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N-Heterocyclic carbenes (NHCs) have emerged as a privileged ligand family in organometallic chemistry,
widely recognized for their unique steric and electronic properties. Among them, the 1,3-bis(2,6-
diisopropylphenyl)imidazole-2-ylidene (IPr) ligand has become a cornerstone of NHC chemistry for its
remarkable versatility, stability, and broad use. Since its discovery by the Nolan group in 1999, IPr has
played a pivotal role in advancing catalytic transformations and facilitating the utilization of NHC ligands
in various domains. This article highlights major contributions where IPr has helped shape modern
organometallic chemistry, with a focus on its influence in transition metal catalysis and ligand design.
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Introduction

N-Heterocyclic carbenes (NHCs) represent one of the most
significant and extensively studied families of ligands in
organometallic chemistry. Their robust o-donating properties
and ability to stabilize transition metals have made them
indispensable in the chemistry of Late Transition Metals (LTM),
where they have been widely employed as supporting ligands in
a plethora of catalytic processes. Over the past few decades, the
utility of NHCs has expanded far beyond traditional metal
catalysis, finding applications in a range of fields such as in
organocatalysis."” Moreover, NHCs have been effectively incor-
porated into f-block metal chemistry,® materials science,* and
surface chemistry,” demonstrating their versatility and adapt-
ability. These ligands have also been explored in biomedicinal
research in the development of therapeutic agents,® as well as in
Main group chemistry,” further illustrating their broad appli-
cability across diverse areas of chemical research space.

The rapid development and research into N-heterocyclic
carbenes occurred shortly after Bertrand's isolation of the first
stable A*>-phosphinocarbene (1989)* and Arduengo in 1991, who
isolated the first stable NHC - IAd (1,3-di(adamantyl)imidazole-
2-ylidene).® These breakthroughs built upon seminal work of
Wanzlick and Ofele (dating back to 1968) who independently
synthesized the first NHC complexes with mercury and chro-
mium.'>"" The field saw further advances in 1995 with Herr-
mann's seminal report, showing the utility of NHC ligands in
palladium-catalyzed Heck cross-coupling reactions.”> This
reporting is a key moment where transition metal-NHC
complexes were shown to have catalytic relevance.

The IPr ligand was first introduced by the Nolan group in
1999."** The modified synthetic method is based on an
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important adaptation of the general protocol reported by
Arduengo.” This straightforward two-step process (Scheme 1)
begins with the use of the readily available 1,3-diisopropylani-
line to form a diimine, which, after simple collection as a solid
via filtration, can be subjected to cyclization using para-
formaldehyde. The imidazolium salt is formed with an accom-
panying counterion, which originates from the protic acid or
TMSCI used. Following another filtration, the resulting bench-
stable and easy-to-handle precursor can be immediately used
either for the generation of the free carbene or for the direct
synthesis of metal complexes. The simplicity of this method,
which eliminates the need for rigorous purification steps,
combined with the robustness and stability of the precursors,
has further enhanced the appeal and widespread use of the IPr
ligand in catalysis. Its practicality and stability have made it
a highly attractive first choice for researchers in organometallic
chemistry.
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Scheme 1 Synthesis of IPr-HCl and IPr.
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Fig. 1 High- and low-tech reactors for the synthesis of IPr-HCL

The synthetic protocol of the imidazolium salt (IPr-HCI) has
proven quite robust and has been conducted in the Nolan labs
on two continents and in 5 countries using high volume glass
reactors and in a low-tech apparatus (Fig. 1). The detailed
protocol for large scale synthesis of imidazolium salt and free
carbene has been disclosed by the Nolan group.*® The free NHC
IPr (1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidene) holds
a unique and distinguished position among NHC ligands,
despite not being the first NHC to be isolated or employed in
catalysis. As it turns out, it is often the ligand of choice in any
new catalyst screening involving an NHC. Its significance lies in
its remarkable versatility, stability and broad applicability,
making it one of the most widely used and influential ligands
within the entire NHC family. The success of IPr can not only be
attributed to its utility as a supporting ligand but also as
inspiration in the development of related ligands. These
evolutions in ligand design, oftentimes built around the IPr
core, have permitted great advances in reactivity and catalysis.

Since its discovery, IPr has emerged as a cornerstone of NHC-
based chemistry, featuring prominently in over 1800 scientific
publications covering various domains of chemical science.
However, the bibliographical metrics are somewhat misleading
as the ligand and complexes are nowadays so commonly used
that the primary literature goes often uncited. As one of the
most readily accessible, its utilization as an ancillary ligand has
often streamlined research efforts, causing a substantial
increase in the exploration and application of NHCs in catalysis.

This account provides an overview of seminal contributions
enabled using the IPr ligand, with particular focus on the pio-
neering advances that catalyzed the exploration of NHC as
supporting ligands. While many examples of IPr-metal
complexes have been reported, encompassing not only early
and late transition metals*’~*° but also Main group, and f-block
elements,® this contribution will focus on specific metals
where IPr has had the greatest influence on their chemistry and
catalytic applications. Additionally, we will examine the far-
reaching influence of the IPr framework on ligand design and
methodology development over the 25 years since its discovery,
emphasizing its role in shaping modern organometallic
chemistry.

Ruthenium chemistry and IPr

The first article employing IPr was devoted to the use of [Ru(p-
cymene)(NHC)Cl,] complexes in ring-closing metathesis
(RCM).** Olefin metathesis plays a pivotal role in modern
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chemistry, as evidenced by the Nobel Prize in Chemistry in 2005
awarded for the development of this transformative method in
organic synthesis. Interestingly, the research groups of Nolan,*
Grubbs,* and Herrmann/Fiirstner> independently reported on
mono-NHC-based ruthenium catalysts for olefin metathesis in
the same year as when the IPr ligand was introduced. These
catalysts, bearing IMes (1,3-bis(2,4,6-trimethylphenyl)
imidazole-2-ylidene) and SIMes (1,3-bis(2,4,6-trimethylphenyl)
imidazolin-2-ylidene), mostly, are now known as second-
generation Grubbs' catalysts.

