [C, P] hybrid ligands have been designed
and applied in transition metal-based catalysis such as the
phosphine–olefin hybrids, Herrmann–Beller type pallada-
cycle [168], Bedford type catalyst [169–173] and various
carbene–phosphine hybrids. Some recent representative
complexes from [C,P] hybrid ligands are listed in Table 4.

5.1. Design, synthesis and structures

The phosphine–olefin couples in 58 and 59 are promising alter-
natives to the phosphorus- and/or nitrogen-based ligands as dienes
are known in some cases to be highly effective and superior to
some conventional diphosphine ligands [174]. The presence of a
strong M–P  bond, unlike dienes, could also improve the catalyst
stability. For example, Lei et al. have successfully used a phos-
phine hybridised with electron deficient ethylene to accomplish
Negishi coupling in good yields under facile conditions [175].  Other
types of [C, P] hybrid ligands include the Herrmann–Beller pal-
ladacycle 61 and 62 [168,176,177] and Bedford palladacycle 63–65
[169–171,173] which are widely used because of their facile prepa-
ration. Both systems can be accessed in one step under relatively
mild conditions using simple metal sources Pd(OAc)2 or PdCl2
(Scheme 23). The [C, P] hybrid ligands in Herrmann–Beller pallada-
cycle shows a syn-anti arrangement [168], while in the Bedford
palladacycle the two [C, P] ligands across the coordination plane
are anti to each other [173] (Fig. 2).

5.2. Catalysis

Phosphapalladacycles are powerful catalysts, promoting reac-
tions under low catalyst loading with high turnover numbers
(TON). Recent examples include ring-opening reaction of oxabi-
cyclic alkenes with arylboronic acids [176], addition of alkynes
to norbornadienes [177], allylation of aldehydes [169,170],  Suzuki
coupling [177,183] and 1,4-conjugate additions [169]. Complex
61 shows high catalytic activity and asymmetric induction ability
in ring-opening reaction of oxabicyclic alkenes with arylboronic

acids (Scheme 24)  [176], providing corresponding products in high
yields (70–99%) and high ee (69–83%). Complex 62 selectively cat-
alyzes the addition of terminal alkynes across one double bond of
norbornadiene to afford exo-5-alkynyl-bicyclo[2.2.1]hept-2-enes

nd Bedford palladacycle (Refs. [168] and [173] respectively).
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Table 3
A selected list of metal complexes from [P, S] hybrid ligands, their preparation and catalytic reactions.

M Compound Preparation Catalytic reactions Authors Reference

Rh [Rh(�-Cl)(CO)2]2 with L in
CH2Cl2

Hydroformylation Zhang [160]

[Rh(nbd)2]BF4

(nbd = 2,5-norbornadiene)
with L in CHCl3 at r.t.

Hydrogenation and
hydroformylation

Reek [157]

[Rh(�-Cl)(CO)2]2 with L in
CH2Cl2 at r.t.

Hydroformylation Reek [161]

Ni  NiX2 (X = Cl, ClO4) with L in
EtOH/toluene (X = Cl), THF
or MeCN/Et2O. TlPF6 is
used together with NiCl2

Hydroamination Fadini [166]

Pd  PdCl2(PhCN)2 with L in
CH2Cl2 at r.t.

Suzuki coupling Dervisi [167]

(
w
C
t

(

Scheme 25)  [177]. The reaction exhibits extraordinary generality
ith respect to the alkyne. This constitutes the first addition of a
(sp)-H bond to an unactivated isolated double bond under neu-
ral conditions. Complex 65 exhibits good activity in 1,4-conjugate

Fig. 2. Structure of: a) Herrmann–Beller palladacycle, and b) bedfo
Structures reproduced from Ref. [168] and [173] respectively).
additions using boronic acid and aldehyde allylations with allyl-
stannanes (Scheme 26)  but the stereoselectivity is poor [169]. This
is probably due to ineffective projection of BINOLate chirality over
the active site.

rdpalladacycle. All hydrogen atoms were omitted for clarity.
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Table 4
A  selected list of metal complexes from [C, P] hybrid ligands, their preparation and catalytic reactions.

