A Leap Forward in Iridium-NHC Catalysis: New Horizons and Mechanistic Insights
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This review summarises the most recent advances in Ir-NHC catalysis while revisiting all the classical reactions in which this type of catalysts has proved active.

The influence of the ligand system and, in particular, the impact of the NHC ligand in the activity and selectivity of the reaction has been analysed, accompanied

by an examination of the great variety of catalytic cycles hitherto reported. The reaction mechanisms so far proposed are described and commented for each

individual process. Moreover, some general considerations that attempt to explain influence of the NHC from a mechanistic viewpoint are presented at the

end of the review. The first epigraphs are dedicated to the most widely explored reactions that use Ir-NHCs, i.e, hydrogenation and transfer hydrogenation,

for which a general overview that tries to compile all the Ir-NHC catalysts hitherto reported for these processes is provided. The next sections deal with

hydrogen borrowing, hydrosilylation, water splitting, dehydrogenation (of alcohols, alkanes, aminoboranes and formic acid), hydrogen isotope exchange (HIE),

signal amplification by reversible exchange and C—H bond functionalisation (silylation and borylation). The last section compiles a series of reactions somewhat

less explored for Ir-NHC catalysts that include the hydroalkynylation of imines, hydroamination, diboration of olefins, hydrolysis and methanolysis of silanes,

arylation of aldehydes with boronic acids, addition of aroyl chlorides to alkynes, visible light driven reactions, isomerisation of alkenes, asymmetric

intramolecular allylic amination and reactions that employ heterometallic catalysts containing at least one Ir-NHC unit.

1. Introduction

Iridium catalysts have been notably successful in the
chemoselective and enantioselective hydrogenation of C=N and
non-functionalised C=C bonds, which are reactions of
remarkable importance for the fine chemical industry.
Prominent iridium catalysts have been reported during the last
two decades,? including noteworthy examples that have seen
industrial application: (i) Crabtree’s catalyst, namely
[Ir(cod)(PCys)py]PFe (cod = 1,5-cyclooctadiene),? is one of the
most active catalysts for the hydrogenation of hindered C=C
bonds; (ii) The enantioselective catalysts developed by Pfaltz
and co-workers for the asymmetric hydrogenation of
unfunctionalysed C=C bonds.> Other remarkable Ir catalysed
processes of industrial relevance are (iii) the carbonylation of
methanol by the anion [Ir(CO).l;]~ (Cativa process)* and (iv) the
synthesis of (5)-metolachor—achieved by means of a key step
that the
hydrogenation of an aromatic imine.>

The use of N-heterocyclic carbenes (NHCs) as ancillary ligands in
catalysis has experienced a dramatic increase since the seminal
work by Arduengo’s and Herrmann’s groups. The former
reported on the isolation and characterisation of the first stable
and isolable carbene,® while the latter disclosed the first
example of the use of an ancillary NHC ligand in homogeneous
catalysis.” Initially seen as analogues of the ubiquitous
phosphine ligands, NHCs have shown remarkable capabilities
that distinguish them from phosphines: (i) NHCs are usually
stronger o-donors that often lead to more robust metal-ligand
bonds. This results in more electron rich metal centres and
sturdier catalysts. (ii) The umbrella-shaped structure of NHCs,
with the wingtip groups pointing toward the metal centre,
contrasts sharply with the cone-shaped arrangement of
phosphines, where the substituents at the phosphorus atom are
oriented away from the metallic core. Consequently, NHC
ligands may offer a greater steric protection of the metal centre,

involves Ir-xyliphos-catalyzed enantioselective

thus stabilising unsaturated intermediates of the catalytic
cycle.8

The Grubbs’ second-generation catalyst for olefin metathesis
and the PEPPSI™ catalyst developed by Organ et al. for cross-
coupling reactions are noteworthy examples that show the
impact of NHC ligands in the catalytic performance of
organometallic complexes.® The widespread use of NHCs as
spectator ligands for transition metal complexes has boosted
the development of new iridium catalysts; proof of this is the
increasing number of publications that deal with the application
of Ir-NHC complexes in homogeneous catalysis during the last
decade, and the ever growing diversity of processes that these
species are able to catalyse. In fact, more papers on Ir-NHC
catalysis have been published in the last 7 years than in the
previous 20, since the isolation of the first NHC.® The successful
use of Ir-NHC complexes in new processes, different from the
largely explored hydrogenation reactions, has powerfully
emerged in recent vyears. Especially remarkable is their
contribution to the development of reactions such as water
oxidation, dehydrogenation, C—H functionalisation, signal
amplification by reversible exchange (SABRE), deuteration,
visible-light-driven reactions, or borrowing hydrogen process.
In this review, we aim to classify and comprehensively analyse
these contributions, including mechanistic insights and
providing a critical examination of the role played by the NHC
ligand on the catalytic processes under study. Several accounts
that deal with the catalytic application of NHCs!® and group 9
NHC complexes!®12 have been published. However, a detailed
revision that includes the most recent advances in this fast-
developing field feels indispensable, especially taking under
account the amount of outstanding contributions, particularly
on novel processes, that have been unveiled in the last five
years.

2. Hydrogenation reactions



Early work on Ir-NHC catalysed hydrogenation reactions by
Nolan et al. studied the effect that exchanging the PCys ligand
in Crabtree’s catalyst (1), [Ir(cod)(PCys)py]PFs, (cod = 1,5-
cyclooctadiene) by SIMes (1,3-Bis(2,4,6-trimethylphenyl)-4,5-
dihydroimidazol-2-ylidene) would have in the catalytic activity
of the process (Figure 1).23 The nature of the ligands
accompanying 1,5-cyclooctadiene in the coordination sphere is
crucial for the stability and activity of this type of hydrogenation
catalyst, since the latter acts as a sacrificial ligand that is
hydrogenated to generate the unsaturated active species. A
higher activity for the reduction of alkenes with
[Ir(cod)(SIMes)py]PFs (2) was observed at 50 °C and under 4 atm
of H, when compared to Crabtree’s catalyst, although the latter
proved to perform better at room temperature and
atmospheric pressure. This behaviour was explained on the
grounds of the greater steric bulk of the NHC ligand, which
confers a higher stability to the catalyst, but also hampers its
reactivity when operating under mild conditions. This agrees
with the results reported by Cavell’s group on expanded-ring
NHC (eNHC) rhodium complexes, namely
[Rh(CI)(cod)(eNHC)]PFs, where more hindered NHC’s lead to
higher catalytic activities due to a better stabilisation of the
active species.® In this context, iridium complexes featuring 6-
and 7-membered NHC ligands have shown good activities in the
hydrogenation of non-hindered alkenes under mild
conditions.’> Further modifications of Crabtree’s catalyst by
Buriak and co-workers entailed the substitution of the pyridine
ligand by phosphanes, and the use less hindered NHCs than the
SIMes employed by Nolan, with [Ir(cod)(SIMe)P("Bu)s]PFs (3)
being the most active catalyst of the series.1® This resulted in
better activities at room temperature and atmospheric pressure
than 2, and close to those obtained by 1, which illustrates well
the difficulties to achieve an appropriate balance between
activity and stability of the catalyst.l? Optimisation of the
NHC/phosphine ligand couple and the counteranion led to the
development of catalyst 4, which selectively hydrogenates the
C=C bond of a wide range of a,B-unsaturated carbonyl
compounds, showing higher activities than Crabtree’s catalyst
for this process in a variety of solvents. The related catalyst 518
proved effective for the hydrogenation of a range of N-
heterocyclic compounds in the presence of catalytic amounts
PPhs; under mild conditions. Stoichiometric experiments suggest
that the dihydrogen dihydride complex formed upon 1,5-
cyclooctadiene hydrogenation is stabilised by the coordination
of a second PPhs ligand. Remarkably, theoretical studies
support an outer-sphere mechanism for this reaction. The
migratory insertion of the C=N bond into a metal-hydride,
according to a classical inner-sphere mechanism, is not

energetically affordable under the experimental conditions. As
an alternative, an outer sphere-mechanism was proposed in
which the substrate undergoes a series of protonation reactions
and hydride transfers from a coordinated dihydrogen molecule
and a hydride ligand, respectively (Scheme 1).

Other noteworthy variation on Crabtree’s catalyst is the neutral
complex 6, [(WCA-NHC)Ir(cod)], which presents an IDipp (1,3-
bis-(2,6-diisopropylphenyl)imidazol-2-ylidene) ligand bearing a
borate moiety (-B(CsFs)s) at the backbone. The resulting
zwitterionic complex can be described as an anionic NHC ligand
tethered to an [Ir(cod)]* fragment, with the vacant coordination
site being stabilised by a short contact interaction with the ipso-
carbon of the diisopropylphenyl group, which causes the NHC
to tilt toward the metal centre (Figure 1). This complex showed
remarkable activity in the hydrogenation of hindered alkenes in
non-polar solvents and even in neat alkenes. This has been
attributed to its enhanced solubility when compared with
related cationic catalysts, which is conferred by its neutral
nature.l® The seminal work by Pfaltz2%32 on P-N chelate ligands
for Ir-catalysed hydrogenations paved the way to Ir-complexes
featuring heteroditopyc NHC ligands. This type of complexes
has been especially successful in the asymmetric version of this
reaction,?! with the chiral NHC-oxazolyl Ir-complexes developed
by Burgess et al. being particularly remarkable (e.g. complex 7,
Figure 2).

Structurally, these complexes are very similar to the cationic
[Ir(P-N)(cod)]* catalysts previously described by Pfaltz, as they
present a 1,5-cyclooctadiene ligand trans to the P-N chelate,
both being coordinated to an iridium(l) centre (Figure 2).22
Other notable examples of complexes featuring ditopic NHC-N
ligands that showed good activities and enantiomeric excesses
(ee’s) for the hydrogenation of alkenes are 8 and 9 (Figure 2).
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Figure 1 Cationic hydrogenation catalysts based on the [Ir(cod)(NHC)(L)]* scaffold.
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Scheme 1 Outer-Sphere mechanism for the hydrogenation of N-Heterocyclic compounds.®

The former features a pyridine based wingtip group at the
NHC,23 while the latter presents a thiazole moiety at the wingtip
group.24 Ir(NHC-N) complex 10,2> however, showed somewhat
lower ee’s. The related NHC-P catalyst 11, showed a significantly
lower chiral induction compared to the previously described
NHC-N based catalysts.26

Monodentate NHCs containing chiral backbones have also been
studied as ligands for asymmetric hydrogenation, but, in
general, modest optical inductions were obtained for their
corresponding iridium catalysts 12,27 13,28 14,28 152° and 163°
(Figure 3).

NHC-N Ir complexes presenting a coordinated NH, moiety (17
and 18, Figure 4) are able to reduce unsaturated polar bonds3?
via an outer-sphere mechanism assisted by an external base,
namely isopropoxide, where metal-ligand cooperation3? plays a
key role (Scheme 2).
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Figure 2 Chiral cationic hydrogenation catalysts based on the [Ir(cod)(NHC-N)]* scaffold.

