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Preface

Iridium catalysis, although not as established as rhodium catalysis, has seen consid-
erable advances in recent years mainly due to its application in the synthesis of fine
chemicals. Owing to the isoelectronic nature of iridium and rhodium, advances in
either area have often been transferred and tested in the respective counterpart. The
discovery by Schrock and Osborn that cationic rhodium phosphine complexes can
be excellent homogeneous hydrogenation catalysts paved the way for Crabtree’s
cationic iridium catalyst, also offering the possibility of incorporating chiral ligands.
From here, Pfaltz et al. and others revealed the potential of iridium catalysts first in
the asymmetric hydrogenation of unsaturated organic bonds, including both imines
and non-functionalized alkene bonds, and later extended this to other reactions that
have proven to be key in the organic synthesis where iridium catalysts today play an
indispensable role. Iridium has often been an alternative to the more studied rhodium
catalyst as demonstrated in the production of acetic acid via the industrial carbon-
ylation of methanol in the Cativa process. Furthermore, due to the stability of
iridium-carbon and iridium-hydrogen bonds, iridium has also played an important
role as a catalytic model because it allows the isolation and characterization of
catalytic intermediates, which are difficult to detect in rhodium catalysis.

The first collection of modern applications of iridium organometallic complexes
in this series was published in 2011 entitled “Iridium Catalysis” edited by Pher
Andersson. Many of the iridium-catalyzed reactions presented in that volume have
shown remarkable advances in the last decade and new applications to obtain
building blocks in organic synthesis have been developed. This new volume of
Topics in Organometallic Chemistry entitled “Iridium Catalysts for Organic Reac-
tions” provides updates on previous topics and summarizes recent progress in
iridium catalysis. The most relevant advances in iridium-catalyzed organic processes
are considered throughout this volume including new developments in the synthesis
of organosilanes, asymmetric hydrogenation, transfer hydrogenation, and
hydroboration. The rapid development of iridium-catalyzed dehydrogenative reac-
tions is described demonstrating that many of these catalytic systems have become
important tools for organic synthesis. Due to the importance and interest in biomass
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conversion, a chapter is also dedicated to recent work on the use of homogeneous
iridium catalysts in this field.

Despite the progress made in the last decade, there is still a challenge for iridium
nanoparticles to be applied in the fine chemical industry. Therefore, the use of
iridium nanoparticles as catalysts for hydrogenation reactions is reviewed including
recent contributions presenting nanoparticles immobilized on supports, confined
nanoparticles, nanoparticles stabilized by ionic liquids and polymers, and generated
in situ without stabilizing agents. Another interesting area of development presented
in this volume is the approach to CO2 valorization using homogeneous and
electrocatalytic iridium catalysts. Due to the high catalytic performance of several
iridium catalysts in CO2 transformation, a chapter is dedicated to the recent progress
in the field of iridium-catalyzed reduction of CO2 by using hydrogen and/or
hydrosilanes as reducing agents. Another chapter focuses on homogeneous iridium
catalysts for the electroreduction of CO2, providing a mechanistic insight into the
design of catalysts to efficiently transform CO2 into new products using electricity.

In summary, the interest of the volume lies in the presentation of the advances and
applications in iridium catalysis through a variety of catalytic processes that offer
different approaches of efficiency and sustainability. The content of this volume is
intended for researchers, graduate students, and synthetic chemists at all levels in
academia and industry.

We would like to thank all the authors for their great contributions. We are also
grateful to Dr. Charlotte Hollingworth and Ms. Alamelu Damodharan (Springer
Nature) for their continuous assistance to complete this volume.

Zaragoza, Spain Luis A. Oro
Tarragona, Spain Carmen Claver
December 2020
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affording unsaturated products and relatively sophisticated organic transformations
triggered by substrate dehydrogenation are discussed, and many of the listed cata-
lytic systems are revealed to have become important tools for organic synthesis.

Keywords Cooperative catalysis · Dehydrogenation · Functional ligand · Hydrogen
production · Hydrogen storage · Organic synthesis · Pincer complex

1 Introduction

Catalytic chemistry of iridium for organic synthesis is entering a maturity phase. A
wide variety of reactions using iridium catalysts is continuously being developed,
some of which are indispensable to organic synthesis.

The relative stability of Ir–H and Ir–C bonds allows the isolation of
organoiridium complexes and the investigation of their structural and fundamental
properties, as exemplified by the work of Vaska et al., who uncovered the basics of
the fundamental reactions (e.g., oxidative addition) involved in organometallic
chemistry [1]. However, the catalytic chemistry of Ir has advanced at a considerably
slower pace than that of Rh and Pd. For example, [Ir(cod)(Py)(PCy3)]

+ (cod:
1,5-cyclooctadiene; Py: pyridine; Cy: cyclohexyl), which shows a very high activity
for alkene hydrogenation, was reported by Crabtree et al. only in 1977 [2, 3]. This
discovery triggered the development of Ir catalytic chemistry and the discovery of
other high-performance Ir catalysts, as exemplified by the use of [Ir(cod)(phox)]+

(phox: phosphinooxazoline) for asymmetric hydrogenation, which was reported by
Pfaltz et al. [4].

Although the application scope of Ir catalysts was initially restricted to the hydro-
genation of unsaturated organic compounds, it subsequently expanded to include
allylic substitution [5–14] and C–H borylation [15–18] and even the industrial car-
bonylation of methanol to afford acetic acid (the Cativa process) [19]. In addition,
many other reactions catalyzed exclusively by Ir have been developed [20–22].

The ability of Ir to catalyze hydrogenation reactions suggests that this metal
should also promote the reverse reaction, i.e., dehydrogenation. Indeed, the last
three decades have witnessed the rapid development of Ir-catalyzed dehydrogenative
reactions.

This chapter lists the applications of homogeneous Ir catalysts for the dehydro-
genation of hydrogen acceptor-free organic molecules, demonstrating that many of
these catalytic systems have become important organic synthesis tools.

2 Dehydrogenation of Alkanes

Alkenes are one of the most synthetically and industrially important classes of
compounds, featuring high synthetic utility due to the presence of reactive
π-bonds, whereas the reactivity of the parent alkanes is low because of their strong
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and inert C–H σ-bonds. Considering the wide availability of alkanes, which are
produced on an industrial scale by hydrotreatment of crude oil, dehydrogenation of
alkanes is the most straightforward and atom-economical route to alkenes. Com-
pared to the well-documented reverse hydrogenation, which can be carried out even
under ambient conditions, the dehydrogenation of alkanes to alkenes requires high
temperatures to overcome the enthalpic barrier of going from two C–H σ-bonds to
one H–H σ-bond and a C–C π-bond. Despite this challenge, catalytic dehydrogena-
tion of alkanes has attracted much attention because of its fascinating nature.

The Ir complex-catalyzed homogeneous dehydrogenation of alkyl functionalities
was first reported in 1970 [23]. In the presence of a catalytic amount of Vaska’s
complex (IrCl(CO)(PPh3)2), the benzylic C–H bonds of 10,11-dihydro-5H-dibenzo
[a,d]cycloheptene at 10- and 11-positions were cleaved to afford 5H-dibenzo[a,d]
cycloheptene (yield ¼ 60% after 60 h at 225�C) and H2 (Scheme 1). 1,2,3,4,7,12-
Hexahydrobenz[a]anthracene underwent dehydrogenation much more smoothly,
affording benz[a]anthracene in 92% yield after 12 h. In this case, the intrinsically
energetically unfavorable dehydrogenation was facilitated by the aromatization of
the starting material.

The dehydrogenation of simple alkanes mediated by Ir complexes under stoi-
chiometric conditions was pioneered by the Crabtree’s group [24], which subse-
quently also investigated the catalytic dehydrogenation of cycloalkanes and linear
alkanes under thermal or photochemical conditions [25]. Ir complex 1 exhibited
catalytic activity for the transfer dehydrogenation of cycloalkanes and n-hexane at
150�C in the presence of t-butylethylene as a hydrogen acceptor; however, no
thermal dehydrogenation occurred in the absence of t-butylethylene in a closed
reaction system (Scheme 2a). In the presence of Ir complex 2, cyclooctane could
be dehydrogenated to cyclooctene at 25�C upon irradiation with UV light (254 nm)
from a low-pressure Hg lamp in the absence of a hydrogen acceptor, with a turnover
number (TON) of 8 observed after 7 days (Scheme 2b). The use of reflux conditions
for dehydrogenation allowed the constant removal of evolved H2 and thus improved
reaction efficiency by displacing the equilibrium to the right [26]. Crabtree et al.
reported that the Ir-catalyzed acceptorless dehydrogenation of cyclooctane to
cyclooctene proceeded much more smoothly under reflux conditions than under
closed-system conditions, with TONs of up to 35.8 achieved for Ir complex

Scheme 1 Ir-catalyzed dehydrogenation of hydrocarbons containing aromatic moieties
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3 (Scheme 2c) [27]. Saito et al. achieved a TON of 16.2 in 2 h for the
photodehydrogenation (irradiation of Xe lamp (2 kW) through cut-off filter lower
than 300 nm of cyclooctane under reflux conditions catalyzed by a dinuclear Ir
complex 4 [28] (Scheme 2d). Alt et al. studied the catalytic activity of various [Ir(I)
(cod)LL] complexes (LL ¼ N,N- or N,O-chelating ligand, amine, or phosphine) for
the dehydrogenation of cyclooctane at 300�C in a closed system, showing that TONs
of up to 75 were obtained after 4 h for complex 5 (Scheme 3) [29, 30].

As another example, a CpIr(I) (Cp¼ cyclopentadienyl) complex was investigated
for the photocatalytic dehydrogenation of cyclohexane (neat or in fluorinated sol-
vent) [31]. Based on the known ability of the CpIr(CO) complex derived from [CpIr

Scheme 2 Ir-catalyzed dehydrogenation of cyclooctane. (a) Thermal dehydrogenation with/with-
out t-butylethylene. (b) Photochemical dehydrogenation at 25°C. (c) Thermal dehydrogenation
under reflux conditions. (d) Photochemical dehydrogenation under reflux conditions

Scheme 3 Ir-catalyzed dehydrogenation of cyclooctane with relatively high turnover in closed
system

4 T. Shimbayashi and K. Fujita



(CO)2] (6) to activate alkane C–H bonds [32], a fluoroalkyl-substituted CpIr com-
plex 7 and the parent complex 6were used for the photocatalytic dehydrogenation of
cyclohexane (neat or in perfluoromethylcyclohexane (C7F14)) to cyclohexene,
cyclohexadiene, and benzene, with TONs ranging between 1.5 and 3.2 (Scheme
4). Fluorous solvents or fluoroalkyl substituents on the Cp ring increased the stability
of Ir complexes under irradiation conditions.

The thermodynamic durability of Ir complexes under catalytic conditions is of
key importance for the development of highly active alkane dehydrogenation cata-
lysts. The thermodynamic parameters of dehydrogenation necessitate the use of
relatively high temperatures, which may cause the decomposition of catalytically
active species and thus result in low TONs. The first highly active Ir catalyst (TON
>100) featured a rigid pincer ligand scaffold and was developed by Jensen and
Goldman’s group [33]. PCP pincer Ir complex 8, which exhibited long-term stability
at 200�C and superior catalytic activity for the transfer dehydrogenation of alkanes
[34–36], promoted the dehydrogenation of cyclooctane to cyclooctene under reflux
conditions. The initial turnover frequency (TOF) was 11 h�1, and TONs of 104 and
190 were reached after 44 h and 120 h, respectively (Scheme 5). When the above
catalyst was applied to the dehydrogenation of cyclodecane under reflux at a higher
temperature of 201�C, the rate of dehydrogenation increased (TONs of 170 and

Scheme 4 Photocatalytic dehydrogenation of cyclohexane promoted by Cp-based Ir complexes

P

Scheme 5 Pincer Ir complex-catalyzed dehydrogenation of cycloalkanes with high TONs
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360 were obtained after 4 and 24 h, respectively), and cyclodecene was produced as
a 3:1 mixture of cis- and trans-isomers. The decrease of the dehydrogenation rate
with time was ascribed to the concomitantly increasing content of the alkene product
and not to catalyst decomposition as confirmed by the fact that the addition of 10%
cyclooctene in cyclooctane completely stopped the dehydrogenation reaction.

The promising performance of the above PCP pincer complex for catalytic alkane
dehydrogenation has inspired the development of other catalysts based on pincer Ir
complexes, e.g., an Ir complex 9 bearing less sterically hindered bis(di-isopropyl)
phosphino groups promoted the dehydrogenation of cyclooctane under reflux con-
ditions and achieved an initial TOF of >94 h�1 (Scheme 6) [37]. This complex also
smoothly catalyzed the dehydrogenation of refluxing cyclodecane, achieving a TON
of 460 after 1 h and affording cyclodecene with a 4.6:1 cis:trans selectivity. As the
reaction time increased to 20 h, TON increased to 863, and small amounts of
isomerized products, cis- and trans-diethylcyclohexane, were observed. Addition-
ally, the complex 9 catalyzed the dehydrogenation of refluxing n-undecane (196�C),
affording a mixture of undecenes with TONs of 42.3 and 44.1 after 1 h and 45 h,
respectively.

Krogh-Jespersen and Goldman et al. reported the mechanistic study of PCP
pincer Ir-catalyzed dehydrogenation of alkanes based on density functional theory
(DFT) calculations [38]. Two possible reaction pathways were compared, namely
the dissociative pathway, in which the reaction proceeds via the liberation of H2 from
a dihydride complex followed by the oxidative addition of a cycloalkane (Scheme 7,
right part), and the associative pathway, in which a cycloalkane directly interacts
with the dihydride complex to give an alkyl complex intermediate via σ-bond
metathesis followed by the liberation of H2 (Scheme 7, left part). Based on the
theoretical and experimental results, the latter pathway was excluded, and the

Scheme 6 Pincer Ir complex-catalyzed dehydrogenation of cycloalkanes
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elimination of H2 to afford a 14e� Ir complex was proposed to be the rate-
determining step of the dissociative pathway. The oxidative addition of an alkane
to the 14e� Ir intermediate was expected to be much easier than the prior step and
was followed by β-hydride elimination from the alkyl iridium intermediate to
complete the catalytic cycle, forming a cycloalkene, and regenerating the dihydride
complex.

The same group investigated the effects of introducing a methoxy group at the p-
position of the pincer aromatic scaffold on catalytic dehydrogenation performance
[39]. In the acceptorless dehydrogenation of cyclodecane to cyclodecene, methoxy-
substituted complex 10 exhibited higher catalytic activity than the parent catalyst
8 (Table 1). An Ir complex 11 bearing a methoxy-substituted pincer ligand with
isopropyl groups on phosphorus atoms was superior to other catalysts achieving
TONs of 357 and 3,050 after 1 h and 78 h, respectively. In the case of
diisopropylphosphine-based pincer complex 11, a tetrahydride complex was used
as a catalyst precursor because of the difficulty of dihydride complex isolation. No
significant difference in catalytic performance was observed between the dihydride
complex and the tetrahydride precursor. The catalytic activity of these complexes for
the dehydrogenation of n-undecane was also investigated, and a TON of 108 was
achieved with 10 after 17 h.

The effects of substituting a linker CH2 moiety for an oxygen atom and changing
the steric properties of the phosphino group of the PCP pincer ligand on catalytic
activity for the acceptorless dehydrogenation of alkanes were also investigated

Scheme 7 Reaction mechanism for the activation of cyclohexane as a model substrate

Iridium-Catalyzed Dehydrogenative Reactions 7



(Fig. 1) [40–43]. For example, when O-linked PCP pincer Ir complex 12 was used to
catalyze the acceptorless dehydrogenation of n-undecane under reflux conditions,
conversion to the corresponding alkene was as low as 1.8%, probably because of the
inhibitory effect of the product [40]. Recently, an O-linked PCP pincer Ir complex
supported on silica via covalent bonds with the ligand backbone was applied to
continuous-flow alkane dehydrogenation at >300�C, achieving a TON of 3,500 for
the dehydrogenation of butane to butene [44].

Ir complex 13, bearing a t-butylmethylphosphino group and a di-t-
butylphosphino group on its PCP pincer scaffold and therefore featuring reduced
steric crowding (compared to that of the parent tetra-t-butyl-substituted complex 8),
exhibited higher performance for the catalytic dehydrogenation of cyclodecane to
cyclodecene than complexes 15 and 16 in terms of both the initial (in the first 1 h)

Table 1 Comparison of the catalytic activities (TONs) of pincer Ir complexes for acceptorless
dehydrogenation

Time (h) 8 10 11

1 60 158 357

4 170 430 714

24 360 820 2,120

48 360 820 2,970

78 – – 3,050

TONs are shown

Fig. 1 PCP pincer Ir complexes used for the acceptorless dehydrogenation of alkanes

8 T. Shimbayashi and K. Fujita



reaction rate and total TON after 9 h (Table 2) [41]. Complex 13 could also catalyze
the dehydrogenation of n-undecane with slightly higher efficiency than 15 and 16.

The structurally more rigid 1-adamantyl-substituted PCP pincer complex 14 was
more stable than complexes 8 and 16 during the catalytic dehydrogenation of
cyclodecane [42]. Although the initial rate of 14-catalyzed cyclodecane dehydroge-
nation was lower than that observed for t-butyl- or isopropyl-substituted complexes
8 and 16 at reaction times of <3 h, the total TON exceeded those of 8 and 16 after
24 h (Table 3). A similar trend was also observed for the dehydrogenation of n-
dodecane (bp 216�C), in which case a TON of 71 was reached after 72 h.

Anthracene-based PCP pincer Ir complex 17 features a much more rigid back-
bone than m-xylene-based complexes and should therefore exhibit a higher thermal
stability [43]. This complex catalyzed the acceptorless dehydrogenation of
cyclododecane (bp 244�C) to a mixture of cis- and trans-cyclododecene (1:2.4)
even at 250�C, achieving an initial TOF of 40 h�1 and a TON of 136 after 148 h. At
230�C, the catalytic performance decreased to an initial TOF of 30 h�1 and a TON of
126 after 192 h. Thus, the rigidness and steric bulk of 17 effectively increased

Table 2 Comparison of the catalytic performances of Ir complexes 13, 15, and 16 for the
acceptorless dehydrogenation of cyclodecane

Ir cat. Time (h) cis-CDE trans-CDE DEC Total

13 1 388 65 36 489

9 807 163 119 1,089

15 1 49 49 3 101

9 325 72 11 408

16 1 153 31 12 196

9 410 86 96 592

TONs are shown
CDE cyclodecene, DEC diethylcyclohexane

Table 3 Comparison of the
catalytic activities of Ir com-
plexes 8, 14, and 16 for the
acceptorless dehydrogenation
of cyclodecane

Total cyclodecene (mM)

Time (h) Ir cat. 14 Ir cat. 8 Ir cat. 16

1 74 102 136

3 179 218 274

5 251 240 –

24 509 267 364

48 526 294 –

72 534 305 366

96 543 314 –

Conditions: [catalyst] ¼ 1.0 mM, cyclodecane volume ¼ 1.5 mL.
Oil bath temperature ¼ 230�C
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thermal stability, albeit the catalytic activity at lower temperature was not as high as
that of 8.

Besides that of PCP pincer complexes, the catalytic activity of CCC pincer Ir
complexes 18–20 was also investigated [45, 46]. CCC pincer ligands bearing two N-
heterocyclic carbene (NHC)-derived coordinating moieties with mesityl or 3,5-di-t-
butylphenyl groups on nitrogen atoms effectively catalyzed the acceptorless dehy-
drogenation of cyclic and linear alkanes. A TON of 103 after 22 h was achieved for
the dehydrogenation of refluxing cyclooctane catalyzed by Ir complex 18 (Scheme
8). Cyclodecane also underwent acceptorless dehydrogenation under reflux condi-
tions in the presence of 18, in which case a TON of 109 and a 1:5 mixture of cis- and
trans-cyclodecene were obtained after 22 h. In the case of n-undecane dehydroge-
nation, Ir complex 20 exhibited the best catalytic performance, achieving a TON of
97 after 22 h.

Recently, Celik and Goldman’s group has developed a tandem catalytic system
consisting of a PCP pincer Ir complex and a zeolite for the intramolecular
dehydrogenative cyclization of n-pentylbenzene leading to 1-methyl-1,2,3,4-
tetrahydronaphthalene and other carbocyclic compounds [47]. The PCP pincer Ir
complex catalyzed the acceptorless dehydrogenation of n-pentylbenzene
(bp 205�C), affording a mixture of alkene products under reflux conditions (Scheme
9a). H-SSZ-25 zeolite catalyzed the intramolecular alkylation of in situ generated
alkene-tethered benzenes, affording 1,2,3,4-tetrahydronaphthalene and indane deriv-
atives together with products of further dehydrogenation, e.g., naphthalene deriva-
tives. For a tandem system composed of PCP pincer Ir complex 21 and H-SSZ-25,
cyclized products were obtained in a yield of 94% (based on the amount of evolved
H2) with a TON of 6,860 after 24 h (Scheme 9b).

Scheme 8 CCC pincer Ir complex-catalyzed dehydrogenation of alkanes
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3 Dehydrogenation of Heterocyclic Compounds

Compared to the dehydrogenation of cycloalkanes, that of heterocyclic compounds
containing at least one heteroatom (e.g., O, N, P, S) in the ring is much more facile
because of the decreased reaction endothermicity [48]. Hence, heteroatom incorpo-
ration allows acceptorless dehydrogenative transformations to be carried out at lower
temperatures, e.g., under homogeneous catalysis conditions, most N-heterocycles
undergo dehydrogenation to afford aromatized products below 200�C. In this con-
text, the design of transition metal complexes for catalytic dehydrogenation is not
necessarily restricted by their thermal durability, which leaves enough room for
efficiency improvement from a kinetic viewpoint.

3.1 Dehydrogenation of N-Heterocyclic Compounds

N-Heterocyclic structures are ubiquitous in indispensable natural and industrial
products including biologically active compounds such as pharmaceuticals and
agrochemicals, fragrances, dyes, pigments, and other functional materials
[49, 50]. Hence, the development of efficient method for the transformations of
heterocyclic compounds has been pursued for a long time since the evolvement of
synthetic organic chemistry. The dehydrogenation of saturated heterocyclic

Scheme 9 Tandem catalytic system for the dehydrogenative cyclization of n-pentylbenzene. (a)
Ir-catalyzed dehydrogenation of n-pentylbenzene. (b) Tandem system for dehydrogenation
followed by cyclization catalyzed by Ir complex and zeolite
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compounds offers direct access to the related unsaturated heterocycles with variable
unsaturation degrees, finally affording heteroaromatics via perdehydrogenation
[51]. Furthermore, N-heterocyclic compounds have recently attracted much attention
as promising organic hydrogen carriers for reversible hydrogen storage [52–54].

In addition to promoting the dehydrogenation of cycloalkanes, PCP pincer Ir
complexes also catalyze the dehydrogenation of N-heterocycles. In 2009, Jensen
et al. reported the catalytic dehydrogenation of N-ethyl perhydrocarbazole (EPHC)
to N-ethyl octahydrocarbazole (EOHC), N-ethyl tetrahydrocarbazole (ETHC), and
N-ethyl carbazole (EC) (Scheme 10) [55]. In the presence of PCP pincer Ir complex
22 (1.0 mol%) and NaOt-Bu (1.2 mol%) at 200�C, EPHC was fully consumed to
afford EOHC and ETHC in yields of 70 and 30%, respectively, and a TON (molar
ratio between the generated H2 and 22) of 260 was obtained. After 24 h, the product
ratio changed to 60% EOHC/40% ETHC, and a further extension of the reaction
time to 216 h afforded an 82% ETHC/18% EC mixture. At 150�C in the presence of
2.0 mol% 22, the full conversion of EPHC was reached in 48 h to afford EOHC
(90%) and ETHC (10%).

The same group also reported the dehydrogenation of other N-heterocyclic
compounds catalyzed by the above PCP pincer Ir complex and its analogues [56–
59]. The dehydrogenation of N-methyl perhydroindole at 150�C in the presence of
22 (1.0 mol%) afforded N-methyl tetrahydroindole (98%) and N-methyl indole (2%)
after 168 h (Scheme 11) [56]. The further dehydrogenation of N-methyl
tetrahydroindole to N-methyl indole was very sluggish, proceeding in only 4%

Scheme 10 PCP pincer Ir complex-catalyzed dehydrogenation of N-ethyl perhydrocarbazole

Scheme 11 Dehydrogenation of N-methyl perhydroindole
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yield after 216 h. This low catalytic performance for the perdehydrogenation of
perhydroindole is not desirable from the standpoint of hydrogen storage, in which
case maximal hydrogen weight capacity is preferable; however, the selective dehy-
drogenation of heterocyclic ring moieties can be applied to organic synthesis. The
selective dehydrogenation of perhydroindole and perhydrocarbazole was achieved
by employing PCP pincer Ir complex 23 under neat conditions at 172–198�C
(Scheme 12) [57]. The methoxycarbonyl group was tolerated, and the corresponding
tetrahydroindole was obtained in quantitative yield. Regarding the scope of sub-
stituents on the nitrogen atom, N-H, N-methyl, N-ethyl, and N-benzyl substrates
were applicable. In the case of N-ethyl carbazole, a small amount of N-H
octahydrocarbazole was formed via cleavage of the ethyl group. The catalytic
performance of Ir complex 24 bearing an AsCAs pincer ligand as an arsenic
congener of the PCP pincer ligand was also investigated, although the activity was
only half of that of 23 (Scheme 13) [58].

Kinetic studies on the complex 23-catalyzed dehydrogenation of pyrrolidine-
based N-heterocycles including N-ethyl perhydrocarbazole, N-methyl
perhydroindole, and N-butyl pyrrolidine revealed that the steric constraints of
these N-heterocycles had a larger influence on the reaction rate than the C–H bond
activation barrier [59].

Yamaguchi and Fujita et al. reported the catalytic dehydrogenation of 1,2,3,4-
tetrahydroquinolines in the presence of a Cp*Ir (Cp* ¼ 1,2,3,4,5-
pentamethylcyclopentadienyl) complex bearing a functional 2-pyridonate ligand

Scheme 12 Selective dehydrogenation of perhydroindoles and perhydrocarbazoles
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[60]. The screening of 2-pyridonate ligands with various substituents showed that
5-trifluoromethyl-2-pyridonato Ir complex 25 exhibited the best catalytic perfor-
mance for the dehydrogenation of 1,2,3,4-tetrahydroquinoline in refluxing p-xylene
(bp 138�C), with quinoline obtained in 73% yield (Scheme 14). The incorporation of
a methyl group into the 1,2,3,4-tetrahydroquinoline significantly affected the effi-
ciency of catalytic dehydrogenation. In particular, 2-methyl-substituted 1,2,3,4-
tetrahydroquinoline showed the highest reactivity in this dehydrogenation and was
quantitatively converted to 2-methylquinoline. In general, the dehydrogenation
enthalpy of substituted N-heterocyclic compounds is lower than that of
non-substituted ones [61]. Notably, 25 also catalyzed the reverse hydrogenation of
2-methylquinoline to 2-methyl-1,2,3,4-tetrahydroquinoline. Moreover, a reversible
and repetitive dehydrogenation/hydrogenation sequence well suited for reversible
hydrogen storage was also possible.

Later, the same group developed a more efficient catalyst for the dehydrogenation
of 2-methyl-1,2,3,4-tetrahydroquinoline to 2-methylquinoline [62]. Cp*Ir
bipyridonate complexes 26 and 27 promoted this dehydrogenation at a reduced
catalyst loading (1.0 mol%) to quantitatively afford the quinoline product, whereas
catalyst 25 could not achieve full conversion (Scheme 15a). Catalysts 26 and 27 also
promoted the dehydrogenation of 2,6-dimethyldecahydro-1,5-naphthyridine to

Scheme 13 Comparison of the catalytic activities of PCP and AsCAs pincer Ir complexes

Scheme 14 Dehydrogenation of 1,2,3,4-tetrahydroquinoline catalyzed by Cp*Ir pyridonate 25
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2,6-dimethyl-1,5-naphthyridine with a release of 5 equiv. of H2 (Scheme 15b). Cp*Ir
complex 28 with a structurally more rigid 1,10-phenanthroline-2,9-dione ligand was
also effective for this dehydrogenation and allowed the quantitative reverse
perhydrogenation of 2,6-dimethyl-1,5-naphthyridine. Moreover, the successive
perhydrogenation and dehydrogenation sequence in the presence of 28 was con-
cluded to hold great promise for hydrogen storage applications.

Very recently, Fujita et al. investigated the effect of Cp ligand substituents on Ir
bipyridonate complex-catalyzed dehydrogenation reactions by replacing one methyl
group of Cp* with hydrogen or various alkyl (e.g., ethyl, isopropyl, and t-butyl)
groups [63]. Among the series of modified Cp* complexes 29–32, the 1-t-butyl-
2,3,4,5-tetramethyl CpIr complex 32 exhibited the best performance for the catalytic
dehydrogenation of 2-methyl-1,2,3,4-tetrahydroquinoline in refluxing toluene
(Scheme 16).

In addition to that of fused bicyclic compounds, Fujita et al. reported the
dehydrogenation of 2,5-dimethylpiperazine to 2,5-dimethylpyrazine catalyzed by
Cp*Ir bipyridonate complex 26 [64], showing that quantitative dehydrogenation
was achieved in the presence of 2.0 mol% 26 in refluxing p-xylene after 20 h

Scheme 15 Dehydrogenation of fused bicyclic compounds. (a) Dehydrogenation of 2-methyl-
1,2,3,4-tetrahydroquinoline. (b) Dehydrogenation of 2,6-dimethyldecahydro-1,5-naphthyridine

Scheme 16 Dehydrogenation of 2-methyl-1,2,3,4-tetrahydroquinoline catalyzed by Ir
bipyridonate complexes bearing various Cp ligands
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(Scheme 17). Under solvent-free conditions, the catalyst loading could be reduced to
0.25 mol% without significant loss of efficiency in refluxing 2,5-dimethylpiperazine.
The reverse hydrogenation proceeded smoothly in the presence of 26 and free
6,60-dihydroxy-2,20-bipyridine in a p-xylene/H2O mixed solvent. Moreover, dehy-
drogenation could also be performed by employing the reaction mixture used for
hydrogenation under reflux conditions, and a reversible and repetitive hydrogena-
tion/dehydrogenation sequence was successfully carried out for at least four cycles
without any loss of catalytic performance.

Recently, Cp*Ir-catalyzed dehydrogenations of 1,2,3,4-tetrahydroquinolines and
related N-heterocycles in refluxing water were reported. Albrecht et al. revealed the
good ability of Cp*Ir complexes 33 and 34 bearing a bidentate abnormal NHC
ligand to catalyze the dehydrogenation of 1,2,3,4-tetrahydroquinoline in refluxing
water (Scheme 18) [65]. The same complexes could also promote the reverse
hydrogenation reaction in water. Fischmeister et al. employed Cp*Ir complex 35
with a bispyridylamine-based ligand for the dehydrogenation of 1,2,3,4-
tetrahydroquinoline derivatives in water under reflux conditions (Scheme 19)
[66]. 1,2,3,4-Tetrahydroquinoxaline and 1,2,3,4-tetrahydroisoquinoline were also
applicable to this dehydrogenation reaction. The reverse hydrogenation could also
be performed in water with the same catalyst 35.

Dehydrogenation of N-heterocycles catalyzed by Cp*Ir complexes under milder
reaction conditions was developed by Xiao et al. for the efficient synthesis of various
N-heteroarenes [67]. Ketimine-based iridacycle complex 36 exhibited high catalytic

Scheme 17 Dehydrogenation of 2,5-dimethylpiperazine to 2,5-dimethylpyrazine

Scheme 18 Catalytic dehydrogenation of 1,2,3,4-tetrahydroquinoline in water
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performance for the dehydrogenation of 2-methyl-1,2,3,4-tetrahydroquinoline in
refluxing 2,2,2-trifluoroethanol (TFE: bp 74�C), achieving an 88% conversion
after 2 h (Scheme 20). TFE was essential for efficient catalysis, probably because
it facilitated H2 formation by protonating the Ir hydride intermediate. In aprotic
solvents, almost no conversion of the starting material was observed, while signif-
icantly diminished dehydrogenation yields were obtained in the less acidic
2,2-difluoroethanol (DFE) or ethanol. This dehydrogenation system was applicable
to various N-heterocyclic compounds such as 1,2,3,4-tetrahydroquinolines, 9,10-
dihydroacridine, 1,2,3,4,9,10-hexahydroacridine, 1,2,3,4-tetrahydroisoquinolines,
3,4-dihydroisoquinolines, 1,2,3,4-tetrahydro-β-carbolines, indolines, and 1,2,3,4-
tetrahydroquinoxalines (Scheme 21). Later, a pyrene-tethered iridacycle
immobilized onto multiwalled carbon nanotubes was prepared as a reusable catalyst
for the dehydrogenation of indoline to indole in aqueous media [68]. Notably, 36
could also promote the hydrogenation of 1-methylisoquinoline to 1-methyl-1,2,3,4-
tetrahydroisoquinoline.

Apart from pincer or Cp* complexes exhibiting catalytic activity for the dehy-
drogenation of N-heterocyclic compounds, other complexes were also investigated
by Crabtree et al. [69]. The pre-activation of Ir complex 37 by treatment with an
equimolar amount of PPh3 at 100�C and H2 bubbling led to the formation of the

Scheme 19 Dehydrogenation of bicyclic N-heterocycles in water catalyzed by Ir complex 35

Scheme 20 Effect of solvent on the dehydrogenation of 2-methyl-1,2,3,4-tetrahydroquinoline
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proposed active catalyst 38, which promoted the dehydrogenation of 2-methyl-
1,2,3,4-tetrahydroquinoline (0.04 M) under reflux conditions at 135�C in chloro-
benzene or at 145�C in p-xylene, affording 2-methylquinoline in 85 or 95% yield,
respectively, after 72 h (Scheme 22). Catalyst 39 promoted the same dehydrogena-
tion at a higher concentration (1.1 M) to afford 2-methylquinoline in 85% yield after
24 h. Both 38 and 39 also catalyzed the reverse hydrogenation.

Crabtree’s catalyst (40) was employed for the dehydrogenation of
2-methylindoline to 2-methylindole in a liquid–liquid biphasic system [70]. The
dehydrogenation proceeded at 130�C in the presence of 40 (0.5 mol%), PPh3 (2 mol
%), and [PPh4][NTf2] (20 mol%) in Bu2O as solvent (Scheme 23). PPh3 was
believed to stabilize the cationic Ir catalyst, which was immobilized in the molten

Scheme 21 Dehydrogenation of various N-heterocycles catalyzed by Ir complex 36
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salt phase and could therefore be retrieved and reused by simple separation of the
liquid–liquid phase. The catalytic performance was sufficiently maintained in the
second run of the dehydrogenation reaction.

3.2 Dehydrogenation of Other Heterocyclic Compounds

The dehydrogenation of cyclic compounds other than N-heterocycles remains
underexplored, although the expansion of Ir catalysis scope is of great interest.

Jensen et al. examined the catalytic performance of PCP pincer Ir complex 22 for
the dehydrogenation of perhydrodibenzofuran [56]; however, after 24 h at 200�C,
the conversion to octahydrodibenzofuran (accompanied by the release of 2 equiv. of
H2) was only 15%.

Nozaki et al. developed a new type Ir complex promoting the dehydrogenation of
cyclic ketones, esters, amides, and ethers [71]. According to the working hypothesis,
a hydroxycyclopentadienyl ligand previously utilized for Ru catalysis in the well-
known Shvo’s complex [72, 73] coordinated to the Ir center allows H2 liberation

Scheme 22 Dehydrogenation of 2-methyl-1,2,3,4-tetrahydroquinoline by Ir complexes 37 and 39

Scheme 23 Dehydrogenation of 2-methylindoline in a liquid–liquid biphasic system
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from a hydride intermediate via metal–ligand cooperation to afford an Ir–
cyclopentadienone complex (Scheme 24). After β-hydrogen elimination, intramo-
lecular hydrogen transfer from the Ir center to oxygen generates a coordinatively
unsaturated intermediate that can undergo oxidative addition of C–H bond. A TON
of 11 after 29 h was achieved for the acceptorless dehydrogenation of cyclodecane to
cyclodecene at 200�C in a closed system catalyzed by Ir complex 41 (Scheme 25),
while the dehydrogenation of α-tetralone to 1-naphthol was more rapid, with a TON
of 19 reached after 30 min. When the reaction time was extended to 29 h, the TON
increased to 97, although byproducts such as tetrahydronaphthalene and naphthalene
were also observed. The dehydrogenation of other cyclic compounds was also
investigated, and a TON of 66 was observed for dihydrobenzofuran.

Later, the same group found that a simple [Cp*IrCl2]2 (42) exhibited catalytic
activity comparable or superior to that of the hydroxycyclopentadienyl complex 41
for the dehydrogenation of these cyclic compounds [74]. In cyclodecane as an
almost inert solvent, catalyst 42 (0.33 mol%Ir) promoted the dehydrogenation of
tetralone, achieving a conversion of 59% after 20 h at 200�C to afford 1-naphthol in
47% yield, whereas catalyst 41 achieved a conversion of only 15% (Scheme 26). An
increase in catalyst loading to 1.0 mol%Ir improved the yield of 1-naphthol to 71%.
For the dehydrogenation of other cyclic compounds, the performance of 42 was
mostly better or comparable to that of 41 except for the case of 1-isochromanone.
Albeit the mechanism was unclear, the results of the mercury test implied that the
active species was present in the homogeneous phase.

3.3 N-Heteroarene Synthesis via Combination of Ring
Construction–Dehydrogenation

The incorporation of N-heterocyclic moiety dehydrogenation into the synthesis of N-
heteroarenes involving a cyclization step was reported by several groups. Such
processes provide direct access to N-heteroarenes from acyclic starting materials

Scheme 24 Metal–ligand cooperative dehydrogenation across a C–C bond
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without the use of external oxidants and are therefore of high synthetic utility from
the viewpoint of green chemistry.

Yamamoto et al. reported the dehydrogenation of intermediate dihydropyrroles to
pyrroles in cascade Ir-catalyzed intramolecular ene-yne cyclizations/Diels-Alder
cycloadditions starting from 1,6-enynes prepared by Cu-catalyzed three-component
coupling of allylamines and glyoxylate esters with terminal alkynes (Scheme 27)
[75, 76]. In the presence of [IrCl(cod)]2 (3 mol%) and acetic acid (12 mol%) in
refluxing toluene, 1,6-enynes underwent cycloisomerization [77] to afford 1,3-diene
intermediates that were trapped with dienophiles such as maleimide, maleic anhy-
dride, or 1,4-naphthoquinone to afford polycyclic 3-pyrroline intermediates. Further
dehydrogenation probably proceeded via C–H activation at the C-2 position of the
pyrroline moiety by the Ir catalyst to finally afford polycyclic pyrrole-2-carboxyl-
ates. This reaction could be performed under microwave conditions, although a
slight decrease in product yield occurred in some cases. In the case of the
microwave-assisted reaction of a 5-alkyl-1,6-enyne, the pre-dehydrogenation
(pre-aromatized) intermediate (3-pyrroline) could be isolated (Scheme 28). The

Scheme 25 Dehydrogenation of various cyclic compounds
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Scheme 26 Comparison of the catalytic activities of 41 and 42 for the dehydrogenation of cyclic
compounds

Scheme 27 Synthesis of polycyclic pyrroles via a cascade reaction involving Ir-catalyzed
dehydrogenation
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intermediacy of this compound was confirmed by the reaction of the isolated
3-pyrroline intermediate in the presence of [IrCl(cod)]2 and acetic acid in refluxing
toluene for 3 h, which furnished the desired pyrrole in 76% yield. Although this step
did not necessarily require a hydrogen acceptor, the added N-phenylmaleimide
significantly accelerated the reaction and was converted into N-phenylsuccinimide.

Li et al. reported the dehydrogenative synthesis of quinazolinones from o-
aminobenzamides and aldehydes catalyzed by a water-soluble Ir complex in aqueous
media [78]. Specifically, the dehydrative condensation of o-aminobenzamide with
aldehydes was carried out in refluxing water for 2 h to afford 2,3-dihydroquinazolin-
4(1H )-ones, which was followed by the addition of [Cp*Ir(OH2)3][OTf]2 (43)
(1 mol%) and further reflux for 1 h to afford quinazolinones in good yields (Scheme
29). The dehydrogenation of isolated 2,3-dihydroquinazolin-4(1H )-one in refluxing
water was confirmed to yield quinazolinones almost as equal efficiently as the
one-pot process.

Scheme 28 Intermediacy of 3-pyrroline and following dehydrogenation

Scheme 29 Dehydrogenative synthesis of quinazolinones from o-aminobenzamide and aldehydes
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The same group also reported a [Cp*IrCl2]2 (42)-catalyzed dehydrogenative
one-pot synthesis of quinazolinones from o-aminobenzonitrile, n-butylaldoxime,
and aldehydes (Scheme 30) [79]. The reaction proceeded in p-xylene at 70�C for
12 h via the hydration of o-aminobenzonitrile to o-aminobenzamide by n-
butylaldoxime accompanied by the release of n-butyronitrile. Subsequently, the
aldehyde was added, and the mixture was further heated at 110�C for 4 h to afford
quinazolinones according to a mechanism similar to that described previously [78].

The use of o-aminobenzylamines instead of o-aminobenzamides allowed for the
dehydrogenative synthesis of quinazolines in the presence of Cp*Ir complexes [80],
with the best catalytic performance in aqueous media observed for the Cp*Ir
6,60-dihydroxy-2,20-bipyridine complex 44 (Scheme 31). The reaction probably
proceeded through the formation of 1,2,3,4-tetrahydroquinazolines via the
dehydrative condensation of o-aminobenzylamines with aldehydes followed by
two-fold dehydrogenation catalyzed by 44 to afford quinazolines.

Cross dehydrogenative coupling, in which two C–H bonds are cleaved to form a
new C–C bond, is a powerful synthetic method for the construction of C–C bond
because of no necessity of pre-functionalization; however, most transformations of
this type require oxidants or hydrogen acceptors [81–84]. Yan and Xiao et al.
reported an Ir-catalyzed intramolecular dehydrogenative C–C coupling of N-o-
acylphenyl tetrahydroisoquinoline in the absence of hydrogen acceptors [85]. In
refluxing acetic acid, [IrCl(cod)]2 (2.5 mol%) and 1,2-bis(diphenylphosphino)ethane

Scheme 30 Dehydrogenative synthesis of quinazolinones from o-aminobenzonitrile, n-
butylaldoxime, and aldehydes

Scheme 31 Dehydrogenative synthesis of quinazolines from o-aminobenzylamine and aldehydes
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(dppe, 5 mol%) promoted the intramolecular two-fold dehydrogenative coupling of
two C(sp3)–H bonds to afford a C¼C bond (Scheme 32). According to the proposed
mechanism (Scheme 33), the oxidative addition of a benzylic C–H bond adjacent to
the nitrogen atom to an Ir(I) species occurs, and the resulting Ir–H intermediate is
protonated by acetic acid to liberate H2. The release of acetic acid from the produced
Ir acetate along with deprotonation at the acetyl group affords an Ir enolate and an
iminium moiety via Ir–C bond cleavage. The intramolecular nucleophilic addition of
the enolate to the iminium moiety affords a cyclized intermediate that was detected
in the reaction mixture at short reaction times. Finally, Ir-catalyzed hydride abstrac-
tion followed by elimination of a second molecule of H2 completes the catalytic
cycle.

The same group also reported an intramolecular dehydrogenative C–N coupling
in refluxing TFE catalyzed by [Cp*IrCl2]2 (42) in the presence of 2-hydroxypyridine
[86]. Although this ligand was not necessarily required for the reaction progress, it
significantly accelerated the reaction. 2-Aminobenzamide, 2-aminoben-
zenesulfonamide, and 2-aminobenzylamine derivatives could be catalytically
converted into the corresponding nitrogen-containing polycyclic products with

Scheme 32 Dehydrogenative intramolecular C–C coupling of N-o-acylphenyl
tetrahydroisoquinoline in the absence of hydrogen acceptors

Scheme 33 Proposed mechanism of Ir-catalyzed intramolecular dehydrogenative C–C coupling of
N-o-acylphenyl tetrahydroisoquinoline in the absence of hydrogen acceptors
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liberation of H2 (Scheme 34). The reaction of 2-[3,4-dihydroisoquinolin-2(1H )-yl]
aniline derivatives selectively afforded tetracyclic benzimidazoles according to the
substituent on the nitrogen atom. Later, the same group expanded the scope of the
above synthesis by employing [IrCl(cod)]2 in refluxing TFE [87] and showed that
simple benzimidazole, tricyclic benzimidazole, and tetracyclic benzimidazole deriv-
atives can be prepared under these conditions (Scheme 35).

4 Dehydrogenation of Alcohols

The oxidation of alcohols to carbonyl compounds such as aldehydes, ketones, esters,
and carboxylic acids is one of the most fundamental reactions in organic chemistry
and is typically accomplished using stoichiometric amounts of oxidants. However,
the catalytic dehydrogenation of alcohols accompanied by H2 evolution in the

Scheme 34 Dehydrogenative intramolecular C–N coupling

Scheme 35 Dehydrogenative synthesis of benzimidazoles via intramolecular C–N coupling
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absence of oxidants is a better alternative from the viewpoint of environmental
friendliness. In this section, catalytic systems for the dehydrogenative oxidation of
alcohols and related applications in organic synthesis are surveyed.

4.1 Dehydrogenative Oxidation of Alcohols to Aldehydes
and Ketones

The Ir complex-catalyzed dehydrogenation of alcohols was pioneered by Lu et al. in
1987 [88], who successfully converted secondary alcohols to ketones in
hexamethyldisiloxane as a solvent at 100�C in the presence of an Ir hydride complex
45 as a catalyst (Scheme 36). The reaction was accompanied by the evolution of H2,
which was detected by gas chromatography.

Another pioneering work on the Ir-catalyzed dehydrogenation of alcohols was
reported by Saito et al. [89, 90], who found that trans-[IrCl2(SnCl3)4]

3� (46)
effectively promoted the conversion of 2-propanol to acetone with a concomitant
release of H2. However, only the reaction of 2-propanol was reported.

In 2007, Fujita and Yamaguchi et al. reported a catalytic system for the
dehydrogenative oxidation of secondary alcohols based on cooperativity between
Ir and a functional ligand (Scheme 37) [91], revealing that the introduction of
2-hydroxypyridine as a functional ligand was of key importance for high catalytic
activity.

Dehydrogenation catalyzed by 47 proceeds as illustrated in Scheme 38. The
active species bearing a functional ligand in pyridonate form acts as a proton
acceptor in the process of the activation of alcohol. Dehydrogenation via
protonolysis of the Ir hydride complex bearing a functional ligand in
hydroxypyridine form is another important step of the catalytic cycle.

Scheme 36 Pioneering study on Ir complex-catalyzed dehydrogenation of alcohols

Scheme 37 Dehydrogenation of secondary alcohols catalyzed by Ir complex 47
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Later, the same group reported the effect of substituents in the functional ligand
[92]. As shown in Scheme 39, the catalytic activity of a series of Ir complexes 48–51
for the dehydrogenation of 1-phenylethanol was examined, and the highest activity
was observed for the complex 48 with a 2-pyridonate ligand bearing CF3 group at
5-position.

A system for the Ir-catalyzed dehydrogenation of both primary and secondary
alcohols to afford aldehydes and ketones, respectively, was first developed by Fujita
and Yamaguchi et al. The introduction of a C,N-chelate ligand based on 2-hydroxy-
6-phenylpyridine improved the stability of catalyst 52, and allowed the
dehydrogenative oxidation of primary alcohols to aldehydes to be performed in
the presence of only catalytic amounts of base (Scheme 40) [93], while the reactions

Scheme 38 Mechanism for dehydrogenation of alcohols catalyzed by Ir complex 47

Scheme 39 Effect of substituent on the functional pyridonate ligand on the dehydrogenation of
1-phenylethanol

Scheme 40 Dehydrogenation of primary and secondary alcohols catalyzed by Ir complex 52
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of secondary alcohols proceeded well under base-free conditions at a lower loading
of 52.

The same group reported a water-soluble and reusable Ir catalyst 44 with
6,60-dihydroxy-2,20-bipyridine as a functional ligand (Scheme 41) [94]. This com-
plex was stable in water and air and highly soluble in water because of its dicationic
character, which enabled the dehydrogenation of alcohols in aqueous media.

Another merit of the above system is catalyst reusability. Owing to the high
solubility of 44 in water, the separation of the organic product from the aqueous
solution of the catalyst was easily accomplished, and the recovered catalyst could be
reused at least eight times without marked activity loss (Scheme 42). Later, the
above authors reported the immobilization of 44 onto mesoporous organosilica to
afford a heterogeneous catalyst for alcohol dehydrogenation [95].

Do et al. applied the catalyst 44 to the interconversion of glucocorticoids [96],
selectively oxidizing one of the alcoholic moieties in glucocorticoid derivatives
(Scheme 43). The reverse hydrogenation could also be accomplished using the
same catalyst.

Scheme 41 Dehydrogenation of alcohols in water catalyzed by the water-soluble Ir complex 44

Scheme 42 Reusability of catalyst 44

Scheme 43 Selective oxidation of one of the alcoholic moieties in a glucocorticoid derivative
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In 2012, Fujita and Yamaguchi et al. reported a neutral Ir catalyst 26 with a
6,60-bipyridonate functional ligand (Scheme 44) [97], revealing that this catalyst
allows the dehydrogenation of secondary alcohols to ketones under reflux in pentane
(bp: 36�C) and the conversion of primary alcohols to aldehydes under reflux in t-
butyl alcohol (bp: 82�C). A high TON of 275,000 was achieved when the reaction
was performed under reflux in p-xylene (bp: 138�C). Studies on the mechanism of
catalysis by 26 based on theoretical computations were also reported [98].

The same group disclosed the effect of substituents on the Cp ligand (Scheme 45)
[63]. Among Ir complexes 26 and 29–32, complex 32 with a t-butyl group exhibited
the highest activity for the dehydrogenative oxidation of 1-phenylethanol to
acetophenone.

A dicationic water-soluble Ir catalyst 53 with a bidentate functional ligand that
consisting of 2-hydroxypyridine and NHC components developed by Fujita and
Yamaguchi et al. [99] showed high activity for the dehydrogenative oxidation of
secondary alcohols in aqueous media (Scheme 46). Compared to the water-soluble
catalyst 44, the catalyst 53 exhibited a three-fold higher activity.

Gelman et al. reported the design and synthesis of an Ir complex 54 with a PCP
pincer ligand based on dibenzobarrelene structure [100], demonstrating that this

Scheme 44 Dehydrogenation of alcohols at low temperature catalyzed by complex 26

Scheme 45 Dehydrogenation of 1-phenylethanol catalyzed by Ir bipyridonate complexes bearing
various Cp ligands
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complex showed high catalytic activity for the dehydrogenative oxidation of sec-
ondary alcohols (Scheme 47).

The mechanism for the dehydrogenation of alcohols catalyzed by 54 is illustrated
in Scheme 48. The tethered hydroxy group in the ligand plays an important role in
the hydrogen release process. The same group also reported the heterogenization of
the catalyst 54 within a silica sol-gel matrix [101].

In addition to the catalyst mentioned above, numerous other Ir complexes (Fig. 2)
were shown to exhibit catalytic activity for the dehydrogenative oxidation of alco-
hols to ketones and/or aldehydes [102–111].

Scheme 46 Dehydrogenation of alcohols catalyzed by an Ir complex 53 bearing a functional
NHC-hydroxypyridine ligand

Scheme 47 Dehydrogenation of secondary alcohols catalyzed by an Ir complex 54 bearing a
functional PCP pincer ligand

Scheme 48 Mechanism for dehydrogenation of alcohols catalyzed by Ir complex 54
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4.2 Dehydrogenative Oxidation of Primary Alcohols
to Esters, Carboxylic Acids, and Acetals

Catalyst 54, mentioned in the preceding section, effectively promoted the
dehydrogenative esterification of two molecules of primary benzylic alcohols in
the presence of catalytic amounts of Cs2CO3 (Scheme 49) [100]. This esterification
is believed to proceed through several steps involving dehydrogenation,
hemiacetalyzation, and dehydrogenation. Moreover, the above catalyst also pro-
moted the lactonization of diols.

Esteruelas et al. employed an Ir complex 64 with an Os-based metalloligand to
realize a similar conversion of primary alcohols to esters [110] and identified the key
intermediate of this transformation (Scheme 50, square brackets). The selectivity for

Fig. 2 Ir catalysts for the dehydrogenation of alcohols
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esters over aldehydes was improved by introducing an electron-withdrawing group
at the para-positions of benzylic alcohols.

Dehydrogenative lactonization of diols in aqueous media catalyzed by a water-
soluble Ir complex 44 was developed by Fujita and Yamaguchi et al. (Scheme 51)

Scheme 49 Esterification and lactonization catalyzed by 54

Scheme 50 Esterification of primary alcohols catalyzed by 64

Scheme 51 Lactonization of diols in water catalyzed by Ir complex 44
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[112]. Wide variety of diols was applicable for this catalytic system, selectively
giving lactones in good to high yields.

The same group also reported the synthesis of γ-butyrolactone in excellent yield
via the dehydrogenative lactonization of 1,4-butanediol catalyzed by Ir complex 26
(Scheme 52) [113] under neat conditions at 140�C. The reverse hydrogenation could
be accomplished using the same catalyst, and the reversible catalytic interconversion
of 1,4-butanediol to γ-butyrolactone was therefore regarded as a promising prototype
of a hydrogen storage system.

Fujita and Yamaguchi et al. reported the dehydrogenative oxidation of primary
benzylic alcohols to benzoic acid derivatives under aqueous reflux conditions
catalyzed by a water-soluble Ir complex 53 (Scheme 53) [99], suggesting that this
transformation involves the dehydrogenation of the primary alcohol to an aldehyde,
the hydration of this aldehyde to afford a gem-diol, and the dehydrogenation of the
gem-diol to afford a carboxylic acid.

A versatile catalytic system for the dehydrogenation of primary alcohols to
carboxylic acids under basic aqueous conditions in the presence of an Ir catalyst
66 with a bipyridonate ligand bearing N,N-dimethylamino substituents was reported
by Fujita et al. [114] (Scheme 54). The carboxylic acids were obtained after acidic
work-up, and the developed methodology was successfully applied to the quantita-
tive synthesis of acetic acid starting from an ethanol–water solution.

Williams et al. have recently developed an efficient catalytic system for the
dehydrogenative oxidation of primary alcohols to carboxylic acids [115]. Various
types of alcohols (R ¼ alkyl, aryl, and heteroaryl) were converted to the
corresponding carboxylic acids in the presence of Ir complex 67 as a catalyst after
acidic work-up (Scheme 55).

Scheme 52 Dehydrogenative lactonization of 1,4-butanediol to γ-butyrolactone

Scheme 53 Conversion of primary benzyl alcohols to benzoic acids in water catalyzed by 53
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A system for the dehydrogenative acetalization of three molecules of primary
alcohols promoted by [Cp*IrCl2]2 (42) and bis(pyridone)phosphine ligand L1 was
developed by Achard et al. [116] (Scheme 56).

4.3 Dehydrogenative Decarbonylation of Primary Alcohols

Madsen et al. developed a system for the dehydrogenative decarbonylation of
primary alcohols accompanied by the release of syngas (H2 and CO) [117], showing
that this transformation is effectively promoted by [IrCl(coe)2]2 in the presence of
rac-BINAP (Scheme 57). The reaction is believed to proceed through the dehydro-
genation of the primary alcohol to the corresponding aldehyde followed by its

Scheme 54 Dehydrogenative oxidation of aqueous solutions of primary alcohols to carboxylic
acids catalyzed by Ir complex 66

Scheme 55 Dehydrogenative oxidation of primary alcohols to carboxylic acids catalyzed by the Ir
complex 67

Scheme 56 Acetalization of three molecules of primary alcohols
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decarbonylation to afford an alkane. Theoretical mechanistic studies on this catalysis
were also performed by Andersson and Madsen et al. [118].

The same group later reported the further application of the above
dehydrogenative decarbonylation [119]. As illustrated in Scheme 58, syngas
released during the dehydrogenative decarbonylation of hexane-1,6-diol catalyzed
by [IrCl(cod)]2 and rac-BINAP was successfully used for the hydroformylation of
styrene.

The same paper also reported the reductive carbonylation of p-bromoanisole to
afford p-anisaldehyde (Scheme 59) [119].

4.4 Dehydrogenative Cross-Coupling Reactions Involving
Alcohols

Gelman et al. reported a catalytic system for the dehydrogenative cross-coupling of
primary and secondary alcohols [120]. As shown in Scheme 60, Ir complex 54
effectively catalyzed this reaction to afford alkylated ketones. The above coupling is
believed to proceed through dehydrogenation and hydrogen transfer processes
involving the dehydrogenation of alcohols to ketones and aldehydes, base-mediated

Scheme 57 Dehydrogenative decarbonylation of primary alcohols releasing syngas

Scheme 58 Hydroformylation of styrene accomplished using syngas released by the
dehydrogenative decarbonylation of hexane-1,6-diol
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cross aldol condensation, and the transfer hydrogenation of the aldol condensation
product to afford an alkylated ketone.

Closely related couplings of two alcohols catalyzed by the Ir complexes illus-
trated in Fig. 3 have also been reported [121, 122].

Donohoe et al. developed a catalytic system for the chemo- and regioselective
synthesis of acylcyclohexenes from pentamethylacetophenone and diols [123],
revealing that an Ir catalyst composed of [IrCl(cod)]2 and di-1-adamantyl-n-
butylphosphine showed high catalytic activity for this transformation (Scheme 61),
which is believed to proceed through a sequence of diol dehydrogenation, aldol
condensation, and [1,5]-hydride shift.

Scheme 59 Reductive carbonylation of p-bromoanisole to afford p-anisaldehyde using syngas
released by the dehydrogenative decarbonylation of hexane-1,6-diol

Scheme 60 Dehydrogenative cross-coupling of primary and secondary alcohols catalyzed by 54

Fig. 3 Ir catalysts for the dehydrogenative coupling of two alcohols
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4.5 Synthesis of N-Heterocycles Based on Alcohol
Dehydrogenation

Kempe et al. developed a catalytic system for the dehydrogenative coupling of
2-aminobenzyl alcohol and alcohols to afford quinoline derivatives [124], revealing
that Ir complex 69 with a bidentate P,N-chelate ligand shows high catalytic activity
for this reaction (Scheme 62). The above transformation is believed to proceed via
the dehydrogenative oxidation of the alcoholic moieties of the starting materials
followed by condensation accompanied by the release of H2 (2 equiv.) and water
(2 equiv.).

Li et al. reported a similar system for the synthesis of quinoline derivatives via the
coupling of 2-aminobenzyl alcohol and ketones in water [125] catalyzed by the
water-soluble Ir complex 44 (Scheme 63). The first step of this reaction is believed to

Scheme 61 Synthesis of acylcyclohexenes from pentamethylacetophenone and diols

Scheme 62 Synthesis of quinoline derivatives by the dehydrogenative coupling of 2-aminobenzyl
alcohol and alcohols
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be the dehydrogenative oxidation of the alcoholic moiety of 2-aminobenzyl alcohol.
A similar reaction promoted by an Ir-NHC catalyst in an organic solvent was also
reported by Gülcemal et al. [126].

Catalytic synthesis of benzimidazoles from benzene-1,2-diamines and primary
alcohols triggered by the dehydrogenation of alcohols was reported by Kempe et al.
[127]. The iridium complex 70 with a tridentate P˄N˄P ligand [bis
(diisopropylphosphino)pyridine-2,6-diamine] exhibited catalytic activity in
diglyme, affording benzimidazoles accompanied by the evolution of two equivalents
of H2 (Scheme 64).

The same paper [127] also described the reactions of 1,2-phenylenediamine with
1,2-diols promoted by Ir catalyst 70 (Scheme 65). In these reactions, the formation of
quinoxalines was accompanied by the release of two equivalents of H2.

Kundu et al. synthesized quinazolines by reacting 2-aminobenzylamine with
aromatic primary alcohols in water in the presence of a dicationic Ir complex 65
with a 2-hydroxypyridine-based N,N-chelate ligand [128] (Scheme 66), showing
that the reaction is accompanied by the evolution of three equivalents of H2. The
same paper also demonstrated reactions of 1,2-phenylenediamine with 1,2-diols

Scheme 63 Synthesis of quinoline derivatives by the dehydrogenative coupling of 2-aminobenzyl
alcohol and ketones

Scheme 64 Synthesis of benzimidazoles from benzene-1,2-diamines and primary alcohols

Scheme 65 Synthesis of quinoxalines from benzene-1,2-diamines and 1,2-diols
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leading to quinoxalines and those of 1,2-phenylenediamine with aromatic primary
alcohols leading to benzimidazoles.

Li et al. developed a catalytic system for the synthesis of quinazolinones starting
from 2-aminobenzamide and methanol [129], showing that this reaction proceeds in
the presence of Ir catalyst 26 under microwave heating conditions and is accompa-
nied by the release of two equivalents of H2 (Scheme 67). The initial step of this
reaction is believed to be the catalytic dehydrogenation of methanol to formalde-
hyde, which then reacts with 2-aminobenzamide.

Kempe et al. developed an effective catalytic system for the synthesis of pyrroles
from secondary alcohols and 2-aminoalcohols [130]. In the presence of Ir catalyst
71, 2,5-disubstituted and 2,3,5-trisubstituted pyrroles were obtained along with two
equivalents of H2 (Scheme 68). The initial step of this reaction is believed to be the
dehydrogenative oxidation of the secondary alcohol to a ketone, which then
undergoes condensation with the amino moiety of the aminoalcohol. It should be
noted that in this case, the initial dehydrogenation of the secondary alcohol triggered
successive C–N and C–C bond formation. Later, the same group reported the

Scheme 66 Synthesis of quinazolines from 2-aminobenzylamine and aromatic primary alcohols

Scheme 67 Synthesis of quinazolinones from 2-aminobenzamide and methanol

Scheme 68 Synthesis of pyrroles from secondary alcohols and 2-aminoalcohols
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synthesis of tetrahydro-1H-indoles by a similar type of reaction using Ir catalyst
71 [131].

Kempe et al. reported the synthesis of substituted pyridines by the reaction of
primary and secondary alcohols with 3-aminoalcohol derivatives [132], revealing
that pyridines with various substitution patterns (2,4-, 2,5-, 2,6-, and
3,5-disubstituted) could be synthesized in the presence of Ir catalyst 72 (Scheme 69).

An effective synthesis of pyrimidines by a multi-component reaction was
reported by Kempe et al. [133]. As illustrated in Scheme 70, various pyrimidine
derivatives were synthesized starting from secondary alcohols, primary alcohols,
and amidines in the presence of Ir catalyst 72 with the release of two equivalents of
H2. The same paper also demonstrated the synthesis of tetra-substituted pyrimidines
via a consecutive four-component reaction.

4.6 Other Reactions Based on Alcohol Dehydrogenation

H2 production from methanol–water mixtures in the presence of a homogeneous
catalyst under mild conditions has become a hot topic in the catalytic chemistry of
transition metal complexes [134]. Hence, Ir complex-catalyzed H2 production sys-
tems have attracted much attention, e.g., Ir complexes 73 [135, 136] and 74 [137] are
promising homogeneous catalysts for efficient H2 production below 100�C (Scheme
71). These reactions are believed to proceed through the dehydrogenation of meth-
anol to formaldehyde, the hydration of formaldehyde to a gem-diol, the

Scheme 69 Synthesis of pyridines from primary or secondary alcohols and 3-aminoalcohols

Scheme 70 Synthesis of pyrimidine derivatives by a multi-component dehydrogenative reaction
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dehydrogenation of the gem-diol to formic acid, and the dehydrogenation of formic
acid to afford CO2.

Crabtree et al. developed an efficient catalytic system for the conversion of
glycerol to lactic acid [138] in the presence of a cationic bis-NHC Ir complex 75
(Scheme 72), revealing that a very high TON of 30,100 was achieved. It should be
noted that this reaction could be conducted under mild solvent-free conditions in air.
Williams et al. also reported a similar catalytic system [139].

Crabtree et al. reported the dehydrogenative conversion of sugar alcohols such as
sorbitol, mannitol, and xylitol into lactic acid [140] catalyzed by Ir complex 75
(Scheme 73). As the above substrates can be easily obtained from biomass, this
catalytic method holds great promise for the production of both carbon building
blocks and hydrogen as an energy carrier.

Apart from the above studies, the dehydrogenation of glucose in water catalyzed
by an Ir complex with an NHC ligand was reported by García and Mata et al. [141].

Fu et al. developed a catalytic system for the chemoselective dehydrogenation of
an alcoholic moiety in a lignin model compound in the presence of Ir catalyst 26
[142] (Scheme 74). Additionally, hydrogen evolution from native lignin was accom-
plished using the same Ir catalyst.

Scheme 71 H2 production under mild conditions from methanol–water mixtures

Scheme 72 Conversion of glycerol to lactic acid catalyzed by Ir complex 75

Scheme 73 Dehydrogenative conversion of sugar alcohols to lactic acid
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5 Dehydrogenation of Formic Acid

Formic acid is one of the best studied compounds in the field of dehydrogenation
catalysis. Early attempts of formic acid dehydrogenation under the conditions of
homogeneous catalysis were reported in the 1960s–1970s, shedding light onto the
potentially high catalytic performance of Ir complexes [143–145]. This dehydroge-
nation is a thermodynamically favored process, producing an equimolar mixture of
H2 and CO2 (Scheme 75) [146]. The reverse hydrogenation can be accomplished
under pressurized conditions in the presence of bases. Therefore, formic acid has
recently attracted considerable attention as an organic hydrogen carrier for hydrogen
storage applications [147–149]. The liquid nature of formic acid under ambient
conditions as well as its low toxicity and good gravimetric hydrogen capacity
(4.4 wt%) makes this compound a suitable hydrogen carrier.

The catalytic dehydrogenation reactions of formic acid in the presence of Ir
complexes under homogeneous conditions are summarized in Table 4, and the
structures of Ir complexes utilized for this purpose are depicted in Fig. 4. Most
catalytic systems employ aqueous conditions in the temperature range of ambient-
100�C. Basic additives such as formates and Et3N are utilized in some systems to
enhance catalytic performance by pH control. Various Cp*Ir complexes such as 35
and 76–101 with chelating ancillary ligands have been developed and shown to
exhibit excellent catalytic activities, achieving TONs of up to ten million and initial
TOFs of three million [150–174]. Recently, the incorporation of nitrogen-based
coordination sites into polymer scaffolds has been implemented to render Cp*Ir
complexes suitable for heterogeneous catalysis [175, 176]. Other types of Ir com-
plexes 102–109 bearing phosphine or NHC ligands have also been investigated
[177–184].

Scheme 74 Dehydrogenation of an alcoholic moiety in lignin model compound

Scheme 75 Dehydrogenation of formic acid affording H2 and CO2
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Fig. 4 Ir catalysts for dehydrogenation of formic acid

46 T. Shimbayashi and K. Fujita



6 Dehydrogenative Borylation

Organoboronate esters are versatile building blocks for organic synthesis because of
their ease of handling stemming from adequate stability toward air and moisture, low
toxicity, and high functional group compatibility in the Suzuki-Miyaura cross-

Fig. 4 (continued)
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coupling reaction [185]. Therefore, rapid access to boronate compounds from readily
available hydrocarbons, e.g., through C–H bond borylation, has been intensively
investigated in the last few decades.

C–H borylation of hydrocarbons with hydroboronates affords organoboronates
together with H2 as a byproduct and can therefore be performed as a dehydrogenative
transformation in the absence of hydrogen acceptors (Scheme 76a). Computational
studies on the dissociation energies of B–H and C–H bonds imply that this process is
thermodynamically admissible [186, 187]. In fact, numerous dehydrogenative
borylations of hydrocarbons utilizing hydroboranes as a boron source have been
achieved in the presence of various transition metal compounds, including Ir com-
plexes as some of the most reliable and powerful catalysts [18, 188]. Diboron com-
pounds with B–B bonds have also been broadly used for C–H borylation reactions
that afford an organoboron product and a hydroborane byproduct in the primary
catalytic cycle (Scheme 76b). In some cases, the hydroborane byproduct can also act
as a second boron source for the borylation reaction with the release of H2, which
allows C–Hborylation to be carried out in a dehydrogenative manner using 0.5 equiv.
of the diboron reagent relative to the hydrocarbon substrate. However, from the
standpoint of dehydrogenative transformation, C–H borylations employing
hydroboranes are featured in this section for the sake of a brief summary. For
comprehensive details of C–H borylations with both diboron and hydroborane
compounds, the reader should refer to recent well-organized reviews [189–191].

6.1 Aryl and Alkyl Group Borylation

Ir-catalyzed C–H borylation with hydroboranes was first demonstrated by Smith’s
group [192], who showed that the reaction of benzene (solvent) with pinacolborane
(HBpin) in the presence of a Cp*Ir catalyst 110 afforded phenylboronate in moderate
yield and released H2 (Scheme 77). Shortly after this report, the same group
examined the regioselectivity of this catalytic system for substituted arenes
[193]. The isomer distributions for the reaction of mono-substituted arenes except
anisole were almost statistically controlled, corresponding to 1:2 para:meta mix-
tures, whereas a 1:4 ratio was observed for anisole (Scheme 78). The borylation of
1,3-disubstituted arenes exclusively occurred at 5-position for both m-xylene and
1,3-di(trifluoromethyl)benzene, which implied that regioselectivity was

Scheme 76 Stoichiometry of C–H borylation with hydroborane or diboron. (a) Borylation with
hydroborane. (b) Borylation with diboron
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predominantly controlled by steric factors. Additionally, this method could be
applied to pentafluorobenzene to produce pentafluorophenyl boronate and a small
amount of the defluoroborylated product.

A much more efficient catalytic system for the dehydrogenative C–H borylation
at a lower Ir catalyst loading was explored by the same group using appropriate
phosphine ligands and Ir precatalysts [15]. (η5-Indenyl)Ir(cod) (111) or (η6-
mesitylene)Ir(Bpin)3 (112) (2 mol%) in combination with PMe3 ([P]:[Ir] ratio¼ 2:1)
promoted the borylation of benzene at 150�C in high yields (Scheme 79). The use of
bisphosphine ligands such as dppe and 1,1-bis(dimethylphosphino)ethane (dmpe)
instead of PMe3 combined with precatalyst 111 at the same [P]:[Ir] ratio of 2:1 was
also efficient, with TONs of up to 4,500 achieved for a catalyst loading of 0.02 mol
%. The borylation of other aromatic compounds bearing halo, methoxy, and
methoxycarbonyl functionalities was also smoothly catalyzed by Ir–bisphosphine
complexes. A putative mechanism involving an Ir(III)/Ir(V) cycle was proposed, in
which the oxidative addition of an arene C–H bond to an Ir(III)–Bpin intermediate is
followed by the reductive elimination of Ar–Bpin and the successive H2-releasing
regeneration of Ir(III)–Bpin by a reaction with HBpin (Scheme 80).

Scheme 77 C–H borylation of benzene catalyzed by Ir complex 110

Scheme 78 C–H borylation of various arenes catalyzed by Ir complex 110
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Independently from the Smith’s work, the group of Hartwig, Miyaura, and
Ishiyama discovered the excellent catalytic performance of an Ir-dtbpy
(dtbpy ¼ 4,40-di-t-butyl-2,20-bipyridine) complex for arene C–H borylation with
B2pin2 under mild conditions even at room temperature in 2002 [16, 194, 195]. The
catalytic system could fully utilize the boryl unit of B2pin2 to afford ArBpin with the
release of H2. Shortly afterwards, the same group demonstrated the Ir-dtbpy

Scheme 79 Ir-phosphine complex-catalyzed dehydrogenative borylation of arenes

Scheme 80 Proposed mechanism of Ir-catalyzed dehydrogenative borylation of arenes
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complex-catalyzed dehydrogenative borylation of arenes with HBpin (Scheme 81)
[196]. In hexane as a solvent, the borylation of various arenes proceeded at 25�C in
the presence of [Ir(OMe)(cod)]2 (1.5 mol%) and dtbpy (3 mol%), selectively occur-
ring at 2-position for indole, benzofuran, and benzothiophene. After these pioneering
reports, dtbpy and related bipyridine- or phenanthroline-type ligand-based catalytic
systems have been intensively exploited for the dehydrogenative C–H borylation of
various classes of aromatic compounds with HBpin [197–212].

The regioselectivity of substituted arene borylation is predominantly controlled
by steric factors [189]. Hence, the choice of an appropriately substituted arene
substrate enables regioselective borylation. Borylation of various 4-substituted
benzonitriles was examined by the Smith’s group, proving good regioselectivities
in the case of Br-, Me-, and CF3-substituted substrates to afford borylation products
at ortho-position to the cyano group (Scheme 82) [198].

Regioselective borylation reactions of di- or tri-substituted arenes were reported
by the Chotana’s group. The incorporation of the boryl group at the sterically least
hindered position was achieved for various substrates including fluoroalkoxyarenes,

Scheme 81 Ir-dtbpy complex-catalyzed dehydrogenative borylation of aromatic compounds

Scheme 82 Regioselectivities of borylation of 4-substituted benzonitriles
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biaryls, and benzoate esters using Ir-bpy or Ir-dtbpy catalysts (Scheme 83) [204, 209,
210].

In contrast to the borylation regioselectivity of simple substituted arenes, that of
heteroarenes is mainly dominated by their electronic character. Typical five-
membered heterocycles such as pyrroles, indoles, thiophenes, benzothiophenes,
and benzofurans undergo borylation at C-2 [197, 200]. However, specific substitu-
ents on such heterocycles can alter borylation regioselectivity, e.g., C-2-substituted
indoles underwent borylation at C-7 in the presence of an Ir-dtbpy catalyst (Scheme
84) [199]. The reaction of a non-substituted simple indole with 2.2 equiv. of HBpin
afforded a 2,7-diborylated product in high yield. The nitrogen atom of indole was
proposed to act as a potential directing group for the Ir catalyst, causing C–H
activation at C-7. 2,7-Diborylated indole derivatives could be selectively converted
to 7-borylated indoles via acid-mediated or Pd-catalyzed protodeboronation at C-2;
hence, direct one-pot syntheses of 7-borylated indoles could be achieved by an
Ir-catalyzed double borylation/protodeboronation sequence [203, 213]. The attach-
ment of a t-butoxycarbonyl (Boc) group to the nitrogen atom of pyrroles or indoles
dramatically switched borylation regioselectivity, resulting in the exclusive forma-
tion of C-3-borylated products (Scheme 85) [201]. 2,5-Disubstituted thiophenes also
selectively underwent C-3 borylation [200].

Scheme 83 Regioselective borylation of multi-substituted arenes
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Directing group-controlled regioselective borylation reactions with HBpin have
been reported by a few groups. Suginome et al. reported an efficient route to
1,2-diborylarenes via boronyl group-directed ortho C–H borylation catalyzed by
[Ir(OMe)(cod)]2 without an ancillary ligand (Scheme 86a) [214]. The use of
pyrazolylaniline-modified phenylboronic acids (Ph-Bpza) resulted in successful
borylation at ortho positions with both B2pin2 and HBpin as boron sources. More-
over, the Bpza group could be selectively converted to Bpin, OH, and Ar groups
with retention of the newly introduced Bpin group.

Phosphine-directed borylation catalyzed by [Ir(cod)2][BF4] with 3,4,7,8-
tetramethyl-1,10-phenanthroline (tmphen) ligand was demonstrated by Clark et al.
(Scheme 86b) [211]. The borylated products were isolated as forms of phosphine-
borane by adding BH3�THF after the Ir-catalyzed reaction. Benzylic phosphines,
indole-based phosphines, and a ferrocenyl phosphine were applicable to this
dehydrogenative borylation.

Xu et al. reported pyridine-directed dehydrogenative borylation of benzyl-2-
pyridines proceeding at room temperature and affording intramolecularly coordi-
nated pyridine-boronate adducts (Scheme 86c) [215]. Borylation at the ortho posi-
tions of benzylic moieties was smoothly catalyzed by [Ir(OMe)(cod)]2 without any
supporting ligands.

Scheme 84 Borylation of indoles at C-7 and C-2 positions

Scheme 85 Borylation of N-Boc-protected heterocycles
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Other ligands and their Ir complexes used for the catalytic dehydrogenative
borylation of arenes are summarized in Fig. 5. Complexes 113–115 exhibited typical
regioselectivities in the borylation of mono- and di-substituted arenes [216–
218]. Maleczka and Smith et al. reported that Ir-dpm and -dmadpm complexes
exhibited high regioselectivities for the borylation of 1,3- or 1,4-disubstituted arenes
with small substituents such as fluorine [219].

Apart from arene borylation, the dehydrogenative borylation of alkyl groups
remains rare. Yamaguchi and Itami et al. reported the dehydrogenative borylation
of cyclopropanes using a catalytic system of [Ir(OMe)(cod)]2 with tmphen ligand
[207], which had been proven to be effective for the borylation of the same substrate

Scheme 86 Directed dehydrogenative borylation. (a) Bpza group-directed borylation. (b)
Phosphinomethyl group-directed borylation. (c) Pyridylmethyl group-directed borylation

Fig. 5 Ligands and complexes for Ir-catalyzed dehydrogenative borylation of arenes
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with B2pin2 by the Hartwig’s group [220]. The borylation of a BocNH-substituted
cyclopropane proceeded cis-selectively in cyclohexane at 70�C (Scheme 87).

6.2 Terminal Alkyne Borylation

The dehydrogenative borylation of C(sp)–H bonds in terminal alkynes has recently
been investigated by the Ozerov’s group. In particular, a SiNN pincer Ir complex
116 exhibited excellent catalytic performance at room temperature, accomplishing
borylation within 10 min in benzene-d6 (Scheme 88a) [221]. Both aromatic and
aliphatic alkynes were quantitatively converted to the corresponding boronate esters.
Later, the same group discovered an efficient one-pot route to triboryl alkenes based
on dehydrogenative terminal alkyne borylation followed by diboration in a CO
atmosphere (Scheme 88b) [222].

The same group also screened various pincer Ir complexes as catalysts for the
dehydrogenative borylation of terminal alkynes [223]. The catalytic performance of
PNP pincer Ir complex 117 was superior to that of 116 at low catalyst loadings,
although a small amount of a hydrogenated byproduct was produced in the former

Scheme 87 Dehydrogenative borylation of a cyclopropane

Scheme 88 (a) SiNN pincer Ir complex-catalyzed dehydrogenative borylation of terminal alkynes.
(b) Triborylation of terminal alkyne via terminal alkyne borylation followed by diboration of
borylalkyne
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case (Scheme 89). More recently, PNSb pincer Ir complex 118 was prepared as a
congener of the PNP pincer complex 117, albeit the reaction selectivity of the former
was greatly diminished [224].

7 Miscellaneous

Compared to the well-studied dehydrogenative transformation of alcohols, the
Ir-catalyzed dehydrogenation of amines has been underexplored. Albrecht et al.
described the catalytic dehydrogenative homocoupling of amines affording imines
in the presence of a Cp*Ir triazolylidene complex 119 (Scheme 90) [225]. Complex
119 features a pendant pyridyl moiety not coordinated to the metal center and
therefore capable of interacting with the N–H moiety of an amine substrate through
hydrogen bonding. Catalytic reactions of benzylic amines in the presence of 119 at
150�C in 1,2-dichlorobenzene (1,2-DCB) performed in a closed system afforded a
mixture of imines (dehydrogenated product) and secondary and tertiary amines.
Imines were formed via the dehydrogenation of primary amines to N–H imines
followed by amine exchange with the second molecule of the primary amine and the
release of ammonia. The secondary and tertiary amines were probably produced via
the hydrogenation of the in situ formed imines. Later, the same type of reaction
catalyzed by an Ir-indazolyl-pyridinyl-triazole pincer complex supported by
hydrotalcite was reported by Zhang and Wang et al. [226]. Catalytic transformation
of primary amines to nitriles in the presence of hydrogen acceptor by employing
iridium complex 22 as a catalyst was reported by Brookhart et al. [227].

C–H silylation with hydrosilane as a silyl source can be potentially carried out in
a dehydrogenative manner; however, most of the reported Ir-catalyzed silylation
reactions required stoichiometric amounts of hydrogen acceptors such as norbornene
or t-butylethylene [228–230], in contrast to the C–H borylation reactions summa-
rized in the preceding section. Only limited examples of C–Si bond formation
through dehydrogenative silylation have been reported.

Scheme 89 Dehydrogenative borylation of terminal alkynes catalyzed by pincer Ir complexes
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Mita and Sato et al. presented the dehydrogenative silylation of
8-methylquinoline and 2-(o-tolyl)pyridine catalyzed by [IrCl(cod)]2 in refluxing
toluene (Scheme 91) [231]. The silylation of 8-methylquinoline occurred at the
methyl group in an almost quantitative yield and was directed by the quinoline
scaffold. The silylation of 2-(o-tolyl)pyridine afforded an ortho-silylated product in
quantitative yield. Later, the same group reported the dehydrogenative silylation of
2-N,N0-dimethylaminopyridine at the methyl group [232].

Ishiyama and Miyaura et al. developed a direct dehydrogenative silylation of
simple arenes with 1-hydrosilatrane catalyzed by an Ir-2,9-dmphen

Scheme 90 Dehydrogenative homocoupling of amines

Scheme 91 Dehydrogenative silylation of C(sp3)–H and C(sp2)–H bonds in N-heteroarenes
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(dmphen¼ dimethyl-1,10-phenanthroline) complex (Scheme 92) [233]. In this case,
the regioselectivities of silylation were similar to those of Ir-catalyzed borylation and
were predominantly controlled by the steric factors of arene substrates. 1,2- and
1,3-Disubstituted arenes underwent silylation at 4- and 5-positions in yields of up to
>95%.

Murai and Takai et al. reported the dehydrogenative dimerization of
benzyldimethylsilane catalyzed by an Ir-5,6-dmphen complex and affording
1,2,3,4-tetrahydrobenzo[d][1,3]disiline (Scheme 93) [234]. The reaction of
benzyldimethylsilane in the presence of Vaska’s complex allowed the isolation of
the pre-cyclized intermediate that could be converted to the final cyclized product
under the parent catalytic conditions. Hence, this catalytic reaction is thought to
proceed via dehydrogenative dimerization followed by dehydrogenative intramolec-
ular cyclization.

A similar dehydrogenative intramolecular cyclization involving C(sp2)–Si bond
formation was performed in the presence of Ir-bpy-based complexes immobilized
into metal-organic-frameworks [235].

Dehydrogenative coupling of hydrosilanes with protic reagents such as alcohols,
carboxylic acids, and amines has been recently investigated. Three component
coupling of amines with hydrosilanes and CO2 leading to silyl carbamate was
reported by Fernández-Alvarez and Oro et al., by employing Ir complex 120 with
a facially coordinated bis(pyridine-2-yloxy)methylsilyl ligand (Scheme 94)

Scheme 92 Direct dehydrogenative silylation employing 1-hydrosilatrane

Scheme 93 Dehydrogenative dimerization of benzyldimethylsilane
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[236]. The reaction of the amine with the hydrosilane was smoothly catalyzed by Ir
complex 120, giving silylamine with liberation of H2. The condensation of the
freshly prepared silylamine with CO2 afforded a silyl carbamate, as a well-known
process [237]. The same group also described the dehydrogenative coupling of
hydrosilanes with carboxylic acids catalyzed by a similar Ir complex 121 (Scheme
95) [238].

Mata et al. reported that a Cp*Ir-NHC complex bearing a pyrenyl group and
immobilized onto reduced graphene oxide catalyzed the fast dehydrogenative cou-
pling of hydrosilanes with alcohols at low temperature and thus could potentially be
applied in hydrogen storage systems [239]. The relatively high stability under
ambient conditions, good reactivity for H2 evolution, and ease of handling make
hydrosilanes promising hydrogen carriers.

8 Summary

This chapter reviewed Ir-catalyzed dehydrogenation and related reactions, demon-
strating the use of Ir catalysts for the dehydrogenation of alkanes, nitrogen-
containing heterocycles, alcohols, formic acid, and other substrates and showcasing
the utility of Ir-catalyzed dehydrogenation for organic synthesis. In addition, numer-
ous reactions such as the silylation and borylation of C–H bonds in organic mole-
cules accompanied by the evolution of H2 have attracted much attention to the
catalytic chemistry of Ir. As this chemistry will undoubtedly continue to make
great progress, it deserves constant attention.

Scheme 94 Dehydrogenative coupling of an amine with a hydrosilane and CO2

Scheme 95 Dehydrogenative coupling of carboxylic acids with hydrosilanes
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hydrogenation (TH) reactions. The reduction of carbonyls, imines, alkenes and
alkynes is considered. The TH of unsaturated alkene-carbonyl substrates and het-
erocycles is particularly studied. Recent results on the reduction of CO2 are also
included. Special attention is paid to THs performed in aqueous medium as well as to
the development of TH in biological media. The employ of biomass-derived prod-
ucts as reagents or solvents in TH transformations is also reviewed. Finally, the
proposed mechanisms for TH reactions are revised.

Keywords Aldehydes · Alkenes · Alkynes · Biological transfer hydrogenation ·
Carbene complexes · Half-sandwich complexes · Ketones · Mechanisms · N-
Heterocycles · Pincer complexes · Sustainability · α,β-Unsaturated substrates

1 Introduction

Transfer hydrogenation (TH) reaction refers to the addition of hydrogen to an
unsaturated molecule from a sacrificial hydrogen donor other than H2 usually with
the aid of a catalyst (Scheme 1).

The use of readily available, inexpensive and easy to handle hydrogen donors
avoids the risks associated with hazardous pressurized hydrogen, does not require
special experimental setups and allows the selection of the most appropriate donor.

The first antecedent of this reaction is the Meerwein-Ponndorf-Verley reduction
of alhehydes and ketones with alcohols. In 1925, Meerwein and Schmidt performed
the reduction of aldehydes with ethanol in the presence of aluminium ethoxide [1]. In
the same year, Verley reported the reduction of butyraldehyde by geraniol using the
same catalyst [2]. One year later, Ponndorf published the reduction of ketones by
secondary alcohols catalysed by aluminium isopropoxide [3].

An important step in the evolution of the TH reaction involved the incorporation
in the 1960s of transition metal compounds as catalysts. As the first examples,
Mitchell, Henbest and co-workers reported the reduction of cyclohexanones and
α,β-unsaturated ketones by TH from 2-propanol by using iridium compounds as
catalysts [4, 5]. Shortly after, Sasson and Blum showed that [RuCl2(PPh3)3] pro-
motes the selective TH of C¼C bonds in α,β-unsaturated carbonyl compounds by
using primary and secondary alcohols as hydrogen donors [6, 7]. Aromatic alde-
hydes may also be used as hydrogen donors for this reaction which can be also
catalysed by [RhCl(PPh3)3] or [IrCl(CO)(PPh3)2], although in lower yield [8].

An important breakthrough came some years later when Bäckwall and
Chowdhury discovered that the TH of both aliphatic and aromatic ketones with

A + DH2 AH2 + Dcatalyst

A = Unsaturated molecule; DH2 = Hydrogen donor

Scheme 1 Catalysed
transfer hydrogenation
reaction
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2-propano1 catalysed by [RuCl2(PPh3)3] was significantly accelerated upon adding a
catalytic amount of NaOH [9]. Furthermore, in 1995, Noyori and co-workers
reported that η6-arene complexes of ruthenium containing the ligand (1S,2S)-(N-p-
toluenesulfonyl)-1,2-diphenylethylenediamine [(S,S)-TsDPEN] efficiently catalysed
the TH of aromatic ketones with 2-propanol affording high enantiomeric ratios (e.r.)
[10]. The same group discovered that the TH reaction took place through a new
bifunctional mechanism that involved cooperation between the metal and an NH
moiety of the ligand [11].

These two important findings fuelled an extraordinary flourishing of the TH
reaction which still continues nowadays. On the one hand, the scope of the substrates
to be hydrogenated and that of the hydrogen donors to be used have been extended,
asymmetric versions have been developed and water has been incorporated as one of
the solvents to be taken into account. On the other hand, metals and the class of
compounds employed as catalysts have expanded notably. So, along with complexes
of Ru, Rh and Ir, it has been shown that compounds of Ni [12, 13], Pd [14, 15], Re
[16], Os [17, 18], Pt [19, 20], Au [21, 22], Mo [23, 24], Zn [25, 26], Zr [27, 28] and
Bi [29] also efficiently catalyse the TH of a broad variety of unsaturated substrates.
In particular, in recent years, more abundant, cheap and healthy transition metal such
as Fe [12, 30–39], Co [12, 40, 41] and Mn [42–55] have attracted increasing
attention.

Iridium compounds have played a key role in the development of TH, allowing
for the achievement of important milestones. Among the most important advances
propelled by iridium compounds, it is worth mentioning the TH of linear imines.
Back in 1996, Noyori’s group reported that ruthenium complexes containing (S,S)-
TsDPEN as a ligand could catalyse the asymmetric TH of cyclic imines with
outstanding enantioselectivities [56]. However, it took until 2010 to have efficient
catalysts for the TH of acyclic imines. In that year, Xiao and co-workers reported that
the metallacycle complex resulting from the reaction of [Cp*IrCl2]2 with the imine
4-methoxy-N-(1-phenylethylidene)aniline (complex A) was highly active for the TH
of several acyclic imines using formic acid as a hydrogen source [57]. Since then a
series of related iridacycles have been prepared and have shown excellent activity in
reducing acyclic imines in a variety of reactions.

Ir Cl
N OMe

A

Another relevant example of the remarkable features of TH iridium catalysts
comes from the employment of intracellular NADH as a hydrogen donor in order to
promote anticancer activity. As we will see in what follows, half-sandwich iridium
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compounds are among the most efficient in catalysing NADH oxidation. In partic-
ular, compound B catalyses the reaction of dioxygen and NADH yielding H2O2, a
reactive oxygen species that causes cellular oxidative stress and shows anticancer
activity higher than cisplatin [58].

PF6

Ir

B

N

N

Although the first good results in the reduction of N-heterocyclic compounds
were obtained with rhodium-based catalysts [59], the use of iridium compounds was
gaining more and more importance in the reduction of this type of substrates. As we
will see below, pyridines, quinolines, isoquinolines, dehydroisoquinolines,
quinoxalines, indoles and phenanthrolines are effectively reduced for a variety of
iridium complexes bearing N-donor ligands.

In the present report, we summarise the progress made thanks to complexes based
on iridium in TH reactions. The chapter covers the work published in this area in the
5-year period from 2015 to January 2020. Previous contributions have been included
in the excellent review by Astruc and Wang published in 2015 [60].

The work is structured in sections that classify the results obtained according to
the type of ligand. Thus, in the first section, we consider the
pentamethylcyclopentadienyl ligand that under η5 coordination originates
semisandwich compounds. This ample section contains subsections specifically
dedicated to TH of CO2, TH in water or to the fascinating biological
TH. Subsequent sections are devoted to the study of catalysts containing carbene
or pincer ligands. In parallel, relevant topics such as TH of α,β-unsaturated alkene-
carbonyl substrates, TH of N-heterocycles or TH and sustainability are treated in
separate sections. To finish, in the last section, the mechanistic aspects of the process
under study are discussed.

It is worth noting that Schemes 3, 4, 5, and 6 list the aldehydes (Scheme 3),
ketones (Scheme 4), imines (Scheme 5) and alkenes (Scheme 6) that have been
successfully tested in TH reactions. Within each scheme, the substrates are grouped
into families, e. g. aliphatic aldehydes and aromatic aldehydes in Scheme 3,
1,2-disubstituted alkynes and terminal alkynes in Scheme 6 and so on.
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Scheme 2 Half-sandwich iridium catalyst precursors (1–18)
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2 Half-Sandwich Iridium Complexes

After the application of η6-arene ruthenium complexes containing the chiral (S,S)-
TsDPEN ligand in TH reactions developed by Noyori, Tani, Mashima and Abe
demonstrated that pentamethylcyclopentadienyl (Cp*) rhodium and iridium com-
plexes bearing the same chiral ligand are also excellent catalyst precursors for the
asymmetric reduction of ketonic substrates [61]. Since then, a number of Cp*-
iridium complexes have been successfully applied as TH catalysts, and the class of
hydrogenated substrates has been widely extended.

2.1 Transfer Hydrogenation of C=O, C=N and C=C Bonds

Transfer hydrogenation of aldehydes, ketones and imines with molecular metallic
catalysts is one of the most powerful and versatile tool to access alcohols and amines.
Asymmetric versions complete the potential of this methodology. Although much
less studied, alkenes can also be hydrogenated by TH. TH in water of the double
bonds indicated in the Sect. 2.1 will be treated in Sect. 2.3 of this work.