M Compound Preparation Catalytic reactions Authors Reference

Rh [RhCl2(�5-C5Me5)]2 with
PMeXyl2 at −40 ◦C and then
ZnCp*2 at −20 ◦C, followed by
treatment with CH2Cl2 and
anion change with NaBArF

Hydrogen isotope exchange in
hydrosilanes

Carmona [178]

Intramolecular
dehydrogenation of
RhCl(nbd)(PCy3) in the
presence of NaBArF in PhF

1,4-additions Frost [179]

Ir  [IrCl(cod)]2 andL in THF. Then
Cl was  extracted using
pyrrolidine for substitution
reactions

Allylic substitution Hartwig [180–182]

Pd Pd(OAc)2 with L in toluene at
50 ◦C

Ring-opening reaction of
oxabicyclic alkenes with
arylboronic acids

Hou [176]

Pd(OAc)2 with L in toluene at
50 ◦C

Addition of alkynes to
norbornadienes

Tenaglia [177]

PdCl2 and L in refluxing toluene Suzuki coupling Eppinger [183]

PdCl2 and L in refluxing toluene Allylation of aldehydes Bedford [170]

PdCl2(MeCN)2 and L in
refluxing toluene

1,4-conjugate additions Bedford [169]

6

l
t

. [N, P] hybrids
[N, P] hybrids are by far the most abundant types of hybrid
igands. Their complexes are highly effective catalytic precursors
owards a variety of reactions such as hydrogenation [184,185],
allylic alkylation [186], and many others [9,13,187–189].  Armed
with mixed donor characteristics, they can stabilize intermediate

oxidation states or geometries in a catalytic cycle. For example,
metal in a low oxidation state can be stabilized by the �-acceptor
character of a phosphorus donor while maintaining its amenity
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Scheme 24. Ring-opening reaction of oxabicyclic alkenes with arylboronic acids
catalysed by 61 (Ref. [176]).
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cheme 25. Addition of alkynes to norbornadienes catalysed by 62 (Ref. [177]).

owards oxidative addition supported by the nitrogen �-ability
1,3,190,191].  The most successful ligands contain a phosphine,
hosphinite or phosphite as P-donor and an oxazoline, oxazole,
hiazole or pyridine as N-donor group. Numerous reviews have
een dedicated in recent years on this topic [9,10,12,13,187–190].
ome recent representative complexes from [N, P] hybrid ligands
re listed in Table 5.

.1. Design, synthesis and structures

Many designs of [N, P] donors, including polydentate ligands, are
ased on modification or optimization of the earlier successful cat-
lysts. A good example is the [RuII(�6-arene)] containing diamines
r aminoalcohols, discovered by Noyori et al. [192,193] for transfer
ydrogenation. The planar ligands in 68–69 and 75–80 coordinated
ith octahedral FeII or RuII centre create a more open coordination

nvironment for nucleophilic attack at an antiperiplanar fashion,
hich may  facilitate ionization and nucleophilic attack [186].

Iridium complexes 85–94 containing chiral
hosphine–oxazoline ligands have been intensively studied
y Andersson et al. (85–88) [194–199], Pfaltz et al. (89,  90)
200–203], Li et al. (91) [204], Zhou et al. (92) [205,206],  Hou
93) [207], and Mazet et al. (94) [208] following the successful
pplication of IrI complexes for achiral catalysis by Crabtree et al.
209,210] and for chiral catalysis using [N, P] ligand by Pfaltz
t al. [211,212].  The [N, P] hybrid ligands are used to mimic  the
oordination environments of Crabtree’s catalyst intermediates
hich bear one N (pyridine) and one P (P(iPr)3 or PCy3) in cis

onfiguration [209,210].  The lower cost of Ir compared to Rh is
lso a factor that favors its use.

Ni complexes 95–101 have been used by Jones et al. [213],
raunstein et al. [214,215],  Hor et al. [216–219] and others for
lkene (co-)polymerization or oligomerizations. Ferrocenediylim-
nophosphine derivatives serve as highly flexible ligands in 98–101.

he ferrocenyl core plays the important role of a spectator in giv-
ng the difunctional donors the desirable coordinative mobility and
erving as an electronic reservoir needed for pendant/donating

Scheme 26. 1,4-conjugate additions catalysed by 65 (Ref. [169]).
try Reviews 255 (2011) 1991– 2024

switches. The redox-active FeII provides an additional electronic
buffer that allows the catalytic metal to remain active in differ-
ent redox stages. The hemilability of the donors allows the metal
to “pick and choose” its donors [5,216]. The reactions of the fer-
rocenediyliminophosphine ligands give a dynamic library of Ni
complexes with different oxidation states from Ni0 to NiIII, and
structural types depending on the reaction conditions (Scheme 27).
An additional advantage on Ni are its diverse geometries thus help-
ing to cope with different ligand demands e.g. tetrahedral Ni0P and
Ni0N,P, sq. planar NiIIN,P and trigonal planar NiIN,P and NiIC,N,P etc.

