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Transition metal-catalyzed hydrocarbonations of unsaturated substrates have emerged as powerful
synthetic tools for increasing molecular complexity in an atom-economical manner. Although this field
was traditionally dominated by low valent rhodium and ruthenium catalysts, in recent years, there have
been many reports based on the use of iridium complexes. In many cases, these reactions have a
different course from those of their rhodium homologs, and even allow performing otherwise inviable
transformations. In this review we aim to provide an informative journey, from the early pioneering
examples in the field, most of them based on other metals than iridium, to the most recent
transformations catalyzed by designed Ir() complexes. The review is organized by the type of C—H bond
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1 Introduction

Transition metal-catalyzed (TMC) carbon-carbon (C-C)-bond
forming reactions are among the most relevant transformations
available in the toolbox for synthetic chemistry. This type of
reaction is used daily by pharmaceutical and biotech companies
for the synthesis of different types of drugs and functional
materials." Despite their huge impact, many of the methods
still present important limitations, such as the requirement
of functionalized reactants, or the generation of secondary
molecular waste. Therefore, there is a need to develop more efficient
and environmentally friendly technologies that could improve our
ability to make C-C bonds using transition metal catalysis.

In this context, methods wherein all the atoms of the
reactants are transferred into products, which warrant full
atom economy, are especially attractive.’

In recent years there has been a boom in the development of
transition metal-based technologies for selective activation of
relatively inert carbon-hydrogen (C-H) bonds.* The resulting
C-[M] species can then engage in different types of transforma-
tions. In terms of atom economy, one of the more attractive
options consists of the hydrocarbonation of C-C unsaturated
partners, the formal addition of a C-H bond across a C-C
double or triple bond, owing to the intrinsic atom economy and
ready availability of the reaction partners (e.g. alkenes, alkynes,
dienes).” Key to the success of the reaction is the control of the
regio-, diastereo- and, eventually, enantioselectivities of the
process. The general mechanistic scenery for these reactions
involves an oxidative addition of C-H bonds to the metal,
usually aromatic C(sp®)-H bonds, followed by migratory insertion
and reductive elimination steps (Scheme 1).

This research topic was originally introduced in the early
nineties using low-valent Ru complexes.’® Later on, other
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Scheme 1 General mechanistic principles of TMC catalyzed hydrocarbo-
nations of C-C unsaturated systems.

transition metal catalysts, including rhodium, palladium, nickel,
iridium and cobalt complexes, have also found their place in this
type of transformation.®

Curiously, low valent iridium complexes were not deeply
explored in catalytic hydrocarbonation reactions until quite
recently,” likely because of the notion that iridium is less
reactive than other second row metals (i.e. Rh, Pd or Ru).® In
some cases, Ir(1) complexes were used in the context of mecha-
nistic studies, whereas the metal of choice for inducing the
catalytic process was its homologous counterpart, rhodium.

This paucity is quite surprising considering that iridium(i)
complexes were known to participate in oxidative additions to
C-H bonds from the early 80s.” Indeed, compared to their
rhodium analogs, iridium complexes are more nucleophilic
and tend to undergo oxidative addition more easily."

Therefore, in recent years, a significant number of hydro-
carbonation reactions enabled by iridium (1) catalysts have been
developed.” Moreover, in some cases, these reactions proceed
through pathways that are different from those found for other
late transition metals.

Albeit not in an entirely comprehensive manner, we herein
discuss the most relevant iridium-catalyzed hydrocarbonation pro-
cesses, highlighting their particularities with respect to alternative
processes based on other low valent metal catalysts, especially their
group partners rhodium and cobalt. We will highlight several cases
in which the selectivity generally achieved with rhodium (as well as
with ruthenium) catalysts is opposite to that obtained with iridium
and with cobalt counterparts. To place the discussion into proper
context, we also present pioneering examples of hydrocarbonation
reactions, regardless of the type of low-valent metal used. Finally, it
is also pertinent to underline that high valent Rh(w), Ir(m), and
Co(ur) catalysts have also been proven to be successful in formal
hydrocarbonation reactions. However, from a mechanistic point of
view, in these reactions the C-H activation usually proceeds
through a carboxylate-assisted concerted metallation deproto-
nation (CMD), not by oxidative addition. Accordingly, the
final step that closes the catalytic cycle is usually a proto-
demetallation, and therefore they cannot be formally considered
as additions of C-H bonds across unsaturated partners. For these
reasons, as well as for the sake of conciseness, we do not include
these transformations.**

The review is organized by the type of C-H bond that is
activated, and by the type of unsaturated partner used in the
reaction. Moreover, we discuss inter- and intramolecular processes
in a separate manner.
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2 TMC addition of C(sp?)—H bonds
across C—C unsaturated bonds
2.1 Addition to alkenes

Intermolecular hydrocarbonations using aromatic substrates.
The TMC addition of C-H bonds across the double bond of an
alkene, also known as hydrocarbonation of alkenes, represents a
straightforward approach to make new C-C single bonds with
complete atom economy. Moreover, depending on the regio-
selectivity of the addition, and the substitution pattern of the
alkene partner, new carbon stereocenters can be generated.

During the last three decades, a number of alkene hydro-
carbonations have been described. Not surprisingly, most of
them rely on the activation of C(sp*)-H bonds of arenes and
heteroarenes. The addition of related C(sp”)-H bonds of alkenes
and, especially, of alkane C(sp*)-H bonds, has lagged clearly
behind.*

In 1993, Murai and co-workers presented a seminal contribu-
tion describing a Ru-catalyzed addition of aromatic ketones to
alkenes.” In this reaction the ruthenium(u) complex RuH,(CO)-
(PPhy); is transformed in situ into a catalytically active Ru(0)
species that undergoes an oxidative addition with the C-H bond
of an arene, to generate ruthenated species of type I (Scheme 2A).
Key to this activation is the presence of a ketone at the arene
precursor that coordinates the Ru complex, directing the C-H

A) Murai's Ru-catalyzed alkene hydroarylation with aromatic ketones
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Scheme 2 Pioneering ruthenium-catalyzed hydroarylation of alkenes
developed by Murai and co-workers.
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insertion at its ortho position. Species I evolves into the linear
hydroarylation product 1 through a regioselective alkene migratory
insertion into the Ru-H bond (with the formation of intermediate II),
and a subsequent C-C reductive elimination.

Remarkably, this method was the first high-yield catalytic
C-H bond functionalization in which the substrate containing
the reacting C-H bond was used as a limiting reagent, which
further highlights the synthetic potential of the reaction.

Three years later, the same group reported a related ruthenium-
catalyzed hydroarylation using Ru;(CO),, as a catalyst, and an
imine as a chelation-assisted directing group (Scheme 2B)."* The
reaction also produces linear addition products (3), although
dehydrogenated derivatives like 4 are also observed.

Overall, these groundbreaking discoveries paved the way for
many other related hydrocarbonation reactions, using different
transition metals and C-C unsaturated partners.>?

In the year 2000, Jun and co-workers introduced the use of
group IX metals in this type of reaction, demonstrating that the
Wilkinson catalyst is also competent at promoting the hydro-
arylation of alkenes with aromatic ketimines (Scheme 3A).**
The reaction tolerates different types of substituted alkenes,
although in most of the cases it requires harsh conditions (e.g.
heating at 150 °C). The proposed mechanism features the same
three key steps of that previously proposed by Murai, namely an
oxidative addition assisted by the imine chelating group, the
insertion of the olefin into the metal-hydride bond and, finally,

A) Jun’s Rh-catalyzed alkene hydroarylation of ketimines
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B) Yoshikai’s cobalt-catalyzed regiodivergent hydroarylation of alkenes
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C) Yoshikai's hydroarylation of alkenes with 1,10-phenanthroline-based cobalt catalysts
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Scheme 3 Representative Rh- and Co-catalyzed hydroarylations of
alkenes developed by Jun (A) and Yoshikai (B and C).
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a C-C reductive elimination. The resulting ortho-alkylated
ketimines are transformed into their respective ketones (5)
upon acidic aqueous treatment.

More than ten years later, in 2011, Yoshikai and coworkers
introduced low-valent cobalt catalysts for promoting hydroar-
ylation reactions of alkenes.'” In sharp contrast to the linear
selectivity typically achieved with Rh and Ru,”> an appropriate
selection of the ancillary ligand at cobalt (i.e. PCy; or IMes) allowed
regiodivergent access to both linear and branched products using
arylpyridine substrates (Scheme 3B).'>* Mechanistically, the
authors proposed that a low-valent cobalt(0) catalyst, generated
from the Co(u) precursor and a bulky Grignard reagent, is the
species undergoing the oxidative addition of the C-H bond.
Extensive deuterium-labeling experiments indicate that this
C-H activation and the subsequent migratory insertions are both
reversible steps; moreover, the two regioisomeric insertions,
leading to either linear or branched alkylcobalt intermediates,
would be competing in both the Co-PCy; and Co-IMes regimes.
Thus, the C-C reductive elimination would be the rate and
regioselectivity determining step. According to DFT calculations
carried out by Fu and coworkers, the ligand-controlled divergence
is mainly due to the steric factors, related to the ligand shape and
the steric crowding between the ligand and the cobalt center.®"®

In 2011, the same authors also demonstrated that weaker
field ligands such as 1,10-phenanthroline are also suitable for
performing linear-selective cobalt-catalyzed hydroarylations of
alkenes. In this case, the method makes use of electron rich
acetophenone imines, and the reactive low valent cobalt species
are likewise generated from Co(u) sources and bulky Grignard
reagents (Scheme 3C)."” Deuterium labeling studies also indicate
that the C-C reductive elimination is rate determining but,
contrary to the above cases (Scheme 3B), the selectivity is mostly
determined in the migratory insertion, which selectively provides
the linear (aryl)alkylcobalt intermediate.