Catalytic activities of p-cymene IPr complex Ru-1 (Fig. 2)
together with the IMes congener were tested in RCM employing
diethyldiallylmalonate.”* Both IMes and IPr complexes showed
high efficiency as catalyst precursors, with IMes being more
active at 40 °C, achieving higher conversions than IPr under
these conditions (Scheme 2a). However, at elevated tempera-
tures (80 °C), both complexes exhibited similar catalytic activi-
ties, indicating that temperature played a key role in
overcoming activation barriers in this transformation and using
these two distinct NHCs. This study also highlighted the supe-
rior stability of these NHC ligands compared to phosphine-
based systems, demonstrating their robustness at elevated
temperatures.

Subsequently, similar studies were performed with other
precatalysts incorporating the alkylidene, 3-phenylindenylid-1-
ene.””> Notably, while the IMes complex was more efficient in
reactions involving diethyldiallylmalonate, the IPr complex Ru-
2 outperformed IMes in reactions with diallyltosylamine
(Scheme 2b). Stability tests further confirmed that both IMes
and IPr complexes remain stable at 80 °C for over 10 days
without any sign of decomposition, highlighting their robust-
ness under prolonged thermal conditions. The advantageous
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Fig. 2 Selected examples of IPr—ruthenium complexes. Dipp = 2,5-
diisopropylphenyl, Py = pyridine.
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Scheme 2 Examples of the use of Ru-1 (a), Ru-2 (b) and Ru-3 (c) in
Ring Closing Metathesis (RCM).

role of the IPr ligand had yet to be fully demonstrated in olefin
metathesis, but this was to come shortly (vide infra).

Subsequently, several comparative studies including IPr
ruthenium complexes were reported. Fiirstner showed that IPr-
ruthenium complex Ru-3 (Fig. 2) in some cases outperformed
IMes congeners and had as fast initiation rate for enyne
metathesis as the state-of-the-art at a time, the SIMes analog
(Scheme 2c).>* The nature of the increased catalytic activity
between first and second generation ruthenium olefin metath-
esis catalysts was studied on the example of IPr, revealing that it
slowed bimolecular carbene decomposition in the 14-electron
ruthenium intermediate during catalysis,” thus leading to
significantly increased activity and thermal stability (because of
the increased steric bulk of IPr) compared to first generation
catalysts. In another study, [Ru(Cp*)(IPr)Cl] complex Ru-4 was
studied to explain the difference in catalytic activity between
saturated and unsaturated NHCs in ruthenium catalyzed olefin
metathesis (Fig. 2), revealing that even slight differences in
electronic and steric properties of the NHC could cause drastic
differences in catalytic activity.*®

Even though IMes and especially SIMes ruthenium
complexes became go-to catalysts in olefin metathesis, those
highly cited important studies, featuring the IPr ligand,
contributed to the increased interest and subsequent improved
understanding and popularity of the NHC-containing ruthe-
nium metathesis catalysts. The Ru-IPr based systems proved to
be excellent olefin metathesis systems but are less frequently
employed, we feel, because the SIMes-based system had, by
then, taken a strong hold on the market.

Although highly impactful, the IPr-ruthenium chemistry is
not only limited to olefin metathesis. Another field where IPr-
ruthenium complexes were implemented is in hydrogenation
reactions. One of the first examples of the use of IPr-Ru
complex in hydrogenation was reported by the Whittlesey
group® who showed that among a series of [Ru(NHC)(L)(CO)(H)
Cl] complexes, the most efficient catalyst for the hydrogenation
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(0] Ru-5 (0.4 mol%)
H2 10 atm

75°C

96% conversion

Ru-6 (0.5 mol%)

X CN KO'Bu (1.5 mol%) N/J\
RT _ 'ProH, 70°C

R = 4-MeCH(OH), 45 min, 97%
R = 4-(H,N), 90 min, 87%

Scheme 3 Examples of the use of Ru-5 and Ru-6 in hydrogenation
reactions.

of acetophenone (Scheme 3) was the IPr-based Ru-5 (Fig. 2).
Later on, the Nikonov group reported efficient transfer hydro-
genation of nitriles and olefins, catalyzed by half-sandwich
ruthenium complexes incorporating IPr as ancillary ligand,
with best results obtained using Ru-6 (Fig. 2 and Scheme 3).>°
The developed protocol allowed for the hydrogenation of
nitriles, activated heterocycles such as quinoline, and various
olefins. It was shown that these catalysts perform better than
phosphine-based cousins.

Another interesting example of the use of IPr as a ligand is its
role as a stabilizing ligand for the isolation of reactive species. It
has been shown that heterobimetallic catalyst (IMes)
AgRuCp(CO), is a highly efficient and selective catalyst for E-
selective semi-hydrogenation of alkynes.** However, attempts to
isolate intermediates with IMes as ancillary ligand in order to
study the mechanism failed. Therefore, authors turned to IPr
analogs of those intermediates and managed their isolation and
proposed a mechanism for the transformation. This is also
a recurring theme encountered in Transition Metal (TM) IPr
chemistry: the improved crystallinity/stability of the IPr-derived
complexes. NHC-ruthenium complexes have also been
employed in the racemization of chiral alcohols. Although ICy-
based complex proved to be more efficient than the IPr coun-
terpart, in the presence of strong base,*” ruthenium hydroxide

50°C, 16 h

87% yield
>99% racemization

bes

68% yield
97% selectivity

Ru-8 (10 mol%)
Et3S|H 1eq.