6.2. Catalysis

6.2.1. Hydrogenation
Asymmetric hydrogenation of ketones has been recognised as

a valuable way  to obtain chiral secondary alcohols as ketones
are one of the most common families of unsaturated sub-
strates [242–246]. Enantioselective reduction of prochiral ketones
leading to optically pure secondary alcohols is accordingly a
subject of considerable interest [185,246–248].  The asymmetric
hydrogenation pioneered by Noyori uses ruthenium complexes
of the highly effective BINAP ligands [249,250].  Hydrogenation
reactions using RuII complexes with hybrid ligands continue
to advance in a blistering pace [229,245,251–254].  IrI com-
plexes 85–93 are featured heavily. A broad scope of substrates
beyond conventional ketones has also been examined, such as
N-acylcarbamates and amides [227,235],  imides [228], aldehydes,
esters, imines [197,203,207,230],  carboxylic esters [234], enolphos-
phinates [194,196],  olefins [195,204],  diphenylvinylphosphine
oxides and vinylphosphonate [199], unfunctionalized enamines
and 4H-chromenes [200–202] as well as �,�-unsaturated car-
boxylic acids [205,206].  There are also recent reviews on Ir
catalysed asymmetric hydrosilylation, transfer hydrogenation and
hydrogenation of ketones [184,185].  Complexes 68–70, 73,  76,  80,
84–93 are also active towards asymmetric hydrogenation while 72
and 76 have been applied for asymmetric transfer hydrogenation
reactions.

Recently, Morris et al. have synthesized FeII complexes 68 and
69 as cheap and environmentally friendly catalytic compounds
[222,223].  They are suitable precatalysts for the transfer hydro-
genation of ketones at r.t. (Scheme 28), giving turnover frequencies
of up to 2600 h−1 with very low catalyst loadings (0.025–0.17%). For
sterically demanding prochiral ketones, excellent enantioselectiv-
ities can be obtained (up to 96% ee).

6.2.2. Olefin oligomerization and polymerization
Hou et al. have demonstrated that a cationic rare earth metal

alkyl species 66 can serve as an excellent catalyst for the living
cis-1,4 polymerization of both isoprene and butadiene as well as
for the living cis-1,4 copolymerization of isoprene and butadiene
(Scheme 29)  [220]. This system affords, for the first time, poly-
isoprene, polybutadiene, and poly(isoprene-butadiene) with both
extremely high cis-1,4 content (ca. 99%) and narrow molecular-
weight distribution (Mw/Mn = 1.13). Such excellent selectivity and
activity can be maintained even at elevated temperatures (up to
80 ◦C). The catalyst system is one of the best systems for the exclu-
sive cis-1,4 polymerization and copolymerization of isoprene and
butadiene.

Nickel complexes 96–101 are catalytically active towards olefin
oligomerization or polymerization. Complex 96 and 97 return with
high activities in oligomerization of ethylene with AlEtCl2 or MAO
as cocatalyst [214,215].  Hor et al. demonstrated that the hemilabile

iminophosphanyl ferrocene ligand can stabilize catalytically active
low-valent nickel [216] and the resulting complexes 98–101 can
be directly used to catalyze ethylene oligomerization [216–219]. In
some cases the use of an alkyne stabilized catalyst can be viewed
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Table 5
A  selected list of metal complexes from [N, P] hybrid ligands, their preparation and catalytic reactions.

M Compound Preparation Catalytic
reactions

Authors Reference

Sc, Y, Lu [Ln(CH2SiMe3)3(THF)2]
with L in THF at
r.t.

cis-1,4-
polymerization
and copoly-
merization of
isoprene and
butadiene

Hou [220]

Fe FeI(Indenyl)(CO)2

with L in
refluxing
pentane

Mukaiyama
aldol reaction

Bauer [221]

[Fe(H2O)6](BF4)2

with L in
CH3CN
followed by
reaction with
tBuCN or CO in
acetone or
refluxing CHCl3

Asymmetric
transfer
hydrogenation

Morris [222]

[Fe(H2O)6](BF4)2

with L in
CH3CN, then
react with CO
in acetone

Asymmetric
transfer
hydrogenation
of ketones

Morris [223]

Ru  RuCl2(PPh3)3

with L in
toluene at r.t.