Figure 3 Chiral neutral hydrogenation catalysts based on the [Ir(Cl)(cod)(NHC)] scaffold.

Iridium(Ill) complexes bearing a chelating NHC-C ligand (19 and
20, Figure 4) have proved effective catalysts for the
hydrogenation of imines under low hydrogen pressure, possibly
operating as well by an outer-sphere mechanism that requires
metal-ligand cooperation to achieve the heterolytic cleavage of
the H; molecule.33

Interesting types of Ir-NHC catalysed hydrogenation reactions—
especially when aiming at the development of green and
sustainable processes—are those that allow performing the
reaction in aqueous media. For this purpose, the design of
water-soluble and water-stable catalysts is required. Several
examples of water-soluble Ir-NHC catalysts for hydrogenation
have been described in the literature. For instance, complex 21,
decorated with a sulfonate moiety, catalyses the reduction of
acetophenone in an aqueous solution of sodium hydroxide.34
Complex 22, which features an NHC ligand and a water-soluble
phosphine, namely [Ir(cod)(NHC)(PTA)ICI, (PTA = 1,3,5-Triaza-7-
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Figure 4 Water-soluble Ir-NHC catalysts.

phosphaadamantane) has been used successfully for the
reduction of alkenoic and oxo acids under atmospheric
hydrogen pressure in aqueous solution. Other water-soluble
catalysts generated in situ by reaction of [IrCl(cod)(NHC)]
complexes with mtppms-Na (sodium 3-
diphenylphosphinobenzenesulfonate), mtppts-Nas (trisodium
3,3’,3”-phosphinetriylbenzenesulfonate), and PTA were also
capable of promoting the hydrogenation of itaconic acid.
Remarkably, these catalysts were also active for the redox
isomerisation of allylic alcohols wunder relatively mild
conditions.3>

Hydrogenation reactions in aqueous solution are especially
interesting in the case of CO; reduction to formic acid, since this

reaction is thermodynamically favoured in water (AG= -4 kJmol~-
1).36 |n this regard, complexes 23 and 24, depicted in Figure 4,
are efficient catalysts for the reduction of CO, to potassium
formate using 60 atm of a CO»/H, mixture (1:1) at temperatures
ranging from 80 to 200 °C in a 1M solution of KOH in water.
Remarkably, 24 shows higher activities (TOFs) than 23, which
was attributed to the presence of two abnormally bound
NHCs,8" thus resulting in a more electron-rich iridium centre in
the case of 24.36¢

Recently, heterogeneous catalysts based on porous organic
frameworks that feature Cp*IrNHC-py active sites have proved
active for the hydrogenation of CO; to formate in a 1M aqueous
solution of EtsN.37

The straightforward functionalisation of imidazolium salts
permits the synthesis of a great variety of molecular
architectures, which opens a door to further development of
NHC ligands by increasing their chemical complexity. For
instance, CNP-complex 25 is an NHC-based pincer ligand, which
acts as a catalyst for the hydrogenation of a variety of ketones
in the presence of catalytic amounts of KO'Bu. The
deprotonation of the CH,P moiety to give 26 triggers the
activation of the H-H bond by means of a ligand-assisted
mechanism that affords the active species 27 upon re-
aromatisation of the pyridine moiety (Scheme 3).38

3. Transfer hydrogenation reactions

In contrast with the hydrogenation reactions described earlier,
transfer hydrogenation reactions employ a sacrificial hydrogen
donor instead of H, for the reduction of multiple bonds, the
most popular being isopropanol (iPrOH). According to the
oxidation state of the metal centre, Ir-NHC catalysts for the
transfer hydrogenation reaction may be classified into: (i)
Iridium(l) complexes based on the scaffold [IrX(NHC)(cod)] or
[IrL(NHC)(cod)]*; and iridium(lll) complexes that respond to the
general formula [Ir(AcO)(l)2(bis-NHC)], [Ir(1)2(L)2(bis-NHC)]* or
[Ir(Cp*)(X)2(NHC)], and their cationic derivatives (X = anionic
ligand; L = neutral ligand). A compilation of the most significant
Ir-NHC transfer hydrogenation catalysts hitherto reported is
presented below, together with a brief description of their
properties and activity. For more detailed information the
reader may consult recent revisions on this topic.39.11b
Iridium(l) catalysts have shown excellent activity in the transfer
hydrogenation reaction (Figure 5, complexes 28-53 and Figure
6, complexes 54-63), performing, as a general rule, better than
their Ir(lll) counterparts.
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Scheme 3 Activation process for pre-catalyst 25.
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Figure 5 Summary of neutral Ir(l) transfer hydrogenation catalysts of general formula [Ir(cod)(NHC)(X)] (X = halide).

- - —
R = Mes (54a) _N N /Nl \N N \,
R = Dipp (54b) \/ ~ OMe ~
R = Cy (54c) Med A
(ref. 51) L = CHsCN L = CHsCN L=NHC-py \—
55 (ref. 40) 56 (ref. 40) 57 (ref. 40)
/\ A = N=
N Y ,
N AN N RN RI—N_N=R? (ref 53)
\(\)3”/ e \Pth IE-'/ \Pth A >
L = NHC-NMe \ L = NHC-PPh = NHC L = NHC-py N L = py (62a-c)
i 59 (rof 52) L = NRe-PPn, R = Me (61a) L = PPh; (63a-c)
58 (ref 40) 59 (ref 52) 60 (ref 52) R = Mes (61b) Me® .
(ref 43) R’, R®= "Bu, PhCH, (a)

R, R?= neopentyl, "Bu (b)
R', R?= neopentyl, PhCH, (c)

Figure 6 Summary of cationic Ir(l) transfer hydrogenation catalysts of general formula [Ir(cod)(NHC)(L)] (L = neutral ligand).



Scheme 4. Calculated catalytic cycle for the transfer hydrogenation of ketones employing
[Ir(cod)(NHC)X] complexes having O-donors at the NHC as catalysts.*°

Although the comparison with other catalysts is not
straightforward due to the diverse reaction conditions and
different indexes employed for measuring the catalytic activity
that are present in the literature (TOFs at different stages of the
reaction, TON, conversion/time, etc.), the highest TOF values so
far reported for Ir-NHC catalysts usually feature Ir(l) metal
centres. Remarkable examples are complexes 36 and 37 that
yield TOF values up to 24000 h~1, or 34, with a TOF value of 7560
h1 for the hydrogenation of acetophenone. However, the
highest TOF so far reported is that obtained with Ir(lll) bisNHC
complex 72b (TOF = 50000 h1).

The nature of the donor function at Ir-NHC catalysts featuring
heteroditopyc ligands seems to play an important role in the
activity of the catalyst. The presence of a hemilabile function
often gives rise to higher activities than a strongly coordinating
wingtip group, since the related chelate complexes are less
prone to render the square-planar Ir-alkoxo intermediate.
Metal-ligand cooperation in monohydride mechanisms has also
been postulated for [Ir(cod)(NHC)X] complexes that feature an
ether function at the wingtip group of the NHC (Scheme 4).40
Noteworthy cases of highly active iridium complexes containing
NHCs with hemilable side arms are 29 (TOF values up to 7500 h-
1 for acetophenone), 31 (TOF = 11400 ht for p-
chloroacetophenone, 5400 h~! for acetophenone) or 56 (TOF =
4622 h1 for cyclohexanone) (Figure 6, complexes 54-63).

Ir(l) biscarbene complexes have also proved to be active
catalysts for the transfer hydrogenation reaction, although
usually lower activities were observed in comparison with their
monocarbene counterparts. This agrees with the fact that
hemilabile ligands usually lead to better activities than those
featuring a strongly coordinating moiety (Figure 7, complexes
64-65).

The reaction mechanism for complexes 64a-c was studied in
detail by theoretical calculations to conclude that the
monohydride and MPV-like mechanisms were both possible

(MPV = Meerwein-Ponndorf-Verley) under the reaction
conditions.>>
I\
=N
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N
~
7 64c (ref. 55)
Figure 7 Summary of bis-NHC iridium(l) catalysts for transfer hydrogenation.
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Figure 8 Summary of supported iridium(l) catalysts for transfer hydrogenation (POM =
Polyoxometalate; CNT = Carbon nanotube).
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Scheme 5 Proposed catalytic cycle for the transfer hydrogenation of ketones using
catalyst 74.62

The hydride mechanism was proposed to be more likely for 64b,
although due the similar energy spans observed for both
mechanisms, direct hydrogenation should not be discarded.%>

A number of iridium(l) catalysts supported on a variety of
materials have also been reported (Figure 8, complexes 66-71).
In addition to the advantages resulting from the recyclability of
the heterogenised catalyst, in some cases they even surpass the
activity of their parent homogeneous catalyst. For example,
carbon nanotube (CNT) supported Ir-NHC complex 66 renders a

TOF value of 5550 h1, which is significantly higher than that
obtained with its homogeneous analogue (TOF = 4680 h™1).
BisNHC-Ir(lll) complexes have shown good activities in the
transfer hydrogenation of ketones, aldehydes, imines and o,[3-
unsaturated ketones (Figure 9, complexes 72-76). Moreover,
Peris and co-workers have described the use of this type of
complexes, namely 23 and 24, as catalysts for transfer
hydrogenation reactions using glycerol as the solvent and
hydrogen donor.>*

The most commonly proposed mechanism for iridium(lll)
catalysed transfer hydrogenation reactions takes place via the
hydridic route.®? In this regard, a detailed reaction mechanism
has been proposed for catalysts 74 and 75.%2 Scheme 5 shows
the postulated catalytic cycle for complex 74. The initial step
requires the dissociation of one of the ether moieties to allow
the coordination of the isopropoxide, which undergoes [-
elimination of the C—H bond upon decoordination of the second
wingtip group. The subsequent hydride species undergoes an
isomerisation process due to the high trans effect of the NHC
ligand, which forces the hydrido ligand to situate trans to the
iodide in the apical position while the second iodide is now trans
to the NHC. At this stage, the acetone is substituted by the
substrate (ketone) and a new isomerisation process that
releases the steric congestion in the equatorial plane takes
place. This isomerisation process permits the migratory
insertion of the ketone into the Ir—H bond to afford an alkoxo
complex, which coordinates an isopropanol molecule that
transfers the OH proton to render the hydrogenated product
and the regeneration of the active species.

Cp*(NHCQC)Ir(lll) complexes have been extensively studied in
transfer hydrogenation reactions. They have proved active in
the reduction of ketones, imines, nitrobenzene (to aniline,
azobenzene or azoxybenzene), a,B-unsaturated ketones and
alkenes (Figure 10, complexes 77-101). In this context, it is
worth mentioning that the transfer hydrogenation of alkenes is
generally more complicated than that of polarized bonds.
Remarkably, a variety of Cp*(NHC)Ir(lll) complexes featuring
1,2,3-triazol-5-ylidene ligands have recently shown excellent
activities for this type of substrates.®3

In contrast with the majority of mechanisms proposed for
metal-complex-catalysed transfer hydrogenation, an outer-
sphere mechanism centred at the amido ligand was postulated
for pre-catalysts 90.%4

A strategy for the heterogenisation of this type of complexes on
magnetic FesO4 nanoparticles (102) has been developed by
Mata and co-workers (Figure 11).7° The poor recyclability of the
supported catalyst was attributed to the formation non-active
Ir species throughout the reaction.
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Figure 11 Cp*Ir(l11)-NHC anchored to Fe3;04 nanoparticles.
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Figure 10 Summary of Cp*Ir(Ill)-NHC catalysts for transfer hydrogenation.