Sarkar’s group reported that mononuclear 1 [62, 63], dinuclear 2, 3 [64, 65] and
trinuclear 4, 5 [65, 66] Cp*Ir complexes containing multidentate mesoionic carbene
ligands (Scheme 2) promoted the reduction of benzaldehyde (Scheme 3),
acetophenone, benzophenone and cyclohexanone (Scheme 4). 2-Propanol was
employed as both a hydrogen source and a solvent and KOH as a promoter. At
100�C, benzaldehyde was quantitatively reduced to benzyl alcohol after 3 h of
reaction, at 0.01 mol% of precatalyst loading. Under the same conditions, lower
conversions to the corresponding alcohol (55–92%) were achieved for the tested
ketones. Mononuclear iridium complexes 1 bearing electron-withdrawing groups at
the carbene ligands are catalysts superior to the related complexes with electron-
donating substituents. For the homologous ruthenium and osmium complexes, the
influence of the substituents was opposite [62, 63].

Transfer hydrogenation of N-benzylideneaniline (Scheme 5) and of the
olefins cyclooctene (D30), trans-β-methylstyrene (D10) and trans-stilbene (D11)
(Scheme 6) with 2-propanol was also tested with precatalysts 1a, 1c and 1e. At
100�C, olefins D10, D11, D30 were reduced at 1.0 mol% of catalyst precursor

Scheme 2 (continued)
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Scheme 3 Aldehydes
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Scheme 4 Ketones
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Scheme 4 (continued)
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Scheme 4 (continued)
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Scheme 5 Imines
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loading. Conversions up to 80% were achieved after 24 h of treatment. With 1.0 mol%
precatalyst loading, the same compounds converted N-benzylideneaniline into
N-benzylaniline (17–50%) after 18 h of treatment at 100�C [63].

The dinuclear half-sandwich iridium complexes 6 and 7 having a bridging bis-N-
heterocyclic carbene ligand catalysed the TH of methyl aryl (B1, B10), diaryl (B66),
dialkyl (B102, B113) and cyclic (B117, B118) ketones (Scheme 4). Reactions were
carried out in refluxing 2-propanol, under basic conditions (iPrONa, 3 mol%) and at
0.5 mol% of catalyst loading. After several hours, conversions in the range 5–100%
were achieved, the cationic complex 6 being more active than the neutral ortho-
metallated complex 7 [67].

Half-sandwich iridium complexes 8a-c bearing di- and tridentate
bis(2-pyridylimino)isoindolato ligands are catalytically active in the TH of ketones
and imines. In refluxing 2-propanol, with 0.5 equiv. of KOH and at 1 or 5 mol% of
precatalyst loading, ketones B1, B18, B27, B37, B66 and B118 (Scheme 4) were
converted to the corresponding hydrogenated species in good yield. Under similar
conditions, TH of the imines C1 and C14 (Scheme 5) afforded the corresponding
amines in 53 and 16% yield, respectively, after 4 h of reaction [68].

Reduction of acetophenone was carried out at 95�C in 2-propanol and KOH as a
base. At 2 mol% loading of the precatalysts 9a and 9b conversions of 96 and 98%,
respectively, was achieved after 24 h of reaction [69].

The half-sandwich complexes 10–12 (Scheme 2) with monodentate, bidentate
chelating or bidentate bridging ditriazolylidine ligands containing alkyl or ether
linkers of different lengths between the triazolium heterocycles were investigated
as catalyst precursors for the TH of benzophenone. At a substrate/base/catalyst molar
ratio of 100:10:1, in refluxing 2-propanol, yields in the range 30–98% were obtained

Scheme 5 (continued)
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after 4 h of reaction. Activity generally increases with the length of the linker.
Bimetallic complex 12 is among the least active species [70].

The catalytic activity of complexes 13–16 was evaluated in TH under standard
conditions, i.e. refluxing 2-propanol as the sacrificial hydrogen source and KOH
(10 mol%) and at 2 mol% of catalyst loading. Benzophenone was taken as the model
substrate. In general, good conversions (35–97%) were obtained after 8 h of treat-
ment [71]. The presence of the hydroxyl functionality enhances the reactivity of 13
and 14 with respect to that of the unfunctionalised triazolylidene ligand in 15. It has
been suggested [71] that, in basic medium, a metal-bound alkoxide could be formed.
Such alkoxide would increase the electron density at the iridium centre and enhance
the activity in TH. Alternatively, the alkoxy group may facilitate the dihydrogen
abstraction from 2-propanol through an outer sphere mechanism.

A set of aryl-substituted pyridylideneamide (PYA) compounds has been used as
ligands in combination with the Cp*Ir moiety affording complexes 17 and 18

Scheme 6 Alkenes and alkynes
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[72]. Up to three methoxy substituents have been incorporated to the phenyl ring of
the C,N-bidentate chelating PYA (complexes 17b-e, Scheme 2). Under optimised
conditions, these complexes catalyse the TH of benzophenone using 2-propanol as a
hydrogen source. Incorporation of one methoxy substituent to the phenyl ring of the
PYA ligand markedly improved the catalytic activity from 27% conversion for 17a
to 99 and 96% for 17b and 17c, respectively, at 4 h of reaction. Incorporation of a
second methoxy group further enhances the catalytic rate (93% conversion for

Scheme 6 (continued)
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Scheme 6 (continued)
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complex 17d, after 2 h) probably due to the increase of the electron density at the
iridium centre. However, in the presence of a third methoxy group, complex 17e, the
conversion drops even below that of the unsubstituted complex 17a (30% conver-
sion, at 24 h of reaction). The relative low activity of 17e has been tentatively
attributed to steric reasons [72].

Complex 17d has been tested as the catalyst precursor in the TH of ketones B1,
B18, B20, B38-B40 and B118 (Scheme 4). Under standard conditions good con-
versions were achieved in all cases. Electron-withdrawing substituents on the aro-
matic ring (B20, B38-B40) increased the reduction rate, and electro-donating
substituents (B18) had the opposite effect.

Imines were also investigated as substrates for TH under the standard conditions.
Complexes 17a–17e catalysed the hydrogenation of N-benzylideneaniline to the
corresponding amine in 80–94% conversion after 4 h of treatment. With these
substrates, the different degree of substitution at the phenyl ring of the PYA ligand
does not affect significantly the catalytic activity. Complex 17b hydrogenates
aldimines C4, C8, C9, C12 and C14 (Scheme 5) in yields up to 90%, after 24 h
of reaction. Notably, ketimine C15 was not converted at all, and it was suggested
that substitution at the α carbon may hamper or even prevent substrate binding due to
steric constraints.

The iridium complex 17e was investigated in the TH of aldehydes. Under
standard conditions, i.e. refluxing 2-propanol, 1 mol% catalyst loading and 10 mol%
KOH, essentially full conversion of benzaldehyde was achieved within 5 min;
however the yield of benzyl alcohol was only 50%, and benzoic acid and benzoate
were also obtained. When this reaction was carried out without a base, aldehyde

Scheme 6 (continued)
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conversion was slower (85%, 24 h), but it was completely selective to benzyl
alcohol. In the absence of a base, other aryl aldehydes such as A24, A29 and A35
were also selectively converted to the corresponding alcohol. Both electron-donating
and electron-withdrawing substituents at the phenyl group of the PYA ligand slow
down the catalysis. In contrast to the behaviour of ketones,
2-pyridinecarboxaldehyde and the aliphatic aldehyde A54 (Scheme 3) were not
hydrogenated in the absence of a base. Probably, under base-free conditions, coor-
dination of the pyridine nitrogen to the iridium centre is favoured thus preventing the
catalytic TH [72].

Chiral amidoiridium complexes 19–21 (Scheme 7) catalyse the asymmetric TH of
acetophenone in 2-propanol, in the absence of a base, with a substrate/catalyst (S/C)
ratio of 200 at 30�C [73]. The mononuclear amido complexes 20 and 21 reached
almost complete conversion within 30 min. The catalytic activity of the dinuclear
complex 19 is remarkably lower. Catalytic rates can be related to the relative ability
of complexes 19–21 to dehydrogenate 2-propanol. The bridging complex 19 is inert
in 2-propanol, but the mononuclear complexes 20 and 21were completely converted
into diastereomeric mixtures of the amino complexes A and B, respectively, by
addition of excess of 2-propanol (Scheme 8). The (S)-product was obtained in all
cases with an e.r. of about 80/20.

The Ccarborane-cyclometallated complex 22 and the Bcarborane-cyclometallated
complexes 23 and 24 reduce acetophenone to 2-phenylethanol, in the presence of
tBuOH, with 2-propanol as a hydrogen source and at a catalyst loading of
0.5–1.0 mol%. Conversions greater than 90% were achieved after 1 h of reaction.
Cyclometallation of the carborane moiety enhances catalysis greatly compared to the
non-cyclometallated counterparts. The B-cyclometallated complex 23 is more active
than the corresponding C-cyclometallated 22 [74].

Cp*Ir(III) complexes (25–27) bearing imidazolium ion-tethered TsDPEN ligands
(Scheme 7) are efficient catalysts for asymmetric TH of α-ketophosphonates B137-
B148 (Scheme 4) in water. At RT, moderate yields (44–78%, 4–8 h of reaction) and
good to excellent e.r.’s (up to >99.5/0.5) were obtained by using 1 mol% of
[Cp*IrCl2]2, 2 mol% of the ligand and HCOONa as hydrogen donor [75].

Half-sandwich iridium complexes bearing pyridinesulfonamide ligands (28–34,
Scheme 7) were assessed as precatalysts for TH of methyl aryl (B1, B3, B10, B15,
B18, B22, B27) diaryl (B66), methyl alkyl (B96, B103) and cyclic (B117-B119)
ketones (Scheme 4) [76]. In general, good conversions are obtained after 3 h of
reaction, in refluxing 2-propanol, at 1 mol% of catalyst loading and in the absence of
a base. With electro-donating groups, on the 4-substituted acetophenone substrate,
the observed conversion after 6 h drops in comparison with substrates with electron-
withdrawing substituents. On the other hand, precatalysts bearing electron-rich
substituents on the pyridinesulfonamide ligand (complexes 28, 31 and 33) exhibited
the highest conversion of 4-nitroacetophenone to the corresponding alcohol, while
precatalysts 29, 32 and 34, which possess electron-withdrawing substituents on the
ligand, afforded only moderate conversions. Under the same conditions, trials
conducted using precatalyst 28 reduced benzophenone (82% conversion, 24 h
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Scheme 7 Half-sandwich iridium catalyst precursors (19–36)
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reaction), dialkyl ketones B96 (52%, 24 h) and B103 (65%, 3 h), and cycloaliphatic
ketones B117 (85%, 3 h), B118 (99%, 3 h) and B119 (63%, 3 h) [76].

The same iridium pyridinesulfonamide complexes 28–34 are active for the TH of
a variety of aryl (A1, A3, A4, A12, A13, A22-A24, A27, A30, A32, A38, A43),
alkyl (A56) and heterocyclic (A64, A65) aldehydes (Scheme 3) [77]. Reductions
occur with moderate to high conversions (39–100%), under base-free conditions and
at high rates. Thus, for example, benzaldehyde derivatives are hydrogenated within
30 min in 2-propanol at 85�C, at 1 mol% of catalyst loading. As observed for
substituted acetophenones, the combination of electron-donating groups on the
ligand of the precatalysts with substrates possessing electron-withdrawing moieties
entailed the highest rate of conversion to the alcohol. Decylaldehyde was quantita-
tively reduced in the presence of complex 30 in 12 h, under the above-mentioned
conditions. The heterocyclic substrates 2-furfural A64 and 5-hydroxymethylfurfural
A65 were selectively reduced to the corresponding alcohol in 95 and 100% conver-
sion, respectively, in 30 min. A metal-ligand cooperative mechanism has been
proposed for the catalytic TH reaction, the trihydride bridged dimer [Cp*Ir(μ-
H)3IrCp*]

+ being the resting state [77].
Methyl aryl (B1, B3, B18, B20-B22, B27, B36), methyl alkyl (B94, B96-B98,

B101, B107) and alkyl aryl (B51) ketones (Scheme 4) are reduced using chiral Cp*Ir
compounds 35 and 36 (Scheme 7) containing C2-symmetric ferrocenyl bis
(phosphinite) ligands [78–81]. At 82�C, using 2-propanol as hydrogen source and
solvent, with KOH (5 mol%) as a base and at 1 mol% of catalyst loading, almost
quantitative conversions and moderate-to-good e.r.’s (from 68/32 to 99.5/0.5) were
obtained, after 0.25–8 h of reaction.

Chiral cyclometallated 1-naphthylethaneamine iridium complexes featuring up to
three stereogenic centres displayed excellent activity for asymmetric TH, albeit with
modest enantioselectivities [82]. Complex 37 (Scheme 9), at 2 mol% catalyst
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Scheme 8 Dehydrogenation of 2-propanol by the amido complexes 20 and 21
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loading, with acetophenone as the substrate, 2-propanol as the reducing agent and in
the presence of tBuOK (5 mol%) afforded 2-phenylethanol in 99% conversion, after
15 min of treatment at 20�C, with an e.r. of 76/24. Working at �30�C, a conversion
of 97%, with 84.5/15.5 e.r., was achieved after 1 h of reaction.

Cp*Ir(III) complexes with chalcogenated Schiff bases of anthracene-9-
carbaldehyde 38–41 (Scheme 9) were tested for the TH of aldehydes A1, A23,
A24,A30,A31, A38 andA61 (Scheme 3) and ketones B1, B15, B21, B47 B101 and
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B117 (Scheme 4) under base-free conditions [83]. At 80�C, in 2-propanol, at catalyst
loading of 0.1–0.5 mol%, conversions in the 66–98% range were obtained, after
1–6 h of reaction. For iridacycles 38 and 39, a mechanism involving the loss of the
Cp* ring was proposed [83].

The iridium dimer [Cp*IrCl2]2 reacts with methyl (S)-2-phenyl-4,5-
dihydrooxazole-4-carboxylate selectively giving a N,C- (42) or a N,O-chelated
(43) complex (Scheme 9) depending on the reaction conditions [84]. Interestingly,
the N,O-chelated complex 43 is much more active and selective in the asymmetric
TH of ketones than its N,C-chelated isomer 42, using mixtures of formic acid/amine
as a hydrogen source, in CH2Cl2. Furthermore, the sense of asymmetric induction is
different for each isomer. The favoured configuration of the alcohol is S for the N,O-
chelated complex 43 and R for N,C-chelated analogue 42. Thus, for example, in the
presence of 1 mol% of complexes 42 or 43, 4-nitroacetophenone could be reduced
by using an azeotropic mixture of formic acid/triethylamine, in CH2Cl2 at
RT. However, while with precatalyst 43 100% of the corresponding alcohol was
obtained after 2 h of reaction, with an 86.5/13.5 of e.r. in favour of the S enantiomer,
with the analogous precatalyst 42, only 75% of conversion was measured after 15 h
of treatment with a 48/52 e.r. in favour of the R enantiomer. Regarding the formic
acid/amine mixture, besides NEt3, also Et2NH, Cy2NH, iPrNH2 and tBuNH2 have
been tested. Using the catalyst precursor 43, the highest e.r. (99/1) for the TH of
ketone B27 was obtained with a formic acid/iPrNH2, 2/1 mixture. No reasons have
been proposed for this behaviour.

The N,O-chelated complex 43 catalyses the TH of a variety of methyl aryl
(B1-B6, B14, B15, B17, B18, B22, B27, B30-B33, B35) and alkyl aryl ketones
(B47, B49, B55, Scheme 4) using a formic acid/iPrNH2, 2/1 mixture. Excellent e.r.’s,
between 95/5 and 99.5/0.5, were obtained with yields ranging from 7 to 98%, when
the reactions were carried out overnight, at RT in CH2Cl2. The lowest activity
corresponds to acetophenones that bear highly electro-donating substituents
(e.g. B17, 7% yield) or 2-substituted acetophenones (e.g. B2, 18% yield) [84].

Half-sandwich iridium complexes 44–47 (Scheme 9) containing a triazenide
group as a ligand have been tested as precatalysts in the TH of acetophenone, in
2-propanol as both hydrogen donor and solvent, at 70�C [85]. Reactions were
performed in the presence of KOH as a base with a catalyst loading of 2 mol%.
The chloride compounds 44 and 45 need 42 and 62 h of reaction, respectively, to
achieve, in both cases, 95% yield. However, if the hydride complex 46, derived from
45, is used as the catalyst, a yield of 83% was obtained just after 4 h and in the
absence of a base. Complex 47, without imidazole substituents on the triazenido
moiety, also reduced acetophenone without a base (98% yield in 86 h) [85].

The chiral iridium complex 48 (Scheme 9) in cooperation with the chiral phos-
phoric acid depicted in Scheme 10 efficiently catalysed the asymmetric TH of N-
benzyl C15-C25, N-p-methoxybenzyl C16, N-p-methoxyphenylC26-C31 andC33,
dialkyl substituted C34, C35 and aryl ethyl C32 imines [86]. Unexpectedly, the
efficiency and enantioselectivity of the TH can be tuned by the use of different
alcohols as the hydrogen donor. In general, benzylic alcohols provided high
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efficiency, and 1,2-diphenylethane-1,2-diol gave the highest enantioselectivity
(Scheme 11). Treatment of the imines in toluene, at 80�C, over 24 h, with 3 equiv-
alents of this alcohol, in the presence of 5 mol% of complex 48 and 5 mol% of
phosphoric acid afforded the corresponding amines with yields from 60 to 90% and
e.r.’s from 87/13 to 98/2. Based on experimental studies and DFT calculations, a
mechanism involving an iridium alkoxide as the reducing agent was proposed [86].

2.2 Transfer Hydrogenation of CO2

With the aim of reducing the concentration of CO2 in the atmosphere, methods to
convert it into valuable chemicals have been the subject of intense investigation in
recent years [87]. Among them, catalytic methods for CO2 direct hydrogenation to
one-carbon molecules such as formic acid or methanol using homogeneous metallic
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catalysts are, probably, the most intensively studied ones (for recent reviews, see
Refs. [88–91]). However, the protocols reported so far require, in general, harsh
conditions of temperature and pressure. TH approaches could try to avoid this
problem and allow for the use of renewable hydrogen sources with inherent advan-
tages from a perspective of sustainability. However, reports on TH of CO2 are
scarce. Most of them involve half-sandwich ruthenium or iridium complexes bearing
strongly electron-donating N-heterocyclic carbene ligands. In 2010, the group of
Peris reported the formation of formic acid from CO2 in the presence of 2-propanol
as the hydrogen donor. With the iridium catalyst precursor 49 under 50 bar of CO2,
in a 0.5 M KOH solution, a TON of 150 was obtained after 72 h at 110�C [92]. The
same group showed that the sulfonate substituted bis-abnormal carbene complex 50
afforded a TON of 2,700 under 50 bar of CO2, in a 0.5 M KOH solution, after 75 h at
200�C [93].

More recently, Choudhury’s group studied the application of the half-sandwich
iridium complexes 51 and 52 in the catalytic conversion of CO2 to formates via TH
using glycerol, a renewable biomass derivative, as a hydrogen source [94]. Complex
51 performs better than complex 52 under all the tested conditions. Notably, the
catalytic system works at ambient-pressure of CO2, in water as the solvent. Glycerol
showed to be superior to methanol or 2-propanol as the hydrogen donor. Under
optimised reaction conditions (0.15 μmol of complex 51, 1.0 M aqueous K2CO3 as a
base, at 150�C), a TON of 149 was achieved after 1 h of reaction. Control experi-
ments showed that (i) formate was not formed from the carbonate used as the base;
(ii) under standard conditions, formation of hydrogenocarbonate was observed in the
reaction mixture; (iii) hydrogenocarbonate also renders formate at lower rate than
CO2, in parallel and simultaneously; (iv) hydride II (Scheme 12) was stoichiomet-
rically prepared by treating complex 51 with glycerol in acetonitrile or with
2-propanol in water, in both cases, in the presence of K2CO3; and (v) this hydride
reacts with aqueous hydrogenocarbonate affording formate.
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All these data suggest the mechanism depicted in Scheme 12. Complex 51 forms
the alkoxy intermediate I from the alcohol in basic medium. Subsequently, hydride
II is generated through β-hydrogen elimination. This compound delivers its hydride
to the substrates, CO2 or HCO3

�, to produce the formato species III. Complex III
releases formate and, upon reaction with an alcohol and a base, regenerates the
alkoxy complex I that restarts the catalytic cycle [94].

2.3 Transfer Hydrogenation in Water

The development of aqueous TH reactions offers economic and environmental
benefits because water is cheap and non-toxic. Research into TH reactions in
water started in the 1980s. Sasson, Blum and co-workers reported on the aqueous-
organic biphasic reduction of C¼C and C¼O bonds with phosphine ruthenium and
rhodium complexes in the presence of formate salts as hydrogen donor [95–
97]. Joó’s group reported on the hydrogenation of unsaturated bonds by using
water soluble rhodium and ruthenium complexes bearing sulfonated phosphine
ligands [98–100]. Thereafter, great progress was made in the TH of C¼C and
C¼O and also C¼N bonds. The most widely employed catalysts are half-sandwich
compounds, Cp*Ir complexes playing a remarkable role [101–108]. We collect here
new contributions in this area that have appeared in the last 5 years.

Iridium complexes containing imidazolium ion-tethered TsDPEN ligands
(Scheme 13) catalyse the TH of a range of α-ketophosphonates (B137-B148,
Scheme 4) in water, employing HCOONa as the hydrogen donor. The products were
obtained in moderate to good isolated yield (44–78%) with good to excellent e.r.’s
(up to >99.5/0.5) after 4–8 h of treatment at RT [75].

Cationic half-sandwich iridium complexes bearing pyridine-2-yl-methyl aniline
ligands (53, Scheme 14) were investigated for catalytic TH of acetophenone in water
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as a solvent. A HCOOH/HCOONa mixture was used as a hydrogen source. The best
results were obtained with a HCOOH/HCOONa, 7.5/3.5 M ratio, in 2 mL of H2O
(pH ¼ 2.60). At 60�C, with a catalyst loading of 0.5 mol%, 95–96% of conversion
was achieved after 4–6 h of reaction [109].

When complex 53d with a protected amine group (N–Me) was tested for the TH
of acetophenone, moderate catalytic activity was observed (52% conv, 24 h). This
result indicates that for complexes 53 the preferred mechanism is the Noyori’s
bifunctional mechanism.

The catalytic activity of the related imine compound 54 (Scheme 14) is lower than
that of the corresponding amine compound 53a. To achieve 96% conversion, 24 h of
reaction was necessary, under the optimised conditions [109].

In 2017, the Tang’s group reported on the reduction of a range of aldehydes in
water in the presence of formic acid as the hydrogen source using half-sandwich
iridium complexes 55 containing imidazolyl-pyridine ligands (Scheme 14). It is
remarkable the good tolerance for a wide variety of functional groups such as alkene
(A25) and alkyloxy (A26), halogens (A16,A30,A31,A44,A45), phenols (A2,A41,
A42), ketones (A34), carboxylic acids (A20,A36), cyano (A19) or nitro (A38,A44).
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Under the optimal conditions (0.02 mol% of catalyst loading, 4 equiv. of
HCOOH, 2 mL of water, 80�C) high conversion (91–99%) was obtained for most
of the substrates tried, in about 15 min [110].

The catalytic process is chemoselective. Thus, for example, only the aldehyde
group of the ketonic substrate A34 was reduced. The system also works at a catalyst
loading as low as 0.005 mmol %, and, notably, a TOF value of 73,800 h�1, at 49% of
conversion, was achieved for 4-methoxybenzaldehyde [110].

However, the group of Tang and Xu demonstrated that properly adjusting the
reaction conditions, ketones can be efficiently reduced employing the same type of
imidazolyl-pyridine iridium complexes. The most important changes in the reaction
conditions were that the amount of formic acid was increased up to 12 equiv. and that
the catalytic reactions were carried out under inert atmosphere [111]. Under these
conditions, aryl alkyl (B1, B3-B5, B9, B10, B12-B15, B20-B26, B27, B37, B47),
methyl alkyl (B100, B104, B107), methyl heterocyclic (B38, B41) and cyclic (B118,
B119, B121) ketones were hydrogenated. Yields between 57 and >99% were
obtained after 4–12 h of reaction. The reduction rates are dependent on the pH
values of the reaction media, conversions dramatically decreasing when pH
increases. The standard S/C ratio employed was 10,000 but catalysis also occurs at
an S/C ratio of 100,000. A TOF of 26,000 h�1, at 52% of conversion, was achieved
in the reduction of acetophenone, employing catalyst 55a [111]. Furthermore, a wide
range of ketones containing a variety of functional groups such as aryloxy (B106),
halogens (B57, B64), cyano (B63–65) or ester (B54, B61, B108) was also reduced.
Typically, conversions higher than 90% were obtained, at 80�C, within
3–12 h [111].

The Fu’s and Zhou’s group reported on the asymmetric TH of non-ortho-
substituted-2-pyridylketone N-oxides (Scheme 4) using chiral diamine-derived irid-
ium complexes (56) (Scheme 14). A H2O/iPrOH mixture and sodium formate were
employed as the solvent and the hydrogen source, respectively. The N-oxide func-
tion was removed by treating the resulting alcohols with Zn/NH4Cl [112].

After screening, by examining the reduction of 2-(4-chlorobenzoyl)pyridine N-
oxide (B80), complex 56a was selected as the best catalyst, in terms of yield and
enantioselectivity. Under the optimised conditions (5 mol% of catalyst loading,
10 equiv. of HCOONa, H2O/iPrOH, v/v:1/1, RT, 24 h), a wide variety of
2-pyridyl ketone N-oxides with different functionalities and electronic properties
(B74-B90) were reduced. Yields from 56 to 90% and e.r.’s from 78.7/26.3 to
99.1/0.9 were obtained [112].

Structurally diverse aldehydes and ketones were reduced, in water, with formic
acid as a hydrogen source, by using half-sandwich iridium complexes 57 as catalyst
precursors (Scheme 14). Under aerobic conditions, the reduction of benzaldehyde
was completed with catalyst 57a within 9 min using an S/C ratio of 2,000. At 5,000
and 10,000 S/C ratios, reduction of benzaldehyde was not observed. However, under
nitrogen atmosphere, in degassed water, good results were obtained at S/C ratios as
high as 20,000 and 10,000 for aldehydes (including benzaldehyde) and ketones,
respectively.
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Catalyst 57a proved to be more active than its congeners 57b and 57c. With
complex 57a as the catalyst and at the standard conditions of a S/C ratio of 20,000,
5 equiv. of HCOOH, at 90�C and under N2 atmosphere, a series of diverse aldehydes
(A1, A2, A16, A19, A23, A24, A28, A30-A32, A34, A36-A38, A42, A44, A46,
A47, A50, A55, A59, A63, A64, A67, Scheme 3) were reduced in excellent isolated
yield (90–99%), after 2 h of reaction [113].

Catalysts 57 also actively reduce ketones. Like for Tang’s imidazolyl-pyridine
iridium catalysts, to obtain good results, an excess of formic acid (15 equiv) greater
than that for TH of aldehydes (5 equiv) has to be used. Higher excess of formic acid
provides more acidic conditions to activate carbonyl groups and dissolves ketones.
In fact, ketones that were not reduced in the presence of 5 equiv. of formic acid were
easily reduced by using 15 equiv. of this acid.

A variety of substituted acetophenones with electron-donating or withdrawing
group was reduced to the corresponding alcohols. Halogen (B20-B22), nitro (B27)
and cyano (B24) groups were compatible as well as heterocyclic substituents (B38,
B41). Methyl alkyl ketones (B100, B107), cyclohexanone, cycloheptanone or
ketones containing acidic functional groups (B25) were also reduced.

Again, complex 57a was the catalyst of choice. With this complex, yields from
78 to 99% were obtained after 12 h of reaction, with an S/C ratio of 10,000, at 90�C
and under N2 atmosphere [113].

2.4 Biological Transfer Hydrogenation

Artificial metalloenzymes (ArMs) are hybrid catalysts that result from combining an
abiotic metal cofactor with a protein with the aim of taking advantage of the features
of both metal-based and enzymatic catalysis [114, 115]. In the field of artificial
transfer hydrogenases, many efforts have been devoted to the development of imine
reductases. Since 2005, the Ward’s group has been using Noyori-type piano stool
metallic cofactors combined with either wild-type streptavidin (Sav WT) or
streptavidin mutants as host proteins to develop artificial asymmetric transfer
hydrogenases. The metallic cofactor was completed by bonding the Noyori’s
diamine ligand to biotin which acts as an anchor to the protein [116–118] (Scheme
15). The intricate network of interactions in the biological scaffold creates a chiral
second coordination sphere environment around the catalytic metal site responsible
for enantioselection. Given the prevalence of the chiral 1,2,3,4-tetrahydroquinoline
in natural alkaloids and synthetic drugs [119], the salsolidine precursor imine
1-methyl-6,7-dimethoxy-3,4-dihydroquinoline was usually employed as a model
substrate (Scheme 15). 3-(N-morpholino)propanesulfonic acid (MOPS) buffer and
sodium formate were usually employed as the reaction medium and the hydrogen
source, respectively, [120–122] (Scheme 15).

Based on the biotin-streptavidin technology developed by the Ward’s group,
Rimoldi et al. have investigated the catalytic activity of the iridium complexes
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depicted in Scheme 16 employing wild-type Sav and the Sav mutants indicated in
the same Scheme.

Reactions were carried out at 30–40�C, by using 1 mol% of iridium complex,
0.33 mol% of tetrameric wild-type Sav or Sav mutants, in 1 mL of MOPS buffer at
pH 6.5–7.0 and in the presence of HCOONa (3 M) as the hydride source. When the
transition metal compound is embedded in the host protein, a decrease in activity
was observed accompanied by an improvement of stereoselectivity. The best results
(60% conversion, 82.5/17.5 e.r., 24 h) were achieved with the S112C mutant in
combination with the complex bearing the biotin anchored to the para position in the
ligand (Scheme 16) [123].

Rimoldi’s group has also investigated half-sandwich iridium complexes with the
biotin moiety anchored to the Cp* ring for the TH of the imine precursor of
salsolidine. Sav WT and different Sav mutants at position S112 or K121 and a
double mutation at positions S112 and K121 or L124 were investigated as the host
proteins (Scheme 17).

Reactions were carried out at 30�C, in 0.6 M MOPS buffer with 1 mol% catalyst
loading and 3 M HCOONa as a hydrogen source. Poor conversion and e.r. were
obtained, the best results being achieved for the chiral amino hydroquinoline ligand
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IV (5–77% conversion, 46/54–16/84 e.r., 18 h). In all cases, both conversion and
e.r. decrease in the presence of host protein with respect to the values obtained by
using metallic cofactors alone. The S enantiomer of the hydroquinoline ligand IV
always gives preferentially S-salsolidine, and the R enantiomer of the ligand always
gives preferentially R-salsolidine indicating that the chiral environment of the host
protein affected the chirality of the product to a lesser extent [124].

Ward, Maréchal and co-workers have applied directed evolution to an artificial
transfer hydrogenase to improve its catalytic activity and selectivity for the reduction
of cyclic imines. The introduction of the cofactor depicted in Scheme 18 within Sav
isoforms affords asymmetric transfer hydrogenases that can be optimised by directed
evolution protocols [125, 126]. Two mutants were identified (see Scheme 18) that
increased the reaction rate for the reduction of the cyclic imine shown in Scheme 18,
and, under the indicated conditions, enantiomeric rates of 97.5/2.5 (R) and 7.5/92.5
(S) were achieved [119].

A biotinylated iridium half-sandwich complex was incorporated into streptavidin
mutant S112A to generate an ArM (Scheme 19). Selective deuteration of nicotin-
amide adenine dinucleotide (NAD+) mediated by this ArM, employing deuterated
sodium formate as a deuterium source, generated deuterated NAD2H in high diaste-
reomeric excess [127].

ArM based on Sav variants and biotinylated iridium cofactor enable the regener-
ation of various synthetic NADH mimics (mNADH) from NAD+, with formic acid
as a hydrogen source. The involved TH can be coupled with ene reductase-catalysed
reduction of α,β-unsaturated compounds. Scheme 20 shows the iridium cofactor and
NAD+ mimics as well as the α,β-unsaturated substrates which are hydrogenated. Sav
112A and Sav 112 K mutants were used as the host protein, and the ene reductase of
the Old Enzyme family from Thermus scotuductus was selected as an mNADH-
accepting enzyme. Scheme 20 also shows a particular case of the two coupled
processes [128].
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Biological reducing agent nicotinamide adenine dinucleotide phosphate
(NAD(P)H) serves as an efficient hydrogen source for the reduction of cyclic imines.
An ArM formed by combining a biotinylated Cp*Ir compound with either wild-type
Sav or Sav mutants was used as the catalyst. To regenerate the consumed NAD(P)H,
glucose dehydrogenase was incorporated into the process, and, to increase the
enantiomeric excess, a monoamine oxidase and a catalase were also integrated into
the system. The resulting four-enzyme system catalyses the reduction of 1-methyl-
3,4-dihydroisoquinoline with NAD(P)H as a hydrogen source. Quantitative conver-
sion and perfect enantioselectivity, in favour of the (R)-enantiomer, were achieved
by combining the iridium cofactor, shown in Scheme 21, with the Sav K121R
mutant after 24 h of treatment at 37�C [129].

Human carbonic anhydrase II (hCA II) offers an attractive scaffold for the
assembly of ArMs using arylsulfonamide as a high-affinity anchor [130]. An
X-ray structure determination shows that arylsulfonamide can interact with the Zn
ion which lies at the bottom of a deep hydrophobic funnel-shaped cavity of the
protein [131]. To anchor to hCA II, the arylsulfonamide bearing iridium complexes
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[(η5-Cp*)Ir(picolylamine)Cl] and [(η5-Cppropyl)Ir(picolylamine)Cl]
(Cppropyl ¼ penta-n-propylcyclopentadienyl) depicted in Scheme 22 were prepared.
Application of the computational design software Rosetta [132] to the combination
[(η5-Cp*)Ir(pico)Cl]/hCA II WT afforded four hCA II variants that significantly
increased affinity for the catalysts. The combination of designed hCA II mutations
with the η5-Cppropyl complex renders productive (TON up to 100) and highly
selective (up to 98/2 e.r.) ArMs for the reduction of cyclic imines, under the
conditions indicated in Scheme 22 [133].

A half-sandwich iridium complex was assembled to a periplasmic-binding pro-
tein such as CeuE, an iron siderophore of Campylobacter jejuni, by using an
azotochelin siderophore as binding anchor. The remaining two coordination sites
around the iron centre were occupied by solvent molecules in the free cofactor.
Nonetheless, it was hypothesised that those sites are used to bind Y288 and H227 of
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CeuE. The resulting ArM slowly reduces salsolidine precursor (TON 400, 24 h) with
an e.r. of 67.7/32.3. CeuE mutant H227A increases TON (400, 2 h) but at the
expense of a substantially lowered e.r. (51.7/48.4) [134] (Scheme 23).

NADH and NAD(P)H play important roles as cofactors in numerous biocatalysed
processes [135]. In 2012, the groups of Sadler [136] and Fukuzumi [137] indepen-
dently showed that half-sandwich iridium complexes can utilise NADH as a hydride
donor to generate an iridium-hydride complex. The hydrido complex is able to
transfer the hydride moiety to organic substrates. Regeneration of the iridium-
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hydride from NADH completes the TH catalytic cycle. In particular, the hydride can
be transferred to molecular oxygen increasing the levels of hydrogen peroxide and
reactive oxygen species (ROS). Oxidative stress caused by generation of ROS is an
effective method of killing cancer cells [138].

The half-sandwich iridium complex depicted in Scheme 24 bearing an N-phenyl-
2-pyridinecarboxamidate ligand catalysed the reduction of aldehydes to the
corresponding alcohols in t-BuOH/phosphate-buffered saline 2/8 at 37�C,
employing NADH as a hydrogen donor. After 24 h of treatment, conversions of
30 to 90% were obtained, at a catalyst loading of 2 mol%. Neither acetophenone nor
4-heptanone was reduced, and the electron-deficient 4-nitroacetophenone was
converted to the corresponding alcohol but in only 11% yield [139].
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Aldehydes derived from lipid peroxidation, such as 4-hydroxynon-2-enal, are
implicated in various diseases, and, therefore, reduction of these aldehydes to the
corresponding alcohol may lead to detoxification. The same pyridinecarboxamidate
iridium complex reduced 4-hydroxynon-2-enal with NADH acting as a hydrogen
source. Under the conditions shown in Scheme 25, 88% of 4-hydroxynon-2-en-1-ol
and 6% of 4-hydroxynonan-1-ol were obtained. Increasing the reaction time led to
higher ratios of the saturated dialcohol suggesting that the C¼O group is first
hydrogenated. The putative hydride intermediate [Cp*IrH(pyridinecarboxamidate)]
was detected and characterised by NMR spectroscopy [139].

Do’s group showed that the reduction of aldehydes catalysed by the
pyridinecarboxamidate iridium complex above-mentioned can take place inside
living cells [140]. This complex catalyses the reduction of BODIPY-CHO to
BODIPY-OH (Scheme 26) inside of NIH-3T3 mouse embryo fibroblast cells,
using NADH as the hydrogen donor. The fluorescence that the BODIPY-OH
compound develops within the cytoplasm of the cell was employed to monitor the
TH reaction. When the generation of NADH was artificially reduced, the cells did
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not show an increase in fluorescence indicating that NADH acts as an endogenous
hydride source [140].

Chemosensitiser agents are compounds that added to drug cocktails make cells
more susceptible to the effects of the active drug [141]. Do’s group has shown that
the biocompatible bipyridine Cp*Ir complex presented in Scheme 27 is an excellent
metallochemosensitiser in combination with carboplatin. Treatment of Y79
eye/retina cancer cells with this complex and carboplatin led to a NAD+/NADH
ratio 2.2 times greater than that in untreated cells. In contrast, after a similar
treatment, the non-cancerous ARPE-19 eye/retina cells did not show significant
differences in the NAD+/NADH ratio, relative to untreated cells. Most probably,
NADH acts as a hydrogen donor to the iridium complex. The plausible iridium-
hydride [Cp*IrH(2,20-bipyridine]+ was independently synthesised and isolated as a
hexafluorophosphate salt. Notably, this hydrido complex dissolved in a mixture of
methanol/phosphate-buffered saline 1/1 and when exposed to the air yields H2O2 in
up to 40% yield [142].

The half-sandwich iridium complexes shown in Scheme 28 catalyse the oxidation
of NADH to NAD+ and lead to the generation of ROS [143–147]. These iridium
complexes display promising anticancer activities toward Hela human cervical
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[143–146] and A549 [144–146] cancer cells. The increase of ROS appears to
contribute to the anticancer activity.

The cationic Cp*Ir complex depicted in Scheme 29 catalyses the TH of a set of
linear and cyclic imines in water. NADH or a N-benzyl-1,4-dihydronicotinamide
(an NADHmimic) can be used as the hydrogen source. NAD(P)H and HCOONa can
also be used as the hydrogen donors. Moderate to excellent yield (58–99%) was
obtained under the conditions indicated in Scheme 29 [148].

The iridium complex presented in Scheme 30 facilitates the formation of NADH
from NAD+ in the presence of formate. Intracellular co-administration of the iridium
complex with sodium formate enhances the antiplasmodial activity in the
chloroquine-resistant strain of Plasmodium falciparum. This result indicates that
TH reactions could be studied in terms of application to infectious diseases such as
malaria [149].

Rimoldi’s group has shown that antibiotic vancomycin is able to coordinate
Cp*Ir(III) moieties, although its coordination mode remains uncertain. The resulting
system was applied to the asymmetric TH of cyclic imines. Different cyclic imines
were reduced in aqueous media, under mild reaction conditions, affording the
corresponding amine, with moderate to appreciable e.r.’s. In particular, for imine
II (Scheme 31), a conversion of 35% with 80.5/19.5 e.r. was achieved, after 18 h of
treatment at 25�C, in 2-(N-morpholino)ethanesulfonic acid (MES) buffer 1.2 M
pH 5, with 4 mol% of vancomycin and 1 mol% of [(η5-Cp*)IrCl2]2, in the presence
of HCOONa 3 M as hydrogen source [150].
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3 Carbene Iridium Complexes

The use of N-heterocyclic carbenes as ancillary ligands in catalysis and, in particular,
in TH has experienced a remarkable increase in the last years. In this section we will
discuss the contributions of the last 5 years in iridium complexes containing carbene
ligands that have been applied as TH catalysts. Note that the half-sandwich iridium
complexes bearing carbene ligands have been considered in Sect. 2.

Crabtree’s group explored the application of the iridium bis(N-heterocyclic
carbene) complexes 58 and 59 (Scheme 32) to the TH of ketones and imines using
MeOH as a hydrogen source.

The best results were achieved with catalyst 59a. Several aromatic ketones were
reduced using 5 mol% of 59a and 1–5 equiv. of KOH versus substrate. Reactions
were carried out under microwave irradiation (120�C) because this mode of heating
greatly improved yields compared to conventional heating at the same temperature.
Acetophenones (B1, B18, B23) gave generally poorer yields (28–70%, 5 h reaction)
than benzophenones (B66, B71, B72, 61 – >95%, 5 h) due to competing methyl-
ation of the α-CH3 group [151].

Under the same reaction conditions, several imines were reduced using complex
59a as the catalyst precursor. N-benzylideneaniline was reduced to the
corresponding amine (> 95% yield); however, imines with R2 6¼ Ph (Scheme 33)
underwent both reduction and N-methylation. When R1 ¼ H, a double methylation
at nitrogen was also observed [151].
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Cationic iridium complexes containing two N- or O-functionalised N-heterocy-
clic carbene ligands (60, Scheme 32) reduce cyclohexanone using 2-propanol as a
hydrogen source and KOH as a base. Under the optimised reaction conditions
(0.1 mol% catalyst, 5 equiv. of KOH, 80�C), good conversions were obtained
after 6–8 h of reaction. Neither the wingtip fragment of the carbenes nor the anion
(Br� or PF6

�) has significant influence on the catalytic activity [152].
Iridium(III) complexes featuring methylene bridged bis-N-heterocyclic carbene

ligands 61 catalyse the reduction of a variety of ketones and imines in 2-propanol as
a hydrogen donor, tBuOK as a base (5 equiv. versus substrate) and at catalyst
loading of 1 mol%. Cyclohexanone and methyl aryl ketones B1, B3, B15, B18
and B20 were efficiently reduced. Conversions from 77 to 99% were obtained in
0.33–23 h of reaction with TOF of up to 615 h�1 at 50% conversion. A remarkable
enhancement of the activity in the reduction of both ketones and imines was
observed for carbenes with N-substituents where an oxygen atom is present
[153]. N-benzylideneanilines C1–C4 were also efficiently hydrogenated. Conver-
sions from 38 to 96% were obtained after 2–24 h of treatment [153].

Iridium complexes containing N-heterocyclic carbene ligands derived from a
chiral fused bicyclic scaffold (62, Scheme 32) have been explored in asymmetric
TH of ketones. Under the optimised reaction conditions (0.5 mol% of catalyst 62c,
iPrOH, 8 equiv. of tBuOK, 75�C), a variety of aryl ketones (B1, B2, B15, B16, B19,
B20-B22, B27, B28, B49, B50, B52, Scheme 4) were reduced. Moderate to high
yields (18–95%) and low e.r.’s, from 51.5/48.5 to 62/38 were obtained. Iridium
complex 62c performs better than its rhodium counterpart in terms of both yield and
enantioselectivity for most of the tried ketones [154].

An iridium(I) compound with a triazolylidene ligand that contains a pendant
methyl group (63, Scheme 32) efficiently catalyses the TH of ketones, aldehydes,
imines, allylic alcohol and olefins [155].

After screening it was established that the optimised reaction conditions are
0.5 mol% of catalyst and 5 mol% of iPrONa, in refluxing 2-propanol. Under these
conditions, ketones with different steric and electronic properties (B1, B3, B10, B13,
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B15, B18, B23, B47, B52, B66, B118) including heterocyclic ketones (B38-B42,
B45) were reduced in high yield (81–99%) with TOFs in the 260–1,800 h�1 range,
measured after 5 min of reaction. As usual, conversion increases both when the steric
demand decreases and when the electro-withdrawing character of ketone substitu-
ents increases.

Several aldehydes (A1, A3, A12, A17, A24, A32, A64, A68) were also reduced
by catalyst 63 under the same reaction conditions. The activity follows the same
trend as that observed for the reduction of ketones, although, in general, when using
complex 63, aldehydes are reduced significantly faster than ketones.

Complex 63 was also applied to the TH of the imines N-benzylideneaniline and
N-2-methyl benzylideneaniline, under the optimised reaction conditions above indi-
cated. The TOF (770 h�1) measured for the aldimine was significantly greater than
that observed for the ketimine (30 h�1), which was rationalised in terms of the higher
steric demand of the ketimine.

Full reduction of the allylic alcohols depicted in Scheme 34 to the corresponding
saturated alcohols was observed within 1 h. Deuterium-labelling experiments
showed that the formed alcohol contained deuterium not only at the double bond
but also at the allylic position, which indicates a competing isomerisation pathway.

Complex 63 induces the efficient reduction of a range of olefins (D1, D10-D12,
D15, D19, D21, D22, D29, D30, D32, D33, Scheme 6) under mild reaction
conditions (0.5 mol% catalyst, 5 mol% iPrONa, 4–6 h, refluxing 2-propanol, quan-
titative conversion). In general, the catalytic activity was insensitive to the olefin
substitution pattern as well as to the geometry of the double bond, and activities were
similar for linear mono- and di-substituted olefins.

To assess the relative rate of olefin hydrogenation versus alkene double bond
isomerisation, deuteration-labelling experiments were performed using trans-β-
methylstyrene and allyl benzene as the substrates (Scheme 35). Deuterium incorpo-
rates at both olefinic and allylic positions with almost equal ratios for both substrates.

Scheme 34 Deuterium-labelling experiments in the reduction of allylic alcohols by complex 63
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This result suggests that the reductions proceed via a tandem isomerisation/TH
reaction and that isomerisation is faster than reduction [155].

A cyclometalating N-heterocyclic carbene iridium complex featuring metal-
centred chirality (64, Scheme 32) is an efficient catalyst for the asymmetric TH of
a wide variety of cyclic N-sulfonylimines (C36-C51) and benzofused N-
sulfonylimines (C52-C59) (Scheme 5). Enantioselective reduction of N-
sulfonylimines yields chiral sultams, which are present in a range of biologically
active compounds [156]. Yields in the range 82–99% and e.r.’s greater than 97/3
were obtained after 3–9 h of treatment, using HCO2NH4 (9 equiv) as a hydrogen
source, at a catalyst loading of 0.05 or 0.2 mol%, in DMF/H2O (2/1 mixture) at
60�C. Other common hydrogen donors that do not contain ammonium such as
HCO2Na or HCO2H/NEt3, 5/2, led to poorer results. A tentative mechanism includ-
ing NH3 containing intermediates was proposed [157].

A half-gram-scale synthesis of bioactive sultam I (Scheme 36) with anti-HIV
activity was developed based on asymmetric TH of N-sulfonylimine C58 followed
by an N-methylation step [157].
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4 Pincer Iridium Complexes

The term “pincer” refers to ligands that generally coordinate in a mer tridentate
configuration [158]. This tridentate coordination mode results in strong binding to
the metal centre and high stability for the metal-tridentate ligand unit. Additionally,
pincer ligands have a modular nature that allows for a high tunability of their
electronic and steric properties. Within the last two decades, the use of pincer
compounds for chemical transformations has increased greatly [158–161]. A num-
ber of reviews focusing on the catalytic applications of this type of complexes have
been published in the recent years [162–170]. In particular, some pincer iridium
complexes have been found to be effective for the TH of unsaturated substrates
[171–175]. Here, we summarise the progress in this area since 2015.

With only 0.1 mol% of the chiral P,N,N0-pincer catalyst 65a (Scheme 37), at
40�C, several aromatic ketones with electron-donating or electron-withdrawing
substituents in 2–3- and 4-positions (B1-B3, B5, B6, B8, B10-B12, B15, B18,

Scheme 37 Pincer iridium TH catalysts
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B21, B22, B34, B37, B47) as well as selected methyl alkyl (B99, B104) and the
methyl pyridinyl ketone B39 were reduced. Potassium t-butoxide (4 equiv. versus
substrate) was employed as a base but also in the presence of other bases such as
tBuONa, KOH and K2CO3, acetophenone was hydrogenated to 2-phenylethanol
with comparable activity and selectivity. Isolated yields from 87 to 99% and e.r.’s
from 90/10 to 99/1 were obtained within 10 h. Ethanol was used as a hydrogen
source. Using 2-propanol, instead, gave rise to significantly lower e.r.’s (99/1, EtOH
versus 92/8, iPrOH) [176].

A practical and sustainable method for the preparation of optically active
propargyl alcohols was developed by the Zhou’s group [177]. The tridentate spiro-
pyridine-aminophosphine iridium complexes 65 depicted in Scheme 37 catalyse the
chemoselective reduction of a series of alkynyl ketones to the corresponding
propargyl alcohols. Both the unsubstituted complex 65a and the methyl-substituted
derivatives 65b and c were more active and enantioselective than compound 65d
having a tBu substituent. The optimised reaction conditions were 1 mol% of catalyst
65b, HCO2Na (2 equiv), 60�C and ethanol as solvent. Under these conditions, high
yield (86–99%) and high e.r.’s (93/7–98.5/1.5) were obtained within 4–48 h.
Alkynyl ketones containing electron-withdrawing (B130, B132, B135, B136) and
electron-donating (B123-B125, B129, B131, B133, B134) or additional ester (B127,
B128) groups as well as the trifluoromethyl ketone B126 were efficiently and
chemoselectively reduced [177].

Some remarkable features of the process are:
1. No base is required. Indeed, in the presence of tBuOK, 4-phenylbut-3-yn-2-one

(B123) only gave the Michael addition byproduct formed by the ethoxide addi-
tion to the carbon-carbon triple bond of B123.

2. The TH of B123 did not occur using HCO2H/NEt3 instead of HCO2Na as a
hydrogen donor.

3. Other alkali metal formates such as HCO2Li, HCO2K and HCO2Cs can also be
used as hydrogen sources although HCO2Li gave lower reaction rate and
conversion.

4. Ethanol is the best solvent; indeed, the reaction in MeOH or iPrOH gave low
conversion and low enantioselectivity.

5. Under the optimised conditions but using HCO2Cs as a hydrogen donor, the TH
of the trifluoro alkynyl ketone B126mediated by 65bwas monitored by in situ IR
spectroscopy.
These results indicate that the formate salt and EtOH served as the hydride and

proton sources, respectively, in the TH reaction (Scheme 38) [177].
The iridium complex 66 (Scheme 37) containing a functionalised N-heterocyclic

olefin (Scheme 39) acting as a tridentate ligand has been applied as a catalyst for the
reduction of ketones, benzaldehyde and imines [178].

The reaction conditions entailed the use of 0.1 mol% of catalyst, iPrOH as a
solvent and a hydrogen donor, tBuOK (5 equiv) as a base and working at 80�C.
Under these conditions, cyclohexanone, substituted acetophenones (B1, B3, B15,
B18, B20), dialkyl (B114) and diphenyl (B66) ketones were efficiently reduced. For
example, the TH of cyclohexanone to cyclohexanol was completed in 7 min with a
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TOF value of 2,222 h�1, at 10% conversion [178]. No relationship was observed
between the substitution of the acetophenones and the catalytic activity. The reduc-
tion rate of aliphatic ketones is higher than that of their aromatic counterparts.
Remarkably, the TH of benzaldehyde to benzyl alcohol was completed in 40 s.

Catalyst 66 showed good activity in the TH of imines. N-benzylideneaniline was
transformed into N-benzylaniline, using 1 mol% of catalyst, in 45 min with a TOF
value of 1,118 h�1 at 10% conversion. Substituted imines 3-methoxy-N-
benzylideneaniline and 4-methoxy-N-benzylideneaniline were also converted into
their corresponding amines, under the same reaction conditions, featuring TOFs of
548 h�1 and 110 h�1, respectively [178].

Polypyridyl iridium(III) compounds 67 and 68 (Scheme 37) were tested as
catalysts for the TH of a range of aromatic aldehydes, in aqueous ethanol, with
HCO2Na as a hydride source and using microwave-assisted heating. The best results
were obtained with catalyst 67a. Catalytic reactions were performed at 100�C, at a
catalyst loading of 0.2 mol%, with 4.5 equiv. of HCO2Na, in an EtOH/H2O mixture,
70/30 (v/v). Under these reaction conditions, yields from 68 to 99% were obtained
within 5–90 min. Reaction tolerates a wide range of substituents including halogens
(A5-A7, A14-A16, A29-A31), phenols (A11, A22, A49), alkoxy (A3, A12, A24,
A40,A48,A49), ketones (A18,A34), carboxylic acids (A9,A20,A36), cyano (A19,
A35) and nitro (A21) groups, as well as heteroarenes (A66, A68-A71). Under the
same conditions, catalysts 67a and 67b (Scheme 37) also reduced alkyl aldehydes
A54, A56, A58–A60 in 82–97% yield within 25–90 min [179].

PHAr2

N

Ir

Cl
H

H N

H

Ar =

tBu

tBu

65b

HCO2Cs + EtOH

Ph

O

CF3

Ph

OH

CF3

H

EtOCO2Cs

Me

65b

Scheme 38 Transfer hydrogenation of ketone B126 with HCO2Cs in ethanol

N

N
CH2

-N

N
CH2+

Olefin Ylide

Scheme 39 Resonance structures of N-heterocyclic olefins

110 M. Pilar Lamata et al.



Pincer compounds 69 (Scheme 37), equipped with different functional groups in
the secondary coordination sphere, were employed as the catalysts in the
chemoselective TH of nitroarenes (Scheme 43) to anilines. Reactions were carried
out in dimethoxyethane, at 60–80�C with a catalyst loading of 1 mol%, with 2 equiv.
of HCOOH/NEt3 azeotrope as a hydrogen source. Although reduction of nitroarenes
to amines is often accompanied by incomplete reduction to hydroxylamines or
azocompounds, almost complete conversion of nitrobenzene into aniline (99%)
with excellent selectivity (99%) was achieved with catalyst 69a. The
OMe-modified catalyst 69b gave a more modest conversion but with the same
selectivity [180].

Methyl- (E4), amino- (E9) and chloro- (E10-E12) substituted nitrobenzenes were
fully converted into the corresponding anilines. Cyano- (E18), amido- (E16), ester-
(E17) and keto- (E15) substituted nitrobenzenes as well as 2-nitrostyrene displayed
moderate chemoselectivity owing to partial reduction of the functional group present
in the substrates [180].

In contrast with the well-established TH of aldehydes, ketones and imines, TH
reactions of nonactivated C-C multiple bonds have been much less studied. Huang’s
group has recently demonstrated that a series of N,C,P-pincer iridium(III) complexes
(70–72, Scheme 37) efficiently reduced a wide variety of alkenes and alkynes
[181, 182] (Scheme 6). Notably, ethanol was employed as a solvent and as a
hydrogen donor. Ethanol is an abundant, sustainable and environmentally benign
source of hydrogen. However, it has been seldom applied to TH reactions [38, 176,
177, 179, 183–184] because acetaldehyde, its dehydrogenation product, readily
undergoes metal-mediated decarbonylation leading to catalytically inactive metal
carbonyl species. In Huang’s system EtOAc was the only detectable byproduct.
Probably, the acetaldehyde resulting from EtOH dehydrogenation reacts with
another molecule of EtOH to yield hemiacetal, which is further dehydrogenated to
EtOAc thus eliminating the possibility of catalyst poisoning by the
acetaldehyde [181].

Complex 72 gave the best results. Thus, for example, upon activation with
tBuONa, this complex (1 mol%) completely reduced both cyclooctene and
1-octene at 60�C within 20 min. Under these conditions, other nonactivated (D17,
D25, D31, D33, D36, D37, D39-D48, D52-D56), aryl (D1, D5-D7, D11, D13, D18,
D23, D24) and electron-rich (D28, D38) alkenes were efficiently reduced. Yields
from 65 to >99% were obtained, within 0.5–12 h [181].

Complex 72 was also active for the full reduction of alkynes. Nonactivated
aliphatic alkynes, 6-dodecyne and alkynes bearing Cl (D128) or OH (D127) func-
tionalities were reduced (94–97% yield, 1.5 h) to the corresponding alkanes using
1 mol% of 72, at 80�C. Ethyl 2-octynoate and internal alkynes (D57, D58, D88,
D90) gave the reduction products in >95% isolated yield, at 2 mol% of catalyst
loading. Reduction was always complete due the good activity of catalyst 72 for
alkene TH [181].

However, complex 72 can be used for the semi-hydrogenation of a range of
internal alkynes [182]. Ethanol was also employed as a solvent, and E-alkenes were
stereoselectively obtained. Transformations can be stopped at the alkene step
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because the catalyst itself was used as a colour indicator for endpoint detection.
Catalysis proceeds through the sequence alkyne! Z-alkene! E-alkene, the second
step being faster than the first. The green iridium(I) π-alkyne complex I and the
yellow iridium(III) hydride II act as the resting states for the first and second step,
respectively (Scheme 40).

The full consumption of alkyne produces a sharp colour change of the solution
from green to yellow due to the shift of the resting state from I to II. Quenching the
reaction at this point allows for a high E-selectivity and minimizes over-reduction.

A broad variety of internal alkynes, including diaryl (D57-D60, D62-D68, D71,
D73-D77, D91, D92, D122), aryl alkyl (D88, D90, D95-D98) and dialkyl (D124,
D126-D128) alkynes were transformed in the corresponding E-alkenes. Functional
groups such as amine (D64, D83), aryl halides (D67, D68, D71, D73), amide (D75),
ester (D76) and ferrocenyl (D86) were tolerated. Alkynes containing various O- or
N-heteroaromatic rings including furane (D84), benzofuran (D85), N-ethylcarbazole
(D83), N-tosylindole (D82) and quinoline (D81) were also reduced. Generally,
yields greater than 95% were achieved within 2.5–292 min.

Several alkynes containing biologically relevant skeletons can also be semi-
hydrogenated to the corresponding E-alkene using catalyst 72 in EtOH. Scheme
41 shows some of the E-alkenes obtained [182].

5 Other Iridium Complexes

Mixtures of [IrCl(COD)]2 (COD ¼ 1,5-cyclooctadiene) and a variety of ligands
(Scheme 42) have been tested as catalysts for the TH of a range of nitroarenes
(Scheme 43).

Reactions were carried out under nitrogen atmosphere, in iPrOH, at 83�C, with
1 mol% iridium dimer and 2 mol% of the corresponding ligand. Monodentate
phosphines displayed low catalytic activity. Bidentate phosphines and nitrogen
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donor ligands gave full conversion of nitroarenes but variable aniline yields
(53–98%). The bidentate nitrogen ligand 1,10-phenanthroline (L11) showed the
highest yield in aniline [185].

A monitoring experiment and a series of controlled experiments employing
nitrobenzene as the substrate showed that the transformation proceeds via
phenylhydroxylamine and azobenzene intermediates. However, after 15 h of treat-
ment under the reaction conditions above indicated, using [IrCl(COD)]2/L11 as the
catalyst, a series of nitroarenes (E1-E3, E5-E14, E19-E24, E26-E30, Scheme 43)
were completely reduced to the corresponding anilines in 70–98% yield.

A phosphine bisbenzothienyl iridium(III) complex (73, Scheme 44) was applied
to the TH of ketones. Under the best conditions found, namely, 2 mol% of 73, 1.5
equiv. of tBuOH, toluene as the reaction solvent, at 110�C, several methyl aryl
ketones (B1, B2, B10, B156, B20, B27, Scheme 4) were hydrogenated. Yields of the
corresponding alcohol up to 68% were obtained [186].

A range of ketones was reduced to the corresponding alcohols by [IrCl(COD)]2/
chiral amine ligand mixtures. The amino ligands employed are collected in Scheme
45.

The best reaction conditions were as follows: a 1/2 metal/ligand ratio, a 1/1
mixture of formic acid and sodium formate (pH 3.5 at the beginning of the reaction)
and water/methanol (1/1) as a solvent. After 1 h of treatment at RT under argon
atmosphere, the reducing agent was added and the solution heated at 70�C. Under
these conditions, moderate to high isolated yields (41–87%) and e.r.’s (57.5/
42.5–99.5/0.5) were obtained for the reduction of a range of methyl aryl ketones
(B1, B2, B8, B12, B18, B21-B25, B27, B34) [187].
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A bis-cyclometallated iridium(III) complex (74, Scheme 44) with metal-centred
chirality catalyses the enantioselective TH of ketones in the presence of an additional
pyrazole ligand. Reactions were carried out in THF/H2O 1/1 (v/v) mixtures, at 40 or
60�C, with HCOONH4 (9 equiv) as the hydrogen source. The best results were
obtained by adding to the catalyst precursor 74 (0.2 mol%) 10 equiv. of
5-(4-methoxyphenyl)-3-methyl-1H-pyrazole. Under these reaction conditions, a
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wide range of ketones were hydrogenated. Generally, yields greater than 90% with e.
r.’s > 98/2 were achieved, within 8–36 h [188].

Acetophenones with electro-donating or electro-withdrawing groups (B1, B2,
B15, B18, B21, B29, B34, Scheme 4), aromatic ketones containing a naphthyl
moiety (B37) heteroaromatic ring (B41-B46), larger aliphatic groups (B47-B49) or
an additional ester functionality (B62) as well as a cyclic ketone B121 provided both
high yield and good e.r. Diaryl ketones B68 and B69 also afforded satisfactory
results. Dialkyl ketones B107 and B110 gave the corresponding alcohol in high yield
(> 90%) but with low e.r. (< 30%). However, ketone B111 with a bulky alkyl
substituent gave the desired alcohol with 93% yield and 97/3 e.r. The catalytic
system also works at a lower catalyst loading. Thus, 2-acetyl benzothiophene was
completely reduced to the corresponding alcohol within 108 h at a catalyst loading as
low as 0.005 mol%. The reaction was proposed to proceed through the bifunctional
Noyori’s mechanism [189, 190]. In the proposed transition state, an iridium-hydride
and the N-H functionality of a coordinated pyrazole molecule interact with the C¼O
bond of the ketone (Scheme 46) [188].

The iridium phosphine complexes 75 and 76 (Scheme 44) are active in the TH of
ketones. The best results in conversion to the alcohol were obtained using catalyst
75c. Reactions were carried out in iPrOH, at 80�C, with a catalyst loading of
0.5 mol% and KOH (5 mol%) as a base. A series of methyl ketones (B1, B18, B27),
one example of an ethyl ketone (B47), cyclic ketones (B118, B122) or the bulky
ketonesB112 and B122were tested in the reaction. Generally, moderate to high yields
were obtained (69 – > 99%), but the ethyl ketone B47 and the bulky ketones B112
and B122 were converted to the corresponding alcohol in low yield (< 36%) [191].

Mixtures of the dimer [IrCl(COD)]2 and chiral ferrocenyl alcohols (Scheme 47)
have been applied to the TH of alkyl aryl (B1, B47) and phenyl heteroaryl B91 and
B92 ketones.

The reaction conditions were as follows: a 1/1 [IrCl(COD)]2/ligand ratio in iPrOH
as a solvent and a hydrogen source, at 25 or 50�C and in the presence of KOH
(2 equiv) as a base. Moderate yield (35–89%) and e.r. (52/48–91/9) were
obtained [192].

The iridium complexes 77 and 78 (Scheme 44) reduced ketones under TH
conditions. Typically, reactions were performed at 0.25 mol% of catalyst loading,
in the presence of KOH (40 equiv) as a base and at 82�C. Alkyl aryl ketones B1, B5,
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B6, B18, B21, B22, B28, and B47; methyl alkyl ketones B93–B95, B97, and B109
and naphthyl aldehyde were reduced. It was found that bimetallic complexes 77
were more active than monometallic complex 78. Yields higher than 90% within
15–30 min were obtained [193].

Sawamura’s group reported on the reduction of C¼C bonds of alkenes with
1,4-dioxane as a solvent and a two-hydrogen donor, in the presence of [IrCl(COD)]2
and a diphosphine ligand (Scheme 48). Reactions were performed at 120–130�C at a
catalyst loading of 1–4 mol%.

The reactivity of the TH was enhanced by using bulky and electron-donating
diphosphines such as 1,2-bis(dicyclohexylphosphino)ethane VI. Styrene derivatives
D2-D4, D8, D9, D13, D20, D23 and D26 (Scheme 6), exocyclic (D26) and cyclic
(D13) olefinic bonds as well as aliphatic alkenes (D16, D32, D35) including
1,1-disubstituted terminal (D35) and disubstituted (D27, D34) or trisubstituted
(D30) internal alkenes were efficiently hydrogenated by [IrCl(COD)]2/diphosphine
VI mixtures. Tetrasubstituted alkenes such as 2,3-dimethyl-1H-indene and
tetraphenylethylene were not hydrogenated even at higher reaction temperature
(140�C).

Alkynes also underwent TH reaction with the [IrCl(COD)]2/diphosphine VI
catalyst using 1,4-dioxane as a hydrogen donor. Thus, diphenylacetylene was
converted into 1,2-diphenylethane through double TH with 4 mol% of catalyst
loading, at 140�C after 20 h of treatment [194].

Transfer hydrogenation of internal and terminal alkynes to alkenes can be
achieved with the [IrCl(COD)]2/DPPE (DPPE¼ 1,2-bis(diphenylphosphino)ethane)
using EtOH as a hydrogen donor [195, 196].
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Internal alkynes were reduced to E-alkenes in THF, at 120�C using 2.5 mol% of
[IrCl(COD)]2, 20 mol% of DPPE and 20 equiv. of EtOH. Under these conditions, a
variety of diaryl alkynes (D57, D61, D70-D74, D78, D100-D102, D104-D117,
D121, Scheme 6) were converted into E-alkenes in 73–92% yield, with E/Z molar
ratios from 4/1 to >99/1, within 22 h under N2 atmosphere. Notably, the E/Z ratio
can be inverted in favour of the Z isomer working under the conditions above
indicated but adding to the reaction medium 2 equiv. of COD. Thus, yields between
71 and 95% with Z/E molar ratios from 4/1 to >99/1 were achieved in the TH of the
diaryl alkynes D57, D61, D67, D69, D78, D100, D101 D103-D105, D107, D109
and D118 (Scheme 6). The observed change in the alkene selectivity was attributed
to the increase of the steric hindrance at the metal centre generated by the addition of
the diolefin [195].

Under comparable conditions (THF, 70�C, 2.5 mol% of [IrCl(COD)]2, 20 mol%
of DPPE, 2 equiv. of EtOH) terminal alkynes were reduced to alkenes [196]. A series
of activated (D130-D155) and unactivated (D156-D159) terminal alkynes were
reduced in 67–94% yield within 24 or 48 h, respectively. The reaction of the
nonactivated alkynes was carried out at 100�C.

6 Transfer Hydrogenation of α,β-Unsaturated (and
Non-conjugated) Alkene-Carbonyl Substrates

Transfer hydrogenation protocols have also been applied to the reduction of α,β-
unsaturated carbonyl compounds [197]. In principle, both partial hydrogenation to
aliphatic ketones or allylic alcohols and complete reduction to saturated alcohols are
possible (Scheme 49). The energy barriers for the reduction of C¼O and C¼C
conjugated bonds are often similar. For this reason, mixtures of reduction products
are sometimes obtained, and one of the major goals in the reduction of unsaturated
carbonyl compounds is to achieve high chemoselectivity. As it will be seen herein,
the pH value of the catalytic medium plays a key role in the chemoselectivity in TH
of unsaturated alkene-carbonyl substrates.

Iridium compounds are among the most used for α,β-unsaturated carbonyl
compounds reduction. In this section we present the new contributions made in
this field during the last 5 years.
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Scheme 49 Partial and complete reduction of α,β-unsaturated carbonyl compounds
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6.1 Transfer Hydrogenation of α,β-Unsaturated Aldehydes

A variety of α,β-unsaturated aldehydes (Scheme 50) have been reduced employing
iridium compounds as the catalysts (Scheme 51).

Compound 57a catalyses the chemoselective reduction of cinnamaldehyde to the
corresponding alcohol in 90% yield, in water, using HCOOH (5 equiv) as a
hydrogen donor [113].

Under neutral conditions, complex 79 is an efficient catalyst for chemoselective
TH of unsaturated aldehydes using iPrOH as a solvent and a hydrogen donor
[198]. Cinnamaldehydes F1, F2, F4, F11-F13, F22 and F23, 3-(9-anthryl)
acrylaldehyde, 3-(2-furyl)acrylaldehyde and aliphatic α,β-unsaturated aldehydes
F29 and F30were reduced in 80–97% yield. A metal-ligand bifunctional mechanism
was proposed for the catalytic TH reaction [198].

The polypyridyl iridium(III) 67a in EtOH/H2O, at 100�C, at 0.2 mol% of catalyst
loading, in the presence of 4.5 equiv. of HCOONa, reduced cinnamaldehyde. A 1/1
mixture of the allylic and saturated alcohol was obtained. However, using 9 equiv. of
HCOONa (initial pH of the reaction, 9) full reduction to the saturated alcohol was
achieved. Similar results were obtained for α-methyl cinnamaldehyde and
4-methoxy cinnamaldehyde. Alternatively, when HCOOH was used to maintain
acidic the reaction medium, unsaturated alcohol was predominantly obtained [179].

The Luo’s group investigated the TH of a wide variety of α,β-unsaturated
aldehydes, including cinnamaldehydes F1, F3, F6- F11 and F13-F23, furan-
substituted aldehyde F27 and aliphatic aldehydes F31-F35, mediated by catalyst
55 h. All the reactions were carried out at 0.1 mol% of catalyst loading, in H2O at
80�C. Nonetheless, a set of reactions was performed using HCOONa (5 equiv) as a
hydrogen donor, and another set was carried out with HCOOH (5 equiv). Full
reduction to the saturated alcohol was achieved with HCOONa, and semi-reduction
to the unsaturated alcohol was obtained with the acid. Typically, yields higher than
90% were achieved, in both cases [199]. Control experiments showed that
3-phenylpropanal was reduced to the saturated alcohol under the same conditions,
whereas the C¼C bond of cinnamyl alcohol was not reduced by complex 55h, when
using HCOONa as a hydrogen donor. These results indicated that the formation of
the fully reduced product starts with the reduction of the C¼C bond to give the
saturated aldehyde intermediate and follows with the reduction of the C¼O bond to
give the final product [199].

6.2 Transfer Hydrogenation of α,β-Unsaturated Ketones

A range of α,β-unsaturated ketones (Scheme 52) have been reduced employing
iridium catalysts (Scheme 53).

The dimer [Cp*IrCl2]2 chemoselectively reduced α,β-unsaturated ketones such as
(E)-chalcones G1-G3,G6, G8-G17, G21, and G28, heterocyclic α-enones G29 and
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G31, activated α,β-unsaturated ketones G32 and G40 and cyclic enones G49 and
G50. All the reactions were performed in iPrOH, at 85�C, using 1 mol% of catalyst
loading. When K2CO3 (5 mol%) was employed as a base, the saturated ketone was
obtained in high yield (85–98%). However, when in the reduction of the (E)-
chalcones G1–G3, G6, G8–G14 and G28, KOH (50 mol%) was employed as a
base, the corresponding saturated alcohols were obtained in 83–91% yield [200].

The iridium(I) complex with triazolylidene ligands 63 catalysed the reduction of
α,β-unsaturated ketones G1, G3 and G50. Full reduction to the corresponding
saturated alcohol was observed within 1 h when the substrates were treated with
0.5 mol% of the catalyst, in refluxing iPrOH with iPrONa (5 mol%) as a base. Yields
higher than 94% were achieved. From deuterium-labelling experiments, it was
suggested that the reaction proceeds via a tandem isomerisation/TH reactions [155].

In iPrOH, at 80�C, using KOH (10 mol%) as a base, the bis(phosphine) complex
75c (0.5 mol%) reduced 2-cyclohexenone to the saturated ketone cyclohexanone as
the main product (63% yield). The unsaturated alcohol and full reduced
cyclohexanol were obtained in 6% and 31% yield, respectively. Under similar
conditions, the TH of carvone gave the product of the hydrogenation of the conju-
gate olefin and that of the hydrogenation of both conjugated olefin and carbonyl
group. Hydrogenation of the isolated C¼C bond was not observed [191].

The outcome of the reduction of 2-cyclohexenone with catalyst 55a
(S/C ¼ 10,000, HCOOH 12 equiv., water, 80�C, N2 atmosphere) was the saturated
alcohol cyclohexanol. Further studies showed that under the reaction conditions
cyclohexanone could be completely reduced to cyclohexanol, while cyclo-2-en-1-ol
could not. This result indicated that the TH of 2-cyclohexanone should first occur at
the C¼C bond and then at the C¼O bond. Experiments on 4-methylpent-3-en-2-one
gave similar results [111].

The combination of the dimer [IrCl(COD)]2 (4 mol%) with the ligand 1,2-bis
(dicyclohexylphosphino)ethane (4 mol%) promoted the chemoselective TH of α,β-
unsaturated ketones such as chalcone, benzylideneacetone and its derivatives G32–
G45, conjugated enoates G46 and G47, enamide G48 and cyclic enone G51.
1,4-dioxane was employed as a solvent. Chemoselectivity toward C¼C hydrogena-
tion was found for all these enones. Yields from 93 to 99% were obtained after 10 h
of reaction at 130�C [194].
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The iridium complex 80 bearing a tricyclic bisoxazoline-fused imidazole-derived
N-heterocyclic carbene ligand (Scheme 53) catalysed the asymmetric TH of (E)-
chalconesG1,G2,G4,G5,G7,G8,G10,G11, andG18–G20, as well as that of the
heterocyclic α,β-unsaturated ketones G27 and G31. In iPrOH, at 75�C, at a catalyst
loading of 1 mol%, using NaOH (8 mol%) as a base, moderate to good yields
(36–91%) in the corresponding full hydrogenated alcohol, were obtained within 3 h.
Probably, the existence of an equilibrium between conformational isomers in the
iridium catalyst 80 at the temperature of the reaction, originates a poor enantioface
discrimination during the reaction resulting in poor e.r.’s (52.5/47.5–62.5/37.5).
From detailed mass spectrometric studies, a mechanism consisting of two catalytic
cycles working in tandem was proposed [201].

Hydrogenation of the (E)-chalcone mediated by the bis(carbene)catalyst 9a
(Scheme 2) was performed in iPrOH, at 95�C using KOH (10 mol%) as a base.
The catalytic reaction was selective for the C¼C bond and required only 30 min to

Scheme 52 (continued)
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give 97% yield. After this time, maintaining the reaction conditions, hydrogenation
of the C¼O groups gave the saturated alcohol in 63% yield within 4 h [69].

6.3 Transfer Hydrogenation of Non-conjugated Unsaturated
Aldehydes and Ketones

A handful of non-conjugated unsaturated aldehydes and ketones (Scheme 54) have
been subjected to TH protocols based on iridium catalysts (Scheme 55).

In iPrOH, under a N2 atmosphere, non-conjugated unsaturated aldehydes
3-cyclohexene-1-carboxaldehyde and 5-norbornadiene-2-carboxaldehyde were
chemoselectively converted into the corresponding unsaturated alcohols in 93 and
97% yield using the half-sandwich bipyridonate complex 79 (2 mol%) [198].

The non-conjugated ketone 5-hexen-2-one was chemoselectively transformed
into 5-hexen-2-ol in 6 h with the dinuclear di(N-heterocyclic carbene) iridium
complex 6 (0.5 mol% of catalyst loading, iPrOH, iPrONa (3 mol%), 82�C) in 96%
yield. Under the same conditions, 86% yield was obtained with catalyst 7 within
10 h [67].

The same ketone and the related non-conjugated ketone 6-methyl-5-hepten-2-one
were hydrogenated to the corresponding unsaturated alcohol by the bis(N-heterocy-
clic carbene) complex 9a (2 mol% of catalyst loading, iPrOH, KOH (10 mol%),
95�C). Yields of 83 and 96% were obtained within 6 h. Notably, the same catalyst
under similar conditions hydrogenated selectively the C¼C bond of the conjugated
α,β-unsaturated ketone (E)-chalcone [67].
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The catalytic behaviour of the half-sandwich iridium triazenide complex 45 in the
hydrogenation of non-conjugated 5-alken-2-ones depends on the presence of a base.
If KOH is present, then the carbonyl group will be selectively hydrogenated in the
first place. However, in the absence of the base, the C¼C bond is preferably
hydrogenated [85].

The carbonyl group of the dihydrocarvone G60 was chemoselectively reduced
with the bis(phosphine) iridium(I) complex 75c. At 0.5 mol% of catalyst loading, in
iPrOH, using 10 equiv. of KOH, at 80�C, 90% yield was obtained within 24 h. The
isolated olefin moiety was not hydrogenated under these conditions [191].

However, the isolated C¼C bond of both 11-dodecen-2-one G59 and
4-acetylstyrene G53 was chemoselectively hydrogenated to the corresponding
unsaturated ketone using the pincer iridium complex 72, containing a rigid
benzoquinoline backbone, as a catalyst. At 1 mol% of catalyst loading, in EtOH,
using tBuONa (2,2 mol%) as a base, 95% yields for G59 and G53 were obtained
after 18 and 30 min, respectively [181].

A mixture of the dimer [IrCl(COD)]2 (1 mol%) and the diphosphine 1,2-bis
(dicyclohexylphosphino)ethane (4 mol%) promoted the highly chemoselective TH
of the isolated alkene group of unsaturated ketones [194]. In 1,4-dioxane, at 130�C,
terminal alkene groups bearing an acetophenone (G53-G56) or cyclohexanone
(G61) underwent selective reduction of the alkene moiety. The isolated C¼C bond
of the estrone derivative G63 was also chemoselectively reduced [194].

7 Transfer Hydrogenation of N-Heterocycles

Reduced N-heterocycles are frequently found in drugs, agrochemicals and dyes
[120, 202], and, therefore, having efficient methods for their synthesis is highly
desirable. Hydrogenation of N-heterocycles is the most obvious route to that type of
compounds, and heterogeneous [203] and homogeneous [204, 205] catalytic hydro-
genation has been the most widely used methodology. Despite the advantages of TH
in terms of sustainability, simplicity of application and safety, this approach has been
much less investigated for the reduction of N-heterocycles [206–211]. Here we
present recent contributions in this area. An example of selective reduction of
benzofurans by TH protocols is also included in this Section.

The iridacycle complex 81 (Scheme 56) reduced quinolines H1–H20 and H22–
H28 (Scheme 57) to tetrahydroquinolines in an aqueous HCOOH/HCOONa solu-
tion, using 0.1 mol% of catalyst. The solution pH is critical for the catalytic activity
pH 4.5 giving the best yield. Typically, isolated yields higher than 90% were
obtained within 14 h [212].

Complex 81 also catalyses the reduction of activated isoquinolines and pyridines
by quaternisation. Thus, isoquinolinium H29–H34 and pyridinium H35–H44
(Scheme 58) were hydrogenated in 24–36 h, under the same conditions but at
refluxing temperature. Again, isolated yields higher than 90% were achieved [212].
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The protocol of reduction of complex 81 was also efficiently applied to indoles
H63–H69 (Scheme 59) as well as to a range of diverse heterocycles H58 (Scheme
60), H72 (Scheme 61) and H90–H92 (Scheme 62). These substrates were all
reduced with excellent yield although quinoxaline H90 was isolated as its mono
N-formyl derivative [212].

2-Methylquinoline was quantitatively reduced to 2-methyl-1,2,3,4-
tetrahydroquinoline within 24 h at room temperature using 0.1 mol% loading of
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the iridium complex 82 (Scheme 56) and aqueous HCOOH/HCOONa as a solvent
and a hydrogen source. The same result was obtained using [Cp*IrCl2]2 with the
ligand 8-aminoquinoline as the catalyst precursor. Application of the same condi-
tions to unsubstituted quinoline led to the hydrogenation of the pyridinic ring along
with the introduction of a formyl group on the nitrogen atom in 33% yield [213].

The N,C,P pincer iridium complex 72 (Scheme 55), at 0.25 mol% catalyst
loading, selectively reduced benzofurans H95-H98 (Scheme 63) at 60�C in EtOH
as a solvent and a hydrogen donor, using tBuONa (1 mol%) as a base.
Dihydrobenzofurans were isolated in �95 yield [181]. N-Tosylindole, quinoline
H1 and its derivatives H20 and H21 (Scheme 57) were also reduced to the
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corresponding indoline and tetrahydroquinolines, respectively. Isoquinoline
exhibited low reactivity (27% isolated yield) [181].

Asymmetric TH of isoquinolines H46 and H47; dehydroquinolines H58, H61
andH62 (Scheme 60); quinoline H2 (Scheme 57); and sulfonyl imine H94 (Scheme
62) was accomplished by using a combination of [Cp*IrCl2]2 and chiral cyclic
diamine ligands as the catalyst precursor [214]. The best results were obtained
employing the cyclic diamine (S)-CAMPY (Scheme 64) as a ligand, in MES or
MOPS buffer (1.2 M, pH 6–8), in the presence of HCOONa (6M) at 20�C. Yields up
to 99% and e.r.’s from 65/35 to 88/12 were obtained. For the disubstituted
isoquinoline H47 (Scheme 60), the syn diastereomers were obtained in >99%
d.r. with 86/14 e.r [214].

The Vilhanová’s group developed a protocol for the asymmetric TH of 1-aryl-
substituted dihydroquinolines H48–H57, H59 and H60 (Scheme 60) using anhy-
drous phosphoric acid as an additive and the iridium complex 83 (Scheme 56) as the
catalyst. Reactions were performed in iPrOH at 30�C with 1 mol% of catalyst and
using a 1/1 HCOOH/NEt3 mixture as the hydrogen donor. Isolated yields up to 92%
and e.r’s from 75/25 to 93/7 were obtained [215].

Reduction of a wide variety of 2-substituted and 2,9-disubstituted 1,10-
phenathrolines to exclusively give 1,2,3,4-tetrahydro-1,10-phenanthrolines was
achieved employing the dimer [Cp*IrCl2]2 or combinations of [Cp*IrCl2]2/chiral
diamine ligand as a catalyst. The products were obtained in high yields using
HCOOH as the hydrogen source. When the dimer [Cp*IrCl2]2 in combination
with the chiral diamine I (Scheme 56) was employed as a catalyst precursor, e.r.’s
up to 99.5/0.5 were achieved [216].

8 Transfer Hydrogenation and Sustainability

The design and development of efficient chemical processes that meet the require-
ments of the green chemistry principles [217] remain a global challenge. Nowadays,
the vast majority of chemicals are derived from fossil resources which are limited
and non-renewable. Sustainability has become an imperative issue, and renewables
are destined to increasingly replace fossil chemicals. Biomass is the major renewable
feedstock on the planet, and, consequently, biomass-derived chemicals are promis-
ing alternatives to replace them.

Levulinic acid (LA) is one of such chemicals that, in turn, can be converted to
higher value compounds such as γ-valerolactone (GVL), 1,4-pentanediol or
2-methyl tetrahydrofuran. A number of homogeneous catalysts based on Ru, Ir, Pd
or Fe have been applied to the transformation of LA to GVL, an important green fuel

N
NH2

Scheme 64 Chiral diamine
(S)-CAMPY
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additive, solvent and fine chemical intermediate [218]. However, reports dealing
with homogeneous TH of LA are scarce. In particular, the generation of GLV from
aqueous mixtures of LA and HCOOH catalysed by the half-sandwich iridium
complex 84 (Scheme 65) has been reported [219].

More recently, Fischmeister and co-workers reported on the solvent free reduc-
tion of LA to GVL (Scheme 66) mediated by the dipyridylamine iridium complexes
85. Reactions were performed at 120–150�C, employing mixtures of HCOOH/NEt3
as a hydrogen donor. Yields from 22 to 98% were obtained within 16 h. Complex
85c with the bulkiest ligand was found to be the less active catalyst [220].

The half-sandwich complex 28 (Scheme 7) catalysed the transformation of LA to
GVL. Under standard TH conditions (1 mol% of catalyst, iPrOH, 85�C), 69% yield
was obtained within 12 h [76].

Furfural is one of the organic compounds readily available from nonedible
biomass (corncobs, oat hulls, bagasse, etc.) [221]. Furfural is mainly used as a raw
material for the synthesis of a multitude of important nonpetroleum-derived
chemicals such as furfuryl alcohol, methyltetrahydrofuran and furan [222]. In this
line, Grushin and van Leeuween et al. reported a highly efficient chemo- and
stereoselective synthesis of chiral hydrofuroins via asymmetric TH of racemic furoin
that is prepared from furfural (Scheme 67) using the half-sandwich iridium complex
[Cp*IrCl((S,S)-TsDPEN)] as catalyst precursor [223].

On the other hand, solvents often account for most of the mass wasted in
syntheses and processes [224]. The utilisation of biogenetic alcohols such as glyc-
erol as a H-donor solvent in catalytic TH reactions is an interesting contribution to
the field of sustainable chemistry. Glycerol is a non-toxic and non-flammable
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byproduct from biodiesel processing. Its physical and solvation properties [225]
make glycerol a promising candidate to be employed as an environmentally friendly
reaction medium for synthetic chemistry [226]. Furthermore, glycerol has advan-
tages, for example, over ethanol, another H-donor also produced from biomass.
Dihydroxyacetone, the thermodynamic product of the dehydrogenation of glycerol,
has a low tendency to decarbonylation. Although glyceraldehyde can also be formed
in glycerol dehydrogenation, it would tautomerize to dihydroxyacetone under the
usual catalytic conditions (Scheme 68). However, dehydrogenation of ethanol ren-
ders acetaldehyde which is expected to have a much greater tendency than dihy-
droxyacetone to deactivate the catalyst by decarbonylation.

The last decade has witnessed an increasing use of glycerol as a solvent and a
reducing agent in homogeneous TH reactions. In fact, carbon dioxide, carbonyl
compounds, olefins, nitroarenes and carboxylic acids have been efficiently hydro-
genated in glycerol using Ir, Ru, Pd, Rh and Mo complexes as the catalysts
[227, 228].

Recently, it has been reported the reduction of aldehydes, ketones, imines and, to
a lesser extent, olefins mediated by iridium carbene complexes 86 and 50 (Scheme
69) with glycerol as a H-donor solvent. Imines were more readily reduced than
carbonyl. This trend is opposite to that encountered in TH from iPrOH. TH was
thought to proceed through a monohydride mechanism [229].

The iridium precatalyst 51 (Scheme 69) bearing an abnormal carbene ligand
converts CO2 to formate salt at a TOF value of 90 h�1 in 12 h of reaction at
150�C, using glycerol as a hydrogen source [94].

Nishina reported on the [Cp*IrCl2]2-catalysed reduction of carbonyl groups using
biogenetic alcohols such as glycerol, monosaccharides and polysaccharides as a
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hydrogen source. This system did not require any base [230]. 2-Naphthaldehyde was
reduced in 1,4-dioxane/water 1/1 (v/v) mixtures, at 85�C, at 5.0 mol% of catalyst
loading using glycerol (1 equiv., 24 h, 87% yield) or glucose (1 equiv., 24 h, 95%
yield) as a hydrogen source. Monosaccharides galactose and xylose; disaccharides
lactose, sucrose and maltose; and the trisaccharide raffinose can also be employed as
a hydrogen source. Under the same conditions, yields from 79 to 92% were obtained
[230] with these biogenetic H-donors.

Aryl aldehydes bearing different substituents (A7, A23, A31, A32, A35), hetero-
cyclic aldehydes such as 4-pyridine carboxaldehyde and 2-thiophene
carboxaldehyde, alkyl aldehyde A56 (Scheme 3) and diphenylketone were
converted to the corresponding alcohols in yields ranging from 61 to 83%, using
1 equiv. of glucose as a hydrogen source [230].

Various aldehydes and ketones were efficiently converted to the corresponding
alcohols with 2 equiv. of glucose as a H-donor, in the presence of 0.1–1 mol% of the
bipyridonate iridium complex 79 (Scheme 51). Reactions were carried out at 100�C,
using water or N,N-dimethylacetamide as a solvent and Na2CO3 as a base. Aryl
aldehydes (A1, A10, A21, A23, A24, A28, A30, A31, A35, A37, A50, A51), alkyl
aryl (B1, B3, B5, B8, B11, B18, B21-B24, B26, B27, B47, B58), methyl alkyl
(B107) and cyclic (B118, B120) ketones were reduced to the corresponding alco-
hols. Isolated yields from 54 to 91% were obtained [231].

To determine which of the glucose OH groups functioned as a hydrogen donor,
the reaction of acetophenone was conducted using α-glucopyranoside, in which only
the hydroxyl group at the C1 position was methylated, or, alternatively, using
2,3,4,6-tetra-O-methyl α-glucopyranose, in which all the hydroxyl groups except
that at C1 are methylated. The TH reaction did not proceed with the former but gave
97% yield in the alcohol with the latter. These results suggested that TH of the CO
group of the carbonyl substrates implied the hydroxyl group at the C1 position
glucose [231].
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9 Mechanistic Aspects

Despite the variety of substrates, i.e. carbonyl compounds, imines, alkenes and
alkynes, used in catalytic TH, mainly the mechanism of the TH of carbonyl com-
pounds using 2-propanol as the hydrogen donor has been systematically studied by
means of both experimental methods and theoretical calculations. For an overview
of mechanistic aspects of TH, see Refs. 228 and 232–234. In general, the different
basicity and nucleophilicity of the substrates makes it difficult to apply the reaction
map depicted for carbonyl compounds to imines, alkenes or alkynes. In addition, as
shown in the previous sections, besides the ubiquitous 2-propanol, different hydro-
gen donors have been successfully used as well, e.g. formic acid, 1,4-dioxane,
glycerol, ethanol and diols.

As far as TH of carbonyl compounds using 2-propanol is concerned, overall, the
formal transfer of a hydride and a hydrogen ion from the donor to the substrate takes
place.

Three scenarios have been depicted so far:

1. In an inner sphere mechanism, a metal alkoxide is the entry species of the
catalytic cycle (Scheme 70), eventually undergoing a β-hydrogen elimination
rendering a metal monohydride complex. The hydride moiety is transferred by
means of the insertion of the substrate into the metal hydride bond, whereas the
protonolysis of the resulting alkoxide intermediate enables the transfer of the
hydrogen ion.

Alternatively a metal dihydride species has been proposed as the active species
along the catalytic cycle. In this case both hydride moieties come from the
hydrogen donor thanks to the oxidative addition of the O-H bond followed by
the β-hydrogen elimination in the resulting alkoxide (Scheme 70). In this case, the
hydrogen atoms of the metal dihydride moiety transfer to the substrate in a
sequential way by means of the insertion of the substrate into the metal hydride
bond and the following reductive elimination of the hydrogenated substrate from
the hydride alkoxide intermediate.

As a result, in the monohydride route, the C-H hydrogen of the donor
exclusively turns into the C-H hydrogen of the product, while in the dihydride
route, a scrambling of the C-H and O-H hydrogen atoms of the donor takes place.

2. The hydride moiety and the hydrogen ion are transferred to the substrate in an
outer sphere mechanism implying both a metal hydride moiety and a protic end of
one ligand at the metal centre (Scheme 71). This metal-ligand bifunctional
mechanism was initially described by Noyori and co-workers [235] for ruthenium
catalysts and has been later observed in a number of structurally related transition
metal complexes as well as in metal-ligand platforms in which the ligand act as a
non-innocent fragment [236]. Notably recent reviews on this mechanism have
raised concerns about the concertedness of the H+/H– transfer to the substrate and
the genuine non-innocence of the ancillary ligand [236–238].
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It is worth mentioning that metal-ligand bifunctional catalysts are very com-
petent in the asymmetric transfer hydrogenation (ATH) of either carbonyl com-
pounds or imines. Nonetheless, it has been proposed that the origin of
enantioselection is different for carbonyl compounds or imines. In the case of
carbonyl compounds, it relies on the formation of weak interactions between
ancillary ligands and substituents at the substrate, while in the case of imines, an
ionic outer sphere mechanism could be operative [237].

3. In an inner sphere mechanism, the hydride moiety is transferred directly from the
donor to the substrate, and the protonolysis of the resulting alkoxide intermediate
enables the transfer of the hydrogen ion (Scheme 72). This route is known as the
Meerwein-Ponndorf-Verley mechanism and was first reported for the TH reaction
catalysed by aluminium 2-propoxide. Nonetheless it has also been observed when
transition metal complexes have been used as the catalysts.

As a milestone in the DFT-based elucidation of the mechanism of iridium
catalysed TH of carbonyl compounds, back in 2003 the pioneering DFT study
by Meijer [239] explored the viability of both the hydride route (inner/outer
sphere) and the direct transfer when using iridium(I) catalysts of general formula
Ir(COD)(L) (HL ¼ 2-amino ethanol, 2-aminoethylmethylsulfide). The study con-
cluded that the direct transfer exhibits the lowest activation barrier and conse-
quently is the most accessible path (Scheme 73). Further, the hemilabile character
of the amino ligand proved to be decisive given that the dissociation of either the
SCH3 or the OH moiety takes place generating the necessary coordination vacant
for the coordination of the substrates to the iridium(I) centre.

Within the time frame covered herein, namely, from early 2015 to early 2020, a
selection of mechanistic proposals, backed by experimental data and/or theoretical
calculations, will be presented in the following in order to highlight different aspects
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of TH (or ATH) of different C ¼ X (X ¼ C, N, O) and C � C bonds catalysed by
iridium complexes using either alcohols or formic acid as the hydrogen donor.