70°C, 20 h

Scheme 4 Examples of the use of Ru-7 and Ru-8 in racemization of
alcohols and hydrodefluorination, respectively.
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complex Ru-7 (Fig. 2) bearing IPr could catalyze this trans-
formation for secondary alcohols without base (Scheme 4).*

The Whittlesey group has reported on the catalytic hydro-
defluorination of aromatic fluorocarbons using
[Ru(NHC)(PPh;),(CO)H,] complexes. During their studies, the
IPr-based catalyst Ru-8 (Fig. 2) showed the highest catalytic
activity in hydrodefluorination of pentafluorobenzene in the
presence of Et;SiH (Scheme 4).** The follow-up mechanistic
study of this reaction revealed the effects behind the unusual
selectivity of this process which turned out to be dependent on
the nature and properties of the NHC ligand.>®

In summary, the IPr ligand has played a pivotal role in
advancing ruthenium chemistry, particularly in the fields of
olefin metathesis and hydrogenation. These contributions have
not only improved reaction efficiency and selectivity, but also
broadened the scope of ruthenium-catalyzed transformations,
solidifying the importance of IPr in established areas of ruthe-
nium catalysis.

Nickel catalysis and IPr

The first report on the IPr-nickel complexes dates back to 2001,
when Hermann used IPr,Ni(0) complex Ni-1 (Fig. 3) for room
temperature Kumada-Tamao-Corriu coupling between aryl
fluorides and aryl Grignard reagents.*® Interestingly, in situ
generated catalyst from [Ni(acac),] and imidazolium salt proved
to be slightly more efficient than well-defined complex
(Scheme 5a). This was attributed to the fact that mono-ligated
IPr-Ni(0) was the active species in this transformation and
a species bearing two such units would necessitate a ligand
displacement to form the active species. Simultaneously, the
Fort group reported the use of the [Ni(acac),]/IPr-HCI catalytic
system for amination of aryl chlorides (Scheme 5b).*” Louie et al.
also reported on the use of in situ generated IPr-Ni catalyst for
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Fig. 3 Selected examples of the IPr—nickel complexes used in
catalysis.
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Scheme 5 Early examples of the use of IPr ligand in Ni catalysis.

the [2 + 2 + 2] cycloaddition of CO, and diynes (Scheme 5¢).*® A
year later, Dible and Sigman reported the isolation of the first
mono-ligated Ni(u) complex Ni-2 with IPr as ancillary ligand
(Fig. 3).*

Another highly influential study, not only for Ni-NHC
chemistry, but one affecting the broader field of NHCs, was
conducted by Nolan in the elucidation and quantification of the
steric and electronic properties of NHCs. The synthesis and
characterisation wvia IR spectroscopy of [Ni(CO);(NHC)]
complexes were used to measure the CO stretching frequencies
leading to determination of Tolman electronic parameter
(TEP).* At the same time, the results from diffraction studies on
single crystals were used to calculate the percent buried volume
(%Vpur) of the NHC ligands, providing valuable insights into
their steric properties.** This work became the basis for further
studies and development of steric descriptors for NHCs which
are widely used in explaining the catalytic activity of NHC metal
complexes.**™¢

These pioneering studies have permitted significant
advances in the development of NHC-Ni chemistry. Unlike in
ruthenium chemistry, where IMes-based catalysts dominate, IPr
remains one of the most widely used monodentate NHC ligands
in nickel chemistry and catalysis. The incorporation of NHC
ligands not only enabled milder reaction conditions and
enhanced selectivity but also facilitated new catalytic trans-
formations. Among the most explored reactions in this area are
cross-couplings—particularly ~ Suzuki-Miyaura, = Kumada-
Tamao-Corriu, and Buchwald-Hartwig reactions—along with
a-arylation, C-H functionalization, reductive couplings, cyclo-
additions, and hydrosilylation, although this short listing is by
no means exhaustive.

Building on the Herrmann work, several subsequent studies
explored Kumada-Tamao-Corriu (KTC) couplings with IPr-Ni
complexes, with two particularly influential examples being the
use of Ni-2 and the dinuclear Ni(1)-IPr complex, Ni-3 (Fig. 3). In
the first study, the authors successfully performed KTC

Chem. Sci., 2025, 16, 2062-2082 | 2065
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coupling reactions with both heteroaromatic chlorides and
anisoles under relatively mild conditions.”” The second study
provided crucial insights into the catalytic cycle, specifically
highlighting the involvement of dinuclear monovalent nickel
complexes in the reaction mechanism. These findings have
greatly improved the understanding of Ni-catalyzed cross-
coupling reactions and the role of IPr in enhancing their
efficiency.*®

Regarding the Suzuki-Miyaura coupling, polydentate NHC
nickel complexes have dominated the field. However, it should
be mentioned that in a comparative study of half-sandwich
NHC-nickel(n) complexes, the IPr complex Ni-4 (Fig. 3)
showed the best reaction rate in the Suzuki-Miyaura coupling
(Scheme 6).* Another Ni-IPr complex Ni-5 (Fig. 3) recently
showed high catalytic activity in Suzuki-Miyaura coupling of
amides under aerobic conditions.”