The development of chiral iridium catalysts containing NHC
ligands is a promising methodology owing to the good activities
shown by Ir-NHC complexes (Figure 12, complexes 103-114);
however, mostly moderate ee values were usually obtained
when iridium complexes based on chiral NHC ligands were
employed as catalysts. Complex 113dz represents a remarkable
exception, since excellent ee’s that range from 81 to 97% were
obtained for the reduction of a variety of ketones.

4. Hydrogen borrowing reactions

The hydrogen borrowing approach represents an atom efficient
alternative to the use of stoichiometric processes for the
functionalisation of substrates susceptible of undergoing
dehydrogenation reactions to afford reactive unsaturated
intermediates (Scheme 6a).
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The most widely employed substrates for this type of reaction
are alcohols and amines, which can be straightforwardly
oxidised to aldehydes (or ketones) and imines, respectively. In
the case of the N-alkylation of amines with alcohols (Scheme
6b), the dehydrogenation of a primary alcohol affords an
aldehyde and the hydrogenated catalyst. The latter formally
adds a hydrogen molecule across the C=N bond of the newly
formed imine molecule, which was previously generated by
condensation of the aldehyde with a primary amine. Hence, at
variance with classic methods, this process circumvents the use

of stoichiometric reagents for alcohol oxidation or for the
generation of a good leaving group (from the hydroxyl moiety),
and avoids the use of amine protecting groups.

The main hydrogen borrowing reactions catalysed by Ir-NHC
complexes (Figure 13) are the N-alkylation of amines or amides
with alcohols, B-alkylation of alcohols and the N-alkylation of
anilines with aliphatic amines.
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Figure 13 Ir-NHC catalysts for hydrogen borrowing reactions.

The N-alkylation of amines with alcohols has been hitherto
accomplished with Ir-NHC catalysts 118a,8> 121,86 12287 and
123.88 Remarkably, the N-alkylation of amides with primary
alcohols to give N-alkylated amides, which are widely employed
for the synthesis of fine chemicals, has also been described. The
Ir-NHC complexes 118, 119 and 120 have shown excellent
activities for this reaction,® with the latter also performing well
in the N-alkylation of sulfonamides.

The excellent activities shown by complexes 121a-d for the N-
alkylation of amines with alcohols without a base, even at low
temperatures, have been attributed to the presence of an
alcohol-alkoxide moiety at one of the wingtip groups of the
NHC, which gives rise to a bifunctional catalyst. A cooperative
mechanism where the alkoxide and the metal centre act as
Lewis base and Lewis acid sites, respectively, has been proposed
(Scheme 7).8¢

Complex 118a has been reported to catalyse the transformation
of a variety of aromatic amines to the corresponding secondary
amines under solvent-free conditions and, for the first time for
this type of reaction, at room temperature.8® More recently,
biscarbene complex 122 proved to be an effective catalyst for
the methylation of anilines with methanol, exhibiting especially
good performances under MW irradiation.88

In the presence of catalytic amounts of silver
trifluoromethanesulfonate (AgOTf) complex 123 catalyses both
the N-alkylation of primary amines with secondary alcohols and
the N-alkylation of secondary amines with benzyl alcohol.

The proposed activation process entails the abstraction of the
chloride ligands by AgOTf. Complex 123 also catalyses the N-
alkylation of anilines with aliphatic amines, showing excellent
activities, similar to those obtained with Shvo’s catalyst.8”
Complex 124 effectively catalyses the N-alkylation of secondary
aliphatic amines, namely piperidine, pyrrolidine, morpholine
and piperazine, with primary and secondary alcohols. The use
of aniline, however, resulted in noticeably lower yields.%°

The B-alkylation of secondary alcohols with primary alcohols is
a tandem reaction that requires the oxidation of both alcohols
by an Oppenauer-type reaction to the corresponding ketone
and aldehyde, which undergo a aldol
condensation. Finally, the a,B-unsaturated compound thus

base-mediated

121d (X = OTf)

formed is reduced to the p-alkylated alcohol, via an
intermediate ketone, by means of the Ir-hydride species that
result from the oxidation of the starting alcohols (Scheme 8).
Jiménez et al. reported a series of iridium complexes of general
formula [Ir(cod)(NHC)X] (X = Cl or Br) and their cationic
derivatives [Ir(CH3CN)(cod)(NHC)]BF4 and [Ir(cod)(NHC)]BF4, the
latter featuring a coordinated wingtip group at the NHC.?1 The
most active catalysts tested in this study were neutral complex
125 and cationic complex 126. NHCs functionalised with O-
donors show, in general, better activities than those featuring
N-donors; while non-funtionalised NHCs, i.e. those without
potentially coordinating wingtip groups, such as IMe or IPr, give
rise to remarkably lower activities.
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Scheme 7 Metal-ligand cooperative mechanism of hydrogen borrowing.86
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In this work, a mechanism for the B-alkylation of benzyl alcohol
with 1-phenylethanol was proposed based on DFT calculations.
This mechanism can be divided into two processes: 1) the
formation of a,B-unsaturated ketones (Scheme 9) and 2) the
reduction of a,B-unsaturated ketones (Scheme 10).9?

The role of the N-substituent at the NHC ligand is probably
related to the oxidation of the alcohol. The B-H of the alkoxo
ligand interacts with the oxygen atom of the wingtip group, thus
facilitating the B-H elimination reaction that affords the related
hydrido species.*®

Bimetallic complex 127 was compared against monometallic
complexes 128 and 129 in the B-alkylation of 1-phenylethanol
with primary alcohols (Figure 14). While complexes 128 and 129
showed similar activities, their related bimetallic complex 127
brought about remarkably higher yields for all the combinations
of alcohols tested in this work. The higher activity of 127 was

interpreted by the authors as a result of intermetallic
O (e}
/A A Ph)LHorPh)k

/NVN\
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e

Y
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“\/o

Ph)kH

Scheme 9 Formation of a,B-unsaturated ketones by complex 126.91

cooperativity, since 128 is virtually identical from an electronic
and structural viewpoint.®?

Several examples of supported Ir-NHC catalysts for the N-
alkylation of imines with alcohols and the B-alkylation of
secondary alcohols with primary alcohols have been reported.
Complex 130 presents an Ir(l11)Cp*(NHC) complex linked to the
mesoporous silica support SBA-15 by a siloxane moiety at the
wingtip group of the NHC ligand.

This catalyst has been successfully employed for the N-
alkylation of imines with alcohols, and the B-alkylation of
secondary alcohols with primary alcohols. In both cases the
supported catalyst showed better activities than its
homogeneous analogue, which contains a butyl group instead
of the SBA-15 linkage. This increased activity may be attributed
to the dehydrating capability of the mesoporous silica, which
would promote the condensation reaction and, consequently,
the formation of the imine or a,B-unsaturated ketone.

129

Figure 14 Bimetallic catalyst for hydrogen borrowing reactions and its related
mononuclear complexes.
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Complexes 131 and 132 were heterogenised onto a surface of
reduced graphene oxide (rGO) by means of non-covalent
interactions (m-stacking) between the pyrene tags at the N-
substituents of the NHC ligands and the rGO (Figure 15). The
catalytic activity of both complexes and their heterogenised
counterparts were tested in the B-alkylation of 1-phenylethanol
with primary alcohols. The material 132-rGO was recycled 12
times without any apparent loss of activity, while 131-rGO was
recycled effectively only 3 times. This, together with the
measurements of metal content before and after the catalytic
reaction, suggests that the number of pyrene moieties is crucial
to achieve a stable complex-support interaction. Remarkably,
the addition of pyrene to reactions catalysed by non-
heterogenised complexes 131 and 132 with aromatic substrates
shows an inhibiting effect. Conversely, this effect is not
observed when related catalysts without pyrene tags or
aliphatic substrates were employed. This observation can be
rationalised in terms of m-stacking interactions between the
pyrene tags, aromatic substrates, and the external pyrene
added to the reaction. Moreover, the kinetic studies presented
in this work offer further insights, suggesting substrate-tag
interactions and even self-association of pyrene-tagged
catalysts.?3

Another hydrogen borrowing reaction worth mentioning is the
a-methylation of ketones with methanol catalysed by complex
118a. The reaction mechanism entails as initial step the
dehydrogenation of methanol to formaldehyde, which reacts
with the ketone to give the a,B-unsaturated compound via aldol
condensation. Finally, hydrogenation of the olefin affords the
methylated ketone (Scheme 11).85

5. Hydrosilylation

To the best of our knowledge no Ir-NHC catalysts have been
described for the hydrosilylation of alkenes. Conversely, in the
case of alkynes, which are more reactive substrates, a variety of
Ir-NHC catalysts proved to be active catalysts for the synthesis

of vinylsilanes (Figure 16).
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Scheme 11 Mechanism for the a-methylation of ketones.>
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The hydrosilylation of alkynes may result in the formation of
three isomers, B(E)-, B(Z)- and a-vinylsilanes (Scheme 12).
Besides, dehydrogenative silylation products, namely alkenes
and silylalkynes, may also be formed during the reaction.
Therefore, the selectivity of this reaction is one of the main
issues that need to be solved in order to achieve practical
applicability.

Complexes 133-135 showed good activities the hydrosilylation
of a variety of terminal alkynes, but low selectivities were
generally reported.?* Catalysts 136-138 allowed for the
hydrosilylation of phenylacetylene with selectivities between
65-90% for the formation of the B(Z)-vinylsilane, with the B(E)-
vinylsilane being the only reaction by-product.®>

The selectivity and activity of complex 74 was tested in the
hydrosilylation of a wide range of aliphatic and aromatic alkynes
and hydrosilanes. The B(Z)-vinylsilanes were formed as major
reaction product in selectivities that ranged from 82 to 99%, the
best selectivities being obtained for aromatic alkynes.®®

A combined theoretical and experimental study discards the
commonly proposed modified Chalk-Harrod mechanism. The
oxidative addition of the Si—H bond was proved implausible,
mainly because of the high trans effect of the NHC ligands and
the excessive steric hindrance at the metal centre, which
prevents the formation of the corresponding Ir(V) species.®’
Instead, the authors postulated an outer-sphere mechanism
that resembles that described by Brookhart and Oestreich for
the hydrosilylation of ketones.?8 The catalytic cycle entails: i) the
end-on coordination of the hydrosilane; ii) heterolytic cleavage
of the Si—H bond assisted by an acetone molecule according to
an Sy2 mechanism to give an Ir—H species and an oxocarbenium
ion ([R3Si—O(CHs),]*); iii) the oxocarbenium ion transfers the silyl
moiety to the alkyne to give the carbocation [R3Si—CH=C—R]*;
and, finally, iv) the Ir-hydride species transfers the hydrido
ligand to the carbocation via the least hindered approach to give
the B-Z vinylsilane. The more hindered attack, with the silane
moiety of the carbocation facing the metal complex leads to the
B(E)-vinylsilane (Scheme 13).96b

A great variety of Rh-NHC catalysts have been reported for the
hydrosilylation of carbonyl compounds;3° however, examples of
their iridium counterparts are scarce.