In 2015 Xiao [212] explored the reaction mechanism of the TH of the C¼N bond
in N-heterocycles using κ2C,N-iridacycle catalysts and formic acid as the hydrogen
source. Using 2-methylquinoline as the model substrate, stoichiometric assays as
well as isotopic-labelling experiments allowed shedding light on the main steps of
the TH reaction (Scheme 74). Indeed, the authors clearly demonstrated that the rate-
limiting step is the hydrogen transfer from the metal hydride to the substrate.
Furthermore, the occurrence of both the 1,2-addition (Scheme 74, bottom) and the
1,4-addition of hydrogen (Scheme 74, top) to the H-heterocycle was proved.

Also, Xiao and Catlow [240] have described the remarkable activity of κ2C,N-
iridacycles in reducing imino groups by TH with formic acid. In this case, based on a
combination of kinetic measurements, crystallographic studies and DFT calcula-
tions, the metal hydride route depicted in Scheme 75 was proposed, pointing out that
the rate-limiting step is the hydride formation rather than the hydrogen transfer to the
protonated substrate.

Stirling [241] reported the ATH of imines using formic acid as the hydrogen
source (in the presence of NEt3) using an iridium CATHy catalyst (Scheme 76). On
one hand, under the experimental conditions, the imine is expected to be protonated
rendering the iminium ion, and, on the other one, the observed KIEs as well as the
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rate profiles point out that the order of the transfer hydrogenation kinetics of the
iminium ion depends on the enantioface of the iminium implied in the hydride
transfer, being first order when the R enantiomer is formed and zero order for the
S enantiomer. On this background, one catalytic species could be operative for the

Scheme 74 Catalytic cycle proposed by Xiao [212] for the TH of N-heterocycles: 1,4-addition
(top), 1,2-addition (bottom)
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formation of the two enantiomers, but there should exist different rate-limiting steps
for each one, namely, the slow dissociation of the S enantiomer, leading to a cero
order kinetics, and the slow hydride transfer when the R enantiomer forms, leading to
a first order kinetics. Nonetheless, Stirling does not rule out the possibility that two
different catalytic species could form, each one leading to a different enantiomer
with its own activity.

Zhao and Lan [86] have investigated the ATH of imines catalysed by a chiral
Cp*Ir platform using different alcohols as the hydrogen donor, focusing, among
other things, on the influence of the hydrogen donor. In this study, the experimental
data support that the iridium alkoxide pathway (direct transfer) prevails over the
classical hydride pathway and that the external phosphoric acid cocatalyst is neces-
sary in order to activate the substrate (Scheme 77). As a confirmation, extensive DFT
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calculations nicely confirm that the activation barrier for the classical bifunctional
mechanism is higher than that calculated for the outer sphere hydrogen transfer from
the alkoxide moiety to the iminium ion (stabilised by a hydrogen-bonded phosphate
anion). In addition, the hydride route is discarded due to the significantly higher
barrier calculated for the formation of the hydride via either β-hydrogen elimination
in the alkoxide intermediate or transfer from the hydrogen source.

Iglesias and Oro [178] have explored the TH of both carbonyl compounds
and imines using 2-propanol as the hydrogen donor, catalysed by novel iridium
complexes containing an N-heterocyclic olefin (NHO) as the ligand. DFT cal-
culations indicate that the inner sphere metal hydride route is operative (Scheme 78,
cycle I). It is worth a mention that the proposed catalytic cycle only implies
iridium(I) complexes as the active species. In addition the NHO ligand plays a
crucial role switching between the coordination modes κ3C,P,P0 and κ2P,P0, thus
allowing the β-hydrogen elimination in the alkoxide intermediate and the insertion
of the substrate into the metal hydride bond. For the sake of comparison, the energy
profile of the inner sphere direct hydrogen transfer has also been computed
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(Scheme 78, cycle II), thus ruling out that this route could be operative under the
experimental conditions.

The TH of carbonyl compounds, imines and alkenes with a family of
triazolylidene iridium complexes (Scheme 79) has been studied by Pámies, Albrecht
and Diéguez [155]. A combination of isotope-labelling experiments, KIE measure-
ments and Hammet parameter correlations reveals that the reaction takes place via a
monohydride route and that the turn-over limiting step is the hydride transfer from
the metal to the substrate.

More recently, in 2018 Huang [181] described a family of N,C,P pincer iridium
catalysts for the TH of alkenes, alkynes and heteroarenes using ethanol as the
hydrogen source. As for the TH of alkene, a thorough experimental and computa-
tional study shed light on the operating mechanism. A metal dihydride route is
proposed and remarkably the nature of the alkene determines the resting state of the
cycle. Indeed, strongly bound alkenes give rise to a square planar iridium(I) complex
(Scheme 80, A), whereas weakly bound alkenes lead to an unprecedented iridium
(III) hydride alkoxide as the resting state (Scheme 80, B). Both DFT data and
crystallographic studies reveal that this resting state contains two-hydrogen-bonded
ethanol molecules forming a six-member iridacycle.

In 2019, in a related study, Huang [182] delved into the application of P,C,N-
pincer iridium(III) complexes to the catalytic TH of alkynes to E-alkenes using
ethanol as the hydrogen source. Remarkably the authors make the most of a finely
balanced catalytic cycle in order to gain control over the selective hydrogenation of
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Scheme 79 Triazolylidene iridium complexes used as the catalysts for the TH of carbonyl groups,
imines and alkenes [155]

Scheme 80 Catalytic cycle for the TH of alkenes using ethanol as the hydrogen donor and an
iridium P,C,N pincer catalyst, proposed by Huang [181]

142 M. Pilar Lamata et al.



alkynes to E-alkenes. Crystallographic studies, KIE measurements and kinetic
studies reveal that a metal dihydride mechanism operates. As a matter of fact, the
dihydride intermediate is responsible for both the TH of alkyne to Z-alkene and the
following (fast) Z-E isomerization of the formed alkene. In addition, two crucial
resting states have been proposed for the formation of the Z-alkene, namely, the
iridium(I) alkyne complex C (Scheme 81) and the iridium(III) hydride alkoxide
derivative B stabilised by two-hydrogen-bonded ethanol molecules (Scheme 81b). It
is worth a mention that these two resting states differ in their colour and their relative
stability in the presence of the alkyne. Indeed, as long as the alkyne is present,
C forms, and the reaction mixture has a green colour. On the other hand, when the
full conversion of the alkyne is reached, the solution turns yellow as a result of the
formation of B.

In 2019, Sawamura and Iwai [194] have reported the use of 1,4-dioxane as the
hydrogen source in the TH of alkenes and alkyne catalysed by an in situ-generated
diphosphino iridium(I) catalyst. Isotopic-labelling tests and KIE measurements point
to a dihydride route (Scheme 82).
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Very recently Williams [242] described the TH of ketones catalysed by a family
of Cp*Ir derivatives using 2-propanol as the hydrogen donor (Scheme 83). Isotopic-
labelling experiments, KIE measurements and NMR kinetic studies allow the
authors to propose the occurrence of a single kinetically relevant step in which a
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concerted proton-hydride abstraction takes place in an associative event implying
two molecules of donor. Further synthetic studies and DFT calculations pointed out
that the active species should imply the pyridinyl ligand acting as a non-innocent
platform.

10 Conclusions

Although the first examples of TH date back to the first quarter of the twentieth
century, the systematic development of this methodology started in the early 1970s.
Despite the inherent advantage that the use of a sacrificial hydrogen donor presents
over the employ of hazardous molecular hydrogen, the good results that were
obtained in hydrogenation placed TH as a non-competitive variant with respect to
H2-hydrogenation for the reduction of unsaturated substrates.

Two fundamental milestones changed the landscape of the TH in the 1990s. In
1991, Bäckwall, based on mechanistic proposals, introduced the use of bases as an
additive in TH reactions. Increases of several orders of magnitude in reaction rate
supported this innovation. In the second half of the 1990s, Noyori presented a new
catalytic system that meant a conceptual change in the mechanism of TH reactions
and allowed almost perfect enantioselectivities to be achieved. These events gave
rise to an explosive and fruitful development of the area in which HT has become a
powerful and efficient alternative in the field of the reduction of unsaturated species.
Iridium catalysts have played a fundamental role in this process since, after ruthe-
nium catalysts, they have been the most widely used.

Most of the catalytic processes, including TH reactions, are carried out in organic
media. HT reactions in water can make the process cheaper and environmentally
more friendly. In this regard, some iridium catalysts show a high tolerance toward
water and acids. Therefore, they are appealing candidates to develop TH reactions in
water as a solvent and with formic acid as a hydrogen source.

Along with the search for more robust and efficient catalysts, the development of
environmentally benign catalytic systems is currently another key point. Iridium
catalysts have been shown to be compatible with the use of biomass-derived
compounds, such as glycerol or ethanol, as the solvents and the hydrogen donors
in TH reactions. Likewise, iridium-based catalysts have been successfully applied in
the transformation of this type of compounds into high added-value products.

Half-sandwich iridium compounds are among the most widely used as the
metallic part of metalloenzymes that have been successfully applied in TH reactions.
Artificial metalloenzymes have the unique characteristic of being able to be
improved both from a chemical and a genetic point of view. This feature provides
them with immense room for improvement in order to optimise them and obtain
catalysts with the desired capabilities. On the other hand, new anticancer strategies
associated with the use of NADH or NAD(P)H as hydrogen donor in TH reactions
mediated by iridium complexes have also been developed.
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Nowadays, the field of HT has a solid and proven mechanistic basis that allows
for the design, development and optimization of new catalytic systems to tackle new
issues, fulfilling efficiency and sustainability criteria, with a high possibility of
success.

In summary, TH affords an effective alternative for the reduction of unsaturated
substrates, and the last 5 years has witnessed great efforts to develop iridium
catalysts for this purpose. In particular, iridium catalysts have substantially contrib-
uted to the development of green and sustainable as well as new anticancer strategies
associated with TH processes. Without a doubt, in the coming years, in this rapidly
evolving area, there will be interesting findings for both academia and industry.
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Abstract In this chapter, we describe the development in homogeneous
Ir-catalyzed asymmetric hydrogenation with particular emphasis on the achieve-
ments made during the last 10 years. We also present their application to the
synthesis of complex molecules. The first section deals with the hydrogenation of
unfunctionalized olefins or with poorly coordinative groups. The second section
includes the advances made in the hydrogenation of functionalized olefins. The last
two sections cover the hydrogenation of imines and ketones, respectively.
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1 Introduction

Metal-catalyzed asymmetric hydrogenation (AH) offers some of the most sustain-
able and straightforward reactions for producing pharmaceuticals, flavors, fra-
grances, agrochemicals, and fine chemicals due to its perfect atom economy and
operational simplicity [1–5]. It is estimated that around 10% of all chemical steps in
the synthesis of these compounds are hydrogenations. Despite the extensive research
dedicated to the asymmetric hydrogenation and the important progress reached,
some issues still need to be solved. Most catalysts only work with a limited number
of substrates, and each type of substrates needs a specific catalyst for optimal
enantioselectivity. For example, the asymmetric hydrogenation of functionalized
alkenes is mostly carried out by Ru- and Rh-diphosphine catalysts (see, e.g., [6–9]),
while the asymmetric hydrogenation of unfunctionalized olefins or with poorly
coordinative groups is mainly carried out with Ir-P,N catalysts (for reviews, see
[10–15]). A broad substrate scope is desirable to reduce the time dedicated to ligand/
catalyst design and preparation. A desired additional condition is that the catalyst
family should be synthesized from available starting materials and be easy to handle.

The number and types of functionalized substrates have been remarkably
expanded, and their use is commonplace, as illustrated in the commercial production
of the Parkinson’s L-DOPA drug [16, 17], the broad-spectrum antibiotics
levofloxacin [18] and sitagliptin [19], and the pesticide (S)-metolachlor [20]. The
success of catalysts relies on the ability of the substrate to form a metal chelate
involving the double bond and a donor atom. Although the reduction of
functionalized olefins has been thoroughly studied for decades, there are some
substrate types that are still a challenge. Among them it can be found the cyclic
β-enamides, which have recently attracted attention because their hydrogenation
products are found in many pharmaceutically and biologically active products. Two
representative examples are rotigotine, used to treat Parkinson’s disease, and
alnespirone, a selective 5-HT1A receptor with antidepressant and anxiolytic prop-
erties [21–24]. In the last decade, it has been found that Ir-containing catalysts [25–
27] can be used in their reduction with results that surpass the most studied Rh- and
Ru-catalysts [28–38]. Other challenging substrates where Ir-catalysts have shown to
be superior or complementary to the Rh-/Ru-catalysts are unsaturated carboxylic
acids and nitroolefins, among others (see Sects. 3–5).

The absence of a coordinative group in the olefins makes their hydrogenation a
great challenge. So, compared to the AH of functionalized olefins, the reduction of
unfunctionalized alkenes or with poor coordinative groups is much less mature [10–
15]. The best catalysts have two characteristics in common: (1) they mainly contain
P,N-ligands [39–41] and (2) their optimal structure is highly dependent on the
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geometry and substitution pattern of the olefin [10–15]. The consequence is that for
each particular olefin type, a different ligand family needs to be developed. It is also
important to notice that catalysts have been developed in different grades for each
olefin substitution pattern. The most successful cases have been reported for trisub-
stituted olefins and, to a less extent, for disubstituted. The asymmetric hydrogenation
of tetrasubstituted unfunctionalized substrates is still underdeveloped.

In this book chapter, we describe the development in Ir-catalyzed asymmetric
hydrogenation with particular emphasis on the achievements made during the last
10 years. We also present their applications to the synthesis of complex molecules.
Most of the work has been devoted to the hydrogenation of nonfunctionalized olefins
or with poorly coordinative groups (Sect. 2), with significant advances in both
substrate scope and mechanistic studies. However, also notable advances have
been made in improving the catalytic performance in the reduction of relevant and
more challenging functionalized substrates, such as unsaturated carboxylic acids,
nitroolefins, cyclic β-enamides, imines, etc. (see Sects. 3–5).

2 Ir-Catalyzed Asymmetric Hydrogenation
of Unfunctionalized Olefins or with Poorly Coordinative
Groups

Among the most challenging substrates to date are the unfunctionalized olefins or
olefins with poorly coordinative groups [10–15]. A breakthrough in the hydrogena-
tion of this type of substrates came in 1997 when Pfaltz et al. used phosphine-
oxazoline PHOX ligands L1 (Fig. 1) to design [Ir(L1)(cod)]PF6 (cod ¼ 1,5-
cyclooctadiene), a chiral analogue of Crabtree’s catalyst ([Ir(py)(PCy3)(cod)]PF6)
that enantioselectively hydrogenated imines [42]. Although this catalyst also hydro-
genated unfunctionalized olefins highly enantioselectively, it was unstable to the
reaction conditions. Pfaltz and co-workers overcame this problem by changing the
catalyst anion to [(3,5-(F3C)2-C6H3)4B]

�([BArF]
�). The result was [Ir(L1)(cod)]

BArF (Fig. 1), an active, enantioselective, and stable catalyst library for olefin
hydrogenation. Despite this success, its scope was limited to mainly E-trisubstituted
olefins [43]. It was also seen that the optimal catalyst was highly dependent on the
geometry and substitution pattern of the olefin. This triggered the search for new
catalysts that would reach a wider substrate scope.

In this respect, Pfaltz group continued to develop new versions of the PHOX
complexes, modifying the ligand backbone, with the discovery of very efficient
ligand libraries [44–52]. Successive work incorporated pyridine and quinoline rings
instead of the oxazoline, which allowed the successful reduction of challenging
purely alkyl-substituted substrates in high ee [53–55]. A notable application was the
total synthesis of γ-tocopherol as a single diastereoisomer in 98% ee, controlling two
stereocenters in one reductive step (see below) [54]. The various developed ligands
also enabled the reduction of various type of substrates, such as allylic alcohols,
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α,β-unsaturated esters [56], furan derivatives [57], boronic esters [58], and
tetrasubstituted olefins [59].

Other groups also provided new successful ligand libraries, by modifying the
chiral backbone and by replacing either the P-group by a N-heterocyclic carbene
moiety or the oxazoline moiety by other N-donor groups (such as oxazole, thiazole,
and imidazole) and by O- and S-donor groups [14, 15, 60, 61]. All these modifica-
tions allow to further extend the substrate scope.

Concerning mechanistic aspects, although the mechanism of olefin hydrogena-
tion by Rh-catalysts is well understood, the mechanism when Ir-catalysts are used
has not been fully determined until recently. In this context, computational and
experimental research with P,N- and C,N- ligands have shown that the hydrogena-
tion of minimally functionalized olefins proceeds via an IrIII/IrV migratory-insertion/
reductive-elimination catalytic cycle (Fig. 2) [62–67]. Very recently, Pfaltz’s group,
based on mechanistic studies under hydrogenation conditions, was able to detect the
Ir(III) dihydride alkene intermediates responsible for the catalytic performance for
the first time [68]. They found that, similar to the classical Halpern mechanism for
asymmetric hydrogenation with Rh-catalysts, the minor intermediate, which is less
stable, is converted to the major product enantiomer.

In the next sections, we collect the catalytic results on the asymmetric hydroge-
nation of unfunctionalized olefins or with poorly coordinative groups.

61

Fig. 1 Selected Ir-catalyzed asymmetric hydrogenation results with [Ir(L1)(cod)]BArF
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2.1 Di- and Trisubstituted Unfunctionalized Olefins or
with Poorly Coordinative Groups

Aryl/alkyl trisubstituted alkenes have become the model substrates for evaluating the
efficiency of new catalytic systems. In general, the hydrogenation of 1,2-diarylalkenes
(i.e., trans α-methylstilbene) proceeded with higher enantioselectivities than
monoarylated ones (such as E-2-(4-methoxyphenyl)-2-butene) for which only a lim-
ited number of catalysts provided high enantioselectivities [10–15]. The geometry of
the olefin also affects the catalytic performance. Z-Trisubstituted olefins are usually
hydrogenated less enantioselectively than the related E-trisubstituted olefins. The
lower enantioselectivities can be mainly attributed to a Z/E isomerization process to
form the more stable E-alkene, which gives the opposite enantiomer of the hydroge-
nated product [10–15]. Z-2-(4-Methoxyphenyl)-2-butene and dihydronaphthalenes
(i.e., 7-methoxy-4-methyl-1,2-dihydronaphthalene) are frequently used to study the
ligand scope in the hydrogenation of Z-alkenes. Dihydronaphthalenes have recently
received much attention because the corresponding chiral tetraline motif is found in
numerous natural products [69]. Trialkyl substituted alkenes have been much less
studied. This is due in part to the difficulty in developing methods for ee determination
and also the lack of an aryl group that could direct the reaction via π-stacking
interaction between the substrate and the chiral catalyst. The best results have been
reported in the reduction of 1-methoxy-4-(3-methyl-pent-3-enyl)-benzene (ees up to
95%) [54].

Nowadays, Ir-catalysts have also been able to reduce olefins with a variety of
relevant poorly coordinative groups such as α,β-unsaturated esters, ketones, and
lactames and vinyl boronates, among others [10–15]. The effective hydrogenation of
such a range of olefins is of great importance since their reduced products are key
structural chiral units found in many high-value chemicals (e.g., α- and β-chiral
ketones and carboxylic acid derivatives are ubiquitous in natural products,

Fig. 2 IrIII/IrV catalytic cycle for the hydrogenation of minimally functionalized olefins
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fragrances, agrochemicals, and drugs). Substrate scope has also been extended to
1,1-diaryl or 1,1,2-triaryl substituted substrates (i.e., 1-(1,2-diphenyl-vinyl)-3,5-
dimethyl-benzene) and more recently to 1,4- and cyclic dienes (i.e., 1,5-dimethyl-
cyclohexa-1,4-diene), linear and cyclic sulfones, and alkyl fluorides, which are
present in several important drugs and natural products.

Unlike trisubstituted olefins, a large range of 1,1-disubstituted olefins have not
been successfully asymmetrically hydrogenated until very recently [10–15]. This is
because the catalyst has the added difficulty of controlling not only the face
selectivity coordination (only two substituents compared with the three of trisubsti-
tuted olefins, Scheme 1a) but also the isomerization of the olefins to form the more
stable E-trisubstituted substrates, which are hydrogenated to form the opposite
enantiomer (Scheme 1b).

Next we compile the most representative catalytic results in the hydrogenation of
di- and trisubstituted olefins organized by the type of ligands.

2.1.1 Phosphine-Oxazoline Ligands

Inspired by the work of Pfaltz et al. with PHOX ligands, many other phosphine-
oxazoline ligands have been developed. Künding, Pfaltz et al. reported a modifica-
tion in the oxazoline moiety with the phosphine-benzoxazine analogues L2 (Fig. 3,
R ¼ tBu, iPr) [46]. The enantioselectivities were lower than those recorded with
PHOX ligands. The presence of a bulky substituent, a tBu, at the oxazine group
provided good enantioselectivities for E-trisubstituted olefins (ees up to 89%),
except for trisubstituted allylic alcohols, but low for Z-trisubstituted olefins,
1,10-di- and tetrasubstituted olefins.

The rest of the new developments in the ligand design were based on modifica-
tions of the ligand backbone. Ligands L3 (Fig. 3, R1 ¼ Ph, o-Tol and R2 ¼Me, tBu,
1-Ad, CPh3), developed by Burgess et al., were applied in the hydrogenation of
several aryl-alkyl alkenes [70]. These ligands proved to be superior to the PHOX
ligands in the hydrogenation of Z-trisubstituted alkenes, while ees for E-trisubsti-
tuted alkenes were lower. The best enantioselectivities for Z-olefins were obtained

Scheme 1 Proposed reasons for the low enantioselectivities in the reduction of 1,10-disubstituted
olefins
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with a tBu group at the oxazoline and a diphenylphosphanyl group, while for E-olefins
a bis(o-tolyl)phosphanyl group was needed (ees up to 80%). A further modification of
ligands L3 was to introduce again the ortho-phenylene motif of the PHOX ligands.
New ligands L4 (Fig. 3, R1 ¼ Ph, Cy and R2 ¼ tBu, 1-Ad, CHPh2, 3,5-

tBu2-C6H3)
provided excellent results in the reduction of trans-α-methylstilbene derivatives and
trisubstituted α,β-unsaturated esters (ees up to 99%) [71]. Again bulky groups in
oxazoline and phosphine moieties were needed (R1 ¼ Cy; R2 ¼ tBu).

Later, Cozzi’s group developed ligands L5, in which the phenyl ring of the
PHOX ligands was replaced by a thiophene group (Fig. 3, R1 ¼ Ph, o-Tol, Cy and
R2¼ iPr, tBu) [72]. This modification also led to high enantioselectivities but only in
the hydrogenation of trans-α-methylstilbene (ees up to 99%). Hou et al. developed
phosphine-oxazoline ligands L6 in which the flat ortho-phenylene group in the
PHOX ligands was replaced by a benzyl group (Fig. 3, R1 ¼ Ph, o-Tol, p-Tol and
R2 ¼ Me, iPr, tBu) [73, 74]. These ligands allow to extend the type of substrates
successfully hydrogenated. High enantioselectivities were achieved with E-trisub-
stituted aryl-alkyl alkenes, allylic alcohols, and α,β-unsaturated esters and ketones
(ees up to 98%). The best enantioselectivities were obtained with an iPr oxazoline
group and a diphenylphosphanyl functionality.

Another modification was to introduce a ferrocenyl group (ligands L7, Fig. 3,
R2 ¼ Me, iPr, tBu, Ph, Bn). The best results were obtained with the ligand that
contains a small methyl substituent in the oxazoline group that proved to be superior
than PHOX in the Z-substrates (89% ee), while ees for E-alkenes were lower (ees up
to 89%) [75].

Fig. 3 Selected phosphine-oxazoline ligand libraries developed for the Ir-catalyzed asymmetric
hydrogenation of di- and trisubstituted olefins
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Pfaltz et al. also further modified PHOX ligands by replacing the ortho-phenylene
tether by a branched alkyl chain (ligands L8; Fig. 3, R1 ¼ Ph, o-Tol, Xyl and
R2 ¼ iPr, tBu, Bn) [69]. These ligands provided higher enantioselectivities in the
hydrogenation of trisubstituted E- and Z-aryl alkenes than the PHOX ligands (ees up
to 98%). The best results were achieved with the ligand that contains bulky sub-
stituents at both phosphine and oxazoline groups (R1 ¼ Xyl and R2 ¼ tBu). The
authors showed its applicability with the synthesis of (R)-7-demethyl-2-
methoxycalamenene, an antitumor natural product.

The spirocyclic phosphine-oxazoline ligands L9 (Fig. 3, R1 ¼ o-Tol, Ph and
R2 ¼ Ph, Bn) were also successfully used in the hydrogenation of α,β-unsaturated
Weinreb amides [76] and α,α0-bis(2-hydroxyarylidene) ketones [77].

Afterward, Zhang et al. developed phosphine-oxazoline ligands L10 with a
biphenyl backbone (Fig. 3, R1 ¼ Ph, 3,5-tBu2-C6H3, 3,5-

tBu2-4-MeO-C6H2 and
R2 ¼ iPr, tBu, Ph, Me) which successfully hydrogenated exocyclic α,β-unsaturated
carbonyl compounds (including ketones, lactones, and lactams) [78], 3-substituted
2,5-dihydropyrroles [79], and 2,5-dihydrothiophene 1,1-dioxides [79].

2.1.2 Aminophosphine-Oxazoline Ligands

Some aminophosphine-oxazoline ligands have also showed comparable high effi-
ciency than phosphine-oxazolines in the reduction of unfunctionalized olefins or
with poorly coordinative groups. In this context, Pfaltz et al. modified the PHOX
ligands by replacing the ortho-phenylene group by a pyrrole group leading to ligands
L11 (Fig. 4, R1 ¼ Ph, o-Tol, Cy and R2 ¼ iPr, tBu) [80]. Enantiomeric excesses
surpassed those previously obtained with the PHOX ligands, with ligands bearing a
bulky tert-butyl oxazoline substituent and either an ortho-tolyl or cyclohexyl
P-group. Nevertheless, the enantioselectivities for Z-trisubstituted olefins were not
above 80% ee. Then, Gilbertson et al. developed the proline-based aminophosphine-
oxazoline ligands L12 (Fig. 4, R1 ¼ Ph, o-Tol and R2¼ iPr, tBu), related to previous
ligands L11; however, they provided lower enantioselectivities [81]. The best result
was obtained with the ligand bearing a bulky tert-butyl oxazoline substituent.

Andersson et al. developed ligands L13 and L14 (Fig. 4, L13; R1 ¼ Ph, o-Tol,
Cy; R2¼H, tBu, Ph and R3¼H, Ph; and L14; R1¼ Ph; R2¼H, iPr, Ph and R3¼H,
iPr, Ph) [82–91]. Ligands L13, which are based on a rigid bicyclic backbone,
provided higher enantioselectivities than ligands L14, with a more flexible back-
bone. Ir/L13 catalyst (with R1 ¼ R2 ¼ R3 ¼ Ph) afforded, for first time, high
enantioselectivities in the hydrogenation of enol phosphinates [84, 85], vinylsilanes
[86], fluorinated olefins [87], vinyl boronates [88], α,β-unsaturated acyclic esters
[89], α,β-unsaturated lactones [90] and γ,γ-disubstituted and β,γ-disubstituted allylic
alcohols [91] (Fig. 5).
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2.1.3 Phosphinite-Oxazoline Ligands

It can be highlighted the family of phosphinite-oxazoline ligands L15 (Fig. 6,
R1 ¼ Ph, o-Tol, Cy; R2 ¼ tBu, Ph, ferrocenyl, 2-Naph; R3 ¼ H, Me, 3,5-Me2-
C6H3 and R

4¼Me, iPr, tBu, Bn), developed by Pfaltz et al. [47, 49, 92–94]. Ligands
L15 constitute one of the most privileged ligands for this process. They provided
excellent enantioselectivities in the reduction of a broad range of both E- and Z-
trisubstituted olefins, including α,β-unsaturated esters and for the first time, in a
limited range of more challenging terminal olefins as well as in the reduction of
1,10-disubstituted enamines (ees up to 99%, Fig. 7) [92–95]. More recently,
Ir-catalysts containing ligands L15 have also been successfully applied in the
reduction of α,β-unsaturated nitriles (ees up to 98%, Fig. 7) [94]. The best
enantioselectivities were achieved with ligands containing a methyl substituent at
R3, a benzyl substituent at R4, and a phenyl at R1. However, the appropriate
substituent at the oxazoline and the configuration of the carbon of R3 depend on

Fig. 4 Selected aminophosphine-oxazoline ligand libraries developed for the hydrogenation of di-
and trisubstituted olefins

Fig. 5 Representative hydrogenation results with Ir/L13 catalyst

Fig. 6 Selected phosphinite-oxazoline ligand libraries developed for hydrogenation of di- and
trisubstituted olefins
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the substrate to be hydrogenated. For E-trisubstituted olefins, ees are best with
ligands containing a Ph or a 3,5-Me2-Ph and a S-configuration, while for Z-olefins
the highest enantioselectivities were achieved using ligands with Ph and a R-
configuration. In addition, these catalysts work efficiently in propylene carbonate
as an environmentally friendly solvent, and this allowed the Ir-catalysts to be reused
maintaining the excellent enantioselectivities [96, 97]. Based on ligands L15, Pfaltz
group developed ligands L16 (Fig. 6, R1 ¼ Ph, o-Tol and R2 ¼ iPr, tBu) where the
alkyl chain is bonded in the C-2 instead of the C-4 of the oxazoline moiety,
which shifts the chirality from the alkyl chain to the oxazoline moiety [50, 75]. The
scope of these ligands is narrower than with the privileged phosphinite-oxazoline
ligands L15; however, they are complementary. Ligands L16 provided high
enantioselectivities for allylic alcohols and alkenes with heteroaromatic substituents.

Kazmeier et al. synthetized ligands L17 (Fig. 6) that provided excellent
enantioselectivities for linear and cyclic α,β-unsaturated ketones (ees up to
>99%) [95].

2.1.4 Phosphite-Oxazoline Ligands

Phosphite-containing ligands have shown to be particularly useful for asymmetric
catalysis. They have a greater resistance to oxidation than phosphines and
phosphinites, they are easily synthesized from readily available chiral alcohols,
and their modular constructions are easy (for reviews, see [98–100]). Despite this,
it was not until 1999 that a publication reported their use in the reduction of
unfunctionalized olefins using Ir-TADDOL-based phosphite-oxazoline catalysts
(L18, Fig. 8). However, their substrate scope and enantioselectivities were lower
than their related Ir-phosphinite/phosphine-oxazoline catalysts. Additionally, the use
of high pressures (100 bars) and high catalyst loadings (4 mol%) was required to
obtain full conversions [51].

Our group contributed to the asymmetric Ir-catalyzed hydrogenation of
unfunctionalized olefins with a new series of air-stable ligands that are applicable
to a wide variety of substrates (di- and trisubstituted). The key was the introduction
of a flexible biaryl phosphite group in the ligand. We first developed the pyranoside
phosphite-oxazoline ligand library L19 (Fig. 8, R ¼Me, iPr, tBu, Ph, Bn) synthetized

Fig. 7 Representative
catalytic hydrogenation
results with Ir/L15 catalyst
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from D-glucosamine, an inexpensive natural feedstock, that contains several biaryl
phosphite groups [67, 101, 102]. It was found that for enantioselectivities to be high,
the presence of bulky substituents in the biaryl phosphite group and less sterically
demanding substituents in the oxazoline moiety was required. Thus, it was possible
to identify two general ligands (L19c and L19e with R ¼ Ph) that provided high
enantioselectivities. For comparative purposes, the related phosphinite-oxazoline
analogues were also tested, but with lower success [102]. With ligands L19c and
L19e, high enantioselectivities and activities (ees up to >99%) in many trisubsti-
tuted olefins (25 examples, Fig. 9), even in the reduction of the more challenging Z-
isomers, could be reached and triarylsubstituted substrates, which provide an easy
entry point to diarylmethine chiral centers that are present in several important drugs
and natural products [103–106]. High enantioselectivities could also be achieved in
the reduction of many trisubstituted substrates with poorly coordinative groups, such
as α,β-unsaturated esters and ketones, vinylsilane, allylic alcohol, and acetates. Also,
it should be noted the excellent enantioselectivities obtained in the hydrogenation of
vinyl boronates (ees ranging from 92% to >99%). Their hydrogenation provides
chiral borane compounds, which are useful building blocks in organic synthesis
because the C-B bond can be readily converted to C-O, C-N, and C-C bonds with
retention of the chirality. Even more remarkable were the high enantioselectivities
obtained for the first time in the reduction of a broad range of 1,10-disubstituted
olefins (19 examples, Fig. 9). It was found that the Ir/19e system was robust against
variations in the electronic nature of the substrate aryl substituents (ees up to 99%).
Also high levels of enantioselectivity were obtained in the reduction of

Fig. 8 Selected phosphite-oxazoline ligand libraries developed for the Ir-catalyzed asymmetric
hydrogenation of di- and trisubstituted olefins
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heteroaromatic terminal olefins (ees up to 99%). Nevertheless, the
enantioselectivities were affected by the nature of the alkyl chain and diminished
in 1,10-diaryl alkenes due to an isomerization process.

With the aim of understanding the catalytic performance of Ir/L19 catalysts, a
DFT computational study was performed in collaboration with Norrby et al. [67]. It
was found that the preferred reaction path is an Ir(III/V) cycle with migratory
insertion of a hydride as the selectivity-determining step. In addition, the effect of
the ligand parameters could be rationalized by using a simple quadrant model
(Fig. 10), where the phenyl oxazoline’s substituent occupies the upper left quadrant
and one of the aryls of the biaryl phosphite moiety partly blocks the lower right
quadrant (Fig. 10a). The other two quadrants are free. The calculated structure had a
chiral pocket that fits perfectly E-olefins (Fig. 10b). This quadrant model also
explains the change of ligand (from L19e to L19c) to obtain a high enantioselectivity
in Z-olefins (Fig. 10c). Ligand L19c has bulky substituents in the para position,
which increases the dihedral angle of the biaryl group and results in lower occupancy
of the lower right quadrant than with ligand L19e. Therefore, the substituent in the
biphenyl group can tune the occupancy of the lower right quadrant, and therefore Z-
alkenes can also be successfully hydrogenated (Fig. 10c). The same explanation
accounts for the triaryl- and disubstituted substrates. In conclusion, the DFT studies
confirm that the flexibility of the biaryl phosphite group is a crucial parameter in the
achievement of high enantioselectivities for substrates with different geometries and
steric requirements.

Following this contribution comes the developments of new biaryl phosphite-
oxazoline ligand libraries with the aim to increase even further the range of sub-
strates successfully hydrogenated [27, 107–110]. Among them, we can highlight the
application of phosphite-oxazoline ligands (L20, Fig. 8) [107, 109], which were
inspired in one of the best families developed for this transformation (previous
ligands L15, Fig. 6) by replacing the phosphinite groups by several biaryl phosphite
moieties. Selecting the ligand parameters’ high enantioselectivities has been reported

Fig. 9 Representative
hydrogenation results with
Ir/L19c,e catalyst
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for trisubstituted olefins. Whereas Ir/L20g catalyst provided the best
enantioselectivities for linear and cyclic olefins and a α,β-unsaturated ester, the
best ees for the more demanding Z-isomers and allylic alcohol and acetate were
obtained with Ir/20a catalyst. This high catalytic performance was also extended to
the hydrogenation of the more challenging 1,10-disubstituted olefins (29 compounds,
Fig. 11), surpassing the previous family L19 and becoming one of the best catalysts
for the reduction of this type of substrates. High enantioselectivities were achieved in
a broad range of aryl-alkyl (ees up to >99%), even with substrates bearing decreas-
ingly sterically alkyl substituents, and heteroaromatic-alkyl (ees up to >99%)
olefins. These catalyst precursors also tolerate very well the presence of neighboring
polar groups. High enantioselectivities were achieved in the reduction of allylic
alcohols and an allylic silane. Interestingly, the reaction showed no loss of
enantioselectivity when dichloromethane was replaced by propylene carbonate.
In addition, the use of propylene carbonate allowed the catalysts to be recycled
up to five times by a simple two-phase extraction maintaining the excellent
enantioselectivities [107].

2.1.5 Phosphorus-Other Nitrogen Donor Ligands

In the recent years, the research has also focused on the design of ligands containing
more robust groups than oxazolines. A collection of the most representative
phosphorus-other nitrogen donor ligands will be next presented.

As an alternative to P-oxazoline ligands, pyridine-containing ligands have
attracted interest due to the robustness and the easy incorporation of pyridine

Fig. 11 Representative results achieved with Ir/L20 catalysts in the hydrogenation of 1,1-
0-disubstituted substrates

Fig. 10 Quadrant diagram describing the enantioselective substrate-ligand interactions
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group. Despite this, few pyridine-containing ligands have provided outstanding
results in terms of enantioselectivity and substrate versatility. For selected examples,
see Fig. 12 [53, 57, 111–123]. Among them, we can highlight the first pyridine-
containing ligand developed by Pfaltz et al. (phosphinite-pyridine ligands L21;
Fig. 12, R1 ¼ Ph, o-Tol, Cy, tBu and R2 ¼ Me, tBu, Ph, CPh3), which was
successfully used in a limited range of alkenes [57]. The performance was subse-
quently further improved by the same group introducing a more rigid chiral bicyclic
ligand backbone (ligands L22, Fig. 12, R1¼ Ph, o-Tol, Cy, tBu; R2¼H, Ph, Me and
R3 ¼ H, Me). This ligand family with high rigidity was successfully applied in
several kinds of trisubstituted olefins, including purely alkyl trisubstituted alkenes,
furans, and benzofurans as well as trisubstituted pinacol derivatives, α,β-unsaturated
lactones, and N-protected indoles [57, 114, 116, 117]. The enantioselectivity was
highest with a Ph substituent at the R2 and bulky substituents at the phosphinite
moiety (tBu or o-Tol). To obtain excellent enantiocontrol in the reduction of
7-methoxy-4-methyl-1,2-dihydronaphthalene, the introduction of a large aryl sub-
stituent at R2 (2,4,6-tri-Me-Ph) was needed. Its applicability was demonstrated in the
reduction of γ-tocotrienyl acetate to obtain γ-tocopherol, a principal component of
vitamin E [118], resulting in enantioselectivity >98% for the RRR enantiomer.
Another synthetic application can be found in the diastereo- and enantioselective
hydrogenation of farnesol stereoisomers. By changing the bond’s geometry, these
catalysts give access to the four stereoisomers of the product in high selectivity.

To benefit from the advantages of phosphite and pyridine moieties, our group
replaced in ligands L21 the phosphinite moieties by several biaryl phosphite groups
increasing even further the substrate scope (Fig. 12; ligands L23, R1¼H,Me, Br, Ph
and R2 ¼ Me, tBu, Ph) [122]. Excellent enantioselectivities (ees up to 99%) were
obtained in a wide range of E- and Z-trisubstituted alkenes, including more demand-
ing triarylsubstituted olefins and dihydronaphthalenes, and also terminal disubsti-
tuted olefins and alkenes containing neighboring polar groups.

Fig. 12 Most
representative P-pyridine
ligands for Ir-catalyzed
asymmetric hydrogenation
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Another interesting change in the nitrogen donor group is the replacement of the
oxazoline by imidazole, oxazole, thiazole, thiazoline, and sulfoximine [124] groups.
For selected examples, see Fig. 13. The first application was reported by Pfaltz et al.
with the phosphine-imidazole ligands L24 (Fig. 13, R1 ¼ Ph, o-Tol; R2 ¼ iPr, tBu
and R3 ¼ iPr, tBu, Cy, Ph, Bn, p-Tol) [48]. One advantage of the imidazoline group
over the oxazoline is the possibility to introduce a new substituent R3 at the nitrogen
that could serve as a linker to attach the ligand to a solid support. Ligands L24
provided better enantioselectivities in the hydrogenation of Z-trisubstituted olefins
(ees up to 88%) than PHOX ligands (ees up to 42%). The best results were achieved
with ligands containing bulky substituents at both R1 and R2 positions, while the
substituent at R3 had to be optimized for each substrate. Andersson group also
developed the phosphine-imidazole ligands L25 (Fig. 13, R1 ¼ Ph, o-Tol,
3,5-diMe-Ph) that gave high enantioselectivities for E-aryl/alkyl trisubstituted ole-
fins (ees up to 98%) [125, 126] and cyclic dienes (ee’s up to >99% for the trans
isomer) [127–129], but was only moderate in the reduction of Z-olefins (ees up to
72%) [126]. Interestingly, the hydrogenation of dienes was also found to be
regioselective, and by controlling the reaction conditions, selective hydrogenation
of one of the two trisubstituted olefins was achieved. In addition, trisubstituted
olefins were selectively hydrogenated in the presence of tetrasubstituted olefins.
Thus, enantioselectivities were best with ligand containing a bisphenylphosphanyl
group except for the reduction of trans-α-methylstilbene for which a bis-(o-tolyl)
phosphanyl group was needed. More recently, they also showed its applicability in
the enantioconvergent formal deoxygenation of racemic alcohols (Fig. 13). This
methodology was successfully used in the total synthesis of antidepressant sertraline
and σ2 receptor PB [75] [35j].

Several classes of other P,N-ligands have been developed by Andersson et al.
(Fig. 13, ligands L26-L29; R1 ¼ Ph, o-Tol . . . and R2 ¼ Ph, tBu . . .). The
investigation of different bicyclic heteroaromatic rings led to highly enantioselective
iridium catalysts containing oxazoles [69] and thiazoles [70] (Fig. 13). These
catalysts perform excellently on the typically tested trisubstituted nonfunctionalized
olefins and also allow extending the substrate scope to vinyl allylsilanes [86],

Fig. 13 Most representative P-other N-donor ligands for Ir-catalyzed asymmetric hydrogenation
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fluorinated olefins [87, 126, 130], vinyl boronates [88], enol phosphinates [84], and
E- and Z-chiral sulfones [131, 132], allylic alcohols [90, 133], and the
monohydrogenation of 1,4-dienes [134]. Among the hydrogenation of dienes,
many purely alkyl-substituted were successfully hydrogenated (ees up to 99%). In
addition, they are able to selectively hydrogenate only one of the double bonds,
leaving room for further synthetic manipulations. In this respect, Andersson’s group
use this methodology for the total synthesis of (-)-juvabione, a natural sesquiterpene
exhibiting juvenile hormone activity using Ir/L28 catalyst [135].

Another interesting example of ligand design was the phosphite-thiazoline ligand
L30 (Fig. 13), in which the oxazoline group in ligands L20 was replaced by a
thiazoline moiety. The introduction of a thiazoline moiety has not only provided
enantioselectivities up to >99% for a range of α,β-unsaturated ketones, vinylsilane,
and trifluoromethyl olefins but also has increased the enantioselectivities of
Z-trisubstituted olefins while maintaining the excellent enantioselectivities for a
range of E-trisubstituted and 1,1-disubstituted minimally functionalized olefins [136].

2.1.6 Carbene-Nitrogen Ligands

Another type of effective catalysts is the Ir/carbene-nitrogen complexes. An impor-
tant advantage of N-heterocyclic carbene (NHC) catalysts compared to their phos-
phine analogues concerns their better tolerance for acid-sensitive substrates. In 2001,
Burgess’ group reported for the first time that NHC-oxazoline-based Ir-catalysts
(ligand L31, Fig. 14, R1 ¼ 2,6-iPr2-Ph and R2 ¼ 1-Ad) can also be applied in the
hydrogenation of unfunctionalized olefins with results comparable to the commonly
used Ir-P,N catalysts [137, 138]. These catalysts afforded high enantioselectivities
(up to 98% ee) in a limited group of unfunctionalized olefins, mainly trisubstituted,
and for the more challenging disubstituted olefins, only one example was reported
with low enantioselectivity. Since then, a few more carbene-N ligands have been
developed but with less success [139–143], except for the family of Ir-NHC-pyridine
catalysts [144] developed by Pfaltz’s group (with ligands L32, Fig. 14, R ¼ 2,6-
diisopropylbenzene) that showed similar enantioselectivities to the Burgess ones.
So, high enantioselectivities (>90% ee) were observed, even for Z-trisubstituted
(94% ee) and endocyclic substrates (96% ee).

2.1.7 Application of P-O/S Ligands

In contrast to other catalytic processes and to the Rh-/Ru-hydrogenation, for the
reduction of unfunctionalized olefins, the possibility of changing the nature of the
N-donor atom in the ligand design of heterodonor ligands was not contemplated
until recently. In 2011, Pfaltz successfully reported the application of proline-based
P,O ligands L33 in the asymmetric hydrogenation of trisubstituted alkenes (Fig. 15,
R1 ¼ Ph, tBu, Cy, o-Tol and R2 ¼ tBu, 1-Ad, CPh3, 1Ad-NH, MesNH, CPh3NH)
[145–147]. Phosphines bearing either a bulky amide or urea groups at the pyrrolidine
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N-atom formed efficient Ir-catalysts for the asymmetric hydrogenation of several
minimally functionalized olefins (ees up to 99%).

At the same time, our group reported the application of a highly modular
furanoside phosphite-thioether ligand library (ligands L34, Fig. 15) [148, 149]. By
selecting the ligand components in these furanoside-based ligands (position of the
thioether group at either C-5 or C-3 of the furanoside backbone, the configuration of
C-3, the thioether substituent, and the substituents/configuration in the biaryl phos-
phite moiety), we found that the best enantioselectivities were obtained using ligands
with a 5-deoxy-ribofuranoside backbone L34. Excellent enantioselectivities were
obtained (ees up to 99%) in the reduction of a range of trisubstituted alkenes,
including relevant examples with poorly coordinative groups (such as α,-
β-unsaturated esters and vinyl boronates). The results are comparable to the best
ones reported in the literature except for the hydrogenation of 1,10-disubstituted aryl/
alkyl olefins. For this substrate class, our results indicated that enantioselectivity is
dependent on the nature of the alkyl substrate substituent and much less affected by
the electronic nature of the aryl ring. This has been attributed to an isomerization
process that was supported by the fact that the hydrogenation of substrates bearing a
tert-butyl group, for which isomerization cannot occur, provides high levels of
enantioselectivity (ees up to 98%). We also studied the effect on catalytic perfor-
mance of introducing either phosphinite or phosphine moieties with lower success.

Since then, several other P-thioether ligands have been developed [150–152]. From
them, we can highlight the modular phosphite/phosphinite-thioether ligand library
L35 (Fig. 15; R1 ¼ Ph, Tol, Cy, Mes; R2 ¼ Ph, 2,6-Me2-Ph, 4-MeOPh, 2-Naph, tBu,
Ad, Cy; R3 ¼ Me, Tr, Mes). In a simple three-step procedure, several ligand
parameters were easily tuned to maximize the enantioselectivities for each substrate

Fig. 14 Selected P-carbene ligands for Ir-catalyzed hydrogenation of olefins

Fig. 15 Selected P-O/S ligands for the Ir-catalyzed hydrogenation of olefins
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(ees up to 99% in 43 hydrogenated products, Fig. 16) [153]. In contrast to the
furanoside-based ligands mentioned above (L34), the best enantioselectivities were
obtained with the phosphinite-S ligands, while results achieved with the phosphite-S
analogues were less optimal. The crystal structures of the Ir-catalyst precursors
indicate an equatorial disposition of the thioether group for the phosphite-based
ligands, while an axial disposition of the thioether group is found in the analogues
phosphinite ligands. The modularity of the ligands together with DFT studies were
crucial to find which ligand parameters could be modified to generate more selective
catalysts. In this respect, the use of a bulky mesityl group instead of a phenyl group in
the ligand backbone improved enantioselectivity. With catalyst Ir/L35, with R1¼ Tol,
R2 ¼ 2,6-Me2-Ph, and R

3 ¼Me, excellent enantioselectivities (ees up to>99%) were
recorded for many trisubstituted olefins, including olefins with relevant neighboring
polar groups such as α,β-unsaturated esters, ketones, vinyl boronates, and allylic
alcohols (Fig. 16). High enantioselectivities were also achieved in the hydrogenation
of 1,10-disubstituted alkenes. Excellent enantioselectivities were also maintained by
using propylene carbonate as an environmentally benign solvent, which allowed the
Ir-catalyst to be reused up to three times. DFT studies also confirmed that the preferred
reaction path is an IrIII/IrV cycle where the selectivity-determining step is the migratory
insertion of a hydride. DFT results also allowed the formulation of a quadrant model
which explains the effect of the ligand parameters on selectivities. In this quadrant
model, the thioether substituent occupies the upper left quadrant, and one of the
P-substituents partly occupies the lower right quadrant, while the other two quadrants
are free. This explains the high enantioselectivities obtained with the DFT-optimized
guided design of thioether-phosphinite ligands in the reductions of (E)-olefins. In the
case of the analogous phosphite-thioether ligands, the upper left quadrant is not
enough blocked due to the equatorial disposition of the thioether group, which
explains that they provided lower enantioselectivities than the related phosphinites.

Fig. 16 Representative
hydrogenation results with
Ir/L35 catalysts
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2.2 Tetrasubstituted Unfunctionalized Olefins or with Poorly
Coordinative Groups

Despite the advances during the last 10 years in the asymmetric hydrogenation of
unfunctionalized olefins with the development of ligand libraries that allowed a
significant increase in the range of substrates that can been successfully hydroge-
nated, the reduction of tetrasubstituted olefins remains a challenge. The range of
such substrates that can be efficiently hydrogenated is still narrow [154].

In 1999, Buchwald’s group reported the first successful asymmetric hydro-
genation of tetrasubstituted unfunctionalized olefins [155]. Although high
enantioselectivities were achieved for substituted indenes using the zirconocene
catalyst 1 (Fig. 17; ee’s in the range 52–99%), the high catalyst loading (8 mol%),
the high H2 pressure (typically >110 bar), and the low stability of the catalyst
hampered their broad use. Much more recently, Zhang’s group reported a
Rh-catalyst 2 (Fig. 17), containing a P-stereogenic diphosphine ligand synthesized
in nine steps that provided 85–95% ees in the reduction of some indenes [156]. But it
still required high catalyst loading (10 mol%), 60 �C, and longer reaction times
(4 days). Again, Pfaltz’s group made an important breakthrough in this field. In
2007, they found that the stability and/or the harsh reaction condition issues of the
Zr/Rh-catalysts can be overcome with Ir/P,N catalysts. Another important finding
was that the optimum ligand structures for tri- and tetrasubstituted olefins differed
strongly [59]. Using Ir-catalysts 3 (Fig. 17), containing ligands that form a

Fig. 17 Representative catalysts for the Ir-catalyzed hydrogenation of tetrasubstituted olefins
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5-membered chelate ring, a wide range of indenes were hydrogenated with ees in the
range of 94–96%, under milder reaction conditions and low catalyst loading (typi-
cally 1–2 mol%). Nevertheless, ees diminished for noncyclic olefins and for
1,2-dihydro-napthalenes (ees between 89 and 97% and up to 77%, respectively). It
should be mentioned that these catalysts provided low enantioselectivities in the
hydrogenation of trisubstituted olefins.

This finding prompted the interest in the design of new specific ligands for
Ir-hydrogenation of unfunctionalized tetrasubstituted olefins. In 2013, Busacca’s
group found that the Ir-catalyst 4 could hydrogenate two cyclic substrates with ees
up to 96% at low catalyst loading. An inconvenience was that low temperature (0 �C)
was required [157].

Several more successful reports have appeared in the last few years. Notably,
Andersson’s group showed the efficient asymmetric hydrogenation of the challeng-
ing acyclic tetrasubstituted olefins. They successfully hydrogenated a broad range of
tetrasubstituted vinyl fluorides using one of their privileged Ir-P,N catalysts for the
reduction of trisubstituted olefins, with a small modification in the P-group (ligand
L29 with R1 ¼ o-EtPh; R2 ¼ iPr, see above Fig. 13) [158]. The challenge of these
substrates is that the catalyst must not only control de face selectivity but also avoid
the side defluorination reaction. Advantageously, the reaction proceeded smoothly
without defluorination in high diastereo- and enantioselectivities. Various aromatic,
aliphatic, and heterocyclic systems with a variety of functional groups were effi-
ciently hydrogenated. The successful asymmetric hydrogenation of these substrates
opens up a direct, atom-efficient path to synthesize chiral fluorine molecules with
two contiguous stereogenic centers. However, the catalyst was not successful for
other classes of cyclic and acyclic tetrasubstituted olefins and also required the use of
high H2 pressure (20–100 bar).

Our group in collaboration with Riera’s group reported the application of an Ir/P-
stereogenic aminophosphine-oxazoline catalyst library L36 (Fig. 18, R ¼ Ph, iPr,
tBu), with a simple, modular architecture, in the asymmetric hydrogenation of a
broad range of different types of unfunctionalized tetrasubstituted olefins
[159]. Improving previous results reported until now, the same family of catalysts
is able to efficiently reduce indenes and the challenging 1,2-dihydro-napthalene
derivatives (ees up to 96%) and also a broad range of the elusive acyclic olefins
with enantioselectivities up to 99% under mild reaction conditions. Moreover, the
excellent catalytic performance is maintained for a range of aryl and alkyl vinyl
fluorides (drs > 99% and ees up to 98%), where two vicinal stereogenic centers are
created.

Then, by substitution of the aminophosphine group by simple readily available
phosphinite groups (Ir/L37 catalyst, R1 ¼ Ph, o-Tol, Cy; R2 ¼ Ph, iPr, tBu,
Fig. 18), we could also efficiently reduce many unfunctionalized tetrasubstituted
olefins (ees up to 98%) under mild reaction conditions [27]. It should be noted that
the more rigid the tetrasubstituted olefin is, the less bulky phosphinite moieties are
required to reach the maximum enantioselectivity. For the more rigid cyclic indene
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derivatives, the best catalytic performance is therefore reached with the
phosphinite-based ligand with Ph phosphinite substituent, while for the less rigid
cyclic substrate, the phosphinite ligand with a bulkier o-tolyl group is needed.
Finally, the even less rigid acyclic substrates require the ligand with the bulkiest
cyclohexyl phosphinite group. Even more interestingly, maintaining the same
skeleton of the ligand by simply changing the phosphinite functionality by the
right phosphite group (ligands L37a-c, Fig. 19), we could also efficiently reduce
many unfunctionalized tri- and disubstituted olefins (ees up to 98%, Fig. 19). In
summary, from a common simple skeleton, the correct choice of either phosphite
or phosphinite groups gives for the first time ligands that are suitable for di-, tri-,
and tetrasubstituted unfunctionalized substrates and also for cyclic β-enamides
(62 examples, with ees up to 99%).

A notable last contribution is the identification of an Ir-catalyst that is able to
successfully hydrogenate a very broad range of diverse acyclic unfunctionalized
tetrasubstituted olefins (around 30 examples) [160]. A first parallel screening of a set
of 34 different Ir-catalysts found previous Ir-catalyst 3 (Fig. 17, R1 ¼ o-Tol;
R2 ¼ iPr) to be the best candidate. A subsequent optimization of its structure
(phosphine and oxazoline substituent) identified 3 with R1 ¼ Cy and R2 ¼ 3,5-
bis-tBu-Ph as the optimal catalyst.

3 Ir-Catalyzed Asymmetric Hydrogenation of Olefins
Containing Coordinating Groups

As already mentioned, the hydrogenation of olefins with strongly coordinating
groups has been predominantly performed using Rh- or Ru-catalysts bearing
chiral diphosphine ligands. They still constitute the optimal choice for the synthe-
sis of optically active α-amino acids and many pharmaceutically relevant com-
pounds. Nowadays, excellent enantioselectivities can be achieved for N-acyl
α-dehydroamino acid derivatives, enamides and acrylates or itaconates, among

Fig. 18 Selected catalytic
results obtained with
Ir/L36–L37 catalysts in the
reduction of tetrasubstituted
olefins
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others [6–9]. However, in the last decade, Ir-based catalysts appear as a good
alternative in the reduction of challenging functionalized olefins, providing higher
catalytic performance than the Rh- and Ru-catalysts. In this respect, we next show
the improved catalytic performance in the reduction of carboxylic acids and
nitroolefins using Ir-catalyst. Chiral carboxylic acids are important intermediates
for the preparation of biologically active compounds ([161], for a review, see
[162]; for selected examples, see [163–166]). On the other hand, enantiomerically
pure nitroalkanes can be easily converted to other versatile building blocks, such as
amines, aldehydes, carboxylic acids, nitrile oxides, and denitrated compounds
[167, 168].

3.1 Ir-Catalyzed Asymmetric Hydrogenation of Carboxylic
Acids

Although only few Ir-catalysts have been studied for this transformation, they have
allowed to overcome the limitations of most studied Rh- and Ru-catalysts. Indeed,
most of the reported Rh- and Ru-catalysts showed a scope limited to acrylic and
cinnamic acids, and especially with Ru-catalysts, high pressures and catalyst load-
ings are usually needed [6–9]. Scrivanti and co-workers explored for the first time
the Ir-PHOX catalyst in the hydrogenation of 2-phenethylacrylic acid, recording
enantioselectivities not higher than 81% ee [169]. Later, Burgess applied a chiral
N-heterocyclic carbene-oxazoline L31 (Fig. 14) in the hydrogenation of tiglic acid

Fig. 19 Selected results obtained with phosphite-oxazoline of ligands L37a–c in the Ir-catalyzed
hydrogenation of di- and trisubstituted olefins
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with only 55% ee [170]. The inefficiency of these iridium catalysts was partly
attributed to their tendency to aggregate into inactive trimers under a hydrogen
atmosphere [171].

Zhou et al. showed for the first time that Ir-catalysts, the spiro phosphine-
oxazoline (SIPHOX) Ir-catalysts (Fig. 20a) [172], could efficiently hydrogenate
unsaturated carboxylic acids with the presence of a base [173]. The addition of a
base results in the formation of a carboxylate anion, which act as a strong coordi-
nating group. Under mild reaction conditions, excellent yields (90–97%) and
enantioselectivities (96�>99% ee) could be achieved for a broad range of
α-aryloxy- and α-alkyloxy-substituted α,β-unsaturated acids, with TONs up to
10,000 (Fig. 20a). It was found that the best catalysts contained a ligand with a
bulky P-aryl group (Ar ¼ 3,5-tBu2Ph), which was the best choice for most of the
substrates studied afterward. The hydrogenation protocol was efficiently used for the
preparation of α-benzyloxy-carboxylic acid, a key intermediate in the syntheses of
the rhinovirus protease inhibitor rupintrivir (Fig. 20b) [174]. In contrast to previous
Ir-catalysts, the rigidity and bulkiness of the spiro scaffold on SIPHOX ligands
seemed to prevent the Ir-catalysts to trimerize under hydrogenation conditions. The
authors also found that while Ir-SIPHOX catalysts were not effective for the
hydrogenation of α,β-unsaturated esters [175], the Ir-PHOX analogue did provide
excellent enantioselectivities [11]. Thus, both catalyst types have complementary
substrate scope.

Fig. 20 (a) Ir-SIPHOX catalysts and their application in the asymmetric hydrogenation of α-alkyl,
α-aryloxy-, and α-alkyloxy-substituted α,β-unsaturated carboxylic acids. (b) Synthesis of
rupintrivir, a rhinovirus protease inhibitor
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With the use of Ir-SIPHOX catalysts, Zhou and co-workers have largely
unblocked the amount of unsaturated carboxylic acid derivatives that can be hydro-
genated enantioselectively [175, 176] and for which Rh- and Ru-catalysts showed no
success. Thus, they further expanded its application to the reduction of other
trisubstituted α,β-unsaturated carboxylic acids, such as α-aryl- and α-oxymethyl-
substituted cinnamic acids (Fig. 21). The hydrogenation of both types of substrates
were used as a key step for the total synthesis of two natural products. Thus, the
enantioselective reduction of α-arylcinnamic acid (Ar1 ¼ 2,4-(MeO)2Ph, Ar

2 ¼ 4-
MeOPh) [177] and α-oxymethylcinnamic acid (Ar ¼ 4-MeOPh, R ¼ 3,4-(OCH2O)
Ph) was used for preparing (S)-equol and (S)-(+)-homoisoflavone [178]. Similarly, a
range of N- and O-heterocycles of different ring sizes could be also hydrogenated
with enantioselectivities ranging from 89 to 99% ee (Fig. 21). The methodol-
ogy allowed the direct preparation of (R)-nipecotic acid and (R)-tiagabine in excel-
lent yields and enantioselectivities [179]. Again, with a ligand containing a
3,5-tBu2Ph substituent in the phosphine, a range of tetrasubstituted acrylic acids
with α-aryl, α-alkyl, α-aryloxy, or α-alkyloxy substituents were reduced in high
enantioselectivities (90–99%) (Fig. 21). It should be noted that some of the hydroge-
nated products are key intermediates of chiral drugs, such as mibefradil and
fenvalerate [180].

The excellent results of spiro phosphine-oxazoline ligands (SIPHOX) are not
only limited to α,β-unsaturated acids. The authors also explored the reduction of
several β,γ-unsaturated acids, which gives access to molecules with a chiral center at
the γ-position. A range of 4-alkyl-4-aryl-3-butenoic acids could be hydrogenated in
up to 97% ee with a ligand containing an α-naphthylmethyl group on the oxazoline
ring and a 3,5-Me2Ph as a phosphine substituent (Fig. 22). With this asymmetric
hydrogenation as the key step, the concise total syntheses of the natural products (R)-
aristelegone-A, (R)-curcumene, and (R)-xanthorrhizol were accomplished [181]. It
should be noted that β,γ-unsaturated ester (E)-methyl 4-phenylpent-3-enoate was
inert under hydrogenation conditions, thus indicating that the functional carboxy
group is crucial for the reaction by acting as a directing group. The use of a carboxy
directing group was also extended to the hydrogenation of terminal 1,1-dialkyl,
1,1-diaryl and 1-aryl-1-alkyl γ,δ-unsaturated acids (Fig. 22, ees up to 99%)
[182, 183]. This strategy is particularly useful for the reduction of 1,1-diaryl and
1,1-dialkylethenes, in which most of the catalysts fail in differentiating the Re- and
Si-faces due to the similarity on size of both substituents of the olefin. In addition, it
was shown that the directing carboxy group on these substrates can be subsequently

Fig. 21 Ir-catalyzed asymmetric hydrogenation of trisubstituted α,β-unsaturated carboxylic acids
and acrylic acids with SIPHOX ligands
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removed or easily transformed to other useful functional groups if desired [182]. A
range of α-alkyl-α-aryl terminal olefins were also reduced in excellent
enantioselectivities (98–>99%; Fig. 22), yielding valuable compounds with a chiral
benzylmethyl center. The developed hydrogenation process was also used as a key
step for preparing (S)-curcudiol and (S)-curcumene in excellent enantioselectivities
and overall yields [183]. Finally, the authors further confirmed the role of the
carboxylate moiety as a directing group by showing that when no free carboxylic
acid was present or no basic conditions were used, the reaction didn’t proceed
[182]. Moreover, it was found that for substrates having an extra C¼C double
bond in the alkyl side chain, the presence of the carboxy directing group makes
the reaction chemoselective toward the α-alkyl-α-aryl double bond (Fig. 22), even
when the additional double bond was placed in the terminal position [183].

As found with Rh- and Ru-catalysts, the Ir-SIPHOX catalysts showed unsatis-
factory results for the hydrogenation of 2-substituted α-arylacrylic acids. To over-
come this limitation, Zhou and co-workers developed a new series of spiro P,
N-ligands (SpiroBAP), with a benzylamino moiety instead of the oxazoline group
(Fig. 23a). The new generation of ligands exhibited extremely high reaction rates
(TOFs up to 6,000 h�1) and excellent enantioselectivities (94–98% ee) in the
reduction of α-aryl and α-alkyl acrylic acids to the corresponding chiral carboxylic
acids, including ibuprofen, naproxen, and flurbiprofen, which are widely used
nonsteroidal anti-inflammatory drugs (Fig. 23a). As for SIPHOX ligands, ligands
with a bulky P-aryl group (Ar ¼ 3,5-tBu2Ph) gave the best catalytic results [184].

Zhou et al. have also recently developed a neutral version of spiro-based
Ir-catalysts (Ir-SpiroCAP, Fig. 23b), by replacing the oxazoline moiety on SIPHOX
ligands by an anionic carboxy group. The resulting Ir-complexes do not require the
use of a tetrakis[3,5-bis(tri-fluoromethyl)phenyl]borate (BArF

�) counterion, which
is necessary for stabilizing chiral cationic Crabtree-type catalysts, while remaining
highly stable for a long time in air. These new generations of catalysts exhibited an
unprecedented high enantioselectivity (up to >99% ee) in the hydrogenation of the
challenging 3-alkyl-3-methylenepropionic acids (Fig. 23b). To demonstrate its
potential application in organic synthesis, the synthesis of (S)-14-methyloctadec-1-
en, a female sex pheromone of the peach leaf miner moth (Lyonetia clerkella), was
carried out. The new catalysts were also effective (ees up to 99.4%) in the reduction
of other α-methyl cinnamic acid, tiglic acid, and α-substituted acrylic acids, among
others [176].

Fig. 22 Ir-catalyzed asymmetric hydrogenation of β,γ-unsaturated acids and γ,δ-unsaturated acids
using SIPHOX ligands
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The authors also performed a mechanistic study including DFT studies that
strongly supported an Ir(III)/Ir(V) cycle. The high stability of the chiral spiro-
iridium catalysts under reaction conditions [172] allowed the trapping of the active
intermediates and facilitated the mechanistic study [185]. To mimic the basic
conditions used in the hydrogenation reactions, the authors used sodium (E)-2-
methyl-3-phenyl acrylate as a model substrate. The isolation of the monohydride
intermediate 5 (Fig. 24), resulting from the migratory insertion of 6 (Fig. 24), was
key to understand the mechanism. Dimeric species 7 and 8 (Fig. 24), which are
off-cycle species, were also isolated and characterized by X-ray diffraction. Both
dinuclear intermediates have the carboxy group acting as a bridge of the two
Ir-centers. The isolation of intermediates 5–8 confirms the coordination of carboxy
group to Ir when the reaction is performed under basic conditions. It should be noted
that in contrast to Ir-hydrogenation of unfunctionalized olefins, the Ir-dihydride
olefin complex 5 can undergo migratory insertion in the absence of H2 [68]. This
mechanistic divergence could indicate that the mechanism of Ir-catalyzed hydroge-
nation of alkenes may vary depending on the type of substrate and/or catalyst.

Two other Ir-catalysts have been studied for this transformation. Already in 2010,
Ding et al. tested the spiro-based P,N-ligands L9 (Fig. 3) in the reduction of
α-aryl-β-substituted acrylic acids. Enantioselectivities up to 96% ee were achieved,
leading to the production of a series of biologically interesting carboxylic acids, such
as those containing a β-tetrahydro-2H-pyran-4-yl moiety [186]. These ligands were
also applied in the hydrogenation of (E)-2-(hydroxymethyl)-3-arylacrylic acids in
good-to-high enantioselectivities (Fig. 25a) [187].

Fig. 23 Ir-catalyzed asymmetric hydrogenation of (a) α-substituted acrylic acids using a SpiroBAP
ligand and (b) 3-alkyl-3-methylenepropionic acids with Ir/SpiroCAP catalysts

Fig. 24 Structures of isolated intermediates 5–8 in the model reaction of sodium (E)-2-methyl-3-
phenyl acrylate with the Ir-SIPHOX catalyst (Ar ¼ 3,5-tBu2Ph, R ¼ H)
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Recently Zhang et al. reported the application of the phosphine-oxazoline ligands
L38 (Fig. 6b), with a biphenyl moiety, which has the advantage of a simple synthesis
from the readily available (S)-(+)-2-phenylglycinol. Ir/L38 (Ar ¼ 3,5-tBu2Ph,
R ¼ Ph) provided high yields and enantioselectivities in the widely studied
α-methyl cinnamic acids (Fig. 25b, up to 97% ee, 98% yield, 2.000 TON) [78].

3.2 Ir-Catalyzed Asymmetric Hydrogenation of Nitroolefins

Despite the synthetic utility of reduced chiral nitroalkanes, the direct asymmetric
hydrogenation of these types of substrates was not achieved until quite recently, by
using diphosphine-based Rh-catalysts [188–190]. Although these catalysts were
quite efficient in the hydrogenation of β,β-disubstituted nitroolefins, they were
sensitive to the steric hindrance of the substrate. Hou and co-workers developed
an Ir-(R,R)-f-SpiroPhos complex for the reduction of β-acylamino nitroolefins
(Fig. 26). This newly developed Ir-catalysts allowed the preparation of a range of
β-amino nitroalkanes in high yields and excellent optical purities (up to >99% ee),
including substrates with ortho-substituted phenyl groups in the β-position
[191]. The substrates studied contained a NH-acyl group which by chelation could
facilitate the enantioselective hydrogenation. However, the authors showed later that
Ir-(R,R)-f-SpiroPhos-catalyst was also highly enantioselective without the presence
of this additional chelating group. Thus, excellent enantioselectivities (up to 98% ee,
Fig. 26) were also achieved in the reduction of β,β-disubstituted nitroalkenes,
including nitroalkenes with an ortho-substituted phenyl ring and thus, overcoming
the limitations of the catalytic systems developed by Zhang and co-workers
[192]. After this, the groups of Zhang and Zhou have also explored the
enantioselective Ir-catalyzed reduction of nitroolefins without an extra chelating
group, obtaining also high enantioselectivities [193, 194].

Fig. 25 Ir-catalyzed asymmetric hydrogenation of (a) α-aryl-β-substituted acrylic acids and
α-hydroxymethyl cinnamic acids using ligand L9 and (b) α-methyl cinnamic acids with L38 ligand
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3.3 Ir-Catalyzed Asymmetric Hydrogenation of Enamines,
Enamides, and Allylic Amines

Ir-catalysts have also been used in the hydrogenation of amino-functionalized
alkenes, albeit to a lesser extent than other alkenes [111, 195–199]. Nevertheless,
they proved to be useful in the asymmetric hydrogenation of very attractive and
challenging substrates, such as enamide esters, cyclic β-enamides, etc. In this
context, the asymmetric hydrogenation of β-enamine esters is a straightforward
way to prepare enantiopure β-amino acids and their derivatives. However, the
methodology has been largely limited to the involvement of an N-acyl group that
assists the reaction by chelation to the metal and facilitates to achieve high reactivity
and enantioselectivity. The direct hydrogenation of unprotected enamine esters
would be a more high-atom economical approach to obtain these valuable building
blocks. Some Ir-catalysts modified with chiral monophosphoroamidites or
diphosphine ligands have been applied in the hydrogenation of some unprotected
NH- and N-aryl enamine esters with good-to-high enantioselectivities (ees up to
97%) (see, for instance, [200, 201]). Recently, Dong and Zhang et al. disclosed the
highly effective asymmetric hydrogenation of tetrasubstituted α-fluoro-β-enamino
esters using bisphosphine-thiourea ZhaoPhos ligand (Fig. 27) [202]. A series of
valuable chiral α-fluoro-β-amino esters containing two adjacent tertiary stereocenters
were afforded with high yields and excellent diastereo- and enantioselectivities
(drs up to >25:1, ees up to >99% ee, and TON values up to 8,600). Importantly, no
defluorinated by-product was detected.

Ir-catalysts have also shown to be very useful for the enantioselective hydroge-
nation of cyclic β-aryl enamides. The reduction of this type of substrates constitutes a
direct route to 2-aminotetralines and 3-aminochromanes, which are key structural
units found in numerous therapeutic agents and biologically active natural products
[21–24]. However, their hydrogenation has provided unsatisfactory results, and only
few Rh- and Ru-catalysts have been successful [28–38]. In 2012, a neutral
Ir-complex, with a sulfonimidamido-based phosphoramidite (SIAPhos) ligand,

Fig. 26 Ir-catalyzed hydrogenation of β-acylamino nitroolefins and β,β-disubstituted nitroolefins
using (R,R)-f-SpiroPhos ligand
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catalyzed the reduction of three cyclic β-enamides with promising
enantioselectivities (up to 92% ee; Fig. 28). However, this catalyst showed low
activities (55–81% conversion after 18 h at rt. and at PH2 ¼ 50 bar) [203].

It has not been until very recently that Ir-catalysts have shown their high
efficiency in the reduction of this type of challenging substrates. In 2016, two reports
appeared demonstrating the potential of Ir-catalysts modified with P,N-ligands and
showing that Ir-P,N catalysts can be also efficient in the reduction of alkenes bearing
metal-coordinating groups [25, 26]. Riera and Verdaguer et al. found that bulky
P-stereogenic phosphine-oxazoline ligands L36 (Fig. 18) provided the highest
selectivity ever reported for the reduction of cyclic enamides derived from α- and
β-tetralones (Fig. 29a, ees up to 99% at only 3 bars of H2), surpassing the results
obtained with the widely studied Rh- and Ru-catalysts [25]. In the same year,
Diéguez and co-workers also reported the successful application of PHOX-derived
phosphite ligands L39 (Fig. 29b) to the hydrogenation of cyclic β-enamides [26]. A
range of 2-aminotetralines and 3-aminochromanes were obtained in high yields and
excellent enantioselectivities (ees up to 99%, Fig. 29b). The hydrogenation of cyclic
α-enamides also proceeded in high enantioselectivities (ees up to 96%). In addition,
the reactions could be carried out in environmentally friendly solvents, propylene
carbonate, with no loss of selectivity.

The already mentioned ligands L37 (Fig. 18) that were successful for disubsti-
tuted, trisubstituted, and tetrasubstituted unfunctionalized olefins also provided
excellent enantioselectivities in the hydrogenation of various cyclic β-enamides
(6 examples, ees up to 99%) [27]. Moreover, both enantiomers of the reduced
products could be accessed with the correct choice of the phosphite-based ligand.

Fig. 27 Hydrogenation of
tetrasubstituted
α-fluoro-β-enamino esters
catalyzed by Ir-ZhaoPhos
catalyst

Fig. 28 Ir-catalyzed
hydrogenation of β-aryl
cyclic enamides using
SIAPhos ligand
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Finally, it has been recently shown that Ir-phosphite-thioether catalysts can also
successfully catalyze the hydrogenation of cyclic β-enamides. The sugar-derived
phosphite-thioether ligands (L40, Fig. 30) provided a range of 2-aminotetralines and
3-aminochromanes with excellent enantioselectivities (Fig. 30, ees up to 99%)
[204]. Interestingly, both enantiomers of the hydrogenated products were obtained
by simply switching from Rh to Ir. Moreover, low hydrogen pressure (10 bar) and
environmentally friendly propylene carbonate could be used, with no loss of
selectivity.

Very recently, it has been reported that Ir-catalysts can also successfully catalyze
the hydrogenation of N-sulfonyl allyl amines [205] and aryl allyl phthalimides
[206]. The hydrogenation of both types of substrates is another way to produce
valuable chiral amines, such as β-aryl propanamines, which are important precursors
for the synthesis of several pharmaceutical drugs (see, for instance, [207–211]). The
commercially available threonine-derived phosphinite (UbaPHOX) iridium catalysts
were found to be the best candidates for the hydrogenation of several N-sulfonyl
allyl amines (Fig. 31a). A range of β-methyl amines were afforded with good to
excellent ees of up to 94%. The synthetic potential of this methodology was shown
with the synthesis of the biologically active compounds (R)-lorcaserin and
LY-404187.

Fig. 29 Ir-catalyzed hydrogenation of α- and β-aryl cyclic enamides using (a) (S,R,RP)-L36 and (b)
L39 ligands

Fig. 30 Ir-catalyzed hydrogenation of β-aryl cyclic enamides using P,S-ligand L40
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Concerning the reduction of aryl allyl phthalimides, the previously mentioned
Ir-L36 catalysts were the best choice. Various enantioenriched β-aryl-β-methyl
amines were yielded with excellent enantiomeric excess values (up to >99% ee)
and using a low catalyst loading (1 mol%) and low hydrogen pressure (1 bar H2)
(Fig. 31b). The utility of the methodology was exemplified with the formal synthesis
of (R)-lorcaserin, OTS514, and enantiomerically enriched 3-methyl indolines.

4 Asymmetric Ir-Catalyzed Hydrogenation of Imines

The asymmetric hydrogenation of imines is a high-atom economical way to prepare
chiral amines. Despite all the advances made, their hydrogenation still remains a
challenging task, and most of the reported catalysts present low reactivity and
enantioselectivity, harsh reaction conditions, and narrow substrate scope. The reason
is probably due to instability of certain imines; coordination of substrates, which can
take place through both the nitrogen donor atom and the double bond; and E/Z imine
interconversion in the case of acyclic imines [212, 213]. The first catalysts developed
for this reaction were based mostly on Rh-diphosphine catalysts, and they showed
only moderate enantioselectivities (60–70%) [214]. Later, some Ir-, Ru-, and
Ti-catalysts also appeared improving enantioselectivities. Among the early applica-
tions, it should be highlighted the iridium-Xyliphos catalyst, which led to the large-
scale production of the amine herbicide (S)-metolachlor (Fig. 32) [215]. Later
Pfaltz’s PHOX ligand (L1) [42] and Zhang’s (S,S)-f-binaphane ligand [216] also
exhibited excellent results for catalytic enantioselective hydrogenation of imines.
This inspired several groups to explore the asymmetric hydrogenation of imines, and
to date, Ir-complexes are among the most efficient catalysts for this transformation
[212, 213].

Both cyclic and acyclic imines provide useful chiral amines, but usually, specific
catalysts are required for each type of substrates. The reason is that acyclic imines
might exist as Z/E mixtures, while cyclic imines usually have a fixed configuration
imposed by the cycle. For the asymmetric hydrogenation of acyclic imines, in
general, two types of iridium precursors are used, neutral and cationic complexes.

Fig. 31 Ir-catalyzed hydrogenation of (a) N-sulfonyl allyl amines using UbaPHOX ligand and (b)
2-aryl allyl phthalimides using L36 ligand
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Neutral complexes are generated from [{Ir(μ-Cl)(cod)}2] precursor and are usually
combined with diphosphine, monophosphoramidite, or phosphoramidite-N ligands.
Some additives are also usually added, such as I2 and KI. Cationic complexes are
prepared from [Ir(cod)2]X catalyst precursor and P-oxazoline ligands. Although
cheaper counterions (X�) were studied [217], usually BArF has been the most
used counterion.

4.1 Asymmetric Hydrogenation Using Cationic Catalyst
Precursors

Phosphine-oxazoline PHOX ligands L1 (Fig. 1) and L8 (Fig. 3) are among the most
efficient ligands for the enantioselective hydrogenation of acyclic N-aryl imines.
Excellent activities and enantioselectivities (up to 96% ee; Fig. 33) were obtained by
using low catalyst loadings (0.1–0.5 mol%) at �20 �C and 5–50 bar hydrogen
pressure in the reduction of aryl/alkyl N-aryl ketimines (Fig. 33a) [218]. Other
related P,N-ligands, such as L6 (Fig. 3) and L16 (Fig. 6), have also been applied
albeit with moderate success [73, 122]. A few years later, the success of PHOX-
based catalytic systems was extended to dialkyl ketimines [219]. A key to this
improvement was the addition of the appropriate imine as additive. Mechanistic
investigation revealed that the active species is a cyclometalated complex 9
(Fig. 33b). Thus, a range of N-aryl dialkyl imines were hydrogenated in high
enantioselectivities (up to 92% ee; Fig. 33a). Nevertheless, N-alkyl aliphatic imines
were only hydrogenated in moderate ees (up to 77%; Fig. 33a).

Recently, cyclometalated complex 10 containing the P-stereogenic-oxazoline
ligand L36 proved to be successful in the asymmetry of a wide range of N-alkyl
amines, including the more challenging N-methylated ones (ees up to 94%; Fig. 34)
[220]. Interestingly, high ees (up to 96%) were also achieved in the reduction of
N-aryl ketimines (Fig. 34) [221].

Cationic iridium complexes based on the already mentioned L9 ligands (Fig. 3)
were found to be highly efficient in the hydrogenation of a broad range of aryl alkyl
N-benzyl imines (ees up to 93%). Importantly, even higher enantioselectivities
were obtained for various exocyclic N-alkyl imines (ees up to 98%) [222]. The
protocol was successfully employed in the synthesis of the antidepressant
chiral drug sertraline [223]. High enantioselectivities in the reduction of some

Fig. 32 Early synthesis of metolachlor using Ir-Xyliphos catalyst
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exocyclic N-aryl-dihydronaphthalene imines were also achieved using P-chiral
dihydrobenzooxaphosphole-oxazoline LalithPhos ligand (S)-2-((2R,3R)-3-(tert-
butyl)-4-methoxy-2,3-dihydrobenzo[d][1,3]oxaphosphol-2-yl)-4-phenyl-4,5-
dihydrooxazole (ees up to 99%) [224].

4.2 Asymmetric Hydrogenation Using Neutral Catalyst
Precursors

Neutral catalyst modified with Xyliphos and (R,R)-f-binaphane ligands early proved
to be suited for the AH of sterically hindered N-aryl imines [215, 216]. More
recently, Hu et al. improved previous results with the use of phosphine-
phosphoroamidite ligand L41 (Fig. 35) [225]. A range of sterically hindered
N-aryl imines were therefore hydrogenated featuring high ees (up to 99%) and
turnover numbers (up to 100,000; Fig. 35). Later, the same group disclosed that
the steric effect of substituents on the o-positions of the binaphthyl showed a
significant influence on the enantioselectivity and found that L42 (Fig. 35) was
also highly enantioselective in the Ir-hydrogenation of sterically hindered N-aryl
imines (ees up to 98%) [226]. The utility of this methodology was demonstrated in

Fig. 33 (a) Ir-catalyzed asymmetric hydrogenation of N-aryl and N-alkyl imines. (b)
Cyclometalated active species 9

Fig. 34 Ir-catalyzed asymmetric hydrogenation of N-aryl and N-alkyl imines using Ir-L36 cata-
lytic system
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the synthesis of the chiral herbicide (S)-metolachlor and the chiral fungicide (R)-
metalaxyl.

Neutral Ir-catalysts have also shown excellent enantioselectivities in the asym-
metric hydrogenation of diarylmethanimines, whose hydrogenation products are
found in numerous biologically active compounds of pharmaceutical relevance
[227–233]. In this context, two catalytic systems should be highlighted. Ir/L43
catalytic system provided high enantioselectivities in the reduction of benzophenone
N-H iminium salts with one of the aryl groups ortho-substituted (ees up to 98%;
Fig. 36a) [234]. More recently, (R,R)-f-SpiroPhos ligand (Fig. 26) allowed the
enantioselective hydrogenation of N-alkylester-substituted diarylimines under mild
reaction conditions (ees up to >99%; Fig. 36b) [235]. A feature of this catalyst was
that the presence of an ortho-substituent in one of the aryl groups was not required to
achieve high enantioselectivities.

Hu et al. have also disclosed the Ir-hydrogenation of α-imino esters. A range of
optically active α-aryl glycines were synthesized using Ir-L44 catalytic system (ees
up to 96%; Fig. 37a) [236]. Very recently a high-throughput experimentation (HTE)
at AstraZeneca enabled the identification of highly enantioselective catalytic systems
for the hydrogenations of N-alkyl α-aryl ketimines containing a furyl moiety
[237]. After an extensive screening of Ru-, Rh-, and Ir- catalysts, Ir-catalytic system
bearing the (S,S)-f-binaphane ligand was found to be the most enantioselective (ees
up to 90%; Fig. 37b).

Neutral complexes generated from [Ir(I)(COD)Cl]2 and activated by addition of
halogen-based oxidants such as iodine are among the most successful systems for the
asymmetric hydrogenation of cyclic amines. Among the cyclic imines studied, the

Fig. 35 Ir-catalyzed asymmetric hydrogenation of sterically hindered N-aryl imines using
phosphite-phosphoroamidite ligands L41 and L42

Fig. 36 Ir-catalyzed asymmetric hydrogenation of (a) diaryl iminium salts using Ir/L43 catalysts
and (b) N-alkylester-substituted diarylimines using Ir/(R,R)-f-SpiroPhos catalyst
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hydrogenation of isoquinolines and 3,4-dihydroisoquinolines is the most desired
since they provide a straightforward synthetic route toward valuable chiral com-
pounds with a 1,2,3,4-tetrahydroisoquinoline motif, which is present in several
natural alkaloids and pharmaceutical molecules. However, the strong coordination
ability of isoquinolines and their enhanced stability due to their aromaticity make
them less reactive toward hydrogen. In this context, Zhou et al. developed the first
example of highly enantioselective hydrogenation of quinoline derivatives with a
(R)-MeO-BIPHEP [6,60-dimethoxy-2,20-bis(diphenylphosphino)-1,10-biphenyl] as
the ligand [238–240]. However, these systems were restricted only to quinolines.
Importantly, the protocol was later expanded to isoquinolines, which is a very
challenging class of substrates, but stoichiometric amounts of chloroformate as a
substrate activator were needed [241]. In 2012, a more efficient Ir(COD)Cl]2/(R)-
SynPhos catalytic system was disclosed, which used 1-bromo-3-chloro-5,5-
dimethylhydantoin (BDCMH) as a catalyst activator, and therefore, only catalytic
amounts of activator were required [242]. A range of chiral 3,4-disubstituted
tetrahydroisoquinoline derivatives were obtained with ee values as high as 96%
(Fig. 38). The scope of this catalytic system was extended to other aromatic imines,
such as polycyclic nitrogen-containing heteroaromatics pyrrolo/indolo[1,2-a]
quinoxalines and phenanthridines [243], sulfur-containing dibenzo[b,f][1,4]
thiazepines [244], activated N-benzyl-pyridinium bromides [245], and fluorinated
isoquinoline derivatives [246] (Fig. 38). Finally, the authors also reported the use of
(R)-SynPhos ligand in the deracemization of secondary and tertiary amines with a
tetrahydroisoquinoline core [247]. The process consisted in a redox
N-bromosuccinimide oxidation of the amines and the subsequent Ir-catalyzed asym-
metric hydrogenation. A range of chiral 1-substituted 1,2,3,4-tetrahydroisoquinolines
were generated with up to 98% ee in 93% yield.

Other diphosphine-based catalysts have also been successfully used in the asym-
metric hydrogenation of aromatic iminium salts. Thus, for instance, a range of 1- and
3-substituted isoquinolinium salts [248], 2,6-disubstituted pyridinium hydrochloride
(3�HCl) [249], and pyrrolo[1,2-a]pyrazines [250] were successfully hydrogenated
using (S,S,Rax)-C3*-TunePhos ligand (ees up to 96%, Fig. 39). Ir/(R,Sp)-Josiphos
catalyst also provided excellent ees in the hydrogenation of a range of pyrazinium
salts (ees up to 96%, Fig. 39) [251]. It should be noticed that recently, an efficient
catalytic system for the hydrogenation of pyrrolo[1,2-a]pyrazines without the need

Fig. 37 Ir-catalyzed asymmetric hydrogenation of (a) α-imino esters using Ir/L44 catalysts and (b)
furyl-based N-alkyl α-aryl ketimines using Ir/(S,S)-f-binaphane catalyst
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of formation of the corresponding salts or the addition of any additive has been
reported using Ir/(R)-BTFM-Garphos catalyst (ees up to 96%, Fig. 39) [252]. A
highly enantioselective hydrogenation of heteroaromatics bearing a hydroxyl group,
3-hydroxypyridinium salts, has been successfully developed using Ir/(S,S)-f-
binaphane catalyst, providing a direct access to trans 6-substituted piperidin-3-ols

Fig. 38 Iridium-catalyzed enantioselective hydrogenation of cyclic imines using Ir/(R)-SynPhos
catalyst

Fig. 39 Representative examples of iminium salts successfully hydrogenated
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with up to 95% ee [253]. Another interesting example can be found in the successful
hydrogenation of iminium salts of N-alkyl tetrahydroisoquinolines (ees up to 96%,
Fig. 39) [254] and of N-alkyl-2-arylpyridium salts (ees up to 98%, Fig. 39) [255]
using SegPhos-type ligands. Recently, a new strategy has been developed, in which
pyridinium and isoquinolinium salts are generated in situ by employing halogenide
trichloroisocyanuric acid as a traceless activation reagent. Mechanistic studies indi-
cated that hydrogen halide generated in situ acted as an activator. This method
allowed the Ir/(R)-SegPhos-mediated hydrogenation of a range of isoquinolines
and pyridines in excellent yields and enantioselectivities (up to 99% ee, Fig. 39)
while avoiding tedious steps of installation and removal of the activating groups
[256]. Finally, it should be mentioned that not only Ir/diphosphine catalysts are able
to catalyze the reduction of iminium salts. Thus, it should be highlighted the recent
works of Qu’s group in the use of dihydrobenzooxaphosphole-pyridine ligand
MeO-BoQPhos for the asymmetric hydrogenation of 2-alkyl-pyridinium salts
including examples containing an α-heteroaryl substituent [257, 258].

Similarly, the successful hydrogenation of 6-membered ring cyclic imines has not
been only limited to the use of SynPhos-based system. Thus, for instance, a range of
quinoline derivatives have been successfully hydrogenated with diphosphines and
monophosphoroamidites. (S,S)-f-Binaphane ligand has been also efficiently used in
the reduction of 1-substituted 3,4-dihydroisoquinolines (ees up to>99%) [259]. Sim-
ilarly, a range of 1-aryl-substituted tetrahydroisoquinolines were obtained in ees of
up to >99% and good TON (up to 4,000) using Josiphos-type binaphane ligand
[260]. Higher TONs (up to 43,000) were achieved in the reduction of a range of
quinolines using both Ir/(R)-Difluorphos [261] and Ir/(R)-P-Phos [262] catalytic
systems (Fig. 40). A successful example of the use of monophosphoramidite ligand
can be found in the use of (Rax,S,S)-Siphos-pe ligand (Fig. 40) in the hydrogenation
of 1-alkyl-dihydroisoquinolines with ees of up to 96%. The usefulness of the latter
reaction was demonstrated with the synthesis of the tetracyclic alkaloid (S)-
xylopinine in 85% yield and 96% ee [263].

Besides quinoline derivatives, the range of 6-membered ring cyclic amines
successfully hydrogenated has been extended. Thus, for instance, Ir-SegPhos cata-
lyst was successfully used in the hydrogenation of 1,4-benzoxazines [264] and
quinazolines [265] (ees up to 98%, Fig. 41). The utility of the method was demon-
strated with the synthesis of the bioactive compounds Eg5 inhibitor and (�)-SDZ
267-489 in excellent enantioselectivities (>99% and 99% ee, respectively)
[265]. Another example can be found in the use of cationic dinuclear iridium(III)
chloride catalyst {[IrH((S)-Difluorphos)]2(μ-Cl)3}Cl for the reduction of 2-alkyl and
2-aryl- substituted dihydroquinoxalines [266–268] and tosylamido-substituted
pyrazines [269] (ees up to 95%, Fig. 41). Ir-catalyst modified with phosphine-
phosphite ligand L45 proved to be highly efficient in the asymmetric hydrogenation
of benzoxazines, benzoxazinones, benzothiazones, and quinoxalinones (ees up to
99%; Fig. 41) [270, 271].

Most of the literature dealing with the hydrogenation of cyclic imines reports
examples on 6-membered ring systems. Examples on the successful hydrogenation
of 7-membered cyclic imines are rare. In particular, Ir/C3*-TunePhos catalysts
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proved to be highly efficient in the asymmetric hydrogenation of substituted dibenzo
[b,f][1,4]oxazepines, benzodiazepinones, and benzodiazepines (ees up to 96%,
Fig. 42a) [272, 273]. More recently, Zhou et al. reported the asymmetric hydroge-
nation of 6-substituted 5H-benzo[d]benzofuro[3,2-b]azepines using a BIPHEP-type
ligand L46 (ees up to 91%, Fig. 42b) [274]. 2,4-Diaryl-1,5-benzodiazepines and
2,4-diaryl-3H-benzo[b]azepines has been also successfully hydrogenated (ees up to
99% and drs up to >20:1) using aminophosphine-pyridine ligand L47 (Fig. 42c)
[275] and a dendritic PHOX derivative [276, 277]. Benzoxazinone derivatives have

Fig. 40 (R)-Difluorphos, (R)-P-Phos, and (Rax,S,S)-Siphos-pe ligands successfully used in the AH
of quinoline derivatives

Fig. 41 Representative examples of 6-membered cyclic imines other than quinoline derivatives
and iminium salts successfully hydrogenated using SegPhos, Difluorphos, and phosphine-phosphite
ligand L45
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also been recently reduced using ZhaoPhos ligand (Fig. 27) achieving excellent
enantioselectivities (up to 99% ee) [278].

There are very few examples on the asymmetric hydrogenation of 5-membered
ring cyclic imines. In this context, the use of iodine-bridged dimeric [{Ir(H)[(S,S)-
(f)-binaphane]}2(μ-I)3]I complex catalyzed the asymmetric hydrogenation of a series
of 2-aryl-1-pyrrolines in good ees (up to 86%) and high turnover numbers (TONs up
to 5,000) [279]. More recently, the use of (R,R)-f-SpiroPhos ligand (Fig. 26)
improved enantioselectivities to up to 98% (Fig. 43) [280]. In contrast to Ir/(S,S)-
f-binaphane catalyst, the enantioselectivity was only affected when a 2-alkyl sub-
stituent was present on the imine instead of an aryl group (ees up to 77%). Moreover,
this method was successfully applied to the synthesis of (+)-(6S,10bR)-McN-4612-
Z, a potent inhibitor for the uptake of important central neurotransmitters norepi-
nephrine, dopamine, and serotonin into nerve cells. Very recently a bifunctional
bisphosphine-thiourea ZhaoPhos ligand (Fig. 27) was successfully applied in the
Ir-catalyzed asymmetric hydrogenation of cyclic sulfamidate imines (ees up to 99%;
Fig. 43) [281].