Following Fort's work, several studies have appeared on the
use of Ni-NHC catalytic systems for amination reactions. In
2005, Schneider introduced the in situ generation of the Ni-1
complex for efficient amination of aryl chlorides, demon-
strating that IPr provided superior reactivity compared to other
ligands.>*

The Nicasio group utilized the previously mentioned allyl
complex, Ni-2, for the amination of (hetero)aryl chlorides under
mild conditions, showcasing, for the first time, that this trans-
formation could be achieved at room temperature with a nickel
pre-catalyst (the IMes-coordinated congener of Ni-2 exhibited
very poor reactivity).*> Building on this work, the same group
developed another pre-catalyst, [Ni(IPr)(styrene),] (Ni-6, Fig. 3),
which was successfully applied to the amination of aryl tosy-
lates,* and later to the N-arylation of indoles and carbazoles
(Scheme 7).** Another important report featuring IPr was
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Scheme 6 [Pr—nickel

couplings.

complexes in KTC and Suzuki—Miyaura
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Scheme 7 IPr—nickel complexes in amination reactions.

devoted to the use of Y-shaped monovalent nickel complex Ni-7
(Fig. 3), which enabled the amination of arylhalides with
diphenylamine at room temperature, an unprecedented result,
at the time.*® One of the latest examples where IPr ligand was
used to stabilize active intermediates in nickel catalysis is the
mechanistic study of the Ni(1)-Ni(m) catalytic cycle in the
Buchwald-Hartwig amination.>

In 2014, Hartwig and co-workers reported the hydroarylation
of olefins with trifluoromethyl-substituted arenes using the
[Ni(IPr),] Ni-1 complex. This transformation displayed unprec-
edented selectivity for the linear anti-Markovnikov product.®”

The a-arylation transformation is another reaction where
IPr-Ni complexes have been successfully employed. Matsubara
et al. utilized a mixed NHC/PR; nickel complex containing IPr
(Ni-8, Fig. 3) for the arylation of propiophenones with various
aryl halides, although this required a relatively high catalyst
loading of 10 mol% at an elevated temperature of 110 °C
(Scheme 8).°® Several years later, the Ritleng group reported the

Br [Ni] O
o+ NaO'B
©/ ey 0 o

100°C, 24 h
Ni-8 (10 mol%), 42%
Ni-5 (3 mol%), 65%

CF3
CF;
Ni-1 (10 mol%)
N - -
/\’< - CF,
CF; 60°C,5h
87%
Linear/branched > 99:1
Scheme 8 IPr—nickel complexes in a-arylation and hydroarylation
reactions.
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use of the half-sandwich complex Ni-5, which permitted to
reduce the catalyst loading to 3 mol% and to broaden the
reaction scope (the IMes-congener of Ni-5 was not very efficient,
leading to a 25% yield, using 5 mol% catalyst loading, whereas
Ni-5 afforded a 78% yield with 3 mol% catalyst loading).>
Further advances were made by increasing the steric bulk of the
IPr core structure with phenyl substituents, leading to improved
efficiency in the a-arylation reaction.®® This ground-breaking
work laid the foundation for a series of studies in which
either IPr or modified IPr-based ligands were employed to
further enhance selectivity and expand the reaction scope to
include very challenging substrates.**-*

Additionally, it is important to highlight other key contri-
butions to NHC-nickel chemistry, where the IPr ligand has
played a pioneering role in facilitating the development of novel
methods and reactions. These include (but are not limited to)
the use of IPr-Ni complexes in hydrosilylation,*** C-H func-
tionalization polycondensation,*® dual photoredox catalysis®”
and metalloradical catalysis.®**

Copper catalysis and IPr

The history of NHC-copper chemistry began in 1993 when
Arduengo reported the synthesis of the first homoleptic NHC
complexes of copper.” Since then, numerous reports featuring
NHC-copper complexes in organometallic chemistry and their
deployment in catalysis have been published. A significant
milestone came with the work of Buchwald and co-workers, who
synthesized the first well-defined IPr-containing copper
complex, Cu-1 (Fig. 4), which played a pivotal role in advancing
this field. This complex proved to be highly efficient in the
conjugate reduction of a,B-unsaturated carbonyl compounds,
setting a new standard for catalytic performance at the time
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Fig. 4 A selection of IPr—copper complexes used in catalysis.
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Scheme 9 Use of Cu-1 (a and b) and Cu-2 (c) in conjugate reduction
and hydrosilylation of ketones.

(Scheme 9a).”* The reaction mechanism was proposed to involve
the formation of an NHC-copper hydride intermediate, gener-
ated through the reaction of in situ formed [Cu(NHC)(O'Bu)]
and polymethylhexasilazane (PMHS), a hypothesis later
confirmed by stoichiometric experiments conducted by
Sadighi.”” NHC ligands played a pivotal role in the use of copper
complexes in catalysis in general, with IPr being often the first
NHC ligand successfully employed in the development of a new
transformation or improvement of existing ones.

In the same year as Buchwald reported the synthesis of the
first IPr-copper complex, Nolan and co-workers utilized this
catalytic system in the hydrosilylation of ketones at room
temperature (Scheme 9b).” In the follow-up study, the Nolan
group introduced cationic complex Cu-2 (Fig. 4) to mediate the
same transformation, which proved to be slightly more efficient
and allowed for an expanded reaction scope (Scheme 9c).”* A
slightly different reaction mechanism was proposed for the
cationic complex, where dissociation of one of the IPr ligands
occurs prior to formation of the tert-butoxide intermediate.”

Other important contributions opening the way for various
catalytic transformations mediated by NHC-copper complexes
came from Sadighi and Petersen on insertions into Cu-alkyl
bond. The insertion of CO, into Cu-CH; under mild conditions
to form copper acetate was established in the first report.” This
reactivity, along with Sadighi's earlier findings on the interac-
tion of copper alkoxide species with B-B bonds,” paved the way
for Hou's important development of the carboxylation of orga-
noboronic esters, catalyzed by [Cu(IPr)Cl] (Scheme 10).”® The
Hou research group also reported on the hydrosilylation of
carbon dioxide using [Cu(IPr)(O‘Bu)] (Cu-3, Fig. 4) as the cata-
lyst, further expanding the scope of copper-mediated trans-
formations to CO, activation/conversion (99% vs. 74% yield for
the hydrosilylation of carbon dioxide, between Cu-3 and the
corresponding IMes-coordinated congener, at 100 °C).”