With respect to the use of iridium, the first examples in the
hydroarylation reactions of alkenes can be traced back to the
early 2000s, and dealt with symmetric alkenes.'” The most
relevant case, developed by Togni and coworkers, involves the
reaction of 2-norbornene with phenols, a process that is catalyzed
by the chiral Ir()}Josiphos complex Ir1.'”” The reaction provides
the ortho-monoalkylated product 6, together with minor amounts
of the corresponding ortho-dialkylated derivatives (7, Scheme 4A).
Unfortunately, the product was obtained with negligible enantios-
electivity. In 2008, Shibata et al. reported a related hydroarylation
of 2-norbornene with acetophenone, promoted by the chiral
catalyst resulting from the combination of [Ir(cod),|BF, and the
bisphosphine MeO-BIPHEP (L1). In this case, the resulting product
(8) was obtained with a moderate ee of 70% (Scheme 4B).'®

It was not until quite recently that an iridium-catalyzed
highly enantioselective protocol for the hydroarylation of nor-
bornenes with benzophenones was revealed (Scheme 4C)." In
particular, Yamamoto and coworkers found that the catalyst formed
in situ from [Ir(cod),]BAr; and the chiral bis-phosphoramidite ligand
[(R,R)-S-Me-BIPAM] (L2), developed by the same group, was able to
consistently provide the corresponding ortho-alkylated benzo-
phenones (9) with enantioselectivities above 90%.""*

This journal is © The Royal Society of Chemistry 2020
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A) Togni's pioneer example using phenols and Ir-Josiphos complex
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Scheme 4 Ir-Catalyzed hydroarylations of 2-norbornene.

Hartwig and coworkers further expanded the scope of this
chemistry disclosing an iridium promoted enantioselective
hydroarylation of norbornene and related bicycloalkenes with
heteroaromatic systems such as indoles, furans, pyrroles and
thiophenes.”® In this case, the method does not require the use
of directing groups to assist the C-H insertion, as the electronics
of the heteroaromatic system warrants a selective activation of
the C(2)-H bond. Thus, under optimal conditions, which involve
the neutral iridium complex [Ir(coe),Cl], and the chiral ligand
DTBM-SEGPHOS (L3), the corresponding products of type 10
were obtained in good yields and excellent enantioselectivities, of
up to 98% (Scheme 4D). These examples showcase the relevance
of using iridium for promoting enantioselective processes,
owing to the robustness of the corresponding chiral catalysts.
Furthermore, the use of iridium as metal was instrumental in
obtaining mechanistic information, such as the detection of
Ir-deuteride species at room temperature by NMR. Given that
reductive eliminations to form carbon-carbon bonds from an
Ir center were rare or even unknown, the authors suggested
that the most plausible mechanistic pathway might involve a

Chem. Soc. Rev., 2020, 49, 7378-7405 | 7381
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turnover-limiting carbometallation followed by a C-H reductive
elimination.

While these reactions of norbornenes and related symmetrical
strained alkenes represent excellent proof-of-concept contributions
to demonstrate the potential of iridium complexes, including
chiral versions, as catalysts for hydroarylation reactions, their
synthetic applicability is limited. The extension of the metho-
dology to synthetically more relevant alkene partners is challen-
ging, owing to the lower reactivity of non-strained systems and
to regioselectivity issues associated with the use of unsym-
metrical alkenes.

In this context, the first examples of iridium catalyzed
hydroarylations of unsymmetrical, non-strained alkenes were
reported by Shibata and coworkers in 2008."® In particular, the
authors demonstrated that the same class of cationic iridium
complexes that promote the hydrocarbonation of norbornene could
also promote the homologous addition of o-methoxy-acetophenone
to styrene (Scheme 5). However, the reaction gives moderate yields
of mixtures of linear (11) and branched (12) products. Moreover, the
linear isomer, which is less interesting due to its achiral nature, is
the major component. The reaction was best carried out using
rac-BINAP instead of the MeO-BIPHEP ligand used in the
norbornene hydroarylation (Scheme 4B).

In 2012, the same group extended the scope of the method
by reporting that cationic iridium(i)-bisphosphine catalysts
were competent at promoting the selective C2-alkylation of
N-substituted indoles with styrenes.>’ Importantly, depending
on the nature of the catalyst and of the directing group attached
to the indole nitrogen, linear or branched products of types 13
and 14 could be obtained (Scheme 6). Thus, N-acetyl indoles
react with the catalyst resulting from mixing [Ir(cod),]|BF, and
DM-SEGPHOS (L6) to give the linear product 14 (branched:
linear ratio of 5:95). In contrast, the homologue chiral catalyst
generated from [Ir(cod),]JBAr; and the spirobisphosphine
ligand SDP (L5) allowed transforming an N-benzoyl indole into
the branched product 13 (branched:linear ratios around 98:2),
with moderate to good enantioselectivities. The methodology is
mostly limited to the coupling of indoles and styrenes, although
the catalyst made from [Ir(cod),|BF, and DM-SEGPHOS (L6) also
works with electronically activated alkenes such as acrylonitrile
and methyl acrylate, to provide the expected linear isomers.
Curiously, when an aliphatic alkene such 1-nonene is used, the
branched product was predominant, regardless of the directing
group and the catalyst.

sol
PPh,
O (L4, 5 mol%)

OMe O OMe O OMe O
+ A pn [IMcod)IBAT, (5 mol%) .
DCE, reflux, 40 h Ph
1 12 Ph
75 %,
11:12=5:1
Scheme 5 Ir-Catalyzed hydroarylation of styrenes developed by Shibata.
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Scheme 6 Iridium promoted alkylation at the C,-position of indoles
developed by Shibata and coworkers (DG stands for the directing group).

From a mechanistic point of view, the authors proposed an
initial C-H activation followed by hydroiridation of the alkene,
which would provide regioisomeric intermediates II and III
(Scheme 6). Deuterium labeling experiments suggested that
these two steps are reversible. Eventually, C-C reductive elimina-
tions from IT and III can afford linear (14) or branched (13) products.
Unfortunately, to the best of our knowledge, the reasons behind this
interesting ligand- and directing group-dependent regioselectivity
have not yet been disclosed.

Interestingly, a related intermolecular, branched-selective
C-H alkylation of imine derivatives of N-Boc indoles with styrenes
was reported by Yoshikai and coworkers in 2015, using low-valent
cobalt catalysts and chiral phosphoramidite ligands.*” In this case,
the imine located at the C3 position of the indole acts as a
directing group and it is hydrolyzed after completion of the
reaction, so that chiral indole-3-carboxaldehydes are eventually
obtained (Scheme 7), with moderate to good enantioselectivities
(58-87% ee). The chiral low valent catalyst is generated in situ from
Co(acac); (10 mol%), stoichiometric amounts of a Grignard
reagent (that acts a reductant) and the phosphoramidite ligand
L7 (20 mol%). Based on deuterium labelling studies, the authors
suggested that the enantioselectivity is not only influenced by the
migratory insertion of the alkene, which proved to be a reversible
process, but also by the final C-C reductive elimination.

Although chiral phosphorus-based compounds are usually
the ligands of choice for the development of enantioselective
hydroarylations with Ir, Co and Rh catalysts, chiral dienes, a
strategy pioneered by Hayashi (with Rh) and Carreira (with Ir),

‘O .
PMP "
’ fesuils
=N (L7, 20 mol%)
Co(acac); (10 mol%) N
N . A i . i
N N Ar

Me;SiCH,MgCl (0.75 equiv)
\ THF, rt \

Boc ii) then, acid work-up

16 - 90 %,
58 -87 % ee

Scheme 7 Co-Catalyzed branched-selective
developed by Yoshikai and coworkers.

indole C-H alkylation

This journal is © The Royal Society of Chemistry 2020
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Scheme 8 Ir-Promoted alkylation of ferrocenes developed by Shibata.

have also been used in some iridium catalyzed processes.>* In
particular, Shibata et al. demonstrated that quinoline-substituted
ferrocenes can be desymmetrized by reaction with olefins in the
presence of an iridium catalyst generated in situ from [Ir(coe),Cl],
and the chiral diene ligand L8. This hydrocarbonation constitutes
one of the very few methods that allows the generation of planar
chirality via a TMC C-H activation process. Remarkably, its scope
includes different types of alkenes, such as styrenes, acrylates and
other non-activated alkenes, proceeding in many cases with com-
plete selectivity towards the linear isomers of type 15, which are
obtained with good to excellent enantioselectivities (Scheme 8).>*

In 2014, Bower and coworkers further vitalized this field by
describing a versatile iridium-catalyzed branched-selective hydro-
arylation of alkenes.*® The method, which is based on the use of
aryl dialkylamides and related aryl ketones, is effective with a
variety of styrenes, and non-activated olefins (e.g. propene)
(Scheme 9). The use of an iridium(1) catalyst containing electron-
deficient bisphosphines with a wide bite angle, such as d"ppb -
the pentafluorinated analogue of bisphosphine dppb, was
instrumental in the efficiency and high regioselectivity of
the process. Indeed, electronically related bisphosphines with
narrower bite angles, like d"ppe, led to lower branched (16) to
linear (17) ratios, whereas the use of a homologous non-
fluorinated bisphosphine ligand, dppb, led to significantly
lower yields, while retaining the branched selectivity.