Fig. 42 Representative examples of 7-membered cyclic imines successfully hydrogenated using
(a) C3*-TunePhos ligands, (b) BIPHEP-type ligand L46, and aminophosphine-pyridine ligand L47

Fig. 43 Representative examples of 5-membered cyclic imines hydrogenated
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5 Ir-Catalyzed Asymmetric Hydrogenation of Ketones

Over the last decades, the Ir-catalyzed asymmetric hydrogenation of ketones has
experienced a huge advance. Thus, a range of Ir-catalysts have demonstrated to be
highly efficient, achieving excellent enantioselectivities and activities for a range of
ketones. Such progress has made Ir-catalysts good alternatives to the most com-
monly used Ru-catalysts. Most of the key ligands are phosphine-based, although
there are some important examples that do not contain a P-donor group.

5.1 P-Donor-Based Ligands

One of the key P-containing ligands was disclosed by Poli’s group [282]. They
developed a ferrocenyl-based phosphine-thioether ligand L48 that provided high
enantioselectivities (ees up to 99%) for a range of alkyl aryl ketones (Fig. 44), albeit
activities (TOFs up to 250 h�1) do not compare well with the current state of the art.

In 2010, Xie and Zhou et al. developed chiral spiro aminophosphine ligands L49
(Fig. 44) [283, 284]. The use of Ir/L49 catalyst provided high ees (up to 97%) and
activities (TOFs up to 3.7 � 104 h�1) in the hydrogenation of aryl alkyl ketones and
exo-cyclic α,β-unsaturated ketones. Nevertheless, the catalyst deactivates under
hydrogenation conditions. Mechanistic investigations indicated that the deactivation
was due to the formation of [IrH2(L49)2]

+ complex [284].
To prevent the formation of such inactive species, the same group introduced in

L49 a pyridine group as a third coordinating position, leading to the tridentate P,N,N
spiro pyridine-aminophosphine ligands SpiroPAP (Fig. 43) [285–287]. Ir/SpiroPAP
(Ar ¼ 3,5-tBu2-C6H3 and R ¼ 3-Me) system proved to be highly efficient in the AH
of aryl alkyl ketones and aryl β- and δ-ketoesters (ees up to 99.8% and TONs up to
4.550.000; Fig. 45) [285–287]. The excellent performance of SpiroPAP ligands has
been further extended to acyclic α,β-unsaturated acyclic ketones [288]; α-, γ-, and
δ-keto acids [289, 290]; α-amino ketones [291]; and α,β-unsaturated-α-ethoxy-
carbonyl-β-substituted cyclic ketones [292] (Fig. 45). This catalytic system has
been also used in the deracemization of α-substituted lactones [293, 294] (Fig. 45)
via dynamic kinetic resolution (DKR) as well as in the kinetic resolution of aliphatic
alcohols [295]. The synthetic versatility of Ir/SpiroPAP catalyst was demonstrated
with the synthesis of drugs and natural products such as (�)-mesembrine,
rivastigmine, and (�)-Hamerigan B [288, 296–300].

Xie’s and Zhou’s group developed a P,N,S variant (SpiroSAP; Fig. 44) with a
1,3-dithiane group instead of the pyridine group [301]. Ir/SpiroSAP catalyst proved
to be highly efficient in the asymmetric hydrogenation of β-alkyl-β-ketoesters [301]
as well as in the dynamic kinetic resolution (DKR) of β-ketolactams [302] (Fig. 46).
Ir/SpiroSAP catalyst was also used in the formal total synthesis of (�)-cyanolide A
and (�)-doluculine [303, 304]. Recently, a new SpiroPAP variant has been devel-
oped by replacing the pyridine group by an oxazoline moiety (SpiroOAP; Fig. 43)
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[305]. SpiroOAP ligands proved to be efficient in the reduction of α-ketonamides
(ees up to 98%).

Yin and Zhang et al. developed a variant of SpiroPAP ligands containing an
oxa-spirocyclic ligand L50 (Fig. 44) [306]. Ir/L50 catalyst was successfully used in
the asymmetric hydrogenation of Bringmann’s lactones via DKR to yield
enantiopure chiral biaryl diols in high ees (up to >99%; Scheme 2).

Dong and Zhang et al. developed novel tridentate ferrocene
aminophosphoxazoline ligands (f-Amphox, Fig. 44). Ir/f-Amphox catalyst proved
to be highly efficient in the reduction of simple aryl alkyl and dialkyl ketones (ees up
to >99% and TONs up to 1,000,000; Fig. 47) [307]. f-Amphox-based catalytic
systems were also successfully used in the hydrogenation of α-, β-, γ-, and δ-keto

Fig. 44 Selected P-containing ligands developed for the Ir-catalyzed asymmetric hydrogenation of
ketones

Fig. 45 Representative ketones successfully hydrogenated with Ir/SpiroPAP catalyst

Iridium-Catalyzed Asymmetric Hydrogenation 193



amides [308, 309], α-amino ketones [310], α-hydroxy ketones [311], β-ketoesters
[312], styrylglyoxylamides [313], and halohydrins [314] as well as in the
deracemization of α-amino β-unfunctionalized ketones via DKR [315] (Fig. 47).
Hou’s group also developed a modification in which Uggi’s amine was replaced by
phenethylamine [316]. However, only moderate ees were achieved in the reduction
of β-ketoesters.

Dong’s and Zhang’s groups developed a P,N,O variant (f-Ampha; Fig. 44) with a
chiral carboxylic acid instead of the oxazoline moiety [317]. f-Ampha ligands
exhibited excellent catalytic performance for a range of aryl alkyl ketones [317]
and α-ketoesters [318] as well as in the desymmetrization of cyclic 1,3-diketones
[319]. For these catalytic systems, the hydroxyl group of the carboxylic acid group is
involved with the formation of O-H���substrate interaction with a new catalytic
bifunctional mode. At the same time, a new ferrocene-based amino-phosphine-
alcohol was developed (f-Amphol; Fig. 44) [320]. Ir/f-Amphol catalysts also showed
excellent enantioselectivities for simple aryl alkyl ketones [320–322], albeit the

Fig. 46 Representative ketones successfully hydrogenated with Ir/SpiroSAP catalyst

Scheme 2 Asymmetric hydrogenation of Bringmann’s lactones via DKR with Ir/L50

Fig. 47 Representative ketones successfully hydrogenated with the Ir/f-Amphox catalyst
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turnover numbers are lower than for Ir/f-Amphox catalysts. Ir/f-Amphol ligands
were also successfully used in the asymmetric hydrogenation of β-keto sulfones
[323] and of α-substituted β-ketoesters via DKR [324]. For these catalytic systems,
DFT studies indicated that the hydroxyl group of the f-Amphol ligands plays a key
role in the reduction process.

Hou’s group developed a sterically hindered ferrocenyl P,N,N-ligands in which
the oxazoline in the f-Amphox ligands was replaced by a pyridinylmethyl group
with an extra coordinating stereogenic center (ligands L51; Fig. 44) [325]. Ir/L51
(R ¼ 2-tolyl) catalyst demonstrated to be highly efficient in the asymmetric hydro-
genation of α-alkyl-substituted β-aryl-β-ketoesters via DKR yielding the
corresponding alcohols in high diastereo- and enantioselectivities (drs up to >95/5
and ees up to 99%).

Zhong’s group developed tridentate ferrocene-based diamine-phosphine sulfon-
amide ligands (f-Diaphos; Fig. 44) [326]. The f-Diaphos ligands provided excellent
reactivity and enantioselectivities in the Ir-catalyzed hydrogenation of diaryl and
2-pyridyl aryl ketones (ees up to >99%; TONs up to 19,600) [326, 327].

5.2 Non-P-Donor-Based Ligands

Ir-complexes bearing chiral phosphine-free ligands have also been successfully used
in the asymmetric hydrogenation of ketones. Albeit such catalytic systems are able to
induce high enantioselectivities, the turnover numbers are still lower than the most
active P-based ligands such as SpiroPAP and f-Amphox.

In this context Ohkuma’s group demonstrated that Cp*Ir(III) complex containing
MsDPEN ligand L52 (Fig. 48) efficiently hydrogenated α-hydroxy ketones [328]. A
range of 1-aryl-1,2-ethanediols were therefore achieved in high ees (up to 99%) with
TONs as high as 6,000. Later their high performance was extended to the use of
aromatic (hetero)cyclic ketones (e.g., indanones, benzofuranones, chromanones,
etc.) achieving an excellent enantiocontrol (ees up to >99%) [329]. At the same
time, Ikariya’s group developed a bifunctional triflylamide-tethered CpIr version of
[Cp*Ir(OTf)L52], albeit it provided only good ees (up to 93%) in the reduction of
benzophenone [330].

Fig. 48 Non-P-donor-based ligands for the Ir-catalyzed asymmetric hydrogenation of ketones
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Kempe’s group introduced an imidazo[1,5-b]pyridazine-type ligand L53
(Fig. 47) for the Ir-catalyzed hydrogenation of simple ketones [331]. A range of
aryl alkyl and aryl aryl ketones were therefore efficiently hydrogenated providing
excellent ees (up to >99%) and TONs (up to 200,000) using Ir/L53 catalyst. It
should be pointed out that the catalyst precursor [Ir(cod)L53] rapidly evolves under
catalytic conditions to the formation of Ir-K catalyst complex 11 in which L53 is
coordinated thought the amino-alcohol (Fig. 49). In 2016, Kempe et al. developed
the pyridylalkylamine ligands L54 (Fig. 48) [332]. Nevertheless, the efficiency of
Ir/L54 catalysts proves to be somewhat lower than Ir/L53 catalyst in the reduction of
simple ketones (ees up to 96%).

6 Conclusions

Due to perfect atom economy and simplicity, the metal-catalyzed asymmetric
hydrogenation continues to be one of the most sustainable and straightforward
reactions for creating stereogenic centers in target molecules. In the asymmetric
hydrogenation of unfunctionalized olefins or with poorly coordinative groups, Ir
containing heterodonor P,X ligands continues to be the catalysts of choice. Exam-
ining the last progress in this field, the substrate scope has been largely extended,
with the successful hydrogenation of challenging and relevant substrates such as
polyene substrates, with the formation of multiple stereocenters, olefins that contain
non-coordinating groups such as halides avoiding the dehalogenation side reaction,
and allylsilanes. A lot of progress has also been achieved in the regio- and
stereoselective monohydrogenation, as an efficient route for preparing natural prod-
ucts and complex organic molecules (e.g., juvabione). This has been achieved,
thanks to the recent development of powerful catalytic systems that have also
allowed to advance in the search of a single catalysts able to tolerate a large number
of olefin types. However, some limitations have still to be solved such as the
necessity to work with pure geometrical isomers (e.g., E- and Z-trisubstituted alkene
produced opposite enantiomers of the hydrogenated products). Other demanding
substrates are hindered tetrasubstituted olefins, whose hydrogenation can generate
two vicinal stereocenters in a single reaction and thus give rise to products of higher

Fig. 49 Catalyst precursor
[Ir(cod)L53] and its
bimetallic active species 11
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stereochemical complexity. The first significant progress has been made in the past
5 years, but the scope of the substrate needs to be further improved, and this area of
research is likely to expand in the future as well. The advances of Ir-catalysts in the
last 10 years have not only been limited to unfunctionalized olefins, but the devel-
opment of Ir-catalysts has also notably expanded the field of the asymmetric
hydrogenation of unresolved functionalized substrates, providing in some cases
complementarity to Rh- and Ru-catalysts and in other cases surpassing the widely
used Rh- and Ru-catalysts.
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Abstract The present chapter describes the intense efforts devoted to develop new
concepts from 2014 up today in the iridium-catalyzed undirected homogeneous C–H
borylation of heteroarenes, arenes, and alkanes. Selectivity issues are principally
highlighted in this chapter since no directed groups are included in these approaches,
but improved ligands are responsible of the new trends instead. In parallel, mecha-
nistic insights on the C–B bond formation analyzed through density functional
theory orientate the suggestion of alternative catalytic cycles, to understand the
high level of selectivity on Csp2-H and Csp3-H borylation. This area of work
keeps very active because of the inherent interest on the C–B bond formation
allowing access to multifunctionalized products, in a straightforward manner.
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1 Introduction

The present chapter collects the most recent advances on undirected homogeneous
C–H borylation catalyzed by iridium complexes since 2014, due to the tremendous
development of the field within the last 5 years. Previous works are not described
here to minimize unnecessary overlap with other reviews [1–5]. The criterion to
classify the present chapter is based on the type of substrates such as heteroarenes,
arenes, and alkanes. Precursors of catalysts are based on [Ir(μ-Cl)(COD)]2
(COD ¼ cyclooctadiene), [Ir(μ-OMe)(COD)]2, and [Ir(η6-mes)(Bpin)3] although
preformed catalysts have also been studied. The ligands involved in the modification
of the iridium complexes are principally 4,40-di-tert-butyl bipyridine (dtbpy),
3,4,7,8- tetramethyl-1,10-phenanthroline (Me4Phen), and 1,10-phenanthroline
(Phen) among others (Fig. 1). Borylating reagents covered in this chapter include
pinacolborane (HBpin) and bis(pinacolato)diboron (B2pin2) (Fig. 1). The relevance
of this undirected homogeneous iridium-catalyzed C–H borylation reaction is based
on the high selectivity showed by the recent developed catalysts without the
assistance of directing groups.

The most accepted catalytic cycle for undirected homogeneous iridium-catalyzed
C–H borylation is based on experimental studies by Hartwig and co-workers from
2005, based on Ir(dtbpy)(Bpin)3(COE) (COE ¼ cyclooctene) as a precatalyst indi-
cating that an Ir(III) species [Ir(dtbpy)(Bpin)3] is the active catalyst that mediates
C�H cleavage via rate-limiting oxidative addition followed by reductive elimination
step yielding the corresponding organoboron compound [6]. In this mechanism,
regeneration of the active catalyst can occur with either HBpin or B2pin2 reagents.
The mechanism involves Ir(III) and Ir(V) species (Scheme 1).

Fig. 1 Principal ligands and boron sources involved in the recent approaches toward undirected
homogeneous C–H borylation catalyzed by iridium complexes
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Alternative catalytic cycles have been suggested within the last years, both from
experimental and theoretical studies, and will be discussed in due course along this
chapter.

2 C–H Borylation of Heteroarenes

Early works on C–H borylation of aromatic heterocycles containing one heteroatom
were conducted by Miyaura, Ishiyama, and co-workers in 2002 with bis(pinacolato)
diboron (B2pin2) and [Ir(μ-Cl)(COD)]2 as precursor of catalyst [7–10]. The
borylation of six-membered heterocycles including pyridine and quinoline selec-
tively occurred at the 3-position, and the extension of the reaction to five-membered
substrates such as thiophene, furan, pyrrole, and their benzo-fused derivatives
exclusively produced 2-borylated products.

The use of [Ir(μ-OMe)(COD)]2 as precursor of catalyst was further extended to
the borylation of heteroarenes containing multiple heteroatoms as well as high
nitrogen content with pinacolborane (HBpin) [11, 12] or B2pin2 [13–15] as
borylative reagents.

Iridium complex [Ir(μ-OMe)(COD)]2 has been modified with 4,40-di-tert-butyl
bipyridine (dtbpy) in mostly of the optimized reactions [16]; however, recently the
use of 3,4,7,8-tetramethyl-1,10-phenanthroline (Me4Phen) as ligand has provided
higher yields presumably due to the greater electron-donating ability and backbone
rigidity of Me4phen compared to those of dtbpy [17]. Hartwig and co-workers have

Scheme 1 Accepted catalytic cycle to understand the mechanism of the undirected homogeneous
iridium-catalyzed C–H borylation
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developed a detailed study about the effect of the electronic properties of
phenanthroline ligands on the electron-donating ability of these ligands and on the
rates for cleavage of C�H bonds by iridium�trisboryl complexes that catalyze the
borylation of C�H bonds [18].

Hartwig and co-workers developed in 2014 the iridium-catalyzed C�H
borylation of several heteroarenes containing multiple heteroatoms, such as
benzoxazoles (Scheme 2), pyrimidines, and unprotected benzimidazoles (Scheme
3), pyrazoles, and azaindoles (Scheme 4), by the combination of an iridium
(I) precursor [Ir(μ-OMe)(COD)]2/Me4Phen and B2pin2 [19].

In this work, the authors led to the development of powerful rules for predicting
the regioselectivity of borylation of heteroarenes showing that borylation occurs
distal to N�H bonds due to rapid N�H borylation, creating an unfavorable steric

Scheme 2 Iridium-catalyzed C�H borylation of benzoxazoles

Scheme 3 Iridium-catalyzed C�H borylation of benzimidazoles
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environment for borylation adjacent to these bonds. They also proved, via DFT
calculations, that borylation or heteroarenes do not occur alpha or ortho to basic
nitrogen moieties probably due to the combination of a higher-energy pathway for
the borylation adjacent to basic nitrogen relative to the borylation at other sites and
the instability of the products from borylation adjacent to basic nitrogen under the
reaction conditions.

Simultaneously to the previous example, Colacot and co-workers developed a
cheaper catalytic system based on Ir(I) modified with 1,10-phenantroline ligand
(Phen). This work is remarkable because the authors studied the effect of preformed
versus in situ formed iridium complexes for C–H borylation of heteroarenes, with a
ligand that is 5 and 13 times cheaper than dtbpy and Me4Phen, respectively
[20]. They developed a robust and operationally simple process with relatively
low Ir loading to borylate C–H of heterocycles (Scheme 5). One of the key points

Scheme 4 Iridium-catalyzed C�H borylation of azaindoles

Scheme 5 Preformed iridium-catalyzed C�H borylation of N-containing heterocycles
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of this work is that authors demonstrated that the neutral isolated precatalyst [Ir(Cl)
(COD)(phen)] resulted more efficient for direct borylation of heteroarenes than the
analogue cationic system [Ir(COD)(phen)]+Cl�. It has been justified by the fact that
in situ protocol using [Ir(μ-Cl)(COD)]2 and 1,10-phenanthroline gave irreproducible
results due to the competing formation of catalytically inactive cationic Ir species [Ir
(COD)(phen)]+Cl� in aliphatic solvents. This work demonstrates for the first time
the relevance of neutral to cationic switch to understand the structure�activity
relationship of the catalyst under the reaction conditions.

The benefits of 1,10-phenantroline ligand were also highlighted by Baran and
co-workers thorough the iridium-catalyzed C–H borylation of indoles and in partic-
ular of tryptophan proving to be a general way to functionalize the C6 position of
a N, C3-disubstituted substrates (Scheme 6) [21]. In order to achieve the desired
regioselectivity, the catalyst loading was up to 5 mol% and the phen ligand 10 mol%.
The boron source required a mixture of HBpin and B2pin2. The use of ligands dtbpy
and Me4Phen resulted in a very low conversion and regioselectivity on the desired
product, under the same reaction conditions.

Alternatively, Li and co-workers have designed a double N,B-type of ligand
based on dipyridinyl tetraaminodiborane(4) that proved to be efficient preligand in
the iridium [Ir(μ-OMe)(COD)]2 catalyzed C�H borylation of various heteroarenes,
including highly electron-rich ones and sterically hindered ones (Scheme 7)
[22]. Considering the general catalytic cycle of Ir catalyzed C–H borylation shown
in Scheme 1, a bipyridine-coordinated Ir(III) trisboryl complex has been accepted to
be the real catalyst; however only one of the three boryl ligands is needed for the
product formation in the catalytic cycle. In that context the remaining two boryl
ligands can be selectively preinstalled by recombining the bipyridine ligand and two

Scheme 6 Iridium-catalyzed C�H borylation of indoles with enhanced regioselectivity
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boryls into two N,B-type bidentate ligands, providing new opportunities in tuning
the electronic and steric properties of the catalyst center.

In the absence of steric groups, iridium-catalyzed C�H borylation of N-protected
indazoles occurs rapidly and selectively at C-3. Burton and co-workers found that
N1-protected indazole could be transformed efficiently toward three boryl indazoles
in the presence of [Ir(μ-OMe)(COD)]2/dtbpy and B2pin2 (Scheme 8a) [23]. Steel and
co-workers extended the application of this protocol to a large number of
N2-protected indazoles with exclusive borylation at C-3 even in the presence of
bulky benzyl or THP-protecting groups (Scheme 8b) [24].

Ito, Ishiyama, and co-workers have developed a rational regiodivergent C–H
borylation of multifunctionalized heteroarenes, such as furans, thiophenes, and
pyrroles, by using two different iridium catalytic systems. The borylation proceeded
regioselectively at the 3-position under the catalytic system [Ir(μ-OMe)(COD)]2/
dtbpy and B2pin2, whereas [Ir(μ-OMe)(COD)]2/2AsPh3 afforded the 4-borylated
product (Scheme 9) [25].

A combination of iridium catalyst and bulky aluminum-based Lewis acid cata-
lysts has been designed to control the para-selectivity in C�H borylation of
benzamides and pyridines (Scheme 10) [26]. The success of this strategy is based
on the complexation of an heteroarene bearing a Lewis basic functionality with a
Lewis acid (LA) resulting in charge transfer, making the heteroarene core more
electron-deficient and thus more reactive. But also steric repulsion between a ligand
on iridium and LA would block the ortho- and meta-positions and force the C–H
borylation to proceed selectively at the para-position.

Scheme 7 Iridium-catalyzed C�H borylation of thiophene, benzofuran, pyridines, and indoles in
the presence of N,B bidentate preligand
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3 C–H Borylation of Arenes

The advantage of C–H borylation of arenes is highlighted by its ability to produce
highly versatile aryl organoboronate ester intermediates from abundant substrates
without the need for reactive groups, such as halides or sulfonates.

The origins of regioselectivity in iridium-catalyzed C�H borylation reaction of
substituted benzene rings have been studied by Merlic, Houk, and co-workers
[27]. Distortion/interaction analyses show that regioselectivity is determined primarily
by the interaction energy between the iridium catalyst and the substrate in the oxidative
addition transition state. As a result, Ir�C bond energies in the aryl iridium hydride
intermediates or in the C�H oxidative addition transition states both correlate well
with the activation energy and can be used to determine the regioselectivity of the
C�H activation reaction. Musaev, Itami, and co-workers used DFT calculations to
elucidate the mechanism and source of regioselectivity for Ir-catalyzed para-selective
C�H borylation with the bulky Xyl-MeO-BIPHEP((6,60-Dimethoxybiphenyl-
2,20-diyl)bis[bis(3,5-dimethylphenyl)phosphine]) diphosphine ligand. They found
that the bulky diphosphine�Ir complex forms a flexible reaction pocket that roughly

Scheme 9 Iridium-catalyzed regiodivergent C�H borylation of heteroarenes

Scheme 8 Iridium-catalyzed C�H borylation of (a) N1-protected indazoles and (b) N2-protected
indazoles
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mimics the role of an enzyme active site by modulating access of the substrate to the Ir
center. It is shown that the regioselectivity of the reaction arises from a balance of the
attractive and repulsive interactions between the substrate and ligand and their
corresponding entropic penalties across the high-energy C�H activation and C�B
bond formation transition states in the reaction pocket [28]. Lan, Bai, and co-workers
have proposed a novel iridium(I)/iridium(III)-based catalytic cycle for this transfor-
mation induced by these steric effects including (1) the oxidative addition of the C�H
bond of the substrate to an active iridium(I) boryl complex; (2) the reductive elimina-
tion of a C�B bond; (3) the oxidative addition of B2pin2 to an iridium(I) hydride
complex; and (4) the reductive elimination of a B�Hbond (Scheme 11) [29]. The high
para-selectivity of this reaction was also explained using structural analysis and a 2D
contour model, which revealed that the strong steric repulsion between the
diphosphine ligand and the meta-substituents resulted in a higher-energy barrier for
meta-C�H activation.

Maseras and Jover have studied with DFT calculations the Ir-catalyzed C–H
borylation of methyl benzoate in order to understand the experimentally observed
ligand-induced regioselectivity and activity when different [Ir(ligand)(Bpin)3] cata-
lysts are employed [30]. They observed that while bidentate ligands such dtbpy
completely inhibit ortho-borylation, the use of selected triphenylphosphine deriva-
tives enables the reaction on that position, avoiding the meta- and para-
regioisomers. The analysis of the catalytic cycles for the borylation reactions with
dtbpy, PPh3, P( p-CF3C6H4)3, and P(m,m-(CF3)2C6H3)3 can also be rationalized in
terms of catalyst stability. The stability of the iridium(V) intermediates toward ligand

Scheme 10 Iridium-catalyzed selective para-C�H borylation of pyridines with the aid of a bulky
Lewis acid
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dissociation plays a crucial role in the reaction, since PPh3 and P( p-CF3C6H4)3 show
higher ligand ability.

With this trend in mind, Kanai, Kuninobu, and co-workers have recently found
that the introduction of an electron withdrawing substituent on the bipyridine-type
ligand and a methylthiomethyl group on the hydroxy and amino groups of phenol
and aniline substrates dramatically altered the regioselectivity, affording exclusively
ortho-borylated products, using B2pin2 and HBpin as the boron source (Scheme
12) [31].

Scheme 11 Plausible iridium(I)/iridium(III) catalytic cycle for the C�H selective para borylation
of trimethyl(phenyl)silane

Scheme 12 Iridium-catalyzed C�H selective ortho-borylation with electron withdrawing
bipyridine-type ligand
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4 C–H Borylation of Alkanes

New methodologies involving iridium-catalyzed C–H activation of alkanes have
been mostly addressed under directed iridium-catalyzed protocols to terminal C
(sp3)–H bonds and in less extension to secondary or tertiary C(sp3)–H bonds,
particularly [32, 33].

Undirected borylation of methylarenes has been efficiently developed by Hartwig
and co-workers using an iridium complex modified with an electron-deficient
phenanthroline as ligand and silylborane as reagent. This catalytic system allows
the selective formation of benzylic boronate esters over the corresponding aryl
boronate esters (Scheme 13) [34]. The authors isolated an iridium diboryl monosilyl
complex with the phenanthroline coordinated, suggesting that it might be the resting
state. That species is more electron-deficient than the analogue trisboryl complex
previously accepted on mechanistic studies for iridium-catalyzed C–H borylation,
and consequently, the reduced electron density at the metal center reduces the rate of
the aryl C–H borylation versus the rate of the benzylic C–H borylation (Scheme 14).

The same authors have identified a notably influence on the regioselectivity of the
iridium-catalyzed C–H borylation of alkylamines and alkyl ethers with a preference
at the beta position to oxygen or nitrogen with respect to other aliphatic C–H bonds
(Scheme 15) [35]. Experimental studies and computational results show that C�H
bond cleavage becomes the rate-determining step where the substate participates in a

Scheme 13 Iridium-catalyzed C�H borylation of methylarenes
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set of weak interactions leading to a significant stabilization of the transition state
responsible for the major product formation. However, the iridium-catalyzed alkane
C�H borylation suffered from poor atom economy, resulting from both the inclu-
sion of only one equiv. of boron from the diboron reagent and a requirement for neat
substrate.

A rate acceleration on the iridium-catalyzed alkane C�H borylation, particularly
on C(sp3)–H bonds located on the methyl groups of isopropyl groups, has been
promoted by the addition of a catalytic amount of t-BuOK (Scheme 16)
[36]. Although no mechanistic explanation was given for this observation, authors

Scheme 14 Suggested iridium-catalyzed C�H borylation of methylarenes

Scheme 15 Iridium-catalyzed regioselective C�H borylation of primary C–H bonds beta to
nitrogen and oxygen
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noted that the effect was highly sensitive to the amount of t-BuOK. This acceleration
was not observed with 12 or 8 mol% catalyst loading (Ir: t-BuOK ¼ 1: 1.5–1),
whereas efficient borylation took place in the presence of less than 6 mol% catalyst
loading (Ir: t-BuOK ¼ 1: 0.75–0.125). It is also worthy to mention that Me4phen
resulted an essential ligand for the t-BuOK-accelerated C(sp3)–H borylation since
other phenanthroline ligands were less active.

Hartwig and co-workers have explored the influence of phenanthroline-type
ligands in the iridium-catalyzed C–H borylation of alkanes [18]. They found that
the donor ability of phenanthroline-type ligands correlated positively with the rate of
C�H borylation catalyzed by the complexes containing those ligands. However,
ligands possessing similar donor properties might suffer different interactions
between the phenanthroline ligand and the boryl ligands attached to Ir in the
transition state for C�H oxidative addition, accounting for significant differences
in the activity of the catalysts. Remarkably, the effect of these interactions on the
borylation of secondary alkyl C�H bonds is larger than it is on the borylation of
primary alkyl C�H bonds.

More recently Schley and co-workers have developed an appropriately
substituted dipyridylarylmethane ligand that efficiently modifies iridium complex
providing a highly active alkane borylation catalysts [37]. This system works until
complete consumption of the diboron reagent, producing two molar equivalents of
product at low catalyst loadings (Scheme 17). The superior efficacy of this system
also enables borylation of unactivated alkanes in hydrocarbon solvent as well as
borylation of substrates containing polar functionalities, which are unreactive toward
C�H borylation under neat conditions.

Scheme 16 Iridium-catalyzed C�H borylation of C(sp3)–H bonds in the presence of a catalytic
amount of t-BuOK
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Enantioselective undirected C�H borylation reactions are much less developed
than enantioselective directed C�H borylations, but not for lack of effort [38]. Bridg-
ing the gap between directed and completely undirected enantioselective alkane
borylation, the exploitation of noncovalent interactions in the narrow chiral pocket
around the iridium complex has been demonstrated to be useful. Sawamura and
co-workers have developed a highly enantioselective borylation of unactivated
methylene C(sp3)�H bonds in 2-alkylpyridines and 2-alkyl-1,3-azole derivatives
using an iridium-BINOL-based chiral monophosphite catalyst system [39]. The
differentiation of the enantiotopic methylene C�H bonds is accomplished through
an assembly of multiple noncovalent interactions.

Recently, Xu and co-workers have developed for the first time the use of a chiral
bidentate boryl ligand to be efficiently employed in the Ir-catalyzed enantioselective
C(sp3)�H borylation of cyclopropanecarboxamides [40]. The reaction of this ligand
with [Ir(μ-Cl)(COD)]2 and B2pin2 tolerates a wide range of functional groups,
providing a series of cyclopropylboronates in good yields with good to excellent
enantioselectivities (Scheme 18).

Eventually, Mindiola and co-workers have suggested a rational design of a well-
defined homogeneous and monomeric catalyst, [IrCl(dmpe)(COD)], (dmpe ¼ 1,2-
Bis(dimethylphosphino)ethane) that is readily available from commercial precur-
sors, becoming very efficient in the borylation of methane with B2pin2 [41]. A new
catalytic cycle has been suggested in basis to the lower energetic barrier of the
oxidative addition to afford a seven-coordinate iridium(V) intermediate (Scheme
19). It has been suggested that pinacolborane, a side-product from methane
borylation with bis(pinacolato)diboron, might inhibit the catalytic activity.

Scheme 17 Iridium-catalyzed C�H borylation of alkanes enabled by 2,20-dipyridylarylmethane
ligand
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Sakaki and co-workers have recently studied the iridium-catalyzed sp3 C�H
borylation of THF using DFT [42]. They suggested that the active species is an
iridium(III) trisboryl complex, and the catalytic cycle consists of the C�H activation
through oxidative addition of the C�H bond to the iridium(III) atom and reductive
elimination between boryl and oxolanyl groups, which is the same as that proposed
for sp2 C�H borylation of benzene. The reductive elimination of B�C bond is rate-
determining step, and the β-regioselectivity is determined at this reductive

Scheme 18 Iridium-catalyzed enantioselective C�H borylation of cyclopropanecarboxamides

Scheme 19 C�H borylation of methane with [IrCl(dmpe)(COD)]
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elimination. The reductive elimination in the β-regioselective borylation occurs
through a TS lower in energy than that in the α-regioselective one (Scheme 20).

Himo and co-workers investigated the iridium-catalyzed C(sp3)–H borylation of
methylchlorosilanes through density functional theory [43]. The calculations
established that the resting state of the catalyst might be a seven-coordinate Ir
(V) species that has to be converted into an Ir(III)tris(boryl) complex in order to
effect the oxidative addition of the C–H bond. This is then followed by a C–B
reductive elimination to yield the borylated product, and the catalytic cycle is finally
closed by the regeneration of the active catalyst over two steps. The calculations
reproduce quite well the experimental trends in the reactivities of substrates with
different substituents. It is demonstrated that the reactivity can be correlated to the
Ir–C bond dissociation energies of the corresponding Ir(V) hydride intermediates.
The effect of the chlorosilyl group is identified to originate from the α-carbanion-
stabilizing effect of the silicon, which is further reinforced by the presence of an
electron-withdrawing chlorine substituent (Scheme 21). Furthermore, the source of
selectivity for the borylation of primary over secondary C(sp3)–H can be explained
by steric properties, in particular by repulsion between the alkyl group and the
Ir/ligand moiety.

Scheme 20 Iridium beta-selective C�H borylation of THF

Scheme 21 Iridium-catalyzed C(sp3)–H borylation of methylchlorosilanes
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As concluding remarks it has to be said that iridium-catalyzed C–H borylation
keeps being a source of inspiration for chemists around the world that search
efficient and suitable methods to activate C(sp2)–H and C(sp3)–H bonds and convert
them into versatile C–B bonds. [Ir(μ-OMe)(COD)]2 can activate B2pin2 as well as
HBpin, in the presence of 4,40-di-tert-butyl bipyridine (dtbpy). But new challenges
have been acquired in recent years by using alternative ligands such as 3,4,7,8-
tetramethyl-1,10-phenanthroline (Me4Phen) and 1,10-phenanthroline (phen), among
others. The selective formation of the new C–B bond can be rationalized by a
conjunction of steric and electronic issues. Essentially, the lack of directing groups
increases the interest of the new catalytic systems able to afford high levels of
chemo-, regio-, and stereoselectivity. The preference of C(sp3)–H borylation versus
C(sp2)–H borylation opens an unprecedented selective functionalization of C–H
bonds. In mostly of the new approaches, theoretical calculations have deeply studied
all the mechanistic pathways to understand the rate-limiting steps and propose
alternative catalytic cycles.

The future of the field might concern the development of improved catalytic
systems to generalize even more the reaction trends, but the exploration of new
reaction media to improve the sustainability of iridium C–H borylation remains
crucial. Mechanochemistry has recently been applied for the first time to iridium(I)-
catalyzed C–H borylation by the group of Ito and co-workers [44]. By using either
none or just a catalytic amount of a liquid, the mechanochemical borylation can be
performed in an efficient way. Therefore, the future might be orientated to determine
a careful choice of the reaction milling, jar, ball, and additives that can enable the
development of a solvent-free iridium(I)-catalyzed C–H borylation in air. Alterna-
tively, the immobilization of iridium complexes, functionalized with bpy ligands,
into oligomers has been shown by Madrahimov and co-workers to efficiently
catalyze the C–H borylation of arenes with bis(pinacolato)diboron under mild
conditions to produce a variety of arylboronate compounds [45]. The activity of
this heterogenized catalyst is similar to that of an original non-recyclable catalyst
which allows it to be used under milder conditions than other reported recyclable
catalysts. The challenging oligomer that supports the Ir catalyst can be successfully
recovered through biphasic extraction and reused for several cycles without a loss of
activity.

Globally, the idea to borylate the most abundant yet inert bonds represents an
exciting area of work. But if that strategy allows natural products to be created in a
selective way, all the efforts are justified. Liu and Yuan have collected the most
representative synthetic examples of high degree of molecular complexity from
relatively simple building blocks via C–H borylation with iridium complexes
[46]. The most significant approaches from 2014 are Baran’s total synthesis of
verruculogen and fumitremorgin A [21], Jia’s total synthesis of (�)-goniomitine
[47], Sperry’s total synthesis of scalaridine A [48], or Shibata’s total synthesis of
cis-clavicipitic acid [49].
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Abstract In this chapter, homogeneous iridium-catalyzed silylation reactions are
reviewed, focusing primarily on their synthetic utility. Additionally, relevant cata-
lytic cycles are commented, paying especial attention to those that are more repre-
sentative of each type of process. The chapter is divided into two main types of
reactions, namely, hydrosilylation and C–H bond silylation. The former deals with
the hydrosilylation of polar unsaturated bonds (ketones and imines) and non-polar
unsaturated bonds (alkenes and alkynes). The latter covers the directed and
non-directed C–H bond silylation of alkenes, alkynes, arenes, and alkanes – mainly
comprising dehydrogenative silylation reactions, which may occur in the presence or
absence of a hydrogen acceptor.
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1 Introduction

In the past few decades, the synthesis of organosilanes by catalytic methods has
undergone an outstanding development propelled by the potential use of these
molecules as materials and convenient building blocks in organic synthesis. The
preparation of compounds that contain C–Si bonds by means of catalytic processes is
a sustainable alternative to conventional stoichiometric reactions. In addition, the
development of new catalysts and synthetic methodologies might open the door to
organosilanes hitherto unattainable by current procedures.

Organosilicon compounds are interesting intermediates for the preparation of
more intricate molecular architectures because of their stability, low toxicity, avail-
ability, and versatile reactivity [1–7]. C–Si bonds can be converted into a great
variety of new bonds that include C–C bonds (Hiyama-Denmark coupling [8]), C–O
bonds (Tamao-Fleming oxidation [9]), C–N bonds (amination [10]), or C–halogen
bonds (halogenation [11, 12]). Moreover, organosilicon compounds have found
application, for example, as OLEDs (organic light-emitting diodes) or as conducting
polymers [13–20]. On the other hand, organic molecules that contain Si–heteroatom
bonds can be prepared by hydrosilane-mediated reductions. The most synthetically
relevant catalytic process for the formation of these molecules is the hydrosilylation
of ketones or amines. The dehydrogenative silylation of alcohols or amines and the
reduction of ethers, esters, or amides with hydrosilanes are also interesting reactions
that give rise to, for example, N-, O-, and S-silylated compounds. A related
hydrosilane-mediated reduction is the dehalogenation of organohalides using
hydrosilanes as reducing agent; however, in this case, it is the hydrogen atom of
the hydrosilane – not the silicon – the one that is transferred to the substrate.

Homogeneous iridium catalysts have shown excellent activities in the synthesis
of fine chemicals as well as in large-scale industrial process [21]. Regarding the
former, organometallic iridium complexes have found remarkable success as cata-
lysts in the hydrogenation of unsaturated bonds. Outstanding results have been
reported on the asymmetric hydrogenation of imines and alkenes, with the catalysts
developed by Pfaltz and co-workers being the most prominent examples [22–
24]. Moreover, Crabtree’s catalyst, i.e., [Ir(cod)(PCy3)(py)]PF6 (cod ¼ 1,5-
cyclooctadiene), is among the most active catalysts for the challenging hydrogena-
tion of encumbered olefins [25, 26]. Large-scale industrial processes also have
prominent examples such as the Cativa™ process for the manufacture of acetic
acid, by which [Ir(CO)2I2]

� catalyzes the carbonylation of methanol [27], or the
synthesis of (S)-metolachlor, which requires the asymmetric hydrogenation of a
C¼N bond – a crucial reaction catalyzed by an Ir-xyliphos complex [28–31].

In this chapter, we intend to compile the most relevant iridium-catalyzed homo-
geneous processes for the silylation of organic molecules hitherto reported.
Undoubtedly, the sheer number of hydrosilane-mediated reductions so far disclosed
makes it impossible to deal with all of them in this revision. For this reason, we will
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focus on the most relevant silylation processes from a synthetic viewpoint, which, in
our opinion, are the hydrosilylation of unsaturated bonds (e.g., alkenes, alkynes,
ketones, or imines; Scheme 1a) and the silylation of C–H bonds (e.g., alkanes or
arenes; Scheme 1b).

We also aim to transmit to the reader an understanding of the activity-structure
patterns observed for the catalytic systems discussed herein. For this purpose, we
will discuss some of the most relevant reaction mechanisms, delivering an analysis
of the role played by the metal center and the ligand system.

2 Hydrosilylation Reactions

The hydrosilylation reaction is formally the addition of a Si–H bond across a
multiple bond. The electronegativity of the atoms that form the multiple bond is
crucial to determine the reactivity, the selectivity, and even the mechanism of the
reaction. In this regard, two main types of unsaturated substrates susceptible of
undergoing hydrosilylation may be defined according to the polarity of the multiple
bond: polar (carbon-heteroatom multiple bond, e.g., ketones or imines) and
non-polar (carbon-carbon multiple bond, e.g., alkenes or alkynes). It is noteworthy
that, in the case of the former, O–Si and N–Si bonds are formed, while C–Si bonds
are generated in the case of the latter.

2.1 Hydrosilylation of Ketones

The hydrosilylation of ketones gives silyl ethers, which can be converted straight-
forwardly into alcohols. It is worth highlighting here that the substrate is often
prochiral in these reactions and, consequently, the use of a suitable chiral catalyst
may allow the enantioselective synthesis of secondary alcohols.

The first reports on Ir catalysts for the hydrosilylation of ketones appeared at the
end of the twentieth century [32–36], slightly later than their successful Rh ana-
logues [37]. The hydrosilylation of ketones can be achieved by using [Ir(μ-Cl)
(COD)]2 as catalyst, although in low yields. The addition of 1 equivalent of PPh3
improves the catalytic activity, probably due to an increased stability of the catalyst,

C X R3Si H+ C X
H SiR3

X = C, O, N

a) Hydrosilylation

R3C R3Si H+

b) Dehydrogenative silylation of C-H bonds

H R3C SiR3 H H+

Scheme 1 Generic depiction of hydrosilylation and dehydrogenative silylation reactions
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which prevents its decomposition to iridium black. However, addition of another
equivalent of PPh3 leads to catalyst deactivation [36, 38]. This is due to the fact that
the Ir(III) species obtained upon oxidative addition of the hydrosilane is overstable
and precludes the catalytic cycle, which is in sharp contrast with the behavior of
related rhodium catalysts. However, it must be noted that other Ir(III) complexes
bearing phosphines have shown catalytic activity in the hydrosilylation of
ketones [39].

A crucial breakthrough in the development of Ir hydrosilylation catalysts came
with the use of the chiral ligand (S)-DIPOF ((S,S,S)-[2-(4,5-diphenyl-4,5-dihydro-
1,3-oxazol-2-yl)ferrocenyl]diphenylphosphine), which had been used previously
with excellent results in the Rh-catalyzed asymmetric hydrosilylation of ketones
[32]. Remarkably, a previous report on the use of a chiral phosphine ((S)-amphos)
with [Ir(μ-Cl)(COD)]2 afforded the alcohol with opposite absolute configuration
when compared to [Rh(μ-Cl)(COD)]2, under the same reaction conditions. This
was the first example of a transition-metal-controlled asymmetric hydrosilylation,
although it must be mentioned that a low enantiomeric excess (ee) was obtained
[35]. Shortly after, the use of (S)-DIPOF by the group of Uemura brought about a
significant increase of the ee’s (Scheme 2) [32, 35]. This methodology was proved
effective for a variety of alkyl aromatic ketones, and, what is more, the use of (R)-
DIPOF yielded the alcohols with inverse absolute configuration for both, Rh and Ir,
affording the (S)- and (R)-alcohols, respectively. It is noteworthy that no mechanistic
investigation that explains the inversion of absolute configuration observed upon
changing from Rh to Ir has been reported so far.

Bis(oxazolines) were also explored as chiral ligands in the Ir-catalyzed
hydrosilylation of ketones (Fig. 1), although less successfully than DIPOF
[40]. The hydrosilylation of acetophenone was performed in situ employing [Ir
(μ-Cl)(COD)]2 and ligands 1 and 2 (other ligands were tested unsuccessfully) with
a catalyst/substrate ratio of 1/100 in the presence of excess Ph2SiH2. Good yields
(ca. 90%) were reported for both ligands, but asymmetric induction was only
achieved with 1 (50% ee). The use of [Rh(μ-Cl)(COD)]2 as metal precursor under
analogous conditions gave rise to significantly lower conversions (below 50%) and
selectivities (33% and 0% ee with 1 and 2, respectively).

Ph

O

Me Ph2SiH2

1) [RhCl(COD)]2 + (S)-DIPOF

Et2O, 25 ºC

1) [IrCl(COD)]2 + (S)-DIPOF

Et2O, 0 ºC

Ph

OH

Me

Ph

OH

Me

100%, 91% ee (R)

100%, 96% ee (S)

N

O Ph

PhPPh2Fe

(S)-DIPOF

2) H+

2) H+

Scheme 2 Asymmetric hydrogenation of ketones with (S)-DIPOF and [Ir(μ-Cl)(COD)]2 or [Rh
(μ-Cl)(COD)]2
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A variety of chiral diamine, thiourea, and dithiourea ligands were studied in the
hydrosilylation of ketones with Ph2SiH2 (Fig. 2) [41, 42]. Diamine ligands 3 and
4 bring about excellent conversions for the hydrosilylation of acetophenone, but
enantiomeric excesses lower than 13% in all cases. Similar results were observed for
the thioureas 5 and 6, with the ee’s reaching 25% with a 6/1 6/Ir ratio.

The best selectivities were achieved with dithiourea ligands, with ee’s close to
60% for 9a under conditions analogous to those used for diamine and thiourea
ligands. In this work [41, 42], the authors also describe an elegant experiment where
they evaluate the influence of the 9a/Ir ratio on the conversion and selectivity of the
reaction. On varying this ratio from 2 to 10, the authors observe a progressive
increase of the selectivity and a decrease of the conversion, obtaining ee’s over
70% with a tenfold excess of ligand. However, under these conditions, a low
conversion (30%) is obtained.

The work on phosphine-oxazoline (PHOX) ligands was further expanded in 2007
by Molberg’s group [43]. A range of PHOX ligands with different substitution at the
oxazoline were evaluated (Fig. 3). Quantitative or almost quantitative yields were
observed using ligands 10–12 with [M(μ-Cl)(COD)]2 (M ¼ Ir or Rh) and 1.2
equivalents of diphenyl silane. The best enantiomeric excesses were obtained with
ligand 11a and [Rh(μ-Cl)(COD)]2 as metal precursor at 0 �C, reaching a 95%. The
use of [Ir(μ-Cl)(COD)]2 resulted in significantly lower ee’s and the formation of
alcohols with opposite absolute configuration; however, the best ee’s were still

N

O iPr

1

N

O
iPr

N

O
iPr

N

O
iPr

2

Fig. 1 Depiction of chiral (S,S)-bis(oxazolines) 1 and 2

3 4a (R = H)
4b (R = Me)

NH2

NH2

Ph

Ph

NHR

NHR

N
H

N
H

S

R

CH3

5a (R = C6H11)
5b (R = C6H5)

NH

NH
S

6

7a (R = H)
7b (R = Me)

NH HN

Ph Ph

NR RN
PhHN NHPh

S S

NHR

S

RHN

S

8a (R = H)
8b (R = Me)

NH HN
NHR

S

RHN

S

9a (R = C6H11)
9b (R = C6H5)
9c (R = (R)-CH(CH3)Ph)

Ph

Fig. 2 Depiction of the diamine, thiourea, and dithiourea ligands tested by Lemaire et al.
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obtained with 11a, reaching almost 80%. The authors attributed the good perfor-
mance of ligand 11a to the presence of an OHmoiety that can coordinate to the metal
center. The addition of AgBF4 improved significantly the catalytic activity, plausibly
due to abstraction of the chloride ligand and formation of a cationic species that
allows a more straightforward coordination of the OH.

The functionalization of the (S)-binaphthyl scaffold with NHC (N-heterocyclic
carbenes) ligands led to the preparation of NHC-naphthoxy complexes of Rh and Ir
(13 and 14, respectively; Fig. 4). These complexes show excellent activities in the
hydrosilylation of acetophenone with diphenylsilane, allowing conversions over
98%. The reaction times required to achieve these conversions were significantly
lower for the Rh complexes. Moreover, considerably high amounts of a by-product
that arises from the dehydrogenative silylation of the enol of acetophenone was
observed for the iridium catalysts (15% for Ir and 3% for Rh). However, the
asymmetric induction was much higher in the case of the Ir complexes (12 and
13% ee’s for 13a and 13b, respectively; 50 and 60% ee’s for 14a and 14b,
respectively). Analogous to previous examples, the absolute configuration of the
product obtained with Ir catalysts was inverted compared to their Rh
counterparts [44].

A tetradentate biaryl bis-NHC system (15) based on the (S)-2,20-diamino-6,60-
dimethyl-1,10-biphenyl scaffold was also studied in the hydrosilylation of
acetophenone derivatives (Fig. 5) [45]. The reaction was performed in CH2Cl2 at
20 �C with Ph2SiH2 as silicon source and a 1 mol% loading of 15, giving rise to
excellent yields and enantiomeric excesses that range from 54 to 73% of the (S)-
alcohols after hydrolysis.

The use of iridium complexes based on monodentate NHC ligands with a chiral
center located at one of the wingtip groups (Fig. 6) brings about interesting results in
the hydrosilylation of a variety of ketones [46–49]. The use of (EtO)2MeSiH in the
presence of catalytic amounts of AgBF4, or the generation of the catalyst in situ from
[Ir(COD)2]BF4, affords excellent yields (up to 99%) and enantiomeric excesses

N

OMe

Ph2POR

10a (R = H)
10b (R = Me)

N

O

Ph2POR

11a (R = H)
11b (R = Me)

Ph N

O

Ph2P

12

Fig. 3 Depiction of phosphine-oxazoline ligands 10–12

N
13a (M= Rh; R = iPr)
13b (M= Rh; R = Bn)
14a (M= Ir; R = iPr)
14b (M= Ir; R = Bn)

N

M O

R

Fig. 4 Rh and Ir complexes featuring an NHC-naphthoxy ligand
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(up to 96%) at room temperature, with 16b being the best performing catalyst. The
need for the silver additive to achieve asymmetric induction was attributed to the fact
that chloride abstraction permits the coordination of the wingtip group that contains
the chiral center. Other noteworthy Ir catalysts based on non-chiral NHC ligands that
have shown interesting activities in the hydrosilylation of ketones have also been
reported [50, 51].

In 2010, Brookhart et al. reported an ionic mechanism for the hydrosilylation of
ketones employing the POCOP-Ir catalyst 17 (Scheme 3) [52]. This catalyst proved
very active for a wide variety of ketones using a monohydrosilane (Et3SiH), this
being the first example where a dihydrosilane is not required to achieve good
activities with an iridium catalyst in the hydrosilylation of ketones. The reaction

N
N

Ir

N

N
N

N

H

I

I

15

Fig. 5 Depiction of biaryl
bis-NHC complex 15

N

16a (R1 = Bn; R2 = Bn)
16b (R1 = iBu; R2 = Bn)
16c (R1 = Me; R2 = Bn)
16d (R1 = Et; R2 = Bn)
16e (R1 = tBu; R2 = Bn)
16f (R1 = sBu; R2 = Bn)
16g (R1 = iPr; R2 = Bn)

N

Ir Cl

R2

N
H

O
OH

R1

Fig. 6 Depiction of
monodentate Ir-NHC
catalysts 16a-g

Scheme 3 Ionic mechanism postulated by Brookhart et al. for the hydrosilylation of ketones using
catalyst 17
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mechanism entails essentially the heterolytic splitting of the Si–H bond via an
end-on hydrosilane species. The electrophilic iridium center abstracts a hydride,
while the ketone stabilizes a R3Si

+ cation by interaction with the Lewis basic oxygen
atom. Finally, the oxocarbenium ion thus formed abstracts one of the hydrides from
the dihydride complex to yield the hydrosilylated product. This mechanism was later
studied in more detail by Oestreich and co-workers [53]. The discussion of this
mechanism, however, exceeds the scope of this chapter, and, for further insights into
ionic mechanisms, we refer the reader to recent reviews [54, 55].

The iridium(III) metallacycle 18, in the presence of sodium tetrakis
[(3,5-trifluoromethyl)phenyl]borate (NaBArF24), allows the hydrosilylation of a
wide variety of ketones and aldehydes in excellent yields under mild conditions
(Fig. 7). The authors proposed an ionic mechanism similar to that described above,
where the active species is generated by abstraction of the chloride ligand in 18 by
NaBArF24 [56]. This catalyst is also able to efficiently catalyze the reduction of
imines, esters, carboxylic acids, and amides with hydrosilanes.

In 2014, Albrecht et al. reported a comparative study on the activity of complexes
19–21 in the hydrosilylation of ketones with Et3SiH (Fig. 8) [57]. The three
catalysts, especially the one featuring the imidazolylidene 19, were active under
low catalyst loadings (<0.1 mol%). In a recent publication [58], Albrecht and
co-workers showed that when Ph2SiH2 was employed as reducing agent instead of
Et3SiH, catalysts 19 and 20 still afforded selectively the expected silyl ether;
however, catalyst 19, which contains a triazolylidene ligand, underwent the reduc-
tive condensation reaction to render dialkyl ethers in excellent yields (Scheme 4a).
The etherification of alcohols was also achieved in excellent yields under similar
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Fig. 7 Depiction of Ir(III)-metallacycle complex 18
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Fig. 8 Depiction of catalysts 19, 20, and 21 featuring an imidazolylidene, an N-heterocyclic olefin,
and a triazolylidene ligand, respectively
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conditions (Scheme 4b). This methodology was expanded to the preparation of
unsymmetrical methyl ethers by performing the reaction in the presence of methanol,
although only low yields were attained (Scheme 4c).

2.2 Hydrosilylation of Imines

The hydrosilylation of imines is a facile method for the preparation of amines, which
are ubiquitously present in biologically active compounds. Analogous to the
hydrosilylation of ketones, if the starting imines are prochiral, enantiomerically
pure amines may be synthesized with appropriate catalysts.

Chiral PHOX ligands have been successfully employed for the hydrosilylation of
cyclic imines with Ph2SiH2, using [Ir(μ-Cl)(COD)]2 as metal precursor (Scheme 5)
[59]. Excellent yields were obtained with (S)-DIPOF, 14, 22a, and, 22b; however,
only traces were observed with 22c. These ligands also bring about high enantio-
meric excesses with iridium (ca. 90% in some cases). Conversely, noticeably lower
ee’s were obtained with Rh, and, with this system, the same absolute configuration
was achieved for Ir and Rh.

Messerle et al. reported on the activity of complexes 23 and 24, which efficiently
catalyze the hydroamination of 4-pentyn-1-amine to 2-methyl-1-pyrroline, followed
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Scheme 4 Summary of etherification reactions catalyzed by complex 21
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by hydrosilylation in the presence of Et3SiH in a one-pot, two-step reaction (Scheme
6) [60].

Complex 23, which showed better activities than 24, was further tested as
hydrosilylation catalyst for N-phenyl imines, an N-n-butyl imine, and an indole
with Et3SiH (Fig. 9). The N-phenyl imines were converted quantitatively, and
good yields were achieved for the N-aliphatic aldimine and the indole. In this
work, the authors also propose a catalytic cycle that entails initially the oxidative
addition of the Si–H bond, followed by coordination of the imine, and subsequent
migratory insertion into the Ir–H bond. Finally, reductive elimination renders the N-
silylamine and restarts the catalytic cycle.

The iridacycle complex 25, which is a variation of 18, is capable of performing
the hydrosilylation of a variety of imines prepared by hydroamination according to a
tandem methodology (Scheme 7) [61]. It is noteworthy that this reaction can be
carried out under mild conditions (25 �C) in the presence of a small excess of
monohydrosilane Et3SiH to afford the corresponding amines quantitatively.

The catalytic activity of this type of complexes was further evaluated in the
hydrosilylation of imines [62]. A comparative study of the activity 18 and its related
complex 26 (Fig. 10) showed that the latter was a more efficient catalyst in the
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Scheme 5 Enantioselective hydrosilylation of 2-phenyl-1-pyrroline using chiral PHOX ligands
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hydrosilylation of aldimines and ketimines in the presence of NaBArF24. A com-
prehensive study of the activity 26 proved that it performed efficiently for a very
broad range of acyclic imines, employing Et3SiH as reducing agent under mild
conditions. More recently, related Cp*Ir(III)Cl complexes featuring cyclometallated
phosphine ligands have been described, although modest yields were obtained even
in the presence of NaBArF24 [63].

Further work on Ir-catalyzed hydroamination/hydrosilylation tandem reactions
has been reported by Messerle’s group using NHC-containing complexes 27, 28,
and 29 as catalysts and NaBArF24 as additive (Fig. 11) [64]. The use of Ph2SiH2 as
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reducing agent allowed excellent activities and selectivities for this tandem transfor-
mation with catalysts 27–29. Regarding the relative activity of these catalysts, the
bimetallic nature of complex 29 offers no advantage over their monometallic
counterparts 27 and 28. In fact, it is the electron density at the Ir center that seems
to govern the activity trend, with electron-poor metal centers being more active.

Lately, a thorough mechanistic study by Freixa et al. shed light on the catalytic
cycle that operates on the hydrosilylation of enolizable imines catalyzed by 26 and
related iridacycle complexes (Scheme 8) [62–65]. The postulated ionic mechanism
is similar to those previously reported for the hydrosilylation of ketones (vide supra)
[66]. It is noteworthy that strong evidence of a [Ir�H]! SiR3 catalytic intermediate
has been reported by Djuckic et al. for this type of iridacycles [67].

A similar ionic mechanism has been proposed for the hydrosilylation of nitriles
by cationic iridacyles 30–32, this being the first example of this reaction catalyzed by
an iridium complex [68]. The best results for the double hydrosilylation reaction
were observed for 31 with Et3SiH at 80 �C (Scheme 9). The monohydrosilylated
product can be obtained selectively only for benzonitrile on applying milder reaction
conditions (40 �C and short reaction times). Optimization of the reaction conditions
allowed the preparation of a large array of di-silylated amines from aromatic nitriles
in quantitative or nearly quantitative yields in less than 24 h, with a catalyst loading
of 0.5 mol% of [31][BArF24]. The use of other counterions such as [OTf]� or
[BPh4]

� led to drastically lower yields.
The 1,2-hydrosilylation of N-heteroaromatic compounds is closely related to the

hydrosilylation of imines. In fact, an example has been included in this section
(Fig. 7), namely, the hydrosilylation of indole. The 1,2-hydrosilylation with Et2SiH2

of a comprehensive selection of N-heteroaromatic compounds, catalyzed by [IrCl
(COE)2]2 (COE ¼ cyclooctene), has been recently published by Park and Chang
[69]. The authors present in this work the first examples of 1,2-hydrosilylation of
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pyridines and other N-heterocycles catalyzed by transition-metal complexes. This
methodology is very selective toward 1,2-hydrosilylation, avoiding side reactions
such as dehalogenation or 1,4-hydrosilylation. In this regard, it is worth mentioning
that metal-catalyzed examples of the latter have been explored by several groups
employing transition metals different from iridium. [Selected examples of transition-
metal-catalyzed 1,4-hydrosilylation reactions: [70–74].]

The proposed catalytic cycle (Scheme 10) requires an initiation step that involves
the reaction of [Ir(μ-Cl)(COE)2]2 with Et2SiH2 to give an Ir(V)-Ir(V) dissymmetric
dinuclear polyhydride complex. Subsequently, the active species is generated by
substitution of the COE ligand by the substrate (pyridine in this case) at one of the Ir
centers, where all the steps of the catalytic cycle occur. The next step involves the
migratory insertion of the C¼N bond into one of the Ir–H bonds to afford the
reduced pyridine (bound to the Ir center). This intermediate renders the
hydrosilylated product by reductive elimination, with simultaneous formation of
an Ir(V)-Ir(III) species. Finally, reaction of the resulting Ir(V)-Ir(III) species with
Et2SiH2 regenerates the active species.

2.3 Hydrosilylation of Alkenes

The catalytic hydrosilylation of alkenes is one of the most important synthetic
tools for the preparation organosilicon compounds, such as silicones, elastomers,
and silicone-based coatings, in the chemical industry. The application of late tran-
sition metal catalysts in the hydrosilylation of alkenes from an industrial viewpoint
has been thoroughly reviewed, and, therefore, this subject will not be dealt with in
detail this section [75].
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The hydrosilylation of alkenes may afford only two different products, linear
(anti-Markovnikov addition) and branched alkyl silanes (Markovnikov addition).
However, under hydrosilylation conditions, it is frequent to observe the formation of
other silicon-containing products, such as vinylsilanes resulting from
dehydrogenative silylation (Scheme 11).

Pioneering work on the use of iridium complexes for the hydrosilylation of
alkenes comprises two main works, the hydrosilylation of 2,3-dimethylbuta-1,3-
diene with Et3SiH by [IrCl(COE)2]2 (COE ¼ cyclooctene) [35] and the
hydrosilylation of 1-hexene catalyzed by [Ir(μ-X)(COD)]2 (X ¼ Cl or OMe) and
pnictogen-based monodentate ligands (NPh3, PPh3, AsPh3, and SbPh3) in 1:1 or
1:2 molar ratios. In the case of the latter, the reactions of 1-hexene and Et3SiH with
the different catalysts were performed at 60 �C in CH2Cl2, affording the
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hydrosilylation product,1-hexyl(triethyl)silane, in low yields (3–17%). Remarkably,
mixtures of the three possible hexenyl(triethyl)silanes, presumably resulting from
dehydrogenative silylation, were obtained as the major product (12–85% yield) [76].

After these works, several catalysts for the hydrosilylation of ethylene were
described, such as the heterobimetallic complex [Ir(CO)2(μ-CH2)2TaCp2] described
by Bergman’s group [77, 78] or Shapley’s indenyl complex [Ir(η5-C9H7)(COE)
(CO)] [79].

An interesting application of the hydrosilylation reaction was described by
Marciniec and co-workers, who developed a catalytic system that uses the complex
[Ir(OTMS)(COD)]2 in the presence of a phosphine ligand to prepare silicon-
containing polymers by reaction of a bis-silylarene with a diolefin. This catalyst
also proved efficient for the hydrosilylation of silylalkenes with
heptamethyltrisiloxane [80–83].

Stradiotto et al. developed a series of bidentate Ir and Rh catalysts for the
hydrosilylation of alkenes based on an indole scaffold (Fig. 12) [84–86]. Catalysts
33, 34, and 35 were able to hydrosilylate styrene, but important amounts of β-(E)-
vinylsilanes (resulting from dehydrogenative silylation) and relatively low yields in
some cases were observed. In sharp contrast, zwitterionic complex 36 leads to a
quantitative yield and a 99% selectivity toward the linear hydrosilylation product,
which was obtained reacting styrene with triethylsilane at 60 �C in
1,2-dichloroethane using styrene/silane ratio of 5/1 and a 5.0 mol% loading of 36.

Silylene complex 37 is able to catalyze the hydrosilylation of alkenes exclusively
by reaction with primary silanes, this being one of the few examples of silylane-
containing catalysts for this reaction [87]. The exclusive anti-Markovnikov selectiv-
ity of the process – up to 77% yields of linear silane were obtained with 37 – and the
fact that only primary silanes were able to induce this reaction suggested a catalytic
cycle that would proceed according to a Glaser-Tilley-type mechanism, analogous to
related Ru-silylene catalysts [88–94] (Scheme 12).
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Further work on this system allowed to improve the catalytic activity of 37 by
modifying the PNP-Ir scaffold, which brought about yields of the linear product up
to 84% [95]. Stoichiometric experiments on these complexes showed the formation
of Ir species that feature Si–N bonds and are competent catalyst for this reaction. The
authors postulated a Glaser-Tilley-type catalytic cycle where these Si-N species
acted as intermediates (Scheme 13). The first step involves the direct Si–H bond
addition at the silylene across the C¼C double bond, this step being the cornerstone
of this type of mechanism. The resulting Ir-silylene-hydride is in equilibrium with an
Ir-silyl intermediate that reacts either with the primary silane to give an end-on
complex or via oxidative addition of one of its Si–H bonds. This reaction may afford
two different species, depending on whether the Si(H)(R)(CH2CH2R’) moiety is
bound to the Ir center or to the nitrogen of the PNP ligand. Either way, these species
are in equilibrium with a complex that features a Si(H)(R)(CH2CH2R’) moiety N-
bound to a PNP-Ir(H)(SiH2R) complex. The hydrosilylated alkene is formed from
the latter via a transition state where simultaneous splitting of the Si–N and Ir–H
bonds and formation of the Si–H bond take place. The formation of the linear
alkylsilane yields, concomitantly, a PNPIr(SiH2R) complex that is in equilibrium
with the silylane complex, thus restarting the catalytic cycle.

The selective anti-Markovnikov hydrosilylation of a variety of functionalized
aliphatic alkenes with ethynylsilanes was achieved using [Ir(μ-Cl)(COD)]2 (Scheme
14) [96]. The reaction was performed at room temperature under solventless condi-
tions, according to a modified literature procedure [97], the best yields being
obtained in the presence of a large excess of 1,5-cyclooctadiene (4 equivalents
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relative to the substrates). The amount of COD employed can be reduced to 0.5
equivalents by using a solvent such as 1,2-dichloroethane.

A similar methodology was employed for the hydrosilylation of a broad scope of
sulfur-containing olefins with trialkoxysilanes. As catalyst, the authors successfully
evaluated [Ir(μ-X)(COD)]2 (X ¼ Cl or SAr) and [IrCl2(allyl)(COD)], with the three
showing excellent selectivities toward the linear alkylsilanes (Scheme 15) [98].

Further work on the use of trialkoxysilanes as reducing agent entails the
hydrosilylation of unactivated alkenes using [Ir(μ-Cl)(COD)]2 as catalyst, allowing
excellent anti-Markovnikov selectivities (Scheme 16) [99]. This methodology is
applicable to a wealth of alkenes, including therapeutically relevant substrates.

Similar mechanisms were proposed for the last two methodologies (Scheme 17).
The first step requires the activation of the precatalyst, i.e., the abstraction of the
chloride ligands from the iridium center by the hydrosilane and concomitant forma-
tion of an Ir(I)-H species. Subsequently, coordination of the olefin followed by
migratory insertion into the Ir–H bond takes place. The last two steps of the cycle
are (1) the oxidative addition of the Si–H bond of a molecule of silane to give an Ir
(III) intermediate and (2) reductive elimination to afford the silylated product with
concomitant regeneration of the Ir(I) hydride species.
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2.4 Hydrosilylation of Alkynes

The hydrosilylation of terminal alkynes is an atom-efficient and usually high-yield
methodology for the preparation of vinylsilanes. The main disadvantage is the lack
of selectivity of the process and the difficult separation of the product mixture.
Therefore, the development of highly selective catalysts is essential to use this
methodology for synthetic purposes.

Three hydrosilylation products may be obtained, namely, the β-(E)-, β-(Z )-, and
α-vinylsilane. The β-(E)-vinylsilane (syn addition product) is the most thermody-
namically stable product, and usually the major isomer, the β-(Z )-vinylsilane (anti-
addition product), is somewhat less frequent, and the α-vinylsilane is rarely obtained
selectively. Alongside vinylsilanes, dehydrogenative silylation and hydrogenation
products (silylalkynes and alkenes, respectively) are often obtained (Scheme 18) –
the latter is formed as a by-product of the dehydrogenative silylation reaction, since
the alkyne plays the role of substrate and hydrogen acceptor. Although less frequent,
cyclotrimerization or dimerization of alkynes is also observed.
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The formation of β-(E)-vinylsilanes – obtained selectively by Pt-catalyzed
processes – was explained invoking the Chalk-Harrod mechanism, which involves
the oxidative addition of the silane’s Si–H bond, followed by alkyne coordination
and subsequent 1,2-migratory insertion into the Ir-H. Finally, reductive elimination
generates the β-(E)-vinylsilane [100]. However, the discovery of rhodium
hydrosilylation catalysts unveiled an intricate mechanistic riddle, as formation of
β-(Z )-vinylsilanes was observed in significant amounts. The so-called modified
Chalk-Harrod mechanism was then proposed [101–107]. In contrast with the
Chalk-Harrod mechanism, a 2,1-migratory insertion into the Ir–Si bond takes
place in this case. Subsequently, the alkenyl complex thus formed isomerizes to
minimize steric repulsion between the silyl moiety and the metal-ligand system,
resulting in the formation of a formal anti-addition intermediate [108, 109]. Finally,
reductive elimination delivers the β-(Z )-vinylsilane.

Iridium catalysts for the hydrosilylation of terminal alkynes often give important
amounts of β-(Z )-vinylsilane, even allowing excellent selectivities in some cases. At
the beginning of the 1990s, Crabtree and co-workers reported the excellent selec-
tivity of Ir-triso (triso ¼ [C{Ph2P¼O}3]

�) complexes toward the β-(Z )-vinylsilane
[108, 110]. Complex [Ir(triso)(COE)2] in particular is able to catalyze the
hydrosilylation of phenylacetylene with Et3SiH chemoselectively – internal ones
are not converted – and with Z/E ratios up to 190/1 with no detectable α-isomer. This
reaction allows high yields, but the use of other substrates, such as t-BuCCH,
C5H11CCH, or HCCCO2Me, leads to significantly lower yields. The use of
Ph3SiH, on the other hand, affords exclusively the β-(Z )-vinylsilane.

Complex 38 (Fig. 13) was studied later, proving efficient for a wider substrate
scope [111]. Different terminal alkynes and hydrosilanes were evaluated, showing
excellent selectivities toward the β-(Z )-vinylsilane at room temperature. On increas-
ing the reaction temperature to 65 �C, a drastic increase of dehydrogenative
silylation and β-(E)-isomer was observed – also the use of bulky substituents at
the alkyne gives rise to a loss of selectivity.

Complexes of the type [Ir(H)2(SiEt3)(TFB)(PR3)] (TFB¼ tetrafluorobenzobarralene)
(39a-c; Fig. 14) catalyze the hydrosilylation and dehydrogenative silylation of
phenylacetylene [112]. In contrast with the [Ir(triso)(COE)2] catalyst
described above, an increase of the temperature from 20 to 60 �C has little effect
on the hydrosilylation/dehydrogenative silylation product ratio, but it does have an
impact on the syn/anti ratio, especially in the case of 39a. Higher temperatures bring
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about a decrease of the β-(Z )-isomer, with 39b giving the best Z/E ratio (3.5/1) at
20 �C.

Complexes [Ir(L2)(
iPr2PCH2CH2X)][BF4] (L2 ¼ COD or TFB; X ¼ NMe2 or

OMe), [Ir(C2Ph)(CO)2(PCy3)], and [Ir(C2Ph)(TFB)(PCy3)] are efficient catalysts for
the hydrosilylation of phenylacetylene with Et3SiH, but yield mainly mixtures of
β-(Z )- and β-(E)-vinylsilanes and dehydrogenative silylation products [113, 114].

Ir-carbonyl complexes [Ir(dppe)(CO)Br] (dppe ¼ 1,2-Bis(diphenylphosphino)
ethane) and [Ir(PPh2Me)2(CO)Cl] were evaluated as hydrosilylation catalysts for
1-hexyne, phenylacetylene, and 1-phenyl-1-propyne. Reaction times around 24 h are
required to achieve full conversion at 65 �C with Et3SiH for terminal alkynes. A
yield of 52% was achieved for the hydrosilylation of internal alkyne 1-phenyl-1-
propyne with [Ir(dppe)(CO)Br] after prolonged reaction times. Only β-(Z )- and
β-(E)-vinylsilanes were obtained, with the former being the major product (α-(Z )
and α-(E) isomers were not observed). It is worth mentioning that [Ir(PPh2Me)2(CO)
Cl] allows the formation of α-vinylsilane in relatively high selectivity when
phenylacetylene is used as substrate. The use of internal alkynes as substrate,
namely, 1-phenyl-1-propyne, resulted in yields below 3% for the vinylsilanes after
36 h [115].

A series of Ir-COD complexes containing chelating NHC ligands were evaluated
in the hydrosilylation of phenylacetylene with dimethylphenylsilane by Peris et al.
However, low yields and selectivities were reported, except in the case of complex
40 (Fig. 15), which allowed quantitative conversion with a 0.1 catalyst loading at
60 �C, over a 48 h period, leading to a β-(E)/β-(Z )/α ratio of 48/34/18 [116–119].

Neutral Ir(I) complexes of the type [IrCl(COD)(NHC)] catalyze the
hydrosilylation of phenylacetylene with Me2PhSiH at 60 �C, affording in all cases
quantitative yields after 2 h with good β-(Z ) selectivity (65–90%) [120]. The best
selectivities were obtained with catalysts 41b and 41c (Fig. 16).

The use of Ir(III) precatalyst [Ir(μ-Cl)(Cl)(Cp*)]2 permits the preparation of
β-(Z )-vinylsilanes in excellent yields (up to 92% isolated yield) for terminal alkynes
featuring Ph, Cy, and nBu substituents with HSiEt3 and HSiPh3 [121].
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More recently, another Ir(III) complex [Ir(L-C,C,O,O)I2]BF4 (45, Fig. 17), this
time featuring a bis-NHC ligand (L ¼ methylenebis[(N-2-methoxyethyl)imidazole-
2-ylidene]), has shown excellent yields and β-(Z ) selectivities for a variety of
alkynes and hydrosilanes at 50 �C in 5 h, using acetone as solvent. The best yields
and selectivities were obtained for aromatic alkynes, with quantitative conversions
and exclusive formation of the β-(Z )-vinylsilane in some cases [122, 123]. Mecha-
nistic studies, based on DFT calculations and experimental data, suggest an ionic
mechanism similar to that described above for the hydrosilylation of ketones. In this
case, the first step entails the heterolytic splitting of the Si–H bond. This occurs via
initial end-on coordination of the hydrosilane to the Ir center by the H atom and
simultaneous interaction the acetone’s oxygen with the silicon atom. This yields an
oxocarbenium ion and a metal hydride species. The former transfers the R3Si

+ cation
from the hydrosilane to the alkyne to give the internal silylcarbocation ([R3Si-
CH¼C+-R]). Finally, transfer of the hydride ligand to the carbocation affords the
hydrosilylated product. The least sterically hindered transition state for the formation
of the vinylsilane involves a cis conformation for the carbocation when this
approaches the hydride, which leads to formation of the β-(Z )-isomer [123].

Ir(III) complex 18 was tested successfully as catalyst for a range of silanes and
alkynes (terminal and internal) [124]. Yields that range from 22 to 100% were
obtained after 2 h at 40 �C with a catalyst loading of 2.5 mol%. Remarkably,
100% selectivities either for the β-(E) or β-(Z ) were obtained depending on the
type of alkyne. Longer reaction times (20 h) and higher temperatures were required
for the hydrosilylation on internal alkynes; nonetheless, low yields were obtained in
general. Another interesting example of Ir(III) catalysts that allow excellent selec-
tivities toward β-(Z )-vinylsilanes are those based on the general formula [Ir(Cl)
(Cp*)(L2)], where L2 is a C,N-bidentate pyridylideneamide ligand [125].

The hydrosilylation of internal thioalkynes was achieved in a regio- and stereo-
selective manner by using [Ir(μ-Cl)(COD)]2 (2 mol%) as catalyst and (EtO)3SiH as
reducing agent (Scheme 19) [126]. To highlight the importance of this iridium-based
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Fig. 16 Depiction of [IrCl(COD)(NHC)] catalysts 41–44

N
N

N
N

M
O

O

I

BF4I

45
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catalyst, it is worth mentioning that Pt, Co, and Ru catalysts showed no activity for
this reaction. The hydrosilylation of unsymmetrical internal alkynes may afford four
different vinylsilanes, the β-(E), β-(Z ), α-(E), and α-(Z ). Remarkably, this method-
ology allows the selective preparation of the α-(Z ) isomer, i.e., the reaction is α
regio- and syn stereo-selective. A broad variety of thioalkynes with several synthet-
ically relevant hydrosilanes were tested, leading to yields up to 89% and selectivities
β/α and Z/E up to >30/1.

A mechanism that explains the selectivity of the reaction was proposed and
substantiated by DFT studies (Scheme 20). Chalk-Harrod-type mechanisms were
discarded based on the high energy barrier of the processes. The postulated mech-
anism consists of the formation of an unsaturated Ir-hydride species by reaction with
two equivalents of the silane. This species is able to coordinate the alkyne, which
evolves to give the more stable S-chelated intermediate. Finally, oxidative addition
of the Si–H bond leads to formation of an Ir(III) intermediate, which upon reductive
elimination affords the vinylsilane and regenerates the Ir-H active species.

Complex [IrH(κ3-O,N,O0-hqca(COE)] (46) (COE ¼ cyclooctene; hqca ¼ 8-
oxidoquinoline-2-carboxylate), an iridium(III) hydride complex featuring an
ONO-pincer ligand, proved an efficient catalyst for the hydrosilylation of a variety
of aromatic and aliphatic terminal alkynes (Fig. 18). The reaction was selective
toward the β-(Z )-vinylsilane in general, but bulky substituents, such as t-butyl, led to
preferential formation of the β-(E) isomer. It is noteworthy that, after consumption of
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the alkynes, β-(Z ) to β-(E) isomerization was observed. Besides, in some cases,
important amounts of dehydrogenative silylation products were obtained. The for-
mation of these products was explained by means of a reaction mechanism substan-
tiated by DFT calculations. The intermediate that determines whether a
hydrosilylation or dehydrogenative silylation reaction occurs is a
metallacyclopropene species, which may evolve upon coordination of a silane
molecule to give an alkenyl complex and eventually the corresponding vinylsilane.
Alternatively, the metallacyclopropene may undergo β-hydride elimination to afford
the silylalkyne [127].

The selective Markovnikov hydrosilylation of terminal alkynes catalyzed by
iridium complexes has been recently reported [128]. This methodology involves
the use of (TMSO)3SiH (TMS ¼ tris(trimethylsilyl)silane) as silicon source, which
allows α/β selectivities over 20/1 using [Ir(μ-Cl)(cod)]2 as catalyst. The use of this
silane inverts the regioselectivity of the process when compared to other silanes, e.g.,
Et3SiH, which renders α/β selectivities over 1/20. It is noteworthy that the use of
other Ir precatalysts, namely, [Ir(μ-OMe)(cod)]2, [Ir(μ-Cl)(coe)2]2, and [Cp*IrCl2]2,
led to yields lower than 5%. This methodology can be applied to a broad range of
terminal alkynes, is compatible with a variety of functional groups, and is applicable
to late-stage functionalization of a number of bio-relevant organic compounds.

2.5 Hydrosilylation of Cyclopropanes

The ring-opening of cyclopropanes via hydrosilylation, catalyzed by [Ir(μ-Cl)
(COD)]2, has been recently reported [129]. This reaction requires the presence of
an N-directing group, which also controls the regiochemistry of the Si-H addition
across the C–C bond (Scheme 21).

The proposed mechanism involves the formation of an Ir-hydride that acts as the
active species. Coordination of the pyridyl directing group situates the cyclopropane
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Fig. 18 Depiction of
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Scheme 21 Ring-opening hydrosilylation of cyclopropanes
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in the proximity of the Ir center. Oxidative addition of the C–C bond yields an
iridacyclobutane intermediate, which, upon C-Si reductive elimination, affords an
Ir-alkyl species. Finally, oxidative addition of Et3SiH, followed by C-H reductive
elimination, furnishes the linear alkylsilane and regenerates the active species
(Scheme 22).

3 Silylation of C–H Bonds

The functionalization of C–H bonds with hydrosilanes by dehydrogenative silylation
involves the formation of H2 as co-product, which often calls for the use of an open
system or a sacrificial hydrogen acceptor to favor the reaction thermodynamically.
Alternatively, the use of disilanes as reducing agents circumvents the need for a
driving force to compensate the unfavorable thermodynamics of the process; how-
ever, the availability of disilanes is low compared to that of hydrosilanes [130].

3.1 Silylation of Alkynes and Alkenes

The first examples of dehydrogenative silylation were observed as by-products of
hydrosilylation reactions of alkenes and alkynes (vide supra) [76, 131–134], thus
obtaining the silylated product together with equimolar amounts of the reduced
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alkyne or alkene, which act as hydrogen acceptors. One of the first examples of a
selective catalytic systems was the reaction of ethylene or 1-hexene with Et3SiH
using [IrH2(SiEt3)(COD)L] (L ¼ PPh3 or AsPh3) as catalyst. The dehydrogenative
silylation products were obtained in relatively good selectivities. Only 20% and 8%
hydrosilylation products were obtained for ethylene and 1-hexene, respectively, with
L ¼ AsPh3 [131]. When [Ir(μ-OMe)(COD)]2 + 2 L systems were used as catalysts,
[IrH2(SiR3)(COD)L] species were formed by the oxidative addition of Et3SiH to the
[Ir(OMe)(COD)L] intermediates [132].

Excellent selectivities toward the β-(Z )-vinylsilane were obtained by
dehydrogenative silylation of a broad range of terminal alkenes using norbornene
derivatives as hydrogen acceptors. The catalyst was generated “in situ” from [Ir
(μ-OMe)(COD)]2 and dtbpy (4,4-di-tert-butyl-2,2-bipyridine). The best results were
obtained at 40 �C, in tetrahydrofurane, employing 3 equivalents of 2-norbornene and
Et3SiH. Under these conditions, this methodology gives rise to Z/E ratios up to 10/1
and almost quantitative yields in 2 h. Moreover, the presence of a variety of
functional groups – namely, ketones, ketals, amides, esters, alcohols, halides, epox-
ides, and silanes – was evaluated, showing no interference [135].

Hartwig et al. expanded this methodology to the use of more synthetically
interesting silanes, namely, (TMSO)2MeSiH [136]. In this study, several 1,10-
phenanthroline (phen) derivatives were tested as ligands with [Ir(μ-OMe)(COD)]2,
[Ir(μ-OH)(COE)2]2, or [Ir(μ-Cl)(COE)2]2, showing that the Z/E diastereoselectivity
may be controlled by tuning the substituents at the phenanthroline scaffold. The
mechanistic studies presented in this work suggest the formation of the silyl-
hydrido-Ir(III) active species upon oxidative addition of the Si–H bond. Subse-
quently, alkene coordination takes place, followed by a syn insertion of the alkene
into the Ir–Si bond. Rotation around the single C–C bond of the silylalkyl interme-
diate and subsequent β-hydrogen elimination yields the β-(Z )-vinylsilane. Finally,
hydrogenation of NBE (norbornene) to NBA (norbornane) and the ensuing activa-
tion of the silane regenerate the active species (Scheme 23).

Ir(III) complex 47 is able to catalyze a rare case of tandem isomerization-
dehydrogenative silylation of alkenes; conversely, the related Rh 48 complex cata-
lyzes very selectively the tandem isomerization/hydrosilylation of internal alkenes to
afford linear alkylsilanes (Fig. 19) [137]. For example, 1-octene, trans-2-octene,
trans-3-octene, and trans-4-octene can be converted by reaction with Et3SiH, into a
Z/E mixture of the allylic silane, i.e., triethyl(oct-2-en-1-yl)silane, in conversions
that range from 67 to 73%.

An interesting application of the dehydrogenative silylation of terminal alkenes is
the functionalization of monounsaturated fatty acids from vegetable oils, which may
be employed as renewable feedstock. In this regard, the system [Ir(μ-OMe)(COD)]2/
bipy acts as an efficient catalyst for the dehydrogenative silylation of methyl oleate
with Et3SiH to give mixtures of β-(Z )- and β-(E)-vinylsilanes in the presence of
NBE [138].

High selectivities toward the dehydrogenative silylation of several terminal
alkynes were achieved using a mixture Ir4(CO)12/PPh3 as catalyst at 100 �C, with
hydrosilanes. The use of 2.3 equivalents of the terminal alkyne, which acts as
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substrate and hydrogen acceptor, affords the corresponding silylalkynes in yields up
to 96% [139].

An alternative methodology for the preparation of silyl alkynes from terminal
alkynes has been reported by the group of Marciniec, which consists of the use of
iodosilanes instead of hydrosilanes in the presence of iridium catalysts and a base
(Scheme 24) [140–143]. The reaction renders the silylated alkynes in nearly quan-
titative yields for a vast variety of alkynes using [Ir(μ-Cl)(CO)2]2 as catalyst and NEt
(iPr)2 as base. Remarkably, this methodology also proved efficient using
chlorosilanes as silicon source [143].

Based on stoichiometric experiments, the authors proposed a catalytic cycle that
involves the formation in situ of the active species, namely, trans-[Ir(I)(CO){NEt
(iPr)2}2], which undergoes oxidative addition of the alkyne’s C–H bond to afford an
Ir(III) intermediate. The base (NEt(iPr)2) deprotonates the complex to give [HNEt
(iPr)2] and the Ir(I) intermediate cis-[Ir(R-C � C)(CO){NEt(iPr)2}2]. Subsequent
oxidative addition of Me3Si-I leads to the formation of an Ir(III) species that, via
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reductive elimination, yields the silylalkyne with concomitant regeneration of the
active species (Scheme 25).

3.2 Silylation of Arenes and Heteroarenes

Pioneering work on the dehydrogenative silylation of arenes was disclosed by Curtis
in 1982. In this work, the authors describe the use of Vaska’s complex ([Ir(Cl)(CO)
(PPh3)2]) as catalyst for the dehydrogenative coupling of benzene and hydrosilanes
to yield phenylsilanes [144]. The reactivity studies suggest a mechanism whose first
step consists of the abstraction of the chloride ligand from Vaska’s complex by the
silane with concomitant formation of the IrI-H active species. Subsequently, oxida-
tive addition of one of the C–H bonds of benzene followed by reductive elimination
of H2 affords the IrI-Ph intermediate, which undergoes oxidative addition of the
hydrosilane’s Si–H bond. The resulting IrIII intermediate yields the silylated product
by reductive elimination and restarts the catalytic cycle (Scheme 26).

It was not until 2003 that the next Ir-catalyzed silylation of C–H bonds was
described [145]. A variety of functionalized arenes (in large excess) were silylated
using disilane (tBuF2Si)2 by means of an iridium catalyst generated in situ from [Ir
(μ-OMe)(COD)]2 (1.5 mol%) and dtbp (3 mol%). This methodology allows the
selective preparation of the least sterically hindered (meta or para) arylhalosilanes in
high yields. Remarkably, these silylated compounds can be easily transformed via
C-C coupling reactions. This work was later expanded to five-membered
heteroarenes using the same methodology, but exploring phenanthroline-derived
ligands, with the best results being obtained for the ortho-substituted tbphen ligand
(2-tert-butyl-1,10-phenanthroline) and the bipyridine ligand dtbpy. The use of tBu-
ortho-disubstituted phenanthrolines precluded the catalytic activity for certain sub-
strates, plausibly due to the high steric hindrance about the iridium center. The less
encumbered tbphen (tBu-ortho-monosubstituted) ligand allows good activities while
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maintaining excellent selectivities [146]. Further enhancement of the regioselectivity
and activity of the catalysts was achieved by fine tuning of the steric properties of the
ligands and the disilane (Scheme 27) [147].

The mechanism postulated for this process entails the reaction of [Ir(μ-OMe)
(COD)]2 with (RF2Si)2 to give RF2Si-OMe and the active species [Ir]-SiF2R, which
may explain the need for this metal precursor. Subsequently, oxidative addition of
the arene’s C–H bond affords the Ir(III) intermediate [Ir]-(SiF2R)(Ar)(H), which
upon reductive elimination yields the silylated product and an Ir(I)-hydride interme-
diate. Alternatively, σ-bond metathesis would directly afford [Ir]-H and
Ar-SiF2R. [Ir]-H reacts now with a new molecule of disilane, via σ-bond metathesis
or via an oxidative addition/reductive elimination process, to generate the active
species and RF2Si-H [147].

The silylation of indoles with (tBuF2Si)2 was efficiently carried out with [Ir
(μ-OMe)(COD)]2 and dtbpy (1.5 and 3 mol%, respectively) prior protection of the
NH moiety [146]. No protection of the nitrogen was required by using [Ir(μ-OMe)
(COD)]2 and dtbpy (5 and 10 mol%, respectively) with an affordable hydrosilane,
Et3SiH, in the presence of excess NBE, reaching yields up to 87%. This
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methodology also proved efficient for the selective ortho-silylation of a variety of
thiophene and furan derivatives [148].

The dehydrogenative silylation of various deuterated aromatic solvents, namely,
C6D6, C6D5Cl, C6D5CF3, and C6D5CH3, was reported in 2007 by Tilley et al. using
complex 49 (Fig. 20) as catalyst and Ph3SiH as silicon source. TBE and NBE were
used as sacrificial hydrogen acceptors, with the best results being obtained for NBE,
because TBE may be silylated. A 10 mol% catalyst loading at 120 �C for 48 h
afforded Ph3SiC6D5 in 100% yield from C6D6; Ph3SiC6H4CF3 in 81% yield from
C6H5CF3 with a 15% of Ph3SiF (dehalogenation side-product); Ph3SiC6H4Cl in 45%
from C6H5Cl; and Ph3SiC6H4CH3 in 71% yield from C6H5CH3 [149].

In the last decade, the number of Ir-based C-H silylation methodologies has
experienced an outstanding growth ([130]; for recent reviews on C-H silylation,
see [150, 151]). A commonly used strategy comprises the use of directing groups to
facilitate the selective activation of ortho-C–H bonds by formation of a
cyclometallated intermediate. An alternative strategy makes use of tethered
hydrosilanes, which can be introduced in the substrate by hydrosilylation or
dehydrogenative coupling (Scheme 28). Hartwig et al. developed an Ir-catalyzed
methodology for the ortho-silylation of benzyl alcohols, aryl ketones, and benzal-
dehyde derivatives. Benzyl alcohols can be transformed into tethered hydrosilyl
ethers by dehydrogenative coupling with Et2SiH2 catalyzed by [Ir(μ-Cl)(COD)]2,
while carbonyl compounds are reduced to the corresponding hydrosilyl ethers using
[Ir(μ-X)(COD)]2 (X ¼ OMe, Cl) as catalyst. Subsequently, the ortho-selective
dehydrogenative silylation to give the corresponding benzoxasilole derivative was
catalyzed by [Ir(μ-OMe)(COD)]2/phen (phen ¼ 1,10-phenanthroline) in the
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presence of NBE (1.2 equivalents). This reaction can be performed in the absence of
a hydrogen acceptor using [Ir(μ-OMe)(COD)]2/dtbpy as catalyst; however, some-
what lower yields were obtained. It is noteworthy that, in this work, the
benzoxasilole derivatives were prepared by a one-pot procedure and functionalized
successively by Hiyama coupling and Tamao-Fleming oxidation [152].

An asymmetric version of this methodology has also been developed employing a
chiral pyridinyloxazoline ligand (50) instead of 1,10-phenanthroline, reducing the
temperature to 45 �C. The system proved efficient for the silylation of symmetric
diarylmethoxy diethylsilanes achieving enantiomeric excesses up to 93% and yields
up to 93% (Scheme 29). Moreover, this catalytic system was able to resolve racemic
mixtures of unsymmetric diarylmethoxy diethylsilanes at 35 �C, thus affording
enantioenriched benzoxasiloles by kinetic resolution in enantiomeric excesses up
to 99% and yields up to 42% [153].

Following a similar methodology, dihydrobenzosiloles were prepared from sty-
rene derivatives or vinylpyridines in a one-pot procedure. The first step requires the
selective formation of the β-alkyl(hydro)silane by hydrosilylation of the styrene
derivative with diphenylsilane catalyzed by [Ni(Br)2(PPh3)2] or B(C6F5)3 (for
α-substituted styrenes). Subsequently, the dehydrogenative ortho-silylation was
achieved in the presence of 1.2 equivalents of NBE catalyzed by [Ir(μ-OMe)
(COD)]2/dtbpy (Scheme 30). This procedure shows excellent tolerance for a variety
of functional groups, and the dihydrobenzosiloles thus formed were further
functionalized to generate benzosiloles, furanes, 2-hydroxyphenethyl alcohols, or
halides [154, 155].

The dehydrogenative ortho-silylation of a variety of arenes with excess Et3SiH
and NBE at 115 �Cwas achieved using an Ir(NHC) catalyst. This selectivity is due to
the presence of N-directing functional groups, such as pyridines, pyrazoles, or
imines, which promote the activation of the ortho-C–H bond upon Ir-N coordination
and subsequent cyclometalation. The perimidine-based NHC (51) features xylyl
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wingtip groups that can undergo cyclometalation reversibly, which is crucial for the
activity of the catalyst (Scheme 31) [156].

The proposed mechanism requires the activation of 51 by reaction with
2-phenylpyridine to give a doubly cyclometalated complex that reacts with Et3SiH
to afford the Ir-hydride active species. Subsequently, a new molecule of Et3SiH
oxidatively adds, which prompts the decyclometallation of the wingtip group.
Reaction with NBE yields a silyl species with a cyclometalated xylyl moiety and
NBA. Then, Et3SiH coordinates to the vacant coordination site, and, by a σ-CAM
pathway (TS in Scheme 32), the silylated arene is formed. Finally, the catalytic cycle
is restarted upon reaction with 2-phenylpyridine. Therefore, the xylyl moiety of the
NHC behaves as an anionic hemilabile substituent throughout the catalytic cycle,
thus promoting the dehydrogenative silylation reaction.