Further studies revealed that the [Cu(IPr)(CH;)] complex
reacts with various compounds containing acidic N-H, C-H,
and O-H bonds, leading to the formation of [Cu(IPr)X] species
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Scheme 10 IPr—Cu complexes in CO, insertion chemistry.

and the release of methane.®®* These [Cu(IPr)X] complexes
were subsequently employed as catalysts for anti-Markovnikov
additions of N-H and O-H bonds to olefins (Scheme 11a).*> The
same strategy was extended to the hydrothiolation of olefins
using [Cu(IPr)(SR)] catalysts (Scheme 11b).*®

In 2010, the Nolan group introduced a new IPr-copper
hydroxide complex, Cu-6 (Fig. 4), which possessed the ability to
activate various C-H bonds under mild conditions.®* This
property allowed for the in situ formation of [Cu(IPr)R] species
containing Cu-C bonds, which were later used successfully in
the catalytic carboxylation of C-H and N-H bonds (Cu-6
exhibited higher reactivity than the SIPr-, IMes- and SIMes-
coordinated congeners, 69% vs. 28% vs. 16% vs. 23%, using 2-
methyl-1H-imidazole as reagent and 1 mol% catalyst loading,
respectively), utilizing CO, as a reagent (Scheme 11c).*

Recently, numerous reports have focused on the use of NHC-
copper complexes, particularly IPr-Cu complexes, in carbon-
ylative and borylative transformations. The Mankad group has
reported on hydrocarbonylative couplings of alkynes with alkyl
halides, where the [Cu(IPr)Cl] complex proved to be the most
efficient for coupling alkyl iodides with both terminal and
internal alkynes (Scheme 12).%*%” Following these reports,
a carbonylative C-C coupling of arylboronic esters with alkyl
halides for the synthesis of ketones was developed, using a dual
Mn/Cu catalytic system. This method is compatible with various
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Scheme 11 Use of IPr—copper in hydroamination, hydrothiolation and
carboxylation.
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arylboronic ester nucleophiles and works efficiently with both
primary and secondary alkyl iodide electrophiles (Scheme 12).%
Another important contribution utilizing this chemistry was
devoted to carbonylative silylation of alkyl halides, providing
access to valuable acylsilane synthons.*

In 2015, Miura and Hirano reported a ligand-controlled
regiodivergent Cu-catalyzed aminoboration of unactivated
terminal alkenes. Interestingly, while using [Cu(Xantphos)CI],
boration occurs at the terminal position, however, the use of
[Cu(1Pr)Br] provides access to borated product at internal
positions with very good regioselectivity (Scheme 13a).°® This
methodology was later extended to include regiodivergent
arylboration of the dienes using Cu/Pd catalytic system, where
[Cu(IPr)Cl] played a key role (Scheme 13b).”*
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Scheme 13 Examples of use of IPr-Cu complexes in borylation

chemistry.
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Scheme 14 The use of IPr-Cu complexes in fluorination and
defluorination chemistry.

The Procter group reported on the borylative cross-coupling
of allenes and imines using the [Cu(IPr)CI[/KO‘Bu catalytic
system.”” In this case, boration occurred selectively at the
internal position of the allene, yielding branched a,f-
substituted-y-boryl homoallylic amines (Scheme 13c). This
approach was further applied to the synthesis of quaternary o-
amino esters (Scheme 13d).**

In addition, it is important to highlight that the IPr ligand
allowed for the isolation and characterization of the first copper
difluoromethyl complex Cu-7 (Fig. 4).°* This important inter-
mediate had never been isolated previously, despite copper-
based catalytic systems being among the oldest and most
widely used for the introduction of the CHF, group. Following
stoichiometric experiments, a catalytic version of this trans-
formation was developed using [Cu(IPr)Cl] as pre-catalyst and
(TMS)CHF, as the difluoromethyl source (Scheme 14).>*

Another noteworthy contribution in fluorine chemistry,
featuring the IPr-Cu complex Cu-8 (Fig. 4), is the defluor-
osilylation of fluoroalkene feedstocks providing access to fluo-
rinated silanes.*

In closing this section, the synthesis of copper carbene-
metal-amido (CMA) complexes, such as Cu-9 (Fig. 4), which
feature carbazole as an ancillary ligand is also worth
mentioning. These complexes exhibited promising dual-
emission properties and ultralong room-temperature phos-
phorescence (RTP), which hold great potential for the develop-
ment of advanced RTP materials.*®

Gold catalysis and IPr

The report describing the synthesis and characterization of the
first IPr gold complex dates to 2005.°” The [Au(IPr)Cl] complex
Au-1 (Fig. 5) was prepared by mixing free carbene with the

N U N N v N N _ N
Dipp™ Y “Dipp  Dipp™ Y “Dipp | Dipp~ " X+ ~Dipp
Au Au \Au(
| (¢] ' 0O | X
cl N\ _N_ 7 N
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Au-3, X=PFg
Au-4, X=BF,

Fig. 5 Examples of the IPr gold complexes.
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[Au(SMe,)Cl] precursor, in a simple ligand displacement reac-
tion. These [Au(NHC)CI] complexes have quickly become widely
used as pre-catalysts in gold-catalyzed transformations.
Although much more cost-efficient and sustainable synthetic
methods were developed to access NHC gold complexes,®® this
important report represents the onset of an avalanche of
publications devoted to the use of these in various catalytic
transformations. Notably, since the initial report, more than
800 publications have featured the IPr-gold core structure,
establishing gold organometallic chemistry as a leading plat-
form for the application of IPr as an ancillary ligand. While it is
beyond the scope of this contribution to cover all these studies,
we will focus on key milestones that have reinforced the central
role of IPr in gold catalysis.