The authors proposed a mechanistic pathway in which the
iridium hydride intermediate I evolves by hydrometallation and
C-C reductive elimination to the product (Scheme 10). Deuterium
labeling experiments revealed that both the oxidative addition

X X X

° Ligand (5 mol%)
+ R

[Ir(cod),]BArF4 (5 mol%)

dioxane, 100 °C

X: NR’y, Alkyl 16 R 17
Ligand: /\ /\
AP PAr, ArP PAr, Ph,P PPh, Ph,P PPh,
X=NE,  Ar=CF, Ar=CqFs
Reen dppb dppe dppb dppe
99 %, 1:0% 99 %, 1:1.87 28 %, 1:07 82 %, 1:3.5%
with CONEt, CONEt, CONEt, COEt
dFppb
Me
o
F Ph \———O Ph Me Ph
99 %, 5:1° 93 %, 10:1° 79 % 64 %

2 Branched:linear ratio (16:17); Selectivity between ortho positions

Scheme 9 Ir-Catalyzed branched-selective hydroarylation developed by
Bower and coworkers.
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Scheme 10 Mechanistic pathways studied by Huang for a model system of
branched-selective hydroarylations reported by Bower et al. (see Scheme 9).

and the alkene hydrometallation are reversible steps, so that
the C-C reductive elimination was proposed as the product
determining step. Interestingly, subsequent DFT calculations
reported by Huang and Liu also confirmed that the oxidative
addition and hydrometallation steps are reversible; however,
the proposed C-C reductive elimination was found to involve
an exceedingly high energy barrier.”® These calculations
revealed that a pathway based on a carbometallation step -
namely a migratory insertion of the olefin into the Ir-C(sp®)
bond - followed by a C-H reductive elimination was energeti-
cally more feasible. In the latter pathway, the carbometallation
is proposed to be the rate and regioselectivity-determining step
of the overall process. The computational study also concludes
that ligands with large bite angles like dppb and d"ppb disfavor
the linear selectivity due to the presence of unfavorable steric
repulsions between the substrate and the aryl substituents of
the ligand in the transition state of the migratory insertion step.
Almost parallel to this work, Nishimura reported an iridium-
catalyzed hydroarylation of vinyl ethers using ortho-arylpyridines
and related heteroaromatics as substrates.”” The reaction proceeds
very efficiently under mild conditions for a variety of precursors
and provides the ortho-alkylated products 18 with complete
branched selectivity (Scheme 11). Remarkably, the optimal catalyst
[irCl(cod)],/NaBAr; does not require the use of bisphosphines like
in previous cases. Thus, a preliminary enantioselective version
was explored using an iridium complex (Ir2) wherein the 1,5-
cyclooctadiene ligand (cod) is replaced with the chiral diene
(S,S)-Fc-tfb*. An excellent yield (92% yield) and a moderate ee
(76%) were obtained in a model case (18a). Mechanistic experi-
ments with deuterium-labeled substrates indicated that the
C-H activation assisted by the pyridine is reversible. Moreover,
computational studies by Huang and coworkers suggested that,
similarly to the previous reaction by Bower (see Scheme 10), the
productive pathway involves a rate and selectivity determining
carbometallation step, which is followed by an easier C-H
reductive elimination.”® The authors also indicated that the good
regioselectivity of the process is related to the electron-donating
character of the alkoxy group in the alkene reacting partner.
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B) Enantioselective example promoted by a chiral diene-based iridium catalyst
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a
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Scheme 11
Nishimura.

Iridium-catalyzed hydroarylation of vinyl ethers developed by

In 2016, Nishimura and coworkers extended the scope of
this branched-selective hydroarylation reaction by introducing
mesitylbenzamides of type 19 as C(sp*)-H donors.* The reaction
was catalyzed by a hydroxoiridium(i) complex featuring the chiral
diene (S,S)-Me-tfb* (L9), and provided the corresponding products
with complete branched selectivity, good yields and excellent
enantioselectivities. From a mechanistic perspective, the reaction
was proposed to be initiated by deprotonation of the amide by the
hydroxoiridium catalyst to yield an amidoiridium species, I, that
undergoes a reversible oxidative insertion with the ortho C-H
bond to yield intermediate II (Scheme 12). Subsequent carbo-
metallation and C-H reductive elimination yield the ortho-
alkylated amide 20 (Scheme 12A). In consonance with the role
of the hydroxide in the iridium reagent, the chloride complex
[Ir(cod)Cl],/NaBAr} failed to promote the reaction. Remarkably,
the analogous hydroxorhodium complex [Rh(OH)(cod)], was
completely ineffective under otherwise identical reaction conditions.
Although the precise factors responsible for this dissimilar reactivity
were not explored, this result underscores the advantages of iridium
catalysts in these types of hydrocarbonation reactions that are based
on N-H deprotonations.

The addition reaction is not restricted to benzamides of type
19. Indeed, in a related strategy, the same group reported a
highly enantioselective hydroarylation of vinyl ethers using
heteroaromatic systems that contain appropriately located
N-H groups to anchor the iridium complex (e.g. azoles, pyrroles,
imidazoles, indoles and benzimidazoles, Scheme 12B).*° In this
case, the optimal catalyst consisted of a hydroxoiridium(r) complex
prepared from [Ir(OH)(cod)], and the chiral C2-symmetric bisphos-
phine (R R)-QuinoxP* (L10).

More recently, the group extended this method to the hydro-
arylation of 1,3-conjugated dienes, using [Ir(OH)(cod)], as a
catalyst.>’ As in the above reaction, [Rh(OH)(cod)], was not
effective. Importantly, species II (Scheme 13), generated after
C-H insertion and hydrometallation, was detected by NMR and
even isolated. Moreover, it was found to be an intermediate
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A) Nishimura’s enantioselective hydroarylation with mesitylbenzamides

Tk
B
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B) Nishimura’s enantioselective hydroarylation using heteroaromatic systems
‘Bu
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©/‘\N + 2 oRr [IOH)(cod)] » (5 mol%)
dioxane, 80 °C

OBu OBu

86 %, 95 % ee 96 %, 68 % ee

99 %, 42 % ee

Scheme 12 Enantioselective hydroarylation of vinyl ethers developed by
Nishimura.

rather than an off-cycle resting state of the process, since a
crossover experiment based on the reaction of the isolated
intermediate Ila with the tosyl amide 21 led to the exclusive
formation of the non-crossed product 22a (Scheme 13, bottom).
Therefore, the authors proposed a mechanistic pathway involving

o)
o)
[I(OH)(cod)], (5 mol%) NHMs
NHMs
-
+ //_\\—R toluene, 70 °C, 12 h xR
2 R = Ar, Alkyl, 2
\ COE, CO,Et 44-99%
o o)
7 N\ NV
N—Ms /
/
[1(] [ir]
| H I /\\/\/\R

o o o)
NMs
\@fk/ . NHTs NHMs
[I? CDClg, rt X -Ph
P
/\/\Ph
lla 21

22a, only product

Scheme 13 Hydroarylation of conjugated dienes developed by Nishimura.
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A) Nishimura’s hydroarylation of allyl ethers

NF R;0 R,
R
~ \ I 2 [Ir(cod)Cl], (5 mol%), (R)-BINAP (5 mol%) Py
+ RO NaBArF, (10 mol%)
23 toluene, 60 — 100 °C, 24 h
R; = Me, MeOCH,, Ph, Bn 24,85-92 %,
R, = Ar, Alkyl, CO,Et, H 78 -95 % ee
B) Huang’s theoretical proposal for the isomerization of allyl ethers
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MeO ph” ph
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Scheme 14 Ir-Catalyzed enantioselective hydroarylation of alkenes bearing
an ether at an allylic position, developed by Nishimura.

the reaction of the hydridoiridium(u) intermediate I with the diene
to afford the observed r-allyliridium(m) species II. The C-C
reductive elimination was proposed to be the turnover-limiting
step of the process (Scheme 13).

Besides vinyl ethers and conjugated dienes, Nishimura and
coworkers also demonstrated that the hydroarylation chemistry
can be extended to allyl ethers like 23, using substrates containing
neutral directing groups, like pyridines (Scheme 14).** In particular,
the catalyst generated in situ from [IrCl(cod)],, BINAP and NaBAr};
promoted the reaction of these ethers with 2-aryl pyridines,
generating enantioenriched products of type 24 in good yields,
complete regioselectivities and enantioselectivities typically
above the 90% level (Scheme 14A).