Another interesting system for the dehydrogenative silylation of arenes, directed
by N-containing functional groups, is the use of Ir-complex [Ir(acac)(COD)]
(acac ¼ acetylacetonate) as catalyst in the presence of NBE using Ph2FSiH as
reducing agent. This permits the gram-scale ortho-selective C�H silylation of
several types of substrates in excellent yields. The fluorinated silicon and nitrogen
atoms of the substrates bind by means of Lewis acid-Lewis base interaction, which
gives rise to fluorescent compounds with high quantum yields [157].

The acceptorless dehydrogenative silylation of neat arenes was achieved at
120 �C with a 2/1 mixture of [Ir(μ-OMe)(COD)]2 and 2,9-dimethyl-1,10-
phenanthroline (dmphen) as catalyst precursor (Scheme 33). The process was
selective toward the least sterically hindered meta or para positions, e.g., 1,3- and
1,2-chloroarenes undergo exclusively meta-silylation. A protected triethoxysilane,
namely, 1-hydrosilatrane, was used as reducing agent, thus allowing further
functionalization of the silylated products via Hiyama cross-coupling reaction [158].

The use of synthetically relevant hydrosilane HSiMe(OSiMe3)2 was successfully
explored in the non-directed dehydrogenative silylation of arenes and heteroarenes
using [Ir(μ-OMe)(COD)]2 and 2,4,7-trimethylphenanthroline as catalyst precursor in
the presence of 1 equivalent of a hydrogen acceptor [159]. This methodology allows
the use of the aromatic compound as the limiting reagent, proceeds with high
regioselectivity, and shows an excellent functional groups tolerance, improving
that of the related Rh-catalyzed system [10]. Moreover, a broad variety of substrates,
including pharmaceutically relevant compounds, were silylated efficiently. The
resulting silylated compounds proved easy to functionalize by Hiyama cross-
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Ir O O

51

N R2

R1

N R2

R1
51 (5mol%)
NBE (3 eq)
Et3SiH (3 eq)

Et3Si

Scheme 31 Directed dehydrogenative silylation of N-functionalized arenes catalyzed by 51
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coupling oxidation, fluorination, and iodination. More recently, various sterically
hindered pyridyl-imidazoline and phenanthroline derivatives were successfully
employed as ligands in the silylation of unactivated arenes and heterorenes
[160, 161].

The hydrosiloxane HSiMe(OSiMe3)2 was also employed in the directed
dehydrogenative silylation of functionalized arenes and alkanes, using [Ir(μ-Cl)
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(COD)]2 (2 mol%) as catalyst precursor, 20 mol% DIPEA (diisopropylethylamine)
as additive, and 2 equivalents of TBE as hydrogen acceptor. Several nitrogen-based
directing groups (imines, hydrazone, oxazoline, pyridine, N,N-dimethylamine, and
oxime ether) proved efficient to give the corresponding monosubstituted
organosilane in hexane at 80 �C [162].

The use of [Ir(μ-OMe)(COD)]2 (5 mol%) as catalyst precursor with
phenanthroline-derived ligands also proved efficient for the silylation of polycyclic
aromatic molecules (2 equivalents) with Et3SiH and 3,3-dimethyl-1-butene as
hydrogen acceptor at 100 �C in dioxane. The regioselectivity of the process was
sterically and electronically controlled, leading to a variety of selectively mono- and
di-silylated polyaromatic compounds based on naphthalene, phenanthrene, anthra-
cene, pyrene, and azulene scaffolds, with a divergent chemo- and regioselectivity
when compared to that expected for electrophilic functionalization [163, 164].

Hydrosiloxane-tethered arenes, prepared from aryl and benzyl silanols, were
converted by intramolecular dehydrogenative ortho-silylation into 5- or
6-membered cyclic siloxanes, respectively, fused with the arene (Scheme 34). The
reaction shows a wide scope, including bio-relevant compounds that can be addi-
tionally functionalized by, for example, selective and simultaneous iodination/chlo-
rination of the two newly formed C–Si bonds. This methodology employs a mixture
of [Ir(μ-Cl)(COD)]2 and phen or Me4phen (3,4,7,8-tetramethyl-1,10-
phenanthroline) as catalyst, NBE as hydrogen acceptor, and THF as solvent at
100 �C [165].

The NHC-Ir(III) complex 52, [Ir(H)2(IPr)(py)3][BF4] (IPr ¼ 1,3-bis-
(2,6-diisopropylphenyl)imidazol-2-ylidene), catalyzes the directed and
non-directed dehydrogenative silylation of a broad range of arenes and heteroarenes,
which were used in all cases as limiting reagent [166]. This methodology is
amenable to a variety of hydrosilanes, namely, Et3SiH, Ph2MeSiH, PhMe2SiH,
Ph3SiH, and, for the first time, (EtO)3SiH. The reaction proceeds without the need
for a hydrogen acceptor; however, the reaction rates are significantly higher in the
presence of NBE. Moreover, the use of bisarylated bis(silanes) led to the selective
formation of bis(hydrosilane)s by reaction with arenes and heteroarenes, which
contrasts with previous examples where no monoarylation was described
[167]. The proposed catalytic cycle requires as first step the dehydrogenation of 52
(thermic or via hydrogen acceptor) to afford an Ir(I) species, which is able to
coordinate the substrate (2-phenylpyridine) by substitution of a pyridine ligand.
Subsequently, cyclometalation of 2-phenylpyridine takes place to give an Ir(III)
intermediate, with concomitant pyridine decoordination. The vacant coordination
site left by the pyridine ligand is occupied by the hydrosilane, which coordinates
end-on. The silylation of the ortho-C–H bond takes place by a σ-CAM pathway

[Ir(µ-Cl)(COD)]2
phen or Me4-phen

NBE, THF, 100 ºC

X
Si
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Scheme 34 Ir-catalyzed
intramolecular silylation of
arenes featuring tethered
hydrosiloxanes
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(transition state; Scheme 35). Finally, substitution of the silylated substrate by
pyridine regenerates 52.

A one-pot methodology has been developed for the sequential silylation-
borylation of heteroarenes using [Ir(μ-OMe)(COD)]2 as catalyst and Et3SiH, in the
presence of TBE as hydrogen acceptor. Several substrates were studied, among them
substituted quinolines, which were selectively silylated in the 2-position, presum-
ably due to Ir-N coordination. Subsequent borylation was less selective, plausibly
because the remaining C–H bonds are similar from an electronic and steric view-
point. Thiophenes and furanes substituted at the 2-position were selectively silylated
in the presence of dtbpy (4,40-di-tert-butyl-2,20-bipyridyl) at the 5-position and
borylated at the 3-position. Indene was silylated selectively at the C-H adjacent to
the heteroatom, while borylation occurred at the 7-position [168]. Further develop-
ment of this methodology led to the sequential silylation-borylation of a variety of
heteroaromatic substrates featuring functional groups that permit a regioselective
silylation step [169].

The [Ir(μ-OMe)(COD)]2/dtbpy system also showed good activity for the ortho-
C–H silylation of the phenyl group of 6-phenyl-7-deazapurines and 6-phenyl-9-
deazapurines with Et3SiH in the presence of NBE. This selectivity has been ascribed
to the directing effect of the N1 nitrogen, being silylation at the deazapurine scaffold
a minor product (Scheme 36) [170].

The use of [Ir(μ-OMe)(COD)]2/Me4phen in the presence of NBE allows the
silylation and bis-silylation of heteroarenes to yield organo-{2-(hydroxymethyl)
phenyl}-dimethylsilanes (organo-HOMSi) that were used as efficient cross-coupling
reagents (Scheme 37) [171]. The protection of the hydrosilane’s OH group (HOMSi-
H) was required, being tetrahydropyran (THP) the preferred protecting group.

The intramolecular dehydrogenative C�H silylation of 20,60-diaryl-2-(hydrosilyl)
biphenyls catalyzed by [Ir(μ-Cl)(COD)]2 (10 mol%) and DPPBen (1,2-bis
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(diphenylphosphino)-benzene) (20 mol%) permitted, for the first time, the synthesis
of a several tribenzosilepins by a catalytic process (Scheme 38) [172].

3.3 Silylation of Alkanes

The selective silylation of primary C–H bonds was achieved by intramolecular
dehydrogenative silylation catalyzed by [Ir(μ-OMe)(COD)]2 and phenanthroline-
based ligands – the best results being obtained with Me4phen. The tethered
hydrosilane was introduced in the molecule via hydrosilylation of ketones or
dehydrogenative coupling with alcohols using dihydrosilanes (Scheme 39). Subse-
quently, intermolecular dehydrogenative silylation of the primary γ-C–H bond
yields the C(sp3)-Si functionalized product. The oxasilolane derivatives thus
obtained were transformed into diols by Tamao-Fleming oxidation. This strategy
for the directed γ-functionalization is compatible with a broad scope of alcohols and
ketones with different auxiliary groups and proved efficient for the functionalization
of intricate natural products [173–175].
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N N
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Scheme 36 Dehydrogenative silylation of 6-phenyl-7-deazapurine
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A related methodology was employed for the synthesis of L-sugars from their
parent deoxy derivatives. For example, L-glycopyranosyl donors were prepared via
selective silylation of the methyl group’s C-H in γ-position to the OH at the C4 of
their parent 6-deoxy-l-hexoses [9, 176].

The mechanism of γ-functionalization of primary C(sp3)–H bonds has been
studied by DFT calculations resulting in two different postulations, an Ir(I)-Ir(III)
and an Ir(III)-Ir(V) catalytic cycle [177, 178]. The latter was found to be more likely
due to the fact that the formation of [Ir{Si(OR)Et2}(Me4phen)] is more favorable
than that of [Ir(H)(Me4phen)(norbornene)] – the Ir-hydride complex being the active
species in the Ir(I)-Ir(III) catalytic cycle. The Ir(III)-Ir(V) catalytic cycle comprises
initially the formation of the active species by reaction of [Ir{Si(OR)Et2}(Me4phen)]
with 1 equivalent of HSi(OR)Et2 to give [Ir(H){Si(OR)Et2}2(Me4phen)]. Then, NBE
coordination and migratory insertion into the Ir–H bond renders [Ir(norbornyl){Si
(OR)Et2}2(Me4phen)], which reacts with a new molecule of hydrosilane by oxida-
tive addition. Reductive elimination gives [Ir{Si(OR)Et2}3(Me4phen)] with con-
comitant formation of NBA. Subsequently, intramolecular C–H oxidative addition
of the γ-C–H bond followed by reductive elimination affords the oxasilolane
derivatives and regenerates the active species.

The directed intermolecular dehydrogenative silylation of the aliphatic C–H bond
of 8-methylquinoline (Scheme 40) and related fused ring systems was achieved
using [Ir(μ-Cl)(COD)]2 as catalyst, with Et3SiH in toluene under reflux. The
resulting organosilanes were converted into esters via carboxylation with CO2 gas
in the presence methyl iodide [179]. A similar methodology was employed for the N-
directed silylation of C(sp3)–H bonds with HSiMe(OSiMe3)2 and TBE as hydrogen
acceptor [162].

The undirected intermolecular dehydrogenative silylation of aliphatic C–H bonds
adjacent to the nitrogen of 2-dimethylaminopyridine was achieved using [Ir(μ-Cl)
(COD)]2 as catalyst with Et3SiH. The monosilylated compound was obtained in
yields up to 76% without the need for a hydrogen acceptor (Scheme 41). The
bis-silylated product was also observed in small amounts together with other
by-products. Significantly, the silylated products were converted into α-amino
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acids under CO2 (1 atm). The silylation of 2-alkylpyridines (R ¼ Et, iPr) was also
accomplished, although yields below 34% were obtained [180].

The dehydrogenative silylation of C(sp3)–H bonds at the benzylic position of
ortho- and para-substituted pyridine derivatives was achieved employing Ir4(CO)12
as catalyst, NBE as hydrogen acceptor, and Et3SiH as silicon source (Scheme 42)
[181, 182]. Substrates that present ortho- and para-benzylic C–H bonds, such as
2,4-dimethylpyridine, undergo selective silylation at the para-position. In the case of
ortho-alkyl pyridines, the use of 3,5-dimethylpyridine as an additive improves
significantly the activity of the catalytic system. This behavior has been attributed
to the ability of 3,5-dimethylpyridine to form a silylpyridinium intermediate that
may transfer the silyl moiety to the benzylic position (vide infra) [182].

The proposed mechanism requires the coordination (end-on or side-on) of the
hydrosilane, followed heterolytic splitting of the Si–H bond aided by the Lewis acid
nature of the Ir center and the Lewis basic pyridine. Thus, an N-silylpyridinium and
an Ir-H species are formed. Abstraction of the benzylic hydrogen from the N-
silylpyridinium by the Ir-hydride affords a dihydride intermediate and a N-
silylenamine. The N-silylenamine is silylated by the N-silylpyridinium or the
hydrosilane-Ir species. Finally, dehydrogenation of the dihydride species restarts
the catalytic cycle (Scheme 43). This mechanism explains why, in the case of
2,4-dimethylpyridine, the silylation is selective at the para-benzylic position – the
silyl group at the N-silylpyridinium hinders the H-abstraction at the ortho-position.

Complex 53 combined with NaBArF4 catalyzes the silylation of 2-alkyl-1,3-
azoles at the α-C(sp3)–H bond of the 2-alkyl group. As mentioned above in the
previous example, the use of 3,5-dimethylpyridine as additive is crucial. It is
noteworthy that the reaction proceeds in the absence of a hydrogen acceptor;
however, this methodology is more efficient when cyclopentene or cyclohexene is
employed (Scheme 44). The catalytic cycle was proposed to occur according to an
ionic mechanism analogous to that depicted in Scheme 43 [183].

The dimerization of benzylmethylsilanes via dehydrogenative silylation was
achieved by a successive functionalization of the methyl’s C(sp3)-H and the ortho’s
C(sp2)–H bonds. The reaction proceeds efficiently in the absence of a hydrogen
acceptor using [Ir(μ-OMe)(COD)]2 and 5,6-Me2phen to generate the catalyst in situ
(Scheme 45) [184].
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Scheme 42 Benzylic C-H silylation of 4-methylpyridine catalyzed by Ir4(CO)12
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Dihydrobenzosiloles were prepared in high yields and excellent
enantioselectivities by the dehydrogenative silylation of primary C(sp3)�H bonds,
using [Ir(μ-OMe)(COD)]2 and adequate N,N-chiral ligands in the presence of NBE
(Scheme 46). The resulting silylated products were transformed into halocarbon and
hydroxylated compounds. It is noteworthy that this methodology proved efficient for
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the functionalization of natural products [185]. The mechanism of this reaction has
been recently studied by DFT calculations [186], suggesting an Ir(III)-Ir(V) catalytic
cycle. The active species, a pentacoordinate [Ir(H)2(SiMe2Ar)(N,N-ligand)] com-
plex, undergoes dehydrogenation by NBE and concerted Si-H activation to give [Ir
(H)(SiMe2Ar)2(N,N-ligand)]. Subsequently, intramolecular C(sp3)�H bond activa-
tion affords the corresponding cyclometalated Ir(V) species, which via reductive
elimination affords the organosilane and regenerates de active species.

The β-functionalization of unactivated C(sp3)–H bonds of aliphatic amines was
accomplished via intramolecular dehydrogenative silylation employing a cleavable
directing group, which is removed upon Tamao-Fleming oxidation with concomitant
formation of 1,2-amino alcohols. The directing group was introduced by reaction of
the amine with chloromethyl(dimethyl)silane. The resulting methylene-linked
hydrosilane undergoes intramolecular dehydrogenative silylation catalyzed by [Ir
(μ-OMe)(COD)]2 (2 mol%) to form silapyrrolidines enantioselectively in the pres-
ence of chiral pyridyl-imidazoline ligands (Scheme 47).

4 Concluding Remarks

This chapter summarizes the most relevant advances in iridium-catalyzed
hydrosilylation and C–H bond silylation hitherto reported. The hydrosilylation of
unsaturated polar bonds permits the synthesis of a wide range of alcohols and
amines, while the hydrosilylation of carbon–carbon multiple bonds and the silylation
of C–H bonds furnish alkyl, aryl, alkenyl, and alkynyl silanes. Regarding the
hydrosilylation reactions, Ir catalysts have shown interesting performances, even
surpassing their extensively studied Rh counterparts in some cases. Interestingly, an
inversion of the absolute configuration of silyl ethers – compared to their related Rh
catalysts – has been often observed in the hydrosilylation of ketones. The
Ir-catalyzed hydrosilylation of alkenes and alkynes usually occurs according to an
anti-Markovnikov addition. In the case of the latter, selective formation of β-(Z )-
vinylsilanes has been achieved. Concerning the silylation of C–H bonds, iridium
complexes proved exceptionally efficient catalysts, especially those generated in situ
from [Ir(μ-OMe)(COD)]2 and N,N-chelating ligands. In this regard, it is worth
highlighting that prominent examples of selective C(sp3)–H bond silylation have
been reported, even allowing the synthesis of bio-relevant molecules. A variety of
reaction mechanisms have been suggested to operate in the reactions commented
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above, for instance, Glaser-Tilley-type, ionic, and classical inner-sphere mecha-
nisms, where Ir(I), Ir(III) and Ir(V) species may be formed. σ-CAM pathways that
circumvent the formation of Ir(V) intermediates have been also invoked.

Finally, owing to their synthetic versatility, selective hydrosilylation and C–H
bond silylation reactions show great promise for the functionalization of organic
molecules – where Ir catalysts may play a central role. However, intense research on
reactivity trends, substrate scope, and mechanistic understanding are still required to
improve the applicability of these methodologies.
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Abstract A history and summary of iridium-catalyzed hydrogen isotope exchange
(HIE) is described. Owing to the wide range of applications served by installation of
heavy and radioactive hydrogen isotopes, a wealth of synthetic labeling strategies
have been forthcoming. Principle among all HIE methods are those developed using
homogeneous iridium catalysts. This chapter covers major developments in (primar-
ily homogeneous) iridium-centered catalysts for HIE. Connections to the broader
fields of hydrogenation and C–H functionalization are also considered.
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1 Introduction

1.1 Isotopes and Isotopic Labeling

Isotopes of a particular element have an identical number of protons in their
respective nuclei but possess an unequal number of neutrons. Namely, they share
the same atomic number but have different mass numbers, as exemplified for
hydrogen (Scheme 1) [1]. The stability of an isotope is governed by the ratio of
neutrons to protons within the nucleus, thus giving rise to two possible circum-
stances. Firstly, a heavy isotope of an element, such as 2H or 13C, has a stable nucleus
and tends to be found in nature, albeit at lower abundances than their more common
counterparts, 1H and 12C, respectively. In the alternative case, radioisotopes, such as
3H or 14C, have an unstable neutron/proton ratio and decay, via emission of radiation
or particles, to form other elements, or different isotopes of the parent element.

The synthesis and supply of isotopically labeled molecules has a sustained
importance in the study of metabolic processes, among myriad other processes
[2]. It is therefore unsurprising that there is a large and growing body of research
dedicated to the synthesis of isotopically labeled compounds. The labeling of
molecules with 13C or 14C is most readily achieved through the use of commercially
available, isotopically enriched starting materials. While such a technique ensures a
regiospecific label will be present in the desired target molecule, it ultimately comes
at the price of unwanted additional steps in the synthesis [3].

Scheme 1 Simplified Bohr representations of the isotopes of hydrogen
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Research into deuterium (2H or D) and tritium (3H or T) labeling is more substantial
than that for other isotopes and has been developed on a number of fronts over the past
60 years [2–22]. Further to this, key developments in synthetic strategies and analyt-
ical techniques over the past three decades are gradually making tritium labeling the
preferred technique in many absorption, distribution, metabolism, excretion, and
toxicology (ADMET) studies [10]. In one particularly active branch of such research,
hydrogen isotope exchange (HIE) is commonly employed to deliver deuterium or
radioactive tritium to pharmaceutical drug candidates in one synthetic step.

1.2 Applications of Hydrogen Isotope Exchange

The importance of hydrogen isotope exchange (HIE), for iridium catalysts and
beyond, is manifest in the wealth of reviews published in the area [2–36]. As well
as circumventing the requirement for isotopically enriched starting materials in
synthesizing tritiated drug candidates [3, 10], HIE can also provide analogous
deuterated compounds for use as internal standards for mass spectrometry
[29, 37], for kinetic isotope studies, [21, 38, 39], and for the alteration of reaction
pathways in total syntheses [40]. Additionally, HIE is applied within almost every
sub-discipline in life science, in nuclear science, and beyond [2]. The ability for
precise measurement of isotope ratios promotes a dynamic view on biosynthetic
pathways, protein turnover, and systems-wide metabolic networks and, thus, has
paved the way for a number of scientific breakthroughs in biomedical research. In
assessing a drug candidate’s metabolic fate, the chemist must first have a flexible
technique with which to study it. Consequently, isotopic labeling is the gold
standard method by which early stage drug discovery processes are optimized.
The numerous application areas for HIE are summarized in Scheme 2.

1.3 Synthetic Methods in HIE

With a broad range of existing HIE applications, there exists a wide range of
synthetic methods to achieve hydrogen isotope incorporation in an ever-expanding
array of substrates. While the full gamut of chemistries developed for HIE is beyond
the primary focus of this chapter, it is worth covering these in brief. Firstly, the
source of deuterium and tritium has varied extensively from method to method;
however, some patterns exist. For deuteration, many methods have applied D2 gas,

Hydrogen Isotope Exchange
Food science

Toxicology Ecology
Mass 

spectrometry

Drug design

Pharmacology
Proteomics

Materials

Reaction 
mechanisms

Nuclear

Natural Product 
Synthesis

Scheme 2 Application
areas served by hydrogen
isotope exchange (HIE)
technology
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D2O (heavy water), DCl, benzene-d6, DMSO-d6, and numerous deuterated alcohols.
Of these isotope sources, and of direct relevance to the focus of this chapter, D2 gas
has been the preferred isotope source as it directly maps onto the preferred use of
tritium gas for radiolabeling protocols [5, 7, 10, 17].

Hand in hand with the range of hydrogen isotope sources is a wide range of metal-
mediated and other mediated processes for HIE (Scheme 3). Classically, these
include acid- and base-mediated reactions, as well as modern variations using
frustrated Lewis pairs (FLPs). Aryl labeling is most common, but many common
organic transformations have been pivoted into labeling protocols. Nonetheless,
metal-catalyzed HIE is dominant in HIE, covering heterogeneous and homogeneous
catalysis. Such methods have been more fully reviewed elsewhere [11, 12].

2 Ortho-Directed Iridium-Catalyzed HIE

Among all transition metals employed in homogeneous HIE methods, iridium is
arguably the most widely studied [2, 3, 5, 6, 11–13, 15, 17, 18, 20, 22, 26, 35, 36, 41,
42], which is, in part, due to the vast and ever-expanding literature precedent in
related hydrogenation reactions [31, 43–68]. Iridium was also present in some of the
earliest metal-centered catalysts applied to HIE chemistries [69]. In support of this
analysis of iridium’s popularity in HIE, Oro and co-workers estimated that iridium
accounted for 33% of all reported HIE methods, greater than for any other metal
[11]. While iridium catalysts have also been applied in heterogeneous catalysis

Scheme 3 Common synthetic transformations toward the installation of hydrogen isotopes in
organic substrates
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[70, 71], the focus of this chapter is on the far more expansive homogeneous iridium
catalysis developments.

2.1 Early Developments in Ortho-Directed HIE

There is a clear dominance of ortho-HIE in the homogeneous iridium catalyst
literature. In 1992, Heys demonstrated the successful ortho-directed deuteration of
several substituted aromatic compounds using the 18-electron Ir(III) bis-phosphine
dihydride complex 1 under very mild conditions (2 ! 3, Scheme 4) [72]. Crucially
for the time, Heys’ investigations marked a significant advancement from Lockley’s
ortho-labeling work (with rhodium and ruthenium catalysts) [73–75]: D2 gas
replaced D2O as the deuterium source (an advantage when considering the use of
tritium), reactions operated efficiently at room temperature, and, perhaps most
importantly, catalyst loadings were significantly reduced from 50 mol% to 2 mol
%. Interestingly, it was noted that labeling was significantly affected by steric or
electronic aspects of the substituents present on arene substrates. For example, meta-
substituted ethyl benzoates, such as 5, showed a consistent preference for labeling at
C-2 over the less hindered C-6 position, presumably due to additional coordination
assistance from meta-substituent lone pairs [76]. Steric hindrance from ortho-sub-
stitution reduced labeling efficiency (4 vs. 9); however, bulky α-substituted ketones
such as 6 were not so adversely affected. Further to this, where substrates possessed
more than one carbonyl directing group, the labeling site(s) changed according to
which substituent could coordinate to the catalyst to the greatest extent (e.g., 4 vs.
10).
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The mild labeling conditions pioneered by Heys and co-workers, coupled with
intriguing substrate-dependent regioselectivity, captured the combined interest of the
industrial and academic HIE communities, resulting in a large number of subsequent
studies aimed at understanding the catalytic properties of 1 and related Ir-based HIE
catalysts. Firstly, Heys followed up his initial study with a more in-depth assessment
of the aryl substituent effects in the labeling efficiency of ethyl benzoates and N,N-
dimethylbenzamide substrates (Scheme 5) [72]. In a rather unexpected outcome,
para-substitution improved the rate of labeling in both substrate types, irrespective
of substituent electronics (e.g., 11a vs. 11b and 11c). In an attempt to explain this
effect, Heys monitored the rate of labeling in both rings of several monosubstituted
benzophenones [72]. The substituted ring was labeled faster in every instance (12a–
12c). As both rings are connected to the same carbonyl functionality, it appeared that
the rate-limiting step of the overall reaction could not be ascribed to the initial
coordination of the substrate, nor hydride fluxionality [23]. Instead, Heys suspected
that some aspect of the C–H bond cleavage was rate-limiting, proposing key
intermediates 13 and 14 based on available literature. At this time, the formal
oxidation state of iridium intermediates involved in the C–H bond cleavage (IrI /
IrIII or IrIII/IrV) was not clear.

Inspired by Heys, Hesk and co-workers probed the efficacy of the commercially
available Crabtree hydrogenation catalyst, 15 [43], in labeling acetanilide deriva-
tives, the first such substrates to be effectively labeled via a 6- rather than a
5-membered metallocyclic intermediate (mmi) [77]. Consistent with Heys’ work,
Hesk reported that deuteration was directed ortho to the coordinating functionality.
Moreover, no clear relationship emerged regarding the electronics of para-substit-
uents and labeling efficacy. Ketones 17 and 18 were also compatible with this mild
labeling method; however, weakly coordinating benzenesulfonamide 19 and
benzoic acid 20 were not (Scheme 6).
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Since Heys’ and Hesk’s respective discoveries of iridium catalysts for ortho-
directed HIE, complexes 1 and 15 (and derivatives thereof, vide infra) have remained
topics of high interest in HIE research [26, 78–81]. In a further key development by
Heys, 21, a precatalytic Ir(I) variant of Ir(III) catalyst 1 was compared to related
bidentate pre-catalyst, 22 (Scheme 7) [82]. By the mid-1990s, it had already been
hypothesized by several researchers that both 5- and 6-mmis could be formed during
the C–H bond cleavage step in the ortho-deuteration process (23 vs. 24), depending
on the substrate being studied; this was to be the platform on which to compare
iridium catalysts 21 and 22.

Labeling a range of substrates enabled a comparison of the mono- and bidentate
phosphine complexes to be made, highlighting a preference for monodentate 21 to
react through a 5-mmi only, whereas bidentate 22 could react through both a 5- and a
6-mmi. This result was exemplified in the labeling of ethyl 1-naphthoate, 25
(Scheme 8, top). Of the two available labeling sites, the monodentate complex, 21,
labeled solely at C-2. Conversely, bidentate complex 22 demonstrated the capability
to direct labeling at both C-2 and C-8. When Crabtree’s catalyst, 15, was exposed to
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similar reaction conditions, the regioselectivity in labeling was similar to
monodentate complex 21, albeit with reduced labeling efficiency. Labeling through
a 6-mmi only was also investigated. Perhaps the most remarkable findings from this
study were those concerning the labeling of N-phenyl phenylacetamide, 26 (Scheme
8, bottom). Interestingly, the less active monodentate complex, 21, showed selec-
tivity for the aromatic ring adjacent to the nitrogen, 26a, an effect emulated more
efficiently by Crabtree’s catalyst in 26c. However, the bidentate catalyst 22 was able
to label both rings of 26 almost indiscriminately (see 26b). This served to show that
there was potential to distinguish not only between a 5- and 6-mmi, but also between
different types of 6-mmi, depending on the ancillary ligands employed.

On accumulation of these data, Heys proposed a catalytic cycle by which these
iridium complexes may be affecting the observed regioselective hydrogen isotope
exchange (Scheme 9) [82]. Upon treatment of the Ir(I) pre-catalyst, 27, with deute-
rium gas, hydrogenolysis of cyclooctadiene (COD) as d4-cyclooctane generates the
active Ir(III) catalyst, 28, where ligands (L) are assumed to be arranged trans to one
another when monodentate. Coordination of substrate displaces a solvent molecule
(S) and is thus accepted into the coordination sphere of the iridium catalyst to give
29. A second solvent molecule can then be displaced, allowing iridium to cleave the
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nearby ortho C–H bond of the aryl ring to yield 30. Transformation of species 31 to
32 is driven by a process known as hydride fluxionality and is central to the isotope
exchange process [23]. The overall effect brings a deuteride and the activated aryl
carbon into a cis arrangement. Subsequent C–D elimination furnishes 32, with a
deuterium atom now installed ortho to the directing group. Finally, the release of
deuterated substrate, 33, regenerates the resting catalytic intermediate, 28. This
mechanism invokes an all-Ir(III) catalytic cycle with C–H activation as the rate-
limiting step, supporting evidence for which would take another decade to accumu-
late. Said evidence involved isolation and crystallographic characterization of 34
(an acetonitrile-solvated analogue of 30) and spectroscopic studies on the evolving
nature of iridium hydride equilibria as a function of ancillary ligand electronics
(Scheme 9, inset) [20].

In an extension of the theory of ortho-directed HIE, Heys postulated that the
preference for the monodentate phosphine complex, 21, to react only via a 5-mmi,
38, as opposed to a 6-mmi, 37, was based on steric effects (Scheme 10) [82]. By
contrast, the bidentate complex, 22, is forced to arrange the phosphines cis to one
another. For substrates such as 25, this opens up a second face on the iridium
complex, offering greater spatial freedom for the formation of the less planar
6-mmi, 40, as well as the 5-mmi, 39. By the same thought, the monodentate
Crabtree’s catalyst, 15, can facilitate labeling through a 6-mmi as the pyridine and
tricyclohexylphosphine ligands present less steric bulk than the two
triphenylphosphine ligands of complex 21 and may thus exist in cis or trans form.
Herbert later capitalized on this rationale to further improve bidentate catalyst 22 in
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the labeling of 6-mmi substrates, changing the diphenylphosphinoethane (dppe)
ligand for the sterically less encumbered arsine analogue [81].

2.2 Contemporary Methods in Ortho-Directed HIE

Further synthetic developments by Herbert [28, 78, 83] and later Salter [26] showed
that bis-phosphine catalysts like 22 may be generated in situ from the appropriate
free phosphine and commercial iridium dimer, [Ir(COD)Cl]2, with comparable
activity to the isolated complexes. The same authors are also separately responsible
for detailed studies into alteration of the phosphine structure [26, 78, 81]. However,
both parties have remarked that strong correlations between ligand properties (such
as sterics or electronics) and catalyst activity are difficult to detect. The number of
such ligands applied to iridium-catalyzed HIE is now extensive and includes more
elaborate catalyst system like 41 (Scheme 11).

Parallel with studies into bis-phosphine systems, Crabtree’s catalyst 15 has also
been the subject of intense study in deuteration and tritiation, since Hesk’s discovery
[76, 84–89]. In one of the largest of any such study, Herbert explored an expansive
substrate scope, including ketones, amides, anilides, and various heterocycles
[83]. Despite the impressive array of examples reported, this study employed at
least stoichiometric quantities of 15 and a dual D2/D2O isotope source, making
comparisons to related ortho-labeling methods difficult.

In a notable crossover between bis-phosphine catalysts and Crabtree’s catalyst,
Hickey and co-workers developed a polymer-supported variant of Heys’
bis-phosphine catalyst, 42, which showed comparable ortho-HIE activity to 15
and 22, but with the practical benefit of simple catalyst filtration at the end of the
reaction (43 vs. 44 vs. 45; Scheme 12) [71]. Solid-supported iridium catalysts for
HIE have now been adapted to flow systems [80].
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Exploring an altogether different ligand architecture, Lockley reported the appli-
cation of hexafluoroacetylacetonate (hfacac)-ligated Ir(I) complex, 46, in ortho-HIE
(Scheme 13) [8, 10, 22, 90–92]. This catalyst has been successfully applied in the
labeling of benzylic amines, benzoic acids, and primary sulfonamides, where few
other Ir-based HIE catalysts have succeeded. The catalyst is one of the few iridium
HIE catalysts operational in highly polar solvents such as DMF (desirable for poorly
soluble drug molecules) and displays different labeling regioselectivities depending
on the choice of isotope source (D2 or D2O; see 47 ! 48 vs. 47 ! 49).

In the early 2000s, increasing interest in Crabtree’s catalyst, 15, in HIE was
paralleled with investigations by other researchers to improve efficiency and
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chemoselectivity in iridium-catalyzed olefin hydrogenation reactions [61]. Despite
its widely reported success, 15 is known to suffer from thermal deactivation via the
formation of inactive, hydride-bridged, iridium clusters (50, Scheme 14) [54]. Sim-
ilar effects have been documented for other iridium-based complexes [66, 93].

Separate investigations by Nolan [62] and Buriak [94] toward improved thermal
stability and predictable chemoselectivity of Crabtree-like hydrogenation catalysts
resulted in a plethora of highly promising electron-rich, N-heterocyclic carbene
(NHC)-ligated iridium catalysts (Scheme 15). Such species were first applied and
published in ortho-HIE processes by Powell and co-workers [95]. In Powell’s study,
complexes 51a and 52a–52c were employed under stoichiometric (industrial
“tritiation-like”) conditions, with the most active variant, 52c, shown to be superior
to Crabtree’s catalyst across the entire substrate range.

In a more interesting variant of this work, Kerr and co-workers studied the
catalytic activity of complexes 51b–51f, showing most active complex, 51e, to be
highly active over an appreciable substrate scope (5 mol% [Ir], 16 h, rt) and
displaying a higher turnover frequency (TOF) than Heys’ bis-phosphine catalyst,
22. Interestingly, the smaller complexes in the series studied by Kerr (51b and 51c)
were completely inactive as HIE catalysts [86]. Similar investigations by the same
group led to the discovery that small NHC/phosphine complexes such as 52c were
inactive as HIE catalysts, but larger variants 52d and 52ewere active across a limited
substrate scope [96].
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The exploration of NHC-ligated iridium HIE catalysts had revealed promising
(proof-of-concept) developments beyond the popular and established works of Hesk
and Heys. Kerr and co-workers later developed a synthesis of previously
unattainable complexes 53a–53c, bearing large phosphine and large NHC ligands
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(Scheme 16) [97]. These complexes have proven seminal within the ortho-HIE
domain and have among the highest activity [98], substrate/solvent scope
[99, 100], and tritiation reaction cleanliness of any such catalyst reported to date.
Additionally, ortho-HIE process with these complexes has been studied experimen-
tally and computationally, strengthening the case for a Ir(III)-based reaction mech-
anism akin to that proposed by Heys [98]. More specifically, kinetic isotope effect
(KIE) measurements [101] revealed that C–H bond cleavage was the rate-limiting
step of the reaction (54 ! 55), and detailed NMR studies revealed (via 2JP–C
coupling information) the trans-geometry of the ancillary ligands [98]. The same
study was also able to reveal the origins of the selective reactivity of such catalysts
for 5- over 6-mmi substrates, citing dual kinetic and thermodynamic favorability for
the 5-mmi. The calculated transition states 56 and 57 revealed, for the first time, the
sigma-bond-assisted metathesis (sigma-CAM) process at the heart of the all-Ir(III)
C–H activation step [98, 102].

While developing a rare method for labeling primary sulfonamides, Kerr and
co-workers considered directing group chemoselectivity in detail [102]. It was
observed that the sulfonamide vs. pyrazole selectivity in celecoxib 58 varied dra-
matically with catalyst choice (Scheme 17). Whereas encumbered and most-often
used NHC/phosphine catalysts facilitated labeling adjacent to the pyrazole moiety,
giving 58b, neutral NHC/Cl catalysts, such as 59, facilitated selective sulfonamide
labeling, delivering 58a, for the first time. Accompanying DFT studies revealed that
the substrate binding event was likely to be product-determining (60a vs. 60b), even
though C–H activation remained rate-limiting (Scheme 17). A similar rationale was
presented for multifunctional molecules containing esters as the targeted directing
group [103]. Following this, Derdau and co-workers significantly expanded on the
HIE studies of competing directing groups, showing once again that calculated
binding energies could serve as a semiquantitative and predictive tool for rational-
izing directing group chemoselectivity in HIE [42].

Building on Kerr’s work, Ir(III)-catalyzed ortho-HIE has continued to flourish
[3, 11, 13, 15, 35, 41, 42]. From the same group, and others applying the develop-
ments therefrom, the application of bulky NHC–phosphine systems in HIE has
steadily advanced in terms of the applicable substrate and solvent scope [42, 102,
104–108]. With regard to solvent scope, Kerr and Tamm have reported complemen-
tary strategies toward modifying the solubility profile of existing iridium HIE
catalysts. On the one hand, Kerr explored the use of the bulky tetrakis[3,5-bis
(trifluoromethyl)phenyl]borate (BArF) counterion in place of the standard
hexafluorophosphate (PF6) [104, 109], and on the other, Tamm integrated a related
borate anion into the backbone of an anionic carbene ligand (Scheme 18) [110]. The
wide range of solvents made applicable in extending the Kerr catalyst series through
61a–61d evidenced new opportunities to tune HIE regioselectivity through simple
solvent switching [104]. From Tamm’s most recent developments, catalysts 62a,
62b, and 62e have been identified as competent HIE catalysts in hexane and
cyclohexane for the first time [110].

A growing community of researchers have, in more recent times, contributed a
wider range of elaborated ligand spheres around tractable iridium(I) pre-catalysts. In
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turn, more iridium HIE catalysts have enabled applications using more challenging
directing groups. A recent contribution from Pfaltz and Muri showed the application
of P,N-derived bidentate ligands [111]. Most notably, these latest iridium-based HIE
catalysts have been developed to be able to label ortho to secondary
benzenesulfonamides for the first time, albeit using high temperatures and synthet-
ically intricate ligands [111]. Along similar lines, Tamm and Derdau have reported
complementary P,N- and C,N-ligated iridium catalysts able to further expand the
range of accessible directing groups applicable in ortho-directed HIE processes (63–
65, Scheme 19) [110, 112, 113].

3 Beyond Ortho-Directed HIE

Far from the humble beginnings of homogeneous iridium-catalyzed HIE [69],
labeling of organic molecules has continued to advance along complementary
lines to ortho-directed HIE. While some instances have been discovered as
unintended by-products of desired ortho-labeling, [111] or to assess non-innocent
ancillary ligand behaviors, [114–125] contributions have been made to labeling
global aromatic, sp3, vinyl, formyl, and heteroatom positions in a strategic manner
(cf. Scheme 3). In the application domain, such developments have given
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industrialists a more diverse palette of methods with which to incorporate hydrogen
isotopes into an increasingly elaborate array of drug candidates.

3.1 Directed sp3 C–H HIE Methods

Somewhat inspired by the deep understanding of iridium catalysts and compatible
directing groups for ortho-directed HIE protocols, significant contributions have
emerged toward labeling sp3 centers rather than aromatic sp2 centers [15, 111, 126,
127].

Using Kerr’s commercially available catalyst 53a and 61a, Derdau and Kerr have
developed expansions of the original ortho-labeling methodologies, showing that the
same catalyst systems can effectively label sp3 C–H positions in complex amides
and a range of drug molecules (Scheme 20).

In a new paradigm for the field, MacMillan and co-workers developed a
photoredox- and hydrogen atom transfer (HAT)-catalyzed method, employing an
iridium(III) photocatalyst Ir(F-Meppy)2 (dtbbpy)PF6 [F-Meppy, 2-(4-fluorophenyl)-
5-(methyl)pyridine; dtbbpy, 4,40-di-tert-butyl-2,20-bipyridine], 66 [128]. In combi-
nation with labeled water (D2O or T2O) as the isotope source, and a suitable
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hydrogen atom donor, this method selectively delivered isotope incorporation to the
sp3 a-amino sites in 18 drug molecules (Scheme 21).

The reaction is proposed to operate via coupled photoredox and hydrogen atom
transfer (HAT) cycles (Scheme 22). The photoredox catalyst 66 is excited by the
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modified systems for tritiation

R1 N
R3

R2

R1 N
R3

R2

D D

Ir
N

N

tBu

tBu N

F

N

F

PF6

(iPr)3Si SH (30 mol%)

D2O (50 equiv.), NMP, rt
34-W Blue LED

N

MeO
OMe

OMe
MeO

CN

[5]

[83]

[87]

HN

O
O

N

[85]

[85] [85]

O

NF

NC
[53]

[91]

[82][82]

(+)-Verapamil
(+)-Escitalopram

[X] = %D in adjacent position
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Scheme 22 Hypothesized mechanism for photoredox- and HAT-mediated HIE

288 M. Reid



blue light-emitting diode (LED) to generate a long-lived excited state triplet 67, a
strong single electron oxidant. The catalyst then generates an alpha-amino radical 70
from 69, and the reduced Ir(II) catalyst 68, which is now a strong reductant. Isotopic
scrambling between the labeled water source and added thiol delivers the on-cycle
labeled thiol 72 from 71, judiciously chosen due to the favorably weak S–H bond.
Labeled thiol 72 (polarity matched with the nucleophilic amino radical 69)
undergoes a HAT process to generate the alpha-labeled amine product 74 and
thiol radical 73. Thereafter, the photoredox and HAT catalytic cycles converge to
generate the thiolate anion 75 and regenerate the photoredox catalyst 66. Through
adjustments in the choice of photocatalyst and thiol source, this method was
applicable to both deuteration and tritiation processes.

3.2 Non-ortho-HIE on Aromatic Substrates

A range of cyclopentadienyl (Cp, and derivatives thereof)-ligated iridium complexes
have been shown to be active in HIE (76–84, Scheme 23). Principally, several
nondirected and global aromatic C–H deuteration strategies have been reported
and improved over several iterations of catalyst design [114, 129–136]. In 2001,
Bergman and co-workers showed that complexes of the type [(Cp*)Ir(PR3)(H)
(DCM)], such as 76, and, later, [(Cp*)Ir(PMe3)(H)3]OTf, were active in HIE across
a range of aromatic and aliphatic substrates [114, 129–131]. In further iterations,
Peris [132] and Ison [134, 135] reported a range of NHC-ligated complexes based on
the Cp-I core. In more practically facing contributions, Thieuleux and collaborators
divulged solid-supported variants of [(Cp*)Ir(NHC)] cores, 82–84 [133, 136]. Across
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this series of publications, mechanisms of HIE were hypothesized to vary with
deuterium source, solvent, and ancillary ligand combination (see Scheme 24 or
exemplar transformations).

3.3 Vinyl HIE Processes

Expanding sp2 labeling protocols beyond simple aromatic systems, a number of
recent reports have shown the possibility of selectively labeling vinyl groups.
Because many modern iridium HIE catalysts of the type [(COD)Ir(L1)(L2)]X
evolved from the hydrogenation literature [54, 62, 67], the labeling community
has been aware of (and exploited) the reductive power of these catalyst systems to
install isotopes across unsaturated moieties [10]. However, the dual HIE and hydro-
genation reactivity of these iridium systems presents a challenge if the same catalyst
is targeted for an HIE application, and not a hydrogenation. While designing HIE
methods for labeling α,β-unsaturated substrates, Kerr and co-workers hypothesized
that the competing reactivity could be rationalized by a equilibrating C–C bond
rotation 85 to 86 upon substrate coordination (Scheme 25). For larger ligand spheres
such as in catalyst 53a, intermediate 86 would be favored, driving HIE
(86! 87! 88! 89). For smaller ligand systems, as has been observed in attempts
to use Crabtree’s catalyst for similar transformations [137], intermediate 85 is
favored, driving hydrogenation over HIE (85 ! 90 ! 91 ! 92).

Beyond re-optimizing HIE the use of catalysts in which competing hydrogenation
is an issue, several methods for the chemoselective labeling of alkenes have also
appeared in the iridium literature. In 2008, Hartwig reported a method where pincer
complex 93 was shown to label vinyl C–H positions with selectivity largely
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dependent on the specific steric environment of the substrate, albeit under air and
moisture sensitive conditions (Scheme 26, left) [138]. Notably, this method was
applied to a series of both simple and complex organic molecules and included
global labeling of aromatic and heteroaromatic substrates. A more practical variant
of this method was divulged by Nishimura and co-workers [139]. Using an in situ-
derived Ir(III) monohydride, 94, and D2O as the isotope source, an attractive range of
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mono-substituted alkenes could selectively deuterated at the vinyl or methylidene
positions (Scheme 26, right).

In relation to vinyl HIE, formyl-selective methods of labeling benzaldehyde
derivatives has been of notable interest, due, in part, to the synthetic handle of
derivatization presented through the carbonyl functional group [140–145]. In 2010,
Chapelle and co-workers showed that Crabtree’s catalyst was able to deliver formyl-
labeled benzaldehyde derivatives, albeit with variable selectivity against competing
aryl ring labeling [142]. Kerr and co-workers used this work as inspiration to
compare Crabtree’s catalyst in formyl labeling vs. other competent ortho-HIE
catalysts. Comparing catalysts 15 vs. 53b vs. 95, it was shown that the NHC/Cl
system delivered superior formyl selectivity than either of the cationic iridium
centers bearing larger ligand spheres (Scheme 27). The group accounted for these
observations using a detailed mechanistic model centered around cis-trans isomer-
ization of the activated Ir(III) catalyst. While intermediate 97 bearing trans ancillary
ligands favors the approach trajectory of the aldehyde substrate that leads to aryl
HIE, isomer 96 of the same catalyst enables the aldehyde to approach along a
trajectory leading to formyl HIE [146].

3.4 Beyond C–H Labeling

Some of the most recent developments in isotopic labeling employing iridium
catalysis have been applied to X–H moieties. While comparatively rare when
compared to C–H HIE methods, heteroatom labeling can be insightful en route to
establishing new carbon–heteroatom bonding–forming processes. Specifically,
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Nolan and Grubbs have independently reported on silane labeling [147, 148]. Grubbs
studied catalyst 98, while Nolan investigated 99 and 100 in Si–H and B–H labeling,
respectively (Scheme 28) [149].

4 Concluding Remarks

Notwithstanding earlier pioneering developments in the field [69, 73–75, 150–152],
iridium-catalyzed HIE has undergone explosive growth since Heys’ use of
bis-phosphine systems in the early 1990s [153]. The main thrust of developments
in the field have been in ortho-directed HIE domain. Such is the maturity and
underlying mechanistic understanding of the ortho-labeling subfield, that it is now
influencing catalyst design strategies in the broader C–H functionalization field.
Considered alteration of the iridium ligand sphere – for both Ir(I) and Ir(III) systems –
has now expanded the field of HIE well beyond its ortho-labeling comfort zone.
Iridium-catalyzed methods to install heavy and radioactive hydrogen isotopes now
span global aromatic labeling, sp3 labeling, vinyl labeling, heteroatom labeling, and
combinations thereof.

Iridium-catalyzed HIE is evolving at a time when computationally supported
catalyst design is reaching unprecedented levels of sophistication [154–158]. It is
expected, therefore, that forthcoming developments in iridium-catalyzed HIE will be
enabled by deeper exploration of predictive methods of understanding substrate–
catalyst compatibility.

Acknowledgments Dr. Marc Reid thanks the Leverhulme Trust for Early Career Fellowship
funding (ECF-2016-264) and GlaxoSmithKline for their generous support. Thanks also go to
Professor William J. Kerr and Dr. Richard Mudd for useful discussions relating to the preparation
of this chapter.

D2 (0.5 atm), CD2Cl2, rt, 3 h

Ir

NN

N N

tBu tBu

tBu

99 (1 mol%)

C6D6 or D2O, 80 oC, 24-132 h

Si H
R

R
R Si D

R

R
R

98(1-5 mol%)

N
Ir PP iPr

iPr
iPr

iPr

DD

D2 (10 psi), CD2Cl2 or THF, 
rt, 4-48 h

B H
R

R
B D

R

R

H
Cl

Ir

NN

N N

tBu

tBu

Cl

100 (1 mol%)

Scheme 28 Iridium-catalyzed HIE for Si–H and B–H bonds

Iridium Catalysts for Hydrogen Isotope Exchange 293



References

1. Ebbing DD, Gammon SD (2005) Atoms, molecules, and ions. In: General chemistry, 8th edn.
Houghton Mifflin Company, Boston

2. Atzrodt J, Derdau V, Kerr WJ, Reid M (2018) Deuterium- and tritium-labelled compounds:
applications in the life sciences. Angew Chem Int Ed 57:1758–1784. https://doi.org/10.1002/
anie.201704146

3. Isin EM, Elmore CS, Nilsson GN et al (2012) Use of radiolabeled compounds in drug
metabolism and pharmacokinetic studies. Chem Res Toxicol 25:532–542. https://doi.org/10.
1021/tx2005212

4. Filer CN (2010) Direct metal-catalyzed tritiation of organic compounds. J Label Compd
Radiopharm 53:739–744. https://doi.org/10.1002/jlcr.1801

5. Nilsson GN, Kerr WJ (2010) The development and use of novel iridium complexes as catalysts
for ortho-directed hydrogen isotope exchange reactions. J Label Compd Radiopharm
53:662–667. https://doi.org/10.1002/jlcr.1817

6. Allen PH, Hickey MJ, Kingston LP, Wilkinson DJ (2010) Metal-catalysed isotopic exchange
labelling: 30 years of experience in pharmaceutical R&D. J Label Compd Radiopharm
53:731–738. https://doi.org/10.1002/jlcr.1825

7. Hesk D, Lavey CF, McNamara P (2010) Tritium labelling of pharmaceuticals by metal-
catalysed exchange methods. J Label Compd Radiopharm 53:722–730. https://doi.org/10.
1002/jlcr.1800

8. Lockley WJS, Heys JR (2010) Metal-catalysed hydrogen isotope exchange labelling: a brief
overview. J Label Compd Radiopharm 53:635–644. https://doi.org/10.1002/jlcr.1851

9. Lockley WJS, Hesk D (2010) Rhodium- and ruthenium-catalysed hydrogen isotope exchange.
J Label Compd Radiopharm 53:704–715. https://doi.org/10.1002/jlcr.1815

10. Lockley WJS, McEwen A, Cooke R (2012) Tritium: a coming of age for drug discovery and
development ADME studies. J Label Compd Radiopharm 55:235–257. https://doi.org/10.
1002/jlcr.2928

11. Di Giuseppe A, Castarlenas R, Oro LA (2015) Mechanistic considerations on catalytic H/D
exchange mediated by organometallic transition metal complexes. C R Chim 18:713–741.
https://doi.org/10.1016/j.crci.2015.02.006

12. Atzrodt J, Derdau V, Kerr WJ, Reid M (2018) C�H functionalisation for hydrogen isotope
exchange. Angew Chem Int Ed 57:3022–3047. https://doi.org/10.1002/anie.201708903

13. Hesk D (2020) Highlights of C(sp2)–H hydrogen isotope exchange reactions. J Label Compd
Radiopharm 63:247–265. https://doi.org/10.1002/jlcr.3801

14. Junk T, Catallo WJ (1997) Hydrogen isotope exchange reactions involving C–H (D, T) bonds.
Chem Soc Rev 26:401–406. https://doi.org/10.1039/CS9972600401

15. Valero M, Derdau V (2020) Highlights of aliphatic C(sp3)–H hydrogen isotope exchange
reactions. J Label Compd Radiopharm 63:266–280. https://doi.org/10.1002/jlcr.3783

16. Saljoughian M (2002) Synthetic tritium labeling: reagents and methodologies. Synthesis
(Stuttg) 2002:1781–1801. https://doi.org/10.1055/s-2002-33907

17. Atzrodt J, Derdau V, Fey T, Zimmermann J (2007) The renaissance of H/D exchange. Angew
Chem Int Ed 46:7744–7765. https://doi.org/10.1002/anie.200700039

18. Lockley WJS (2007) 30 Years with ortho-directed hydrogen isotope exchange labelling. J
Label Compd Radiopharm 50:779–788. https://doi.org/10.1002/jlcr.1421

19. Hesk D, McNamara P (2007) Synthesis of isotopically labelled compounds at Schering-
Plough, an historical perspective. J Label Compd Radiopharm 50:875–887. https://doi.org/
10.1002/jlcr.1424

20. Heys JR (2007) Organoiridium complexes for hydrogen isotope exchange labeling. J Label
Compd Radiopharm 50:770–778. https://doi.org/10.1002/jlcr.1428

21. Parkin G (2007) Applications of deuterium isotope effects for probing aspects of reactions
involving oxidative addition and reductive elimination of H–H and C–H bonds. J Label
Compd Radiopharm 50:1088–1114. https://doi.org/10.1002/jlcr.1435

294 M. Reid

https://doi.org/10.1002/anie.201704146
https://doi.org/10.1002/anie.201704146
https://doi.org/10.1021/tx2005212
https://doi.org/10.1021/tx2005212
https://doi.org/10.1002/jlcr.1801
https://doi.org/10.1002/jlcr.1817
https://doi.org/10.1002/jlcr.1825
https://doi.org/10.1002/jlcr.1800
https://doi.org/10.1002/jlcr.1800
https://doi.org/10.1002/jlcr.1851
https://doi.org/10.1002/jlcr.1815
https://doi.org/10.1002/jlcr.2928
https://doi.org/10.1002/jlcr.2928
https://doi.org/10.1016/j.crci.2015.02.006
https://doi.org/10.1002/anie.201708903
https://doi.org/10.1002/jlcr.3801
https://doi.org/10.1039/CS9972600401
https://doi.org/10.1002/jlcr.3783
https://doi.org/10.1055/s-2002-33907
https://doi.org/10.1002/anie.200700039
https://doi.org/10.1002/jlcr.1421
https://doi.org/10.1002/jlcr.1424
https://doi.org/10.1002/jlcr.1424
https://doi.org/10.1002/jlcr.1428
https://doi.org/10.1002/jlcr.1435


22. Lockley WJS (2010) Hydrogen isotope labelling using iridium(I) dionates. J Label Compd
Radiopharm 53:668–673. https://doi.org/10.1002/jlcr.1806

23. Gusev DG, Berke H (1996) Hydride fluxionality in Transition metal complexes: an approach
to the understanding of mechanistic features and structural diversities. Chem Ber
129:1143–1155. https://doi.org/10.1002/cber.19961291002

24. Elander N, Jones JR, Lu S-Y, Stone-Elander S (2000) Microwave-enhanced radiochemistry.
Chem Soc Rev 29:239–249. https://doi.org/10.1039/a901713e

25. Takeuchi R, Kezuka S (2006) Iridium-catalyzed formation of carbon-carbon and carbon-
heteroatom bonds. Synthesis (Stuttg) 2006:3349–3366. https://doi.org/10.1055/s-2006-
950284

26. Salter R (2010) The development and use of iridium(I) phosphine systems for ortho-directed
hydrogen-isotope exchange. J Label Compd Radiopharm 53:645–657. https://doi.org/10.
1002/jlcr.1814

27. Milstein D (2010) Discovery of environmentally benign catalytic reactions of alcohols cata-
lyzed by pyridine-based pincer Ru complexes, based on metal–ligand cooperation. Top Catal
53:915–923. https://doi.org/10.1007/s11244-010-9523-7

28. Herbert JM (2010) Deuterium exchange promoted by iridium complexes formed in situ. J
Label Compd Radiopharm 53:658–661. https://doi.org/10.1002/jlcr.1790

29. Atzrodt J, Derdau V (2010) Pd- and Pt-catalyzed H/D exchange methods and their application
for internal MS standard preparation from a Sanofi-Aventis perspective. J Label Compd
Radiopharm 53:674–685. https://doi.org/10.1002/jlcr.1818

30. Wiegerinck P (2011) 17th workshop of the international isotope society – central European
division. The synthesis and applications of isotopes and isotopically labelled compounds. J
Label Compd Radiopharm 54:278–288. https://doi.org/10.1002/jlcr.1859

31. Choi J, MacArthur AHR, Brookhart M, Goldman AS (2011) Dehydrogenation and related
reactions catalyzed by iridium pincer complexes. Chem Rev 111:1761–1779. https://doi.org/
10.1021/cr1003503

32. Gregson TJ, Herbert JM, Row EC (2011) Synthetic approaches to regiospecifically mono- and
dilabelled arenes. J Label Compd Radiopharm 54:1–32. https://doi.org/10.1002/jlcr.1783

33. Suzuki T (2011) Organic synthesis involving iridium-catalyzed oxidation. Chem Rev
111:1825–1845. https://doi.org/10.1021/cr100378r

34. Aboagye EO, Aigbirhio FI, Allen P et al (2014) Abstracts of the 22nd international isotope
society (UK Group) symposium: synthesis and applications of labelled compounds 2013. J
Label Compd Radiopharm 57:178–190. https://doi.org/10.1002/jlcr.3173

35. Iglesias M, Oro LA (2018) A leap forward in iridium–NHC catalysis: new horizons and
mechanistic insights. Chem Soc Rev 47:2772–2808. https://doi.org/10.1039/C7CS00743D

36. Shevchenko VP, Nagaev IY, Myasoedov NF (2019) Effect of processes occurring in the
presence of metal catalysts on the main characteristics of the hydrogen isotope labeled organic
compounds obtained. Radiochemistry 61:257–292. ht tps:/ /doi.org/10.1134/
S1066362219030019

37. Lin D, Chang W (2000) Chemical derivatization and the selection of deuterated internal
standard for quantitative determination – methamphetamine example. J Anal Toxicol
24:275–280. https://doi.org/10.1093/jat/24.4.275

38. Heinekey DM (2007) Transition metal dihydrogen complexes: isotope effects on reactivity
and structure. J Label Compd Radiopharm 50:1063–1071. https://doi.org/10.1002/jlcr.1385

39. Lloyd-Jones GC, Muñoz MP (2007) Isotopic labelling in the study of organic and organome-
tallic mechanism and structure: an account. J Label Compd Radiopharm 50:1072–1087.
https://doi.org/10.1002/jlcr.1382

40. Quasdorf KW, Huters AD, Lodewyk MW et al (2012) Total synthesis of oxidized
welwitindolinones and (�)- N -methylwelwitindolinone C isonitrile. J Am Chem Soc
134:1396–1399. https://doi.org/10.1021/ja210837b

Iridium Catalysts for Hydrogen Isotope Exchange 295

https://doi.org/10.1002/jlcr.1806
https://doi.org/10.1002/cber.19961291002
https://doi.org/10.1039/a901713e
https://doi.org/10.1055/s-2006-950284
https://doi.org/10.1055/s-2006-950284
https://doi.org/10.1002/jlcr.1814
https://doi.org/10.1002/jlcr.1814
https://doi.org/10.1007/s11244-010-9523-7
https://doi.org/10.1002/jlcr.1790
https://doi.org/10.1002/jlcr.1818
https://doi.org/10.1002/jlcr.1859
https://doi.org/10.1021/cr1003503
https://doi.org/10.1021/cr1003503
https://doi.org/10.1002/jlcr.1783
https://doi.org/10.1021/cr100378r
https://doi.org/10.1002/jlcr.3173
https://doi.org/10.1039/C7CS00743D
https://doi.org/10.1134/S1066362219030019
https://doi.org/10.1134/S1066362219030019
https://doi.org/10.1093/jat/24.4.275
https://doi.org/10.1002/jlcr.1385
https://doi.org/10.1002/jlcr.1382
https://doi.org/10.1021/ja210837b


41. Kerr WJ, Knox GJ, Paterson LC (2020) Recent advances in iridium(I) catalysis towards
directed hydrogen isotope exchange. J Label Compd Radiopharm 63:281–295. https://doi.
org/10.1002/jlcr.3812

42. Valero M, Kruissink T, Blass J et al (2020) C�H functionalization – prediction of selectivity
in iridium(I)-catalyzed hydrogen isotope exchange competition reactions. Angew Chem Int Ed
59:5626–5631. https://doi.org/10.1002/anie.201914220

43. Crabtree RH, Felkin H, Morris GE (1977) Cationic iridium diolefin complexes as alkene
hydrogenation catalysts and the isolation of some related hydrido complexes. J Organomet
Chem 141:205–215. https://doi.org/10.1016/S0022-328X(00)92273-3

44. Zhu Y, Fan Y, Burgess K (2010) Carbene-metal hydrides can be much less acidic than
phosphine-metal hydrides: significance in hydrogenations. J Am Chem Soc 132:6249–6253.
https://doi.org/10.1021/ja101233g

45. Dobereiner G, Nova A (2011) Iridium-catalyzed hydrogenation of N-heterocyclic compounds
under mild conditions by an outer-sphere pathway. J Am Chem Soc 133(19):7547–7562.
https://doi.org/10.1021/ja2014983

46. Bennie LS, Fraser CJ, Irvine S et al (2011) Highly active iridium(I) complexes for the selective
hydrogenation of carbon-carbon multiple bonds. Chem Commun 47:11653–11655. https://
doi.org/10.1039/c1cc14367k

47. Semeniuchenko V, Exner TE, Khilya V, Groth U (2011) Homogeneous hydrogenation of
electron-deficient alkenes by iridium complexes. Appl Organomet Chem 25:804–809. https://
doi.org/10.1002/aoc.1841

48. Hopmann KH, Bayer A (2011) On the mechanism of iridium-catalyzed asymmetric hydroge-
nation of imines and alkenes: a theoretical study. Organometallics 30:2483–2497. https://doi.
org/10.1021/om1009507

49. Woodmansee DH, Pfaltz A (2011) Asymmetric hydrogenation of alkenes lacking coordinating
groups. Chem Commun (Camb) 47:7912–7916. https://doi.org/10.1039/c1cc11430a

50. Maurer F, Huch V, Ullrich A, Kazmaier U (2012) Development of catalysts for the
stereoselective hydrogenation of α,β-unsaturated ketones. J Org Chem 77:5139–5143.
https://doi.org/10.1021/jo300246c

51. Bert K, Noël T, Kimpe W et al (2012) Chiral imidate-ferrocenylphosphanes: synthesis and
application as P,N-ligands in iridium(I)-catalyzed hydrogenation of unfunctionalized and
poorly functionalized olefins. Org Biomol Chem 10:8539–8550. https://doi.org/10.1039/
c2ob25871d

52. Song S, Zhu S-F, Yang S et al (2012) Enantioselective iridium-catalyzed hydrogenation of
β,γ-unsaturated carboxylic acids: an efficient approach to chiral 4-alkyl-4-aryl butanoic acids.
Angew Chem Int Ed 51:2708–2711. https://doi.org/10.1002/anie.201107802

53. Song S, Zhu S, Li Y, Zhou Q-L (2013) Iridium-catalyzed enantioselective hydrogenation of
α,β-unsaturated carboxylic acids with tetrasubstituted olefins. Org Lett 15:3722–3725. https://
doi.org/10.1021/ol401593a

54. Crabtree RH (1979) Iridium compounds in catalysis. Acc Chem Res 12:331
55. Song S, Zhu S-F, Yu Y-B, Zhou Q-L (2013) Carboxy-directed asymmetric hydrogenation of

1,1-diarylethenes and 1,1-dialkylethenes. Angew Chem Int Ed 125:1596–1599. https://doi.
org/10.1002/ange.201208606

56. Kolychev EL, Kronig S, Brandhorst K et al (2013) Iridium(I) complexes with anionic
N-heterocyclic carbene ligands as catalysts for the hydrogenation of alkenes in nonpolar
media. J Am Chem Soc 135:12448–12459. https://doi.org/10.1021/ja406529c

57. Gruber S, Neuburger M, Pfaltz A (2013) Characterization and reactivity studies of dinuclear
iridium hydride complexes prepared from iridium catalysts with N, P and C, N ligands under
hydrogenation. Organometallics 32:4702–4711. https://doi.org/10.1021/om4007467

58. Horváth H, Kathó Á, Udvardy A et al (2014) New water-soluble iridium(I)–N-heterocyclic
carbene–tertiary phosphine mixed-ligand complexes as catalysts of hydrogenation and redox
isomerization. Organometallics 33:6330–6340. https://doi.org/10.1021/om5006148

296 M. Reid

https://doi.org/10.1002/jlcr.3812
https://doi.org/10.1002/jlcr.3812
https://doi.org/10.1002/anie.201914220
https://doi.org/10.1016/S0022-328X(00)92273-3
https://doi.org/10.1021/ja101233g
https://doi.org/10.1021/ja2014983
https://doi.org/10.1039/c1cc14367k
https://doi.org/10.1039/c1cc14367k
https://doi.org/10.1002/aoc.1841
https://doi.org/10.1002/aoc.1841
https://doi.org/10.1021/om1009507
https://doi.org/10.1021/om1009507
https://doi.org/10.1039/c1cc11430a
https://doi.org/10.1021/jo300246c
https://doi.org/10.1039/c2ob25871d
https://doi.org/10.1039/c2ob25871d
https://doi.org/10.1002/anie.201107802
https://doi.org/10.1021/ol401593a
https://doi.org/10.1021/ol401593a
https://doi.org/10.1002/ange.201208606
https://doi.org/10.1002/ange.201208606
https://doi.org/10.1021/ja406529c
https://doi.org/10.1021/om4007467
https://doi.org/10.1021/om5006148


59. Liu Y, Gridnev ID, Zhang W (2014) Mechanism of the asymmetric hydrogenation of
exocyclic α,β-unsaturated carbonyl compounds with an iridium/BiphPhox catalyst: NMR
and DFT studies. Angew Chem Int Ed 53:1901–1905. https://doi.org/10.1002/anie.
201309677

60. Polo V, Al-Saadi AA, Oro LA (2014) Theoretical studies on the mechanism of iridium-
catalyzed alkene hydrogenation by the cationic complex [IrH2(NCMe)3(PiPr3)]

+. Organome-
tallics 33:5156–5163. https://doi.org/10.1021/om500361e

61. Verendel JJ, Pàmies O, Diéguez M, Andersson PG (2014) Asymmetric hydrogenation of
olefins using chiral Crabtree-type catalysts: scope and limitations. Chem Rev 114:2130–2169.
https://doi.org/10.1021/cr400037u

62. Lee HM, Jiang T, Stevens ED, Nolan SP (2001) A cationic iridium complex bearing an
imidazol-2-ylidene ligand as alkene hydrogenation catalyst. Organometallics 20:1255–1258

63. Vázquez-Serrano LD, Owens BT, Buriak JM (2002) Catalytic olefin hydrogenation using
N-heterocyclic carbene–phosphine complexes of iridium. Chem Commun:2518

64. Perry M, Burgess K (2003) Chiral N-heterocyclic carbene-transition metal complexes in
asymmetric catalysis. Tetrahedron Asymm 14:951–961

65. Zhu S-F, Xie J-B, Zhang Y-Z et al (2006) Well-defined chiral spiro iridium/phosphine-
oxazoline cationic complexes for highly enantioselective hydrogenation of imines at ambient
pressure. J Am Chem Soc 128:12886–12891. https://doi.org/10.1021/ja063444p

66. Smidt SP, Pfaltz A, Martínez-Viviente E et al (2003) X-ray and NOE studies on trinuclear
iridium hydride phosphino oxazoline (PHOX) complexes. Organometallics 22:1000–1009.
https://doi.org/10.1021/om020805a

67. Vazquez-Serrano LD, Owens BT (2006) The search for new hydrogenation catalyst motifs
based on N-heterocyclic carbene ligands. Inorg Chim Acta 359:2786

68. Li S, Zhu S-F, Zhang C-M et al (2008) Iridium-catalyzed enantioselective hydrogenation of
alpha, beta-unsaturated carboxylic acids. J Am Chem Soc 130:8584–8585. https://doi.org/10.
1021/ja802399v

69. Garnett JL, Long MA, McLaren AB, Peterson KB (1973) Iridium(III) salts as homogeneous
metal catalysts for hydrogen isotope exchange in organic compounds: a comparison with
heterogeneous iridium for the deuteriation of alkylbenzenes. J Chem Soc Chem Commun
749:749. https://doi.org/10.1039/c39730000749

70. Vliegen M, Haspeslagh P, Verluyten W (2012) Alternative efficient tritium labeling of
repaglinide. J Label Compd Radiopharm 55:155–157. https://doi.org/10.1002/jlcr.2913

71. Hickey MJ, Kingston LP, Lockley WJS et al (2007) Tritium-labelling via an iridium-based
solid-phase catalyst. J Label Compd Radiopharm 50:286–289. https://doi.org/10.1002/jlcr.
1233

72. Heys JR, Shu AYL, Senderoff SG, Phillips NM (1993) Deuterium exchange labelling of
substituted aromatics using [IrH2(Me2CO)2(PPh3)2]BF4. J Label Compd Radiopharm
33:431–438. https://doi.org/10.1002/jlcr.2580330509

73. Lockley WJS (1985) Regioselective labelling of anilides with deuterium. J Label Compd
Radiopharm 22:623–630. https://doi.org/10.1002/jlcr.2580220612

74. Lockley WJS (1984) Regioselective deuterium labelling of aromatic acids, amides and amines
using group VIII metal catalysts. J Label Compd Radiopharm 21:45–57. https://doi.org/10.
1002/jlcr.2580210105

75. Hesk D, Jones JR, Lockley WJS (1990) Regiospecific tritium labeling of aromatic acids,
amides, amines and heterocyclics using homogeneous rhodium trichloride and ruthenium
acetylacetonate catalysts. J Label Compd Radiopharm 28:1427–1436. https://doi.org/10.
1002/jlcr.2580281211

76. Heys JR, Elmore CS (2009) Meta -substituent effects on organoiridium-catalyzed ortho
-hydrogen isotope exchange. J Label Compd Radiopharm 52:189–200. https://doi.org/10.
1002/jlcr.1588

Iridium Catalysts for Hydrogen Isotope Exchange 297

https://doi.org/10.1002/anie.201309677
https://doi.org/10.1002/anie.201309677
https://doi.org/10.1021/om500361e
https://doi.org/10.1021/cr400037u
https://doi.org/10.1021/ja063444p
https://doi.org/10.1021/om020805a
https://doi.org/10.1021/ja802399v
https://doi.org/10.1021/ja802399v
https://doi.org/10.1039/c39730000749
https://doi.org/10.1002/jlcr.2913
https://doi.org/10.1002/jlcr.1233
https://doi.org/10.1002/jlcr.1233
https://doi.org/10.1002/jlcr.2580330509
https://doi.org/10.1002/jlcr.2580220612
https://doi.org/10.1002/jlcr.2580210105
https://doi.org/10.1002/jlcr.2580210105
https://doi.org/10.1002/jlcr.2580281211
https://doi.org/10.1002/jlcr.2580281211
https://doi.org/10.1002/jlcr.1588
https://doi.org/10.1002/jlcr.1588


77. Hesk D, Das PR, Evans B (1995) Deuteration of acetanilides and other substituted aromatics
using [Ir(COD)(Cy3P)(Py)]PF6 as catalyst. J Label Compd Radiopharm 36:497–502. https://
doi.org/10.1039/C39920000680

78. Ellames GJ, Gibson JS, Herbert JM et al (2004) Ligand effects upon deuterium exchange in
arenes mediated by[Ir(PR3)2(cod)]

+BF4
�. J Label Compd Radiopharm 47:1–10. https://doi.

org/10.1002/jlcr.790
79. Herbert JM (2005) The mediation of aryl ketone deuteration by [Ir(PPh3)3(cod)]BF4. J Label

Compd Radiopharm 48:317–322. https://doi.org/10.1002/jlcr.925
80. Habraken E, Haspeslagh P, Vliegen M, Noël T (2015) Iridium(I)-catalyzed ortho-directed

hydrogen isotope exchange in continuous-flow reactors. J Flow Chem 5:2–5. https://doi.org/
10.1556/JFC-D-14-00033

81. Herbert JM, Kohler AD, McNeill AH (2005) An improved bidentate complex of iridium as a
catalyst for hydrogen isotope exchange. J Label Compd Radiopharm 48:285–294. https://doi.
org/10.1002/jlcr.921

82. Shu AYL, Chen W, Heys JR (1996) Organoiridium catalyzed hydrogen isotope exchange:
ligand effects on catalyst activity and regioselectivity. J Organomet Chem 524:87–93. https://
doi.org/10.1016/S0022-328X(96)06413-3

83. Ellames GJ, Gibson JS, Herbert JM et al (2001) Deuterium exchange mediated by an iridium–

phosphine complex formed in situ. Tetrahedron Lett 42:6413–6416. https://doi.org/10.1016/
S0040-4039(01)01266-7

84. Simonsson R, Stenhagen G, Ericsson C, Elmore CS (2013) Synthesis of ximelagatran,
melagatran, hydroxymelagatran, and ethylmelagatran in H-3 labeled form. J Label Compd
Radiopharm 56:334–337. https://doi.org/10.1002/jlcr.3028

85. Shu AYL, Heys JR (2000) Direct, efficient and selective tritiations of paclitaxel and
photoaffinity taxoids. Tetrahedron Lett 41:9015–9019. https://doi.org/10.1016/S0040-4039
(00)01652-X

86. Cross P, Herbert J, Kerr W et al (2015) Isotopic labelling of functionalised arenes catalysed by
iridium(I) species of the [(cod)Ir(NHC)(py)]PF6 complex class. Synlett 27:111–115. https://
doi.org/10.1055/s-0035-1560518

87. Bushby N, Killick DA (2007) Hydrogen isotope exchange at alkyl positions using Crabtree’s
catalyst and its application to the tritiation of methapyrilene. J Label Compd Radiopharm
50:519–520. https://doi.org/10.1002/jlcr.1236

88. Ellames GJ, Gibson JS, Herbert JM, McNeill AH (2001) The scope and limitations of
deuteration mediated by Crabtree’s catalyst. Tetrahedron 57:9487–9497. https://doi.org/10.
1016/S0040-4020(01)00945-0

89. Valsborg JS, Sørensen L, Foged C (2001) Organoiridium catalysed hydrogen isotope
exchange of benzamide derivatives. J Label Compd Radiopharm 44:209–214. https://doi.
org/10.1002/jlcr.446

90. Kingston LP, Lockley WJS, Mather AN et al (2000) Parallel chemistry investigations of ortho-
directed hydrogen isotope exchange between substituted aromatics and isotopic water: novel
catalysis by cyclooctadienyliridium(I)pentan-1,3-dionates. Tetrahedron Lett 41:2705–2708.
https://doi.org/10.1016/S0040-4039(00)00244-6

91. McAuley B, Hickey MJ, Kingston LP et al (2003) Convenient and efficient deuteration of
functionalized aromatics with deuterium oxide: catalysis by cycloocta-1,5-dienyliridium
(I) 1,3-dionates. J Label Compd Radiopharm 46:1191–1204. https://doi.org/10.1002/jlcr.780

92. Jones JR, Lockley WJS, Lu S-Y, Thompson SP (2001) Microwave-enhanced aromatic
dehalogenation studies: a rapid deuterium-labelling procedure. Tetrahedron Lett
42:331–332. https://doi.org/10.1016/S0040-4039(00)01941-9

93. Gruber S, Neuburger M, Pfaltz A (2013) Characterization and reactivity studies of dinuclear
iridium hydride complexes prepared from iridium catalysts with N,P and C,N ligands under
hydrogenation conditions. Organometallics 32:4702–4711. https://doi.org/10.1021/
om4007467

298 M. Reid

https://doi.org/10.1039/C39920000680
https://doi.org/10.1039/C39920000680
https://doi.org/10.1002/jlcr.790
https://doi.org/10.1002/jlcr.790
https://doi.org/10.1002/jlcr.925
https://doi.org/10.1556/JFC-D-14-00033
https://doi.org/10.1556/JFC-D-14-00033
https://doi.org/10.1002/jlcr.921
https://doi.org/10.1002/jlcr.921
https://doi.org/10.1016/S0022-328X(96)06413-3
https://doi.org/10.1016/S0022-328X(96)06413-3
https://doi.org/10.1016/S0040-4039(01)01266-7
https://doi.org/10.1016/S0040-4039(01)01266-7
https://doi.org/10.1002/jlcr.3028
https://doi.org/10.1016/S0040-4039(00)01652-X
https://doi.org/10.1016/S0040-4039(00)01652-X
https://doi.org/10.1055/s-0035-1560518
https://doi.org/10.1055/s-0035-1560518
https://doi.org/10.1002/jlcr.1236
https://doi.org/10.1016/S0040-4020(01)00945-0
https://doi.org/10.1016/S0040-4020(01)00945-0
https://doi.org/10.1002/jlcr.446
https://doi.org/10.1002/jlcr.446
https://doi.org/10.1016/S0040-4039(00)00244-6
https://doi.org/10.1002/jlcr.780
https://doi.org/10.1016/S0040-4039(00)01941-9
https://doi.org/10.1021/om4007467
https://doi.org/10.1021/om4007467


94. Vazquez-Serrano LD, Owens BT, Buriak JM (2006) The search for new hydrogenation
catalyst motifs based on N-heterocyclic carbene ligands. Inorg Chim Acta 359:2786–2797.
https://doi.org/10.1016/j.ica.2005.10.049

95. Powell ME, Elmore CS, Dorff PN, Heys JR (2007) Investigation of isotopic exchange
reactions using N-heterocyclic iridium (I) complexes. J Label Compd Radiopharm
50:523–525. https://doi.org/10.1002/jlcr.1239

96. Cross PWC, Ellames GJ, Gibson JS et al (2003) Conditions for deuterium exchange mediated
by iridium complexes formed in situ. Tetrahedron 59:3349–3358. https://doi.org/10.1016/
S0040-4020(03)00422-8

97. Brown JA, Irvine S, Kennedy AR et al (2008) Highly active iridium(i) complexes for catalytic
hydrogen isotope exchange. Chem Commun 1115. https://doi.org/10.1039/b715938b

98. Brown JA, Cochrane AR, Irvine S et al (2014) The synthesis of highly active iridium
(I) complexes and their application in catalytic hydrogen isotope exchange. Adv Synth Catal
356:3551–3562. https://doi.org/10.1002/adsc.201400730

99. Kerr WJ, Mudd RJ, Paterson LC, Brown JA (2014) Iridium(I)-catalyzed regioselective C–H
activation and hydrogen-isotope exchange of non-aromatic unsaturated functionality. Chem A
Eur J 20:14604–14607. https://doi.org/10.1002/chem.201405114

100. Cochrane ARX, Idziak C, Kerr WJ et al (2014) Practically convenient and industrially-aligned
methods for iridium-catalysed hydrogen isotope exchange processes. Org Biomol Chem
12:3598–3603. https://doi.org/10.1039/C4OB00465E

101. Simmons EM, Hartwig JF (2012) On the interpretation of deuterium kinetic isotope effects in
C-H bond functionalizations by transition-metal complexes. Angew Chem Int Ed
51:3066–3072. https://doi.org/10.1002/anie.201107334

102. Kerr WJ, Reid M, Tuttle T (2015) Iridium-catalyzed C–H activation and deuteration of
primary sulfonamides: an experimental and computational study. ACS Catal 5:402–410.
https://doi.org/10.1021/cs5015755

103. Devlin J, Kerr W, Lindsay D et al (2015) Iridium-catalysed ortho-directed deuterium labelling
of aromatic esters – an experimental and theoretical study on directing group
Chemoselectivity. Molecules 20:11676–11698. https://doi.org/10.3390/molecules200711676

104. Kennedy AR, Kerr WJ, Moir R, Reid M (2014) Anion effects to deliver enhanced iridium
catalysts for hydrogen isotope exchange processes. Org Biomol Chem 12:7927–7931. https://
doi.org/10.1039/C4OB01570C

105. Queen AE, Hesk D, Lindsay DM et al (2020) Synthesis of [3H] and [14C]genipin. J Label
Compd Radiopharm 63:196–202. https://doi.org/10.1002/jlcr.3832

106. Kerr WJ, Lindsay DM, Reid M et al (2016) Iridium-catalysed ortho-H/D and -H/T exchange
under basic conditions: C–H activation of unprotected tetrazoles. Chem Commun
52:6669–6672. https://doi.org/10.1039/C6CC02137A

107. Atzrodt J, Derdau V, Kerr WJ et al (2015) Expanded applicability of iridium(I) NHC/phos-
phine catalysts in hydrogen isotope exchange processes with pharmaceutically-relevant het-
erocycles. Tetrahedron 71:1924–1929. https://doi.org/10.1016/j.tet.2015.02.029

108. Kerr WJ, Lindsay DM, Owens PK et al (2017) Site-selective deuteration of N -heterocycles via
iridium-catalyzed hydrogen isotope exchange. ACS Catal 7:7182–7186. https://doi.org/10.
1021/acscatal.7b02682

109. Kerr WJ, Mudd RJ, Owens PK et al (2016) Hydrogen isotope exchange with highly active
iridium(I) NHC/phosphine complexes: a comparative counterion study. J Label Compd
Radiopharm 59:601–603. https://doi.org/10.1002/jlcr.3427

110. Koneczny M, Phong Ho L, Nasr A et al (2020) Iridium(I) complexes with anionic
N-heterocyclic carbene ligands as catalysts for H/D exchange in nonpolar media. Adv Synth
Catal. https://doi.org/10.1002/adsc.202000438

111. Parmentier M, Hartung T, Pfaltz A, Muri D (2014) Iridium-catalyzed H/D exchange: ligand
complexes with improved efficiency and scope. Chem A Eur J 20:11496–11504. https://doi.
org/10.1002/chem.201402078

Iridium Catalysts for Hydrogen Isotope Exchange 299

https://doi.org/10.1016/j.ica.2005.10.049
https://doi.org/10.1002/jlcr.1239
https://doi.org/10.1016/S0040-4020(03)00422-8
https://doi.org/10.1016/S0040-4020(03)00422-8
https://doi.org/10.1039/b715938b
https://doi.org/10.1002/adsc.201400730
https://doi.org/10.1002/chem.201405114
https://doi.org/10.1039/C4OB00465E
https://doi.org/10.1002/anie.201107334
https://doi.org/10.1021/cs5015755
https://doi.org/10.3390/molecules200711676
https://doi.org/10.1039/C4OB01570C
https://doi.org/10.1039/C4OB01570C
https://doi.org/10.1002/jlcr.3832
https://doi.org/10.1039/C6CC02137A
https://doi.org/10.1016/j.tet.2015.02.029
https://doi.org/10.1021/acscatal.7b02682
https://doi.org/10.1021/acscatal.7b02682
https://doi.org/10.1002/jlcr.3427
https://doi.org/10.1002/adsc.202000438
https://doi.org/10.1002/chem.201402078
https://doi.org/10.1002/chem.201402078


112. Valero M, Burhop A, Jess K et al (2018) Evaluation of a P,N-ligated iridium(I) catalyst in
hydrogen isotope exchange reactions of aryl and heteroaryl compounds. J Label Compd
Radiopharm 61:380–385. https://doi.org/10.1002/jlcr.3595

113. Jess K, Derdau V, Weck R et al (2017) Hydrogen isotope exchange with iridium(I) complexes
supported by phosphine-imidazolin-2-imine P,N ligands. Adv Synth Catal 359:629–638.
https://doi.org/10.1002/adsc.201601291

114. Klei SR, Tilley TD, Bergman RG (2002) Iridium(III) and rhodium(III) complexes bearing
chelating cyclopentadienyl�phosphine ligands as C�H activation catalysts for the deuteration
of hydrocarbons in D 2 O. Organometallics 21:4905–4911. https://doi.org/10.1021/
om020375o

115. Kloek SM, Goldberg KI (2007) Competitive C�H bond activation and β-hydride elimination
at platinum(II). J Am Chem Soc 129:3460–3461. https://doi.org/10.1021/ja0669629

116. Polukeev AV, Marcos R, Ahlquist MSG, Wendt OF (2016) Iridium hydride complexes with
cyclohexyl-based pincer ligands: fluxionality and deuterium exchange. Organometallics
35:2600–2608. https://doi.org/10.1021/acs.organomet.6b00324

117. Bhattacharjee R, Nijamudheen A, Karmakar S, Datta A (2016) Strain control: reversible H
2 activation and H 2 /D 2 exchange in Pt complexes. Inorg Chem 55:3023–3029. https://doi.
org/10.1021/acs.inorgchem.5b02904

118. Butschke B, Schlangen M, Schröder D, Schwarz H (2008) Competitive intramolecular aryl-
and alkyl-C–H bond activation and ligand evaporation from gaseous bisimino complexes [Pt
(L)(CH3)((CH3)2S)]

+ (L¼C6H5N¼C(CH3)–C(CH3)¼NC6H5). Helv Chim Acta
91:1902–1915. https://doi.org/10.1002/hlca.200890204

119. Crosby SH, Clarkson GJ, Rourke JP (2009) A delicate balance between sp2 and sp3 C�H bond
activation: a Pt(II) complex with a dual agostic interaction. J Am Chem Soc
131:14142–14143. https://doi.org/10.1021/ja905046n

120. Butschke B, Ghassemi Tabrizi S, Schwarz H (2010) Ion-molecule reactions of “Rollover”
cyclometalated [Pt(bipy�H)]+ (bipy¼2,20-bipyridine) with dimethyl ether in comparison with
dimethyl sulfide: an experimental/computational study. Chem A Eur J 16:3962–3969. https://
doi.org/10.1002/chem.200902742

121. Campos J, Espada MF, López-Serrano J, Carmona E (2013) Cyclometalated iridium com-
plexes of Bis(aryl) phosphine ligands: catalytic C–H/C–D exchanges and C–C coupling
reactions. Inorg Chem 52:6694–6704. https://doi.org/10.1021/ic400759r

122. Grellier M, Mason SA, Albinati A et al (2013) Probing highly selective H/D exchange
processes with a ruthenium complex through neutron diffraction and multinuclear NMR
studies. Inorg Chem 52:7329–7337. https://doi.org/10.1021/ic302307m

123. Goforth SK, Walroth RC, McElwee-White L (2013) Evaluation of multisite polypyridyl
ligands as platforms for the synthesis of Rh/Zn, Rh/Pd, and Rh/Pt heterometallic complexes.
Inorg Chem 52:5692–5701. https://doi.org/10.1021/ic301810y

124. Benedetti M, Barone CR, Girelli CR et al (2014) H/D exchange at sp3 carbons in the
coordination sphere of platinum(III). Dalton Trans 43:3669. https://doi.org/10.1039/
c3dt53216j

125. Rivada-Wheelaghan O, Roselló-Merino M, Ortuño MA et al (2014) Reactivity of
coordinatively unsaturated bis(N-heterocyclic carbene) Pt(II) complexes toward H2. Crystal
structure of a 14-electron Pt(II) hydride complex. Inorg Chem 53:4257–4268. https://doi.org/
10.1021/ic500705t

126. Kerr WJ, Mudd RJ, Reid M et al (2018) Iridium-catalyzed Csp3–H activation for mild and
selective hydrogen isotope exchange. ACS Catal 8:10895–10900. https://doi.org/10.1021/
acscatal.8b03565

127. Valero M, Weck R, Güssregen S et al (2018) Highly selective directed iridium-catalyzed
hydrogen isotope exchange reactions of aliphatic amides. Angew Chem Int Ed 57:8159–8163.
https://doi.org/10.1002/anie.201804010

300 M. Reid

https://doi.org/10.1002/jlcr.3595
https://doi.org/10.1002/adsc.201601291
https://doi.org/10.1021/om020375o
https://doi.org/10.1021/om020375o
https://doi.org/10.1021/ja0669629
https://doi.org/10.1021/acs.organomet.6b00324
https://doi.org/10.1021/acs.inorgchem.5b02904
https://doi.org/10.1021/acs.inorgchem.5b02904
https://doi.org/10.1002/hlca.200890204
https://doi.org/10.1021/ja905046n
https://doi.org/10.1002/chem.200902742
https://doi.org/10.1002/chem.200902742
https://doi.org/10.1021/ic400759r
https://doi.org/10.1021/ic302307m
https://doi.org/10.1021/ic301810y
https://doi.org/10.1039/c3dt53216j
https://doi.org/10.1039/c3dt53216j
https://doi.org/10.1021/ic500705t
https://doi.org/10.1021/ic500705t
https://doi.org/10.1021/acscatal.8b03565
https://doi.org/10.1021/acscatal.8b03565
https://doi.org/10.1002/anie.201804010


128. Loh YY, Nagao K, Hoover AJ et al (2017) Photoredox-catalyzed deuteration and tritiation of
pharmaceutical compounds. Science 358:1182–1187. https://doi.org/10.1126/science.
aap9674

129. Golden JT, Andersen RA, Bergman RG (2001) Exceptionally low-temperature
carbon�hydrogen/carbon�deuterium exchange reactions of organic and organometallic com-
pounds catalyzed by the Cp*(PMe3)IrH(ClCH2Cl)

+ cation. J Am Chem Soc 123:5837–5838.
https://doi.org/10.1021/ja0155480

130. Klei SR, Golden JT, Burger P, Bergman RG (2002) Cationic Ir(III) alkyl and hydride
complexes: stoichiometric and catalytic C–H activation by Cp�(PMe3)Ir(R)(X) in homoge-
neous solution. J Mol Catal A Chem 189:79–94. https://doi.org/10.1016/S1381-1169(02)
00192-9

131. Skaddan MB, Yung CM, Bergman RG (2004) Stoichiometric and catalytic deuterium and
tritium labeling of “Unactivated” organic substrates with cationic Ir(III) complexes. Org Lett
6:11–13. https://doi.org/10.1021/ol0359923

132. Corberán R, Sanaú M, Peris E (2006) Highly stable Cp*�Ir(III) complexes with N -hetero-
cyclic carbene ligands as C�H activation catalysts for the deuteration of organic molecules. J
Am Chem Soc 128:3974–3979. https://doi.org/10.1021/ja058253l

133. Maishal TK, Alauzun J, Basset JM et al (2008) A tailored organometallic-inorganic hybrid
mesostructured material: a route to a well-defined, active, and reusable heterogeneous iridium-
NHC catalyst for H/D exchange. Angew Chem Int Ed 47:8654–8656. https://doi.org/10.1002/
anie.200802956

134. Feng Y, Jiang B, Boyle PA, Ison EA (2010) Effect of ancillary ligands and solvents on H/D
exchange reactions catalyzed by Cp*Ir complexes. Organometallics 29:2857–2867. https://
doi.org/10.1021/om100018x

135. Lehman MC, Gary JB, Boyle PD et al (2013) Effect of solvent and ancillary ligands on the
catalytic H/D exchange reactivity of Cp IrIII(L) complexes. ACS Catal 3:2304–2310. https://
doi.org/10.1021/cs400420n

136. Romanenko I, Norsic S, Veyre L et al (2016) Active and recyclable polyethylene-supported
iridium-(N- heterocyclic carbene) catalyst for hydrogen/deuterium exchange reactions. Adv
Synth Catal 358:2317–2323. https://doi.org/10.1002/adsc.201600045

137. Marek A, Pedersen MHF, Vogensen SB et al (2016) The labeling of unsaturated
γ-hydroxybutyric acid by heavy isotopes of hydrogen: iridium complex-mediated H/D
exchange by C─H bond activation vs reduction by boro-deuterides/tritides. J Label Compd
Radiopharm 59:476–483. https://doi.org/10.1002/jlcr.3432

138. Zhou J, Hartwig JF (2008) Iridium-catalyzed H/D exchange at vinyl groups without olefin
isomerization. Angew Chem Int Ed 47:5783–5787. https://doi.org/10.1002/anie.200801992

139. Hatano M, Nishimura T, Yorimitsu H (2016) Selective H/D exchange at vinyl and
methylidene groups with D 2 O catalyzed by an iridium complex. Org Lett 18:3674–3677.
https://doi.org/10.1021/acs.orglett.6b01721

140. Spletstoser JT, White JM, Georg GI (2004) One-step facile synthesis of deuterium labeled
aldehydes from tertiary amides using Cp2Zr(D)Cl. Tetrahedron Lett 45:2787–2789. https://
doi.org/10.1016/j.tetlet.2004.02.030

141. Ariza X, Asins G, Garcia J et al (2010) Preparation of α-labeled aldehydes by base-catalyzed
exchange reactions. J Label Compd Radiopharm 53:556–558. https://doi.org/10.1002/jlcr.
1759

142. Chappelle MR, Hawes CR (2010) The use of metal-catalysed hydrogen isotope exchange in
the contract supply of tritiated compounds. J Label Compd Radiopharm 53:745–751. https://
doi.org/10.1002/jlcr.1821

143. Barnett DW, Refaei MS, Curley RW (2013) Chirally deuterated benzyl chlorides from benzyl
alcohols via hexachloroacetone/polymer-supported triphenylphosphine: synthesis of protected
(2 S , 3 S )-[3-2H, 15N]-tyrosine. J Label Compd Radiopharm 56:6–11. https://doi.org/10.
1002/jlcr.3004

Iridium Catalysts for Hydrogen Isotope Exchange 301

https://doi.org/10.1126/science.aap9674
https://doi.org/10.1126/science.aap9674
https://doi.org/10.1021/ja0155480
https://doi.org/10.1016/S1381-1169(02)00192-9
https://doi.org/10.1016/S1381-1169(02)00192-9
https://doi.org/10.1021/ol0359923
https://doi.org/10.1021/ja058253l
https://doi.org/10.1002/anie.200802956
https://doi.org/10.1002/anie.200802956
https://doi.org/10.1021/om100018x
https://doi.org/10.1021/om100018x
https://doi.org/10.1021/cs400420n
https://doi.org/10.1021/cs400420n
https://doi.org/10.1002/adsc.201600045
https://doi.org/10.1002/jlcr.3432
https://doi.org/10.1002/anie.200801992
https://doi.org/10.1021/acs.orglett.6b01721
https://doi.org/10.1016/j.tetlet.2004.02.030
https://doi.org/10.1016/j.tetlet.2004.02.030
https://doi.org/10.1002/jlcr.1759
https://doi.org/10.1002/jlcr.1759
https://doi.org/10.1002/jlcr.1821
https://doi.org/10.1002/jlcr.1821
https://doi.org/10.1002/jlcr.3004
https://doi.org/10.1002/jlcr.3004


144. Korsager S, Taaning RH, Lindhardt AT, Skrydstrup T (2013) Reductive carbonylation of aryl
halides employing a two-chamber reactor: a protocol for the synthesis of aryl aldehydes
including 13 C- and D-isotope labeling. J Org Chem 78:6112–6120. https://doi.org/10.1021/
jo400741t

145. Boga SB, Alhassan AB, Hesk D (2014) Efficient synthesis of 2H & 13C labeled benzaldehydes
via regio-selective formylation. Tetrahedron Lett 55:4442–4444. https://doi.org/10.1016/j.
tetlet.2014.06.053

146. Kerr WJ, Reid M, Tuttle T (2017) Iridium-catalyzed formyl-selective deuteration of alde-
hydes. Angew Chem Int Ed 56:7808–7812. https://doi.org/10.1002/anie.201702997

147. Fortman GC, Jacobsen H, Cavallo L, Nolan SP (2011) Catalytic deuteration of silanes
mediated by N-heterocyclic carbene-Ir(III) complexes. Chem Commun 47:9723. https://doi.
org/10.1039/c1cc13492b

148. Iluc VM, Fedorov A, Grubbs RH (2012) H/D exchange processes catalyzed by an iridium-
pincer complex. Organometallics 31:39–41. https://doi.org/10.1021/om201049p

149. Nelson DJ, Egbert JD, Nolan SP (2013) Deuteration of boranes: catalysed versus
non-catalysed processes. Dalton Trans 42:4105. https://doi.org/10.1039/c3dt33045a

150. Garnett JL, Hodges RJ (1967) Homogeneous metal-catalyzed exchange of aromatic com-
pounds. Isotopic hydrogen labeling procedure. J Am Chem Soc 89:4546–4547. https://doi.org/
10.1021/ja00993a067

151. Lockley WJS (1982) Regioselective deuteration of aromatic and α,β-unsaturated carboxylic
acids via rhodium(III) chloride catalysed exchange with deuterium oxide. Tetrahedron Lett
23:3819–3822. https://doi.org/10.1016/S0040-4039(00)87716-3

152. Anderson GK, Saum SE, Cross RJ, Morris SA (1983) Homogeneous catalysts of hydrogen-
deuterium exchange reactions involving cyclopentadienyl complexes of palladium and plati-
num. Organometallics 2:780–782. https://doi.org/10.1021/om00078a021

153. Heys R (1992) Investigation of [IrH2(Me2CO)2(PPh3)2]BF4 as a catalyst of hydrogen isotope
exchange of substrates in solution. J Chem Soc Chem Commun 680. https://doi.org/10.1039/
c39920000680

154. Maldonado AG, Rothenberg G (2010) Predictive modeling in homogeneous catalysis: a
tutorial. Chem Soc Rev 39:1891–1902. https://doi.org/10.1039/b921393g

155. Houk KN, Cheong PH-Y (2008) Computational prediction of small-molecule catalysts. Nature
455:309–313. https://doi.org/10.1038/nature07368

156. Peng Q, Duarte F, Paton RS (2016) Computing organic stereoselectivity – from concepts to
quantitative calculations and predictions. Chem Soc Rev 45:6093–6107. https://doi.org/10.
1039/c6cs00573j

157. Sperger T, Sanhueza IA, Schoenebeck F (2016) Computation and experiment: a powerful
combination to understand and predict reactivities. Acc Chem Res 49:1311–1319. https://doi.
org/10.1021/acs.accounts.6b00068

158. Balcells D, Clot E, Eisenstein O et al (2016) Deciphering selectivity in organic reactions: a
multifaceted problem. Acc Chem Res 49:1070–1078. https://doi.org/10.1021/acs.accounts.
6b00099

302 M. Reid

https://doi.org/10.1021/jo400741t
https://doi.org/10.1021/jo400741t
https://doi.org/10.1016/j.tetlet.2014.06.053
https://doi.org/10.1016/j.tetlet.2014.06.053
https://doi.org/10.1002/anie.201702997
https://doi.org/10.1039/c1cc13492b
https://doi.org/10.1039/c1cc13492b
https://doi.org/10.1021/om201049p
https://doi.org/10.1039/c3dt33045a
https://doi.org/10.1021/ja00993a067
https://doi.org/10.1021/ja00993a067
https://doi.org/10.1016/S0040-4039(00)87716-3
https://doi.org/10.1021/om00078a021
https://doi.org/10.1039/c39920000680
https://doi.org/10.1039/c39920000680
https://doi.org/10.1039/b921393g
https://doi.org/10.1038/nature07368
https://doi.org/10.1039/c6cs00573j
https://doi.org/10.1039/c6cs00573j
https://doi.org/10.1021/acs.accounts.6b00068
https://doi.org/10.1021/acs.accounts.6b00068
https://doi.org/10.1021/acs.accounts.6b00099
https://doi.org/10.1021/acs.accounts.6b00099


Top Organomet Chem (2021) 69: 303–324
https://doi.org/10.1007/3418_2020_52
# The Author(s), under exclusive license to Springer Nature Switzerland AG 2020,
corrected publication 2020, 2021
Published online: 7 August 2020

Iridium-Catalyzed Homogeneous
Hydrogenation and Hydrosilylation
of Carbon Dioxide

Francisco J. Fernández-Alvarez and Luis A. Oro

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 304
2 Recent Advances on Iridium-Catalyzed CO2 Hydrogenation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 305

2.1 Iridium-Catalyzed Formic Acid or Formate Preparation from CO2 and H2 . . . . . . . . . 305
2.2 Iridium-Catalyzed Methanol Preparation from Direct Hydrogenation of CO2 . . . . . . 309
2.3 Miscellaneous . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 310

3 Recent Advances on Iridium-Catalyzed CO2 Hydrosilylation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 310
3.1 Iridium-Catalyzed CO2 Hydrosilylation to Silylformate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 312
3.2 Iridium-Catalyzed Reduction of CO2 to Methoxysilanes with Silicon-Hydrides . . . 315
3.3 Iridium-Catalyzed Reduction of CO2 to Methane with Silicon-Hydrides . . . . . . . . . . . 317

4 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 318
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 318

Abstract The knowledge of the potential of transition metal-based complexes as
catalysts for the reduction of CO2 has grown significantly over the last few decades.
This chapter focuses on the progress made during recent years in the field of
homogeneous iridium-catalyzed reduction of CO2 by using hydrogen and/or silicon
hydrides as reducing agents, comparing them with homogeneous catalysts based on
other transition metals.