Hydrogenation
of �-alkoxy
substituted
ketone

Tellers [224]

[RuCp(CH3CN)3]+[PF6]−

and L in
degassed
acetone
overnight

Isomerization
of alkenes

Grotjahn [225]
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Table 5 (Continued)

M Compound Preparation Catalytic reactions Authors Reference

Cationic:
[Ru(p-
cymene)Cl2]2

with L, AgBF4,
AgSO3CF3,
Li(Et2O)2.5B(C6F5)4

in CH3CN;
Zwitterionic:
[RuCl2(p-
cymene)]2 with
L  in CH2Cl2
then with
K2CO3 in THF

Transfer hydrogenation
of ketones

Stradiotto [226]

RuClCp*
(isopropene)
with L in
CH2Cl2

Hydrogenation of
N-acylcarbamates and
N-
acylsulfonamides.Hydrogenation
of imides

Ikariya [227,228]

[RuCl(�6-
arene)]2(�-Cl)2

with L and
NaPF6 in MeOH

1,3-dipolar
cycloaddition of
nitrones with
methacrolein

Carmona [59]

RuCl2(PPh3)3

with L in
CH2Cl2 at r.t.
for 1 h or in
toluene at 90 ◦C
for 20 min

Transfer hydrogenation Zotto and
Baratta

[229]

RuCl2(DMSO)4

with L in THF at
120 ◦C

Hydrogenation of
aldehydes, esters,
imines and ketones.
Transfer hydrogenation

Clarke [230,231]
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Table 5 (Continued)

M Compound Preparation Catalytic
reactions

Authors Reference

RuCl2(L) with
(Et3O)PF6 in
CH2Cl2 at r.t.
then with 2-
tertbutoxycarbonylcyclopentanone
in  CH2Cl2 at r.t.

Asymmetric
electrophilic
fluorination of
1,3-dicarbonyl
compounds

Togni and
Mezzetti

[232]

RuCl2(L) with
(Et3O)PF6 in
CH2Cl2 at r.t.
then with 2-
tertbutoxycarbonylcyclopentanone
in  CH2Cl2 at r.t.

Asymmetric
Diels–Alder
reactions of
unsaturated
�-ketoesters

Mezzetti [233]

RuCl2(DMSO)4

with L in
toluene

Reduction of
carboxylic
esters to
alcohols

Saudan [234]

RuHCl(PPh3)3(CO)
with L in THF at
65 ◦C

Hydrogenation
of amides to
alcohols and
amines

Milstein [235]

Ru,  Os [MCl2(�6-
cymene)]2, L
and NaX in
MeOH at r.t.
(M = Ru, Os;
X = SbF6, BF4,
CF3SO3, PF6)

Diels–Alder
reaction.

Carmona [236]

Rh  [RhCl(CO)]2

and L in CHCl3
or CH2Cl2 at
20 ◦C

Enantioselective
hydrosilylation

Korostylev [237]
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Table 5 (Continued)

M Compound Preparation Catalytic
reactions

Authors Reference

[RhCl(cod)]2

and L in THF at
r.t.

Arylation of
arenes

Kempe [238]

[RhCl(cod)]2

and L in CH2Cl2
at r.t.

Asymmetric
hydrogenation

Reek [239]

Ir  [IrCl(cod)]2 and
L in CH2Cl2
followed by
treatment with
NaBArF and
H2O

Asymmetric
hydrogenation
of enolphos-
phinates

Andersson [194]

[IrCl(cod)]2 and
L in CH2Cl2
followed by
treatment with
NaBArF and
H2O

Asymmetric
hydrogenation
of fluorinated
olefins;asymmetric
hydrogenation
of di and
trisubstitute-
denolphosphi-
nates;
asymmetric
hydrogenation
of imines

Andersson [195–197]

[IrCl(cod)]2 and
L in CH2Cl2
followed by
treatment with
NaBArF and
H2O

Asymmetric
hydrogenation

Andersson [198]
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Table 5 (Continued)