The reaction was proposed to involve an initial isomerization
of the allyl ether 23 into the corresponding vinyl ether, through a
hydrometallation/B-hydride elimination sequence promoted by
the initially formed aryl(hydrido)iridium species I (Scheme 14B).
Moreover, the authors observed H/D scrambling in both reagents,
the phenylpyridine and the allyl ether, which suggests that the
C-H activation and insertion steps are reversible.

Computational studies performed recently by Huang and
coworkers further confirmed this reversible isomerization path-
way, and suggested that both the Z- and E-isomers of the vinyl
ether should be obtained after the B-hydride elimination step.
Moreover, calculations proposed that the reaction of the Z and
E isomers would lead to opposite enantiomers of product 24.
Therefore, the excellent enantioselectivities observed experimentally
are likely associated with unfavorable migratory insertions of the
Z-alkenyl isomers (ZII0), for steric reasons (Scheme 14B).*

Acetanilide derivatives have also been shown to participate
in iridium-catalyzed hydroarylation reactions. Indeed, in 2014,
Shibata and coworkers reported an Ir(i)-catalyzed direct C-7
alkylation of N-acetyl indolines with electron deficient alkenes
like acrylates.®® The catalyst [Ir(cod),]BF,/BINAP afforded pre-
ferentially linear products of type 25 in good yields (Scheme 15),
typically under harsh reaction conditions (e.g. heating at 135 °C
for 24 h). Other alkenes such as styrene derivatives were also
tolerated, although mixtures of linear (25) and branched (26)
isomers were obtained. From a mechanistic perspective, the
authors assumed a hydroiridation/C-C reductive elimination

This journal is © The Royal Society of Chemistry 2020
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Scheme 15
by Shibata.

Ir-Catalyzed hydrocarbonation of acetyl indolines developed

pathway, although the proposal was not validated by experi-
mental data or computational investigations.

In this context, Bower and coworkers described a branched-
selective ortho-alkylation of acetanilides with aryl- or alkyl-
substituted alkenes.* Like in the hydroarylation of alkenes with
benzamides (Scheme 9), an evolution from low to high branched-
to-linear selectivity was observed as the bidentate ligand changed
from a narrow (e.g. dppm) to a wide bite angle (e.g. dppb). The use
of pentafluorinated aryl bisphosphines (see Scheme 16A) was also
key to obtain high conversions and improved branched selectivity.
Thus, the best results were achieved with the iridium complex
generated in situ from [Ir(cod),]OTf and the wide-bite-angle and
electron-deficient bisphosphine d"ppb.

Very recently, Bower and collaborators reported an enantio-
selective variant of this hydroarylation process.*® The optimal
conditions were achieved by the combination of [Ir(cod),|BF,
and the chiral bisphosphite ligand L11 (Scheme 16B). The
authors carried out natural abundance >C KIE experiments
that allowed discarding a mechanism involving a C-C reductive
elimination. Thus, a face-selective carbometallation, followed

A) Bower’s branched-selective ortho-alkylation of acetanilides

NHAC
NHAc dFppb (5 mol%)
\©/ . ZOR [Ir(cod),JOTF (5 mol%) R
_ e MO
i o
R = Ar, Alkyl dioxane, 120 °C
27,33-99 %

B) Bower’s enantioselective ortho-alkylation of acetanilides

@ T

R, = Ar, Alkyl

M
L11 (5 mol%) \ NHAc Ve

[INGod),IBF 4 (5 mol%)

toluene 110°C

2/ \Ey’“

R, | Me E
Me I

28,51-99 %
80-95%ee

Scheme 16 Ir-Catalyzed branched-selective hydrocarbonation of alkenes
with acetanilides developed by Bower.
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Scheme 17 Ir-Catalyzed enantioselective hydrocarbonation of o,f
unsaturated carbonyl compounds developed by Shibata and co-workers.

by an irreversible and turnover-limiting C-H reductive elimination,
was proposed as the most plausible pathway.

In 2017, Shibata and coworkers developed an enantio-
selective hydroarylation of o,B-unsaturated carbonyl compounds
with acetanilides.?” Iridium cationic catalysts featuring the chiral
bisphosphines Chiraphos (L12) or Difluorophos (L13) enabled
excellent enantioselectivities in favor of the B-arylated carbonyl
product 29. Interestingly, and contrary to most iridium-catalyzed
hydroarylation reactions, this method only works with [-sub-
stituted olefins, and proceeds with complete regioselectivity. H/D
exchange experiments in the presence of D,O allowed the authors
to suggest that the initial C-H oxidative addition and the hydro-
metallation are reversible (Scheme 17).

Very recently, Yamamoto demonstrated that a chiral iridium
catalyst featuring as a ligand the bisphosphoramidite (R,R)-S-
Me-BIPAM (L2), previously used for the enantioselective hydro-
arylation of norbornene with benzamides (Scheme 4C), is also able
to promote the hydroarylation of this alkene using acetanilides
(Scheme 18).*® Unfortunately, despite the high yields and enantio-
selectivities achieved for several acetanilides, the reaction seems
to be limited to norbornene as an alkene partner.

Besides the above-mentioned aromatic and heteroaromatic
systems, Shibata and coworkers introduced in 2015 the use of
pyridine N-oxides as substrates for Ir-catalyzed hydroarylation
reactions.®” The catalyst derived from [Ir(cod),]BAr; and BINAP
afforded the best results when ethyl acrylate was used as a partner.

R

y ~_NHA
NHAG L2 (5.5 mol%) /\ c
O/ [Ir(cod 2]BArF (5 mol%) S |
dloxane 135°C

NHAc

O, T T

95 %, 96 % ee 93 %, 94 % ee 93%, 98 % ee 76%, 97 % ee

Scheme 18 The Ir-BIPAM system for the enantioselective hydroarylation
of norbornene, developed by Yamamoto.
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Scheme 19 Ir-Catalyzed hydroarylation of pyridine N-oxides developed
by Shibata and coworkers.

Other alkenes like methyl vinyl ketone, phenyl vinyl sulfone
and styrene led to lower yields of the addition products (30,
Scheme 19).

Intermolecular hydrocarbonations using non-aromatic sub-
strates. All the above-mentioned hydrocarbonation methods
deal with the activation of aromatic or heteroaromatic C(sp*)-
H bonds. However, a number of examples have shown that
these types of reactions can also be carried out by activating
C(sp®)-H bonds in alkenes. One of the seminal reports on this
topic was described in 1995 by Trost, who demonstrated that
the complex RuH,(CO)(PPh;); was indeed an efficient catalyst
for the alkylation of cyclopentene- or cyclohexene-carboxylates
with alkenes (Scheme 204).*°

A few years later, in 1999, Lim and coworkers published a
rhodium-catalyzed variant using 2-vinylpyridines and allyl ethers.
The methodology relies on the use of Wilkinson’s complex in
toluene and led to the alkenes 32, as Z/E mixtures (Scheme 20B).*"
Mechanistically, the authors proposed an oxidative addition
to generate the rhodium hydride complex I, followed by hydro-
metallation of the alkene and the final C-C reductive elimination

A) Trost's alkenylation of cycloalkenes

MeO MeO
(¢} RuH,(CO)(PPhj); (5 mol%) o
+ /\Si(oa)3 _—
- toluene, reflux Si(OEt),
n=1,2 n=1,93%;n=2,97%

B) Lim’s alkenylation of 2-vinylpyridines

X
| A O"Pr RhCI(PPhg); (10 mol% = Me
r mol
_ Me + N (PPha)s ( o) N
N | toluene, 135 °C |
(CH,)30"Pr
32,84 % (92 8)?
/\/O”Pr

Xrx XrX

N “[Rh] = N\[Rh] orPr N
"PrO(CH,)3

a E : Z ratio

Scheme 20 Seminal reports on the hydroalkenylation of alkenes.
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to generate the Z-isomer of the product, which would isomerize to
the E-counterpart in the reaction media.

More recently, in 2014, Dong and coworkers demonstrated
in an elegant study that transient enamines of type 32
(Scheme 21A), generated in situ from a ketone precursor and
7-azaindoline (25 mol%), can undergo Rh(i)-promoted activations
of their C(sp®)-H bond, to subsequently insert a non-activated
olefin. In particular, the reaction proved to be highly efficient
when using cyclopentanones and ethylene as partners, whereas
alternative ketones and olefins (e.g. propene, styrene) required
the use of the ketone reactant as solvent. The overall process,
after reductive elimination and enamine hydrolysis, constitutes a
TMC formal addition of ketone o-C-H bonds across non-
activated olefins, and provides exclusively the linear products
(Scheme 21A).*> Preliminary mechanistic studies by the authors,
as well as detailed theoretical investigations carried out by Wang
and coworkers,” confirmed that the 7-azaindoline generates a
relatively stable enamine intermediate (32) that can undergo a
facile C-H activation process. Moreover, this step is favored by
a C-H agostic interaction with the metal. After the oxidative
addition, the reaction would proceed via a hydrometallation and
a final C-C reductive elimination step which was found to be the
rate-determining step of the overall process.