The reported studies on iridium-catalyzed CO2 reduction processes show that an
important point to keep in mind when designing a catalyst is the nature of the
reducing agent (hydrogen, hydrosilanes, and/or hydrosiloxanes). Thus, iridium(III)
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half-sandwich complexes with 4,40-dihydroxy-bipyridine (DHBP) or 4,7-dihydroxy-
1,10-phenanthroline (DHPT) ligands, and iridium(III)-PNP pincer complexes have
proven to be excellent catalysts for the hydrogenation of CO2 to formic acid.
However, Ir(III)-NSiNMe (NSiN ¼ fac-bis-(4-methylpyridine-2-yloxy)methylsilyl)
and Ir(III)-NSiMe (NSiMe ¼ 4-methylpyridine-2-yloxydimethylsilyl) species are not
stable under hydrogen atmosphere but are effective catalysts for the reduction of
CO2 with hydrosiloxanes to silylformate under solvent-free conditions and moderate
CO2 pressures and temperatures. Moreover, while using iridium(III)-DHBP half-
sandwich complexes, high CO2 and H2 pressures are required to achieve the catalytic
CO2 hydrogenation to methanol; Ir-NSiMe species catalyze the reduction of CO2 to
methoxysilane with hydrosiloxanes under low CO2 pressure.

Keywords CO2 hydrogenation · CO2 hydrosilylation · CO2 reduction ·
Homogenous catalysis · Iridium

1 Introduction

Carbon dioxide is an abundant, easily available, cheap, and low toxic chemical. On the
other hand, during the last decades, the concentration of CO2 in the earth’s atmosphere
has reached historical values, which is generally considered one of the main reasons
for the global warming. Therefore, both for economic and environmental reasons the
development of sustainable processes that allow the transformation of CO2 on an
industrial scale into valuable chemicals could be considered one of the most important
tasks for the sustainability of the modern chemical industry [1–5]. In this context, to
achieve the goal of using CO2 as raw material of the chemical industry there are
several difficulties to face, among which its great thermodynamic stability stands out.

Catalysis has proven to be essential to overcome the challenge of CO2 stability.
Thus, in recent decades, great advances have been made in the field of catalytic CO2

transformation into value added chemicals [6–16]. Particularly, catalytic hydroge-
nation [6, 9, 10, 17–21] and/or hydrosilylation [22–25] of CO2 have proven to be
efficient methodologies for its reduction to formate, formaldehyde, methanol, or
methane level (Scheme 1). In this regard, it is remarkable that several homogeneous

Scheme 1 Possible products from the catalytic reduction of CO2 with hydrogen and/or silicon
hydrides
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catalytic systems based on iridium complexes have shown high catalytic perfor-
mance as CO2 reduction catalysts [18, 26–28]. This chapter will focus on the
progress made during recent years in the field of iridium-catalyzed reduction of
CO2 by using hydrogen and/or hydrosilanes as reducing agents.

2 Recent Advances on Iridium-Catalyzed CO2

Hydrogenation

During last decades, several examples of homogeneous catalysts effective for the
hydrogenation of CO2 have been reported, most of them are based on ruthenium
(II) complexes but some examples of highly active iridium(III) catalysts have
also been described. Among them are iridium(III) half-sandwich complexes with
4,40-dihydroxy-bipyridine (DHBP) or 4,7-dihydroxy-1,10-phenanthroline (DHPT)
ligands, which are excellent catalysts for the hydrogenation of CO2 to formic acid
and also have been used as catalysts for the direct hydrogenation of CO2 to
methanol. Moreover, iridium(III)-PNP pincer complexes have also been used as
effective catalysts for the hydrogenation of CO2 to formic acid. Conversely, the
potential of iridium complexes as catalysts for the hydrogenation of CO2 to formal-
dehyde, methyl carbonate, and/or methyl formate remains a challenge.

2.1 Iridium-Catalyzed Formic Acid or Formate Preparation
from CO2 and H2

Catalytic hydrogenation of CO2 to formic acid (FA) has been a research subject of
great interest over the last decades [6, 9, 10, 18, 20, 21, 28]. The hydrogenation of
CO2 is endergonic in the gas phase (ΔG�

298 ¼ 32.9 kJ mol�1), however, in water
solution and in presence of a base (NH3), this reaction becomes thermodynamically
favored (ΔG�

298 ¼ �35.4 kJ mol�1) [29].
The first studies of the potential of transition metal complexes as homogenous

catalysts for the hydrogenation of CO2 to FA were reported by Inoue et al. in 1976
[30]. These studies revealed that using NEt3 water solutions under 50 atm of
mixtures of CO2 and H2 (1:1) at r.t. the complex [IrH3(PPh3)3] catalyzes this
transformation, however, its catalytic activity is low. Under the same conditions
species [RuH2(PPh3)4] was found to be the most active of the studied catalyst
precursors [30]. Some years later, Leitner et al. reported very efficient rhodium
phosphane water soluble catalysts, which were able to promote the formation of
FA in relatively high yields [31, 32]. After that, Noyori et al. described that the
effectivity of ruthenium phosphane complexes as CO2 hydrogenation catalysts
improves when using supercritical carbon dioxide [33, 34]. Few years after that,
Joó, Laurenczy et al. reported that the performance of catalytic systems based on
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water soluble Ir, Rh, Ru, and Pd phosphane complexes as CO2 hydrogenation
catalyst is strongly pH dependent [35]. In this regard, Jessop et al. found that
using the complex [RuCl(O2CMe)(PMe3)4], which is soluble in supercritical CO2,
as catalysts for the hydrogenation of CO2 to FA in presence of the appropriate amine
and one alcohol that has an aqueous scale pKa below that of the protonated amine, it
was possible to achieve an initial turnover frequency (TOF) for FA production of
95,000 h�1 [36]. Since then till the development of the highly active Himeda’s
catalysts [37], based on half-sandwich bipyridine iridium complexes, most of the
homogeneous catalysts effective for the hydrogenation of CO2 to FA were based on
Ru- and Rh-phosphane complexes.

Early examples of highly active iridium CO2 hydrogenation catalysts were based
on iridium half-sandwich complexes with 4,40-dihydroxy-bipyridine (DHBP) or
4,7-dihydroxy-1,10-phenanthroline (DHPT) ligands (Scheme 2) [38]. These cata-
lysts are highly efficient for the hydrogenation of carbonate, in situ generated from
CO2 in basic KOH aqueous solutions, to formate. The oxyanions generated from the
hydroxy group along the catalytic process play a key role on both the catalytic
activity and water solubility of these catalysts (Scheme 2).

Initial turnover frequencies (TOF) of 42,000 and 35,000 h�1 were obtained for
the Ir-DHPB and Ir-DHPT (Scheme 2) catalyzed reactions, respectively. The best
performance was achieved heating at 120�C aqueous KOH (1.0 M) solutions of the
corresponding iridium catalysts under 6 MPa of CO2/H2 (1:1). Moreover, these
iridium catalysts could be reused for four cycles maintaining high catalytic
performance [38].

Himeda et al. have extended their studies to iridium half-sandwich complexes
with N,N-bidentate ligands different from bipyridine such as picolinamide- [39, 40],

Scheme 2 Examples of Ir-DHBP and Ir-DHPT CO2 hydrogenation catalyst precursors
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azole- [41] and pyridyl-pyrazole derivatives [42]. Mechanistic studies have found
that these catalysts promote the activation of CO2 via an outer-sphere mechanism
[41]. Interestingly, it has been found that using this type of iridium catalysts it is
possible to achieve the pH-controlled reversible hydrogen storage [40, 42, 43].

Further support to the relevant role of oxyanions in these type of catalysts comes
from the studies reported from Peris et al. [44], which showed that using half-
sandwich iridium(III) complexes with strong donor NHC ligands (Fig. 1) or
bipyridine derivatives without hydroxy substituents, as catalysts precursors for the
hydrogenation of CO2 lower activities (TOF ¼ 1,600 h�1) were observed.

Iridium-pincer complexes have also found to be active catalysts for the homoge-
neous hydrogenation of CO2 to FA. The iridium(III)trihydride-PNP complex shown
in Scheme 3 reached a TOF of 150,000 h�1 for the hydrogenation of CO2 to FA in
basic medium. The performance of this catalytic system is strongly influenced by the
nature of the base, the temperature and the presence of THF in the reaction medium.
Thus, the best results were obtained at 200�C, using 1.0 M KOH aqueous solution
and adding 0.1 mL of THF [45]. Mechanistic studies showed that two reactions
pathways are possible, one of them involving a deprotonative dearomatization of the
pyridinic ring and other a hydroxy-assisted hydrogenolysis as the rate determining
step, respectively. Moreover, an outer-sphere mechanism has been found for the
CO2 activation step (Scheme 3) [46].

Iridium-PNP catalysts showed the best performance in KOH aqueous solutions,
however, under these conditions, the corresponding formate salt, not FA, is obtained
as reaction product. Therefore, a neutralization step of the formate with a strong acid
is required to obtain FA. Interestingly, when using amine derivatives as bases a
simple distillation of the resulting ammonium formate allows separation of pure FA
from the starting base. In this regard, Nozaki’s group has studied the effect of both
using triethanolamine aqueous solution as base and having different substituents at
the pyridinic ring on the activity of Ir-PNP catalysts (Fig. 2). They have found that
under these conditions the dichlorohydride derivative with a p-MeO substituent is
the most active catalyst, indeed, using this species as catalyst precursor in a 1.0 M
triethanolamine aqueous solution, in presence of THF and heating at 150�C, a TON
for the conversion of CO2 to FA of 160,000 (TOF ¼ 12,000 h�1) was obtained [47].

On the other hand, Hazari and coworkers have studied the activity of Ir-PNHP
(PNHP ¼ bis{(2-diisopropylphosphanyl)ethyl}amine) pincer species as CO2

Fig. 1 CO2 hydrogenation catalysts based on half-sandwich iridium(III) complexes with NHC
ligands
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hydrogenation catalysts. They have shown that the insertion of CO2 into one of the
Ir-H bonds of the trihydride derivative [Ir(PNHP)H3] gives the corresponding [Ir
(PNHP)(HCO2)H2] species, which is stabilized by an intramolecular NH-OCO
hydrogen bond (Scheme 4) [48]. This iridium-formate derivative catalyzes the
hydrogenation of CO2, in 1 M aqueous KOH solution at 185�C, with a TON and
TOF values of 348,000 and 18,780 h�1, respectively. DFT calculations show that the
Ir-PNHP-catalyzed CO2 hydrogenation takes place through an outer-sphere
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Fig. 2 Examples of Ir-PNP CO2 hydrogenation catalysts. The species with E ¼ COMe was found
to be the most active catalyst
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mechanism (Scheme 4). The rate determining step of the overall catalytic process
corresponds to the NH-assisted CO2 activation step [48].

2.2 Iridium-Catalyzed Methanol Preparation from Direct
Hydrogenation of CO2

Methanol is commonly produced on an industrial scale using fossil fuel-based
syngas as the principal feedstock. The annual demand for methanol has grown
steadily over the last decade, consequently the CO2 emissions related to the indus-
trial production of methanol have also grown [49, 50]. Therefore, the development
of catalysts effective for the synthesis of methanol from renewable sources is
attracting the interest of several research groups [50, 51]. In this regard, the produc-
tion of methanol through carbon dioxide capture and recycling is one of the keys of
the “Methanol Economy” concept [52]. The early example of a homogeneous
catalyst effective for the direct hydrogenation of CO2 to methanol was reported by
Tominaga et al. in 1993 [53, 54]. They used [Ru3(CO)12] as catalyst precursor, KI as
additive to prevent the formation of metallic nanoparticles, and N-methylpyrrolidone
as solvent at 240�C under 80 bar of a 1:3 mixture of CO2 and H2. In this regard, it

Scheme 4 Mechanism proposal for Ir-PNHP catalyzed CO2 hydrogenation
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should be mentioned that it is of great importance to avoid the decomposition of the
homogeneous catalysts to colloidal or nanosized metallic particles, which may have
different catalytic behavior than the parent homogeneous catalysts. Since then only
few examples of catalytic systems effective for the direct hydrogenation of CO2 to
methanol have been reported. The reason is that the direct conversion of CO2 to
methanol is thermodynamically hampered at high temperatures due to the negative
ΔH and ΔS values of this process.

The first examples of iridium homogeneous catalysts effective for the direct
hydrogenation of CO2 to methanol were reported by Himeda, Laurenczy et al. in
2016. They found that the sulfate salt of the iridium half-sandwich cationic complex
[IrCp*(DHBP)(OH2)][SO4] (DHBP ¼ 4,40-dihydroxy-2,20-bypyridine) catalyzes
the one pot hydrogenation of CO2 to methanol. This Ir-DHBP species catalyzes
the quantitative hydrogenation of CO2 to formic acid in acidic media without any
additives, and the subsequent disproportionation of the in situ generated formic acid
to give methanol (96% selectivity; 47% yield; TON ¼ 1,314), CO2 and H2O [55]. In
this regard, it is important to be aware that whenever the hydrogenation of CO2 takes
place in basic solution, the question arises whether the actual reactive partner of the
catalysts is carbonate, bicarbonate, or (hydrated) CO2.

The activity of this iridium catalyst is higher than that reported for the Ru-(Triphos)
(Triphos ¼ 1,1,1-tris(diphenylphosphinomethyl)ethane) species (TON ¼ 221)
[56, 57], the ruthenium(II) species [Ru(PNP)(H)(H-BH3)(CO)] (PNP ¼ {Bis
[2-(diphenylphosphino)ethyl]amine}) [58, 59], Co-(Triphos) (TON ¼ 50) [60] and
Mn-(PNP) (TON ¼ 36) [61]. Being surpassed by that of the complex Fe-(κ3-HTpm)
(HTpm ¼ tris(pyrazolyl)methane; 44% yield; TON ¼ 2,283) [62].

2.3 Miscellaneous

Examples of homogenous catalysts effective for the hydrogenation of CO2 to other
products, different of formic acid and/or methanol, are scarce. Indeed, to the best of
our knowledge only few examples of ruthenium catalysts effective for the hydroge-
nation of CO2 to dimethyl ether [63], formaldehyde [64, 65], or methyl formate [66]
have been reported. Therefore, the potential of iridium complexes as catalysts for
these types of processes remains unexplored.

3 Recent Advances on Iridium-Catalyzed CO2

Hydrosilylation

The catalytic hydrogenation of CO2 with H2 requires high H2 and CO2 pressures and
temperatures, as well as the addition of bases or other additives. Contrariwise, the
catalytic reduction of CO2 with hydrosilanes features several advantages such as
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being a thermodynamically favored process and the fact that silanes are easier and
safer to handle and to store than molecular hydrogen [22, 23, 25, 26, 67]. However,
the utilization of silicon hydrides as reductants for large-scale reduction of CO2 faces
some difficulties. One of them is the high price of hydrosilanes, which could be
solved by using cheap hydrosiloxanes instead of hydrosilanes, another is the stoi-
chiometric generation of siloxanes, which is unsustainable due to the challenge of
Si-H regeneration from Si-O-Si bonds [24, 68]. Furthermore, differently to hydro-
genation processes, the catalytic hydrosilylation cannot be performed in aqueous or
alcoholic solutions since homogeneous hydrosilylation catalysts usually catalyzed
the dehydrogenative hydrolysis and/or alcoholysis of silicon hydrides [69, 70].

The catalytic reaction of CO2 with silicon hydrides allows its selective reduction
to the corresponding silylformate, bis(silyl)acetal or methoxysilane, and to methane
[22, 23, 25, 26] (Scheme 5). In addition, the formation of methyl carbonates from the
iridium-catalyzed reduction of CO2 with silicon hydrides has been recently reported
(Scheme 5) [71].

The first examples of homogeneous catalytic reduction of CO2 using hydrosilanes
as reductants were reported in the 1980s [72–74]. However, it was during the year
2012 that the breakthrough of this chemistry took place. Since then until today, the
number of catalytic systems effective for the reduction of CO2 with hydrosilanes
based on transition metal complexes as well as on metal-free catalysts or main
elements derivatives that have proven to be effective in CO2 hydrosilylation pro-
cesses has considerably grow up [8, 22–25, 67, 75]. Among them, catalysts based on
iridium complexes stand out not only for their activity but also for their versatility
that allows selectivity control by choosing proper ligands and/or tuning the reaction
conditions. Furthermore, some examples of iridium-based CO2 hydrosilylation
catalysts have proven to be effective under solvent-free conditions and using
hydrosiloxanes as reductants.

Scheme 5 Reported products from the catalytic reduction of CO2 with silicon hydrides
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3.1 Iridium-Catalyzed CO2 Hydrosilylation to Silylformate

The iridium complex [Ir(CN)(CO)(dppe)] (dppe ¼ 1,2-bis(diphenylphosphino)eth-
ane), reported in 1989 by Eisenschmid and Eisenberg, is the first example of a
homogeneous iridium-based catalyst effective for the hydrosilylation of CO2. How-
ever, the catalytic activity and the selectivity of this iridium catalyst were low [74]. It
was not until 2012 that an example of iridium catalyst, complex [Ir(CF3SO3)(NSiN)
(SiR3)(NCMe3)] (NSiN ¼ fac-bis-(pyridine-2-yloxy)methylsilyl; SiR3 ¼ SiMe
(OSiMe3)2), efficient for the hydrosilylation of CO2 to selectively give the
corresponding silylformate was reported [76]. This catalytic system allows the
solvent-free and gram-scale formation of silylformates under mild reaction condi-
tions (3 bar, 298 K, TON ¼ 97.5) but is slow (TON ¼ 0.7 h�1) [76]. Interestingly,
using species [Ir(CF3SO3)(NSiN)(H)(coe)] (coe ¼ cis-cyclooctene, Scheme 6),
which is easier to prepare than the abovementioned Ir-NSiN-acetonitrile derivative,
under the same reaction conditions (3 bar, 298 K) produces an increase of the
reaction rate (TOF ¼ 1.2 h�1) [77, 78]. Further studies on the influence of reaction
temperature [77] and CO2 pressure [78] on the catalytic performance of this catalytic
system showed that the activity is directly proportional to the temperature; however,
increasing the temperature reduces the selectivity to silylformate [77]. On the other
hand, it is more difficult to generalize the CO2-pressure effect on the activity of the
reaction. It is remarkable, that from the point of view of selectivity the CO2- pressure
has proven to be a parameter to consider. Indeed, for each temperature an enhance-
ment of the CO2-pressure results in increased the selectivity of the process
[78]. Thus, using species [Ir(CF3SO3)(NSiN)(H)(coe)] as catalyst precursor the
best reaction performance was achieved at 344 K and under 8 bar of CO2 (99.9%
conversion, 89.7% purity (GC-MS), TOF¼ 138 h�1; TON¼ 87.5) (Scheme 6) [78].

The iridium(III) complex [Ir(H)(CF3CO2)(NSiN
Me)(coe)] (NSiNMe ¼ fac-bis-

(4-methylpyridine-2-yloxy)methylsilyl), which contains a trifluoroacetate instead
of a triflate ligand and a NSiNMe ligand with 4-methylated pyridinic rings (Fig. 3),
has proven to be a highly effective CO2 hydrosilylation catalyst [79]. Using this
Ir-trifluoroacetate-NSiNMe species as catalyst precursor for the hydrosilylation of
CO2 to silylformate with HSiMe(OSiMe3)2 the best results were achieved at 328 K

Scheme 6 Iridium-NSiN catalyzed solvent-free CO2-hydrosilylation with HSiMe(OSiMe3)2
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and under 8 bar of CO2 (100% conversion; 98.9% yield to SF by GC-MS;
TOF ¼ 99.3 h�1), at temperatures above 328 K a decrease in catalytic selectivity
and activity was observed [79].

Mechanistic studies based on theoretical calculations at DFT level showed that
while Ir-trifluoroacetate-NSiNMe species catalyzes the CO2 activation via an inner-
sphere mechanism, an outer-sphere mechanism is favored for Ir-triflate-NSiNMe

derivatives (Fig. 4) [80].
The presence of the Ir-silyl group of the NSiNR (R¼ H, Me) ligand trans-located

to the trifluoroacetate (or triflate) ligand plays a key role on the catalytic activity of
Ir-NSiNR catalysts. Based on this knowledge the catalyst precursor [Ir(CF3CO2)(κ2-
NSiMe)2] (NSi

Me ¼ 4-methylpyridine-2-yloxydimethylsilyl), containing two Ir-Si
bonds trans-located to the catalyst active positions was designed (Fig. 5) [81]. 1H
NMR studies on the activity of [Ir(CF3CO2)(κ2-NSiMe)2] as CO2 hydrosilylation
catalyst using HSiMe(OSiMe3)2 show that at 298 K under 4 bar of CO2 this catalyst
is more active (TOF ¼ 28.6 h�1) [81] than the previously reported Ir-NSiN species,
which at 298 K independently of the CO2-pressure are low active with TOF values in
the rage of 1.2–1.6 h�1 [78]. The higher activity of [Ir(CF3CO2)(κ2-NSiMe)2] allows
the selective formation methoxysilane from CO2 and HSiMe(OSiMe3)2 as it is
shown below [81].

Other iridium complex which have proven to be an active catalyst for the
selective hydrosilylation of CO2 (3 bar) to silylformates is the zwitterionic iridium
(III) half-sandwich species [IrClCp*{(MeIm)2CHCOO}] ((MeIm ¼ 3-

Fig. 3 Iridium(III) complex
[Ir(H)(CF3CO2)(NSiN

Me)
(coe)]

Fig. 4 Outer- and inner-
sphere transition state
(TS) found for Ir-triflate-
NSiNMe and
Ir-trifluoroacetate-NSiNMe

catalysts precursors,
respectively
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methylimidazol-2-yliden-1-yl; Cp* ¼ pentamethylcyclopentadienyl) (Scheme 7)
[82]. However, this catalytic system requires the use of acetonitrile as reaction
solvent. It is relatively high active for the hydrosilylation of CO2 with HSiMe2Ph
(TOF ¼ 51 h�1), but under the same reaction conditions is not active when the
hydrosiloxane HSiMe(OSiMe3)2 is used as reductant instead of HSiMe2Ph [82].

Other transition metal-based catalysts including Ru [83, 84], Co [85], Rh [86], Pd
[87], Pt [88], Cu [89, 90], and Zn [91, 92] complexes effective for the selective
hydrosilylation of CO2 to the formate level have been reported. Among them, the
catalytic system based on the Pd-PAlP complex shown in Scheme 8 has proven to be
the most active catalyst for CO2-hydrosilylation reported so far [87]. Indeed, using
this Pd-PAlP catalyst in DMF as solvent in presence of CstBuCO2 (1.0 mol%) at
298 K, the selective reaction of CO2 with HSiMe2Ph to give HCO2SiMe2Ph (92%,
TOF ¼ 19,300 h�1) was achieved in 1 h (Scheme 8) [87].

Ir-NSiN and Ir-NSiMe species are comparatively less active than some of the
abovementioned catalysts; however, they have the advantage of being active under
solvent-free conditions and are highly effective when using hydrosiloxanes, instead

Fig. 5 Iridium(III) complex
[Ir(CF3CO2)(κ2-NSiMe)2]

Scheme 7 CO2 hydrosilylation catalyzed by the zwitterionic iridium species [Cp*IrCl
{(MeIm)2CHCO2)}]
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of hydroorganosilanes, as reductants. Therefore, from the point of view of sustain-
ability iridium species based on Ir-NSiN and Ir-NSiMe species could be considered
promising for future applications of the catalytic reduction of CO2 with silicon
hydrides.

3.2 Iridium-Catalyzed Reduction of CO2 to Methoxysilanes
with Silicon-Hydrides

Only few examples of homogeneous catalysts effective for the reduction of CO2 to
methanol level using silicon hydrides as reducing agents have been published to
date. The first one was the abovementioned iridium complex [Ir(CN)(CO)(dppe)]
(dppe ¼ 1,2-bis(diphenylphosphino)ethane) [74]. This catalyst promotes the reduc-
tion of CO2 with HSiMe3 in C6D6 at 313 K to the corresponding methoxysilane,
CH3OSiMe3. This reaction is slow, and 2 weeks are required to achieve the conver-
sion of the starting hydrosilane into CH3OSiMe3.

13C NMR studies of this process
using 13CO2 confirm that it entails in a stepwise progression with the initial forma-
tion of the corresponding silylformate HCO2SiMe3, which is further reduce to bis
(silyl)acetal CH2(OSiMe3)2, the later finally reacts with one equivalent of HSiMe3 to
give CH3OSiMe3 and O(SiMe3)2 (Scheme 9) [74].

The iridium(III) complex [Ir(CF3CO2)(κ2-NSiMe)2] (Fig. 5) has proven to be an
effective catalyst for the reduction of CO2 with HSiMe(OSiMe3)2 to the
methoxysilane CH3OSiMe(OSiMe3)2 under mild reaction conditions. 1H NMR
studies of the reaction of CO2 (1 bar) with HSiMe(OSiMe3)2 in C6D6 at 298 K
evidenced the selective formation of the corresponding methoxysilane after 16 h
(99.0%; TON ¼ 33.6; TOF ¼ 2.1 h�1) [81]. Interestingly, increasing the CO2

pressure to 4 bar the reaction stops in the corresponding silylformate, which under
4 bar is the major reaction product (93%; TON¼ 93; TOF¼ 2.9 h�1) together with a
7% of CH3OSiMe(OSiMe3)2 after 3.5 h. 1H and 13C NMR studies and theoretical

Scheme 8 Palladium-PAlP catalyzed CO2-hydrosilylation with HSiMe2Ph
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calculations at the DFT level on the Ir-NSiMe catalyzed CO2 reduction to
methoxysilane with silicon hydrides, agree with an stepwise mechanism similar to
that shown in Scheme 9.

The related complex [Ir(μ-CF3SO3)(κ2-NSiMe)2]2, which is a rare example of an
iridium dinuclear species with triflate groups acting as bridges, catalyzed the reaction
of CO2 (3 bar) with HSiMe(OSiMe3)2 in C6D6 at 323 K to afford, after 3 h, a mixture
of the corresponding silylformate (65.2%), methoxysilane (8.1%) and
methylsilylcarbonate (26.7%) (Scheme 10) [71].

1H and 13C NMR studies of the reaction shown in Scheme 10 evidenced that at
323 K, once all the starting hydrosilane is consumed; the methylsilylcarbonate is
slowly transformed into the corresponding methoxysilane. These outcomes prove
that the formation of methoxysilanes during the catalytic reduction of CO2 with
silicon hydrides, which traditionally has been explained by the stepwise process
shown in Scheme 9, could also be consequence of thermal decomposition of the
corresponding methylsilylcarbonate (Scheme 11) [71].

Few examples of other homogeneous catalysts effective for the reduction of CO2

to methanol level using silicon hydrides as reductants have been described, which
include the anionic rhenium complex [N(hexyl)4][ReO4] [93], the cationic zinc
derivative [Zn(Me)(IDipp)][C6F5)3] (IDipp ¼ 1,3-bis(2,6-diisopropylphenyl)
imidazolin-2-ylidene) [94] and metal-free NHC-catalysts [95]. In this context, it is
noteworthy that the activity of the Ir-trifluoroacetate-NSiMe catalyst is similar to that
reported for these Re-, Zn-, and NHC-based catalytic systems.

Scheme 9 Iridium-
catalyzed reduction of CO2

to the methoxysilane level
with HSiR3
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3.3 Iridium-Catalyzed Reduction of CO2 to Methane
with Silicon-Hydrides

The catalytic reduction of CO2 to methane using hydrosilanes as reducing agents
remains a challenge. Examples of transition metal catalysts based on Zr [96, 97], Hf
[97], Ir [98], Pd [99] and Pt [99] complexes as well as transition metal-free catalysts
such as the frustrated Lewis pair B(C6F5)3/TMP (TMP ¼ 2,2,6,6-
tetramethylpyperidine) [100] and other Lewis acids and ionic pairs [101–
104]. Among them stands out the iridium(III) cationic species [Ir(H)(η1-HSiR3)
(POCOP)][B(C6F5)4] (POCOP ¼ 2,6-bis((di-tert-butylphosphanyl)oxy)benzen-1-
yl) reported by Brookhart et al. in 2012 [98], which has proven to be effective for
the reduction of CO2 (1 bar, 296 K) to methane with different hydrosilanes (HSiEt3,
HSiPh3, HSiMe2Et, HSiMe2Ph, and HSiEt2Me) using C6H5Cl as solvent. This
catalytic system works reasonably well with HSiMe2Ph at 296 K (TOF ¼ 115 h�1),
moreover, increasing the temperature to 333 K produces a positive effect of the
catalytic activity (TOF ¼ 661 h�1) (Scheme 12) [98].

Scheme 10 Iridium-catalyzed reduction of CO2 to the methoxysilane level with HSiR3

Scheme 11 Thermal decomposition of methylsilylcarbonates to give methoxysilanes and CO2
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4 Concluding Remarks

This chapter illustrates the progress made during recent years in the field of iridium-
catalyzed reduction of CO2 with hydrogen and/or silicon hydrides as reductants. It is
difficult to draw general conclusions since not only the characteristics of the ligands
but also the nature of the reducing agent (hydrogen, hydrosilanes, and/or
hydrosiloxanes) strongly influences the reaction conditions and the mechanism. It
has been observed that most of the iridium CO2 hydrogenation and hydrosilylation
catalysts are based on Ir(III) species. The selectivity is one of the challenges of
homogeneous catalytic CO2 reduction with hydrogen and silicon hydrides, this is
because mixtures of different reduction products are frequently obtained. In this
regard, it is worth mentioning that iridium(III) half-sandwich-DHBP species and
iridium(III)-PNP pincer complexes have found to be highly efficient and selective
CO2 hydrogenation catalysts and that Ir(III)-NSiN and Ir(III)-NSiMe species have
proven to be highly selective CO2 hydrosilylation catalysts. From the point of view
of the mechanism, it is difficult to establish a general behavior trend. Thus, although
most of the reported homogeneous Ir(III) catalysts follow an outer-sphere CO2

activation mechanism, when using Ir-NSiN and Ir-NSiMe trifluoroacetate derivatives
as CO2 hydrosilation catalysts, an inner-sphere CO2 activation mechanism is pre-
ferred. Therefore, it could be concluded that iridium(III) complexes have great
potential as homogeneous CO2 reduction catalysts; however, there are still many
mechanistic questions to answer and future applications to unveil.
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Abstract The electroreduction of carbon dioxide (CO2) to chemical fuels provides
not only a means to utilize CO2 but also a solution to challenges relating to the
storage and transport of renewable energy. For this purpose, a range of catalysts for
the electroreduction of CO2 have been studied, and recent progress in the context of
tuning catalytic properties and understanding their mechanism of action has been
remarkable. For example, molecular approaches allow fine-tuning of the catalyst
behavior by the design of suitable ligands to suppress the overpotential for CO2

conversion. This chapter focuses on homogeneous iridium catalysts for the
electroreduction of CO2, whereby the examples provided give mechanistic insight
into the design of catalysts to efficiently and selectively produce electroreduced
compounds from CO2 using electricity.
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1 Introduction

To reduce the carbon dioxide (CO2) emissions associated with the consumption of
fossil fuels [1], it is necessary to utilize various technologies, such as renewable energy
and energy-saving technologies. Recently, the price of renewable energy has drasti-
cally decreased, and so its usage is expected to increase [2]. However, the lack of
established methods for the storage and transport of electricity derived from renewable
energy sources remains a challenge that hinders its use. For example, the storage and
transportation of electricity is essential if the electricity generated during the day is to
be used at night, or in places without a power grid. In this context, chemical fuels
produced electrochemically have the potential to address these issues compared to
other methods, such as chemical and photochemical reactions [3, 4]. In particular, one
attractive approach involves the use of electricity derived from renewable energy
sources to produce chemical fuels from CO2 and H2O (an H+ source) [5].

The redox potentials of typical chemical fuels obtained by the electroreduction of
CO2 are shown in Table 1 [6–8]. Generally, in the electroreduction of CO2, proton-
coupled multi-electron transfer is more favorable than multi-electron transfer, as
thermodynamically more stable compounds are produced. The single-electron trans-
fer of CO2 to CO2

�� requires a large redox potential of �1.90 V (vs the standard
hydrogen electrode (SHE); all potentials are given with respect to this reference), a
large reorganization energy between the linear molecule and bent radical anion
[9]. On the other hand, proton-coupled multi-electron transfer is achieved using a
potential lower than �1.0 V. However, the development of efficient catalysts is
necessary to carry out the intended electrochemical transformations with low
overpotentials and high current densities.

To date, significant efforts have been devoted to the exploration of potential
homogeneous and heterogeneous catalysts. For example, heterogeneous catalysts
based on various metals, such as copper, cobalt, and tin, have been reported [10];

Table 1 Selected redox potentials for the electroreduction of CO2 and generation of hydrogen
(vs SHE in aqueous solution at pH 7)

Product na Cathode reaction E0 [V]

CO 2 CO2 + 2H+ + 2e� ! CO + H2O �0.53

HCO2
� 2 CO2 + H+ + 2e� ! HCO2

� �0.49

HCO2H 2 CO2 + 2H+ + 2e� ! HCO2H �0.61

CH3OH 6 CO2 + 6H+ + 6e� ! CH3OH + H2O �0.38

CH4 8 CO2 + 8H+ + 8e� ! CH4 + 2H2O �0.24

C2O4
2� 2 2CO2 + 2e� ! C2O4

2� �1.00

CO2
�� 1 CO2 + e� ! CO2

�� �1.90

H2 2 2H+ +2e� ! H2 �0.41
an Number of reaction electrons
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however, in many cases, the conversion of CO2 involves inefficient CO2
�� forma-

tion. On the other hand, homogeneous catalysts, such as ruthenium-, rhodium-, and
iridium-based complexes, often form metal hydrides as intermediates [11, 12]. This
circumvents the CO2

�� formation, and hence, more efficient electrochemical con-
versions are expected. For example, [Rh(bpy2(TFMS)2)]

+ (bpy, 2,20-bipyridine;
TFMS, trifluoromethanesulfonate anion) exhibited 80% Faradaic efficiency
(FE) for HCO2

� production in CH3CN at �0.96 V. Moreover, electroreduction of
CO2 in aqueous solution was achieved with high FE at a very low overpotential
using iridium catalysts. This chapter, therefore, describes the development of
iridium-based homogeneous catalysts for the electroreduction of CO2 to formate
(HCO2

�), carbon monoxide (CO), and oxalate (C2O4
2�).

2 Electroreduction of Carbon Dioxide to Formate

2.1 Homogeneous Catalysts

HCO2
� (HCO2H), a two-electron reduction product of CO2, has recently attracted

significant attention as a liquid organic hydrogen (H2) carrier, in which H2 is
established as a new energy vector [13, 14]. Through HCO2

� (HCO2H) dehydroge-
nation (Eqs. 1 and 2), H2 can be released with a lower energy consumption than those
required for other H2 storage media, such as methylcyclohexane or ammonia.
Furthermore, in contrast to other chemical H2 carriers, HCO2H can produce high-
pressure H2 using only thermal reactions [15]. The potential for the CO2 to HCO2

�

transformation is�0.49 V, which indicates a slightly higher energy consumption than
H2 generation (�0.41V). If the electroreduction of CO2 toHCO2

� can be realized with
a high FE (Eq. 3, where X is a product such as CO, HCO2

�, C2O4
2� or H2, F is the

Faraday constant, and n is the number of reaction electrons) and a low overpotential, it
becomes an energy storage method comparable to water electrolysis. Additionally,
C-H bond formation is one of the most essential elementary reactions in synthetic
chemistry. The conversion of CO2 to HCO2

� (HCO2H) involves C-H bond formation,
which can be considered as an electrochemical method of C-H bond formation.

HCO2
� þ H2O ! H2 þ CO2 þ OH� ð1Þ
HCO2H ! H2 þ CO2 ð2Þ

FE Xð Þ %½ � ¼ F C mol�1
� �� n X mol½ �=total Q C½ � � 100 ð3Þ

In 1996, [Ir2(dimen)4]
2+ (dimen, 1,8-diisocyano-n-menthane) was studied using

infrared spectro-electrochemistry, whereby HCO2
� and bicarbonate were detected,

although the products were not quantified [16]. In addition, the obtained results
indicated that [Ir2(dimen)4]

2+ accepted 2 electrons to form [Ir2(dimen)4]
0, which then

reacted with CO2 and H2O. In addition, the electroreduction of CO2 to HCO2
� was

reported using [Cp*Ir(bpy)Cl]+ (Cp*, pentamethylcyclopentadienyl) in CH3CN
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(Chart 1, Table 2) [17]. Electrolysis was performed at �1.16 V, and HCO2
� was

produced with an FE(HCO2
�) of 22% (132 mA cm�2). Although the formation of

CO (FE(CO) < 1%) was confirmed, no other products were identified. Furthermore,
based on the hydrogenation of CO2, the electroreduction mechanism was speculated
to involve reaction between the iridium-hydride intermediates and CO2.

The reactivities and properties of a range of iridium-hydride species have been
studied actively. Among them, iridium catalysts bearing a pincer ligand were found
to exhibit a high activity and durability for the hydrogenation of CO2 [18, 19]. In
addition, through the use of related pincer ligands, electrochemically formed
iridium-hydride species were investigated for the electroreduction of CO2 (Chart 2,
Table 3). For example, the potentiostatic electrolysis of (POCOP)IrH2 was carried
out at �1.45 V in a CH3CN/5% H2O solution to yield HCO2

� in an FE(HCO2
�) of

85% (1.07 mA cm�2), whereby H2 was detected as a by-product (FE(H2) 15%)
[20]. Moreover, through the introduction of 1,1-dimethyl-piperazinium to the pincer
ligand, the FE(HCO2

�) reached 93% in a water-based electrolyte (NaHCO3/1%
CH3CN) [21]. Although CH3CN was essential in the desorption of HCO2

� from the
iridium species and thus to promote catalyst turnover, [(POCOP’)Ir(sol)2H]

2+ (sol,

[Cp*Ir(bpy)Cl]+

N

N
Ir

Cl

+

-C+N -C+N

Ir Ir

=

2+

[Ir2(dimen)4]2+

Chart 1 Catalysts for the
electroreduction of CO2 to
HCO2

�

Table 2 Electroreduction of CO2 to HCO2
�

Catalyst Solvent Eapp
a [V] FE(HCO2

�) [%] j [mA cm�2] Ref.

[Ir2(dimen)4]
2+ THF/H2O �1.62 � � [16]

[Cp*Ir(bpy)Cl]+ CH3CN �1.16 22 132 [17]
aEapp Applied potential

Ir
H

PtBu2

H
P

OO

tBu2

(POCOP)IrH2

Ir
NCCH3

PtBu2

CH3CN
P

OO
tBu2

[(POCOP')Ir(sol)2H]2+

N

N +

Ir
N

H
PiPr2

H
P

H
iPr2

H
(PNHP)IrH 3

2+

H

sol: CH3CN

Ir
N

H
PtBu2

H
P

OO

tBu2

(PONOP)IrH3

H

Chart 2 Catalysts bearing pincer ligands for the electroreduction of CO2 to HCO2
�
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CH3CN) was also active, even in aqueous solution with a small amount of organic
additive.

Subsequently, DFT calculations were employed to examine the reaction mecha-
nism of the (POCOP)IrH2 catalytic system [24]. As indicated in Scheme 1a, it was
suggested that the reaction proceeds in three steps: (1) insertion of CO2 into the
iridium-hydride complex, (2) elimination of HCO2

� from the resulting hydride-
formate-iridium complex, and (3) regeneration of the active species. The reduction
potential of the electrode reaction was calculated and was found to correspond with
the experimental value. The solvents were also examined, and it was found that
water was necessary for the transformation of CO2 to HCO2

�. Moreover, DFT
calculations showed that HCO2

� formation also involved iridium(I) monohydride
as an active species formed in situ (Scheme 1b) [25]. It should be noted that the
iridium(III) path can operate in parallel, but is associated with higher Gibbs free
energies in the reaction between the iridium(III) dihydride species and CO2 (i.e.,

Table 3 Electroreduction of CO2 to HCO2
� using iridium complexes bearing pincer ligands

Catalyst Solvent
Eapp

a

[V]
FE(HCO2

�)
[%]

j
[mA cm�2] Ref.

(POCOP)IrH2 CH3CN/5% H2O �1.45 85 1.07 [20]

[(POCOP0)IrH
(sol)2]

2+
NaHCO3/1%
CH3CN

�1.41 93 0.60 [21]

(PNHP)IrH3 CH3CN/12% H2O �0.81 97 0.45 [22]

(PONOP)IrH3 CH3CN/5% H2O �1.15 97 2.10 [23]
aEapp Applied potential
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Scheme 1 Proposed mechanisms for the electroreduction of CO2 with (a) (POCOP)IrH2 by
iridium(III) dihydride and (b) (POCOP)IrH2 iridium(I) monohydride
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16.6 and 19.0 kcal mol�1), compared to the reaction between the in situ formed
iridium(I) monohydride species (i.e., 12.3 kcal mol�1).

An iridium trihydride complex bearing a PNHP ligand with a secondary coordi-
nation sphere interactions was found to improve the catalytic activity in CH3CN/
12% H2O solution [22]. At �0.81 V, (PNHP)IrH3 yielded HCO2

� with an FE
(HCO2

�) of 97% (0.45 mA cm�2). Mechanistic studies indicated that the insertion
of CO2 was accelerated by the presence of an NH group, and this was followed by
HCO2

� elimination and catalyst regeneration through an electroreduction/proton
transfer mechanism (Scheme 2). Furthermore, the kinetic studies of (PNHP)IrH3

appeared that the rate-determining step was HCO2
� elimination, which can be

enhanced by the addition of stabilizing agents such as water and Lewis acid.
Furthermore, an iridium trihydride complex bearing a PONOP pincer ligand was

found to function not only in the electroreduction of CO2 to HCO2
� but also in the

electrooxidation of HCO2
� to CO2 (Eq. 4) [23].

HCO2
� ! CO2 þ Hþ þ 2e� ð4Þ

When the electroreduction of CO2 in CH3CN/5% H2O was conducted at�1.15 V
using (PONOP)IrH3, the FE(HCO2

�) reached 97% (2.1 mA cm�2). In addition,
HCO2

� electrooxidation was carried out at 0.1 V in CH3CN in the presence of
NBu4HCO2�HCO2H, whereby CO2 was detected as the sole product. Quantification
of the evolved CO2 indicated an FE(CO2) 88%. Electrochemical and NMR spectro-
scopic studies suggested that the hydride species is critical for the bifunctional
reactivity. A potential catalytic mechanism for the reaction involving (PONOP)
IrH3 is outlined in Scheme 3. More specifically, CO2 was inserted into (PONOP)
IrH3 to yield a HCO2

� complex (PONOP)IrH2(HCO2
�), which released HCO2

� to
give (PONOP)Ir(CH3CN)H2. Subsequent reduction yielded (PONOP)IrH3. The

CO2

CH3CN

HCO2
−

2e−, H2O CH3CN
OH− + CO2 HCO3

−
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Scheme 2 Proposed mechanism for the electroreduction of CO2 using (PNHP)IrH3
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HCO2
� electrooxidation pathway is also illustrated in Scheme 3. More specifically,

(PONOP)IrH3 was oxidized electrochemically to form (PONOP)Ir(CH3CN)H2. In
an equilibrium, (PONOP)Ir(CH3CN)H2 reacts rapidly with HCO2

� to generate
(PONOP)IrH2(HCO2

�), and this was followed by β-hydride elimination to generate
(PONOP)IrH3 and CO2. The applicability of this homogeneous catalyst in both the
electroreduction and electrooxidation steps is interesting due to such a system only
having been reported once previously (i.e., [Pt(depe)2]

2+; depe, 1,2-bis(diethyl-
phosphino)ethane) [26].

In addition to pincer ligands, catalysts based on iridium-hydride species bearing
N, N-bidentate ligands have also been developed (Chart 3). The influence of
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Scheme 3 Proposed mechanism for the electroreduction of CO2 and the electrooxidation of
HCO2

� with (PONOP)IrH3
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substituent effects on the 2, 4, and 40 positions of the bipyridine ligand was examined,
as outlined in Table 4. More specifically, in CH3CN/5% H2O at�1.60 V, [Cp*Ir(N1)
Cl]+ bearing an ortho-NH2 group (N1, 6-amino-2,20-bipyridine) produced HCO2

�

with an FE(HCO2
�) of 6.6% (0.18 mA cm�2). In the case of the [Cp*Ir(N1)Cl]+

system, the electrolyte significantly affected the catalytic performance and improved
the FE(HCO2

�) (i.e., to 21.9%) and the current density (i.e., to 1.08 mA cm�2) when
CH3CN/50% CH3OH was employed. Interestingly, in CH3CN + 50% CH3OH,
formaldehyde (HCHO) was also detected (FE(HCHO) 20.2%), and the selectivity
toward HCHO was increased in the case of [Cp*Ir(N2)Cl]+ bearing CH3 and CO2Et
groups (N2, 4-ethoxycarbonyl-60-methyl-2,20-bipyridine; FE(HCHO) 32.2%). Fur-
thermore, cyclic voltammetry studies gave information regarding the reaction mech-
anism (Scheme 4). Following an initial two-electron reduction of a, the resulting
iridium(I) species (b) was protonated to form iridium(III) hydride (c). Subsequently,
c underwent a bipyridine-centered one-electron reduction prior to transfer of the
hydride from d to CO2. The dissociation of HCO2

� from e required a further
one-electron reduction. An analogous mechanism was also proposed by Meyer and
coworkers, which involves the use of a Ru-bipyridine complex in the electrocatalytic
reduction of CO2 [27].

Furthermore, [Cp*Ir(4DHBP)(OH2)]
2+ and [Cp*Ir(6DHBP)(OH2)]

2+ bearing
ortho- and para-OH groups on the bpy ligand were reported to enable the electro-
chemical conversion of CO2 to HCO2

� under a low overpotential and without the
requirement for organic solvents (FE(HCO2

�) 21.0 and 52.0%) [29]. In addition, the
current density and FEHCO2� of [(Cp*IrCl)2(THBPM)]2+, whereby four OH groups
were present on the ligand, were enhanced upon the introduction of OH groups.
Furthermore, when one side of the bpy structure was replaced by an imidazoline
([Cp*Ir(N3)(OH2)]

2+) or amide species ([Cp*Ir(N4)(OH2)]
+), the catalytic activity

Table 4 Electroreduction of CO2 to HCO2
� using iridium complexes bearing N,N-bidentate

ligands

Catalyst Solvent
Eapp

a

[V]
FE(HCO2

�)
[%]

j
[mA cm�2] Ref.

[Cp*Ir(N1)cl]+ CH3CN/5% H2O �1.60 6.6 0.18 [28]

CH3CN/50%
CH3OH

�1.60 22 1.08

[Cp*Ir(N2)Cl]+ CH3CN/50%
CH3OH

�1.60 13 0.84

[Cp*Ir(4DHBP)(OH2)]
2+ KHCO3 aq. �0.49b 21 4.80 [29]

[Cp*Ir(6DHBP)(OH2)]
2+ KHCO3 aq. �0.49b 52 4.80

[(Cp*IrCl)2(THBPM)]2+ KHCO3 aq. �0.49b 62 5.00

[Cp*Ir(N3)(OH2)]
2+ KHCO3 aq. �0.49b 89 5.20

[Cp*Ir(N4)(OH2)]
+ KHCO3 aq. �0.49b 95 7.20

[Fe4N(CO)12]
� H2O �0.96c 96 3.80 [30]

aEapp Applied potential
bpH 8.3
cpH 7.0
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was further enhanced. When the catalytic performances of [Cp*Ir(4DHBP)(OH2)]
2+,

[Cp*Ir(6DHBP)(OH2)]
2+, [(Cp*IrCl)2(THBPM)]2+, [Cp*Ir(N3)(OH2)]

2+, and
[Cp*Ir(N4)(OH2)]

+ were compared, the results were consistent with the order of
activity for the hydrogenation of CO2 [31], thereby indicating that common active
species are involved in the electroreduction and hydrogenation of CO2. Interestingly,
combination of the iridium catalyst with different electrode materials indicated that
electrodes exhibiting lower hydrogen overpotentials (i.e., a Pt black electrode) led to
a remarkable decrease in the applied potential. As a result, the combination of [Cp*Ir
(N4)(OH2)]

+ and a Pt black working electrode gave a high current density
(7.20 mA cm�2) and a high FE(HCO2

�) (95.0%). In addition, electrochemical
measurements, electrokinetic analyses, and reaction mechanism studies revealed
that the iridium-hydride species detected by 1H NMR were generated via a
two-electron reduction process. The above values represent the lowest overpotential
and the highest current density among the previous reports using homogeneous
catalysts for the electroreduction of CO2 to HCO2

�, and the overpotential was
lower than that of the heterogeneous catalyst, thereby indicating that iridium-hydride
species are key to the electroreduction of CO2. A reaction mechanism was proposed
in the case of [Cp*Ir(N4)(OH2)]

+ as follows, whereby [Cp*IrI(N4)]� was initially
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−
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Scheme 4 Proposed mechanism for the electroreduction of CO2, as proposed by Tzschucke and
coworkers
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generated by the two-electron reduction of [Cp*IrIII(N4)(OH2)]
+ (Eq. 5). Subse-

quently, [Cp*IrIIIH(N4)]+ produced by the reaction of [Cp*IrI(N4)]� with H2O
(Eq. 6) reduced CO2 to HCO2

� (Eq. 7). The cathodic current observed under CO2

was derived so that [Cp*IrIII(N4)]+ was regenerated by the reaction of [Cp*IrIIIH
(N4)]+ with CO2.

Cp � IrIII N4ð Þ OH2ð Þ� �þ þ 2e� ! Cp � IrI N4ð Þ� �� þ H2O ð5Þ
Cp � IrI N4ð Þ� �� þ H2O ! Cp � IrIIIH N4ð Þ� �� þ OH� ð6Þ

Cp � IrIIIH N4ð Þ� �� þ CO2 þ H2O ! Cp � IrIII N4ð Þ OH2ð Þ� �þ þ HCO2
� ð7Þ

Although the [Fe4N(CO)12]
� catalyst has been reported to exhibit activity in

aqueous solution (Chart 4) [30], the Ir catalyst (i.e., [Cp*Ir(N4)(OH2)]
+) is superior

in terms of the overpotential and current density.

2.2 Immobilized Catalysts

Since electron transfer in electrochemical reactions is limited to the very vicinity of
the electrode, the reaction is dominated by the diffusion of the catalyst to the
electrode in the bulk electrolyte. Therefore, a method of immobilizing the catalyst
to the electrode to eliminate the diffusion factor has been attempted [32]. More
specifically, an iridium dihydride catalyst bearing a POCOP pincer ligand containing
pyrene was immobilized on carbon nanotube-coated gas diffusion electrodes. Com-
pared to (POCOP)IrH2 (1.07 mA cm�2, �1.45 V), (POCOP-pyrene)Ir(CH3CN)H2

exhibited and improved for the electroreduction by immobilization on the electrode
in 0.5 M LiClO4, 0.1 M NaHCO3, and 1%v/vCH3CN (3.60 mA cm�2, �1.40 V).
Furthermore, through optimization of the reaction system, the gas diffusion electrode
interfaced both the gaseous and aqueous phases, significantly enhancing the current
densities up to ~15.0 mA cm�2, whereby a high FEHCO2� was also maintained
(Scheme 5). When the gas diffusion electrode interfaced both the gaseous and
aqueous phases, (POCOP-pyrene)Ir(CH3CN)H2 was able to access sufficient CO2

from the gas phase and readily release HCO2
� into the aqueous phase, thereby
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Chart 4 Catalysts for electroreduction of CO2 to CO
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relieving mass transport constraints. The proposed reaction mechanism was compa-
rable to that presented in Scheme 1a.

3 Electroreduction of Carbon Dioxide to Carbon Monoxide

CO is another two-electron reduction product from CO2 and is an important material
in C1 chemistry. For example, a mixture of H2 and CO, known as synthesis gas, can
be used as a precursor for the production of methanol (CH3OH) and hydrocarbons.

Scheme 5 Illustration of a carbon nanotube-coated gas diffusion electrode with a surface-bound
(POCOP-pyrene)Ir(CH3CN)H2 catalyst for the electroreduction of CO2 to HCO2

�
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In general, since the reduction of CO2 and H+ on the cathode competes during the
electroreduction of CO2, the suppression of H2 generation is necessary to improve
the selectivity. On the other hand, from the viewpoint of synthesis gas production,
H2 generation is not a disadvantage; if the H2/CO ratios can be controlled with a
catalyst, not only CO but also synthesis gas can be produced directly. However, the
reduction of CO2 to CO requires a large amount of energy, and even in the presence
of strong reducing agents, overcoming the O¼CO bond enthalpy of 532 kJ mol�1

often presents kinetic difficulties.
The first electroreduction of CO2 to CO using a homogeneous iridium catalyst

(Chart 4, Table 5), reported by Pruchnik and coworkers [33], involved the reaction of
IrCl(CO)(PPh3)2 in DMF or DMF + 10% H2O. Using DMF, CO production at
�1.31 V was observed with an FE(CO) of 58% (0.16 mA cm�2). In addition, formic
acid was found in the electrolyte. When 10% H2O was added, although the current
density increased to 0.5 mA cm�2, the FE(CO) was 32%. In this case, along with CO
and formic acid, a trace of H2 was detected. They also proposed a mechanism for the
reaction between the iridium-hydride intermediates and CO2; however, spectro-
scopic data were not reported.

Fujita and coworkers described the electroreduction process and density func-
tional theory (DFT) calculations using [Ir(NNN)(ppy)Cl]+ and [Ir(NCN)(ppy)Cl]+

(ppy, 2-phenylpyridine) [34]. When using [Ir(NNN)(ppy)Cl]+, selective CO forma-
tion was achieved at �1.13 V (FE(CO) > 99%), while [Ir(NCN)(ppy)Cl] yielded
CO with an FE(CO) of 45� 5% and HCO2

� with an FE(HCO2
�) of 5–10%. In both

cases, H2 production was not detected. The production of HCO2
� is supported by the

DFT calculations that show iridium-hydride intermediates exhibiting a high
hydricity and where CO2 insertion is thermodynamically favorable. Interestingly,
the ligand exchange from Cl� to CH3CN, [Ir(NNN)(ppy)(NCCH3)]

2+, functions as a
photocatalyst and can convert CO2 to CO.

However, the mechanism for CO production using iridium catalysts was not
clear, despite reaction mechanisms being reported for other metal complexes. For
example, using a Pd complex bearing a pincer ligand, cyclic voltammetry and
potentiostatic electrolysis measurements revealed that Pd-CO2

� species with η1-C
coordination were generated via an electrochemical one-electron reduction process,
and Pd-COOH intermediates were produced by the reduction and protonation of
these Pd-CO2

� species. Furthermore, the intermediates were protonated to generate
a Pd-CO species, and finally CO was eliminated to regenerate the active species [35].

Table 5 Electroreduction of CO2 to CO

Catalyst Solvent Eapp
a [V] FE(CO) [%] j [mA cm�2] Ref.

IrCl(CO)(PPh3)2 DMF �1.31 58 0.16 [33]

DMF/10% H2O �1.06 32 0.50

[Ir(NNN)(ppy)Cl]+ CH3CN �1.13 >99 � [34]

[Ir(NCN)(ppy)Cl] CH3CN �1.67 45 � 5 �
aEapp Applied potential
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4 Electroreduction of Carbon Dioxide to Oxalate

C-C bond formation is an important reaction in chemical synthesis that is commonly
carried out through coupling reactions with organometallic reagents. In this context,
the use of C2O4

2� as a C2 compound is interesting from the viewpoint of electro-
chemical C-C bond formation. In addition, C2O4

2� are useful chemicals; for exam-
ple, dimethyl C2O4

2� is a precursor for the production of ethylene glycol and methyl
glycolate [36].

When the electroreduction of CO2 was conducted in CH3CN at �1.40 V,
trinuclear iridium complex [(Cp*Ir)3(μ3-S)2]2+ gave C2O4

2� (FE(C2O4
2�) 64%)

and [(Cp*Ir)2(Ir(η
4-C5(CH3)5)CH2CN)(μ3-S)2]+ ([(Cp*Ir)3CH2CN(μ3-S)2]+)

[37]. The crystal structure of [(Cp*Ir)3CH2CN(μ3-S)2]+ was determined by X-ray
diffraction, and it was found that a linear CH2CN group was linked at the
exo-position of a Cp* ligand, and the C5(CH3)5CH2CN ligand was coordinated to
an iridium atom in the η4-mode. In addition, the cyclic voltammogram of
[(Cp*Ir)3CH2CN(μ3-S)2]+ recorded in CH3CN in the presence of CO2 exhibited a
strong catalytic current due to the reduction of CO2, although this was not observed
for [(Cp*Ir)3(μ3-S)2]2+. As shown in Scheme 6, the reduced form of
[(Cp*Ir)3CH2CN(μ3-S)2]+ works as the active species in the reduction of CO2. The
direct attack of CO2 on the Ir species of [(Cp*Ir)3CH2CN(μ3-S)2]+ is blocked by the
Cp*, (η4-C5(CH3)5)CH2CN, and μ3-S ligands, while there seems to be no serious
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Scheme 6 Proposed mechanism for electroreduction of CO2 to C2O4
2� using [(Cp*Ir)3(μ3-S)2]2+
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steric hindrance for an electrophilic attack of CO2 to the μ3-S ligand
({[(Cp*Ir)3CH2CN(μ3-S)2](CO2)}

+). In addition, a two-electron reduction and sub-
sequent reaction with CO2 provided anionic species {[(Cp*Ir)3CH2CN(μ3-S)2]
(CO2)2}

�. The coupling of two CO2 molecules bonded on adjacent μ3-S and Ir
centers in {[(Cp*Ir)3CH2CN(μ3-S)2](CO2)2}

� produced C2O4
2�. It should also be

noted that the electrochemical conversion of CO2 to C2O4
2� has been achieved using

Fe [38], Ni [39, 40], Cu [41], and Ru complexes [42], in addition to [(Cp*Ir)3(μ3-
S)2]

2+.

5 Conclusion

The development of iridium-based catalysts for the electrolytic reduction of CO2 has
been conducted for more than 30 years. Due to the increasing importance of CO2

utilization technologies in recent years, selective CO2 conversion has become
possible, with dramatically improved catalyst performances being obtained through
the development of new ligands. In addition, the overpotential and current density
for the electroreduction of CO2 have also received attention in terms of the energy
consumption and reaction rate. In terms of the overpotential, it is important to
understand the function of metal-hydride species, as discussed in this chapter.
Furthermore, it has been found that the reaction system, and more specifically the
electrode materials and mass diffusion, has a significant effect on the reaction
efficiency. Hence, to achieve efficient reactions with high current densities and
low overpotentials, the design of an appropriate catalyst and overall electrochemical
system must be optimized.

In the context of future catalyst developments, compounds that require C-O bond
cleavage and multiple C-H bond formation, such as CH3OH, will be targeted.
Indeed, the catalytic functions of single C-H bond formation and C-O bond cleavage,
such as in the cases of HCO2

� formation and CO formation, have been studied. In
terms of the synthesis of CH3OH, the integration of individual catalyst design
principals will be necessary.
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Abstract The use of biomass as a sustainable feedstock for the production of
chemicals has become more and more important in recent years. Homogeneous
iridium catalysis offers great opportunities for the conversion of bio-derived plat-
form molecules and even biomass components such as cellulose or lignin, due to the
air, water, and acid stability of many iridium complexes. In this chapter, we review
the application of iridium catalysts to the transformations of carbohydrate-derived
compounds, fatty acids, and lignin.

Keywords Biomass conversion · Dehydrogenation · Fatty acids · Glycerol · HMF ·
Homogeneous catalysis · Hydrogenation · Hydrogen borrowing · Iridium catalysis ·
Levulinic acid · Lignin · Platform chemicals

1 Introduction

The diminishing supply of fossil resources, as well as the climate effects caused by
the cumulative release of CO2 from fossil energy carriers into the atmosphere, forces
us to look for more sustainable alternatives. Thus, the conversion of biomass into
useful chemicals and fuels has become a very important field of research. Whereas
initially most work was focused on the conversion of easily accessible and chemi-
cally pure compounds such as sugars and fatty acids, nowadays also direct routes
from lignocellulose to some platform chemicals have been established.

Lignocellulosic biomass is generally converted by acid hydrolysis (or in combi-
nation with enzymes) into its monomers (sugars from the cellulose and hemicellu-
lose fractions), which are then further converted into a range of small platform
molecules (Fig. 1) [1, 2]. Here, there is scope for the use of homogenous catalysis
in the further transformation of these molecules into new and known compounds
[3]. The great advantage of iridium catalysts in this regard is their high stability
towards water, air, and acidic conditions, i.e. the exact conditions present in biomass
processing. This opens up the possibility of performing several steps in one pot or at
least without extensive and energy intensive purification of intermediates or drying
of starting materials. Additionally, many biomass derived compounds are poorly
soluble in solvents other than water.

In the following we will discuss the recent work on homogeneous iridium
catalysis in the field of biomass conversion. As most current research focusses on
the conversion of a few available platform chemicals, the chapter is divided
according to the substrates. Most of these are derived from the cellulose/hemicellu-
lose fraction, namely sugars, bio-derived alcohols, furanics (compounds derived
from furfural or 5-hydroxymethylfurfural), and small organic acids. Another section
deals with iridium-catalyzed transformations of fatty acids, which are derived,
together with glycerol, from vegetable oils. Iridium-catalyzed conversion of lignin
is discussed in Sect. 6.
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Many of the transformations of biomass discussed here are hydrogenation or
dehydrogenation reactions. In comparison with oil derived platform chemicals,
biomass is highly functionalized with mostly oxygen containing groups. Hydroge-
nation/dehydrogenation strategies are therefore an efficient way of converting these
compounds. The focus with dehydrogenation reactions can be either on the hydro-
gen generated or on the dehydrogenated product, while of course always both are
formed. The generation of hydrogen gas from biomass as a renewable fuel will be
discussed in Sect. 5, alongside dehydrogenative strategies for the synthesis of other
compounds. Hydrogenation of CO2 with H2 gives formic acid, which has been
widely researched and proposed as a reversible hydrogen carrier. While we mention
the topic of formic acid dehydrogenation in the last section for the hydrogenation of
other substrates, a full discussion of CO2 hydrogenation was deemed out of scope for
this chapter. For further information on this topic, we refer to this recent review [4].

2 Recent Trends in Iridium-Catalyzed Valorization
of Bio-derived Alcohols

Alcohols, diols, and polyols are indispensable ingredients and reactive materials for
polymers, cosmetics, and pharmaceuticals and their wide range of applications
makes them one of the largest class of chemicals produced in the world [5]. The
C2-C4 diols alone are produced on an annual scale of 18 million tons [6].

In the last two decades, the use of renewable resources for the benign production
of industrially relevant alcohols (see Fig. 1) has received significant interest. In this
regard, fermentative and catalytic processes were developed to obtain the bio-based
versions of the existing fossil-based polyols as well as newly synthesized alcohols,
usually not available from fossil feedstock material [6]. For a detailed overview on
the production of bio-based alcohols, we refer to the recently published review
articles [5, 7]. In this section the use of bio-based polyols in homogenously
iridium-catalyzed reactions is reported.

2.1 Iridium-Catalyzed Reactions Using Ethylene Glycol

2.1.1 Iridium-Catalyzed Selective Cross-Coupling of Ethylene Glycol

Ethylene glycol (EG) is industrially produced from renewable resources on a
multiton scale via the hydrogenolysis of sorbitol using a Ni/Ru catalyst [8]. This
process leads to a mixture of EG and other bio-based polyols. Furthermore, the
dehydration of bio-ethanol to ethylene and its further conversion to EG is an
alternative bio-based route according to the conventional petro-based process
[8]. Finally, the Dutch company Avantium has recently started to build a demon-
stration plant where EG will be produced directly from renewable sugars [9]. EG is
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mostly known for its use as anti-freeze ingredient in liquid mixtures [5]. However,
extremely relevant is its use as a building block for the synthesis of polyesters.
Particularly, polyethylene terephthalate (PET) and, more recently, its green analogue
polyethylene 2,5-furandicarboxylate (PEF) are the polyester materials in which EG
finds its main use [6]. Additionally, other important derivates and platform
chemicals can be obtained from EG. One of them is lactic acid (LA) which has
attracted extensive attention over the last years due to its versatility and the useful
properties of its derived polymer, polylactide [10]. Besides the existing conventional
processes, based on the fermentation of carbohydrates, several new routes based on
renewables have been developed for the production of LA. Tu and coworkers
developed a new strategy to synthesize LA which uses bio-derived EG and MeOH
as starting materials and a novel iridium complex [Ir-1] bearing three N-heterocyclic
carbene ligands (NHC) as a catalyst (Scheme 1) [10].

The dehydrogenative cross-coupling between 5 mmol of EG and a large excess of
MeOH (2 mL) to quantitatively form LA was performed at 140�C for 1 h in the
presence of 500 ppm of [Ir-1] and 1.2 equiv. of Ba(OH)2�8H2O. The use of the base
Ba(OH)2�8H2O is crucial in this reaction since other alkali hydroxides such as
calcium hydroxide led to low or no yield of the desired product. When the amount
of base was lowered to 1.0 equiv., the yield was only slightly reduced from 100% to
95%. In contrast, by lowering the reaction temperature a significant loss in yield of
LA was observed (58% of LA at 120�C for 1 h). Furthermore, the number of NHC
ligands coordinated to the metal center is very important as the activity of the iridium
(I) catalyst increases as follows: mono-NHC-Ir < bis-NHC-Ir < tris-NHC-Ir
[10]. The authors postulated that the increasing number of NHC ligands enhances
the steric bulkiness and the electron density which in turn facilitates the oxidation of
Ir(I) to Ir(III) and thus improves catalytic performance. In the first step of the

Scheme 1 Dehydrogenative cross-coupling of EG and MeOH in the presence of a novel iridium-
tris-NHC complex

Homogenous Iridium Catalysts for Biomass Conversion 345



reaction, ethylene glycol is dehydrogenated to glycolaldehyde and methanol is
dehydrogenated to formaldehyde. These two products are joined in a base-catalyzed
aldol condensation reaction to give glyceraldehyde which is in equilibrium with
1,3-dihydroxyacetone. Further dehydration results in pyruvaldehyde, which
undergoes an internal Cannizzaro reaction to form lactic acid (Scheme 1). Interest-
ingly, when EG was replaced by either glycerol or sorbitol, the yield of the reaction
remained high and LA was produced with 85% and 99% selectivity, respectively.
Finally, strong σ-donating and weak π-acceptor ligands in combination with Ir
(I) seemed generally beneficial for the conversion of bio-polyols towards LA.

2.1.2 Iridium-Catalyzed Oxidation of Ethylene Glycol Towards
Glycolic Acid

Glycolic acid (GA) is a simple α-hydroxy acid which finds applications in the fields
of fine chemicals and pharmaceutical chemistry [11]. Additionally, GA is of interest
for the synthesis of polyglycolic acid (PGA), a material which could be a sustainable
replacement for traditional plastics, due to its excellent biodegradability and bio-
compatibility. However, at present, GA is predominantly synthesized via the poorly
sustainable process based on the hydrolysis of chloroacetic acid in alkaline solution
[11]. In contrast, the synthesis of GA from biomass can be achieved through two
different mechanisms both using EG as the starting material. In one method, GA can
be synthesized from EG through an oxidation pathway which proceeds via the
intermediates glycolaldehyde and glyoxal. However, the synthesis of GA through
this process has been so far achieved only by using high temperatures and in the
presence of an oxygen enriched atmosphere and metallic oxides [12]. The second
strategy, alternative to the oxidation pathway for the conversion of EG into GA, is
the use of a dehydrogenation reaction, which is superior to the oxidation pathway,
because it avoids overoxidation. Tang and coworkers have used this strategy and
developed an iridium-mediated cascade process in alkaline water which consists of
two dehydrogenation steps followed by a Cannizzaro reaction (see Scheme 2) which
transforms EG into GA [11].

Initially, two different metal catalysts based on Rh and Ir, respectively, were
tested for the dehydrogenation of EG. The iridium complex [Cp*Ir(bpym)]Cl2

Scheme 2 Reaction pathway of the conversion of ethylene glycol into glycolic acid catalyzed by
[Ir-2]
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(Cp* ¼ pentamethylcyclopentadienyl; bpym ¼ bipyrimidine) led to yields which
were two times higher than the ones obtained using the analogous rhodium complex
[Cp*Rh(bpym)]Cl2 [11]. For this reason, the authors further explored the reactivity
of the iridium complex by replacing the ligands, and when the complex [Cp*Ir
(bpyO)]OH� (bpyO ¼ α,α0-bipyridonate) [Ir-2] was used, an excellent conversion
of 93% and a GA yield of 76% were obtained (Scheme 2). In order to maximize the
concentration of the active dehydrogenation catalyst [Ir-2], the pH of the solution
was adjusted with a phosphate buffer and additional NaOH was added to compen-
sate the acidifying effect of the produced GA. The best results were obtained
(GA yield: 81.5%) when a stochiometric amount of NaOH was sequentially added
to the reaction. Tang and coworkers were also able to reuse the [Ir-2] for several
catalytic runs, although after the sixth run the conversion of EG and the yield of GA
slightly dropped.

2.2 Iridium-Catalyzed Hydrogen Transfer Initiated
Dehydration of 1,3-Propanediol to Aldehydes

Aldehydes like propionaldehyde are important intermediates for the production of
fragrances, agrochemicals, plasticizers, or drugs [13]. 1,3-Propanediol (1,3-PDO)
has been one of the first renewable platform chemicals which is produced by
bacterial fermentation of sugars [6, 13]. Due to the relevance of 1,3-PDO, Marr
and coworkers became interested in finding new chemocatalytic transformations of
this bio-based alcohol into value-added chemicals. During their attempt to aminate
1,3-PDO with a Cp*Ir(III) N-heterocyclic carbene complex they discovered that, by
working in ionic liquids, dehydration of 1,3-PDO occurred [14]. For that reason, the
authors decided to use the same iridium catalyst ([Ir-3], Fig. 2) in ionic liquids for
the selective dehydration of 1,3-PDO (1) to propionaldehyde (2) [13]. This interest-
ing conversion proceeds via a dehydrogenation to 3-hydroxypropionaldehyde, dehy-
dration to acrolein, and hydrogenation to propionaldehyde. The authors refer to the
sequence as a hydrogen transfer initiated dehydration (HTID). The reaction was
initially tested in the presence of two different ionic liquids (Fig. 2), EmmimNTf2 or
N1,8,8,8NTf2, respectively, and at temperatures varying between 80�C and 150�C for
6 h. Next to the desired product 2, side products 3, 4, and 5 were found in varying
amounts (Scheme 3). The formation of 3 and 4 can be explained by the Aldol
reaction of 2 followed by dehydration and consecutive hydrogenation. Hydrogena-
tion of 2 leads to the formation of 5. In order to prevent the occurrence of aldol
condensation reactions, a reduced pressure (0.35 bar) was used to remove the highly
volatile propionaldehyde (Schemes 3, 2) which was collected in a cold trap.

The use of EmmimNTf2 resulted in higher yields and selectivities towards
2 compared to N1,8,8,8NTf2. Furthermore, the use of ionic liquids led to better results
for the dehydration with respect to neat conditions. Finally, it was shown that the
base (K2CO3, KOH, Cs2CO3) itself had a minor effect on the product distribution
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although its concentration strongly affected the yield of the reaction. Specifically, it
was noted that the higher the base concentration was, the lower the yield of 2. The
recyclability of [Ir-3] was proven in EmmimNTf2, by reusing it for ten cycles in the
presence of K2CO3 at 150�C and 0.35 bar [13]. The conversion of 1,3-PDO
(75–99%) and the selectivity towards propionaldehyde (65–72%) remained high
over all the runs. Both the used ionic liquid and the catalyst [Ir-3] exhibited excellent
stability towards water, air, and temperature throughout the 10 runs albeit K2CO3

needed to be replenished.
Subsequent work of Marr and coworkers revealed that the use of the fluorinated

analogue ([Ir-4], Fig. 2) of their previous reported Ir(III) carbene catalyst [Ir-3]
improved the conversion (quantitative) and the selectivity towards propanal (87%)

Scheme 3 Postulated reaction pathway of the iridium-catalyzed HTID of 1,3-PDO

Fig. 2 Hydrogen borrowing catalysts and ionic liquids used as solvent for the HTID
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[15]. Intrigued by these promising results, they extended their investigations by
using basic ionic liquids gel [16]. In this work, they used mixtures of [P6,6,6,14]
[OH] and [C4mmim][NTf2] (Fig. 2) and added tetraethoxysilane which over time
cured to form a gel. By using [Ir-4] in these gels, high conversions (80–99%) and
good yields towards propanal (82–90%) were obtained. A 1:3 ratio of [C4mmim]
[NTf2]: [P6,6,6,14][OH] was found to be the best mixture which allowed the optimal
balance between basicity, stability, and activity with regard to the formation of
propanal.

2.3 Iridium-Catalyzed Direct Amination of Isohexides

Isohexides like isosorbide and isomannide are produced from sorbitol and mannose,
respectively (Fig. 3). They are of high interest for material science applications since
their rigid skeleton can boost the glass transition temperature of the polymers in
which they are incorporated [17]. Isohexides exist in three diastereomeric forms, but
only the isomers isomannide and in particular isosorbide are used for research
purposes due to their commercial availability (Fig. 3) [18]. The range of applications
of these two diastereomers has been rapidly growing over the last years. Particularly,
their corresponding amine derivatives have received a lot of attention in the field of
polymer chemistry [19] and for asymmetric induction in organic synthesis
[20, 21]. However, the reported synthetic route for isohexide-based amines which
consists in the activation of the alcohol by transformation into better leaving groups
followed by a substitution reaction with an amine moiety and a final deprotection
step, has an overall low atom efficiency and generates large amounts of waste
[17]. This problem was recognized by Popowycz and coworkers, who developed
the diastereoselective amination of monobenzylated isohexides through a hydrogen
borrowing synthetic pathway by using a combination of iridium complex [Ir-5] and
diphenylphosphoric acid as catalyst (Scheme 4) [18]. The hydrogen borrowing
methodology had already been applied for the diamination of isosorbide and
isomannide by using homogenous ruthenium catalysts and excellent yields had
been achieved [22, 23]. However, the product was obtained as a mixture of three
diastereomers. Popowycz and coworkers achieved 60% conversion of the
monobenzylated isosorbide and 50% yield of the corresponding amine [18] using
diphenylphosphoric acid and [Ir-6], a catalyst system that had been previously

Fig. 3 Chemical structure of bio-based isohexides
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developed by Zhao and coworkers (Scheme 4) [24]. The diphenyl phosphoric acid
facilitates the condensation of the used (4-methoxyphenyl)methanamine with the
intermediate isosorbide ketone. Furthermore, by adding molecular sieves into the
reaction mixture and by replacing [Ir-6] with [Ir-5] a further increase of the amount
of amination product was observed (yield 67%). In the end, the best results were
obtained with 5 mol% of [Ir-5] and 5 mol% of diphenylphosphoric acid in the
presence of molecular sieves in toluene at 120�C for 24 h (68% yield; dr > 99:1)
(Scheme 4, top). This amination protocol was then successfully applied by using
various primary amines. The resulting monobenzylated isohexide amines were
obtained in good yields (44–83%) and excellent diastereoselectivities.

DFT calculations revealed that it requires more energy to oxidize the alcohol in
the exo-position than the alcohol in the endo-position due to the fact that the hydride
that needs to be transferred is inside the envelope which is not easily reached by the
bulky catalyst [25]. In agreement with this finding, Popowycz and coworkers
experimentally confirmed the mono-amination of isosorbide into a chiral amino
alcohol [18]. Intrigued by this first direct and regioselective amination of isosorbide,
they further examined the scope of the selective transformation by using the hydro-
gen borrowing methodology [17]. Their optimization study led to slightly different
conditions (7.5 mol% of [Ir-5] and diphenyl phosphoric acid) than their previous
work (for comparison see Scheme 4). Subsequently, a range of different substituted
amines were used for the regioselective amination of isosorbide. Depending on the
amine, temperatures between 100�C and 120�C were used to achieve generally high
conversions (65–99%) and good selectivities (46–95%) towards the desired chiral
amino alcohols. Encouraged by these results, they also developed the first synthesis
of the parent amino alcohol (Scheme 4, R ¼ H) which they obtained in 54% yield
and of the parent diamine (R ¼ H) in 59% yield. They achieved this via the iridium-
catalyzed hydrogen-borrowing reaction with benzylamine and isosorbide and
isomannide, respectively, followed by the hydrogenation of the benzyl protecting
groups using Pd on carbon [17]. Under the same conditions used for the synthesis of
the amino alcohols of isosorbide, isomannide was also converted into a range of
different diamines with similar good conversions (78–99%) and selectivities
(66–91%).

Scheme 4 Overview of direct amination of isohexides by using iridium catalysts coupled with
diphenyl phosphoric acid
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2.4 Iridium-Catalyzed Conversion of Glycerol

2.4.1 Iridium-Catalyzed Oxidative Conversion of Glycerol

The by-product of the production of biodiesel from fats is glycerol. Thus, glycerol is
readily available from biomass, and its use has received a lot of attention, not only
with the aim of improving the entire value-chain of biomass transformation, but also
as a consequence of the variety of reactions which can be done with this polyol. As
mentioned before in Sect. 2.1.1, LA and its derivatives have numerous applications
and the demand for polylactide materials is increasing steadily. Currently, lactic acid
(LA) is produced via fermentation on a scale of 450,000 tons/year [26]. Nevertheless,
the use of a low-value waste product like glycerol as a feedstock material could offer,
when catalytically and economically feasible, another scalable and valuable alterna-
tive for the synthesis of lactic acid/lactate.

In recent years, several groups investigated the iridium-catalyzed acceptorless
dehydrogenation of glycerol to LA. In the seminal work from Crabtree and
coworkers the authors used iridium(I) bis NHC complexes for the dehydrogenation
of glycerol to form either dihydroxyacetone or glyceraldehyde [27]. Afterwards, the
latter products could undergo a dehydration followed by an intramolecular
Cannizzaro reaction to afford LA (for comparison, see Scheme 1). They found that
[Ir-7] (see Fig. 4) was the most active by resulting in high yields (91%) and
selectivities (>95%) under solvent-free conditions. The same authors explored the
use of sorbitol, mannitol, xylitol, and erythritol as starting materials which are
readily available from biomass [28]. Unfortunately, the conversion of these polyols
did not even come close to the conversions and selectivities which were obtained
with glycerol.

Inspired by these results, Williams and coworkers developed the NHC-pyridine
iridium(I) complex [Ir-9] which thus far is the most robust and active catalyst for the
conversion of glycerol [29]. With this catalyst they were able to reach 4.5 million
turnovers in 32 days with an average TOF of 6,000 h�1 at 145�C under neat

Fig. 4 Reported iridium catalysts for the acceptorless dehydrogenation of glycerol to lactic acid
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conditions. Tu and coworkers developed a polymeric iridium catalyst ([Ir-8], Fig. 4)
which allowed the catalyst’s recyclability [30]. A maximum turnover number of
124,000 was measured with this catalyst. The extraordinary performance of [Ir-9]
was explained by the authors as a result of the high stability provided by the
bidentate (pyridyl)carbene ligand [29]. In essence, the bidentate coordination
mode reduces the probability of ligand scrambling processes which are the major
cause of loss of catalytic activity [27]. Subsequently, the group of Voutchkova-
Kostal reported other Ir(I)/Ir(III) complexes bearing NHC ligands with attached
sulfonate groups [31]. The most active catalyst [Ir-10] reached a TOF of
45,592 h�1 under microwave irradiation at 150�C and of 3,477 h�1 when the
reaction was conventionally heated at 150�C.

Jang and coworkers employed various biscarbene Ir(I) complexes (Fig. 5) for the
transfer hydrogenation of glycerol with inorganic carbonates in order to obtain both
formate and lactate (Scheme 5) [32]. Whereas lactate can be considered as interme-
diate to access LA and thus polylactic acid, formates are themselves a valuable class
of chemicals. The best catalyst [Ir-12] reported by Jang and his group was more than
two times as efficient than the biscarbene Ir(I) complex [Ir-11] of Crabtree
[27, 32]. The reason for its superior performance is the high stability of the catalyst
at 180�C, presumably due to the used biscarbene ligand. The latter is a chelating
bidentate ligand which inhibits the formation of the inactive tris-carbene-coordinated
iridium complexes [29]. Under optimized conditions Jang and coworkers explored
the use of Na2CO3 and KHCO3 as alternatives to K2CO3. In both cases, TONs with
respect to both formate and lactate lower than the ones measured with K2CO3 were
obtained. In the case of Na2CO3 the lower solubility compared to K2CO3 was
considered responsible for the reduced catalytic performance. In the case of
KHCO3, the low pH value of 8.5 in comparison with the pH 11.9 of K2CO3 in
aqueous glycerol was considered the main reason for the drop in TON. As a
confirmation of the influence of the pH on catalytic activity, the addition of
2 mmol of KOH to a solution containing 4 mmol of KHCO3 led to an increase in
TON of more than twice.

Fig. 5 Iridium catalysts for
the transfer hydrogenation
of K2CO3 in glycerol. TON
and TOF refer to the
formation of formate

Scheme 5 Transfer hydrogenation of K2CO3 in glycerol
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2.4.2 Iridium-Catalyzed Deoxygenation of Glycerol

Glycerol is like many other bio-derived chemicals, an oxygen-rich molecule and for
this reason deoxygenation/dehydration reactions need to be performed to obtain
molecules with low oxygen content. A glycerol derivative of potential interest is, for
example, 1,3-propanediol (1,3-PD), a diol commonly used for the synthesis of
polymers. The conversion of glycerol to 1,3-PD can be described as a tandem
reaction consisting of an initial acid-catalyzed dehydration step followed by a
metal catalyzed hydrogenation reaction. For the selective deoxygenation of glycerol
mainly heterogenous catalysts are known, also because aqueous acidic conditions
and high temperatures are very challenging conditions for many catalytic systems
based on well-defined metal complexes. Nevertheless, the groups of Heinekey and
Goldberg successfully used iridium pincer complexes (Fig. 6) for the hydrogenolysis
of 1,2-propanediol (1,2-PD), a compound that can be made via hydrogenolysis of
glycerol, in addition it can be seen as a model reaction for the selective deoxygen-
ation of glycerol [33]. In the presence of 1.04 equivalents of triflic acid and 1.3 mol%
[Ir-13], 1,2-PD was effectively hydrogenolyzed using 7 bar of hydrogen to
1-propanol in 95% yield.

As solvent, an acidic aqueous/1,4-dioxane mixture was chosen and the best
results were obtained at high water content and low acid concentrations. High acid
concentrations or low amount of water led to the formation of several by-products.
NMR studies performed after the completion of the reaction revealed that two
different iridium species are formed: [Ir-14] and [Ir-14]-dihydride. Based on this
finding, it was proposed that [Ir-13] catalyzes the decarbonylation of the interme-
diate aldehyde and it is presumably transformed in the two observed iridium species.
In addition, the authors found that [Ir-14] is a catalytically active species that is more
stable than the parent complex [Ir-13], since it is still active after storage under air.

Encouraged by these results, the same groups extended their work to the deox-
ygenation of glycerol [34]. However, complex [Ir-14] was poorly soluble in acidic
water/1,4-dioxane/glycerol mixtures, also when high temperatures were tested.
Therefore, the authors decided to synthesize novel iridium pincer complexes. Com-
plex [Ir-15] emerged as a suitable catalyst due to its high solubility in the glycerol
containing aqueous dioxane mixture. Particularly, by increasing the amount of

Fig. 6 Iridium catalysts for
the deoxygenation of
1,2-propanediol and
glycerol
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sulfuric acid from 0.25% to 4% (w.r.t. glycerol), the conversion of glycerol increased
from 8 to 38% over 24 h at 200�C. However, the increase of the acid concentration
was also accompanied by a decrease in selectivity towards 1,3-PD in favor of
1-propanol (1-PO).

The iridium catalyst was also tested for the direct conversion of crude glycerol
generated as a by-product of the biodiesel manufacturing process. Since this material
is highly basic, the crude glycerol was acidified with 1 M sulfuric acid prior to
reaction. The resulting biphasic system was allowed to settle, the layer of impurities
was discarded, and the remaining mixture was used for the reaction. The recycled
waste glycerol was deoxygenated in 20% yield after 24 h at 200�C under 80 bar H2

by using 0.125 mol% of [Ir-15] with a high selectivity towards 1-propanol (1-PO:
1,3-PD ¼ 9: 1). The observed selectivity was explained by the high acid concentra-
tion which remained after the purification of crude glycerol.

2.4.3 Iridium-Catalyzed Carbonylation of Glycerol
to Monocarboxylic Acids

A very common deoxygenation approach is the so-called hydro-deoxygenation
reaction, in which hydrogen is used as a co-reagent and water is formed as a
by-product. In a similar way, CO can be used as a co-reagent instead of hydrogen
in a reaction called carbodeoxygenation. Generally, carbonylation reactions are well-
established in industry like the production of acetic acid from methanol. However,
notwithstanding the progress which has been made in the last decades, the carbon-
ylation of higher alcohols like glycerol using iridium catalysts remains elusive. The
latter can be explained by the fact that iridium-based carbonylation catalysts rapidly
deactivate due to the formation of [IrI4(CO)2]

� in the presence of HI as a cocatalyst.
As a consequence, a promoter is needed to reversibly bind the iodide and thus to
regenerate the active iridium catalyst [35]. To this regard, the group of Britovsek
found that by using [Ru3(CO)12] as a promoter in the presence of 0.37 mol% of
[NBu4][IrCl2(CO)2] [Ir-16] as a catalyst and 48 mol% of HI as a cocatalyst a very
good conversion (96%) of triacetin (fully acetylated glycerol) after 5 h at 180�C was
achieved (Scheme 6) [36].