In fact, the only Ir-NHC hydrosilylation catalyst so far reported
is complex 139, which features a carbene ligand with a chiral a-

amino acid N-substituent. Efficient asymmetric hydrosilylation
(ee’s up to 96%) was achieved with 139c under ambient
conditions using (EtO);MeSiH for a broad variety of aromatic
and aliphatic ketones (Figure 17).°°

6. Water oxidation

Water splitting to produce H; and O is a carbon-neutral process
that permits the conversion of solar energy into chemical
energy (“green” fuel). The oxidation of H,0 to give O,, protons
and electrons (water oxidation) is the most challenging part of
this process due to the high energy barrier of the reaction and
its multiproton and multielectron mechanism. Therefore, a
catalyst able to adopt a wide range of oxidation states that
makes this energy-demanding reaction possible is required.100
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The use of N-heterocyclic carbenes as ancillary ligands for water
oxidation catalysts (WOCs) has received much attention in the
last decade, primarily sparked by the disclosure of Ir-based
molecular-WOCs (Figure 18).101 Although Ru-based catalysts

have been at the forefront of research in molecular water
oxidation catalysis, the Cp*Ir(NHC) catalysts recently developed
have shown outstanding performances, even surpassing some
of the most active Ru-based catalysts.
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Figure 18 Summary of Ir-NHC catalysts WOCs.

Complexes 140 and 141, developed by Albrecht and co-workers,
are among the most active catalysts hitherto reported for the
oxidation of water using cerium ammonium nitrate (CAN) as
sacrificial  oxidant.’©2  Further studies on mesoionic
triazolylidene C,C- and C,N-chelating ligands has shed light on
the impact of this type of ancillary ligands in the performance

|
\
Ira,
N iy |
~
N\

~

N

163 \

of Cp*Ir-based WOCs (complexes 140-153), which have been
proposed to stabilise a variety of oxidation states at the Ir centre
and to behave as non-innocent ligands capable of promoting
proton-coupled electron transfer (PCET) reactions (Scheme
14).103



In operando mechanistic investigations together with dynamic
light scattering (DLS) experiments strongly support the
homogeneous nature of these catalysts, and seem to exclude
the formation of metal nanoparticles or nanoclusters
throughout the reaction.1934 An important consequence of the
molecular integrity of these catalysts, together with the
presence of easily tuneable NHC ligands, is that it permits the
optimisation of the catalytic activity by means of subtle
structural modifications of the ligand system.

For example, the substitution of a peripheral methyl group in
143a by an octyl group in 143b brings about more than a 10 fold
increase in the catalytic activity of water oxidation when CAN is
used as sacrificial oxidant. A plausible explanation for this result
may be the formation of micelles that would place the Ir centres
in close proximity, thus favouring the formation of O—O bonds,
which is the rate limiting step in binuclear mechanisms. Two
main mechanisms have been postulated for WO reactions, the
water nucleophilic attack on a singlet oxo species (S) and the
radical oxocoupling of two triplet oxo moieties (T), WNA and
I2M pathways, respectively (Scheme 15).104 Both pathways
have been proposed for Co and Ru catalysts.19 In the case of Ir
(including Ir-NHC) WOCs, although no conclusive proof of the
mechanism has been presented to date, WNA and I12M
mechanisms seem to coexist.106, 103d, 104

Ui
[Ir—ClI
Hzo ‘\
o

1/2 0,

L}
H+, 29_, 02 [Ir]—OH2

H*

O—[Ir]lv
11} v v 7/
[Ir]—OOH @ [Ir]—OH @1/2 [Ir—o

-e
H* H

H,O [|r]v:o - [Ir]l—\i(')

S T

Scheme 15 WNA and ROC mechanisms for WOC.104

The decomposition of molecular Ir complexes under WO
conditions to afford catalytically active IrOx nanoparticles has
also been described in some cases.107, 104, 103e

In a comparative study, imidazole-4-ylidene complex 154
showed remarkably higher catalytic rates than its related 1,2,3-
triazolylidene 144, especially at initial stages of the reaction.
This behaviour was attributed to the higher donor ability of the
former, which may trigger a different reaction mechanism or
facilitate the access to Ir(V) oxo species, probably the rate
limiting step. Imidazol-2-ylidenes have been successfully
employed as ancillary ligands for WOC, namely complexes 155-

163, although somewhat lower activities were observed
compared to mesoionic ligands.

7. Dehydrogenation reactions
7.1. Dehydrogenation of alcohols

The transition metal catalysed Oppenauer-type oxidation of
alcohols permits the preparation of value-added organic
compounds by means of an environmentally benign process108
or may even play an important role in the production of
hydrogen from methanol in the frame of the “Methanol
Economy”.109

The use of NHC ligands remarkably increases the activity of
Cp*Ir in the transfer dehydrogenation of alcohols, namely
complexes 164-166 are significantly more active than [Cp*IrCl;],
in the oxidation of 1-phenylethanol to acetophenone.l10
Moreover, complex 166a efficiently catalyses the oxidation of a
variety of primary and secondary alcohols featuring aliphatic
and aromatic substituents (Figure 19).The proposed mechanism
entails as initial step the formation of the Ir-alkoxide complex
by reaction of 165a with the alcohol and the corresponding
base. Subsequently, B-hydride elimination affords the Ir-
hydride intermediate and the oxidised product. Finally, the Ir—
OiPr intermediate formed by the migratory insertion of acetone
into the Ir—-H bond reacts with a new molecule of the alcohol
(substrate) to close the catalytic cycle (Scheme 16).
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Figure 19 Ir-NHC catalysts for the oxidation of alcohols.
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Scheme 17 Ir-NHC catalysed oxidation of glycerol into lactic acid.

The higher activity of Cp*Ir complexes that present NHCs as
ancillary ligands has been explained on the grounds that an
increased electron density at the Ir centre, owing to the
presence of an NHC ligand, would favour the PB-hydride
elimination step.

Complex 167 catalyses the oxidative dehydrogenation of benzyl
alcohol to benzaldehyde and benzoic acid in a 78/22 ratio using
N-methylmorpholine-N-oxide (NMO) as sacrificial oxidant. The
oxidation of diphenylmethanol to benzophenone can also be
achieved under analogous conditions, although low yields were
obtained.111

Glycerol is a waste stream in the production of biodiesel and
soap and is, therefore, a readily available an inexpensive bulk
chemical that may become a key renewable carbon source,
especially owing to the upsurge of biofuel demand. The
development of sustainable processes for the preparation of
commodity chemicals from glycerol, such as, glyceric acid,

./

H
Ho L _o = [0

GAL

Scheme 18 Proposed mechanism for the oxidation of glycerol into lactic acid.!*2

dihydroxyacetone, hydroxypyruvic acid, dihydroxyacetone,
cyclic acetals, propanediols, acrolein or lactic acid, is an
important academic and industrial goal. Complexes 79a, 126
and 168 (Figure 20) are efficient catalysts for the selective
transformation of glycerol into lactic acid. The latter has allowed
for conversions as high as 90% and selectivities over 95%,
obtaining only 1,2-propanediol and ethylene glycol as by-
products. This reaction operates under mild conditions, with
low catalysts loadings and no solvent is required (Scheme 17).112
The first step of the proposed mechanism is the Ir-catalysed
acceptorless dehydrogenation of glycerol to dihydroxyacetone
(DHA) and glyceraldehyde (GAL), which interconvert in the
presence of a base (OH-). The dehydration of GAL affords
pyruvaldehyde (PAL) via keto-enol tautomerisation and,
subsequent irreversible hydration of PAL yields a molecule of
lactic acid (Scheme 18). These catalysts were found to
decompose throughout the reaction to give an inactive
binuclear species and various polyhydride clusters featuring a
high NHC/Ir ratio.!’3 In order to prevent the formation of
binuclear species, a series of self-supported catalyst based on
an Ir-bisNHC coordination polymer were prepared by Tu and co-
workers (complexes 169a-e, Figure 20).114 Complex 169b was
found to be the most active and selective catalyst of the series
and, remarkably, direct comparison with its homogeneous
analogue shows that the self-supported catalyst displays higher
activities and selectivities. Moreover, these self-supported
catalysts can be reused up to 31 times without a significant loss
of activity. A major current challenge in this field of research lies
in the utilisation of polyols such as erythritol, xylitol and sorbitol
as renewable carbon sources.!'> In this context, complex 123
has been employed as catalyst in the transformation of a series
of polyols into lactic acid, showing better activities and
selectivities than analogous catalysts featuring ethyl or n-butyl
N-substituents at the NHCs.116
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Figure 20 Ir-NHC catalysts for the oxidation of glycerol into lactic acid.
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Figure 21 NHC-based pincer Ir(lll) catalysts for the dehydrogenation of alkanes.
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Figure 22 Ir-NHC catalysts for dehydrogenation of BH3-NHs.

A similar mechanism to the one proposed above for the
conversion of glycerol to lactic acid (Scheme 18) has been
postulated in this case; however, retro-aldol condensation
reactions are invoked in order to explain the fragmentation of
long-chain polyols to lactic acid and other short-chain by-
products.116

The generation of molecular hydrogen from methanol has been
mainly catalysed by ruthenium complexes.11? Ir-NHC catalysts
for these reaction have been reported by Crabtree and co-
workers, the most active being 123 followed by 168. Cp*Ir
complexes displayed somewhat lower activities. In contrasts
with previous catalysts, selective formation of formate instead
of carbon dioxide was observed.88

7.2. Dehydrogenation of alkanes

PCP-Ir systems are the most prolific catalysts for the
dehydrogenation of alkanes and are often employed as
benchmark for this type of reaction.118 Based on these results,
several groups have reported iridium complexes featuring
pincer ligands with NHC donor groups, which show moderate to
low catalytic activity for the transfer
dehydrogenation of alkanes compared to
counterparts (Figure 21).

and acceptorless
their PCP

The catalytic activity of complexes 170 is closely related to the
steric hindrance at the N-substituents of the NHC; in fact, the
use more bulky groups such as 2,6-diisopropylphenyl inhibits
the catalyst.1® On the other hand, the utilisation of an
abnormal NHC as donor group (complex 171) increases the
activity of the corresponding Ir complex.120 A plausible
explanation for this behaviour is the reduced steric hindrance
stemming from the orientation of the N-substituent, which is
further from the metal centre in this type of ligand. The
presence of a more electron-rich metal centre may also be
invoked; however, PCP and especially POCOP systems are
expected to render less electron-rich metal centres than CCC
pincers, which seems to make this explanation more
improbable. The substitution of an NHC by a t-butylphosphinite
moiety (complexes 172a-c) gives rises to active catalysts for the
transfer dehydrogenation of cyclooctane, although still low
activities are observed compared to PCP-Ir systems.