M Compound Preparation Catalytic
reactions

Authors Reference

[IrCl(cod)]2 and
L  in CH2Cl2
followed by
treatment with
NaBArF and
H2O

Hydrogenation
of
diphenylvinylphos-
phine oxides
and vinylphos-
phonates

Andersson [199]

[IrCl(cod)]2 and
L  in CH2Cl2
followed by
treatment of
NaPF6 at r.t.
then with CO in
THF

Pauson–Khand
reactions;
hydrogenation
of unfunction-
alized
enamines and
4H-chromenes

Pfaltz [200–202]

[IrCl(cod)]2 and
L in CH2Cl2
followed by
treatment of
NaBArF and
then with CO in
THF at r.t.

Asymmetric
hydrogenation
of imines

Pfaltz [203]

[IrCl(cod)]2 and
L in CH2Cl2 at
r.t. followed by
treatment with
NaBArF or
NaPF6

Hydrogenation
of olefins

Li [204]

[IrCl(cod)]2, L,
NaBArF in
refluxing
CH2Cl2

Hydrogenation
of �,�-
unsaturated
carboxylic
acids

Zhou [205,206]

[IrCl(cod)]2, L
and NaBArF in
CH2Cl2 at r.t.

Asymmetric
hydrogenation
of imines

Hou [207]
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Table 5 (Continued)

M Compound Preparation Catalytic
reactions

Authors Reference

[IrCl(cod)]2 and
L in CH2Cl2 at
48 ◦C, followed
by treatment
with NaBArF at
r.t.

Isomerization
of primary
allylic alcohols

Mazet [208]

Ni  Ni(cod)2 and L
in pentane
followed by
treatment
PhCCR (R = Ph,
tBu, CF3, CtCPh)
at r.t.

C–C bond
activation in
biphenylene
and
cyclotrimeriza-
tion of
alkynes

Jones [213]

NiCl2(dme) and
L in CH2Cl2

Oligomerization
of ethylene

Braunstein [214]

Ni(cod)2 and L
in toluene at
r.t. followed by
treatment with
AlEtCl2 in
toluene at r.t.

Ethylene and
propylene
oligomeriza-
tion

Giambastiani
and Braunstein

[215]

NiCl2(dme) and
L in THF
followed by
treatment with
MeLi in THF at
−30 ◦C and
then AlMe3 or
MAO  at r.t.

Ethylene
oligomeriza-
tion

Hor [216]

Ni(cod)2 and L
in hexane at r.t
and then with
CO or dipheny-
lacetylene at
r.t.

Ethylene
oligomeriza-
tion

Hor [217]
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Table 5 (Continued)

M Compound Preparation Catalytic
reactions

Authors Reference

Ni(cod)2 with L
in hexane at r.t.
followed by
treatment with
AlMe3 in
toluene at r.t.

Ethylene
oligomeriza-
tion

Hor [218]

NiCl2(dme) and
L  in CH2Cl2 at
r.t.

Ethylene
oligomeriza-
tion

Hor [219]

Pd,Pt  [MCl2(cod)]
and L in CH2Cl2
at r.t.

Overman–Claisen
rearrangement

Dake and Gates [240]

PdCl2(cod)/[Pd(allyl)Cl]2

and L in CH2Cl2
at r.t.

Allylic
alkylation and
sulfonylation

Korostylev [237]

PdCl2 and L in
CH2Cl2 at r.t.
followed by
treatment with
AgOTf/AgSbF6/AgClO4

at r.t.

Diels–Alder
reactions

Nakano [241]
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sphine derivatives with Ni substrates (Ref. [216–219]).
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Scheme 27. Reactions of ferrocenediyliminopho

s a mimic  for olefin entry to Ni-promoted olefin oligomerization.
hey provide new insight in catalyst design for polymerization
217].