Scheme 6 Iridium-catalyzed carbonylation of triacetin
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Triacetin was chosen for convenience as the starting material, because it is less
viscous than glycerol and because the reaction is carried out in a water/acetic acid
mixture which would anyway lead to the formation of a mixture of mono-, di-, and
triacetoxyesters of glycerol. The main products of the reaction were butyric acid and
isobutyric acid followed by isopropyl iodide and isopropyl acetate (Scheme 6). HI
was found to be superior to methyl iodide as a cocatalyst. Additionally, the authors
examined the effect of an increasing CO pressure which resulted in an increase of
butyric acid while simultaneously the amount of isobutyric acid decreased.

Furthermore, the group was interested in understanding the selectivity to mono-
carboxylic acids rather than di- or tricarboxylic acids. Therefore, the authors
performed their reaction by using DI in D2O and CD3COOD and they monitored
the reaction by 1H NMR spectroscopy. As a result, they discovered that triacetin
undergoes double nucleophilic substitution by HI, which is followed by elimination
of iodine and by a subsequent 2,1- shift of the acyl group to the terminal position to
give the allyl acetate (Scheme 7). The latter is the key intermediate which subse-
quently leads via carbonylation of the in situ formed propene to the formation of the
monocarboxylic acids butyric acid and isobutyric acid.

2.4.4 Iridium-Catalyzed Chemoselective Dehydrogenation of Glycerol

Glycerol is already widely used as a green solvent to replace other more common but
at the same time more hazardous solvents in organic reactions [37]. However, the use
of glycerol as a hydrogen donor solvent had remained unexplored until Crotti and
coworkers developed a range of iridium complexes bearing a diene unit and a
dinitrogen containing ligand, which can catalyze the dehydrogenation of glycerol.

The authors found that [Ir-17] was the most active catalyst for the selective
dehydrogenation of glycerol towards dihydroxyacetone (Fig. 7) [38]. The selective
formation of dihydroxyacetone over glyceraldehyde is important as glyceraldehyde
tends to be easily decarbonylated and this could lead to the deactivation of the
catalyst due to the formation of a stable carbonyl complex. As a model reaction, the
dehydrogenation of glycerol to dihydroxyacetone was coupled with the hydrogena-
tion of acetophenone to phenylethanol. The best results were found in the presence
of 1 mol% of [Ir-17] and 2 mol% of K2CO3 at 100�C. The conversion of
acetophenone proceeded albeit slow starting from 15% after 5 min and reaching

Scheme 7 Sequence of intermediates and products in the carbonylation reaction of triacetin
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34% after 180 min, while the selectivity of glycerol towards dihydroxyacetone
dropped in total by 43% during the same period of time. Raising the temperature
could further improve the conversion of acetophenone up to 47%, however again a
low yield of dihydroxyacetone of only 12% was obtained. A possible explanation for
this poor selectivity to dihydroxyacetone is its further base-catalyzed conversion to
lactate, as seen before in several dehydrogenation reactions of glycerol [33]. In order
to address this problem, Crotti and co. performed the same reaction in the absence of
base and they used a new iridium catalyst bearing a pincer ligand [Ir-18] [39]. Dif-
ferent hydrogen acceptors, including acetophenone, were tested at 100�C for 1 h, by
using 1 mol% of [Ir-18]. As a result, while with acetophenone only 3% yield of the
corresponding phenylethanol was achieved, benzaldehyde was converted to benzyl
alcohol in 37% yield to form dihydroxyacetone with a selectivity of 23%. Hence, the
work of Crotti and Farnetti demonstrated for the first time that glycerol can be used
as a solvent, but also as a hydrogen donor leading in this case to the dehydrogenation
product dihydroxyacetone. Unfortunately, the latter easily undergoes side reactions
at high temperatures. Nevertheless, many researchers have been inspired by the work
of Crotti and Farnetti and the use of glycerol as H-donor has been recently reviewed
by Crabtree [37]. The latter review article illustrates the progress made in the last
decade in this field, and in particular it points out how iridium catalysts bearing
carbene ligands emerged as highly stable and active complexes for the dehydroge-
nation of glycerol.

2.4.5 Iridium-Catalyzed Acetalization of Glycerol

Farnetti and coworkers used [IrCp*Cl2]2 [Ir-19] as catalyst for the acetalization of
glycerol with several ketones and aldehydes [40]. Due to the three hydroxyl groups
in glycerol, the products of this reaction can exist in the dioxolane (5-membered
ring) or dioxane (6-membered ring) structure (Scheme 8).

Fig. 7 Iridium catalysts used for the chemoselective dehydrogenation of glycerol to dihydroxyac-
etone reported by Farnetti and Crotti
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Cyclic acetals and ketals of glycerol are used, for example, as diesel additives,
and for the synthesis of surfactants and scents, flavors, and polymers [41]. The
reaction can be catalyzed by acids, however where substrates are acid sensitive or
contain other sensitive functional group, a more selective homogeneous catalyst may
be the better choice. The authors tested other iridium precursors such as [Ir
(COD)Cl]2, which did not catalyze this reaction, and other iridium complexes, but
[IrCp*Cl2]2 was by far the most active. With acetone the reaction showed high
selectivity (98%) to the dioxolane product with 90% conversion in one hour. With
other ketones conversions were a bit lower. The reaction was performed in excess
glycerol and excess acetone, with the reaction in acetone giving slightly better
conversions. However, using an excess of ketone or aldehyde may not always be
possible. The substrate scope was fairly limited, however all ketones tested showed
high selectivity towards the dioxolane product after 1 h reaction time. With the two
aldehydes tested, the aliphatic aldehyde octanal gave higher conversions than
benzaldehyde and also slightly higher selectivity towards the dioxolane. Compared
to the ketones the selectivity was lower. This may be due to traces of acid present in
the aldehyde which catalyze the reaction unselectively. It is known that the
dioxolane is the kinetic product and that with longer reaction times a more equal
mixture of the two products is formed [42]. This was also found in this case, when
the reaction with benzaldehyde was allowed to proceed for 48 h, after which time the
ratio of dioxolane: dioxane was 49:51. In most cases, the dioxane isomer (or one of
the two E and Z isomers where applicable) can be isolated by crystallization [43], so
that this protocol can be used to selectively synthesize the dioxolane product, and –

via long reaction times for isomerization combined with repeated crystallization
workup – also the dioxane product. The catalyst was also active for the
transacetalization with methanol.

2.5 Iridium-Catalyzed Cyclizations of Bio-Derived Alcohols

Nitrogen-containing heterocycles are a key structural motif which can be found, for
example, in drugs, dyes, and organic electronic materials [44]. Despite their great
importance, the conventional synthetic methods of N-heterocycles still often require
multiple steps, they sometimes use halogenation reagents, they result in the forma-
tion of salt wastes, and they occasionally need oxidants [44].

Bruneau and coworkers used an iridium-catalyzed acceptorless dehydrogenative
condensation reaction to prepare julolidines, a class of N-heterocycles with applica-
tions in solar cells [45].

Scheme 8 Acetalization of glycerol catalyzed by iridium
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Their approach uses bio-derived 1,3-propanediol as a reagent, and it meets
several criteria of the twelve principles of green chemistry: it avoids the use of
halogenated reagents, it is a catalytic process, and it generates water as an
ecofriendly by-product. For their study, they synthesized and tested a range of
different well-defined iridium complexes. In particular complexes [Ir-20-23]
derived from [Ir(Cp*)Cl2]2 were found to be suitable catalysts for the N,C(sp2)-
dialkylation of tetrahydroquinoline with 1,3-propanediol (see Scheme 9). The reac-
tion proceeds via dehydrogenation of 1,3-propanediol to 3-hydroxy-propanal, which
reacts with tetrahydroquinoline to the iminium compound which can be converted to
julolidine via three possible pathways. During their optimization, N-propyl-
tetrahydroquinoline was identified as the main side product of the reaction and its
formation was attributed to the acidity of the catalyst or the ligand in the case of
[Ir-22] which favors a dehydration/reduction pathway [45]. Nevertheless, when the
catalysts [Ir-20] and [Ir-21] were applied, good yields of 72% and 77% of the
desired julolidine were observed. Interestingly, the ratio of amine to 1,3-propanediol
had a significant impact on the yield which increased from 43% to 72% when the
amine/1,3-PDO ratio was changed from 1/1.2 to 2/1. Catalyst [Ir-21] was found to
be the best catalyst and no significant differences in terms of activity were found
when the catalyst was generated in situ by simply mixing 1 mol% of [Ir(Cp*)Cl2]2
and 2 mol% of DPPBA. Furthermore, the use of Butane-1,3-diol, another bio-based
polyol, was found to be more challenging than 1,3-PDO, because the dehydration/
reduction pathway led mainly to the formation of the undesired N-alkylated product
(40%), and the julolidine yield was quite low (28%). Finally, since the variety of
julolidine derivatives which can be obtained is limited due to the limited number of
commercially available 1,3-diols, the authors described the possible post-
functionalization of julolidines through hydrogen auto transfer reactions by using
aldehydes as electrophiles [45]. The latter led to the β-alkylation of julolidines in a
reaction mediated by the same iridium system [Ir-21] used for the dehydrogenative
condensation step, leading to the possibility for a tandem reaction which combines
the synthesis of julolidines with their subsequent β-alkylation.

Scheme 9 Synthesis of julolidine catalyzed by different iridium catalysts
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The group of Minakawa used anilines for the cyclization with diols [46]. In spite
of the limited number of bio-based diols, the access to a wide range of different N-
heterocycles is possible due to the large number of different substituted anilines
available (Scheme 10).

Initially, the direct cyclization of 1,3-propanediol with N-methylaniline was
studied. After finding the best conditions with 5 mol% of iridium(III) chloride and
7.5 mol% rac-BINAP as the ligand [Ir-24], a range of different methylated anilines
were tested. Uninfluenced by the electron-withdrawing or electron-donating nature
of R1 in the para-position, a good isolated yield was obtained (73–83%). Under the
same reaction conditions 1,3-propanediol was then reacted with anilines bearing
different substituents in the para- or meta-position to afford various julolidines in
moderate yields (26–76%). In contrast, when EG or 1,4-butanediol were reacted
with N-methylaniline, an indole and a diamine in 45% and 61% yields were found,
respectively (Scheme 11) [46].

In a similar fashion, Wan et al. reported the iridium-catalyzed synthesis of
quinoxalines using benzene-1,2-diamine and vicinal diols like 1,2-propanediol and
2,3-butanediol [47]. This transformation relies on a dehydrogenation-condensation
strategy where first one alcohol group is dehydrogenated by complex [Ir-25]
whereupon the resulting ketone reacts with one amine of the benzene-1,2-diamine
to form an imine. Subsequently, the remaining alcohol is dehydrogenated and reacts
in a similar manner with the remaining amine which results in a ring-closure and in
the formation of the quinoxaline (Scheme 12).

Both 1,2-propanediol and 2,3-butanediol were successfully used with different
substituted aromatic diamines to form the corresponding quinoxalines in generally
good yields (56–73%). However, the reported synthetic protocol suffers from the use
of a relatively high catalyst loading of 5 mol%, from the use of a large excess of base
(3 equiv. Cs2CO3) and from the use of xylene as a non-environmental benign

Scheme 10 Iridium-catalyzed direct cyclization of aromatic amines with diols

Scheme 11 Direct cyclization of different bio-based diols with N-methylaniline
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solvent. The latter problem was addressed by Kundu and coworkers who studied the
water-soluble iridium catalysts [Ir-26-30] for the synthesis of quinoxalines under an
atmosphere of air (see Scheme 12) [44]. Complex [Ir-27] (2.5 mol%) was found to
be the best catalyst in the presence of 1.5 equiv. of KOH at 120�C for 24 h. This
synthetic methodology uses not just water as a green solvent instead of xylene, but
also it requires a lower amount of base and a shorter reaction time under
non-protective atmosphere in comparison with the methodology reported by Wan
et al. Furthermore, both 1,2-propanediol and 2,3-butanediol were reacted with a wide
range of vicinal aromatic diamines as well as with 2-nitro aniline derivatives. Good
yields were obtained with a broad range of substrates (62–90%) [44].

2.6 Poly(Silyl Ethers) Via Iridium-Catalyzed
Dehydrocoupling Polymerization

In the 2004 DOE report “Top Value-Added Chemicals from Biomass” it was
proposed that polymeric materials from renewables should be one of the most
desired targets [1]. Bio-based polymers, in fact, are derived from bio-based feed-
stock materials, and therefore, they allow a reduction of the total greenhouse gas
emissions and of the overall carbon footprint of the final products. Bio-based carbon
content has thus become an important added value for all companies, who want to
improve the sustainability across their entire value chains. Polysilylethers (PSEs)
show interesting properties like a low glass transition temperature (Tg), good thermal
stability, biocompatibility, and high gas permeability but unfortunately, they are not
derived from bio-based materials [48]. However, the most frequently used mono-
mers for the synthesis of PSEs are dihydroxy compounds. The latter in turn can be
diols which are indeed accessible from renewable feedstock. Driven by this

Scheme 12 Iridium-catalyzed synthesis of quinoxalines by using vicinal bio-derived alcohols
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knowledge, Zhou and coworkers reported the iridium-catalyzed synthesis of par-
tially bio-based PSEs by using bio-derived diols and a commercially available silane
(see Scheme 13) [48].

In this protocol the bio-based diols 1,10-decanediol, 1,4-pentanediol, and
1,4-butanediol as BB monomers were reacted with 1,4-bis(dimethyl-silyl)benzene
as AA type monomer. The dehydrocoupling polymerization is initiated by an Ir-H
species which is presumably formed via a hydrolysis reaction of the hydrosilane with
the starting iridium complex [Ir-2]. Subsequently, this newly formed Ir-H species
can undergo a metathesis reaction with the bio-based diol that results in the forma-
tion of an Ir-alkoxy species which in turn reacts further with the silane to generate the
dehydrocoupling product.

For all three diols, high molecular weight polymers were obtained
(Mn ¼ 24,100–43,800) in moderate to excellent yields (54–92%). The synthesized
PSEs exhibited good thermal stability (T5 ¼ 418�C to 437�C) and low glass
transition temperatures down to �49.6�C [48].

3 Iridium-Catalyzed Transformations of Bio-Based Furan
Compounds

3.1 Iridium-Catalyzed Synthesis
of 1-Hydroxyhexane-2,5-Dione

5-Hydroxymethylfurfural (5-HMF, see Table 1) is a furan compound with both an
aldehyde and a hydroxymethyl group and it can be obtained from bio-based feed-
stock materials like cellulose, glucose, and fructose [54–57]. Although cellulose,
starch, or preferably lignocellulose as readily available raw materials are considered
more attractive than sugars, high yields of 5-HMF are currently only achieved by
acidic treatment of fructose. Unfortunately, this in turn leads to relatively high
production costs for 5-HMF. Additionally, the instability of 5-HMF limits its
isolation in high yields and hence its current applications. To overcome this problem,
the Dutch company Avantium produces the methyl ether of 5-HMF, more stable
than 5-HMF itself [58]. Alternatively, Haworth and Jones reported a simple hydro-
lysis approach (90% yield) from 5-chloromethylfurfural [59], which can be also
derived from cheap bulk cellulosic material as shown by Mascal and coworkers
[60]. Currently, HMF is produced on relatively small scale by the Swiss company
AVA-Biochem. Despite the problems which still need to be solved, the interest in

Scheme 13 Catalytic dehydrocoupling polymerization for the synthesis of partially
bio-based PSEs
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the commercialization of 5-HMF is immense, based on the enormous number of
publications dealing with its synthesis and derived products [54]. One of the 5-HMF
products which has recently received high attention in the field of homogenous
iridium catalysis is 1-hydroxyhexane-2,5-dione (HHD, see Table 1), the hydroge-
nated ring-opened form of 5-HMF [61].

Only a few homogenous iridium catalysts are known for the synthesis of HHD,
even though homogenous catalysts seem generally to perform better than heterog-
enous systems [61] (Fig. 8). The group of Zhang and coworkers was the first to
report an iridium-catalyzed hydrogenation of 5-HMF in aqueous solution in order to
synthesize HHD [49]. Bipyridine Cp*-Ir complexes were found to be efficient
catalysts for the selective formation of HHD and [Ir-31] emerged as the best
candidate under their optimized conditions (Table 1, Entry 1). Subsequently,
Deng, Fu, and coworkers carried out an in-depth investigation on the different
parameters of the hydrolytic transfer hydrogenation of HMF, by exploring the effect
of electron-donating and electron-withdrawing groups on the bipyridyl ligand, the
influence of the temperature and of the pH [50]. The obtained results revealed that
temperature and pH are important parameters to maximize catalytic performance.
Particularly, full conversions and high selectivities up to 95% were obtained at
130�C in aqueous formate buffer solutions (FBS, pH ¼ 2.5) with catalysts [Ir-32]
and [Ir-33] (Table 1, Entries 2 and 4). Moreover, the authors were the first to isolate
HHD in 85% yield on a large scale [50].

Unfortunately, attempts to reuse the catalyst resulted in a decrease of catalytic
activity and only 70% yield was achieved. The same catalyst [Ir-32] was used by

Table 1 Iridium-catalyzed conversion of HMF to HHD

Entry Catalyst (loading) Conditions
Conv.
[%]

Yield
[%] Ref.

1 [Ir-31] (0.26 mol
%)

120�C, H2O, 7 bar H2, 2 h 100 86 [49]

2 [Ir-32] (0.01 mol
%)

130�C, FBS (pH ¼ 2.5), 2 h 100 92(85)a [50]

3 [Ir-32] (0.10 mol
%)

130�C, H2O, 5 wt% Al2(SO4)3, 30 bar
H2, 4 h

100 77 [51]

4 [Ir-33] (0.01 mol
%)

130�C, FBS (pH ¼ 2.5), 2 h 100 ~ 95 [50]

5 [Ir-34] (0.0008
mol%)

120�C, H2O (pH¼ 3.4), 35 bar H2, 6 h 88 67 [52]

6 [Ir-35] (0.50 mol
%)

120�C, H2O, 10 bar H2, 2 h 100 76(69)a [53]

7 [Ir-36] (0.075 mol
%)

140�C, PBS (pH¼ 2.5), 60 bar H2, 1 h 100 71a [53]

aIsolated yield
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them to synthesize HHD via hydrolytic hydrogenation (30 bar) with a selectivity of
77% in the presence of 5 wt% of Al2(SO4)3 (Table 1, Entry 3) [51]. Zhang and
coworkers tested a new series of Cp*-iridium(III) complexes bearing different
substituted bipyridine ligands [52]. The best catalyst, [Ir-34], has two substituents
on the two rings of the bipyridine ligand: on one side it contains an N-dimethylamino
group as wing-spike, and on the other side it contains a hydroxyl group in ortho-
position with respect to the nitrogen. At a comparatively low catalyst loading
(0.0008 mol% of [Ir-34]) at 120�C in acidic water (pH ¼ 3.4) for 6 h under
35 bar of H2, a good conversion (88%) and a reasonably good selectivity towards
HHD (67%) were obtained (Table 1, Entry 5). Additionally, the authors compared
the performance of the catalyst under transfer hydrogenation conditions with respect
to the hydrogenation conditions, by using formic acid as the hydrogen source. In the
latter case, the use of 0.005 mol% of [Ir-34] with 2 equiv. of formic acid at 120�C
led to a yield of 60% in HHD after 2 h of reaction [52]. Two years later de Vries and
coworkers investigated new structural motifs in the ligand sphere, finding complexes
[Ir-35] and [Ir-36] to be the best catalysts for the hydrolytic ring-opening of 5-HMF
resulting in a selectivity up to 76% in HHD (Table 1, Entries 6–7) [53]. Furthermore,
the same authors were able to isolate 69% of HHD and to fully characterize it
including by single crystal X-ray analysis. They could further improve the efficiency
of [Ir-36] by adjusting the pH with a phosphate buffer solution (PBS, pH ¼ 2.5).
Under these conditions the catalyst loading was reduced to 0.075 mol% while
maintaining the same selectivity towards the formation of HHD. The latter result

Fig. 8 Iridium complexes for the hydrogenation of furan compounds
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was also used to scale up the reaction in an experiment where 25 g of 5-HMF was
used and where HHD was obtained in a good isolated yield of 71% after 1 h [53].

In conclusion, it has been demonstrated that Cp* iridium complexes bearing
additional bidentate ligands show a high activity and a good selectivity in the
conversion of 5-HMF into HHD (see Table 1). However, the scalability of the
HHD production from 5-HMF through homogenous iridium-catalyzed hydrogena-
tions is still strongly limited by the formation of humins which may be reduced by
using high dilutions, and by the poor reusability of the catalysts [61].

3.2 Conversion of Furfural Compounds to Ketones

Due to the promising results obtained in the synthesis of HHD from 5-HMF, an
increasing interest in the further applications of HHD has emerged. Interestingly,
several iridium-catalyzed reactions using 5-HMF as the starting material were
reported where HHD was formed in situ and then it further cyclized to two different
kinds of cyclopentanones (see Scheme 14) [61].

The formation of cyclopentanones is the result of an intramolecular aldol con-
densation of HHD which, depending on the acidity of the solution, leads to the
formation of either 3-hydroxymethyl cyclopentanone (7) or 2-hydroxy-3-
methylcyclopent-2-enone (8), respectively [55]. For the synthesis of 7 only heter-
ogenous catalysts were known till 2017, when the group of Fu investigated for the
first time half-sandwich iridium complexes coupled with metal oxides for this
reaction [51]. The authors investigated the influence of different parameters like
the kind of iridium complex and the kind of Brønsted or Lewis acid used in the
reaction. As a conclusion of their study, the best results (100% conversion; 82% of 7)

Scheme 14 Intramolecular aldol condensation products starting from 5-HMF
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were obtained when 0.1 mol% of [Ir-32] was used in combination with 40 wt% of
γ-Al2O3 as a Lewis acid cocatalyst at 130�C under 30 bar of H2 for 4 h.

In addition to 5-HMF as a starting material (Table 2, Entry 1), other bio-derived
furan compounds like 5-methyl furfural (Table 2, Entries 2–3) and furfural (Table 2,
Entries 4–5) could be hydrogenated in the same manner to 3-methyl cyclopentenone
and cyclopentenone in 30% and 60% yield, respectively (Table 2). Under Brønsted
acid catalysis using a phosphate buffer solution (PBS) 5-methyl furfural (Entry 3)
and furfural (Entry 5) were converted to the straight chain ketones 2,5-hexanedione
and levulinic acid in moderate yields.

When the intramolecular aldol condensation of HHD is carried out under basic
conditions, 8 is formed. The latter is a flavoring agent which is commonly synthe-
sized from adipic acid in a multistep reaction that uses toxic and carcinogenic
reactants [61]. For this reason, a catalytic protocol for the synthesis of 8 from benign
bio-based materials would be highly desired. The base-promoted formation of 8 by
using HHD as a starting material was firstly discovered by Deng, Fu, and coworkers
[51]. Later, de Vries and coworkers carried out an in-depth study on the role of the
base and of the solvent [53].

As a conclusion, an isolated yield of 72% of 8 in an aqueous KOH solution at
60�C after 15 min was achieved. Furthermore, the authors decided to combine their
previous procedure for the synthesis of HHD mediated by [Ir-35] with the
KOH-mediated aldol condensation reaction in order to synthesize 8 in a one-pot
reaction. Based on this methodology, an overall yield of 55% of 8 was achieved.

Table 2 Effect of Lewis acid or Brønsted acid on the iridium-catalyzed conversion of furfural
compounds

Entry Substrate Acid
Conv.
[%]

Yield
[%] Products

1 40 wt%
γ-Al2O3

100 a 2/82 a

2 45 wt%
γ-Al2O3

100 a 30/24 a

3 PBS
(pH ¼ 1.5)

100 a 39 a

4 52 wt%
γ-Al2O3

100 a 60/~2 a

5 PBS
(pH ¼ 1.0)

100 b 41/9 b

a5-HMF, 5-methyl furfural or furfural aq. (0.067 M, 3 mL), [Ir-32] (0.1 mol%), H2 30 bar, 130�C,
4 h
bFurfural (0.60 mmol), 2 mL pH ¼ 1.0 phosphate buffer solution (0.1 M), [Ir-32] (0.0083 mol%),
10 bar H2, 120�C, 4 h
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3.3 Iridium-Catalyzed (Transfer)Hydrogenation of Furfurals

Furfural (FAL) was isolated for the first time by Johann Wolfgang Döbereiner in
1831 and, due to the variety of possible transformations which it can undergo, has
become over the last century one of the most important biomass-based C5-platform
molecules [55]. Its wide range of applications can be found in the recently published
review article which summarizes the synthesis of more than 80 chemicals directly or
indirectly derived from FAL [62]. The production of FAL is currently carried out in
lignocellulosic biorefineries by using agricultural and forestry waste as starting
materials. Furfuryl alcohol (FOL) is by far the largest FAL derivative, with 65%
of the overall FAL production volume used for its synthesis. FOL is in fact an
important intermediate primarily used in the production of resins, pharmaceuticals,
and in the manufacture of fragrances. Currently, the gas-phase Cu-catalyzed hydro-
genation of FAL is the major route towards FOL, because the reaction in liquid
phase is economically unattractive due to the high operating costs of batch
reactors [62].

Efficient iridium catalysts for the (transfer)hydrogenation of FAL to FOL were
reported by Deng, Fu, and coworkers. Their initial synthetic procedure required the
use of semi-sandwich iridium catalysts [Ir-32] or [Ir-33] in 0.0083 mol% under
10 bar H2 at 120�C for one hour [63]. Subsequently, the effect of pH (adjusted by a
phosphate buffer solution (PBS) and H3PO4) on catalytic activity for catalysts
[Ir-33] and [Ir-32] was examined. As a result, the highest TOF (1,600 h�1) for
[Ir-33] was found at pH ¼ 3.5, while for [Ir-32] the highest TOF (7,340 h�1) was
achieved at pH¼ 5. The authors explained the higher activity of catalyst [Ir-32]with
respect to [Ir-33]with its ability to generate an electro-donating aryloxy anion which
is crucial for the performance of this type of catalyst. Transfer hydrogenation using
formic acid was also examined with these catalysts (Table 3, Entries 1–3). With

Table 3 Recently reported iridium catalysts for the (transfer)hydrogenation of FAL to FOL

Entry Catalyst (loading) Conditions
Yield
[%] TON

TOF
[h�1] Ref

1 [Ir-32] (0.0083
mol%)

H2O, 120�C, 1 h, HCOOH >99 12,067 12,067 [63]

2 [Ir-32] (0.0017 mol
%)

H2O, 120�C, 1 h, HCOOH 23 13,877 13,877 [63]

3 [Ir-33] (0.0083 mol
%)

H2O, 120�C, 1 h, HCOOH 30 3,668 3,668 [63]

4 [Ir-37] (1 mol%) iPrOH, 85�C, 0.5 h 95 95 190 [64]

5 [Ir-39] (0.5 mol%) EtOH/H2O, 30�C, 2 h,
1 bar H2

94 470 235 [65]
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catalyst [Ir-33] 30.4% yield was achieved at pH 4 and with catalyst [Ir-32] a yield
>99% was observed at pH 4.5. Finally, Fu and coworkers also reported the direct
conversion of furfural into levulinic acid (LEV) and gamma-valerolactone (GVL) in
a one-pot reaction (Scheme 15). Specifically, when furfural was reduced under
10 bar H2 for 4 h in the presence of 0.0083 mol% of [Ir-33] at 120�C in PBS
(pH¼1) LEV was produced in 24% yield and GVL in 35% yield. In comparison, by
using [Ir-32] under the same conditions levulinic acid was obtained in 41% yield
and GVL in 9% yield [63].

Use of complex [Ir-37] was reported by O’Connor and coworkers, who
converted FAL into FOL with an excellent 95% yield, by using 1 mol% [Ir-37] in
combination with isopropanol as the hydrogen source at 85�C for 30 min [64]. Unfor-
tunately, the authors did not investigate lower catalyst loadings, hence a relatively
low TON (95) was reported; also, the TOF was only 190 h�1 (Table 3, Entry 4).
Choudhury and coworkers reported the catalyst [Ir-39] which they used to hydro-
genate FAL to FOL (yield: 94%) under atmospheric hydrogen pressure and under
base-free and very mild conditions (Table 3, Entry 5) [65]. The group of Rauchfuss
went a step back, to make furfuryl alcohol directly from xylose [66]. Thus in the first
step, xylose underwent dehydration catalyzed by 0.1 equiv. of formic acid in DMSO/
THF (1/10 v/v), followed by neutralization with 0.1 equiv. of NEt3 and subsequent
addition of 0.5 mol% of [Ir-40]. Thereafter, the transfer hydrogenation reaction took
place in additional THF with the freshly made furfural and in the presence of
replenished formic acid to obtain FOL in 63% isolated yield.

Nielsen and coworkers reported a highly active iridium complex for the hydro-
genation of bio-derived 5-methyl furfural (MF) to 5-methyl furfuryl alcohol, a
potential biodiesel precursor [67]. In the presence of 0.05 mol% [Ir-38] and 2 mol
% NaOEt as base in an ethanol/water mixture under 30 bar H2 pressure at 60�C
excellent yields up to 99% were achieved after 150 min. Decreasing the catalyst
loading to 0.005 mol% and 0.0005 mol% resulted in 91% yield (5 h) and 56% yield
(48 h), respectively, at 120�C under 30 bar H2 pressure. Finally, the authors
performed a scale-up reaction with 7.9 mmol of MF with 0.01 mol% [Ir-38] under
30 bar H2 at 120�C for 2 h which gave an isolated yield of 97%.

Scheme 15 One-pot conversion of FAL to GVL by employing the iridium complexes [Ir-32] and
[Ir-33]
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3.4 Selective Hydrogenation of 5-Hydroxymethyl Furfural
to 2,5-Bis(Hydroxymethyl)Furan

2,5-Bis(hydroxymethyl)furan (BHMF) is a key molecule for the preparation of
polymers, resins, crown ethers, and rayons and for this reason it is a potentially
promising downstream product of biorefineries [68]. Although both homogenous
and heterogenous catalysts are known for the selective hydrogenation of 5-HMF to
BHMF, the literature about homogenously catalyzed hydrogenation to form BHMF
is scarce [68]. The first example of homogenous iridium catalysts was reported by
Rauchfuss and coworkers [66]. The authors tested a range of Cp* iridium complexes
([Ir-40-42]) (0.1–0.5 mol%) all of which hydrogenated 5-HMF quantitatively within
a few hours at 40�C in THF (see Table 4, Entries 3–6). The same iridium catalysts
were also used for the direct conversion of fructose to BHMF. By performing the
reaction at 40�C in the presence of 0.5 mol% of [Ir-40] with 2 mmol of D-fructose,
2 mmol of formic acid and 0.2 mmol of base (NaOH or NEt3) in THF, an excellent
BHMF yield of 99% was obtained. The effect of the added base was immense: the
reaction was completed within 2 h in contrast to 12 h without base (80% yield of
BHMF). In order to find a more active system, Deng, Fu, and coworkers carried out
an in-depth study of Cp* iridium complexes bearing a bipyridine moiety. The best
results were obtained with [Ir-32], a Cp*IrIII half-sandwich complex able to with-
stand the acidic reaction conditions (pH 4.0–6.5) (Table 4, Entry 1) [50]. By using an
aqueous formate buffer solution (FBS) at 130�C for 2 h and 0.01 mol% of [Ir-32],
the formation of BHMF was observed at pH >3. At pH 5.2 BHMF was obtained
almost quantitatively. The use of formic acid as the hydrogen source resulted in

Table 4 Iridium catalysts known for the selective transfer hydrogenation of HMF to BHMF

Entry
Catalyst
(loading) Conditions

Yield
[%] TON

TOF
[h�1] Ref.

1 [Ir-32] (0.01 mol
%)

H2O, 130�C, 2 h, HCOOH, pH
5–5.5

~98 9,800 4,900 [50]

2 [Ir-37] (1.0 mol
%)

iPrOH, 85�C, 0.5 h 99 100 200 [64]

3 [Ir-40] (0.5 mol
%)

THF, 40�C, 2 h, HCOOH 99 500 250 [66]

4 [Ir-40] (0.1 mol
%)

THF, 40�C, 4 h, HCOOH 70 700 175 [66]

5 [Ir-41] (0.5 M
mol%)

THF, 40�C, 1 h, HCOOH 99 500 500 [66]

6 [Ir-42] (0.5 mol
%)

THF, 40�C, 1 h, HCOOH 99 500 500 [66]
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generally higher yields with respect to the use of H2 (10 bar) in PBS. The latter
observation was explained with the high extent of degradation of BHMF in PBS and
with the poor solubility of H2 in water. Additionally, the authors underlined the
importance of balancing the acidity of the reaction system. In fact, the presence of
FBS leads to a steadily growth in pH during the reaction and at a later stage of the
reaction prevents BHMF from degradation. Alternatively, to formic acid, the group
of O’Connor and coworkers used isopropanol as a transfer hydrogenation reagent
[64]. Under the same conditions used for the transfer hydrogenation of furfural (see
Table 3, Entry 4), BHMF was quantitatively formed from 5-HMF after 30 min at
85�C with 1 mol% of [Ir-37] (Table 4, Entry 2). The transfer hydrogenation with
[Ir-37] follows an outer sphere mechanism. In contrast, according to Fu and
coworkers, catalyst [Ir-32] forms an active hydride species which operates via an
inner sphere mechanism.

4 Iridium-Catalyzed Conversions of Levulinic Acid

4.1 Hydrogenation to GVL

Levulinic acid (LEV) is a platform chemical which can be obtained in high yields
from liognocellulose via a simple acid-catalyzed conversion [69]. Hydrogenation of
LEV results in gamma-valerolactone (GVL), another very useful platform chemical,
which has been investigated for use as a solvent, a fuel additive, as well as a
precursor for bulk and fine chemicals (Scheme 16) [70].

To improve the efficiency of this process, a hydrogenation catalyst that can
withstand acidic aqueous conditions from the biomass hydrolysis step would be a
great advantage. For this reason, Fu and coworkers screened some half-sandwich
Iridium catalysts, which were known for the hydrogenation of CO2 in water
[71]. Among these, catalyst [Ir-33] (Fig. 9), with electron-donating methoxy groups

Scheme 16 The levulinic acid platform
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on the bipyridine ligand was the most efficient and achieved 98% conversion of LEV
to GVL in 4 h at 120�C and 10 bar hydrogen pressure (Table 5, Entry 1). The TON of
this catalyst was determined to be 78,000, the highest reported figure for this reaction
up to this point. The researchers also tested its activity in the transfer hydrogenation
using formic acid (FA), as this compound is a commonly used hydrogen donor in
these procedures but is also produced in roughly equal amounts to LEV in the
synthesis from biomass. With two equivalents of FA they achieved a yield of 99%
GVL under the same reaction conditions (Table 5, Entry 2). Recycling experiments
were performed by extracting the GVL from the aqueous reaction mixture followed
by the addition of more substrate. After five runs no decrease in yield was detected.
After confirming the stability of the catalyst towards sulfuric acid, the researchers
also applied their hydrogenation methodology to a mixture of LEV and FA gener-
ated by the acid-catalyzed hydrolysis of glucose. The yield of GVL from glucose
was 45%. Using cellulose as the starting material, the GVL yield was 34%.

The same group developed a mixed hydrogenation/TH procedure by performing
the reaction under 10 bar of hydrogen in a formate buffer (Table 5, Entry 3) [63]. The
pH optimum was 4.5 and the contribution of formic acid to the hydrogenation
reaction was indicated by comparison to other buffer solutions at the same
pH. [Ir-32], which contains 4,40-hydroxy substituents on the bipyridine ligand,
performed better than [Ir-33]. The TOF reached 12,200 h�1. The authors attributed
this to the higher electron-donating ability of the deprotonated hydroxyl groups,
present at this pH.

Fig. 9 Iridium catalysts for the hydrogenation of levulinic acid

370 S. Kirchhecker et al.



Fischmeister and coworkers developed the Cp*Ir(SO4) complex [Ir-43]
containing a bis 2-pyridylamine as ligand which they tested for the reduction of
LEV under both hydrogenation and transfer hydrogenation (TH) conditions
(Table 5, Entries 4–5) [72]. The researchers found that whereas FA as the hydrogen
donor gave full conversion of LEV to GVL, there was no conversion with
isopropanol. Control experiments confirmed that [Ir-43] is a very efficient FA
dehydrogenation catalyst, causing full dehydrogenation within 1 h under the reaction
conditions used for TH. This prompted the authors to investigate the mechanism and
it was found that in fact FA is dehydrogenated to form H2, which in turn hydroge-
nates the LEV. Experiments in open versus closed systems showed that there is a
combined contribution of TH and dehydrogenation of FA followed by hydrogena-
tion of LEV to the formation of GVL under these conditions. Under hydrogenation
conditions full conversion to GVL could be achieved with only 5 bar hydrogen
pressure and a maximum TON of 174,000 albeit at longer reaction times. The
catalyst loading could be decreased to 0.001 mol% whilst still achieving 97%
yield (after 32 h, at 130�C). Recycling experiments demonstrated that the catalyst
could be reused three times without loss of activity. The authors also investigated the

Table 5 Reaction conditions for Ir-catalyzed hydrogenation of LEV to GVLa

Entry
Catalyst
(Loading) Temp

H2

(bar) Additive
Yield
(%) TON (TOF)b Ref.

1 [Ir-33] (0.01 mol
%)

120�C 10 – 98 78,000 (2,166) [71]

2 [Ir-33] (0.01 mol
%)

120�C – 2 equiv
HCOOH

99 9,900 (2,478) [71]

3 [Ir-32] (0.0083
mol%)

120�C 10 1M FBS 61 12,200 (12,200) [63]

4 [Ir-43] (0.05 mol
%)

130�C 5 – 99 174,000 (2,418) [72]

5 [Ir-43] (0.10 mol
%)

110�C – 2 equiv
HCOOH

99 9,000 (126) [72]

6c,d [Ir-38] (0.05 mol
%)

60�C 20 NaOEt
(5 mol%)

99 9,300 (390) [73]

7d [Ir-44] (0.05 mol
%)

100�C 50 LiOH (1.2
equiv)

98 71,000 (1,482) [74]

8e [Ir-45] (0.20 mol
%)

100�C 10 – 100 1,574 (132) [75]

aSolvent is water except when noted otherwise
bTOFs were in most cases calculated by the authors of this chapter from the reported TON values
and are given as TOF ¼ h-1. They only serve for a rough comparison as they were not calculated at
the same degree of conversion
cSubstrate is ethyl levulinate
dSolvent is EtOH
eSolvent is DMF
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reaction starting from glucose via acid hydrolysis. The GVL yield over two steps
was 57% using hydrogen gas and 44% under TH conditions using only the FA
generated in the reaction as the hydrogen donor.

The Nielsen group investigated the hydrogenation of alkyl levulinates to GVL
[73]. These ethyl or methyl esters of LEV are obtained when alcohols are used as the
reaction medium for the acid-catalyzed conversion of carbohydrates instead of water
and are also produced as a side stream in some processes [76]. Among the range of
PNP and SNS pincer catalysts tested, [Ir-38] based on the MACHO ligand, earlier
developed by Takasago, was the best, able to convert ethyl levulinate to GVL under
very mild conditions (20 bar hydrogen and 60�C, neat with only small amounts of
alcohol added) (Table 5, Entry 6). In contrast to the previous catalysts, this pincer
catalyst requires 5 mol% of base (NaOEt) for activation. The highest TON reached
was 9,300. Methyl levulinate reacted faster than the ethyl ester under the same
conditions. In a small scale-up the authors tested the catalyst under very mild
conditions – 25 bar hydrogen and 25�C. Here they could achieve full conversion
with 0.05 mol% of catalyst after 72 h.

Zhou and coworkers screened a range of PNP, PNN, and NNN pincer ligands
with iridium in the presence of base. The best catalyst was PNP complex [Ir-44],
with the nitrogen analogue also giving high yields [74]. In the optimization of the
reaction conditions it was found that base was necessary for the reaction to occur;
when it was lowered from 1.2 equiv. to 0.5 equiv., the yield decreased to below 10%.
With optimized reaction conditions LEV could be converted to GVL in 98% yield
(Table 5, Entry 7). A TON of 71,000 was measured, albeit at quite high hydrogen
pressure of 100 bar.

Sakthivel and coworkers synthesized several iridium porphyrin complexes and
tested them in the hydrogenation of LEV to GVL and 1,4-pentanediol under base-
free conditions [75]. The catalyst with the best performance and selectivity for LEV
was [Ir-45] (Table 5, Entry 8). The carboxylated version of the catalyst, [Ir-46], was
not as efficient as [Ir-45]. However, when the authors performed reuse experiments
by adding more batches of LEV into the reaction mixture, [Ir-46] produced mostly
1,4-pentanediol (1,4-PDO), the further hydrogenation product of GVL, and the
yields of 1,4-PDO increased with each cycle, reaching a selectivity of 81% after
five runs. For [Ir-45] the yield of 1,4-PDO also increased with each run so that the
selectivity for LEV was only 66% for run four. The authors attributed this to the
buildup of water in the system, but did not perform any control experiments to
confirm this or to exclude the formation of nanoparticles.

The group of Voutchkova-Kostal employed TH for the hydrogenation of LEV to
the potassium salt of gamma-hydroxyvaleric acid (GHV) (Scheme 16) [77]. Under
most reaction conditions, even in the presence of base, this compound immediately
cyclizes to form the lactone GVL. Based on their efficient NHC iridium complex for
the acceptorless dehydrogenation of glycerol (vide supra), glycerol was investigated
as the hydrogen donor and a range of NHC-based complexes with pendant sulfonate
groups for better water solubility were tested. In the screening, the same complex
used in the previous publication, carbonyl complex [Ir-10] with two sulfonated
NHC ligands, was found to be the most active. Two equivalents of KOH per mol
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substrate was found to be the optimum amount of additive, while the reaction was
carried out in excess glycerol mixed with an equal volume of water. The base is
needed to convert the dehydrogenated glycerol to LA, and to stabilize the formed
(GHV) as its salt. Coupling these two hydrogenation/dehydrogenation reactions
achieves the generation of two valuable products in one pot. The base concentration
was adjusted to achieve full conversion of LEV to GHV. Under these conditions, the
yield of LA was 2–3 equivalents due to additional acceptorless dehydrogenation of
glycerol. With the optimized conditions, quantitative conversion of LEV to GHV as
its potassium salt could be achieved at a very low catalyst loading of 1–10 ppm in 2 h
at 150�C under microwave heating. The maximum TOF achieved with 1 ppm
catalyst was 50,550 h�1. As in their previous report [31], these really high turnovers
appear to be due to the better heat and mass transfer due to microwave heating. When
the experiment was repeated under conventional heating, 24 h was required to reach
full conversion. Other hydrogen donors were screened but were not as efficient.
Although slower, using (bio-)ethanol, full conversion of LEV could be achieved
within 3 h. While this is an interesting report, it is not explained why in this case no
GVL is formed, even though it apparently happens in basic conditions in other
reports. Attempts were made to separate the two carboxylate products, which were
not successful due to the similar properties of the two compounds. However,
acidification of the reaction medium led to the cyclization of GHV to GVL which
could then be separated from the other product.

4.2 Reductive Amination to Pyrrolidinones

The reductive amination of LEV to N-substituted 5-methyl pyrrolidinones was also
investigated by several groups. These compounds are building blocks for inks,
pharmaceuticals, fibers, or surfactants and can be used as solvents, similar to the
aprotic polar solvent NMP. The catalysts employed for this transformation are
summarized in Fig. 10 and the reaction conditions in Table 6. Building on their
previous work for the base-free hydrogenation of LEV to GVL in water (vide supra),

Fig. 10 Catalysts employed for the reductive amination of LA to pyrrolidinones
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Fischmeister and coworkers employed the same catalyst [Ir-43] for the reductive
amination of LEV with a range of aliphatic and aromatic amines [78]. In neat
conditions with 0.05 mol% catalyst loading and 5 bar hydrogen pressure they
achieved excellent yields for unhindered substituted anilines, while sterically
demanding ortho-substituents lowered the yields somewhat (Table 6, Entry 1).
Doubly ortho-substituted anilines gave moderate yields which could be increased
a lot by doubling the catalyst loading. At the reaction temperature of 110�C [Ir-43]
did not hydrogenate the amido and cyano side chains, acetates however were
partially reduced to the alcohol. A range of primary aliphatic and benzylic amines
also gave yields of 90% and higher. In addition, the authors performed a process test
in which glucose was first hydrolyzed to LEV, and after filtration of insoluble side
products and neutralization of the acid, aniline and [Ir-43] were added to convert the
crude LEV to the pyrrolidinone. The yield over these two steps from glucose was
31%. One of the synthesized compounds, N-Propyl-5-methyl-2-pyrrolidone was
assessed as a bio-sourced replacement for the highly regulated and toxic solvent
NMP using the Ru-catalyzed arylation of 2-phenylpyridine as a model reaction.
While the conversion was slightly lower, the selectivity for the two possible products
was different in each solvent, showing that there is scope for tailoring the solvent to a
specific reaction. However, as the authors note, in terms of toxicity, there is probably
no benefit in using the bio-derived version.

Zhang and coworkers employed catalyst [Ir-34] for the reductive amination of
LEV (Table 6, Entry 2) [79]. Using 20 bar H2 at 80°C they achieved good yields in
the conversion of a range of electron-rich aryl amines as well as of an aliphatic and a
benzylic amine at a catalyst loading of 0.05%.

Xiao and coworkers investigated the reductive amination to pyrrolidinones via
transfer hydrogenation from formic acid [80]. They used iridacycle [Ir-47] with
electron-donating methoxy groups on the ligand in water, but found that it only
performed well in a narrow pH range, the optimum being pH 3.5 (Table 6, Entry 3).
This necessitated the use of a FA/formate buffer system. With this, they achieved
good to very good yields when using various substituted aryl amines with low
catalyst loadings of 0.05 mol%. For more challenging substrates like longer chain
aliphatic amines the amount of catalyst had to be increased to 0.2 mol%.

Table 6 Reaction conditions for the reductive amination of LEV to pyrrolidinones

Entry Catalyst (loading) Temp. H2 (bar) Base/additive Yielda Ref

1 Ir-43 (0.05) 110�C 5 – 90% [78]

2 Ir-34 (0.05) 80�C 20 – 95% [79]

3 Ir-47 (0.05) 80�C – FA/formate buffer pH 3.5 91% [80]

4 Ir-48 (0.05) 60�C – 2 equiv. FA 97% [81]
aYield is given for the reaction with aniline
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The Fischmeister group also recently demonstrated the application of base free
transfer hydrogenation for the reductive amination of LEV [81]. Formic acid was
used as the renewable hydrogen donor together with an updated version of their
catalyst containing an electron-donating dimethylamine group in the ligand
([Ir-48]). At a catalyst loading of 0.05 mol% at 60�C using 2 equiv. of FA, a
range of aromatic amines with electronically and sterically demanding substituents
were converted in good to excellent yields, as well as some aliphatic and benzylic
amines (Table 6, Entry 4). Again, the researchers investigated the reaction starting
from glucose, using the FA formed as the side product as the hydrogen donor. The
yield over these two steps was 23%, which is comparable to other literature reports
but a bit lower than using their other hydrogenation procedure. The benefit here
however is that no additional hydrogen or hydrogen donor needs to be added.

5 Iridium-Catalyzed Dehydrogenation of Biomass
Compounds

Hydrogen has the potential to become a universal energy carrier in the future as it is
light and its combustion only creates water. However, a lot of research remains to be
done on the efficient generation and reversible storage of this gas.

Electrolysis of water is one way to generate renewable hydrogen; however, this is
currently still a very energy intensive process, so that researchers have been looking
into producing hydrogen from biomass sources via dehydrogenation reactions. In
addition, several small molecules are investigated as potential hydrogen carriers.
One such molecule is formic acid, which can be made via hydrogenation of CO2 and
is also a side product in the synthesis of LEV (Schemes 16 and 17) [82, 83].

As already mentioned in the introduction, the hydrogenation of CO2 to generate
small molecule hydrogen carriers such as formic acid, methanol, or bicarbonate is a
very active area of research with a lot of potential for homogeneous catalysis,
including iridium. In this chapter we will not discuss this topic and interested readers
are referred to a recent review [1]. One thing to keep in mind however is that the
hydrogenation of CO2 is generally much more difficult than the dehydrogenation of
molecules such as FA, due to the stability of the CO2 molecule.

This section will discuss the recent literature on the dehydrogenation of biomass
derived compounds. Depending on the research, the focus here either lies with the
production of hydrogen or the synthesis of other compounds. The discussed catalysts
are summarized in Fig. 11.

Scheme 17 Dehydrogenation of FA/hydrogenation of CO2
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5.1 Hydrogen Generation from Biomass

Based on their findings that the TH of LA by formic acid was for a large part due to a
hydrogenation reaction after a very fast dehydrogenation of FA, the Fischmeister
group investigated their [Ir-43] and [Ir-48] catalysts (vide supra) as well as some
related complexes for the dehydrogenation of formic acid under neat and base-free
conditions, simulating the conditions needed for fuel cells [84]. Initial ligand
screening in aqueous formic acid found that catalyst [Ir-48] with an additional
electron-donating dimethylamine group on the ligand compared to [Ir-43], and an
unsubstituted bridging N-H was the most efficient catalyst for this reaction with a
TOF of 12,321 h�1 at a loading of 0.01 mol% at 80�C in water. pH screening
revealed that the catalyst worked best without added base. Based on this result, the
reaction was investigated in different concentrations of FA. While it worked in neat
FA with a TOF of 4,800 h�1, the highest reported value to date, the optimum
concentration was 3 M, with a TOF of 13,058 h�1. Storage tests of the catalyst in
formic acid also revealed that it remained active with only slight decrease in TOF
after 10 days.

Beller and coworkers demonstrated that the pincer complex [Ir-38] could be used
in ppm amounts for hydrogen generation from a range of complex biomass sources
including mono- and disaccharides, cellulose, lignocellulose, and even spent ciga-
rette filters (cellulose acetate), which appears to be an important waste stream in
Germany [85]. Several catalysts including the commercially available Ru-Macho
catalysts were screened, initially using L-fructose as a model substrate. Here it was
found that [Ir-38] outperformed the Ru catalysts. The optimum amount of base was
1.5 equiv. of NaOH. The role of the base is two-fold: on the one hand, it is needed to
activate the pincer complex, and, on the other hand, it traps most of the formed CO2

as bicarbonate. The protocol was then extended to cellulose and different types of
lignocellulose. It was found that for efficient hydrogen generation the biomass first
needed to be hydrolyzed into sugars, due to the very low solubility of

Fig. 11 Catalysts used for the dehydrogenation of biomass compounds
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(ligno)cellulose. Therefore, a three-step protocol was adopted: First, the biomass was
depolymerized in NMP by acid hydrolysis using HCl for 2.5 h at 120�C after which
time the reaction mixture was cooled to 95�C, neutralized, and 1.5 eq NaOH were
added and in the second step reacted for another hour at 120�C. In the third step,
[Ir-38] was added for hydrogen generation at the same temperature. With cellulose
the catalyst reached at TON of 6,285 after 2 h at 20.3 ppm loading, and with bamboo
lignocellulose a TON of 2,844 after 8 h at a loading of 20.9 ppm. Unfortunately, only
a small percentage of the sugars was dehydrogenated. When calculated on the total
theoretically available hydrogen from the sugar molecule (6), the yield of this
process is only around 3.3%. This is much lower than other proposed methods for
the generation of renewable hydrogen from biomass, such as aqueous phase
reforming. Here a hydrogen yield from glucose of 51% can be achieved, albeit at
much higher temperatures [86].

5.2 Biomass Molecules as Hydrogen Donors for Transfer
Hydrogenation

Another area where dehydrogenation of biomass compounds might be valorized is
their use as sacrificial hydrogen donors in transfer hydrogenation. The most com-
monly used hydrogen donor in TH reactions is isopropanol, which is currently not
produced renewably; however, FA is also often employed, as discussed in the
chapters above. Fujita and coworkers investigated the use of glucose as a hydrogen
donor for the TH of carbonyls to alcohols with Ir catalysts containing different
substituents on the bipyridyl ligands [87]. The best catalyst was [Ir-49]. Using two
equiv. of glucose per mol of substrate and substoichiometric amounts of base in
water at 100�C, several acetophenone derivatives could be reduced to the alcohols in
good yields using 0.1 mol% of [Ir-49] (Scheme 18). However, the reaction required
1 mol% of catalyst for all other aromatic and aliphatic ketones. For acetophenones
with methoxy or halide substituents however, ether formation from the resultant
alcohols was the main reaction, necessitating a change of solvent. In
dimethylacetamide (DMA), good to excellent yields of the desired alcohols could
be achieved. Aromatic aldehydes were also reduced to the alcohols. The authors
performed experiments to elucidate the mechanism and found that only the anomeric
C1 hydroxy group of glucose was dehydrogenated resulting in the formation of
gluconolactone; hence, the need for 2 equivalents in order to reach full conversion.
Coordination of glucose to the catalyst is facilitated by the carbonyl groups on the
ligand.

Scheme 18 Transfer hydrogenation of acetophenone using glucose as hydrogen donor
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Choudhury and coworkers employed an iridium catalyst with a strong sigma
donating abnormal imidazolydine NHC ligand, [Ir-50], for the transfer hydrogena-
tion of CO2 to formate, using glycerol as the hydrogen donor [88]. The authors
demonstrate that [Ir-50] is a very effective catalyst for the TH of CO2 at ambient
pressure. They had previously shown that this catalyst is also very efficient in the
same reaction using dihydrogen gas [89]. Glycerol, which is generated as a side
product in the transesterification of vegetable oils to biodiesel (vide infra), was
determined to be the best hydrogen donor, giving better results than the common
reductant isopropanol. K2CO3 was found to be a better base than KOH, and control
experiments were performed to exclude the generation of formate from K2CO3.
Within 12 h the catalyst reached a TOF of 90 h�1 at 150�C reaction temperature. In
comparison, in their previous publication the same catalyst achieved a TOF of
58 h�1 under atmospheric pressure and 30�C, while the reverse reaction, the
dehydrogenation of formic acid, proceeded with a TOF of 100,000 h�1 at 90�C.
The use of glycerol as a hydrogen donor for TH in combination with iridium and
ruthenium catalysts has recently been reviewed [31].

5.3 Iridium-Catalyzed Dehydrogenation of Sugars
to Sugar Acids

With a focus on the other product, instead of hydrogen, Mata and coworkers
employed Cp*NHC-Ir complex [Ir-51] for the selective dehydrogenation of glucose
to gluconic acid in water (Scheme 19 top) [90]. This compound is currently produced
via enzymatic oxidation in industry. They achieved a yield of 88% with no side

Scheme 19 Dehydrogenation of sugars to sugar acids
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product formation. The reaction was accelerated by the addition of 25 mol% H2SO4.
1 equiv. of sulfuric acid could increase the yield to 97%. The researchers also applied
the reaction to starch as a model carbohydrate. Here two reactions can be performed
in one pot as starch hydrolysis is achieved by sulfuric acid in water. After 50 h the
yield of gluconic acid was 50%, with 30% glucose and no side product formation. A
mechanism was proposed on the basis of ESI-MS experiments combined with DFT
calculations. Catalyst precursors containing sulfate or chlorides convert into the
active aqua catalyst on dissolution in water. The two water ligands are displaced
by glucose in its ring-opened form being bound as a chelate. A nucleophilic attack of
H2O on the aldehyde group of glucose leads to a gem-diol, which reacts via the
release of a proton and beta hydride elimination leading to the release of gluconic
acid and the generation of an iridium hydride complex, which takes up the proton
and releases hydrogen gas to reform the initial complex. The observed acceleration
when acid was added to the system is probably due to the faster protonation of the
catalyst in this last step.

Following on from this initial study, the same group reported a triazole carbene
catalyst [Ir-52] which could dehydrogenate a range of sugars to their corresponding
acids with high selectivity (Schem 19, bottom) [91]. This catalyst did not require
acid to work leading to a large improvement over the previous work. The authors
tested different N-substituents on the triazole ligand (Me, Bu, and glucose) of which
the methyl induced the highest yield: quantitative conversion of glucose to gluconic
acid could be achieved at a catalyst loading of 2% in water. The glucose substituted
catalyst gave high initial rates but then degraded at the optimum reaction temperature
of 110�C. Several other sugars were then screened as substrates and most were
converted to the corresponding acids in yields of >90%. Catalyst [Ir-51] from the
group’s previous work was screened alongside (with 0.25 eq H2SO4) and in some
cases gave slightly higher yields than [Ir-52]. Additionally, the butyl version was
also slightly better in some cases. Progress of the reaction was monitored by NMR
and was determined to be first order in the catalyst. Again, the authors used ESI-MS
for mechanistic studies. Based on these results they postulated that the catalyst forms
a dicationic hydride bridged bimetallic complex, which they then synthesized and
obtained the X-ray structure for. This dimer appears to be the resting state for the
catalyst. The catalytic cycle proceeds as described in the previous publication above.
One notable difference is that for the triazolylidene ligand no extra acid is necessary.
This is rationalized by the fact that the proton which is released by the rearrangement
of the gem-diol can be transported intramolecularly via the N2 of the ligand. This is
not possible with NHC ligands and points to a reason for the necessity of acid in the
previous work.

6 Iridium-Catalyzed Conversion of Lignin

Lignin is the most abundant source of bio-derived aromatics on earth (see Fig. 1),
being on average 30% of lignocellulose by weight. However, due to its heterogene-
ity, it has so far been much more difficult to valorize it compared to the
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polysaccharide component of lignocellulose. Lignin contains several different link-
ages between several aromatic monomers, the composition and ratios of which differ
a lot depending on the source. The most common linkage is the β-O-4 aryl ether
linkage, which has therefore been the target of most research to date [92]. So far, the
focus has been on the generation of (substituted) phenols, and currently the only
compound that is produced selectively from lignin in about 3% yield is vanillin
[93]. In addition to the variation in composition, the structure and properties of
extracted lignins varies depending on the source, and the structure and properties of
extracted lignins are very different depending on the method by which they are
produced. Due to the mix of monomers and linkages in lignin, the result of lignin
depolymerization is always a mixture of compounds. In the following, four recent
examples of targeting different parts of the β-O-4 linkage with homogeneous iridium
catalysts are discussed.

Fu and coworkers investigated the dehydrogenative oxidation of the alpha
hydroxyl group to the ketone in a β-O-4 linked model compound (Scheme 20a)
[94]. Oxidation to the ketone was reported to lower the bond dissociation energy for
the β-O-4 bond and so should facilitate the depolymerization of lignin. A screen of
different metal catalysts (Ru, Rh, Ir) revealed that [Ir-49] was by far the best catalyst
for this reaction. This catalyst was tested on a range of lignin model substrates under
optimized conditions (dioxane, 150�C, 1 mol% catalyst loading, 20 h). Most of these
were dehydrogenated to the corresponding ketone in yields around 80%, with a few
examples of lower yields. DFT calculations confirmed that the alpha keto product is

Scheme 20 Different reaction pathways on the common β-O-4 linkage in lignin (model com-
pound): (a) selective dehydrogenation of the α-hydroxyl, (b) selective dehydrogenation of the
γ-hydroxyl, followed by base-catalyzed retro-aldol reaction and Ir-catalyzed hydrogenation/dehy-
drogenation reactions to yield stable alcohols and acids
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more stable than the gamma. Based on the calculations a mechanism was proposed
which proceeds via abstraction of a hydrogen from the carbon by the iridium atom
and abstraction of the hydrogen of the hydroxyl group by one of the carbonyl groups
of the bipyridine ligand. Following the release of the product, the catalyst returns to
its original state by the release of a molecule of H2. The authors then applied the
catalyst to real lignin, which they extracted with acidic dioxane from birch wood, a
source high in β-O-4 linkages. To confirm that the gas released from the reaction is
hydrogen, they channeled it into another reaction using a Ru catalyst for the
hydrogenation of decene to decane, which was then detected.

In order to depolymerize the Ir-pretreated lignin, first the authors tested a 2-step
protocol on the model compound, where the depolymerization was achieved effi-
ciently by Zn/NH4Cl. A formate buffer system was also tested, but due to the
efficient dehydrogenation of formic acid by the Ir catalyst remaining in solution
this was not usable. This procedure was then also applied to real lignin. GPC analysis
of lignin samples before and after the treatment steps confirmed that lignin could not
be depolymerized by the Zn system without the iridium pretreatment, while after the
two steps it showed a decrease in molecular weight.

Two years later the group of Bruijnincx employed the anionic version of the
bipyridone catalyst [Ir-49], [Ir-2], to catalyze the conversion of lignin into aromatic
diols and diacids via dehydrogenation of the primary (β) hydroxyl followed by retro-
aldol Cα – Cβ bond cleavage (Scheme 20b) [95]. This catalyst, [Ir-2], was chosen as
it was known to be active in primary alcohol dehydrogenation (for example EG, see
Sect. 2.1.2). In a basic water/dioxane mixture (pH 11) [Ir-49] converted spontane-
ously into its anionic form [Ir-2], and this catalyst system was able to cleave several
lignin model compounds, also including phenol-containing ones, efficiently within
1 h. Next, the authors applied their method to real lignin (softwood enzyme), which
resulted in an oil in 82% yield, which was confirmed by GPC to have much lower
molecular weights. The other 18% were higher molecular weight material. A 2D
HSQC NMR analysis showed that there were hardly any β-O-4 linkages left in this
material and also the β-5 (phenylcoumaran) linkages were highly reduced. Another
type of common linkage in lignin, the resinol (β-β) unit was not touched. Analysis of
the oil fraction by GC confirmed the presence of the monomers expected from the
model compound experiments. The yield of identified monomers was 3.8 wt%
which is about 40% of the theoretical yield. Dioxasolv lignin was also tested and
gave a slightly higher yield, mainly due to vanillin derived from the end groups. To
simplify the product mixture, the authors refluxed the reaction mixture in air for a
further 16 h, which led to the partial conversion of the monomers into a diacid
derivative (see Scheme 16) in 2.4% yield, demonstrating that it can be possible to
tune the depolymerization reaction to give a few products.

De Vries, Barta, and coworkers investigated iridium-catalyzed decarbonylation
as one of the several strategies to prevent recondensation reactions of the aldehyde
fragments which are formed by acidolysis of the β-O-4 linkage (Scheme 21a) [96]. In
a one-pot reaction they achieved acid-catalyzed cleavage of β-O-4 model com-
pounds by triflic acid and decarbonylation of the resulting aldehydes to methyl
aromatics by [Ir(cod)Cl]2 with triphenylphosphine ligand [Ir-53]. They then applied
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to methodology to walnut dioxasolv lignin. The content β-O-4 linkages in this type
of lignin was determined to be 45% by 2D HMQC NMR. The theoretical maximum
monomer yield from breaking β-O-4 bonds connected to monomeric units was 10%.
The decarbonylation of lignin yielded 2 wt% of monomers, C1 and C0 phenolics, the
latter are probably derived from vanillin-type aldehydes, which are known to form
during lignin acidolysis.

Deuss and coworkers recently investigated the acceptorless dehydrogenative
decarbonylation of the gamma-carbinol in the β-O-4 linkage (Scheme 21b)
[97]. This transformation allows for access to different structures from lignin, whilst
at the same time producing syngas (a mixture of CO and H2), which is a valuable
starting material for the synthesis of alkanes, and which can also be produced via the
gasification of biomass. For this purpose the authors choose the catalyst system
previously reported by Olsen and Madsen [98] consisting of [Ir(cod)Cl]2 combined
with rac-BINAP ligand ([Ir-54]) with LiCl (4 eq w.r.t. Ir) as an additive. Using
simple model compounds the reaction conditions were optimized in 1,4-dioxane
(or diethyl carbonate) as solvent at 190�C (142�C inside the reaction vessel). They
found that the presence of phenolic residues even enhanced the yield. The generation
of syngas was confirmed by GC and the ratio of CO:H2 was circa 1.1:1. The authors
then tested α-ethoxylated and -butoxylated β-O-4 model substrates, which would be
present in lignin extracted with ethanol or butanol, respectively. The reason for using
α-alkoxylated species is to prevent the retro-aldol splitting as in the case of
Bruijnincx’s work. These compounds required higher catalyst loadings and temper-
ature as well as double the reaction time to achieve satisfactory yields. A
phenylcoumaran model compound could also be dehydrogenated and
decarbonylated under the same conditions. The authors then applied their catalyst
system to different types of organosolv lignins and could demonstrate the
defunctionalization of these substrates, alongside the production of syngas. How-
ever, when using real lignin as the substrate the ratio between CO and H2 became a

Scheme 21 Iridium-catalyzed decarbonylation of β-O-4 lignin model compounds
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lot higher, indicating that the hydrogen released is reacting with the substrate at other
sites under the reaction conditions.

7 Iridium-Catalyzed Transformations of Fatty Acids

7.1 Vegetable Oil as a Feedstock

Vegetable oils, and to a smaller degree animal fats, are a large source of renewable
chemicals [99]. In contrast to lignocellulose, vegetable oils are also food products,
however currently a lot of oil crops such as rapeseed are grown in large quantities for
the production of biodiesel, so that the conversion of a small fraction of these into
chemicals will not affect the food production. Additionally, oils can be harvested
from algae, which avoids the use of arable land for their production.

For biodiesel production, the triglycerides from vegetable oils are transesterified
with methanol to produce fatty acid methyl esters (FAMEs), leaving large amounts
of glycerol as a side product [100]. Due to this, much research has been done on the
valorization of glycerol, including a range of iridium-catalyzed reactions. These are
discussed in Sect. 2.4. Additionally, as was already discussed in Sect. 5.2, glycerol is
also interesting as a hydrogen donor.

The fatty acids from vegetable oils are mostly unsaturated or polyunsaturated,
although saturated fatty acids also exist, for example in coconut and palm oil.
Animal fat, on the other hand, contains mostly saturated fatty acids, such as
stearic acid.

Oleic acid, a monounsaturated omega-9 fatty acid is the most common fatty acid
in nature. It is present in up to 70% in canola oil, which is made from rapeseed.

7.2 Iridium-Catalyzed Transformations of Fatty Acids

7.2.1 Hydrogenation

A high content of polyunsaturated FAMEs in biodiesel reduces its performance: the
stability and energy density of the fuel are lowered, while viscosity and emission of
hydrocarbons are increased. In the USA the main feedstock for producing biodiesel
are soybean and corn oil, which are high in polyunsaturated fatty acids, unlike in
Europe where high oleic acid content canola oil is most commonly used. Fully
saturated FAMEs, such as those produced from animal fat, on the other hand, have
high melting points and are prone to precipitation in diesel blends [41]. The best
performance is achieved by high oleate content.

Williams and coworkers investigated iridium complex [Ir-9] from their previous
work on the acceptorless dehydrogenation of glycerol to LA (see Sect. 2.4.1) for the
hydrogenation of polyunsaturated FAMEs using glycerol and methanol as hydrogen
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donor (Scheme 22) [101]. This reaction could be combined in one pot with the
synthesis of FAMEs from corn oil and methanol. As one molecule of glycerol can
only generate one equivalent of H2, the additional hydrogen was produced by the
dehydrogenation of methanol. Under the reaction conditions investigated, full and
selective hydrogenation of the polyunsaturated fatty acids to oleate and other
monounsaturated acids occurred when using 25 equiv. of methanol on top of the
one equivalent of glycerol from the triglyceride. The glycerol was converted into
lactate in >99%. Using 25 equivalents of glycerol, hydrogenation also proceeded in
>99%. An isolated yield of monounsaturated FAMEs of 65% could be achieved.
Control experiments demonstrated that a higher methanol loading led to lower
conversions due to poisoning of the catalyst. The role of the base in the hydrogena-
tion reaction was investigated and it was found that it was not required for methanol
dehydrogenation. However, no lactate was formed from glycerol unless stoichio-
metric base was present. The reaction was normally performed in closed vessels. To
test the contribution of TH, a reaction was performed in an open system. Here the
hydrogenation yield was 25%, confirming that most of the hydrogenation was by
dihydrogen liberated from the H donors.

Even though not desirable for biodiesel, full hydrogenation of fatty acids was also
investigated. By raising the temperature from 120 to 150�C and increasing the
catalyst loading substantially from 0.3 to 6 mol%, complete hydrogenation could
be achieved in 95%. In an effort to reduce the iridium loading, the authors found that
adding Fe-MACHO catalyst in 3 mol% to the original amount of iridium could
achieve complete hydrogenation in 90% yield.

Darensbourg and coworkers investigated a water-soluble analogue of Vaska’s
complex with the ligand (m-sulfonatophenyl)diphenylphosphine, [Ir-55], for the
hydrogenation and cis-trans isomerization of unsaturated (small) carboxylic acids
and further applied it to the hydrogenation of soybean lecithin liposomes, as a model
for biological membrane modification [102].

Lecithin is a general term for a group of phospholipids. The fatty acid composi-
tion of this sample is listed in Fig. 12. Under fairly mild conditions (60�C, 1 bar

Scheme 22 Combined methanolysis of vegetable oil, hydrogenation of polyunsaturated fatty acids
and conversion of glycerol to lactic acid
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hydrogen) the authors found that even though there was some hydrogenation of the
multiple double bonds, the isomerization of the natural cis form to the trans isomer
was much faster. Using 0.01 mmol catalyst/10 mg substrate, the ratio of cis to trans
double bonds in 18:1 fatty acids went from 93.2:6.7 to 58.1:41.9 in just 30 min. At
the same time there was only 9.7% of hydrogenation of double bonds. Hydrogena-
tion of trans alkenes is much more difficult so that full hydrogenation could not be
achieved. Additionally, it might be more difficult for the catalyst to reach the sites
due to structural changes in the liposome due to the isomerization. This comparably
low activity of the catalyst is however enough to make enough changes to the
liposomes for biomedical applications.

7.2.2 Decarbonylation

Aliphatic linear alpha olefins (LAOs) are important industrial chemicals, produced
on large scale for the synthesis of surfactants and lubricants as well as comonomers
in HDPE and linear low density PE, depending on their chain length [103]. Linear
internal olefins (LIOs), the isomerization product in this reaction, are also industri-
ally relevant products, mostly used in drilling fluids and paper sizing [104].

Ryu and coworkers applied Vaska’s catalyst, IrCl(CO)(PPh3)2, [Ir-56], to the
decarbonylation of long chain aliphatic carboxylic acids (Scheme 23) [105]. Using
stearic acid from palm oil, they first screened several iridium precursors and

Fig. 12 Iridium catalyst used in the isomerization of lecithin and lecithin composition

Scheme 23 Decarbonylation of saturated fatty acids to yield selectively internal or terminal olefins
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additives. When using 20 mol% KI as an additive at a reaction temperature of 250�C,
internal alkenes were formed with selectivities >98%. A test with the iodine
analogue of the iridium catalysts worked equally well, indicating that the KI might
activate the catalyst via chloride–iodide exchange. By lowering the temperature to
160�C and adding 2 equivalents of acetic anhydride (Ac2O) together with 0.5 eq of
KI, it was possible to invert the selectivity to produce the terminal alkenes with 98%
selectivity. The methodology was applied to a range of saturated fatty acids, all
giving the desired product in >80% yield with 99% selectivity for LIOs and >76%
yield and >96% selectivity for LAOs. The proposed mechanism starts by the
oxidative addition of an acid anhydride to the iridium. This acid anhydride is either
generated from two molecules or carboxylic acid, or by reaction with Ac2O,
indicating this additive’s role in the reaction. The formed acyl complex is then
decarbonylated releasing CO. The alkene is released by β-hydride elimination,
leaving an iridium hydride complex, which can either release a carboxylic acid
and return to the initial state or catalyze the isomerization of the double bond.

Hapiot and coworkers later applied this catalytic system to the decarbonylation of
unsaturated fatty acids to produce linear alpha olefins (Scheme 24) [104]. The
authors performed extensive screening of reaction conditions with oleic acid as a
model substrate. This was chosen for ease of analysis, as it only contains one double
bond. In a phosphane ligand screening with [Ir-56] or [Ir(cod)Cl]2 as the iridium
source it was found that the best combination was 3:1 PPh3: [Ir(cod)Cl]2 at 5 mol%
loading and 160�C for 5 h ([Ir-57]). Acetic anhydride and potassium iodide were
again used as additives. Without Ac2O there was hardly any conversion. Just like in
Ryu’s work, the optimum amounts of the additives for best conversion and selec-
tivity to the terminal alkene were determined to be 2 equiv. Ac2O and 0.5 equiv. KI.
With [Ir-56], on the other hand, there was good conversion without Ac2O, however
almost exclusively the internal alkene product was formed. The reaction system was
then applied to other unsaturated fatty acids as well as α,ω-diacids. All substrates
showed good to very good conversions with selectivities to the terminal alkene of
>80%. The catalyst could be recycled by distilling off the product and other
components. When fresh substrate was added the conversion and selectivity
decreased somewhat. The selectivity could be restored by adding fresh
triphenylphosphine; however, the yield was still 10% lower than with fresh catalyst.

A few years later the same group investigated different ligands for this transfor-
mation, as phosphane ligands are generally not desirable when not necessary due to

Scheme 24 Decarbonylation of fatty acids catalyzed by iridium catalysts [Ir-57] and [Ir-58]. The
ratio of the two products can be tuned by choice of (a) temperature and additives, and (b) ligand
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stability issues [106]. A range of different amine ligands chosen for their air stability
were screened with [Ir(cod)Cl]2 under the same reaction conditions as before.
Aliphatic tertiary amines gave good conversions, while for aromatic amines and
those with delocalized electrons the conversions were much lower, reflecting their
weaker binding to the iridium. The best ligand in the screening was the
triphenylphosphine analogue NPh3, forming the amine analogue catalyst [Ir-58].
However, it could not reach the activity of the PPh3 catalyst from the previous
publication. While the selectivity for LAOs was much higher with the phosphane
ligand, it was found that it was possible to tune the reaction conditions to reach very
high selectivity for LIOs with the amine ligands.

7.2.3 Hydroformylation

Carpentier and coworkers investigated the use of iridium among other metals for the
hydroformylation-isomerization reaction of fatty acid derivatives [107]. The study
focused on 10-undecenenitrile as the substrate (Scheme 25). This compound can be
readily prepared by the reaction of 10-undecenoic acid from castor oil with ammonia
and is a precursor to polyamide-12 [108].

Testing the bis-phosphite ligand Biphephos, originally developed by Union
Carbide, which they had employed in their previous study with rhodium [109],
with other metals, the authors found that with iridium the TOF was only five times
slower than that of the rhodium system (730 vs 3,320 h�1). Other metals tested (Pd,
Ru) were a lot slower. This is an interesting result, as currently most
hydroformylation catalysts are based on rhodium, a very expensive and rare metal,
which is considered vastly superior to all others for this reaction. Even though
iridium is not cheap either, it is much cheaper than rhodium, making this a poten-
tially viable process. One problem with hydroformylation is isomerization of the
double bond of the alkene to internal positions, which then gives rise to undesired
branched hydroformylation products. The selectivity to the terminal aldehyde with
the iridium catalyst ([Ir-59]) in this case was 99:1. Some of the starting material was
isomerized to internal alkenes; however, this was only hydroformylated to a minor
extent. For 10-undecenenitrile, the amount of internal alkenes increased from 5 to
22% during the reaction. Some other fatty acid derivatives were screened and
showed the same high selectivity to the linear products. Additionally, the iridium

Scheme 25 Hydroformylation of fatty acid derivatives with [Ir-59]
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could be reused three times by distilling off the reaction mixture and product and
adding more ligand.

7.2.4 Trialkylsilylation

As we have already seen, terminal olefins are often more desired for further
functionalization, giving rise to linear, end-functionalized compounds. Riepl and
coworkers investigated the iridium-catalyzed isomerizing dehydrogenative
silylation of methyl oleate, the most common FAME (Scheme 26) [110]. Silicon
containing compounds like this are interesting precursors for industry in the fields of
adhesives, lubricants, plasticizers, and polymers. Initially the authors tried to apply
an existing methodology for isomerizing silylation to methyl oleate [111]. This
consisted of 5 mol% [Ir(OMe)Cl]2, 10 mol% 2,20-bipyridine ligand combined with
3 equivalents of norbornene as a hydrogen acceptor, and 3 equivalents of
triethylsilane. However, it turned out that the bipyridine ligand was inhibiting
the isomerization step, so that very little desired product was formed even after
prolonged reaction times. When the ligand was omitted, and [Ir(OMe)(cod)]2,
[Ir-60], was used, the yield of the terminal silylated product rose to 69%
(Scheme 26). Further changing of reaction conditions, such as increasing the tem-
perature from 60�C led to a deactivation of the catalyst. Sadly, the procedure did not
work with other bulkier trialkylsilanes.

7.2.5 Hydroboration

Angelici and coworkers employed [Ir(coe)2Cl]2 in combination with dppe ligand
([Ir-61]) for the isomerizing hydroboration of methyl oleate with pinacolborane
[112]. In their protocol at room temperature, they achieved a yield of 45% of the
desired borylated product, while the main product of the reaction was the hydroge-
nated FAME methyl stearate with 47% (Scheme 27). The fact that there is so much

Scheme 26 Iridium-catalyzed trialkylsilylation of methyl oleate

Scheme 27 Isomerizing hydroboration of methyl oleate catalyzed by [Ir-61]
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of the hydrogenation product formed, which does not happen with shorter chain
internal alkenes under the same conditions, led the authors to conclude that the
isomerization step is much slower for this substrate. [Ir(cod)Cl]2 gave no borylation
product under the same conditions. When the reaction temperature was increased to
50�C, a low yield of 25% was achieved, with a large amount of the starting material
still present after 24 h.

8 Conclusion

In this chapter we have summarized research in the field of iridium-catalyzed
biomass conversion. This is a developing field, most of the work discussed here
was published in the last 8 years. With the recent progress in the conversion of
cellulosic biomass and the availability of several platform chemicals, there is now
more and more scope for homogeneous catalysis in this area, due to its generally
higher selectivity at milder conditions. We therefore expect to see more publications
in this field in the future. One massive advantage of iridium over other metals,
especially with regard to biomass, is its excellent stability towards water, air, and
acidic conditions. We have seen that a range of useful fine chemicals and precursors,
monomers, and even polymers can be synthesized from biomass using iridium
catalysis. Mechanistically, many of the reactions discussed are hydrogenation/dehy-
drogenation reactions. This is an important reaction pathway for biomass, which is
highly functionalized and oxygen-rich compared to the well-known oil-based build-
ing blocks. Other mechanisms such as decarbonylation/hydroformylation and others
have also been applied to bio-based compounds. The valorization of lignin still lags
behind the saccharide-based biomass but also here iridium catalysts have shown
promising potential in the initial defunctionalization and the selective generation of a
few monomers from the complex mixture. We expect to see more research in this
direction in the coming years.

Finally, the dehydrogenation of biomass to generate hydrogen, a highly useful
product with the potential to be a main energy carrier in the future is also being
investigated. With the development of more efficient catalysts, the generation of
renewable hydrogen from biomass should soon become cost-effective.
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Abstract The use of iridium nanoparticles (Ir NPs) as catalysts for hydrogenation
reactions is reviewed with an emphasis on the recent advances in this area. Different
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confined NPs, NPs stabilised by ionic liquids and polymers and NPs generated in
situ without stabilising agent. A key issue is the role of the stabiliser in the catalytic
process (activity, selectivity and recyclability). General trends in the use of condi-
tions, stabilisers, additives and co-catalysts were also observed. In spite of the
advances achieved in the last decade, there is still a quest for Ir NP-based catalysts
with sufficient selectivity to be industrially applied in fine chemistry.

Keywords Carbon materials · Cyclohexene hydrogenation · Hydrogenation
reactions · Ionic liquids · Iridium nanoparticles (Ir NPs) · Ligand-stabilised Ir NPs ·
Metal oxide supports · Nanocatalysis · Polymer supports · α,β-unsaturated carbonyl
compounds

1 Introduction

Catalysis is crucial for green (or sustainable) chemistry, which has the objective to
reduce or eliminate the use and generation of hazardous substances. Apart from
being potentially selective, catalytic processes permit the use of stoichiometric
amounts of reagents, which reduces the amount of by-products and residues. Catal-
ysis can be homogeneous or heterogeneous, depending on whether the substrates
and catalysts are in the same phase or not. Each type of catalysis presents a series of
advantages and disadvantages. For example, homogeneous catalysts tend to be more
selective and active than heterogeneous ones, but often they are less stable and
recyclable. In between, we can find metal nanoparticles (MNPs), which combine the
benefits of heterogeneous and homogeneous catalysts [1–3]. MNPs, as well as
heterogeneous catalysts, possess the possibility to be easily recovered and subse-
quently reused. Besides, MNPs present a large number of active sites due to their
high surface/volume ratio, which makes them very active in catalysis approaching
homogeneous ones [4–6]. Their high conversions and selectivities together with an
easy product separation make MNPs ideal catalysts for catalytic processes. For all
this, MNP catalysis is gaining a lot of interest in both academia and industry.

The main objective in MNP catalysis is to develop appropriate tools to produce
well-defined nano-objects with controlled size, morphology and catalytic properties.
To this end, stabilisers are the best way to control these parameters. Among all
stabilising agents used for MNP stabilisation, we can find surfactants [7–10], poly-
mers [11, 12], ionic liquids [13, 14], ligands [15, 16] and supports [17, 18], which
substantially improve the MNP stability. In addition to protecting MNPs through
electronic and/or steric stabilisations, they also are able to modify the catalytic
properties. For example, through a synergistic effect with the nanoparticle surface,
stabilising ligands are able to enhance the stability and activity of MNPs [19, 20].

Hydrogenation of unsaturated compounds using molecular H2 is one of the most
efficient and atom-economical way for the formation of high added value
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compounds. For example, the hydrogenation of aromatic compounds is of great
relevance for industry and organic synthesis [21], since the corresponding cyclo-
hexanes/cyclohexenes are precursors for industrial organic chemistry [22] or key
intermediates in pharmaceuticals [23]. Recent works have demonstrated the capa-
bility of MNPs for the catalytic hydrogenation of olefins [24, 25], alkynes [26–28],
arenes [29, 30], ketones [31–33], aldehydes [34–36], nitrocompounds [37, 38] and
carboxylic acids [39, 40], with good levels of chemoselectivities. Among the MNPs
commonly used in catalysis, iridium nanoparticles (Ir NPs) have been widely used
due to their high activity and superior oxidation resistance when exposed to air. In
addition, their large number of oxidation states and the ability to coordinate and
activate a great number of substrates (hydrogen, olefins, carbonyl compounds, etc.)
make them efficient catalyst for hydrogenation reactions [41]. In this chapter we
intend to give an overview of the recent advances of Ir NPs in hydrogenation
reactions. In principle, the Ir NP catalysts will be divided into (1) ligand-stabilised
Ir NPs, (2) IL-stabilised Ir NPs, (3) polymer-stabilised Ir NPs, (4) “naked” Ir NPs and
(5) supported Ir NPs, emphasising the influence of the stabilising agent in the
hydrogenation activity.

2 Hydrogenation Reactions Catalysed by Ligand-Stabilised
Iridium Nanoparticles

The use of organic ligands as stabilisers for the synthesis of metal nanoparticles
(MNPs) with applications in catalysis has been widely explored. These ligands
usually have a simple function as a stabilising agent. However, there are also
many examples of ligand-stabilised MNPs in which the ligand acts both as stabiliser
and as functional ligand playing a role in the catalytic process [42]. In this context,
Claver, Roucoux and coworkers described the synthesis of Ir NPs by H2 reduction of
bis(1,5-cyclooctadiene)diiridium(I) dichloride ([Ir(cod)Cl]2) in the presence of chiral
diphosphite ligands derived from carbohydrates (Scheme 1a) [43]. These
diphosphite-stabilised Ir NPs were employed as catalysts for methylanisole hydro-
genation (Scheme 1b), leading to significant variations in activity depending on the
ligand acting as stabilising agent (Table 1). However, no insights about the factors
that produce these differences in activity were given. In addition, very low enantio-
meric excess values (ees) were obtained, although a slight increase in the ees up to
6% was achieved with Rh and Ru NPs prepared this way, which suggest some
influence of the ligand on the hydrogenation process. Finally, no hydrogenation
reaction was observed with Ir NPs prepared from [Ir(cod)2]BF4 (Table 1). This was
attributed to a poisoning effect caused by the coordination of the counteranion to the
nanoparticle surface.

Claver and coworkers also employed chiral diphosphines for the synthesis of
ligand-stabilised Ir NPs supported on SiO2 [44]. Ir NPs of 1.6 nm in size ligated by
(2R,4R)-2,4-bis(diphenylphosphino)pentane ((R,R)-BDPP, Scheme 2) were
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Scheme 1 (a) Diphosphite ligands used as stabilising agents for Ir NPs; (b) hydrogenation of m–
and o–methylanisole by Ir NPs

Table 1 Hydrogenation of m– and o–methylanisole by Ir NPs stabilised with chiral diphosphite
ligands derived from carbohydrates

L Size (nm) Substrate Conversion (%) Cis (%) ee (%) TON

a 1.3 m-methylanisole 87 81 – 70

b 1.5 m-methylanisole 14 75 – 12

aa 1.4 m-methylanisole 0 – – –

a 1.3 o-methylanisole 96 100 1 77

b 1.5 o-methylanisole 4 100 2 3

aa 1.4 o-methylanisole 0 – – –

Reaction conditions: Substrate/Ir ¼ 40, methylanisole (1.24 mmol), pentane (10 mL), H2 (40 bar),
room temperature (RT), 24 h
a[Ir(cod)2]BF4 as precursor

Scheme 2 (a) (R,R)-BDPP ligand employed for the synthesis of Ir NPs. (b) Asymmetric hydro-
genation of ethyl pyruvate to ethyl lactate
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synthesised through NaBH4 reduction of IrCl3, which were subsequently
immobilised in SiO2 by impregnation (1 wt% Ir). These Ir NPs gave 90% conversion
and 23% ee in the asymmetric hydrogenation of ethyl pyruvate (substrate/Ir ¼ 100,
40 bar H2, RT, 460 min), which shows a chiral induction from the ligand.

In the same way, Cano, van Leeuwen and coworkers described the synthesis of Ir
NPs of 1.4(0.2) nm in size by H2 reduction of [Ir(OMe)(COD)]2 in the presence of a
chiral secondary phosphine oxide (SPO), 3,5-dihydro-4H-dinaphtho[2,1-c:10,20-e]
phosphepine-4-oxide (Scheme 3) [45]. The Ir NPs contain both Ir(0) and Ir(I) atoms,
and a 1.75 Ir:SPO ratio was found, which entails that 90% surface iridium atoms are
bound to SPO ligands. In addition, IR and 31P NMR analyses suggested that the SPO
molecules are bound to the nanoparticle surface as phosphoryl anions.

These chiral NPs were active catalysts for the asymmetric hydrogenation of
prochiral ketones, leading to ees up to 56% (Table 2). In line with previous studies
on hydrogenation by SPO-ligated Au NPs [46, 47], a heterolytic hydrogenation
mechanism through a ligand-metal cooperative effect was proposed, in such a way
that the oxygen atom of the SPO operates as a Lewis base and takes the proton (H+),
while a neighbouring iridium atom acts as a Lewis acid and captures the hydride
(H�).

Among the different coordination modes of SPOs, these ligands can coordinate to
metals (Scheme 4) as a neutral phosphinous acid (1), as deprotonated phosphinito
anion (2) and as monoanionic bidentate ligand (3). In this context, subsequent IR and
31P MAS NMR investigations on Ir NPs ligated by different SPOs (Scheme 4)
demonstrated that neutral acid coordination type increases with the SPO basicity
[48]. In addition, these studies showed that dicyclohexylphosphine oxide (Scheme
4c) is mainly bound as a bidentate ligand. However, tert-butyl(phenyl)phosphine
oxide and diphenylphosphine oxide (Scheme 4a and b, respectively) also coordinate
as the phosphinous acid and the phosphinito anion on the NP surface. These three
types of SPO-stabilised Ir NPs showed high selectivity towards the allylic alcohol
product in the hydrogenation of cinnamaldehyde (substrate/Ir ¼ 400, 10 bar H2,
THF, RT), for which a heterolytic H2 cleavage was also suggested.

Finally, the Ir NPs ligated by tert-butyl(phenyl)phosphine oxide were also
employed in the hydrogenation of several substituted aldehydes (Table 3) [49]. In
addition to the high selectivity observed in cinnamaldehyde hydrogenation, these
NPs of 1.33(0.28) nm in size were highly selective towards the unsaturated alcohol

P
O
H

H2 (5 bar) IrNPs[(COD)Ir(MeO)]2L =
L

Scheme 3 Synthesis of Ir NPs by H2 reduction of [Ir(OMe)(COD)]2 in the presence of
3,5-dihydro-4H-dinaphtho[2,1-c:10,20-e] phosphepine-4-oxide
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in the hydrogenation of p-cyanobenzaldehyde and 2-octynal, although that obtained
in the reduction of p-nitrobenzaldehyde was lower.

A ligand effect was also reported in the hydrogenation of α,β-unsaturated car-
bonyl compounds by Ir NPs (2.1 (0.2) nm) stabilised with Ph2P(CH2CH2O)22CH3

[50]. These NPs showed high selectivity towards the hydrogenation of the aldehyde
group. By contrast, a preference for the C¼C bond of unsaturated ketones was also
observed (Table 4). The authors suggested different adsorption models for aldehydes
and ketones on the NP surface. The C¼O group would be preferentially adsorbed via

Table 2 Asymmetric hydrogenation of ketones mediated by Ir NPs

Entry Substrate Ir NP Conversion (%) ee (%) Configuration

1
2

R
S

88
47

55
52

S
R

3
4

R
S

38
11

30
27

S
R

5
6

R
S

90
38

22
20

S
R

7
8

R
S

63
14

56
39

S
R

9
10

R
S

100
100

10
8

S
R

11
12

R
S

98
51

50
34

S
R

13
14

R
S

100
100

26
30

S
R

Reaction conditions: Substrate/Ir ¼ 100, substrate (0.25 mmol), THF (0.75 mL), 40 bar H2, RT,
18 h

Scheme 4 Three possible coordination modes of SPOs to metals (1–3) and non-chiral secondary
phosphine oxides employed for the synthesis of Ir NPs (a-c)
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the aldehydes, giving high selectivities towards the unsaturated alcohol. However,
preference for the C¼C bond adsorption would occur when the substrate is a ketone.
It was proposed that ligands bound to the NP surface constrain the surface site
geometries which only allow certain adsorption models.

As commented above, there are also several examples on hydrogenation by Ir
NP-based catalytic systems in which the ligand only acts as a stabilising agent.

Table 3 Catalytic hydrogenation of substituted aldehydes by SPO-stabilised Ir NPs

Substrate Product P (bar) Conv. (%) Sel. (%) TOF (h�1)

10 99 99 22

20 >99 95 22

40 >99 >99 11

O OH 40 80 96 18

Reaction conditions: Substrate/Ir ¼ 400, Ir NPs (0.0025 mmol Ir), THF (0.75 mL), RT. 18 h

Table 4 Hydrogenation of α,β-unsaturated carbonyl compounds mediated by Ir NPs stabilised by
Ph2P(CH2CH2O)22CH3

Substrate Product Time (h) Conv. (%) Selec. (%)a

3 96 >99

7 90 >99

7 72 98

3 >99 96

3.5 >99 94

9 98 >99

2.5 76 90

3.5 >99 >99

4 >99 >99

1 >99 >99

Reaction conditions: Substrate/Ir¼ 100, 1-pentanol (4 mL), H2O (4 mL) containing 0.0067 mmol Ir
NPs. 10 bar H2, 70�C
aThe remainder is the saturated alcohol
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Roucoux, Chaudret and coworkers employed an aqueous solution of Ir(0) NPs
stabilised by N,N-dimethyl-N-cetyl-N-(2-hydroxyethyl)ammonium chloride for
arene hydrogenation [51]. The Ir NPs of 1.9 (0.7) nm in size were synthesised by
NaBH4 reduction of IrCl3 in the presence of this surfactant under microwave-
assisted conditions. These NPs were stored in solution and subsequently used for
the hydrogenation of several aromatic compounds in biphasic media (substrate/
Ir ¼ 100, water, 40 bar H2, 20�C), showing good recycling behaviour and TOF
values up to 400 h�1 for the hydrogenation of anisole.