A) Dong’s Rh-catalyzed ketone alpha-alkylation with olefins

0
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C) Dong’s Ir-catalyzed branched-selective a-alkylation of ketones with olefins

N
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Scheme 21 Ir-Catalyzed branched-selective ketone a-alkylation by Dong
and co-workers.
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A few years later, the same group described a related hydro-
carbonation process using iridium instead of rhodium catalysis,
which renders branched alkylation products (Scheme 21B). The
transformation is promoted by the cationic iridium-bisphos-
phine complex [Ir(cod),]BAr;/DIOP (L14) and, contrary to the
previously developed Rh-based method, the pre-installation of
the enamide moiety, by condensation between the ketone pre-
cursor and isoindolin-1-one (instead of the previously used
7-azaindoline), is required (Scheme 21B).** The carbonyl moiety
of the isoindolinone group enables the activation of the C-H
bond at the enamide B-position. Importantly, besides styrenes,
monoalkyl substituted alkenes are also suitable coupling part-
ners, generating o-substituted ketones bearing two consecutive
stereocenters after enamide hydrolysis. Unfortunately, despite
using chiral catalysts, neither the absolute nor the relative
stereochemistry could be controlled, so diastereoselectivities
were typically below the 1.5 to 1 ratio. Remarkably, the use of
the homologous rhodium, instead of the iridium complex,
under otherwise identical reaction conditions, resulted in nearly
no conversion of the enamide; a result that again highlights the
advantages of iridium in some of these transformations.

To gain insight into the mechanism, the authors performed
deuterium labeling experiments that confirmed the reversibility
of the hydroiridation step (addition of the Ir-H bond across the
alkene, path a, Scheme 21B). Taking into account all the experi-
mental observations, as well as related DFT studies,>® the authors
suggested that the productive pathway would involve a carbo-
iridation followed by a C-H reductive elimination. Moreover,
subsequent DFT calculations carried out by Huang and
coworkers further confirmed this hypothesis and shed light on
the differences between Rh(1) and Ir(1) catalysts, as they analyzed
the energy profiles of both model catalysts, [Irf(DIOP)(COD)]" and
[Rh(DIOP)(COD)]".*> As a result, the authors proposed that the
lower catalytic efficiency of Rh in this case is related to its weaker
relativistic effects compared to the iridium, which leads to a
significantly more endergonic C-H oxidative addition process
(AAG ~ 8 kcal mol™").

Moreover, the authors indicated that the different regio-
selectivity observed with Rh (typically linear) and Ir (branched)
is related to the low stability of the Rh-hydride intermediate,
which makes the overall energy barrier of the carbometallation/
C-H reductive elimination pathway much higher for Rh than
for Ir. On the other hand, the authors also found that the Rh
catalyst provided significantly lower energy barriers for the C-C
reductive eliminations, a result that was rationalized on the
basis of the weaker nature of the C(sp*)-Rh bonds, compared to
their homologous C(sp*)-Ir counterparts.*®

Finally, in a new tour de force, Dong, Liu and coworkers
reported in 2019 an Ir-catalyzed version of the ketone alkylation
reaction, which gives branched instead of linear products.*®
The reaction is promoted by [Ir(COD),]BAr*/BINAP, in the
presence of a protic acid (2-mesitylenesulfonic acid), a bulky
secondary amine (‘BuNH'Pr) and 7-azaindoline as transient
directing groups, and provides the branched products with
complete selectivity. The reaction works for a wide range of
cyclic ketones and monosubstituted alkenes, but it is only very
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efficient when large excesses of both ketone and alkene reactants
are used (neat). However, if the bulky 2,6-di-‘Bu-4-methylpyridine
is used as an additive (40 mol%), the ketone can be used as a
limiting reagent, although the reaction yields are usually below
60% (Scheme 21C).

In line with previous mechanistic studies, DFT calculations
carried out by the authors allowed discarding a pathway based
on a hydroiridation/C-C reductive elimination sequence (energy
barriers of the latter step > 30 kcal mol ). Moreover, of the two
possible regioisomeric carboiridation processes, the one leading
to the linear product is proposed to be disfavored by steric
contacts with BINAP, which are avoided throughout a branched
insertion.

Finally, it is also worth highlighting that iridium catalysis can
also promote intermolecular hydrocarbonations of allenes. Indeed,
already in 2009, Krische demonstrated that o,-unsaturated dialkyl
carboxamides react with 1,1-dimethyl allene, in the presence of the
cationic iridium complex [Ir(cod),]BAr;/BINAP to give the corres-
ponding prenylated product in excellent yield, as a single isomer
(Scheme 22).*” Aromatic precursors do also work, and deuterium
labeling experiments corroborate the hydrogen migration process.
Unfortunately, despite the relevance of the transformation, the
scope only included this specific allene.

In contrast to the case of aromatic precursors, to the best of
our knowledge, cobalt catalysts have not yet been described for
intermolecular hydroalkenylations of alkenes (or allenes). This
might be related to the compatibility problems of the starting
precursors with the Grignard reagents which are usually used for
generating the active low valent Co species. This might be solved
in the future by using alternative, softer conditions to generate
low-valent cobalt species, as recently demonstrated in the context
of hydroalkynylation reactions (vide infra, Scheme 46).

Oxidative hydrocarbonations. From a mechanistic perspective,
all the above-mentioned hydrocarbonation examples using group
IX metals share a final C-H or C-C reductive elimination that
closes the catalytic cycle. However, as already shown in Scheme 2B
for ruthenium catalysts, -hydride eliminations can compete, thus
delivering oxidative alkenylation products. In 2014, Hartwig and
coworkers demonstrated that this side-pathway could be converted
into the preferred process, in the context of an Ir-catalyzed C-H
functionalization of furans and related heteroaromatics with
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Scheme 22 Iridium-catalyzed hydroarylation of carboxamides with
allenes developed by Krische and co-workers.
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Ir-Catalyzed alkenylation of furans developed by Hartwig and

alkenes. In particular, the authors demonstrated that with a
neutral iridium catalyst generated from [Ir(coe),Cl], and TMS-
SEGPHOS (L15), branched alkenylfuran products like 33 pre-
dominate over the alkylfurans 34, provided that a sacrificial
hydrogen acceptor (like tert-butyl ethylene = TBE) is used. This
compound regenerates the Ir(1) catalyst from an Ir(m)bishydride
complex that results from the B-H elimination.*® This reaction
does not require directing groups and proceeds under mild
conditions. From a mechanistic point of view, the authors
suggested an oxidative addition to the furan C(2)-H bond,
followed by coordination of the alkene and carboiridation, to
yield the iridium-hydride intermediate III (Scheme 23). A final
B-hydride elimination and dissociation would deliver the vinyl-
furan 33, while the TBE acts as a sacrificial hydrogen acceptor
to regenerate the iridium(i) catalyst.

More recently, Bower disclosed a related oxidative hydroarylation
that allows installing styrene moieties at the ortho position of
anilides.” The catalyst generated from [Ir(cod),OTf] and the
bisphosphine-ferrocenyl ligand L16 afforded the desired pro-
ducts 35 in good yields and with excellent regioselectivities,
although variable amounts of hydroarylated products of type
36, resulting from a C-H reductive elimination, were typically
observed [35:36 ratio from 2:1 to >20:1, depending on the
properties of the acetanilide and alkene (Scheme 24)]. TBE
was also used as a hydrogen acceptor to regenerate the Ir(i)
catalyst. Remarkably, heteroaromatic systems such as pyrrole-1-
carboximides can also be used as substrates.

Intramolecular processes. TMC hydrocarbonation reactions
have been mainly explored in intermolecular processes, and using
aromatic or heteroaromatic precursors as C-H sources, as shown
in the previous sections. Regardless of the type of transition-metal
catalyst used, intramolecular examples are much scarcer. However,
intramolecular transformations are very appealing from a syn-
thetic perspective, owing to the possibility of building a ring

This journal is © The Royal Society of Chemistry 2020
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Scheme 24 Ir-Catalyzed oxidative alkenylation of anilides developed by
Bower and coworkers.

through the C-C bond forming process, with concomitant genera-
tion of new stereocenters. The resulting increase in synthetic com-
plexity is very attractive. Furthermore, intramolecular examples using
non-aromatic precursors as C-H sources are very limited.

Murai and coworkers also pioneered this type of intra-
molecular reaction, using substrates like 37, which contain a
pyridine as a directing group (Scheme 25A).°° Both ruthenium

A) Murai’s pioneering intramolecular hydrocarbonation of alkenes

X r X
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Scheme 25 Rhodium-catalyzed intramolecular hydroalkenylation reac-
tions using pyridine as a directing group.
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and rhodium complexes were shown to be competent catalysts
for this transformation, although the best results were achieved
using Wilkinson’s catalyst in THF at 120 °C. The authors
proposed an initial activation of the C(sp*)-H bond of the
alkene, assisted by coordination of the pyridine to the metal,
to give a metallacyclic intermediate of type II. The olefin insertion
can then take place through a hydrometallation process (III).
A subsequent reductive elimination yields the hydroalkenylated
product 38.

The group of Fiirstner also reported alternative intra-
molecular Rh-catalyzed hydrocarbonation reactions, using sub-
strates 39 (Scheme 25B).”" The cationic catalyst derived from
treatment of Wilkinson’s complex with AgSbFs provided the
best results. Remarkably, due to the presence of the alkylide-
necyclopropyl moiety, a ring expansion took place after the
migratory insertion to give II, which undergoes a reductive
elimination to provide the seven-membered carbocycle 40.