Upon gaining access to this new class of pre-catalysts,
researchers naturally began exploring their potential in trans-
formations previously mediated by phosphine-gold and NHC-
copper complexes. In many instances, these investigations
resulted in the development of milder reaction conditions,
attributed to the unique steric and electronic properties of the
NHC ligand, which enhance both the stability and reactivity of
the active LAu' species. Interestingly, the use of NHC-gold
complexes has sometimes led to the discovery of entirely new
catalytic reactions or significant alterations in reactivity
compared to previously known systems. Notably, in most of
these studies, IPr-gold complexes were the primary candidates
tested and employed, underscoring the critical role of IPr in
advancing gold-catalyzed transformations.

One particularly interesting example of a new catalytic
reaction developed using gold NHC complexes, rather than the
more traditional copper NHC complexes, is related to carbene-
transfer reactions. Nolan and co-workers demonstrated that
[Au(IPr)CI] not only catalyzed the expected cyclopropanation of
olefins but also facilitated the formal insertion of carbenes into
N-H and O-H bonds. Remarkably, the gold catalyst enabled
unprecedented carbene insertion into the aromatic C-H bonds
of styrene, benzene and toluene (Scheme 15a).”>'* Among the
many studies highlighting the enhanced reactivity of NHC-gold
complexes, several early seminal reports stand out. Widenhoe-
fer and co-workers reported that using [Au(IPr)Cl] for the
intramolecular hydroamination of N-alkenylacetamides
allowed the reaction to proceed at lower temperatures than
those required with phosphine-based analogues (Scheme
15b)** Similarly, the Toste group observed higher catalytic
activity with IPr-gold complexes in the oxidative rearrangement
of enynes compared to PPh;-ligated gold complex (Scheme
15¢).1

The Zhang group utilized [Au(IPr)NTf,] complex Au-2 (Fig. 5)
in the generation of a-oxo gold carbenoids and their insertion
into R-CO bonds (Scheme 15d).'** Again, while an IPr complex
facilitated this transformation, the related PPh; analogue failed
to do so.

In 2006 the Nolan group reported the isolation of well-
defined cationic gold complex Au-3 (Fig. 5), allowed to
perform catalysis without activating AgX or NaBAr, salts
(Scheme 16).**
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Scheme 16 The use of Au-3in carbene insertion chemistry, and effect
of counterion on hydroarylation.

The catalytic activity of Au-3 (Fig. 5) was tested in carbene
insertion of EDA and revealed the significant effect of the
counterion on the reactivity. The same conclusion was drawn
while using [Au(IPr)Cl])/AgX catalytic system for novel tandem
[3,3] rearrangement-intramolecular hydroarylation to access
indenes (Scheme 16; note that the SIMes-coordinated congener
afforded a moderate yield, in contrast to Au-1/AgX)."* The silver-
free route, under Au-6/HBF,-Et,O (Scheme 18), supported by
theoretical calculations is also efficient, where pre-catalyst
activation is mediated by the HBF,-Et,O that acts as Bronsted
acid.'® In 2007, Ricard and Gagosz reported the synthesis of
already mentioned IPr gold catalyst Au-2 with weakly coordi-
nating NTf, moiety."”” Although simultaneously reported by
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Scheme 17 The use of IPr—gold complex for intermolecular addition
of carbon nucleophiles to 1,6-enyne and isolation of the first gold—
vinyl complex Au-5.

Zhang,'” the synthesis and characterization of the complex was
reported only in the former. These complexes demonstrated
enhanced stability, particularly under ambient conditions, and
proved highly active in a variety of gold-catalyzed trans-
formations without the need of activating agent.'”” Based on
these and related work, numerous reports dealing with the
effect of the counterion in gold-NHC catalysis have appeared
recently, revealing new aspects of the mechanisms of these
transformations. Most of these reports once again utilized IPr-
gold complexes as the “gold standard” for this chemistry.*****

The remarkable ability of gold to activate m-bonds has long
been recognized as one of its most distinctive features,
accounting for the predominant focus on m-bond activation in
gold-catalyzed reactions as seen above. Another important
contribution in this area is the work of Echavarren in compre-
hensive studies of the gold-catalyzed intermolecular addition of
carbon nucleophiles to 1,5- and 1,6-enynes."** From this report,
it became clear that the reaction pathway could be directed by
the auxiliary ligand, leading either to cyclopropane or carbene-
site selectivity. The presence of NHC ligands, such as IPr, leads
to carbene-site selectivity in most cases (Scheme 17).

The Hashmi group successfully isolated the first vinylgold
complex Au-5 (Scheme 17) using N-propargylcarboxamides as
substrates and IPr as an auxiliary ligand on gold. This
achievement provided direct evidence for the existence of these
species in gold-catalyzed reactions with alkynes, which had
been proposed as key intermediates but had never been isolated
prior to this work."” Here again we have an example of the use
of IPr to isolate reactive species.

The Nolan group reported on the use of [Au(IPr)Cl]/AgSbFs
catalytic system for both formation of conjugated enols and
enals, and acid-free alkyne hydration at ppm level catalyst
loadings (Scheme 18, top)."* In both cases, the presence of H,0O
in the reaction mixture proved to be an important factor,
allowing catalytic reaction to occur. Based on experimental and
computational data, the reaction was hypothesized to proceed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 18 Gold-catalyzed hydration of alkynes and reactivity of Au-5
hydroxide.

through the intermediate formation of [Au(IPr)OH] species.
Soon afterwards, complex Au-6 was isolated using a simple
procedure of mixing [Au(IPr)Cl] with a hydroxide source. The
obtained complex was found to be air- and moisture-stable,
although highly basic and under the right conditions, very
reactive."* The reactivity of this “golden synthon” was illus-
trated by reactions with various acids and compounds con-
taining acidic C-H and O-H bonds, performed in air and at
ambient temperature. Among several products accessible using
this synthon, the gold hydride [Au(IPr)(H)] Au-7, gold aryl and
alkynyl complexes Au-8 and Au-9 (Scheme 18) could be easily
accessed. Furthermore, this development allowed for the use of
gold hydroxide as a precatalyst for various transformations,
using a Brensted acid as activator to generate the LAu® active
species.’ These silver-free protocols are of significant impor-
tance, as silver was found to not just act as an innocent activator
but an actor for several transformations.”® One of the most
significant uses of the gold hydroxide is in the carboxylation of
C-H bonds directly with CO,.""”