.2.3. Other reactions
Palladium complexes 102a, 103 and 104 are also active in

romoting other types of reactions, such as Overman–Claisen
earrangement [240], allylic alkylation and sulfonyla-
ion [237] and Diels–Alder reactions [241]. Chiral cationic

alladium–phosphinooxazolidine catalysts 104 in ionic liquid
bmim][BF4] afforded excellent enantioselectivity in Diels–Alder
eactions and the catalyst is easily recycled eight times without
ny significant decrease in chemical yields or enantioselectiv-

Scheme 28. Transfer hydrogenation of the �,�-unsaturated ketone catalysed by 69
(Ref.  [223]).
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Scheme 29. Living cis-1,4-polymerization of butadiene and its block copolymerization with isoprene catalysed by 66 (Ref. [220]).
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cheme 30. Diels–Alder reactions in ionic liquid catalysed by 104 (Ref. [241]).

ty (89–99%, 88–99% ee) [241] (Scheme 30).  The asymmetric
iels–Alder reactions catalysed by 104 in ionic liquid are
conomically and environmentally practical processes.

. [O, P] hybrids

[O, P]-type hybrid ligands are typical representations of soft-
ard couples for hemilabile applications [190,255].  The P donor
ite usually provides a firm anchor whereas the M–O bond can
leave reversibly. This dynamic behaviour helps the catalyst switch
etween different states during the catalytic cycles and thus

mproving the turnovers, at least in principle. Some recent repre-
entative complexes from [O, P] hybrid ligands are listed in Table 6.

.1. Design, synthesis and structures

Decomposition products of olefin-metathesis catalysts have
een shown to be responsible for unwanted side reactions such
s olefin isomerization in addition to loss of activity [256]
Scheme 31).  The chelating [O, P] ligand in 105 is designed to
rotect the 14-electron methylidene species (H2IMes)Cl2RuII CH2
rom decomposition during the catalytic process involving terminal
lefins [44], as the chosen [O, P] hybrid is structurally and electron-
cally closely related to PPh3, which is known to readily dissociate
n [(H2IMes)(PPh3)Cl2RuII CHPh] [257]. Complex 105 can be easily

ynthesized in 75% yield from the potassium salt of the ligand with
he Ru precursor in CH2Cl2 (Scheme 32).

In 106 and 108, the [O, P] ligands are expected to show
ifferent coordination modes such as �1-P, �2-P,N, �2-P,O, and

Scheme 31. Decomposition pathway for
Scheme 32. Synthesis of 105 (Ref. [257]).

�3-P,N,O [258]. The hemilabile behaviour of these ligands have
been catalytically harnessed in e.g. hydrogenation of olefins [259],
olefin oligomerization [260], transfer hydrogenation of ketones
[261], and cross-coupling of secondary amines with aryl halides
[262].

7.2. Catalysis

Complex 105 is poorly active towards ring-closing metathesis
(RCM) at 30 ◦C, perhaps because of the stable chelate. It can be ini-
tiated by addition of CuCl with initial rates comparable to their
non-chelating analogues. However, the introduction of CuCl does
not lead to a more stable catalytic system, but rather a deviation
from first-order kinetics for more challenging substrates [44]. Cat-
alysts 109 are efficient towards C–Cl activation in Suzuki–Miyaura
couplings. The flexible coordination behaviour inherent in a hybrid
ligand system thus offers the metal several options to gain stability
without compromising on its vital reactivity [264].

8. [C, S], [N, S] and [O, S] hybrids

The soft sulfur donor, like phosphorus, should show higher affin-

ity to soft metals. Accordingly, the [X, S] (X = C, N, O) hybrids may
mirror the functions of their [X, P] counterparts. Sulfur ligands are
generally poorer �-donor and �-acceptor ligands compared with
phosphines and hence they are less used. However, organosulfur

 (H2IMes)Cl2Ru CH2 (Ref. [256]).
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Table 6
A selected list of metal complexes from [O, P] hybrid ligands, their preparation and catalytic reactions.

M Compound Preparation Catalytic reactions Authors Reference

Ru 2-
(diphenylphosphino)benzoic
acid and KH in THF at
50 ◦C followed by
treatment with
RuCl2(PCy3)(NHC)(CHPh)
in CH2Cl2 at r.t.

Metathesis reaction Grubbs [44]

Rh  [RhCl(cod)]2, L and
AgOTf in CH2Cl2 at r.t.

Hydrogenation of
olefins

Balakrishna [258]

[RhCl(cod)]2 and L in
CH2Cl2 followed by
treatment with tBuOK
in CH3OH and then
with CO in CH2Cl2 and
finally with PPh3 at r.t.

Hydroformylation of
styrene

Kostas and Kyritsis [263]

Pd  Pd2(dba)3

(dba = dibenzylideneacetone)
and L in toluene at r.t.