Another landmark study in this field was reported by Ellman
and Bergman in 2001, and consisted of a rhodium-catalyzed intra-
molecular cyclization of aromatic ketimines bearing a pendant
alkene at their meta position.>” The reaction provides expedient
access to useful indane, tetraline, dihydrobenzofuran and dihy-
droindole scaffolds (41, Scheme 26A). The optimal conditions
involved the use of Wilkinson’s catalyst in toluene at 150 °C and a
benzyl imine as a directing group. Using the rhodium catalyst
prepared in situ from [RhCl(coe),], and the chiral phosphoramidite
ligand (S,R R)-L17, the reaction can be carried out in an enantio-
selective fashion (Scheme 26B).>* The reaction likely starts by
coordination of the imine to the rhodium, followed by C-H bond
insertion at the imine ortho position, to generate a rhodium
hydride intermediate (I) that follows the hydrometallation/C-C
reductive elimination sequence previously proposed by Murai.

Despite the relevance of these two methods, their scopes
are mostly limited to the assembly of five-membered rings.

A) Ellman & Bergman'’s cyclization of aromatic ketimines

o
R
J/ i) RhCI(PPhs); (5 mol%)
toluene, 150 °C X

X =0, NRy, (CHp)p ii) HCI (1N)
R = H, Alkyl

41,50-85%

B) Enantioselective intramolecular hydroarylation
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Scheme 26 Rhodium-catalyzed intramolecular hydroarylation reactions
of imines developed by Ellman.
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Moreover, these endo-type cyclizations have only been proven
successful for the generation of products with tertiary carbon
stereocenters.

Besides Rh catalysts, during the last few years, some other
transition metals were also found to promote intramolecular
hydrocarbonations of alkenes. For instance, Yoshikai and colla-
borators reported in 2013 a cobalt-catalyzed intramolecular
alkene hydroarylation using indole substrates.>® The optimal
catalyst was generated from CoBr,, a N-heterocyclic carbene
ligand (SIMes or IPr) and the Grignard reagent Me;SiCH,MgCl
in THF. Like in the intermolecular cases shown in Scheme 3B,
different selectivity was also obtained depending on the source of
ancillary ligand employed. Thus, in this case, using SIMes-HCI,
the exo-adducts 42, containing a tertiary carbon center, are
preferentially generated with good selectivity, while the bulkier
IPr ligand favored the endo cyclization, to deliver products like 43
(Scheme 27). Unfortunately, the transformation is limited to
indole precursors and the regioselectivity of the process (endo:
exo ratios) also depends on the structure of the olefin tether.
Deuterium labeling experiments led the authors to propose a
hydrometallation-based pathway like that shown in Scheme 27. It
is worth noting that, contrary to most Rh-catalyzed related
processes, which usually involve reversible alkene migratory
insertions and rate-determining C-C reductive eliminations, in
this case, the mechanistic experiments point to the cleavage of
the C-H bond as the turnover-limiting step. Indeed, the lack of
H/D scrambling allowed the authors to propose that both the C-H
oxidative addition and the olefin insertion steps are irreversible.

Iridium catalysts were not explored until quite recently. Thus,
in 2015, Shibata reported a catalytic intramolecular enantio-
selective hydroarylation using N-tethered alkenyl indoles and a
catalyst generated in situ from [Ir(cod),]OTf and a chiral bisphos-
phine, Xyl-BINAP (L18) or SEGPHOS (L19, Scheme 28).>> Inter-
estingly, depending on the substitution pattern of the alkene
moiety, and the type of bisphosphine used as the ancillary ligand
(L18, L19), either 5-exo or 6-endo cyclization products can be
obtained. Thus, terminally unsubstituted and alkyl substituted
olefins favor an exo pathway to create dihydropyrroloindoles like
45, bearing a tertiary stereocenter (Scheme 28, right). In contrast,
when the terminal substituent of the alkene is an aryl group,
and L18 is used as a ligand (Scheme 28, left), a 6-endo-selective

SIMes.HCI (10 mol %)
CoBrz (10 mol %)
Me3S|CH2MgCI

THF, 1t, 12 h
42,84 % 43,63 %
8:1, (42:43) 5:1(43:42)

| \w |
PMP PM puP
—N N —N
A\ [Co]—H - N [Co]
); L
N
I L)‘/ m H

Scheme 27 Cobalt catalyzed intramolecular cyclization of indoles devel-
oped by Yoshikai and co-workers.
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Scheme 28 Ir-Catalyzed cyclization of indole derivatives developed by
Shibata and coworkers.

cyclization occurs, delivering tetrahydropyridoindoles (44).
Despite this interesting divergence, whose origin is not clear,
the method is limited to indoles and tolerates a limited number
of substituents in the alkene partner.

Moreover, neither this method nor the related cobalt-catalyzed
transformation (Scheme 27) was proven to be successful for the
generation of cyclic products bearing quaternary stereocenters.

In this regard, in 2017 our group reported an iridium(i)-
catalyzed intramolecular hydrocarbonation reaction of alkenes
that allows access to cyclic systems bearing quaternary carbon
stereocenters.’® The method relies on the synergistic ability of
the iridium/bisphosphine catalyst and a dialkyl carboxamide
directing group to selectively activate an adjacent C(sp®)-H
bond and direct the selective exo-insertion of a tethered olefin
(Scheme 29A). From all the different rhodium and iridium
complexes tested, we found that the catalyst generated from
Ir(cod),BAr; and the electron deficient bisphosphine ligand
dFppe was the most efficient to give the cyclic product 46. The
transformation works very well for a variety of o,B-unsaturated
amides as well as for heteroaromatic and aromatic amides.

Interestingly, we also reported a preliminary enantio-
selective version (Scheme 29B), using the chiral bisphosphines
BTFM-Garphos (L21) and DM-SDP (L20). These reactions led to
the highest enantiomeric ratios so far reported for a metal
catalyzed hydroalkenylation process. Interestingly, the products
can be manipulated in a straightforward manner to obtain
synthetically challenging cyclic ketones bearing a-quaternary
chiral stereocenters.

Deuterium labelling studies confirmed that the reaction
starts by oxidative addition to generate an iridium-hydride species.
DFT calculations carried out by Huang and coworkers suggested
that after this C-H activation the exo-cyclization product is gener-
ated by migratory insertion of the alkene into the iridium-carbon
bond, followed by C-H reductive elimination.>” Importantly, these
DFT calculations corroborated our experimental results which
indicated that the nature of the carbonyl directing group has a
significant influence on the type of migratory insertion. Thus, they
confirmed that the use of a dialkyl amide is key to obtaining the
exo-selective cyclization product via the above-mentioned path,
whereas the endo-cyclization counterpart, which was experi-
mentally observed when using a methyl ketone as a directing
group (Scheme 29C), would be the result of an alternative
hydrometallation/C-C reductive elimination sequence. In this

This journal is © The Royal Society of Chemistry 2020
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Scheme 29 Ir-Catalyzed intramolecular hydroalkenylation developed by

our group, which allows building cycles with quaternary stereocenters.

regard, the calculations pointed out that the use of the ketone
as a directing group decreases the energy barrier of the C-C
reductive elimination by x4 kcal mol ', which eventually
enables the selectivity switch. The weaker coordinating ability
of the ketone, compared to that of the dialkyl amide, would
indeed provide an electron poorer metal center that is more
prone to suffer C-C reductive eliminations.>®

In 2018, Shibata and coworkers reported an intramolecular
hydroarylation of o,B-unsaturated acrylates with acetanilides to
yield chiral y-lactones of type 47, featuring quaternary carbon
stereocenters (Scheme 30).>° The optimal conditions involved
the use of [Ir(cod),OTf] and BINAP. Although the scope is
modest, the chiral y-lactones can be obtained in good yields,
and with moderate to good enantioselectivities.

(S)-BINAP (10 mol%)
Ry [Ir(cod),]OTf (10 mol%)
——

OJH/\COZMe

1,4-dioxane, 120°C, 24 h

Ry=H, Me
R Me Ry= H, Me, MeO, Cl
47,57 -95%,
69-97 % ee
Scheme 30 Ir-Catalyzed intramolecular hydroarylation of acrylates

developed by Shibata.
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To sum up Section 2.1, in recent years there have been
important advances in the development of hydrocarbonation
reactions of alkenes with different sources of C(sp*)-H bonds,
using group IX transition metals as catalysts. Albeit initially
overlooked, iridium catalysts have demonstrated to be quite
powerful, and to present advantages over the rhodium counter-
parts in terms of reactivity control and selectivity, including
enantioselectivity. Nonetheless, there is a need to develop
catalysts that present a broader scope and improved regio-, dia-
stereo- and enantioselectivity profiles, specially to build products
bearing chiral quaternary carbon stereocenters. Moreover, addition
reactions with substrates that do not need the presence of a
directing group for the C-H activation are of clear interest.

2.2 Additions to alkynes

Intermolecular processes. Overall, the hydrocarbonation of
alkynes has been less studied than the homologous additions to
alkenes, likely because of the notion that they are synthetically
less relevant, since they do not generate new stereocenters in the
products. However, the addition of C-H bonds across alkynes
produces a double bond which is amenable to further function-
alization, and therefore the reaction can be synthetically very
powerful, if the regioselectivity and E/Z selectivity are controlled.