In the report describing silver-free protocols, the authors
noted the formation of unreported species in the reaction
mixture, which upon further investigation turned out to be
a dinuclear species, [{Au(IPr)},(1-OH)]".!*° The isolated complex
[{Au(1Pr)},(u-OH)|[BF,] Au-10 (Scheme 19) demonstrated excel-
lent catalytic performance in the hydration of nitriles*® and
hydrophenoxylation of alkynes,"***** attributed to a “dual acti-
vation”** mechanism. This dual activation arises from the
equilibrium between dinuclear complex and [Au(IPr)OH]/
[Au(IPr)(BF,)] pair, where the former functions as a Brensted
base and the latter operates as a Lewis acid (Scheme 19). This
catalyst was later successfully employed in the hydro-
alkoxylation and hydrocarboxylation of alkynes."****

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 19 Equilibrium of Au-10 complex and its use in carboxylation
of alkynes.

Just prior to reports on dinuclear gold catalysts, the Hashmi
group explored various gold-catalyzed arylative cyclizations of
1,x-diynes. This series of reports was of major importance in
gold catalysis, as it shed light on and provided evidence for
various important intermediates in gold-catalyzed reactions
involving activation of m-bonds, confirming the dual catalytic
role of gold.

In most cases, the IPr ligand was used as ancillary ligand,
allowing for the detection or/and isolation of important inter-
mediates. In 2012, Hashmi showed that formation of Au-C o-
bond plays an important role in the activation of triple bonds
involving further m-binding of the second bond atom.*** In the
same report, the authors managed to isolate the first NHC-
containing gem-diaurated aryl species Au-11 and provided the
rationale for its role in the catalytic cycle (Scheme 20). The
follow-up report provided further compelling evidence for the
dual activation role of gold and the involvement of gold vinyli-
dene intermediates in the formation of dibenzopentalenes from
arene-1,2-diynes.” Finally, those o,m-alkyne gold acetylide
complexes were isolated and fully characterized, including X-ray
diffraction on single crystals, which provided insights in their
structure (Scheme 20). Those complexes were probed as on-
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NTY,
S]
Au-11
AgX ®
CH,Cl, —= Au—
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Scheme 20 Isolation of important intermediates Au-11 and Au-12.

Chem. Sci., 2025, 16, 2062-2082 | 2071


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc07009g

Open Access Article. Published on 09 January 2025. Downloaded on 10/5/2026 2:41:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

cycle catalysts for hydroarylating aromatization and proved
efficient without additives.'” In contrast to these findings, the
Echavarren group successfully isolated several o,m-digold
alkyne complexes bearing the IPr ligand. Following mechanistic
investigations, including both experimental and theoretical
studies, they concluded that these complexes represent “dead
ends” in gold catalysis involving enynes.**”

With ongoing advances in gold catalysis, IPr has emerged as
the preferred ligand for NHC—-gold catalytic systems, reinforcing
its position as one of the most widely employed ligands in this
field. Recent applications of IPr include a variety of trans-
formations including the domino**® and cascade cyclization,**®
cycloaddition,”™® and annulation™* reactions, as well as for
hydrofluorination®* and hydration**® of triple bonds. The
versatility displayed by IPr extends even to more unconventional
areas of gold chemistry, including the encapsulation"** of gold
complexes and their use in energy transfer photocatalysis.**>*%¢

131

132

Palladium catalysis and IPr

Catalytic studies involving IPr in palladium catalysis began
shortly after the discovery of the ligand itself, in 1999. The
initial reports focused on the amination of aryl halides™ and the
Kumada-Tamao-Corriu coupling,** both utilizing in situ
generated catalysts from Pd,(dba); and imidazolium salts as
precursors. This approach was later extended to Hiyama and
Stille couplings, using Pd(OAc), as the palladium source
(Scheme 21).237"3% After the development of such efficient
protocols for those transformations, the next significant devel-
opment was the design of Pd/NHC well-defined complexes.

In 2002, the Nolan group introduced two families of the well-
defined Pd-NHC precatalysts - NHC palladium p-chloro-
bridged dimers [Pd(NHC)CL,],"** and NHC palladium allyl
complexes [Pd(NHC)(allyl)CI].*** Subsequently, both of these
families played a substantial role in further advancing the area
of NHC-palladium catalysis.

In particular, [Pd(IPr)Cl,], (Pd-1, Fig. 6) showed remarkable
catalytic activity in various aryl halide aminations, including

cl
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Scheme 21 Some early examples of IPr ligand use in palladium
chemistry.
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very challenging versions and operating under surprisingly mild
reaction conditions, i.e. without the need for anhydrous and
anaerobic conditions (Scheme 22a)."*® Subsequently, this cata-
lyst was employed in room-temperature Suzuki-Miyaura
couplings, and a recent comprehensive study on its acti-
vation has been published.**® This study included a direct
comparison with various other precatalysts developed later and
revealed that this previously “overlooked” family of pre-catalysts
remains among the most active. Consequently, the authors
suggested that these pre-catalysts should be considered as
a preferred option in catalytic applications.

[Pd(NHC)(allyl)Cl] complexes, being air- and moisture-stable
compounds, were successfully tested in the arylation of ketones,
Suzuki-Miyaura and Buchwald-Hartwig cross-coupling reac-
tions."**'**1*> Later on, a more detailed study on these reactions
was reported revealing a very high efficiency of [Pd(IPr)(allyl)Cl]
(Pd-2, Fig. 6) (Scheme 22b).**®

Since then, considerable amount of research has focused on
optimizing the structure of NHC-palladium precatalysts to
develop more readily activated and efficient complexes.
Numerous families of precatalysts have been synthesized and
evaluated, with varying degrees of success in terms of catalytic
efficiency. However, it is noteworthy that precatalysts contain-
ing IPr as an ancillary ligand are almost always among the first
to be synthesized and tested, serving as a benchmark in
comparative studies.