7.3. Dehydrogenation of BH3-NH3

The use of BH3-NH3; as a means to safely transport and store
hydrogen in a “hydrogen economy” has been explored mainly
due to its high weight per cent of hydrogen.121 In spite of the
success of NHC-complexes of various transition metals in the
dehydrogenation of ammonia-borane, Ir-NHC complexes have
been somewhat less explored.1?2

Complexes 173 and 174a are highly active catalysts for the
dehydrogenation of BH3'NH3; in H,O/THF mixtures. Catalyst
174a led to the formation of 3 equivalents of H, in 10 min under
mild conditions (40 °C) and low catalyst loading (0.005 mol%).123
The use of BArf, (tetrakis((3,5-trifluoromethyl)phenyl)borate)
as counteranion (complex 174b) improved slightly the catalytic
activity.1?* A further improvement of the catalytic activity was
achieved reacting 174b with H, to give 175 or with ammonia to
afford complexes 176 and 177 (Figure 22), 176 being the most
active catalyst.

The greater activity of complexes 175-177, mainly due to
remarkably shorter induction periods than 175, has been
attributed to the fact that these species have been identified as
possible reaction intermediates and, therefore, their use may
ease the access to the active species.

7.4. Dehydrogenation of aqueous sodium formate or formic acid

Formic acid is a promising H, carrier as it has the ability to
release hydrogen under relatively mild conditions, and the only
reaction by-product, carbon dioxide, can be hydrogenated back
to formic acid, which makes the process suitable for fuel-cell
technology.1?5

Water soluble complexes 178 and 179 show remarkably high
activities for the dehydrogenation of aqueous sodium formate
and, in addition, both catalysts are able to hydrogenate
bicarbonate to formate. This formate-bicarbonate hydrogen
storage system operates in a reversible manner with a
noticeable loss of activity after 4 cycles.1?6 The hydrogenation
of NaHCOs was achieved at a H; pressure of 10 bar and a
temperature of 80 °C, leading to conversions up to 74.9%.
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Scheme 19 Reaction mechanisms proposed for the dehydrogenation of formic acid with
Cp*Ir complexes that present a 6,6'-dmbp or 6,6'-dhbp ligand (R = H or Me).?’

The dehydrogenation process led to impressive TOFs up to
15110 h1 at 80 °C, with catalysts 178 being the most active
despite its lower solubility when compared to 179 (Figure 23).

Cp*Ir complexes 180a-c, which present an NHC ligand with a
pyridinol as N-substituent (NHC-py©R), perform well as pre-
catalysts for the hydrogenation of CO, and formic acid
dehydrogenation. The activity of 180a-c, however, is lower than
the related Cp*Ir complexes featuring 6,6'-dmbp

(dimethoxybipyridine) or 6,6'-dhbp (dihydroxybipyridine)
ligands. This may be due to the lower stability of the NHC-py©R
ligand, which has been proved to cyclometalate under basic
conditions via activation of the ortho C-H bond of the py
moiety.1?” The reaction mechanisms proposed in this work,
based on DFT calculations, were only studied for the Cp*Ir
complexes that present a 6,6'-dmbp or 6,6'-dhbp ligand.
However, analogous catalytic cycles may be expected for the
related NHC complexes (Scheme 19). Two mechanisms, one
featuring an inter- (Scheme 19A) and the other an intra-
molecular (Scheme 19B) proton transfer, were predicted to be
possible for the dehydrogenation of formic acid. Remarkably,
under acidic conditions, the presence of a methoxy or hydroxy
moiety produces only marginal differences in the activity of the
catalyst.

This is likely due to the impossibility to form anionic species
under acidic conditions, together with the similar electronic
characteristics of HO- and MeO- groups, both having a similar
ability to stablish hydrogen bonds.

8. Hydrogen isotope exchange

The hydrogen isotope exchange (HIE) reaction is a key strategy
in the first stage of drug discovery since it allows to monitor the
metabolic stability and/or toxicity of the compound under study
by introducing a tracer that does not affect the biochemical
properties of the original molecule.?® The importance of
iridium catalysts in HIE is well illustrated by the widespread use
in these reactions of Crabtree’s catalyst, which has been
considered as the model complex to promote isotopic
exchange. Related complexes featuring NHC ligands, 181 and
182, have been developed in the search for new catalysts that
overcome the drawbacks associated with the use of Crabtree’s
catalyst,
quantities of Ir-complex, production of substantial amounts of
radioactive waste and long reaction times.1?° Complexes 181a-
e bring about high deuterium and tritium incorporation in
aromatic compounds using D, or T, as sources. These reactions

namely, stoichiometric or overstoichiometric

are compatible with a great variety of directing groups,
including relevant bioactive molecules. In most cases, isotopic
exchange takes place at both C—H bonds adjacent to the
directing group.12%2 Mechanistic investigations suggest that the
rate limiting step of the reaction is the C—H activation process,
which is favoured by the presence of the strongly c-donating
NHC ligands. This would explain the high reactivity of these
complexes, which work at room temperature and maintain their
activity under aerobic conditions. Moreover, these catalysts
show excellent activities in solvents different from
dichloromethane, which is one of the main challenges in HIE
reactions.12°¢ The use of a less coordinating counterion, namely
BArF instead of PFg, brings about an increase of the reactivity,
although the counterion/solvent couple plays an important role
in the selectivity of the reaction.’30 A catalytic cycle was
proposed for this reaction based on stoichiometric experiments
and theoretical calculations (Scheme 20).
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Scheme 20 Proposed catalytic cycle for the directed deuteration of acetophenone.13

These data suggest that the first step would entail the
hydrogenation of the 1,5-cyclooctadiene ligand and the
formation of an unsaturated Ir(lll) dideuteride intermediate
with concomitant coordination of the substrate, analogously to
the hydrogenation catalysts described in section 2.
Subsequently, cyclometallation of the substrate affords a
hydride-dideuterium intermediate, which by a fluxional process
allows a deuteride to situate cis to the Ir—C bond. Finally,
reductive elimination leads to deuteration of the ortho C—H
bond. The main difference with the mechanism proposed by
Heys’ group is the stabilisation of the substrate by means of an
agostic interaction with the ortho-C—H bond.131

Complexes 182a-c have proved highly efficient and selective
catalysts for the isotopic labelling of various aromatic targets.
Remarkably, complex 182c the
monodeuteration of pharmaceutical agent SR 121463 (Figure
24).12%

leads to selective
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Figure 24 Molecular structure of pharmaceutical agent SR 121463.

Coordinatively unsaturated complexes 173, 174a (Figure 22)
and 185 (Figure 25) have shown good activity for the
deuteration of a wide range of secondary and tertiary
hydrosilanes with D,. Mechanistic studies suggest that the tert-
butyl groups at the nitrogen atoms reversibly cyclometallate
under a hydrogen atmosphere, thus generating or blocking
coordination sites throughout the catalytic reaction.132
Complexes of the type [Cp*Ir'"(PRs3)] have proved to be efficient
catalysts for H/D exchange only when strongly o-donating
trialkylphosphines were employed.133 The use of NHC'’s instead
of phosphines has led to the development of very efficient HIE
catalysts for a variety of organic molecules that use deuterated
solvents as deuterium source. Complexes 186 and 187 show
remarkably better activities, conversions and catalyst stability
than their phosphine analogues for a wider range of substrates
using CD30D as deuterium source.'3* Complexes 185, 186 and
188-189 (Figure 25) are able to deuterate benzene using
methanol-d;, acetic acid-ds and trifluoroacetic acid-d; as
deuterium source.’3> This study suggests that strong donor
ligands promote the formation of Ir-hydrides that facilitate the
activation of C—H bonds in weakly acidic solvents. Besides, the
reaction mechanism seems to change depending on the acidity
of the solvent. Classic organometallic mechanisms have been
proposed to take place in methanol and acetic acid, while an Ar-
Se mechanism would operate in trifluoroacetic acid.
Interestingly, Burgess catalyst, complex 7, is an efficient catalyst
for the deuteration of C—H bonds ortho to a directing group in a
variety of solvents.136

Complex 190 catalyses the selective formyl C—H deuteration
deuteration of aldehydes without the formation of
decarbonylation by-products; however, small amounts of aryl
deuteration were observed. The formation of these two
products was explained by means the two competing catalytic
cycles depicted in Scheme 21.137 The formyl labelling (Scheme
21A) requires the pre-activation of 190 with D, to give an Ir(lll)
active species as initial step. The resulting dideuteride complex
undergoes oxidative addition of the formyl C—H bond to give an
Ir(V) intermediate. Remarkably, DFT calculations predict a
higher activation energy for the alternative c-CAM mechanism.
Reductive elimination of an H-D molecule affords an Ir(lll)
intermediate that may go back to Ir(V) by oxidative addition of
the H-D ligand. The new Ir(V) intermediate now presents two
deuterides cis to the acyl ligand. Finally, reductive elimination
affords the formyl-labelled molecule. In contrast to the Ir(lll)-
Ir(V) catalytic cycle proposed for the formyl deuteration
(Scheme 21A), aryl labelling would proceed by an Ir(lll)
mechanism. In the case of the latter, the C—H bond activation
takes place by a o-bond metathesis pathway that results in the
cyclometallation of the benzaldehyde molecule and the
formation of a hydride and a D, ligand. DFT calculations predict
a high energy barrier for this process that accounts for the low
percentage of aryl labelled product (Scheme 21B). Finally, H-D
rearrangement followed by o-bond metathesis affords the aryl-
deuterated compound. Notably, the steric congestion about the
iridium centre originated by the steric impact of the NHC ligand
disfavours the decarbonylation process. In this regard, DFT
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The need for a thorough separation of the catalyst from the
target molecule in the pharmaceutical industry has led to the
development of supported Ir-NHC complexes 191138 and 192.139
Both hybrid materials were active catalysts for the deuteration
of acetophenone with methanol-ds;. The thermomorphic
properties of polyethylene-based material 191 lead to better

O D H activities than silica supported 192 (Figure 26).
. o D)
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-
D
H e (SABRE)
ol The prominent applications of NMR spectroscopy in chemical
ol H /E I X H and biomedical research have as major obstacle the intrinsically
D o B D /Ir\ =~ low sensitivity of the technique.!4® Hyperpolarisation methods
I;”"|r“““\ H | have been developed to circumvent this problem inducing
H | D NHC signal enhancement by increasing the population difference
NHC between spin states promoting non-Boltzmann nuclear spin
Cl populations in organic substrates. Dynamic nuclear polarisation
D
H/,""’" Ilr \\\\\\‘O\ H (DNP) makes use of the polarisation transfer from an unpaired
D~ | electron to the nuclei in the substrate at temperatures close to
NHC 1 K, which requires a period of several hours.#! Para-hydrogen