In 1995, shortly after describing the hydrocarbonation of
alkenes, Murai and coworkers described a ruthenium catalyzed
intermolecular hydroarylation of alkynes using arenes and
heteroarenes that bear a ketone to direct the C-H insertion of
the metal (Scheme 31).°° Although the reaction requires high
temperatures, it allows access to a variety of B-vinyl substituted
ketones (48) in good yields and moderate to excellent E/Z
selectivities. They proposed a mechanism involving a hydro-
metallation and a C-C reductive elimination.

In 2006, Ellman and Bergman described a Rh-catalyzed hydro-
carbonation reaction of alkynes with o,B-unsaturated imines.*'
Curiously, when disubstituted alkynes were used, the resulting
hydrocarbonated products (49) evolved further through an electro-
cyclic ring closure to afford dihydropyridines (50, Scheme 32).%>

SiMeg

[e]
SiMes o
/ RuH,(CO)(PPhs); (6 mol%)
* R
toluene, 135 °C

J _
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Scheme 31 Ru-Catalyzed regioselective hydroarylation of alkynes devel-
oped by Murai and coworkers.
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Scheme 32 Rh-Catalyzed addition to alkynes followed by an electro-
cyclic ring closure, developed by Ellman and coworkers.

Related intermolecular processes with low valent Rh catalysts
were also described by Tanaka and coworkers, but dialkyl carbox-
amides were used as directing groups for C-H activation.®® The
optimal conditions involved the use of [Rh(cod),|BF, and BIPHEP
in dichloromethane at room temperature, and the reactions
provided dienes of type 51 with almost complete selectivity
(Scheme 33A). Curiously, the use of a 1-pyrrolidinecarbonyl group
was essential for this transformation, as dimethyl amides,
carboxylic esters and ketones were less effective.

Cobalt complexes can also be used for related catalytic trans-
formations. Thus, in a series of papers from 2010 onwards,
Yoshikai and coworkers demonstrated that ortho-aryl pyridines
as well as aromatic ketimines and aldimines (Scheme 33B and C)
participated in hydroarylation reactions of alkynes, promoted by
cobalt-phosphine catalysts.®* Each of these reactions required the
careful choice of ligand and of Grignard reagent used to generate

A) Tanaka’s Rh-catalyzed hydroalkenylation of alkynes with acrylamides
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B) Yoshikai's Co-catalyzed hydroarylation
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Scheme 33 Examples of intermolecular Rh- and Co-catalyzed hydro-
carbonations of alkynes.
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a low-valent cobalt catalyst; however, under optimized conditions,
the method proved to have a considerable scope and required
much lower temperatures than those involving rhodium catalysts.
On the other hand, the use of o,f-unsaturated imines is also
possible, and similarly to the Rh-catalyzed reactions, the hydro-
alkenylation is followed by a 6m-electrocyclization to afford a
dihydropyridine derivative (Scheme 33D).*®

The application of iridium catalysts in this type of hydro-
carbonation of alkynes can be traced back to 1999. In particular,
Satoh and Miura reported a pioneer case of an iridium-catalyzed
hydroarylation of alkynes with 1-naphthols, mediated by the
catalyst generated in situ from [IrCl(cod),], and P("Bu);. Catalytic
amounts of Na,CO; were also employed. The authors suggested
a mechanistic pathway that involves the initial formation of a
naphtholate complex (I) by liberation of HCI (Scheme 34). Then,
an oxidative addition of the C(8)-H bond to the iridium center
generates II, which undergoes alkyne hydrometallation followed
by a C-C reductive elimination to deliver the cis-hydroarylated
product 54.°%¢”

Iridium catalysts were also effective in the addition of aryl
ketones to alkynes, to give the corresponding ortho-alkenylated
products (55) in good yields (Scheme 35).°® The best results were
obtained with the Ir catalyst generated from [Ir(cod),|BF, and
BINAP, similarly to the hydroarylation of styrene (Scheme 5).
The analogous rhodium complexes provided the same products
but with lower efficiency (40% lower yield in a model reaction).
Contrary to the conditions previously found by Satoh and Miura
for the functionalization of naphthols (Scheme 34), monodentate
ligands such as PPh; and PCy; were not suitable for this
transformation.

In 2012, Shibata and coworkers described a catalytic alkeny-
lation of ferrocenes, promoted by [Ir(cod),]BArF in refluxing
toluene.®® Curiously, the reaction can give mono- or dialkeny-
lated products depending on the bulkiness of the directing
group. Thus, while a pyridine moiety makes the reaction selec-
tive towards the ortho-dialkylated product 57 (Scheme 36, right),

R
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OH
R
[IrCl(cod),], (0.5 mol%)
- / Na;COy (5 mol%) OO
54
= HCIJ W T
_[n R
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"Pr "Bu "Pr "Pr
n n \ npr \ "Pr
:\ Pr i :\ Bu OF : i OH : i OH
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85 % 82 %

toluene, reflux, 2h

83 %

Scheme 34 Iridium-catalyzed hydroarylation of alkynes with naphthols
developed by Miura and coworkers.
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Scheme 35 Ir-Catalyzed hydroarylation of alkynes with aryl ketones

developed by Shibata and coworkers.
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Scheme 36 Ir-Catalyzed alkenylation and alkylation of ferrocenes devel-
oped by Shibata and coworkers.

a quinoline directing group yields almost exclusively the mono-
alkylated ferrocene 56 (Scheme 36, left).

As expected, the reaction is initiated by chelation-assisted
oxidative addition of a C-H bond of the cyclopentadienyl (Cp)
ring to the iridium(r) complex. Indeed, by using ortho-phenyl
pyridine instead of the ferrocenyl derivative, the authors were
able to isolate an Ir(u)-hydride complex (II) that is generated by
adding MeCN to the initially formed iridium() complex I
(Scheme 36, bottom).

N-Sulfonylbenzamides are also appropriate substrates for
the addition to alkynes, in a reaction catalyzed by the hydroxoiridium
complex [Ir(OH)(cod)], (Scheme 37).” Similarly to the hydroarylation
of dienes with the same substrates (Scheme 13), this methodology
does not require the use of phosphines or basic additives. The
authors proposed that the catalytic cycle starts with the depro-
tonation of the acidic benzamide 58 by the iridium-hydroxide
species to generate an amidoiridium species (I) that promotes
an ortho C-H activation to yield a hydridoiridium metallacycle, II
(Scheme 37). An alkyne migratory insertion (hydrometallation) and
a turnover limiting C-C reductive elimination yield the addition
product 59.

Intramolecular reactions. Examples of low valent metal-
catalyzed intramolecular hydrocarbonations of alkynes, based
on the activation of inert C-H bonds, are scarce, regardless of
the type of metal used. In 2008, Ellman and coworkers disclosed
a rhodium catalyzed intramolecular variant of the alkenylation
of o,B-unsaturated imines (see Scheme 38). The method,

This journal is © The Royal Society of Chemistry 2020
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Scheme 37 Hydroarylation of alkynes by a hydroxoiridium complex, by
Nishimura and co-workers.

A) Ellman’s Rh-catalyzed cycloisomerization / electrocyclization tandem process
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B) Ellman’s intramolecular hydrocarbonation of alkynes with C-tethered alkenyl imines
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Scheme 38 Rh-Catalyzed intramolecular
developed by Ellman and coworkers.

toluene, 100 °C

alkyne addition reactions

which employs a Rh complex resulting from [RhCl(coe),], and
[4-(dimethylamino)phenyl]diethylphosphine (L22), can be applied
to both N- and C-tethered alkenyl imines (60 and 62) to yield
products of types 61 and 63, respectively.”*

In the case of N-tethered alkynyl imines, the authors proposed
a mechanism involving an imine-directed C-H activation at the
B-position of the alkene to form the vinyl rhodium intermediate I.
A regioselective hydrometallation followed by C-C reductive
elimination yields the cyclic imine III, which undergoes a
concomitant electrocyclization to give the observed product
(Scheme 38A).

Iridium catalysts have been scarcely used in this type of
annulation. In 2017 Shibata and co-workers described an
iridium-catalyzed intramolecular addition of N-tethered alkynyl
indoles to alkynes.”” Remarkably, the selectivity of the cyclization
could be tuned by the choice of metal catalyst. Thus, while an
iridium catalyst generated from [Ir(cod),]OTf and BINAP promoted

Chem. Soc. Rev., 2020, 49, 7378-7405 | 7393
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Scheme 39 Metal-dependent intramolecular hydroarylation of alkynes
developed by Shibata and co-workers.

a 6-exo-dig cyclization to yield the tricyclic product 65, a homo-
logous Rh catalyst induced an alternative 7-endo-dig cyclization
that delivers the seven-membered cycle 64 (Scheme 39, left). On
these bases, the authors proposed that, after an initial chelation-
assisted C-H activation to give I, a trans hydrometallation would
occur in the case of the rhodium catalyst, to yield an eight-
membered rhodacyclic intermediate, IIl. However, with the
iridium catalyst, an exo-selective hydrometallation to afford
intermediate II was proposed. Then, after the corresponding
C-C reductive eliminations, the six- and seven-membered fused
cycles were generated.”® The precise reasons for these metal-
dependent regioselectivities were not discussed.