Suzuki coupling Balakrishna [258]

Pd2(dba)3, L and C6F5I
in THF at r.t.

Suzuki coupling Hor [264]

c
a
s
d
a
r
[

8

a
a

ompounds are readily available and stable, allowing easy storage
nd handling with aliphatic thiols being an exception. Moreover,
ulfide is an exceptionally stable bridging atom, as demonstrate-
in many giant sulfide clusters [265–267]. The design, synthesis
nd catalytic reactions of sulfur based hybrids have been reviewed
ecently [268–271]. Some recent representative complexes from
C, S], [N, S] and [O, S] hybrid ligands are compiled in Table 7.

.1. Design, synthesis and structures
Metal selectivity and hemilability of [N, S] hybrid ligand
re among the key motives behind the synthesis of 110–112
nd 114. In 113, the ligand [N-(2-mercaptopropyl)-N,N-bis(2-
pyridylmethyl)amine] and its complexation is designed to mimic
the behaviour of an enzyme superoxide dismutase which neutral-
izes superoxide in living cells [272]. Complex 113 is synthesized
from CuII(acac)2, the [N, S] hybrid ligand, and HBF4 in CH3CN at r.t.
In this process, the ligand is oxidized by CuII (which reduces to CuI)
to form a S–S bond.

8.2. Catalysis
Metal complexes based on [X, S] (X = C, O, N) ligands exhibit
diverse applications in organic reactions [17,163,271]. One of
the most promising examples is the dinuclear CuI complex
113 reported by Bouwman et al. An electrocatalytic system is
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Table 7
A  selected list of metal complexes from [C, S], [N, S] and [O, S] hybrid ligands, their preparation and catalytic reactions.

M Compound Preparation Catalytic reactions Authors Reference

Mg MgnBu2 and L in
hexane at 0 ◦C and then
r.t.

Ring-opening
polymerization of
l-lactide

Chen [273]

Cr  CrCl3(THF)3 and L in
THF at r.t.

Ethylene
oligomerization

Hor [139]

Pd  K2PdCl4 and L in
H2O/MeOH at pH
9.0–9.5

Suzuki coupling Kostas, Heropoulos and
Kovala-Demertzi

[274]

Cu  Cu(acac)2, L and HBF4

in CH3CN at r.t.
Electrocatalytic
conversion of CO2 to
oxalate

Bouwman [272]

Al  AlMe3 and Lin pentane
at 0 ◦C and then r.t.

MMA,  isoprene,
benzofuran and
rac-lactide
polymerization

Okuda [275]

d
C
c
1
i
i
c
p
D
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evised based on 113 which is able to activate and convert
O2 selectively into oxalate (Scheme 33)  [272]. It has a signifi-
ant implication in environmental CO2 remediation. Complexes
11 reported by Hor et al. are active towards ethylene trimer-

zation to 1-hexene with high selectivity [139]. Complex 112
s inactive towards the Suzuki–Miyaura coupling under aerobic
ondition. However, microwave irradiation promotes the cou-
ling of aryl bromides and chlorides with phenylboronic acid in
MF/H2O [274].

. Hybrid ligands with mixed donors

Hybrid ligands with mixed donor set (≥3 different donors)

nherently give a multitude of permutations and donor flexibil-
ty. Apart from the expected gain from multidentate coordination,

 range of metal geometries and structures could also be toler-
ted. The asymmetric trait inherent of a hybrid ligand could also
result in higher level of substrate selectivity and chiral differen-
tiation or induction. These ligands however can be synthetically
challenging and post-synthetic workups may  also be tedious. Ima-
hori and Matano et al. have developed synthetic methods to
synthesize phosphole-containing calixphyrins which is [P, N2, X]
(X = N, O, S) hybrid. This ligand can bind to different metals such
as Pd [276–279], Rh [277,278],  Au [277,279],  Pt [279,280] and
their catalytic properties have been investigated. The phosphole-
containing calixphyrins complexes have been recently reviewed
by Imahori and Matano [281] and will not be described in this
review. Some recent representative complexes from mixed donor
hybrid ligands are listed in Table 8.
9.1. Design, synthesis and structures

The hemilability of the ligand and the catalytic activ-
ity of the metal are two  major issues in 115–121. The
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Table 8
A selected list of metal complexes from mixed donor hybrid ligands, their preparation and catalytic reactions.