One of such families was NHC palladacycles, which
combined the stability of the metallacycle scaffold with strong
o-donating properties of the NHC ligands. In a series of reports
IPr congener Pd-3 (Fig. 6) showed high catalytic activity in
various room temperature cross-coupling reactions, including
Suzuki-Miyaura coupling with hindered (di)ortho-substituted
aryl chlorides (Scheme 23)."*"'** A more comprehensive study
on Suzuki-Miyaura, a-ketone arylation and dehalogenation
reactions provided efficient protocols for the use of these pre-
catalysts, with IPr complex Pd-3 being the most efficient.'** The
Morandi group recently used the same precatalyst for C-S and
C-P bonds metathesis by reversible arylation.***
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Scheme 23 The use of Pd-3 pre-catalyst in catalysis.

During the same period, the Sigman group worked on the
palladium-catalyzed aerobic oxidation of alcohols. After
successfully using the aforementioned [Pd(IPr)Cl,], dimer (Pd-

1) for oxidative kinetic resolution of secondary alcohols** and
based on mechanistic insights, they introduced IPr-palladium-
acetato complex (Pd-4, Fig. 6) for aerobic oxidation of alcohols
(Scheme 24)."** The acetate ligand plays a key role in facilitating
intramolecular deprotonation, which enhances catalytic effi-
ciency. Further in-depth mechanistic investigations and
screenings™® led to significant advances in this field.*** The
introduction of the tosylato congener [Pd(IPr)(OTs),]| obtained
in situ from Pd-1 and AgOTf, permitted the use of tert-butyl
hydroperoxide (TBHP) as the oxidant instead of copper addi-
tives in the Wacker oxidation of styrenes, leading to high

conversion rates and selectivity for acetophenone as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 24 Use of IPr acetato and tosylato palladium complexes in
catalysis.

a substrate.”® This precatalyst was also employed in the
oxidative 1,1-diarylation of terminal olefins*® and oxidative
Heck coupling.*®”

In 2006, two of the most successful and widely utilized
families of NHC-palladium precatalysts were introduced. In
both cases, IPr-ligated precatalysts were synthesized and eval-
uated in a variety of reactions to demonstrate their robustness,
versatility and efficiency. The Organ group pioneered the use of
3-chloropyridine as a “throw-away” ligand, resulting in the
development of PEPPSI precatalysts, which stands for Pyridine-
Enhanced Precatalyst Preparation, Stabilization, and Initia-
tion."® These precatalysts can be produced on a large scale
under ambient conditions and are highly bench-stable, allow-
ing for long-term storage. Initially, these catalysts were prepared
using a non-environmentally friendly procedure with 3-chlor-
opyridine as the solvent. However, a more atom-economical and
environmentally friendly method has recently been devel-
oped."* The well-defined IPr-Pd-PEPPSI complex Pd-5 (Fig. 6)
was first tested in Negishi reactions for C(sp*)-C(sp®) coupling,
as well as in Suzuki-Miyaura couplings with boronic acids and
trifluoroborates. Notably, the well-defined system exhibited
a much faster initial reaction rate and significantly higher
turnover numbers (TON) compared to in situ generated cata-
lysts. This complex alone appears in more than 360 publications
since its discovery, including reports featuring its imple-
mentation in Buchwald-Hartwig,'® Negishi'** and Kumada-
Tamao-Corriu'® cross-couplings (Scheme 25). The non-
chlorinated version of Pd-5 has recently been used in a mecha-
nistic study devoted to R-NHC coupling under catalytic condi-
tions,'*®* which was shown to dictate whether the so-called NHC-
connected or disconnected mode of catalysis is at play in
particular transformations.*®*

The Nolan group developed a modified version of
[PA(NHC)(allyl)Cl] complexes (let us call these, the second
generation Pd-allyl family) by altering the substituents on the
allyl moiety.** It was found that the incorporation of a phenyl
group at the terminal position of the allyl ligand facilitated
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Scheme 25 Representative examples of the IPr—Pd—PEPPSI complex
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faster activation of the precatalysts, leading to enhanced cata-
lytic activity across a broad range of transformations. Note that
this lesson learned in Pd-NHC catalyst development has been
adapted to Pd-Buchwald phosphine by Colacot and co-workers
at Johnson Matthey."*

The resulting NHC Pd-cinnamyl (and crotyl and prenyl)
complexes, particularly [Pd(IPr)(cinnamyl)Cl] (Pd-6, Fig. 6),
exhibited exceptional efficiency, enabling Suzuki-Miyaura
couplings with challenging substrates at very low catalyst
loadings and at room temperature. In some cases, reactions
were successfully conducted with as little as 50 ppm of catalyst,
achieving 93% yield within 3 hours, demonstrating the
remarkable efficiency of the developed catalytic system
(Scheme 26). The Pd-6 catalyst demonstrated exceptional reac-
tivity in Suzuki-Miyaura couplings with non-traditional elec-
trophiles, including aryl esters and amides, as reported by the
Szostak group.'®”'*® In both instances, the developed protocol
enabled the efficient synthesis of diaryl ketones with a broad
substrate scope and high yields, utilizing a commercially
available palladium precatalyst. Studying the effect of the
substitution on the backbone of the N-heterocyclic ring of Pd-6
in the Suzuki-Miyaura coupling experimentally and through
DFT calculations provided crucial insights into the activation
pathway of precatalysts and reactivity of complexes.**® Addi-
tionally, this catalyst was employed in the first general method
for the transamidation of secondary carboxamides, signific