In 2005, Korgel and coworkers described the use of oleic acid and oleylamine,
tetraoctylammonium bromide (TOAB), trioctylphosphine (TOP) and
tetraoctylphosphonium bromide (TOPB) to stabilise Ir NPs, which were subse-
quently employed as catalysts for 1-decene hydrogenation [52]. The NP size
decreases in the order TOP (10–100 nm) > TOPB (~4 nm) > oleic–oleylamine
(~2 and ~ 4 nm by selective precipitation) > TOAB (1.5–3 nm). Interestingly,
TOPB-ligated Ir NPs showed higher activity than those stabilised by TOAB, while
the use of TOP and oleic acid and oleylamine led to catalytically inactive NPs. It was
proposed that the ligand desorption allows the access of 1-decene to metal surface
sites. The smallest NPs (TOAB) would show stronger ligand binding and thus are
less active (4 s�1 at 75�C, 0.21 bar H2 and 1,000:1-decene/Ir mass ratio) than the
bigger NPs stabilised by the presumably labile TOPB ligand (270 s�1). Similarly,
oleic acid and oleylamine would bind very strongly to the surface, and therefore the
corresponding NPs are not active. Indeed, before decreasing in the fifth cycle, an
increase in TOF values was observed for the first four cycles in the recycling
experiments with TOAB-ligated Ir NPs (4 ! 13 ! 50 ! 124 s�1), which was
attributed to this ligand desorption. Although the ligand desorption is key for the
observed activity, this example does not describe a real role of the ligand in the
catalytic process.

In this vein, Finke and coworkers described the use of Ir NPs stabilised only by
H+Cl�, Ir(0)n�(H+Cl�)a, as structural unit to prepare new Ir NPs by exchange with
more strongly binding ligands such as tributylamine (Bu3N), tridodecylamine
(Dodec3N) and trioctylphosphine (P(Oct)3) [53]. The Ir(0)n�(H+Cl�)a NPs are gen-
erated by H2 reduction of [Ir(cod)Cl]2 in acetone, and H+Cl� can be easily replaced
in situ by other ligands of interest that coordinate more strongly. Indeed, the
analogous H2 reduction of [Ir(cod)Cl]2 in the presence of these ligands allows one
to obtain new nanoparticles, which were employed as catalysts for cyclohexene
hydrogenation (Table 5). This indicates that the initial Ir(0)n�(H+Cl�)a nanoparticles

Table 5 Hydrogenation of cyclohexene catalysed by Ir NPs stabilised with different ligands

Stabiliser Ir NP Size (nm) TTOsa Initial TOF (s�1) TOF (s�1)

Bu3N Ir(0)n�(Bu3NH+Cl�)a 1.8 � 0.6 25,000b 1.1 0.2

Dodec3N Ir(0)n�(Dodec3NH+Cl�)a 1.8 � 0.6 ~1.4 0.2

Reaction conditions: cyclohexene/Ir ¼ 1,375, Ir (1.2 mM), cyclohexene (1.65 M), acetone, H2

(2.76 bar), 22�C
aTTOs: total turnovers
bCyclohexene/Ir ¼ 61,000
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may be used as building blocks for the production of catalytically active Ir NPs with
a controlled ligand composition.

The use of organic compounds that serve as solvent, as reducing agent and as
stabiliser is an interesting strategy to prepare ligand-stabilised MNPs. Following this
approach, highly crystalline NiIr4 NPs (Ir/Ni ratio: 4) were synthesised by heating of
IrCl3 in oleylamine at 300�C, which were subsequently isolated by centrifugation
[54]. These bimetallic NPs of 9 nm in size were an active catalyst for the hydroge-
nation of 1-octene, diphenylacetylene and cinnamaldehyde (Table 6). Monometallic
Ir NPs were also prepared through a similar procedure (ethylene glycol, 150�C) and
used as a reference. High activities were observed in the hydrogenation of 1-octene
and cinnamaldehyde. However, the latter gave a mixture of several hydrogenation
products, including acetals. These acetal by-products were generated by reaction
between cinnamaldehyde and the alcohol solvent employed in the catalytic trans-
formation, although the process is reversible and their presence was minimised with
long reaction times. Finally, the hydrogenation of diphenylacetylene proceeds with
high selectivity to stilbene. Unfortunately, the NiIr4 catalyst did not show advantages
as compared to monometallic Ir NPs.

3 Hydrogenation Reactions Catalysed by Iridium
Nanoparticles Stabilised in Ionic Liquids

Ionic liquids (ILs), salts of which the melting point is below 100�C [55], have
received special attention in catalysis because they possess important features that
make them very suitable as, for instance, good thermal stability, high conductivity,
low vapour pressure, high catalytic activity, ease of catalyst recovery and product
purification and easy fine-tuning basicity-nucleophilicity by simple modification of

Table 6 Hydrogenation of various unsaturated substrates mediated by bimetallic NiIr4 and mono-
metallic Ir NPs

Substrate NP Time (h) Conv. (%) Selectivity (%) TOF (h�1)

1-octene NiIr4
a 14 100 – 5,025

Diphenylacetylene NiIr4
b 1 90 67:23 (Z:E) 35

Yield (%) COL:HCOL:HCAL:A

Cinnamaldehyde NiIr4
c 3 19 23:2:3:72 419

Cinnamaldehyde Irc 3 14 22:3:2:73 675

Cinnamaldehyde NiIr4
d 22 9 60:7:33:0 10

Reaction conditions: 20 mg NiIr4, hexane (1–5 mL), H2 (10 bar), 80�C
CAL cinnamaldehyde, COL cinnamic alcohol, HCOL hydrocinnamic alcohol, HCAL
hydrocinnamic aldehyde, A acetals
a30 mg NiIr4, RT
bTHF (30 mL)
cCAL (16 mmol), methanol (30 mL)
dCAL (16 mmol), isopropanol (30 mL)

Iridium Nanoparticles for Hydrogenation Reactions 405



IL structure [56, 57]. Interestingly, ILs can operate as electrostatic and/or
electrosteric stabilisers for metallic nanoparticles preventing their agglomeration
[58]. Therefore, MNPs can be generated and immobilised in ILs, allowing the
straightforward separation of products and the recycling of the system
[59, 60]. Since the pioneering work of Dupont et al. [61], in the last two decades,
IL-stabilised MNPs have attracted a large interest by researchers working in catal-
ysis. In this study, iridium nanoparticles (Ir NPs) of 2.0(0.4) nm in size were
generated by H2 reduction of [Ir(cod)Cl]2 in 1-butyl-3-methylimidazolium
hexafluorophosphate (bmimPF6). The resulting Ir(0)/bmimPF6 system was
employed as catalyst for the hydrogenation of several alkenes under mild reaction
conditions (4 bar H2 and 75�C), showing high activities (TOF ¼ 6,000 h�1) and a
good recycling behaviour. The reported nanocatalysts can be reused for up to at least
seven cycles without any significant loss in activity. This publication was the starting
point for a series of studies by this group on catalytic hydrogenation mediated by
IL-stabilised Ir NPs. Indeed, the Ir(0) NPs stabilised by bmimPF6 were used, both as
a solid (referred to nanoparticles that were isolated through centrifugation and
washed with organic solvents and subsequently redispersed in the neat substrate)
or redispersed in the ionic liquid (biphasic conditions), for the hydrogenation of
arenes [62] and ketones [63] (Table 7). Similarly, these Ir NPs were successfully
recycled up to 7 and 15 times, respectively.

In a subsequent publication, competitive hydrogenation experiments of
alkylbenzenes (benzene, toluene, ethylbenzene, isopropylbenzene, sec-butylbenzene
and tert-butylbenzene) allowed the researchers to determine the selectivity constants
(S) against toluene of this type of Ir NPs (Table 8) and other bmimPF6-stabilised
MNPs, which may be employed to predict the relative reactivity of new
monoalkylbenzenes pairs [64]. The correlation of initial reaction rate constant for
toluene/benzene and toluene/monoalkylbenzene hydrogenation experiments with
the Taft equation indicates that the rates of hydrogenation of alkylbenzenes only
depend on steric impediment of the alkyl substituents. Finally, it was suggested that
bulky substituents slow the hydrogenation rate.

The kinetics for the hydrogenation of 1-decene catalysed by [Ir(cod)Cl]2) in
bmimPF6 was also investigated, showing an autocatalytic mechanism in which
iridium nanoclusters are formed [65]. The curves obtained in the hydrogenation of
different alkenes were fitted to a model that implies (1) nucleation (A ! B,
k1 ¼ 2.04 h�1) and (2) autocatalytic surface growth (A + B ! 2B,
k2 ¼ 5,125 M�1 h�1). The small and monomodal size of NPs in the Ir/bmimPF6
system (2.0(0.4) nm) indicates a strong stabilisation by the IL and that (1) is faster
than (2). Indeed, XPS, EXAFS and SAXS studies proved the presence of a protec-
tive IL shell with a diameter of ca. 2.8–4.0 nm surrounding the Ir NPs for several
Ir/bmimX systems (X¼ PF6, BF4, NTf2) [66]. Additional kinetic experiments on the
hydrogenation of 1-decene by the Ir/bmimPF6 system demonstrated that the catalyst
follows a monomolecular surface reaction mechanism and thus acts as a heteroge-
neous catalytic system for alkene hydrogenation [65], that is:

406 L. M. Martínez-Prieto et al.



Table 7 Hydrogenation of arenes and ketones mediated by bmimPF6-stabilised Ir NPs used as a
solid (Ir NPs) or redispersed in 1 mL of bmimPF6 (Ir/IL)

Catalyst Substrate Product Time (h) Sel. (%) TOF (h�1) Ref.

Ir NPs 2 100 125 [62]

Ir/IL 25 100 44a [62]

Ir/IL 18 5:1b 24c [62]

Ir NPs 12 3:1b 21 [62]

Ir NPs 18 100 13 [62]

Ir NPs 16 58/42 15 [62]

Ir NPs 18 84/16 10 [62]

Ir NPs 2 100 125 [63]

Ir NPs 15 100 17 [63]

Ir NPs 4 88/12 62.5 [63]

Ir NPs 2.5 100 96 [63]

Ir NPs 2.5 100 96 [63]

Ir NPs 3.7 100 68 [63]

Ir NPs 2.5 100 98 [63]

Ir NPs 2.0 100 119 [63]

Reaction conditions: Substrate/Ir ¼ 250, H2 (4 bar), 75�C. Ir NPs used as a solid stands for NPs
isolated by centrifugation and washed with organic solvents and redispersed in the neat substrate.
Ir/IL: biphasic conditions
aSubstrate/Ir ¼ 1,200
bcis:trans
cSubstrate/Ir ¼ 500
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v ¼ kcK S½ �
1þ K S½ �

� �

The kinetic studies also showed that the hydrogenation reaction is a mass transfer-
controlled process at [H2]< 4 bar. The catalytic kinetic constant (kc) at [H2]� 4 bar
and the adsorption constant (K ) are independent of H2 pressure. This reveals that the
hydrogenation process shows no dependence on [H2] and thus is only determined by
[1-decene] in IL.

Later on, the same group demonstrated the participation of N-heterocyclic
carbenes (NHCs) in hydrogenation reactions catalysed by Ir NPs dissolved in
imidazolium-based ionic liquids [67]. bmimNTf2-stabilised Ir(0) NPs of 4.2(0.8)
nm redispersed in deuterated bmimNTf2 ([BMI]-d3.NTf2, Fig. 1) were employed as
catalyst for cyclohexene hydrogenation. Interestingly, the Ir NPs also promoted D/H
exchange reactions at C2, C4 and C5 positions of the imidazolium cation, which
proves the formation of NHCs species. A preferential D/H exchange process at the
least acidic C4 and C5 rather than at the more acidic C2 suggests that the C2–H bond
is less available to generate carbenes. This steric impediment indicates that the
imidazolium-based IL is structured as ion pairs, in which the most favourable
interaction between cation and anion is through the C2–H. Consequently, the ionic
liquid interacts with the NP surface preferentially as aggregates of {[(Im)x(X)x�n]

n

+[(Im)x�n(X)x]
n�}n type.

The hydrogenation of cyclohexene was also described for Ir NPs stabilised in
imidazolium-based ILs containing different alkyl chains [68]. These NPs were
prepared by H2 reduction of different iridium precursors in C1C4ImBF4 or
C1C10ImBF4 (Scheme 5). The use of [Ir(cod)Cl]2 provided spherical NPs of different
sizes (2.5(0.5) nm C1C4ImBF4 and 3.6(0.9) nm in C1C10ImBF4), whereas Ir NPs

Table 8 Constant selectivity (S) for competitive hydrogenation experiments of alkylbenzenes
against toluene and relative initial reaction rate (krel) for the hydrogenation of toluene and several
alkylbenzenes by bmimPF6-stabilised Ir NPs

Alkyl S Charton (ν) Taft (Es) log krel.
H 1.61 �0.004 1.24 0.301

Me 1 0 0 0

Et 0.86 0.12 �0.07 �0.12

i-Pr 0.35 0.20 �0.47 �0.48

s-Bu 0.21 0.46 �1.13 �0.60

t-Bu 0.13 0.68 �1.54 �0.98

Reaction conditions: Ir NPs (0.026 mmol), substrate/catalyst ¼ 250, H2 (4 bar), 75�C

Fig. 1 Deuterated IL used
in reference [67]
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synthesised from [Ir(cod)2]BF4 are spherical or worm-like depending on the IL
employed (spherical of 1.9(0.4) nm in C1C4ImBF4 and worm-like in
C1C10ImBF4). The Ir NPs generated from [Ir(cod)2]BF4 show higher activity in
the hydrogenation of cyclohexene, which is attributed to the smaller NP size or the
surface poisoning effect of Cl� species on NPs prepared from [Ir(cod)Cl]2. Finally,
almost all Ir/IL systems were successfully reused up to eight cycles without any
significant loss in the catalytic activity.

Ir(0) NPs stabilised by bmimPF6 (2.1 nm size) were synthesised using DuPont’s
method [61, 63] and subsequently immobilised on a cellulose acetate (CA)-based
polymeric membrane [69]. The CA/bmimNTf2/Ir catalytic system showed higher
activity in the hydrogenation of 1-hexene than the non-supported Ir NPs, while the
latter was much more active for cyclohexene and benzene hydrogenation (Table 9).

Scheme 5 Formation of Ir NPs in ILs using different Ir and ILs precursors

Table 9 Hydrogenation of 1-hexene, cyclohexene and benzene catalysed by bmimPF6-stabilised Ir
NPs, both isolated and supported on polymeric membranes

Catalyst Substrate Ir NPs (mg) Time (h)a TOF (h�1)b

Non-supported Ir NPs 1-hexene 5.0 0.04 638

CA/Ir 1-hexene 1.6 0.04 592

CA/bmimNTf2/Ir 1-hexene 1.6 0.03 750

Non-supported Ir NPs Cyclohexene 5.0 0.04 578

CA/Ir Cyclohexene 1.6 0.09 40

CA/bmimNTf2/Ir Cyclohexene 1.6 0.09 270

Non-supported Ir NPs Benzene 5.0 0.10 266

CA/Ir Benzene 1.6 1.46 18

CA/bmimNTf2/Ir Benzene 1.6 0.31 78

Reaction conditions: substrate/Ir ¼ 250, H2 (4 bar), 75�C
aTime at 10% conversion
bTOF at 10% conversion. CA/Ir: Ir NPs isolated by centrifugation and supported on
CA. CA/bmimNTf2/Ir: Ir NPs isolated by centrifugation, redispersed in bmimNTf2 and supported
on CA
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The iridium catalysts were successfully recycled up to seven times, but an improved
recyclability was observed for the polymeric catalytic systems.

In addition, it is worth noting the work of Janiak and coworkers, in which Ir NPs
stabilised in bmimX (X ¼ BF4, OTf) and BtMANTf2 (BtMA ¼ n-butyl-tri-methyl-
ammonium) were synthesised by thermal decomposition of Ir4(CO)12 [70]. Well-
dispersed Ir NPs of 1.1–3.6 nm in size were obtained in bmimX, while the use of
BtMANTf2 as stabilising media led to highly agglomerated Ir NPs. The resulting
Ir/bmimBF4 system was a very active catalyst for the biphasic liquid-liquid hydro-
genation of cyclohexene, with TOF values up to 1,940 h�1 (Table 10, entries 1 and
2). Following this approach, both microwave-assisted and photolytic conditions
were employed to decompose Ir6(CO)16 in bmimBF4 and thus generate Ir NPs of
0.8 and 1.4 nm in size, respectively [71]. The Ir/bmimBF4 system obtained under
microwave (MW) conditions was again used as cyclohexene hydrogenation catalyst,
but in this case, the observed activity was lower (Table 10, entry 3).

The iridium-carbonyl precursor Ir4(CO)12 described above was also used to
generate graphene-supported Ir NPs in ILs [72]. Ir4(CO)12 dispersed in bmimBF4
was thermally decomposed under MW conditions (200 W, 250�C, 3� 20 min) or by
electron-beam (e-beam) irradiation (10 MeV, 3 � 1 s) in the presence of graphite
oxide (TRGO), leading to the formation of Ir NPs with 2.7(0.7) and 3.6(1.0) nm in
size, respectively. Such Ir/TRGO catalytic systems were highly active in the hydro-
genation of benzene and cyclohexene (Table 11). TOF values up to ~10,300 h�1

were observed in the hydrogenation of benzene to cyclohexane. In addition, the
catalysts were reused up to 10 (MW-synthesised NPs) and 5 (e-beam-generated NPs)
times, showing good recycling behaviour. Based on the correlation between catalytic
activity and NP size, the authors suggest that there could be an optimal NP diameter

Table 10 Biphasic liquid-liquid hydrogenation of cyclohexene catalysed by various Ir/bmimBF4
systems

Substrate/catalyst P (bar) T (�C) Time (min) Conv. (%) TOF (h�1) Ref.

2,000 4 4 75 97 1,940 [70]a

2,000 4 4 75 100 800 [70]a

2,108 10 10 90 36 222 [71]b

a0.08 ml Ir/IL dispersion (0.2 metal wt%, c ¼ 0.0128 mmol/mL) and cyclohexene (0.2 mL)
b0.09 mmol Ir in 1.5 mL IL (1 metal wt%, c ¼ 0.06 mmol/mL) and cyclohexene (20 mL)

Table 11 Hydrogenation of benzene and cyclohexene by Ir/TRGO catalysts

Catalyst

Benzene Cyclohexene

Conversion (%) TOF (h�1) Conversion (%) TOF (h�1)

Ir@TRGO (MW)a 80.4 10,280 85.5 68,250

Ir@TRGO (e-beam)b 97.4 4,861

Conditions: H2 (10 bar), 100�C, 1 h
aBenzene: Ir@TRGO (5.3 mg, 3.6% Ir), benzene/Ir ¼ 4,490. Cyclohexene: Ir@TRGO (14 mg,
3.6% Ir), cyclohexene/Ir ¼ 3,991, 3 min
bIr@TRGO (8.6 mg, 7.2% Ir), benzene/Ir ¼ 3,943

410 L. M. Martínez-Prieto et al.



or surface which does not necessarily correspond to the smallest NPs. However, no
insights about this proposal were given.

The last example concerns the use of Ir NPs stabilised by phosphine-
functionalised ILs as hydrogenation catalysts [73]. Worm-like nanoparticles of
12.2 nm in size were synthesised by H2 reduction of [Ir(cod)Cl]2 in [bmim][tppm]
and [bmim][tppt]. (Fig. 2), which were subsequently isolated through several wash-
ing/centrifugation cycles.

These Ir(0) NPs dispersed in bmimPF6 were found to be recyclable and selective
catalysts for the hydrogenation of nitroarenes, aromatic carbonyl compounds and
quinoline derivatives and their analogues (Table 12). In general, nitroarenes were
reduced to anilines with very high selectivities. The Ir NPs were also very selective
towards the carbonyl functionality in the hydrogenation of aldehydes, while the
reduction of aromatic ketones yielded the corresponding alcohol products with
moderate selectivities. Finally, complete selectivities towards the hydrogenation of
the heteroaromatic group were observed in the hydrogenation of quinoline and its
analogues. Although the selective hydrogenation of carbonyl and quinoline com-
pounds through a heterolytic hydrogenation mechanism has been extensively
described, the authors do not examine whether dihydrogen is cleaved via a homo-
lytic or heterolytic mechanism.

4 Hydrogenation Reactions Catalysed by Iridium
Nanoparticles Stabilised by Polymers

Different polymers can serve as stabilising agents for MNPs, which usually act as
steric stabilisers but may also provide an electrostatic stabilisation. Among them,
poly(N-vinyl-2-pyrrolidone) (PVP) is probably the most employed polymer for the
synthesis of MNPs. There are many reports describing the use of this bulky,
non-ionic and water-soluble polymer as a stabiliser, reducing agent, growth modifier
or dispersant for metal nanoparticles [74].

In a first example, Ir NPs stabilised with PVP (MW ¼ 40,000) were prepared by
thermal decomposition of IrCl3 in NaOH solution under conventional heating and
MW-assisted conditions [75]. The Ir NPs of 1.1–1.2 nm in size were highly selective

Fig. 2 Phosphine-functionalised imidazolium-based ionic liquids
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in the hydrogenation of citronellal to citronellol (Table 13), which is probably
favoured by the steric impediment in the C¼C double bond.

Later on, Tsukuda and coworkers employed the same polymer to stabilise Ir NPs
[76]. The reduction of H2IrCl6 by NaBH4 or ethylene glycol in the presence of PVP
yielded Ir NPs of 1.8(0.3) and 2.2(0.5) nm in size, respectively. Through an
extensive characterisation, it was concluded that the NPs contain mainly Ir(0) and
a small amount of IrO2 (<11%) and there are an electronic donation from PVP that
makes the NP surface to present a slightly negative charge. These Ir NPs showed
high selectivities towards the nitro group in the hydrogenation of substituted
nitroarenes (Table 14), for which the authors suggested a preferential adsorption of
the NO2 groups on IrO2 sites and the activation of H2 at Ir(0) active sites, in a similar

Table 12 Chemoselective hydrogenation of nitroarenes, aromatic carbonyl compounds and quin-
oline derivatives and their analogues mediated by Ir NPs stabilised with phosphine-
functionalised ILs

Substrate Product

Ir@[bmim][tppm] Ir@[bmim][tppt]

Conv. (%) Sel. (%) Conv. (%) Sel. (%)

100 72–100 100 100

42–100 100

8–90 88–96 20 85

94 100 92 100

81–100 100

22–33 46–100

Conditions: 1.8 M substrate in bmimPF6 (1 mL), substrate/Ir¼ 100, H2 (30 bar). Nitroarenes: 50�C,
5 h. Ketones: 75�C, 10 h. Aldehydes: 30�C, 10 h. Quinolines: 50�C, 10 h

Table 13 Hydrogenation of citronellal by PVP–stabilised Ir NPs

Catalyst NP size (nm) Conversion (%) Selectivity (%) TOF (h�1)

Ir NPs (MW) 1.1(0.19) 22.4 100 36

Ir NPs (heating) 1.2(0.26) 30.8 97 50

Reaction conditions: H2 (10 bar), 60�C, 2 h
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way to previous reports on nitroarene reduction mediated by MNPs supported on
metal oxides [77, 78].

Along this line, Ir NPs of 2.5(0.7) nm stabilised with PVP were synthesised by
ethanol reduction of IrCl4 under MW-assisted conditions (<400 W, 165�C, 15 min)
[79]. Such Ir NPs were employed as catalysts for the hydrogenation of benzonitrile
under mild conditions (Scheme 6), although the observed activity was lower than
those shown by other transition metal nanoparticles (Rh, Pd, Pt), while the selectivity
towards the imine product was very poor.

Other types of polymers have been investigated for the stabilisation of Ir NPs with
applications as hydrogenation catalysts. For example, Nagashima and coworkers
described the use of ammonium salts of hyperbranched polystyrene (HPS–NR3

+Cl�;
R ¼ nBu or nOct) to stabilise transition metal nanoparticles [80]. Ir NPs of 1.9(0.4)
and 1.7(0.3) nm in size were prepared by NaBH4 reduction of IrCl3 in the presence of
HPS– nBuR3

+Cl� and HPS– nOctR3
+Cl�, respectively. These NPs were used as

catalysts for cyclohexene hydrogenation, but, as in the aforementioned work, the
activity was very low compared to those shown by nanoparticles of other metals
such as Ru, Rh, Pd and Pt (	21% conversion; 0.2 mol%, 1 bar H2, 30�C, 1 h).

Finally, Jagirdar and coworkers employed iridium nanosponges as catalysts for
alkene hydrogenation [81]. The solid-state reduction of H2IrCl6 with ammonia
borane resulted in the formation of Ir(0) NPs immobilised in a BNHx polymer.
Then, water was added to this polymer, which led to a vigorous H2 release and the
generation of a nanosponge containing Ir NPs (2–3 nm size). The Ir nanosponge was

Table 14 Chemoselective hydrogenation of substituted nitroarenes mediated by PVP-stabilised Ir
NPs prepared through reduction of H2IrCl6 with ethylene glycol

Substrate Product Conversion (%) Selectivity (%)

99 99

100 100

95 100

100 99

Reaction conditions: substrate/Ir ¼ 50, solvent (ethyl acetate), H2 (1 bar), 25�C, 2 h

Scheme 6 Hydrogenation of benzonitrile by PVP-stabilised Ir NPs
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found to be a highly active hydrogenation catalyst for a wide range of alkenes
(Table 15), where the steric hindrance on the C¼C bond seems to play an important
role. In addition, the catalyst was recovered via filtration and reused up to seven
cycles without any significant loss in the activity.

5 Hydrogenation Reactions Catalysed by Iridium
Nanoparticles Generated In Situ Without Stabilising
Agent

There are several examples of hydrogenation by Ir NPs generated and stabilised in
situ with the available species (solvents, precursor components, etc.) that do not
require an extra stabilising agent. The majority of these works were carried out by
Finke’s research group, which has extensively studied the formation mechanism of
Ir NPs and their applications in hydrogenation catalysis. This group reported the
formation of Ir(0) NPs (1.8 nm) by H2 reduction of [Ir(cod)Cl]2 in acetone as solvent
(2.76 bar H2, 22�C; Scheme 7a) [82]. The reaction proceeds with the concomitant
hydrogenation of acetone to isopropanol with 95% selectivity (TON ¼ 16,400,
initial TOF ¼ 1.9 s�1), the remainder being diisopropyl ether (Scheme 7b). Inter-
estingly, the addition of molecular sieves increased the selectivity up to 100%

Table 15 Hydrogenation of alkenes mediated by Ir nanosponges

Substrate Product Time (h) TOF (h�1)

Styrene Ethylbenzene 4 500

4-Chlorostyrene 4-Chloro ethylbenzene 4 500

4-Methylstyrene 4-methyl ethylbenzene 4 500

1-Hexene Hexane 4 500

1-Octene Octane 5 400

1-Hexadecene Hexadecane 6 333

1-Octadecene Octadecene 6 333

Cyclohexene Cyclohexane 4 500

Cyclooctene Cyclooctane 5 400

1,5-Cyclooctadiene Cyclooctane 9 222

Ethyl acrylate Ethyl propionate 3.5 571

t-butyl acrylate t-butyl propionate 4 500

Methyl methacrylate Methyl-2-methyl propionate 3.75 533

Cyclohexenone Cyclohexanone + cyclohexanol (89:11) 3.83 522

4-Vinylcyclohexene Ethyl cyclohexane 9 222

R-limonene p-Menth-2-enea 4.5 444

R-limonene p-Menth-2-eneb 0.5 4,000

Reaction conditions: substrate/Ir ¼ 2,000, substrate (20 mmol), CH2Cl2, H2 (4 bar), 30�C
aSubstrate/Ir ¼ 1,000
bSubstrate/Ir ¼ 1,000, 75�C, n-heptane
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(TON ¼ 18,800), which points to an acid-assisted hydrogenation process. This was
demonstrated by the use of a strong and non-coordinating base named Proton
Sponge (1,8-bis-(dimethylamino)naphthalene) that scavenged the protons (H+)
from the reaction mixture and inhibited the hydrogenation process. An ionic hydro-
genation mechanism was proposed through 1,2-addition to the acetone in which Ir–
H and H+ species are involved (Scheme 7c). This mechanism was supported by
studies with deuterated acetone and kinetic experiments that showed a first-order
dependence on [Ir] and [H+].

In the same way, the formation of Ir(0) NPs by hydrogenation of [Ir(cod)Cl]2 in
benzene (2.76 bar H2, 22�C) was described and the concomitant hydrogenation of
the latter to cyclohexane [83]. Complete conversion was observed in 8.7 h, with
TOF ¼ 25 s�1 and TON ¼5,250. Ir NPs of <10 nm in size were observed at 4 h of
reaction, and a size >20 nm was determined at the end of the process. Thus,
agglomeration to larger NPs occurs as the process advances. The authors introduced
the concept of weakly ligated, labile ligands (WLLs), which bind weakly to the NP
surface and provide a minimum level of stabilisation but can be easily
decoordinated. The only available surface ligands are benzene, H2 (and H�) and
H+Cl�, the latter being a model example of WLL. Indeed, the use of [Ir(cod)
(CH3N)2]BF4 and [Ir(cod)(CH3N)2]PF6 as precursors did not produce benzene
hydrogenation. This indicates that BF4

� and PF6
� anions coordinate more strongly

to the NP surface while H+Cl� provide a poor stabilisation, as can be seen by the
formation of aggregates and bulk iridium, but it leads to more active Ir NPs catalysts.

This research group also described the synthesis and characterisation of an
iridium Ziegler catalyst, which was prepared by reaction between [(cod)Ir
(μ-O2C8H15)]2 and AlEt3 in cyclohexane (Scheme 8) [84]. An extensive study of

Scheme 7 (a) Formation of Ir(0) NPs by H2 reduction of [Ir(cod)Cl]2 in acetone; (b) concomitant
hydrogenation of acetone; (c) proposed hydrogenation mechanism

Iridium Nanoparticles for Hydrogenation Reactions 415



the solution by Z-contrast STEM, XAFS and MALDI MS showed a mixture of
monometallic Ir complexes and Ir4–15 nanoclusters of 0.5–0.7 nm in size.

The use of this solution in cyclohexene hydrogenation led to the formation of
larger Ir(0)40–150 nanoclusters with 1.0–1.6 nm in size. Interestingly, the population
of these nanoclusters increased during the hydrogenation process, for which a black
precipitate and a concomitant increase in activity were also observed. Consequently,
although activity by homogeneous iridium species was not discarded, the Ir(0)40–150
nanoclusters are the most active catalyst in the system. Indeed, the precipitate
displays comparable catalytic activity as the maximum activity obtained at the end
of the hydrogenation process. This was further supported by mercury poisoning tests
[85]. The addition of Hg(0) when the process is in the maximum rate regime
completely inhibited the hydrogenation reaction, while some activity, attributed to
non-poisoned homogeneous catalysts as Ir complexes and subnanometer Ir4–15
clusters, is observed if the addition of Hg(0) is carried out at initial stages of
hydrogenation process.

In a subsequent publication, this methodology was applied to prepare a series of Ir
(0) NPs differing in the [(cod)Ir(μ-O2C8H15)]2:AlEt3 ratio (Scheme 9) [86]. As in the
previous work, the [(cod)Ir(μ-O2C8H15)]2 + AlEt3 solution (Al/Ir ¼ 2, 3, 5) gener-
ated highly active Ir(0)40–150 NPs during the hydrogenation reaction of cyclohexene.
It was found that the NPs obtained by addition of 3 or 5 equivalents of AlEt3 are
stable at 200�C (no agglomeration was observed after heating at this temperature for
30 min a solution of Ir NPs prepared in dodecane), while a Al/Ir� 2 it is necessary to
avoid nanoparticle aggregation and formation of bulk Ir(0) during the hydrogenation
process at RT (Scheme 9b).

The different Ir NPs can be isolated as a solid and subsequently used as catalysts
for cyclohexene hydrogenation, providing exceptionally high activities with TOF
values up to 3,500 h�1 for Al/Ir ¼ 2 (Table 16). From the catalytic results, it can be
seen that not only the stability but also the catalytic activity and catalyst lifetime are
affected by the Al/Ir ratio.

An in-depth study based on experimental tests provided strong evidence for
nanoparticle stabilisation by AlEt3 or some of its derivatives [87]. It was proposed

Scheme 8 Preparation of the Ziegler-type iridium catalytic system

Scheme 9 (a) Preparation of the Ziegler-type iridium catalytic system; (b) hydrogenation of
cyclohexene and concomitant formation of Ir(0)~40–150 NPs
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that AlEt3 species are bound to the NP surface in the vicinity of active sites, and thus
an increase in the AlEt3 concentration hinders the access of substrate molecules.
Indeed, the catalytic activity decrease at higher Al/Ir ratios (Table 16) and free AlEt3
was found in the [(cod)Ir(μ-O2C8H15)]2 + AlEt3 catalytic solution for Al/Ir � 3.
However, the results of this study also showed that the stabilisers may be
non-charged aluminium alkyl carboxylates, AlEt2(O2C8H15) or Al–O–Al containing
alkylalumoxanes generated by hydrolysis of AlEt3 (Fig. 3).

Similarly, Finke and coworkers employed a polyoxometalate-containing organ-
ometallic precursor, [Bu4N]5Na3[(1,5-COD)Ir�P2W15Nb3O62], for the preparation of
Ir NPs [88]. This precursor was reduced with H2 in propylene carbonate as solvent,
yielding Ir(0)n clusters that are highly sensitive of synthesis conditions. Isolable and
redispersable nanoclusters with a monodisperse size of 2.1(0.3) nm were obtained at
22�C and 1.2 mM precursor concentration (Table 17). However, non-redispersable
and polydisperse NPs of 5(2) nm in size were generated at 60�C and 0.24 mM
concentration. It was found that under the latter conditions, a (1,5-COD)Ir(solvent)2

+

species is generated, which undergoes a fast and uncontrolled reduction, and thus
leads to the formation of low-quality Ir(0)n clusters. As expected, these Ir NPs
exhibit low activity in cyclohexene hydrogenation in comparison with that shown
by the monodisperse nanoclusters (Table 17).

Table 16 Hydrogenation of cyclohexene by Ziegler-type iridium nanoparticles

Al/Ir ratio Stability at 200�C NP size (nm) TTO TOF (h�1)

2 No 1.4 � 0.7 180,000 after 52 h 3,500

3 Yes 1.5 � 0.5 155,000 after 144 h 1,100

4 Yes 1.7 � 0.4 100,000 after 150 h 700

Reaction conditions: cyclohexene/Ir ¼ 1,375, Ir (0.02 mM), cyclohexene (1.65 M), solvent
(cyclohexane), H2 (2.76 bar), 22�C
TTO total turnover

Fig. 3 Representation of
possible stabilisers on the
surface of Ir(0) NPs
generated from [(cod)Ir
(μ-O2C8H15)]2 + AlEt3
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This cyclohexene hydrogenation reaction was subsequently employed to inves-
tigate the kinetics of the nucleation process that yields the Ir NPs at 22�C, Ir(0)
300,
from this polyoxometalate-containing organometallic precursor (abbreviated as
(COD)Ir�POM8�). The study showed that the nucleation is a second-order homoge-
neous process in the precatalyst ((COD)Ir�POM8�) [89]. Then different nucleation
mechanisms were examined. The results provided evidence for a mechanism named
“alternative termolecular nucleation” (Scheme 10) [90]. In such a mechanism, one
(COD)Ir�POM8� and two (COD)Ir+ species interact to generate a kinetically effec-
tive nucleus (KEN) with {Ir3H2xPOM}8� composition. This KEN contains hydro-
gen in the structure and is the key species that leads to the formation of Ir(0)
300

NPs.
Finally, it is worth mentioning the work of Zhang and coworkers on hydrogena-

tion of quinoline derivatives by “naked” IrO2 NPs [91]. The IrO2 NPs (2 nm) were
synthesised by a ball-milling reaction between IrCl3 and NaOH at RT. These highly
stable NPs were active catalysts for the hydrogenation of quinoline derivatives and
other N-heterocyclic compounds (Table 18) under very mild conditions (H2 balloon,
RT). Very high selectivities towards the hydrogenation of the heterocyclic ring were
observed. Interestingly, substrates with substituents located in the vicinity of the
N-pyridine atom were reduced with very high yields. However, low yields were
obtained with reactants substituted at remote positions (Table 18), and thus harsher
conditions were required to afford good results (60 bar H2, 60�C). In addition, the
recyclability of the IrO2 NPs was evaluated in the hydrogenation of
2-methylquinoline. The nanocatalyst showed an excellent recycling behaviour as
was reused up to 30 cycles without any significant loss in activity and selectivity.
Surprisingly, XPS showed no sign of reduction of Ir(IV).

The authors proposed that the hydrogenation process occurs by a mechanism
where IrO2 stabilises a homolytic hydrogen, which activates the N-heterocycle
through the N atom. Simultaneously, this moiety interacts with the IrO2 NP by a
weak hydrogen bond between a neighbouring methyl H2C–H and a surface oxygen

Table 17 Concomitant hydrogenation of cyclohexene by Ir(0)n nanoclusters prepared in situ
through H2 reduction of [Bu4N]5Na3[(1,5-COD)Ir�P2W15Nb3O62]

[Precursor] (mM) T (�C) NP size (nm) Redispersable TTOs

1.2 22 2.1 � 0.3 Yes 56,000

0.24 60 5.0 � 2.0 No 7,300

Reaction conditions: cyclohexene/Ir ¼ 1,400, solvent (propylene carbonate), H2 (2.76 bar)
TTO total turnover

Scheme 10 Alternative termolecular nucleation mechanism
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atom (Fig. 4). Methanol interacts via oxygen with the surface hydride in the
proposed mechanism, which seems as yet somewhat speculative.

6 Supported Ir NPs

Supported MNPs are one of the most suitable catalysts for industrial applications
since the immobilisation of MNPs on solid supports increases their stability and
recyclability [92]. In addition, MNPs supported on high surface area materials
present a higher active metal surface than conventional heterogeneous catalysts,
making them more active. However, supports not only stabilise MNPs but also are
able to modify their catalytic properties. The following section collects the most
relevant recent hydrogenation examples of reactions catalysed by supported Ir NPs,
with some discussions towards the influence of stabilising supports on the catalysis.

6.1 Ir NPs Supported on Carbon Materials

Carbon materials are one of the most commonly used supports in catalysis. They
present most of the requirements for a catalyst support, such as thermal stability,
high surface area or chemical inactivity. All of this makes them ideal supports for the
immobilisation of MNPs. Moreover, the possibility to modify them by introducing
doping atoms or functional groups, which can modify the electronic properties of the
supported metal, makes these materials attractive for heterogeneous catalysis. The
most common carbon materials used for MNP stabilisation are activated carbon,
fullerenes, carbon nanotubes (CNTs), multi-walled CNTs (MWCNTs), carbon
nanofibers (CNFs), graphenes and reduced graphene oxides (rGO). Most of them,
decorated with Ir NPs, have been used for hydrogenation reactions. In 2010, Faria, in
collaboration with Serp, reported the use of Ir NPs supported on MWCNTs for the
selective hydrogenation of cinnamaldehyde to the corresponding alcohol [93]. Two
types of MWCNT-supported Ir NPs were used as catalysts (before and after a
reduction treatment to remove the excess oxygenated surface groups of the
MWCNTs), and interesting differences were observed in their selectivity (Fig. 5).

Fig. 4 Proposed interaction
between the IrO2 NP and the
substrate through C–H���O
(¼Ir ¼ O) hydrogen
bonding [91]
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Fig. 5 (a) Catalytic hydrogenation of cinnamaldehyde. (b) Selectivity towards COL, HCAL,
HCOL and other products obtained at 50% conversion with MWCNT-supported Ir and Pt NPs.
Bottom: TEMmicrographs of Ir/MWCNT catalysts before (c) and after (d) a post-reduction thermal
treatment at 973 K. Reprinted with permission from Ref. [93]. Copyright 2017 Elsevier
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After the reduction treatment, the MWCNT-supported Ir NPs (Ir/MWCNT973)
showed a higher selectivity to cinnamyl alcohol than the same catalyst before
(Ir/MWCNT). Specifically, at 50% conversion, a selectivity towards the unsaturated
alcohol of 68% was observed. The higher selectivity was explained by the stronger
interaction between the Ir and the carbon nanotubes after removal of the oxygenated
surface groups. An identical support effect, but even more pronounced, was
observed for Pt NPs supported on the same MWCNTs (Fig. 5). However, Mayer
et al. observed that the oxidative treatment of CNTs only had a small influence on the
catalytic activity of supported Ir NPs. Here, the CNT-supported Ir NPs were
prepared through a hydrogenolytic approach and tested in the hydrogenation of
quinaldine [94]. It was observed that the temperature of the hydrogenolysis had a
substantial effect on the catalytic activity of the supported NPs. When low temper-
atures were used (�30�C), large and almost inactive particles were obtained. On the
contrary, higher hydrogenolysis temperatures (60 or 150�C) assist the formation of
smaller NPs (1–20 nm), which exhibit a higher catalytic activity in the hydrogena-
tion of N-heterocycles. Shortly after, Du/Fan et al. employed Ir NPs supported on
CNTs for the selective hydrogenation of biomass-derived levulinic acid (LA) into
γ-valerolactone (GVL) [95]. Apart from carrying out the hydrogenation under mild
aqueous conditions (50�C; 2 MPa of H2), these CNT-supported Ir NPs can operate
in the presence of formic acid (FA), which is present in the LA obtained from the
acid hydrolysis of lignocellulosic biomass. In 2016, Ma et al. applied Ir NPs
immobilised in MWCNTs as catalyst for the selective hydrogenation of
nitroaromatics into the corresponding anilines [96]. This Ir catalyst not only showed
an excellent activity and selectivity for a wide range of nitroaromatics but also
presented a remarkable stability, the catalyst being recycled and reused up to five
times without any signal of deactivation. Ir NPs, but this time supported on CNFs,
were also used by Motoyama et al. for the selective hydrogenation of functionalised
nitroarenes and imines [97]. Here the Ir NPs were generated in three types of CNFs
(platelet, CNFs-P; tubular, CNF-T; and herringbone, CNF-H) and activated carbon
(AC) by thermal decomposition of an iridium carbonyl clusters, Ir4(CO)12. Among
them, Ir/CNF-T demonstrated to be the most efficient catalyst for the hydrogenation
of nitroarenes, being highly active and selective even in the presence of other
functional groups such as nitriles, ketones or esters.

Murzin et al. used a mesoporous carbon material, namely, Sibunit, which com-
bine the benefits of graphite (conductivity and stability) and active carbons (high
adsorption capacity and surface area), to support Ir NPs [98]. The resulting catalysts,
with different metal loadings (0.5, 1 and 3 wt%), were used for the hydrogenation of
citral under atmospheric hydrogen pressure at 70�C. These catalysts were not
selective at all, obtaining a mixture of geraniol, nerol, the isopropyl ethers of geraniol
and nerol (catalysis was carried out in 2-propanol), citronellal and citronellal
diisopropyl acetal (Fig. 6). Ir/Sibunit (1 wt%), which present the larger NPs
(6 nm), produces less geraniol and nerol than the other catalysts, whereas Ir/Sibunit
(3 wt%) forms mostly the ether products.

Ir NPs intercalated between graphite layers (Ir-GIC) were presented by Shirai
et al. for the selective hydrogenation of cinnamaldehyde into cinnamyl alcohol in
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supercritical CO2 (sc-CO2) [99]. In particular, disk-shape MNPs (average diameter
of 8 nm and average thickness of 2 nm; Fig. 7) intercalated between graphite layers
were generated by reduction of IrCl4. Comparing the activity of Ir-GIC with Ir NPs
supported on graphite surface (Ir/Gmix), the selectivity towards the cinnamyl alco-
hol is much higher for Ir-GIC. The higher selectivity of Ir-GIC (> 90% at full
conversion) is explained by the different substrate-metal interactions between the
two catalytic systems. sc-CO2 transports the cinnamaldehyde with the aromatic ring
parallel to the graphite layers, and the substrate preferentially adsorbs by the

Fig. 6 Reaction scheme for the hydrogenation of citral. Reprinted with permission from Ref.
[98]. Copyright 2012 Springer

Fig. 7 TEM images of side view of Ir-GIC for iridium nanodisks of Ir-GIC. Reprinted with
permission from Ref. [99]. Copyright 2019 Chemical Society of Japan
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carbonyl group with the intercalated Ir nanodisks of Ir-GIC. On the other hand,
cinnamaldehyde adsorbs arbitrarily on the supported Ir NPs of Ir/Gmix, showing a
low selectivity (44% at 90% of conversion).

The possibility to functionalise carbon materials by introducing heteroatoms,
such as N, can influence the catalytic activity of the supported Ir NPs. In line with
this, Huang et al. reported an Ir catalyst based on Ir Nps supported on an N-doped
carbon material for the reductive amination of ketones and aldehydes with
nitroaromatics and amines [100]. The Ir NPs supported on N-doped carbon were
generated by pyrolysis of IrCl3 in the presence of an ionic liquid [MCNI]Cl
(1-methyl-3-cyanomethylimidazoulium chloride) and activated carbon. The best
catalyst resulted from the pyrolysis at 600�C during 2 h, Ir@NC(600-2 h), showing
total selectivity at full conversion in the reductive amination of nitrobenzene with
benzaldehyde using H2 gas (Table 19, entry 2). A clear effect of the N-doped support
was observed, since Ir NPs generated from pyrolysis of iridium trichloride in
activated carbon showed much less activity (Table 19, entry 6). They also observed
that N-doped carbon facilitates the dispersion and the stability of the Ir NPs on
Ir@NC(600-2 h).

Another efficient way to improve the selectivity of supported MNPs is the
introduction of a second metal. Drelinkiewicz et al. reported monodisperse and
well-distributed Pd-Ir alloy NPs supported on carbon (Pd-Ir/C) for the hydrogenation
of cinnamaldehyde (Fig. 8, top) [102]. Monometallic Pd NPs are highly active and
selective towards C¼C hydrogenation, whereas Ir NPs are more selective to C¼O
bond hydrogenation, but at the same time they are less active. Thus, they found that

Table 19 Reductive amination of nitrobenzene with benzaldehyde using Ir catalysts. Reprinted
with permission from Ref. [100]. Copyright 2017 Wiley-VCH

Entry Catalyst Conversiona (%) Yielda (%)

1 Ir@NC(500-2 h) 95 91

2 Ir@NC(600-2 h) 100 100

3 Ir@NC(700-2 h) 96 93

4 Ir@NC(600-3 h) 99 98

5 IL/C(600-2 h) 0 0

6 Ir/C(600-2 h) 10 7

7 Ir-IL/C 12 10

8 b Ir@NC(600-2 h) Trace 0

9c Pd/C 100 33
aDetermined by GC, n-hexadecane was used as internal standard
bWithout H2
c0.1 mol% Pd (Pd/C) was added; IL ¼ [MCNI]C1; C ¼ active carbon
dReaction conditions: 1.0 mmol nitrobenzene; 1.4 mmol benzaldehyde; Ir@NC(600-2 h) (Ir 0.1 mol
%, 28 mg) added; toluene (2.0 mL); at 80�C; under 20 bar H2; 18 h
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the monometallic Pd/C catalyst was more active than the bimetallic one, while
Pd-Ir0.1/C was more selective towards the formation of the unsaturated alcohol.
Therefore, the incorporation of a small amount of Ir (0.1 equiv.) on the Pd surface
is able to modify the nanoparticle catalytic selectivity.

Another recent example is the catalytic transformation of
5-hydroxymethylfurfural (HMF) to 2,5-dimethylfuran (DMF) over bimetallic PtIr
NPs supported on a mesoporous carbon material, CMK-3, described by Beltramone
et al. (Fig. 8) [101]. While the monometallic catalyst (Pt-CMK-3) gave 50%
selectivity towards DMF at 90% conversion, the bimetallic one (PtIr-CMK-3)
showed a higher activity/selectivity (86% at 98% conversion). In conclusion, they
observed that the PtIr alloy catalyst is more active and selective towards the
formation of 2,5-DMF than the analogous Pt catalyst, due to a synergistic effect
between Ir and Pt.

Two-dimensional carbon-based materials like graphene, graphene oxide or
reduced graphene oxide are being widely used for the deposition of MNPs

Fig. 8 Reaction scheme for the hydrogenation/hydrodeoxygenation of hydroxymethylfurfural
(HMF). Reprinted with permission from Ref. [101]. Copyright 2019 Elsevier
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[103]. In particular, there are a couple of recent examples about catalysts based on Ir
NPs supported on graphene materials for hydrogenation reactions. In 2015, Janiak
and coworkers presented Ir NPs supported on thermally reduced graphite oxide, or
“graphene”, (Ir@TRGO) as a recyclable catalyst for the hydrogenation of benzene or
cyclohexene [72]. The Ir NPs were generated by thermal decomposition of Ir4(CO)12
in the presence of the graphene material in an ionic liquid (1-butyl-3-
methylimidazolium tetrafluoroborate) by microwave or electron-beam irradiation,
as was already introduced in Sect. 2 on IL supported Ir NPs. Ir@TRGO showed a
high activity in the solvent-free hydrogenation of benzene to cyclohexane
(TOF ¼ 10,000 h�1) under relatively mild conditions (100�C, 10 bar H2). This
catalyst was reused more than ten times without any significant loss of activity.
Moreover, through size effect studies, they found that the optimum NP diameter for
benzene hydrogenation in these conditions and with this kind of catalysts is
3.6 � 1.0 nm. Reduced graphene-supported iridium NPs (Ir/rGO) were also
employed by Rong et al. for the hydrogenation of p-chloronitrobenzene ( p-CNB)
and cinnamaldehyde (CAL) [104]. Here, graphene-supported Ir NPs were prepared
following a one-pot hydrothermal method, in which H2IrCl6

.6H2O was reduced
together with graphene oxide under different H2 pressures and temperatures. Inter-
estingly, by adjusting the hydrothermal conditions, it was possible to modulate the
catalytic properties of the obtained catalysts. Ir/rGO obtained at higher H2 pressure
displayed better activities in the hydrogenation reactions due to a higher reduction
degree of the Ir NPs. On the other hand, when low hydrothermal temperatures were
used, the reduction of the graphene oxide was not complete, and different reactivities
were observed for p-CNB and CAL due to distinct support-substrate interactions.
Graphene with more oxygenated surface groups (resulting from low hydrothermal
temperatures) facilitate the interaction between nitro groups and the surface via
H-bonds. However, graphene with less oxygenated surface groups (higher hydro-
thermal temperatures) favours the adsorption of CAL on the graphene surface
through π-π stacking interactions (Fig. 9). Therefore, they demonstrated that
substrate-support interactions strongly influence the catalytic activity of graphene-
support Ir NPs.

Fig. 9 Different adsorption modes of p-CNB (left) and CAL (right) on Ir/rGO depending on the
amount of oxygenated surface groups. Reprinted with permission from Ref. [104]. Copyright 2019
Elsevier
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6.2 Metal Oxide-Supported Ir NPs

6.2.1 Ir NPs Supported on TiO2

During the last decade, catalysts based on MNPs supported on metal oxides have
awakened a great interest in heterogeneous catalysis. One of the most often
employed and studied metal oxide supports is titanium oxide or titania (TiO2). The
great interest for TiO2-supported MNPs comes from their strong metal support
interaction, chemical stability and high surface area, which is reflected in an
improved catalytic activity and stability.

In 2012, Luo et al. reported a series of catalysts based on Ir NPs supported on
TiO2 (Ir/TiO2) for the vapour-phase selective hydrogenation of crotonaldehyde to
the corresponding unsaturated alcohol [105]. Ir/TiO2 catalysts with an Ir content of
3 wt% were synthesised by the reduction of titania impregnated with H2IrCl6 in H2 at
different temperatures (100, 200, 300, 400 and 500�C). It was found that the
reduction temperature has a great influence in the activity and selectivity of the
resulting catalysts. While catalysts reduced at 100 and 500�C show poor activity and
selectivity after 500 min under flow conditions (~25% selectivity at ~3% conver-
sion), Ir/TiO2 reduced at 300�C present the highest activity/selectivity (75% selec-
tivity at 27% conversion). Ir/TiO2 reduced at 100�C (Ir/TiO2�100) contains a large
number of Lewis acid sites (Irδ+), which strongly interact with the reactant through
the carbonyl oxygen (σ2), favouring the interaction between the double bond and Ir
(0) species (π), and the subsequent formation of butanal (Fig. 10). On the other hand,
Ir/TiO2�300 with a lower content of Irδ+ species, and a majority of Ir (0), exhibit a
medium strength substrate-metal interaction between the carbonyl carbon and Ir
(0) sites (σ1), which is reflected in a higher conversion and selectivity towards crotyl
alcohol (Fig. 10). However, with Ir/TiO2�500, there is a strong interaction between
carbonyl carbon and Ir(0) species (σ1) that impedes the desorption of
crotonaldehyde and supresses the activity. Therefore, the activity and selectivity of
these titania-supported Ir NPs are highly dependent on the nature of substrate-metal
interactions (π, σ1 and σ2). This adsorption model of crotonaldehyde on Ir NPs was
previously proposed by Reyes et al. in 2003 [106].

A similar catalytic behaviour was observed by Rojas et al. in the hydrogenation of
citral over Ir NPs supported on TiO2 (Ir/TiO2), prepared by deposition of
H2IrCl6

.
6H2O at high H2 pressure [107]. Comparing the results obtained for

Ir/TiO2 before and after a reduction treatment [H2 flow (30 mL/min) at 500�C for
2 h], the activity and selectivity towards the hydrogenation of the carbonyl group

Fig. 10 Adsorption mode
of crotonaldehyde on
Ir/TiO2 proposed by Luo
et al. Reprinted with
permission from Ref.
[105]. Copyright 2012
Elsevier
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were totally different. While as-synthesised Ir/TiO2 showed a very low conversion
and poor selectivity towards the corresponding alcohol (26% selectivity and 1%
conversion after 3 h reaction), pre-reduced Ir/TiO2 greatly enhanced the selective
hydrogenation of the carbonyl group achieving a selectivity towards geraniol of
around ca. 90% at a conversion of 26% (3 h reaction). The enhancement of both
activity and selectivity is probably due to an increase in the ratio of Ir(0)/Irδ+ after the
reduction treatment.

In 2016, Hagelin-Weaver, Bowers et al. investigated the effects on metal-support
interactions on the pairwise selective parahydrogen addition over Ir/TiO2 and the
subsequent hydrogenation of propene [108]. Comparing Ir/TiO2 with Ir supported in
other non-reducible oxides such as SiO2 and Al2O3, they found that after a reduction
treatment of Ir/TiO2 at 500�C, the pairwise selectivity increases up to 20 times. The
strong metal-support interaction (SMSI) of the partially reduced titania, together
with the presence of flat-shaped Ir NPs and Cl� ions, is responsible for this increase
in the pairwise selectivity. Toledo-Antonio et al. also studied the influence of metal-
support interactions on Ir NPs over TiO2 but using this time the hydrogenation of
cyclohexene as model reaction [109]. In particular, they generated Ir NPs on anatase
TiO2 nanoparticles and anatase TiO2 nanotubes via wet impregnation of H2IrCl6
followed by a calcination (400�C under air, 4 h) and hydrogenation steps (400�C
under H2, 2 h). 1.3 nm half truncated cuboctahedral nanoparticles were generated on
TiO2 nanoparticles, while full 1.4 nm cuboctahedral particles were obtained on TiO2

nanotubes. The differences in morphology and metal-support interactions resulted in
different catalytic performances. At 0�C, Ir NPs on TiO2 nanotubes showed a
slightly higher activity than the truncated ones on TiO2 nanoparticles (TOFs: 4.7
Vs 3.2 s�1). The lower activity of Ir truncated NPs was explained by their poorer
metallic character due to a different metal-support interaction. Therefore, the TiO2

crystal planes that interact with Ir NPs strongly influence both the morphology and
the catalytic activity of the resulting catalysts. The same group also generated
bimetallic (IrPt) NPs on TiO2 nanotubes (NT) via wet impregnation of H2IrCl6
and H2PtCl6. The catalytic activity of these bimetallic materials was checked in
the cyclohexene disproportionation reaction [110]. In general, the bimetallic catalyst
was more active in cyclohexene disproportionation reaction than the corresponding
monometallic ones. More specifically, under 150�C cyclohexene is hydrogenated to
cyclohexane, whereas above 200�C, cyclohexene is dehydrogenated to benzene
(Fig. 11). However, Ir does not only promote Pt catalysts. In 2014 Li et al. reported
how Ir is also able to promote Au/TiO2 catalysts for the selective hydrogenation of
cinnamaldehyde [111]. Monometallic Ir/TiO2 is more active than Au/TiO2 but much
less selective towards the formation of cinnamyl alcohol (Fig. 12a). The bimetallic
catalysts Au-Ir/TiO2, however, showed a hydrogenation rate five times higher than
Au-Ir/TiO2 but a similar selectivity to the alcohol (84%). Therefore, the incorpora-
tion of Ir on Au-Ir/TiO2 increases the activity while maintaining the selectivity of
Au. This synergic effect was explained by substrate-metal interactions. They pro-
posed that cinnamaldehyde is preferentially adsorbed on bimetallic NPs through the
carbonyl groups, since carbonyl carbon is adsorbed on gold atoms (negatively
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charged), while carbonyl oxygen is adsorbed on Ir ones (positively charged;
Fig. 12b).

6.2.2 Ir NPs Supported on ZrO2

ZrO2, or zirconia, is also a metal oxide support suitable for MNP stabilisation due to
its high surface area and good thermal stability. For example, in 2010, Ir NPs
supported on hydrous zirconia (Ir/ZrO2•xH2O) were straightforwardly prepared by
a co-precipitation method by Li et al [112]. This catalyst, Ir/ZrO2•xH2O, compared
with Ir/ZrO2 prepared by impregnation method, showed a higher activity and
selectivity in the hydrogenation of haloaromatic nitro compounds to the

Fig. 11 (a) Cyclohexene hydrogenation to cyclohexane and dehydrogenation to benzene over
Ir/NT, Pt/NT and PtIr/NT catalysts. (b) Selectivity to cyclohexane and benzene. Reprinted with
permission from Ref. [110]. Copyright 2012 Elsevier

Fig. 12 (a) Hydrogenation of cinnamaldehyde over Au/TiO2, Ir/TiO2 and Au-Ir/TiO2. (b) Adsorp-
tion mode of cinnamaldehyde on Au-Ir/TiO2 proposed by Li et al. Reprinted with permission from
Ref. [111]. Copyright 2014 Elsevier
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corresponding amine by using as solvent a mixture of water and ethanol. The higher
activity and selectivity were attributed to the formation of hydrogen bonds between
the substrate and the hydroxyl groups of the hydrous support or water molecules,
which activates the nitro group. This catalyst also showed a remarkable stability as it
could be reused up to six times without any loss of activity/selectivity. Along the
same line, Reyes et al. employed Ir/ZrO2 for the hydrogenation of meta-substituted
nitrobenzenes (-H, -CHO, -OCH3, -CH3, -Cl, -CN, -CH¼CH2 and -NO2)
[113]. After characterisation the Ir/ZrO2 catalyst showed the presence of mainly
zero valent, partially oxidised, Ir NPs with a mean diameter of 1.8 nm. Ir/ZrO2

exhibited a great activity and selectivity in the hydrogenation of a great number of
substituted nitrobenzenes to the corresponding amine, except for m-nitrostyrene and
m-nitrobenzaldehyde where there is a competition between two functional groups
(NO2 and C¼O or C¼C). Comparing different electron donating/withdrawing sub-
stituents, they observe that the presence of donor groups decreases the NO2 reduc-
tion rate (Fig. 13). These results point to a strong dependence of the electronic
character of the substrate on the hydrogenation reaction rate.

Fig. 13 (a) Hydrogenation
of (a) electron-donor and (b)
electron-withdrawing meta-
substituted nitrobenzenes
over Ir/ZrO2. Reprinted with
permission from Ref.
[113]. Copyright 2013
Elsevier
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6.2.3 Ir NPs Supported on MoOx

Reducible metal oxides such as MoOx, with variable oxidation states that can be
easily reduced during catalysis (or catalyst preparation), have emerged as promising
supports for MNPs. They normally present numerous oxygen vacancies and strong
metal-support interactions, which results in efficient catalysis. For example, Gao
et al. reported Ir NPs supported on hydrogenated MoOx nanorods for the selective
hydrogenation of α, β,-unsaturated aldehydes [114]. Following a one-pot synthetic
method, they formed Ir NPs supported on hydrogenated nanorods of MoOx (Ir/H-
MoOx), while simultaneously generating the Ir NPs and the hydrogenated support
(H-MoOx; Fig. 14a). More specifically, Ir NPs dissociates the H2 to H atoms, which
subsequently spill over to the MoO3 surface as a proton and electron, doping the
support with hydrogen. The obtained catalysts, Ir/H-MoOx, showed a high
chemoselectivity in the hydrogenation of cinnamaldehyde to cinnamyl alcohol
(93% selectivity at full conversion). Ir/H-MoOx also promotes the selective hydro-
genation of a large number of other substrates with multiple functional groups, such
as crotonaldehyde, citral, furfural, chloronitrobenzene or nitrobenzoic acid. The high
selectivity was explained by the presence of Irδ- species on Ir/H-MoOx which
facilitates the adsorption of the cinnamaldehyde through the carbonyl group
(Fig. 14b). The shelf life of the catalyst was investigated, showing good levels of

Fig. 14 Illustration of (a) one-pot synthesis of Ir/H-MoOx for selective hydrogenation reactions
and (b) different adsorption modes of cinnamaldehyde on Ir(0) and Irδ- surfaces. Reprinted with
permission from ref. [114]. Copyright 2016 Elsevier
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recyclability. After five successive catalytic runs, it presented similar values of
activity and selectivity (>90%). Somewhat later, the same group studied how the
hydrogen doping into MoO3 nanorods modulate the metal-support interactions and
enhance the chemoselectivity of supported Ir NPs in the hydrogenation of furfural to
furfuryl alcohol [115]. Through a controlled hydrogen doping by varying the
reduction temperature, the contents of low-valence Mo species (Mo5+ and Mo4+)
and Ir0/Irδ+ ratios on the surface were adjusted to obtain the most efficient catalyst. In
particular, Ir/H-MoOx reduced at 400�C showed the best activity (TOF: 4.62 min�1)
and selectivity (> 99%) in the hydrogenation of furfural to furfuryl alcohol in mild
conditions (30�C and 20 bar H2). These works highlight the importance of supports
in MNP catalysis, which can modify the electronic properties of the metal centres
and therefore enhance the nanoparticle catalytic behaviour.

6.2.4 Ir NPs Supported on Magnetic NPs

The immobilisation of MNPs on magnetic responsive supports, such as Fe3O4,
MnFe2O4 or CoFe2O4, facilitates the catalysts recovery and the separation of the
products after catalysis. In 2012, Rossi et al. reported the generation of Ir NPs by H2

reduction of IrCl3 on a magnetic support based on Fe3O4 NPs covered by an amino-
modified silica shell [116]. The resulting magnetically recoverable catalyst,
Fe3O4@SiO2-NH2-Ir

0 (Fig. 15b), exhibited a remarkable activity in the hydrogena-
tion of alkenes (e.g. TOF: 6,000 h�1 in the hydrogenation of cyclohexene to
cyclohexane). It was observed that the functionalisation of the silica shell with
amino groups was crucial for the stability of the catalyst. The surface amino group
improves the metal-support interactions and enhance the recyclability of the catalyst.
With the help of an external magnet, the catalyst was recovered and reused up to six
times without any loss of activity. Moreover, the amino groups on SiO2 surface
promote the metal adsorption during the synthesis and minimises the metal leaching
during the catalysis (Fig. 15a). Again, this work emphasised the importance of the
support on MNP catalysis, which plays a crucial role in the stability and recyclability
of the catalyst.

6.2.5 Ir NPs Supported on MgO

MgO is a well-known high surface area support widely used in heterogeneous
catalysis. Like other basic supports, MgO is capable to modify the catalytic proper-
ties of MNPs. Another efficient way to modify the MNP reactivity is through the use
of additives. For example, Tomishige et al. presented Ir NPs supported on MgO and
modified with Fe cations as effective heterogeneous catalyst for the selective hydro-
genation of α,β-unsaturated ketones [117]. In particular, Fe cation-modified Ir/MgO
produced the corresponding α,β-unsaturated secondary alcohol with a high activity
(initial TOF ¼ 12 min�1) and selectivity (up to 90%). The catalyst was obtained in
situ by mixing Ir/MgO and the Fe cation precursor [Ir/MgO+Fe(NO3)3]. Kinetic
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studies and catalyst characterisations proposed that the active sites are the interface
among Ir0, Ir4+ and Fe2+ species on the MgO support. More specifically, the cation
Fe2+ next to the anion O2� dissociate the H2 in a heterolytic way and generate H�

and H+ species (Fig. 16). Next to these hydride and proton species, C¼O bonds
adsorb on Ir4+ sites through a dipole-dipole interactions and form a six-membered

Fig. 15 (a) Supernatant solutions obtained after magnetic separation of Ir0 catalysts immobilised
on non-functionalised supports and amino-functionalised supports. (b) TEM micrographs of
Fe3O4@SiO2-NH2-Ir

0. Reprinted with permission from Ref. [116]. Copyright 2013 Wiley-VCH

Fig. 16 Proposed mechanism for the hydrogenation of α,β-unsaturated ketones over Ir/MgO+Fe
(NO3)3. Adapted and reproduced with permission from ref. [117]. Copyright 2017 American
Chemical Society
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intermediate, which promotes the selective, outer-sphere hydrogen transfer to the
carbonyl group and explains the high activity/selectivity observed with this catalyst.

6.2.6 Ir NPs Supported on Al2O3

Another metal oxide support extensively used for MNP immobilisation is alumina or
Al2O3, which can be found in various forms including alpha (α-Al2O3) and gamma
(γ-Al2O3). In addition to a high chemical and hydrothermal stability, its high surface
area and acid-base properties make it a useful support for heterogeneous catalysis. In
2010, Finke et al. carried out kinetic and mechanistic studies about the formation of
Ir NPs on γ-Al2O3 (Ir(0)n/γ-Al2O3) from an oxide-supported metal complex, based
on [Ir(1,5-COD)Cl]2 on γ-Al2O3 (Ir(1,5-COD)Cl/γ-Al2O3) [118]. They found that
that the NP formation followed a two-step mechanism based on a slow continuous
nucleation and a fast autocatalytic surface growth. In fact, Finke et al. used the
hydrogenation of cyclohexene to cyclohexane as a reporter reaction, being able to
monitor the formation of Ir NPs (2.9 � 0.4 nm) during the synthesis (acetone, 22�C,
3 bar H2 and 1.700 equiv. of cyclohexene). The resulting catalysts, Ir(0)n/γ-Al2O,
showed a higher activity and longer lifetime than previous catalysts reported until the
date based on Ir NPs supported on alumina. In the same year, Piccolo et al.
investigated the decomposition of Ir(acac)3 (acac ¼ acetylacetonate) impregnated
on silica-alumina (40 wt% silica, ASA) by TEM, in situ XRD and
thermogravimetry-differential thermal analysis-mass spectrometry (TG-DTA-MS)
[119]. Here, the heating treatments under oxidative (O2), reductive (H2) and inert
conditions (Ar) were compared. After the calcination under air of Ir(acac)3 on ASA,
large and not very well-distributed IrO2 NPs (8 � 4 nm) were formed, the acac
ligands having been burnt to CO2 and H2O. However, under reductive conditions
small Ir NPs (1.4 � 0.2 nm) are formed, while the acac ligand is decomposed
(hydrogenolysis) and hydrogenated to alkanes and water. Lastly, thermal treatment
under Ar was not able to completely remove acac ligands from the MNP surface. In a
consecutive work, the same group employed Ir/ASA for the tetralin hydroconversion
in the presence of H2S as an active, robust and thiotolerant catalyst [120].

The behaviour of Ir NPs supported on alumina and silica in the enantioselective
hydrogenation of ethyl pyruvate was studied by Bachiller-Baeza et al. in 2013
[121]. More specifically, they generated Ir NPs on silica and alumina by two
different synthetic methods (incipient wetness impregnation and flame spray pyrol-
ysis) and tested these catalysts in the ethyl pyruvate hydrogenation using
cinchonidine as chiral modifier. Although these catalysts showed good catalytic
activities, they only exhibit moderate enantioselectivities to (R)-ethyl lactate [enan-
tiomeric excess: 26% (Ir/SiO2) and 15% (Ir/Al2O3); Fig. 17]. However, interesting
differences depending on the preparation method and the support were found. It was
observed that the choice of support is more important than the preparation method,
since the metal-support interactions strongly influence the surface structures of the Ir
NPs (i.e. size, morphology and electron density). According to this, the best catalyst
turned out to be Ir/SiO2 prepared by the wetness impregnation method.

434 L. M. Martínez-Prieto et al.



Structural symmetric dendrimers have also been used to generate and stabilise Ir
NPs. The strong dendrimer-metal precursor interactions facilitate and control the
formation of the nanoparticles. For example, in 2008, Williams et al. obtained Ir NPs
supported on γ-Al2O3 (Ir/γ-Al2O3) following a dendrimer metal nanocomposite
approach (DMN) [122]. In particular, IrCl3�3H2O was first complexed with a four
generation hydroxyl-terminated polyamidoamine [(G4OH) PAMAM] dendrimer,
thanks to the large amount of amines sites available for Ir3+ coordination. Then,
Ir/γ-Al2O3 was prepared through a wet impregnation of the DMN precursor on the
alumina followed by an oxidation/reduction treatment. The resultant catalyst (1 wt
%) was tested in the hydrogenation of benzonitrile and compared with Ir/γ-Al2O
prepared by a conventional method (wet impregnation of IrCl3�3H2O instead of the
DMN precursor). Although the DMN approach produces more well-dispersed NPs
overall with large Ir loadings, dendrimer-derived catalysts show similar activity and
selectivity for benzonitrile hydrogenation compared to conventionally prepared
catalyst.

Mixed oxides are also attracting attention as MNP support since they present a
wide range of acidities. In 2012, Buriak et al. reported an interesting comparative
study about mono- and multimetallic nanoparticles supported on different metal
oxide supports for the hydrogenation of a series of aromatic compounds [123]. In
particular, the catalytic activity of 72 different catalysts (with different MNP and
support compositions) were compared in the hydrogenation of arenes (toluene,
naphthalene) and heteroarenes (pyridine, quinoline, indole, thiophene and
benzothiophene). Combination of 4 metals (Rh, RhPt, RhIr, RuPt, IrPt and RhPtIr)
over 12 different supports (pure Al2O3, SiO2 and TiO2 and 9 combinations between
them) were used to create the catalyst library and perform the screening study. The
catalyst synthesis followed a one-pot process in which the metallic salts
(NP precursors) were mixed with metal alkoxides (oxide support precursors) in a
solution of EtOH/H2O/HCl. 56 catalysts of the initial 72 demonstrated to be active in

Fig. 17 (a) Enantioselective hydrogenation of ethyl pyruvate using cinchonidine (red) as chiral
modifier and supported Ir NPs as catalysts. (b) Enantiomeric excess (ee) to (R)-ethyl lactate at full
conversion over Ir catalysts. React. Cond.: EtOH, 298 K, 20 bar H2, 42 mg Ir catalyst (Ir content:
5 wt%). Adapted and reproduced from ref. [121]. Copyright 2013 Elsevier
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the hydrogenation reactions. The inactive catalysts were those based on MNPs
supported on SiO2, SiO2(25%)-TiO2(75%) and SiO2(50%)-TiO2(50%). Among the
substrates, only five [toluene, naphthalene, indole, quinoline and benzothiophene (<
4% conversion)] were hydrogenated under the applied conditions (Fig. 18). Among
all the reactants studied, quinoline was the most active. A support effect is evident
for toluene and quinolone, where the combination of metals is not as influential as
the metal oxide chosen as support, which plays a more important role. For example,
catalysts based MNPs supported on Al2O3 or Al2O3-containing supports are the
most active, even when the MNP size and oxidation state were comparable with
other catalysts. On the other hand, for naphthalene and indole hydrogenations, both
support and metal compositions have a substantial effect in the catalyst activity. This
combinatory study highlights the great influence of support and metal composition
of MNPs for hydrogenation reactions, being crucial the accurate election of them to
obtain efficient catalysts.

Although metal-support interactions strongly affect the catalytic activity of
supported MNPs, a recent study of Wang et al. revealed that the dispersion of the
support in the reaction media also plays an important role and even more pronounced
than this MNP-support interaction [124]. Investigating the catalytic activity of Ir NPs
supported on different supports, such as the mesoporous zeolite SBA-15, N-doped
carbon, active carbon or various metal oxides (γ-Al2O3, ZrO2, MgO, TiO2 and
CeO2) in the hydrogenation of benzoic acid to cyclohexanecarboxylic acid in
water under mild condition, they showed that the stability of support dispersions is

Fig. 18 Hydrogenation of toluene (a), indole (b), naphthalene (c) and quinoline (d) using mono-
and multimetallic NPs supported on metal oxide supports. React. Cond.: isopropanol (20 ml); 24 h;
10 bar H2 pressure; 9–16 mg of catalysts (metal content: 1 wt%). Adapted and reproduced from ref.
[123]. Copyright 2012 with permission from American Chemical Society
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a key factor. Plotting the zeta potential of the different support used Vs the conver-
sion of the corresponding Ir catalysts, a clear support dispersion effect can be
observed (Fig. 19a). The catalytic activity of the catalysts linearly increases with
the absolute value of zeta potential of the supports, Ir γ-Al2O3 being the fastest
catalyst. Joint experimental/theoretical studies demonstrated a “volcano” curve
between TOFs of benzoic acid hydrogenation and the difference of adsorption
energies between H2 and H2O on different mono- and bimetallic catalysts. This
curve presents an optimum energy value about �0.6 eV, which means that H2 must
adsorb 0.6 eV more efficiently than H2O (Fig. 19b). This explains the high activity of
Ir and Rh catalysts that are on the top of the volcano curve. Therefore, the activity of
this aqueous hydrogenation reaction is guided by the adsorption energies of reactants
and solvent.

6.2.7 Ir NPs Supported on AlO(OH)

Park et al. compared the activity of Ir and Rh NPs entrapped in aluminium
oxyhydroxide [Rh/AlO(OH) and Ir/AlO(OH)] in the hydrogenation of aromatics
and ketones [125]. In general, Ir/AlO(OH) showed a lower activity in the hydroge-
nation of arenes than the rhodium catalyst, which showed a TON over 20,000 in the
hydrogenation of benzene and anisole under solvent-free conditions (75�C; 4 bar
H2). However, for the hydrogenation of ketones, catalysts were highly dependent on
the reaction conditions. While Rh/AlO(OH) shows a higher conversion at room
temperature (hydrogen balloon, n-hexane as solvent), the activity of Ir/AlO(OH) is
much higher under solvent-free conditions (75�C; 4 bar H2) (Fig. 20). The reuse and
recyclability of these stable catalysts were investigated. For example, Rh/AlO
(OH) retained its activity during ten cycles under mild conditions (n-hexane, room
temperature and hydrogen balloon) and at least during five cycles under solvent-free
conditions at 75�C and 4 bar H2. Fan et al. used a similar catalytic system, Ir NPs

Fig. 19 (a) Relationship between the conversion of benzoic acid over various Ir catalysts and the
zeta potential of their corresponding supports. (b) Catalytic activity (TOF/h�1) as a function of the
difference of adsorption energies between H2 and H2O (ΔE/eV) on different mono- and bimetallic
catalysts. Reprinted with permission from Ref. [124]. Copyright 2017 the Royal Society of
Chemistry
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entrapped in AlO(OH), for the selective hydrogenation of p-chloronitrobenzene to p-
chloroaniline under mild conditions (35�C, 1 bar H2, 1 mmol substrate, solvent:
5 mL ethanol +2.0 mL H2O, 2 h) [126]. The excellent activity and selectivity of this
catalyst are attributed to the formation of hydrogen bonds between the nitro group of
the substrate and the surface hydroxyl groups of the catalyst, which promotes the
hydrogenation of –NO2 groups. Moreover, the hydrogen bonds formed between the
aniline and water facilitate the desorption of the products from the catalyst surface.

6.3 SiO2-Supported Ir NPs

SiO2, also called silica, has been widely used to stabilise MNPs. Unlike reducible
metal oxides like TiO2, which present strong metal-support interactions and influ-
ence in a higher degree the MNP properties, the irreducible oxides like silica are
normally more inert supports. In a collaborative effort, Reyes and Claver generated
Ir, Pt and Rh NPs on SiO2 by reduction of the corresponding metallic salts in the
presence of a chiral diphosphine, (2R,4R)-2,4-bis(diphenylphosphino)pentane [(R,
R)-BDPP; Fig. 21] [44]. These chiral SiO2-supported MNPs were tested in the
asymmetric hydrogenation of numerous ketones (ethyl pyruvate, acetophenone,
2,3-butanedione, 1-phenylpropane-1,2-dione and 3,4-hexanedione). All catalysts
showed good levels of conversion and enantioselectivity (up to 78% with Rh NPs)
due to the functionalisation of the MNP surface with the chiral phosphine ligand. For
more details see Sect. 1 on ligand-stabilised Ir NPs. This study was the first example
of enantioselective hydrogenation of ketones induced by the presence of a chiral
phosphine ligand on the metal surface of supported MNPs.

Fig. 20 Hydrogenation of aromatics and ketones over Rh/AlO(OH) and Ir/AlO(OH). Reprinted
with permission from Ref. [124]. Copyright 2007 Wiley-VCH

Fig. 21 (R,R)-BDPP chiral ligand used in ref. [44]
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Tsukuda et al. reported a size-controlled synthesis of 15, 30 or 60 atoms Ir
clusters within a OH-terminated poly(amidoamine) (PAMAM) dendrimer of gener-
ation 6 (Irx:G6; x ¼ 15, 30 or 60) [127]. After deposition of Irx:G6 in SiO2, these Ir
catalysts selective hydrogenated the –NO2 group of 2-nitrobenzaldehyde into
2-aminobenzaldehyde and anthranil under mild conditions (30�C, 1 bar of H2). A
clear size dependency in the selectivity of the reaction was observed; the smaller the
iridium cluster is, the more selective the catalyst is towards the formation of
2-aminobenzaldehyde (Table 20).

As we have previously mentioned, an efficient way to improve the selectivity of
supported MNPs in the hydrogenation of substrates with different functional groups
is the use of a second metal. In 2013, Tomishige and coworkers reported silica-
supported Ir NPs decorated with ReOx (Ir-ReOx/SiO2) as active catalyst for the
selective hydrogenation of unsaturated aldehydes towards the corresponding alco-
hols [128]. The catalysis was performed in water at low temperature (30�C) and
moderate H2 pressure (8 bar). Here, the Ir atoms, in cooperation with the basic oxide
species, heterolytically dissociate H2 into H

δ+ and Hδ– (Fig. 22a). This heterolytic H2

cleavage explains the high activity and selectivity exhibited by this catalyst in the
gram-scale hydrogenation of crotonaldehyde (92% conversion and 90% selectivity;
initial TOF ¼ 12,600 h�1). This synergy between Ir NPs and ReOx species signif-
icantly increased the selectivity, keeping the characteristic high activity of noble
metals. Another interesting synergistic effect was observed by Liao et al. on bime-
tallic PdIr NPs supported on mesoporous silica nanoparticles (PdIr/MSN) prepared
by an impregnation-hydrogenation method [129]. They observed that the incorpo-
ration of Ir on Pd NPs significantly enhances the activity and selectivity of the
catalyst in the hydrogenation of nitrobenzene to aniline. Here, there is an evident
promoting effect, since bimetallic NPs with a molar Ir/Pd ratio of 0.1 (PdIr0.1/MSN)
present an activity up to 28 and 8 times higher than those containing monometallic
Ir/MSN and Pd/MSN, respectively (Fig. 22b). The promotional effect of Ir was
explained by two factors: (1) an increase in the number of surface-active sites,
consequence of a small NP size, and (2) a modification of the electronic properties
of the MNP surface, which intensifies the electronic interactions. Liang et al. also
observed a significant promotion effect of Ir in the selective hydrogenation of phenol
to cyclohexanone over bimetallic PtIr NPs supported on hollow mesoporous silica
spheres (HMSs) [130]. They generated the bimetallic PtIr on HMSs with different
metal molar ratios (Ir/Pt: 0.5, 0.2 or 0.1) following a simple impregnation-reduction
method. All catalysts showed similar selectivities towards cyclohexanone (80–85%),
but different conversions were obtained depending on the amount of Ir incorporated.
The most active catalyst was the one with a Ir/Pt molar ratio of 0.1 (PtIr0.1), with
60% of conversion (8.6 times higher than the monometallic Pt/HMS; Fig. 22c, left)
and good levels of stability (4 recycle times; Fig. 22c, right). Here, the positive effect
of the Ir is attributed to the enhancement of the metal dispersion (higher number of
active sites) and the modulation of the NP electronic state (influence the MNP
catalytic behaviour). Another example about a synergistic effect was reported by
Ding et al. [131], in which ultrasmall silica-supported bimetallic NPs (Pd-Ir/SiO2,
Pd-Pt/SiO2, Pd-Au/SiO2, Pt-Ir/SiO2 and Ru-Pt/SiO2) were active in the selective
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hydrogenation of acetylene. The enhanced activity compared to the monometallic
parent catalysts was explained by a weaker coordination of acetylene and ethylene
on the bimetallic surfaces.

In 2018, Henkelman and Humphrey reported for the first time bimetallic AgIr
alloy NPs [132]. Naturally, Ag and Ir are immiscible metals, but using a microwave-
assisted polyol synthesis method, small AgIr alloy NPs (2.5–5.5 nm) were success-
fully obtained. Bimetallic alloy NPs were prepared with different metal composi-
tions, AgxIr(100�x) NPs (x¼ 6–31), from Ag(NO3) and IrCl3 precursors. Ir-rich NPs,
stabilised with PVP and dispersed in SiO2, showed a higher activity in the gas-phase
alkene hydrogenation (cyclohexene to cyclohexane) than the analogous pure Ir
catalyst (Fig. 23a). More specifically, Ag6Ir94 showed a TOF 75% higher than
pure Ir NPs, even presenting a large particle size (i.e. Ag6Ir94 NPs ¼ 2.5 nm; Ir
NPs ¼ 1.7 nm). DFT calculations explain this difference in activity by the larger
proportion of weakly bound H atoms on Ag6Ir94 NPs, due to their large size and
higher surface/edge sites ratio. The weaker H-binding sites of Ag6Ir94 NPs facilitate

Fig. 22 (a) Proposed heterolytic H2 cleavage mechanism for the hydrogenation of crotonaldehyde
over Ir-ReOx/SiO2 of ref. [128]. (b) Conversion and selectivity to aniline in the hydrogenation of
nitrobenzene with mono- (Pd/MSN and Ir/MSN) and bimetallic PdIr/MSN. Catal. Cond.: 10 mL
ethanol; 0.04% cat.; 9 bar H2; room temperature; 30 min. Reprinted with permission from ref.
[129]. Copyright 2015 American Chemical Society. (c) Left: Phenol hydrogenation over mono- and
bimetallic catalysts. Right: Recycling study with PtIr0.1/HMS. Catal. Cond.: 50 mg catalyst (1.5%
metal content); 0.5 g phenol; 10 ml acetate; 50�C; 0.5 bar H2; 1 h. Reprinted with permission from
ref. [130]. Copyright 2017 Royal Society of Chemistry
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the hydrogen transfer to the co-adsorbed cyclohexene. On the other hand, AgIr NPs
supported on Co3O4 present a linear dependence between metal composition and
selectivity in the hydrogenation of α,β-unsaturated aldehydes. The more Ag rich the
catalyst is, the more selective is the catalyst towards C¼O hydrogenation (Fig. 23b).
Moreover, the Co3O4 support plays an important role in the hydrogenation mecha-
nism, since the use of mesoporous Co3O4 considerably increases the selectivity.
DFT calculations explain this trend through different synergic factors: (1) Ag-rich
NPs present higher proportion of weak H-binding sites due to their larger size, which
promote the hydrogen spillover to the Co3O4 support; (2) Ag-rich NPs present more
Ag atoms which are weaker C¼C adsorption sites; and (3) the larger Ag-rich NPs
also present a higher weak surface/strong edge adsorption site ratio; thus C¼C
hydrogenation is more hindered in larger NPs.

In addition to carbon-based materials, metal oxides and silica supports, one can
find another less used material for MNP stabilisation such as clays. For example,
Dutta et al. generated Ir NPs (~4 nm) inside the nanopores of a modified montmo-
rillonite clay by an incipient wetness impregnation method (Ir NPs/montmorillon-
ite), by using IrCl3 as metal precursor and ethylene glycol as reductant [133]. This Ir
catalysts presented a high catalytic activity in the hydrogenation of a great number of
aromatic compounds under solvent-free conditions (maximum TOF ¼ 79 h�1;
Table 21). Moreover, the catalyst was easily recovered from the reaction media by
filtration and was reused many times without any significant loss of catalytic activity.

6.4 Zeolite-Supported Ir NPs

Zeolites are rigid anionic frameworks of aluminosilicates with well-defined channels
and cavities. Zeolites have numerous applications; one of the most important is the

Fig. 23 (a) TOFs as a function of %Ir composition in AgIr alloy NPs (red) and compared to pure Ir
NPs (black plot and grey line). (b) Selectivity to crotyl alcohol over AgxIr(100-x)/a-Co3O4 (orange)
and AgxIr(100-x)/m-Co3O4 (blue) as a function of %Ir composition. Reprinted with permission from
ref. [132]. Copyright 2018 American Chemical Society
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separation of molecules (adsorbents, gas purification, etc.). In addition, zeolites have
been widely used as catalyst by the petrochemical industry and lately as MNP
support because of its higher surface-volume ratio and the possibility to modify
the MNP catalytic activity. In 2014, Özkar et al. reported Ir NPs supported on a
zeolite with faujasite (FAU) framework as a green nanocatalyst for the hydrogena-
tion of aromatics [134]. The nanocatalyst, IrNPs@FAU, was obtained following a
two-step procedure: (1) first, Ir3+ cations were inserted in FAU via an ion-exchange
process; (2) then, the Ir3+-exchanged FAU was chemically reduced by NaBH4,
generating Ir NPs (5.8 � 2.1 nm) on the FAU surface and Ir nanoclusters inside
the zeolite cavities. The resulting catalyst showed a high activity and stability in the
hydrogenation of several neat aromatic substrates (benzene, toluene, mesitylene and

Table 21 Hydrogenation of aromatic compounds over Ir NPs/montmorillonitea. Reprinted with
permission from ref. [132]. Copyright 2016 Royal Society of Chemistry

Entry Arene Product Conversionb (%) TOFc (h�1)

1 1001

962

953

79
76
75

2 90 71

3 97 77

4 100 79

5 43 34

6 65 51

7 45 35

8 73 57

aConditions: catalyst 50 mg, H2 pressure: 5 bars temperature: 75�C, time: 6 h, stirring: 500 rpm
bDetermined by GC analysis
cTOF with respect to product
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o-xylene) under mild conditions (room temperature and 3 bar H2). For example,
benzene was completely hydrogenated to cyclohexane with a TOF ¼ 3,215 h�1. In
addition, the nanocatalyst showed a high stability versus sintering and leaching,
being reused up to five times preserving more than 50% of its initial activity during
the last run. Most importantly, these zeolite-supported Ir NPs exhibited a catalytic
lifetime without precedents in the neat benzene hydrogenation, with a total turnover
number (TTON) of 197,000 over 92 h. This catalytic process was presented as green
catalysis since it satisfies most of the green chemistry fundamentals, such as 100%
selectivity, the transformation of all substrates into products, solvent-free, etc. A year
later, Özkar, in collaboration with Gates and Finke, described the agglomerative
sintering of atomically dispersed Ir1/zeolite Y during the cyclohexene hydrogenation
at 72�C [135]. In particular, they characterised the sintering of Ir1/zeolite Y catalyst
after 3 cycles of 3,800 total turnovers (TTOs) by HAADF/STEM and EXAFS
spectroscopy. They observed that after the first 3,800 TTOs, the initial atomically
dispersed Ir atoms (Ir1) sinter into Ir clusters of 4–6 atoms (Ir4–6). Later, after 2 cycles
of 3,800 TTOs (7,600 TTOs), Ir clusters of 40 atoms approx. (Ir~40) are the dominant
catalytic species. Finally, after the third cycle (11,400 TTOs), two populations of
nano-objects were detected, Ir clusters of 40–50 atoms inside the cavities of the
zeolite (Ir~40–50) and Ir nanoparticles with an average size of 3.5 � 0.9 nm (Ir~1,600),
which are generated on the zeolite surface (Fig. 24). This sequential agglomerative
sintering considerably decreases the hydrogenation activity of the catalyst, reducing
the initial hydrogenation rate up to eight times.

Catalysts based on supported MNPs are of great importance for the industrial
synthesis of numerous chemicals. However, MNPs tend to sinter under reaction
conditions, deteriorating the catalytic properties of the materials. Therefore, mate-
rials containing active MNPs inside their pores are of high interest for catalytic
applications since their stability considerably increases. For example, Hölderich
et al. synthesised materials containing noble MNPs inside the MCM-41 pores by
direct synthesis (Fig. 25) [136]. In particular, Ir, Rh and Pd NPs inside MCM-41
([Me]x-MCM-41) were prepared by using surfactant stabilised nanoparticles during
the formation of MCM-41. The obtained [Me]x-MCM-41 were active catalysts in
the hydrogenation of different cyclic alkenes (cyclohexene, norbornene, cyclooctene

Fig. 24 Sequential agglomerative sintering of atomically dispersed Ir1/zeolite Y during the
cyclohexene hydrogenation at 72�C. Reprinted with permission from ref. [135]. Copyright 2015
American Chemical Society
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and cyclododecene). Since the pore size of the zeolite is large enough (31 Å) to allow
diffusion of all substrates without hindrance, the differences in activity were mainly
caused by the alkene strain energy. For instance, the conversion of norbornene was
much higher than that of the other substrates because the hydrogenation of the
norbornene structure is energetically more favoured. Comparing the different metals,
[Rh]x-MCM-41 showed the highest activity, followed by Ir and Pd.

6.5 Ir NPs Supported on Metal-Organic Frameworks
(MOFs)

In addition to the aforementioned supports, metal-organic frameworks (MOFs) have
emerged as a significant group of porous materials for MNP stabilisation. These
hybrid crystalline materials based on 3D networks of metal ions coordinated to
organic ligands are suitable host-guest systems for the stabilisation of ligand-free
metal nanoparticles. Moreover, they present a pore structure easily tuneable by the
selection of the proper organic linker. In this context, Zahmakiran generated Ir NPs
on the structure of a zeolitic imidazole framework ZIF-8 (Zn(MeIM); MeIM ¼ 2-
methylimidazole) by hydrogenolysis of the organometallic precursor Ir(COD)
(MeCp) which was previously impregnated into ZIF-8 [137]. The resultant material,
IrNPs@ZIF-8, demonstrated to be an efficient catalyst in the hydrogenation of
cyclohexene and phenylacetylene in terms of activity, selectivity and durability.
Apart from showing a great stability (reused up to five times), it hydrogenates
cyclohexene in solvent-free conditions (25�C, 3 bar H2)with an initial TOF¼ 370 h�1

and phenylacetylene to styrene with high selectivity (� 90% at full conversion under
mild conditions (40�C, 3 bar H2)). A similar gas-phase loading was employed by
Kempe et al. to generate crystalline Ir NPs (1.7 nm) inside the pores of the chromium
terephthalate metal-organic framework [MIL-101 (Cr); Fig. 26], which showed a
high activity in the hydrogenation of cyclohexene (full conversion with only 10 ppm
of Ir) [138].

Fig. 25 Illustration of the synthesis of [Me]x-MCM-41 by using surfactant stabilised MNPs.
Reprinted with permission from ref. [136]. Copyright 2002 Royal Society of Chemistry
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7 Concluding Remarks

As can be seen by the numerous works mentioned in the present chapter, iridium
nanoparticles have attracted large interest as hydrogenation catalysts. NPs
immobilised on supports, ligand-stabilised NPs, confined NPs and NPs stabilised
by ionic liquids and polymers are examples of Ir NP-based catalytic systems
employed to carry out the hydrogenation process. Also remarkable is the use of Ir
NPs generated in situ that do not need stabilising agents. Although iridium is an
expensive transition metal, Ir NPs generally exhibit high activity as hydrogenation
catalysts. In addition, its low tendency to oxidation allows a good recyclability.
These features can make Ir NPs worthwhile from an industrial point of view.

However, Ir NPs have shown a limited efficiency in terms of selectivity, and thus
new approaches and strategies are required to make the reduction process suffi-
ciently selective to be industrially relevant. Indeed, important advances have been
achieved in recent years in the development of highly chemoselective Ir NP-based
systems. These catalysts mainly consist of nanoparticles supported on oxides,
oxidised carbon materials or oxygenated surfaces, for which the catalytic reaction
sometimes proceeds through an interaction between metal and support. The use of Ir
NPs stabilised by ligands that additionally play a role in the process is also a very
promising strategy to carry out selective, partial hydrogenation of unsaturated sub-
strates. Metal nanoparticles functionalised by organic ligands can be immobilised on
one of the many supports mentioned, which merges the two approaches creating a
plethora of interesting interactions between metals, support, ligands and substrates.
The new research area can be sure of a tremendous industrial interest [92], and thus it
can be expected that new and stimulating advances in this field will appear in the
near future.

Fig. 26 (HR)-ADF-STEM micrographs and size histogram of Ir NPs inside the pores of MIL-101
(Cr). Reprinted with permission from ref. [138]. Copyright 2002 Elsevier
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