Scheme 21 Competing mechanisms for formyl (A) and aryl (B) labelling.*3”

induced polarisation (PHIP) entails the hydrogenation of the
target molecule with p-H,;, which results in the chemical
modification of the hyperpolarised molecule.’42 Signal
amplification by reversible exchange (SABRE), on the other
hand, leads to hyperpolarisation by temporary simultaneous
coordination of p-H, and the substrate to the polarisation



transfer catalyst.43 This technique was first developed using
Crabtree’s catalyst, [Ir(cod)(PCys)(py)IBFs, for the transfer
polarisation from p-H, to pyridine. The reaction of
[Ir(cod)(PCys)(py)IBFs with p-H, and py affords the active
species, [Ir(H)2(PCys)(py)s]BF4, which is able to produce
significant signal enhancement in the H, 13C and >N NMR
spectra of pyridine by polarisation transfer from the p-H,-
derived hydrides to the coordinated substrate via scalar
coupling.144

Theoretical calculations suggested that the use of strongly
donating and encumbered phosphines favour the SABRE
process.1#> This prompted the use N-heterocyclic carbenes to
substitute the phosphine ligand (PCys) in Crabtree’s catalyst.
[IrCl(cod)IMes] (28a), which is  transformed into
[Ir(H)2(IMes)(py)s]BF4 (194) in the presence of p-H, and py, is
remarkably more active than [Ir(H),(PCys)(py)s]BF4 as a SABRE
catalyst.16 This result has led to the publication of a myriad of
studies on SABRE catalysts based on this scaffold (Figure 27).147
Various NHC ligands have been tested as ancillary ligands for
this process, namely, SIMes (1,3-Bis(2,4,6-trimethylphenyl)-4,5-

dihydroimidazol-2-ylidene), IPr (1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene), SIPr (1,3-Bis(2,6-
diisopropylphenyl)-4,5-dihydroimidazol-2-ylidene), ICy (1,3-
bis(cyclohexyl)imidazol-2-ylidene), IMe (1,3-
bis(dimethyl)imidazol-2-ylidene), ImMe,NPr, (1,3-

bis(diisopropyl)-4,5-dimethylimidazol-2-ylidene), ImNPr, (1,3-
bis(diisopropyl)-imidazol-2-ylidene) and  SImNPr,  (1,3-
bis(diisopropyl)-4,5-dihydroimidazol-2-ylidene) (complexes
193a-h).

The influence of the electron-donating ability of the ligands is
almost negligible; therefore, the different signal enhancements
observed upon NHC substitution should be mainly attributed to
steric effects.147¢ An increase of the NHC’s steric bulk, measured
in terms of %Vy.r, leads to higher pyridine exchange rates, which
suggests a dissociative mechanism. However, the signal
enhancement is not directly related with the %V, This may be
due to the fact that the polarisation transfer process needs to
be sufficiently rapid to allow signal enhancement at high
exchange rates, otherwise the relaxation processes that take
place in solution would lead to signal decay. The NHC ligands
that render the most effective catalyst for SABRE are in
decreasing order: IMes, SIMes, IPr, ImMe,NPr,, IMe, ICy and
SIPr,147d

Other substrates, different from pyridine,
hyperpolarised using SABRE, for example,
underwent hyperpolarisation mainly to the 'H nuclei of the
pyridyl ring, and in a lesser extent to the 13C nuclei.l*’f Signal
enhancement of nicotinic acid at different pH values has also
been studied in view of employing this hyperpolarised molecule
as a probe to assist in medical diagnosis. Complex 195 was
obtained upon reaction of 28a with nicotinic acid. Under p-H;
atmosphere (3 bar) 195 is converted into 196, which reacts with
2 equivalents of nicotinic acid to afford 197, presumably the
active species.’#7l Complex 197 was found to be soluble in
water, a very desirable characteristic for the potential
biomedical application of SABRE hyperpolarisation, since most
systems require methanol as solvent, which is not compatible

have been
nicotinamide

with in vivo injection.147! The efficiency of water soluble SABRE
catalysts 198147 and 199!47& drops drastically upon using pure
water or biocompatible mixtures as solvents. A noteworthy
catalyst is 200, which is capable of achieving hyperpolarisation
in pure water, showing enhancement levels for nicotinamide
similar to those obtained with 28a derivatives in ethanol/water
mixtures. Besides, 200 shows a wide substrate scope; namely,
pyridine, methyl nicotine, N-methylnicotinamide and
nicotinamide.’47"m Complex 201 shows activities in methanol
similar to those described for 200 in water.

More recently, the advancement of this technique has allowed
the efficient enhancement of nucleus such as 15N,147n 13C, 1470,r
and 19F147q.

The heterogenisation of homogeneous SABRE catalysts on solid
supports is an interesting strategy for the separation of the
catalyst from the hyperpolarised substrate in solution (Figure
28). This characteristic is of crucial importance for SABRE
catalysts owing to the stringent requirements for in vivo
experiments. Hybrid material 202 presents the Ir(cod)IMes
fragment bound to a micropolymer bead by means of a 4-
dimethylaminopyridine linkage.

202 is able to produce a fivefold enhancement of the RNM
signals of pyridine, which is relatively low in comparison with
homogeneous SABRE. However, the heterogeneous catalysis
was performed under disadvantageous conditions compared to
homogeneous catalysis, such as lower catalyst-substrate ratio
or reduced pH, fraction.147i Heterogeneous SABRE catalysts 203
and 204 contain the Ir(COD)IMes fragment linked to TiO2/PMAA
core-shell nanoparticles or a PVP polymer comb via a pyridine
moiety. Both can be separated and
enhancements up to 11-fold.147k

recycled achieving

10. Functionalisation of C—H bonds

The functionalisation of C-H bonds enables the direct
derivatisation of organic molecules without the need for
prefunctionalisation, thus eluding the use of additional steps
and reducing the amount of by-products generated during the
course of the synthetic route.’*® NHCs promote C—H bond
activation by: i) enhancing n-backbonding from the d orbitals at
the metal centre to the * orbital of the C—H bond, and ii)
stabilising high oxidation states of the catalyst, thus facilitating
the oxidative addition reaction.14?

The intramolecular C—H bond activation of the aromatic N-
substituents has been proposed to occur reversively throughout
the catalytic cycle, playing a key role in the improvement of the
catalytic activity.

The cyclometallation-decyclometallation of the wingtip groups
was proposed to bring about steric and electronic adjustments
in the catalyst that affect its reactivity. The postulated catalytic
cycle entails the cyclometallation of 2-phenylpyridine and the
N-substituent to give B, followed by reaction with triethylsilane
to afford C and the corresponding silylacetate.
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10.1. C-H Silylation

Complexes 205 and 206 are capable of selective mono-silylation
of a variety of arenes in ortho to pyridyl or iminyl directing
groups (Figure 29).150

The oxidative addition of a molecule of silane triggers the
decyclometallation of the NHC, thus yielding D. Coordination
and migratory insertion of the hydrogen acceptor (norbornene)
gives E, which after cyclometallation of the NHC and reductive
elimination of norbonane renders F. Coordination of the silane
gives G, which promotes the formation of the o-CAM
intermediate H and, consequently, the silylation of the
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substrate. Finally, substitution of the silylated product in I
restarts the catalytic cycle (Scheme 22).150
Complex 207 catalyses the directed and
dehydrogenative silylation of a wide range of (hetero)arenes
with various hydrosilanes, including for the first time (EtO)sSiH.
The catalyst works efficiently with and without a hydrogen
acceptor, although better yields and reaction rates were
observed in the presence of a sacrificial hydrogen acceptor. The
mechanism of the reaction was proposed based on theoretical
calculations and supported by experimental evidences.

non-directed
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Figure 29 Ir-NHC catalysts for C—H silylation.
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Figure 31 Ir-NHC catalysts for C—H borylation.

The Ir(1)/Ir(Il) mechanism requires as first step the
dehydrogenation of 207 to generate an electron-rich NHC—Ir(l)
intermediate ([Ir(IPr)(Py)s]). The formation of this very reactive
species permits the C—H bond activation to occur under mild
conditions. Coordination of the substrate (2-phenylpyridine) to
[Ir(IPr)(Py)s] leads to the barrierless oxidative addition of the C—
H bond with concomitant loss of a pyridine ligand followed by
silane coordination. Finally, the silylated substrate is formed via
a 0-CAM mechanism, which, after substitution of the reaction
product by a pyridine ligand, regenerates 209 (Figure 30).151
10.2. C-H Borylation

The first example of C—H borylation and, notably, of arene C-H
functionalisation, by NHC complexes makes use of the Ir(l)
catalysts of general formula [Ir(COD)(NHC).]*. Complexes 208-
211 catalyse the borylation of a series of substituted arenes
with B,Pin,.152 Further studies on this type of bis-NHC
complexes (212-217) led to excellent results in the borylation of
arenes under microwave irradiation using HBPin, especially in
the case of 212b.
observed for thermic processes and these systems permit the
Related mono-NHC
catalysts were proved less effective, probably due to the low
stability of the catalysts.153

Iridium CCC-pincer complexes 170a, 170c, and 218 catalyse the
borylation of aryl C—H bonds in the presence of NaO!Bu.l1?
Attempts to use stoichiometric amounts of the arene with these

The reaction times are shorter than those

use of efficient solventless systems.

catalysts were unsuccessful, in fact, no stoichiometric process
has been described so far for catalysts based on Ir-NHC scaffolds
(Figure 31).

11. Miscellaneous
11.1. Hydroalkynylation of imines

Ir(l1) dinuclear complex 219 catalyses the hydroalkynylation of a
variety of imines with aliphatic and aromatic alkynes.1>4
Dinuclear Ir(ll) complexes have been often described as inactive
species in catalysis,’® 219 being one of the few exceptions
hitherto reported (Figure 32).155

The proposed catalytic cycle involves a dinuclear cooperative
mechanism (Scheme 23) where the oxidation state of the Ir
centres and the hapticity of the aryl ligand change throughout
the catalytic cycle. The key steps of are: (i) one of the Ir centres
undergoes oxidative addition of the C-H bond; (ii)
deprotonation of the complex by the imine; (iii) the protonated
imine coordinates by the m-system; (iv) migratory insertion of
the imine into the Ir—alkynyl bond to form the propargyl amine
and regeneration of the catalyst.