M Compound Preparation Catalytic reactions Authors Reference

Ti TiCl4 and L in toluene
at −78 ◦C then r.t.

Ethylene homo- and
copolymerization

Sun and Tang [284]

TiCl4 and L in toluene
at −78 ◦C then r.t.
followed by treatment
with trace H2O

Ethylene
polymerization

Jin [285]

V  NaH and L in THF at
−78 ◦C then r.t.
followed by treatment
with VCl3(THF)3 at r.t.

Olefin polymerization Li [286]

Ir  IrCl2(cod) and L in THF
at r.t. followed by
treatment with AgBF4

at r.t. or IrCl2(cod) and
L in the presence of CO
in THF at r.t.

Hydroamination of
alkynes, reductive
amination of aldehydes

Liu [287,288]

Pd  PdCl2(cod) and L in
refluxing toluene

Suzuki, Sonogashira
and Hiyama couplings

SanMartin and Domínguez [183,289]

PdCl2(PPh3)2, L and
Et3N in EtOH

Mizoroki–Heck
reaction

Mao  and Smith [290]

Pd(OAc)2, L in THF
followed by treatment

Suzuki and Heck
coupling

Chen [291]

l
i
t
a
a
e

with LiCl in MeOH

igand denticity may  also play an important role in influenc-
ng the stability of these complexes. Tridentate or polyden-

ate ligands generally serve as better shields for catalytically
ctive metal centres [282,283].  The syntheses of 115–121
re facile and straightforward and their structures are as
xpected.
9.2. Catalysis
Complex 115–117 show high activity towards ethylene poly-
merizations [284–286]. In addition, �-alkene and cycloalkenes such
as cyclopentene and norbornenecan also be efficiently incorporated
into polymerization using 115 as catalyst [284]. IrIII complex 118
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Scheme 33. Proposed electrocatalytic cycle that conve
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cheme 34. Reductive amination of aldehyde in aqueous media catalysed by 118
Ref. [288]).

as reported by Liu et al. to be active towards hydroamination of
lkynes and reductive amination of aldehydes in aqueous media
Scheme 34)  [287,288],  while 119–121 were reported to be active
owards various coupling reactions which is typical for Pd catalysts
289–291].

0. Summary and outlook

This review only touches the tip of an iceberg of catalytic
eactions promoted by complexes using hybrid ligands. Many het-
rogeneous systems promoted by such ligands have also not been
ncluded in this review [37,292–295]. Nevertheless, in the vast

ajority of documented examples, the role or uniqueness of the
ybrid ligand is not clearly defined or experimentally proven. Even
he expected hemilability or chiral inductive effects are gener-
lly assumed but not specifically demonstrated with concrete data
1,5,8,296,297]. Verifications of such would certainly help to ele-
ate the level of activities in this system. Modification of the hybrid
igands at the synthetic stage would continue to provide the most
irect means to tune the electronic, steric, and stereochemical
roperties of their molecular complexes. However, such modifi-
ation needs to be more systematic and predictive, and on this
ront, better integration with computational capability would be
eeded [298–301]. The precious platinum metals understandably
ominate the use of these hybrid ligands but, as we continue to
dvance on sustainable catalysis, we should expect more innova-
ive research in more abundant and bio-compatible metals such
s Mn,  Fe, Cu and Zn [55,56,64,65,129,130,272].  Their uses will
lso require a new breed of hybrid ligands that can offer higher
tability and enhancing catalytic prowess to these 3d metals. The
atalytic activation or initiation should go beyond chemical and

hermal means. We  need to design and develop hybrids that are
hoto-sensitive [90,94,97–104],  notably on sunlight or room light,
nd very importantly demonstrate reversibility under controlled
hoto conditions, e.g. using different wavelengths. A better use
rts CO2 to oxalate promoted by 113 (Ref. [272]).

of magneto- and electrocatalytically active hybrid ligands can be
expected [272,302–308].  Direct adaption of natural materials as
ligands which can induce chirality of the molecular substrates
would be challenging but valuable. Hybrids venturing into other
heteroatoms such as Al, Bi and even the more amenable alkaline
earth metals especially for application in aqueous media could also
push this field to new frontiers. Integration of these new systems
with other emerging materials systems (e.g. carbon nanotubes,
graphene, meso-porous silica, metal surface, etc.) will elevate the
overall impact of catalytic science and technology.
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