219

Figure 32 Binuclear Ir(ll) catalysts for the hydroalkynylation of imines.
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11.2. Hydroamination

The hydroamination reaction, formally the addition on an N—H
bond across a double or triple C—C bond, is one of the most
atom-economic and versatile routes to the formation of new C—
N bonds.23¢ Ir(lll) complex 220, which features a CCC-NHC pincer
ligand (Figure 33), is capable of catalysing the
hydroamination/cyclisation of unactivated alkynes in water to
give 5- and 6-membered nitrogen-containing rings (Scheme
24).157

Complexes 91¢c, 221 and 222, which present hemilabile N-donor
functions at one of NHC’s sidearms, are also active catalysts for
the intramolecular hydroamination reaction. However, reaction
rates are lower than those obtained with 220 under comparable

The
hemilabile group improves the catalytic performance, probably
due to a weaker Ir—N bond, as suggested by the longer bond
distances observed for 221b and 222 compared to 91c and
221a.1%8

Complex 223 showed excellent activities for the intramolecular
hydroamination of aliphatic and aromatic amines. The
cyclisation takes places under very mild conditions (0.5 mol%
catalyst loading, room temperature) and short reaction times

conditions. increase of steric hindrance about the

(full conversion in ca. 3 min). The enantiopure complex 224
gives rise to excellent enantioselectivities in the asymmetric
version of this reaction. Somewhat lower activities were
observed for 224 when compared to 223, although full
conversion can still be achieved under mild conditions with the
former.15°

The intramolecular hydroamination of aminoalkynes, namely 4-
pentyn-l-amine to 2-methyl-1-pyrroline, to give the
corresponding 5-membered derivative is efficiently catalysed
by complexes 225 and 226. The success of these catalysts has
been attributed to the NHC-P ligand, which allows the catalytic
reaction while avoiding the decomposition of the complexes
(Figure 34).160 The higher activity of 225 and 226 compared to
related complexes featuring a bis-NHC ligand, namely
[Rh(mdd)(CO),] BPhy; (mdd = 1,1-methylene-3,3"-
dimethylimidazoline-2,2’-diylidene), has been ascribed to the
increased lability of the CO ligand in the NHC-P complexes, since
they feature less electron-rich metal centres. However, the fact
that a phosphine moiety is more labile than a NHC should not
be totally discarded as an explanation for the increased activity
of the NHC-P complexes.

11.3. Diboration of olefins

The first example of diboration reactions with iridium catalysts
is the diboration of olefins with bis(catecholato)diboron (B,cat;)
employing 227 as catalyst and sodium acetate as additive
(Figure 35).161 This catalytic system has proved to trigger
asymmetric induction in the presence of AgBF4;, rendering
modest enantiomeric excesses for the diboration/oxidation
process (ca. 10% ee) . The proposed mechanism entails that the
heterolytic splitting of the B.cat, molecule is aided by the
acetate anion, without the need for the oxidative addition
reaction to take place.

2SN | BPhy

227

Figure 35 Ir-NHC catalysts for the diboration of olefins.
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Therefore, the oxidation state of the Ir(lll) centre remains
unaffected throughout the catalytic cycle.

Thus, the first step would be the formation of the Ir(lll)-Bcat
complex. Subsequently, alkene coordination and migratory
insertion into the Ir-B bond would take place. Finally, the Ir-
alkylboronate thus formed would transmetalate with B,cat; to
afford the diboronated product while regenerating the active
species (Scheme 25).161

11.4. Hydrolysis and methanolysis of silanes

The hydrolysis and methanolysis of hydrosilanes to give
molecular hydrogen and silanols or silyl ethers, respectively, is
effectively catalysed by complexes 74, 75b and 75c at room
temperature. Complex 75c is the most active of these catalysts
and can be reused 5 times without an apparent loss of activity.
The higher activity of 75¢ may be rationalised in terms of the
coordination strength of the wingtip groups. The hemilabile
ether functions at 75c permit the generation of vacant
coordination sites while providing stability to the catalyst. On
the other hand, the ether groups at 74 are too strongly
coordinating and, consequently, hamper the catalytic reaction.
The butyl substituents in 75b do not provide enough catalyst
stabilisation, thus leading to catalyst decomposition, as
suggested by the recycling experiments.

The reaction mechanism probably requires the end-on
coordination of the hydrosilane, with the resulting complex
undergoing the Si—H bond cleavage aided by a water molecule.
The hydride complex and protonated silanol thus formed react,
likely through a proton transfer reaction, to give a dihydrogen
complex that eliminates molecular hydrogen. Concomitantly,
the active species is regenerated and a molecule of silanol is
delivered (Scheme 26).162

11.5. Arylation of aldehydes with boronic acid

Complexes 228 and 229 catalyse the arylation of aldehydes with
boronic acid to give the corresponding carbonyl compound or

R'3SiOH H,0
+H-H Ph

-

Cat: /'—\-h'_x 2 \Ir Br

/,
7, /,

228 (X = CI/Br : 58/42)

Scheme 27 Arylation of aldehydes with boronic acid using Ir-NHC catalysts 228 and 229.

Ox-H B(OH),
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the related secondary alcohol (Scheme 27). However, these
catalysts show in general lower activities and yields than their
rhodium counterparts.63

11.6. Addition of aroylchlorides to alkynes

The addition of the C—Cl bond of aroylchlorides across a
terminal alkyne is an atom efficient method for the preparation
of a,B-unsaturated ketones.
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Scheme 28 Proposed mechanism for the addition of aroylchlorides to alkynes.64



This reaction proceeds in toluene at 90 °C in the presence of
[IrCl(cod)IPr] as catalysts. In situ generated catalysts with
[IrCl(cod)]2 (2.5 mol%) and monodentate phophines (5 mol%) or
IMes show significantly lower activities and selectivities when
aromatic alkynes were used as substrate. The generation of
[IrCI(cod)IPr] in situ brings about higher yields and selectivities
than those mentioned before, but lower than the isolated
complex. The main reaction product is the Z-isomer, although
the E- and a-isomers are also observed. Remarkably, products
resulting from decarbonylation and subsequent B-hydride
elimination were not observed when [IrCl(cod)IPr] was used as
catalyst. Conversely, in the case of aliphatic alkynes the best
performing catalyst was that generated in situ from [IrCI(COD)]>
(2.5 mol%) and PCy;(o-Tol) (5 mol%).164

The mechanism proposed for the addition of aroylchlorides to
alkynes entails the oxidative addition of the aroyl chloride’s C—
Cl bond followed by alkyne insertion into the Ir—Cl bond. Finally,
reductive elimination affords the reaction product and
regenerates the active species (Scheme 28). Alternatively, in the
case of aliphatic aroyl chlorides, e.g. C17H35C(O)Cl in Scheme 29,
decarbonylation followed by B-hydride elimination may take
place. Although not specifically mentioned by the authors, a
plausible explanation for the role of the ligand on the selectivity
of the reaction may be that the steric bulk of IPr favours
migratory insertion vs decarbonylation but, in the case of
aliphatic aroyl chlorides, the high electronic density at the Ir
centre owing to the NHC and alkyl ligands resulting from the
decarbonylation reaction overstabilises the carbonyl species.
This would finally promote the formation of the
decarbonylation/B-hydride elimination product.

11.7. Visible-light-driven reactions

11.7.1. Radical cyclisation. The reductive cyclisation of aryl
iodides has been reported to proceed successfully using
[Ir(ppy)2(dtbbpy)]PFs (where ppy = 2-phenylpyridine and
dtbbpy = 4,4'-Di-tert-butyl-2,2'-dipyridyl) as catalyst; however,
aryl bromides proved to be more challenging substrates.16>
Complexes 230-238 (Figure 36) catalyse the reductive
cyclisation of aromatic and aliphatic bromides under blue LED
light in the presence of formic acid and a reductant, e. g.

diisopropylethylamine (DIPEA), ascorbic acid,
tetramethylethylenediamine (TMEDA) or 1,8-
diazabicyclo[5.4.0]Jundec-7-ene  (DBU)  (Scheme  29).166

Remarkably, under the same conditions, common photo-
catalysts such as [Ru(bpy)s]Cl; or [fac-Ir(ppy)s] displayed poor
performances.

R Cat

N\/% >
DIPEA, HCOOH

Blue LED, CH3CN

ﬁBf -0
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Y. Blue LED, CH,CN N

/
Py
Z0

Scheme 29 Visible-light-induced radical cyclisation.

The improved activity that bis-NHC ligands bring about has been
ascribed to various aspects that include: high photo-stability of
the catalyst, strong absorptivity, and long lifetimes of excited
species. This permits the photo-ionisation from Ir(l11)* to Ir(1V)
that promotes the catalytic reaction. In summary, NHC ligands
provide complex stability and tune the emission energy and
lifetimes.

The reaction mechanism has been proposed to be initiated by
the oxidative quenching of the catalyst in the excited state, due
to its ability to promote the one-electron reduction of the alkyl
or aryl bromide. This results in the splitting of the C—Br bond,
which is followed by the reaction of the alkyl or aryl radical with
the C—C double bond. Finally, the ammonium radical resulting
from the oxidation of DIPEA by the catalyst completes the
reduction by the transfer of one electron.

11.7.2. Thiol-ene additions. Luminescent iridium(lll) complexes
239-248 present a chelating 2-pyridylidene ligand
functionalised with an R group (Figure 37) that permits fine
tuning of the electronic and photophysical properties of the
complexes. These complexes catalyse the radical thiol-ene
addition under blue LED irradiation in yields that span from 54
to 81% (Scheme 30). Moreover, this reaction is compatible with
a variety of functional groups at the alkene.

11.7.3. Carbon dioxide reduction. Complexes 230-238166 and
239-2481%7 also catalyse the visible-light-driven reduction of CO;
to CO in the presence of blue LED irradiation and [CoCI(TPA)]CI
(TPA = Tris(2-pyridylmethyl)amine) by means of the highly
reducing nature of the excited state (Scheme 31). ATON of 1900
for CO was observed after 75 h. These catalytic process presents
several advantages compared to the system based on
[CoCI(TPA)]CI] that uses [fac-Ir(ppy)s] as photosensitiser (ppy =
2-phenylpyridine),1%® which include (i) higher TON(CO) values,
(ii) improved efficiency regarding solar-to-fuel conversion and
(iii) elevated rates of CO generation over prolonged irradiation.
11.8. Isomerisation of alkenes

Various Ir-NHC complexes have been reported to catalyse the
isomerisation of alkenes. Complex 72a is a catalyst for the
isomerisation of allylboenzene to B-methylstyrene and 1,5-
cyclooctadiene to the corresponding 1,3- or 1,4-diene.>8

Complex 170a and 249a-b, in the presence of sodium tert-
butoxide, efficiently catalyse the transformation of 1-hexene
into internal alkenes, mainly trans and cis 2-hexene, although
small amounts of 3-hexene were also observed. In the
isomerisation of 1-octene, the use of complexes 249a-b (Figure
38) as catalysts lead to the formation of greater amounts of

Cat
SH + R » Ph._S.__R
~ R p-Toluidine (0.5 eq.) g
Blue LED, CH3CN
Scheme 30 Thiol-ene addition reaction.
Cat
CO, [CoCI(TPA)]* = Co

Blue LED, CH3CN/NEt3

Scheme 31 Carbon dioxide reduction reaction.
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3-octene (even fractions of 4-octene) under the same
conditions in comparison with 170a. This suggests that the
sterically hindered complexes 249 are more active catalysts
than 170a.16° The catalytic cycle was studied for 170a using H-D
scrambling and crossover experiments. The proposed
mechanism was supported by kinetic experiments and the
isolation of complex 250, which acted as a kinetically competent
catalyst.

According to these data, the isomerisation occurs via an
intermolecular  1,3-hydrogen  migration at the Ir(m-
allyl)(hydride) intermediate 250, which is described as the



catalyst’s resting state. The reversible reductive elimination of
the allyl and hydride ligands at 250 affords the internal olefin
coordinated to the metal centre in an end-on fashion. The
substitution of the internal olefin by the starting material is the
rate-liming step of the reaction (Scheme 32). Surprisingly, the
more encumbered catalysts 249a and 249b operate by a
completely different mechanism. The crossover and H-D
scrambling experiments seem to suggest that a 1,3-deuterium
shift and an intermolecular hydrogen transfer are taking place
in this alternative catalytic cycle. the reaction
mechanism in this case is still unclear.7°

11.9. Asymmetric intramolecular allylic amination

However,

The intramolecular allylic amination reaction is an interesting
pathway for the preparation of a variety of N-heteroclyclic
compounds. The asymmetric version of this reaction is especially
relevant for the synthesis of active pharmaceutical ingredients.71

The reaction requires the use of a chiral ligand and usually [IrCl(cod)],
as metal precursor. The use of chiral triazolium salts as proligands
(251-257; Figure 39), which generate in situ the related Ir-NHC
complex in the presence of [IrCl(cod)], and DBU, have proved an
efficient class of catalyst for this type of reaction.72 These catalysts
are compatible with a broad range of substituted indole- and pyrrole-
derived substrates, the latter being slightly less reactive than the
former (Scheme 33). Metal catalyst loadings between 1.25 and 5 mol
% lead to excellent yields and enantiomeric excess values that range
from 74 to 99 %, thus providing a route to enantioenriched biological
targets based on indolopiperazinone and piperazinone backbones.
Moreover, plausible Friedle-Crafts alkylation products at the C3 of
the indole are rarely observed.

A preliminary study of the reaction mechanism suggests that the
active species is a cyclometallated Ir(lll)-hydride complex where the
ortho C-H bond at the phenyl N-substituent of the NHC ligand has
been activated. In fact, addition of allyl methyl carbonate and AgBF4
to [Ir(cod)CI(NHC)] (NHC = ligand derived from the deprotonation of
256) affords 258 (Figure 40), which proved to be a competent
catalysts for the allylic amination reaction. In fact, a 93 % yield and a
99 % ee was obtained for the indole that features H (R') and benzyl
(R?) as substituents.

11.10. Heterometallic catalysts containing iridium centres

Heterometallic complexes that feature NHC-Ir moieties have
shown interesting performances as catalysts for tandem
reactions (Figure 41).
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Figure 39 Imidazolium salt-derived proligands for intermolecular allylic amination.
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Complex 259 catalyses the catalytic tandem

cyclisation/alkylation of 2-aminophenyl ethyl alcohol and
primary alcohols.173 The fact that this reaction is also catalysed
by the related homonuclear Ir caralysts
[(Ch2Cp*Ir(ditz)IrCp*(Cl)2],  [(cod)(Cl)Ir(ditz)IrCp*(Cl);] and
[(cod)(CNIr(ditz)Ir(cod)(Cl)] (ditz = triazolyl-diylidene) suggests
that the presence of the rhodium centre and, therefore, the
heterometallic nature of the complex is not a requisite. In fact,
the catalytic activity and the selectivity seem to be negatively
affected by the presence of the rhodium centre.

Complex 260 catalyses the tandem oxidation of 1-(4-
halophenyl)ethanols and arylation of arylpyridines (Scheme
34).However, the role played by the Ir centre is unclear since
complex [(Cl).Cp*Ir(ditz)IrCp*(Cl),] shows no catalytic activity,
while related ruthenium complexes, namely, [(Cl)a(p-
Cymene)Ru(ditz)Ru(p-Cymene)(Cl),] and [RURu(Cl)2(p-
Cymene)(IBu)] (1"Bu = 1,3-di-n-butyl-2,3-dihydro-1H-imidazol-2-
ylidene), show similar or better activities than 260.174
Complexes 261 and 262 are active for three types of tandem
dehalogenation/transfer hydrogenation (Scheme
35A), Suzuki coupling/transfer hydrogenation (Scheme 35B)
and Suzuki coupling/a-alkylation (Scheme 35C).175 In this case,
the palladium and iridium centres catalyse different processes
in the tandem reaction; the palladium fragments catalyse the
dehalogenation and Suzuki coupling reaction, while the iridium
fragments catalyse the transfer hydrogenation and a-alkylation
reactions. These tandem reactions represent a substantial
advance relative to previously developed processes, which
required the use of a palladium and an iridium catalyst as well
as the isolation of intermediate products.

reactions,
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Figure 41 Heterometallic Ir-NHC catalysts.

It is noteworthy that, in all the cases presented above, the
performances of the catalysts cannot the ascribed to individual
metal fragments, since the intermetallic communication seems
to alter the properties of the discrete metal centres.

12. Thoughts on Ir-NHC catalysis

The applications of iridium complexes in homogeneously
catalysed processes, although undoubtedly important, have
been less widespread than for other late transition metals,
especially those of the noble triad (Ru, Rh and Pd). Probably due
to their comparatively higher stability, Ir(lll) complexes have
been traditionally used for the study of elementary steps and
reaction mechanisms of their related rhodium catalysts. In fact,
the low reactivity of certain Ir intermediates may hamper

subsequent reactions, thus inhibiting the catalytic cycle or
reducing, to some extent, the productivity of the process.
However, the use of N-heterocyclic carbenes as ancillary ligands
seems to have triggered a new golden age in iridium catalysis.
Why have NHC ligands had such an impact on iridium catalysis?
In many instances, the well-stablished characteristics of NHC
ligands may be customarily invoked: strong c-donor ability
(facilitates the oxidative addition step), stability of the C—M
bond (reduces the need for excess ligand and avoids catalyst
decomposition) and steric protection (the NHCs fan-shaped
structure has implications in the selectivity of the reaction and
stabilises unsaturated intermediates). Nonetheless, a more in-
depth analysis of the behaviour of Ir-NHC catalysts may hint at
certain reactivity trends that are specific to this type of
complexes:

1) The presence of NHCs may trigger outer-sphere mechanisms
due to the high electron density at the Ir centre, which increases
its nucleophilic character. Furthermore, the steric hindrance
added to the high trans effect of NHCs may hamper the access
to Ir(V) species, especially when other encumbered moieties or
ligands with high trans effect (e. g. hydrides) should be
incorporated into the starting Ir(lll) complex after oxidative
addition. This favours alternative mechanistic pathways (by-
passing classic mechanisms), which could result in novel
selectivities and improved reactivities.

2) Oxidative addition to an Ir(l) centre to afford an Ir(lll) species
is generally accepted to be less energy demanding than for their
related rhodium complexes. The opposite occurs for the
reductive elimination reaction from Ir(lll) and Rh(lll) complexes,
which is easier for the latter. This results in Ir(lll) species being
excessively stable compared to Rh(lll) for two reasons: (i) Ir(lll)
complexes undergo reductive elimination less straightforwardly
than their Rh(lll) analogues, and (ii) the access to Ir(V)
intermediates may be difficult in some cases, e. g. encumbered
hepta-coordinated iridium(V) species'’® or challenging
oxidative additions. In the case of the latter, the Ir(lll)-Ir(V)
oxidative addition has often been reported as the rate-limiting
step of the catalytic cycle!’” and, sometimes, alternative c-bond
metathesis steps need to be invoked.178.150,151

The presence of NHC ligands may ease the access to lower
oxidation states since their large steric bulk may favour
reductive elimination. Regarding the access to higher oxidation
states, although NHC-Ir(V) intermediates may be infrequent for
the reasons commented above, they cannot be discarded
because the presence of NHCs increases the electron density at
the metal centre, which should ease the oxidative addition
process. For example, theoretical calculations support the fact
that C—H bond activation may take place at room temperature
through an Ir(V) intermediate when sufficiently strongly
donating carbene ligands are employed.17?

Perhaps more importantly, high electron density at an Ir(lll)
centre may trigger o-CAM reactions, where the Ir centre at the
transition state formally takes on an oxidation state between Il
and V, which would be, overall, the equivalent of an oxidative
addition followed by reductive elimination.

3) As seen throughout the manuscript, Ir(lll) hydrides are
ubiquitous intermediates in the postulated catalytic cycles. The
high trans effect of NHCs and hydride ligands leads to the



destabilisation of these intermediates and to the intrinsic
lability of the hydride ligands, which is exacerbated by their
pronounced nucleophilicity—due to the high electron density at
the Ir centre.

4) The straightforward functionalisation
variability of NHCs permits the incorporation of moieties that
may interact with the substrate, thus allowing the design of
metal-ligand cooperation systems that trigger alternative
reaction pathways.180

Summarising, the donor capabilities, steric bulk and high trans
effect of NHCs seem to increase the reactivity of the, in
principle, overstable Ir(lll) intermediates. These features, added
to the fact that functionalised NHCs may act as non-innocent
ligands through metal-ligand cooperation processes opens up
an abundant mechanistic diversity that may account for the
prolific reactivity of Ir-NHC catalysts.

and structural

Conclusions

The broad range of catalytic reactions commented on in this
review illustrate the versatility of Ir-NHC catalyst, which, in
recent times, have expanded beyond the widely studied and
successful (transfer) hydrogenation reactions. Among the large
number of processes catalysed by Ir-NHC complexes we would
like to highlight here those that, in our opinion, show more
promise.

1) Water oxidation catalysis: Ir-NHC WOCs, especially those
featuring highly electron donating mesoionic NHCs, have shown
exceptionally good activities that in some cases surpass Ru
catalysts. New advances on catalyst and ligand design offer
great opportunities for further development thanks to the
easily tuneable NHCs.

2) C-H bond functionalisation: The use of Ir-NHCs in processes
such as borylation and silylation are scarce, despite the
unquestionable importance of these reactions in synthetic
chemistry. However, the few examples so far reported show
great promise for future expansion.

3) Dehydrogenation processes: Iridium catalysts have been
widely explored in dehydrogenation reactions, which
somewhat contrasts with the limited number of examples that
employ NHCs as ancillary ligands. These types of processes
include important reactions, such as, H, production from
methanol, aminoboranes or formic acid, and the valorisation of
naturally occurring polyols such as glycerol.

4) Signal amplification by reversible exchange: The dramatic
progress of the SABRE technique in the last few years has been
intimately related to Ir-NHC catalysis. However, most SABRE Ir-
NHC catalysts have been based on the same scaffold
([Ir(H)2(NHC)(py)3]*). The use of new NHC-motifs and catalyst
formulations may bring about interesting results.

The reaction mechanisms that we have gathered for this review
show that Ir-NHC catalysts display a rich variety of catalytic
cycles, from inner- to outer-sphere mechanisms, in which the
metal centre may adopt a great diversity of oxidation states that
include Ir(1), Ir(11), Ir(111), 1r(1V), and Ir(V).

The high reactivity that the coordination of one or more NHC
ligand conveys into Ir complexes, and the straightforward

derivatisation of these ligands, shows great potential for new
catalytic applications and the development of those already
known.
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