Shortly after this report, our group disclosed a more general
intramolecular Ir-catalyzed exo-cyclization that is not restricted
to the activation of (hetero)aromatic C-H bonds, as it also
allows the participation of more challenging C-H bonds from
alkenes bearing a diethylcarboxamide as the directing group.
In this latter case, the process generates exocyclic dienes 66
with complete control of the stereoselectivity (Scheme 40A).”*
Remarkably, using ketones or carboxylic esters as directing
groups the reactions did not occur. The synthetic power of
the methodology was further exemplified by coupling the
cycloisomerization reaction with a [4+2] cycloaddition between
the generated diene and a dienophile in a one-pot tandem
process. Thus, stereochemically rich polycarbocyclic products
67 with up to four stereocenters were readily assembled from
simple acyclic precursors (Scheme 40B).

Mechanistic experiments with a deuterated probe demon-
strated the exclusive deuterium incorporation at the vinylic
position, confirming that an Ir(m)-H intermediate is involved.
DFT calculations revealed that the initial oxidative addition
presents a higher energy barrier, and that both the carbo-
metallation and hydrometallation pathways are viable. Nonetheless,
the path based on a carboiridation involves a significantly less costly
C-H reductive elimination.

To sum up, although the hydrocarbonation reaction of
alkynes with C(sp*)-H bond sources had been initially less
explored than the homologous reactions with alkenes, recent
examples have demonstrated that several TM catalysts, and
particularly iridium(i) cationic complexes, can be used to gen-
erate cyclic and acyclic dienyl products with complete or almost
complete stereoselectivity. This type of cyclization reaction

7394 | Chem. Soc. Rev., 2020, 49, 7378-7405

View Article Online

Review Article
A) Ir-catalyzed cycloisomerization of enynes developed by our group
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Scheme 40 Ir-Catalyzed intramolecular hydrocarbonation of alkynes, by
our group.

based on C-H activations is highly appealing in terms of
increasing structural complexity as well as because their superb
atom-economy.

3 Addition of C(sp)—H bonds across
unsaturated systems

Hydroalkynylation strategies involving the activation of the
relatively acidic C(sp)-H bond of terminal alkynes are appealing
methods to build C-C bonds and generate synthetically valuable
products.” In this regard, a significant number of methodologies
have been successfully developed based on deprotonations to
generate metal alkynylides (e.g. Ni, Pd, Ru, Rh, Co).”® These
methods, which do not engage a C-H oxidative addition process,
will not be discussed in this review. We will only present systems
for which the participation of alkynyl metal hydrides [C(sp)-M-H]
has been proved or proposed, with a focus on iridium catalysis and
related group IX metals.

Especially relevant are the transformations enabling enantio-
selective processes, which usually need highly strained alkene
partners.”” In 2012 Fan, Kwong and coworkers disclosed an
Ir-promoted asymmetric hydroalkynylation of norbornadienes
promoted by the catalyst generated from [Ir(cod)Cl], and (R)-
Synphos (L23) in 1,2-dichloroethane.”’ The catalyst works with
differently monosubstituted alkynes (Scheme 41A), and can also be
used to perform hydroalkynylations of oxabenzonorbornadienes
(Scheme 41B).””? More recently, the same group described an
enantioselective hydroalkynylation of 9-substituted norbornadiene
derivatives of type 68 with a similar catalytic system.””* Remarkably,
when the analogous rhodium complex was used instead of
[Ir(cod)Cl],, the yield decreased from 92 to 7% (Scheme 41C), a
result that comes again to emphasize the superiority of iridium
catalysts in some hydrocarbonation reactions.

Similar reactions with less strained alkene acceptors are not
easy. A relevant contribution was described by Li and coworkers

This journal is © The Royal Society of Chemistry 2020
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A) Fan & Kwong's Ir-catalyzed hydroalkynylation of norbornadienes
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Scheme 41 Iridium-catalyzed hydroalkynylation of strained alkenes.

in 2016, using B-monosubstituted Z-enamides as reaction
partners.”® Remarkably, the reaction shows a complete regio-
control for the formation of the C-C bond at the B-position
when the [Ir(cod)(Ph-BPE)]OTf catalyst (Ir3) is used. Thus,
enantioenriched homopropargyl amides can be synthesized
under mild conditions (Scheme 42). Based on deuterium-
labelling experiments, the authors proposed a mechanism
wherein the oxidative addition of silylacetylene generates the
iridium(m) hydride intermediate I, which reacts with the enamide
to give intermediate II, in which the iridium atom is coordinated
to the carbonyl group. Finally, a C-H reductive elimination
provides the homopropargyl amides 69.

Two years later, the same group demonstrated that the Rh
catalysts generated from [Rh(cod),]OTf and the bisphosphine
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Scheme 42 Iridium-catalyzed enantioselective hydroalkynylation of enamides
developed by Li and coworkers.
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Scheme 43 Rhodium-catalyzed enantioselective hydroalkynylation of
enamides developed by Li and coworkers.

(R)-"Pr-MeO-BIPHEP (L24) in THF could also promote the
hydroalkynylation of these enamides.”® Curiously, the regio-
selectivity of the addition is reversed with respect to the iridium-
promoted reaction, and the o-alkyl propargylamides 70 are
obtained (Scheme 43). The regioselectivity can be explained
assuming a hydro- instead of carbo-metallation (proposed in
the case of the iridium catalyst).

Very recently, Lin and co-workers studied the origin of the
regioselectivity in the above transformations using DFT analyses
and the reactions partners indicated in Scheme 44.%° The authors
explored all the possible scenarios for the iridium-catalyzed
hydroalkynylation process, concluding that the proposed path-
way involving a migratory insertion into the Ir-C bond followed
by C-H bond reductive elimination to give the B-isomer 69a is the
most favoured (Scheme 44, left). In contrast, Rh-catalyzed hydro-
alkynylation shows a preference for the migratory insertion into
the Rh-H bond, which eventually leads to the regioisomeric
a-product 70a through a C-C reductive elimination (Scheme 44,
right). To explain this divergence, the authors recalled that,
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Scheme 44 Iridium- and rhodium-catalyzed hydroalkynylation of enam-
ides: results from a DFT study developed by Lin and coworkers.
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in view of their relative positions in the periodic table, Rh is
expected to prefer an oxidation state of 1+ in comparison to an
oxidation state of 3+, while Ir behaves in an opposite manner. In
addition, C-Rh(m) bonds are generally weaker than C-Ir(ur)
bonds, so that the C-C reductive eliminations from a Rh(m)
center are significantly more favoured (AAG = 12 kcal mol " in
the current case). Therefore, since the C-C reductive elimination
from Ir(m) species has an inaccessible energy barrier (>31 kcal
mol "), the Ir-catalyzed reaction takes advantage of the reversi-
bility of the migratory insertion into the Ir-H bond and evolves
via the less favourable migratory insertion into the Ir-C bond and
an ensuing C-H reductive elimination. The latter process is
significantly less demanding than the respective C-C reductive
elimination (AAG ~ 10 kcal mol™)

The migratory insertions into Rh(1)-H and Ir(1))-C bonds
present the same regioselectivity, likely because of the coordination
of the carbonyl to the metal to form a five-membered metallacycle.

Interestingly, Li and coworkers demonstrated that related
hydroalkynylations can be carried out using non-activated
trisubstituted alkenes that hold a dialkyl amide at the homo-
allylic position (Scheme 45A).8' The optimal conditions involve
the use of Ir(cod),OTf and the bisphosphine CTH-(R)-P-Phos
(L25). Strikingly, the catalytic alkynylation occurs at the most
hindered position of the alkene, allowing the synthesis of

A) Li's enantioselective hydroalkynylation towards acyclic carbon quaternary stereocenters
OMe

N
|
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SiPry o Ny
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B) Li's Ir-catalyzed enantioselective hydroalkynylation of ,3-disubstituted enamides
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Scheme 45 An Ir-phosphoramidite catalyst for the hydroalkynylation of
enamides.
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v-alkynylamides bearing quaternary carbon stereocenters in
good yields and enantioselectivities.

DFT computational studies shed light on the origin of their
regio- and enantioselectivity. The authors located the two most
favored transition states for the migratory insertion of the
E-alkene, leading to both enantiomers (I and II, Scheme 45A).
In both cases, the carbonyl group of the alkenylamide is
coordinated to the iridium center, which determines the regio-
selectivity. Interestingly the high energy difference observed
between both enantiotopic transition states (>5 kcal mol )
was attributed to the presence of steric repulsions in II, and
attractive C—H---O interactions of the carbonyl group with aryl
C—H bonds on the ligand in I. Eventually, the authors found
that the formation of the minor enantiomer could be better
explained on the basis of a marginal E-Z isomerization of the
starting alkenylamide, since the most favored migratory insertion
of the Z alkene leads to the opposite enantiomer (III).

Finally, in a new tour de force, the group of Li recently
disclosed an Ir-catalyzed hydroalkynylation of 8,B-disubstituted
enamides that affords propargyl amines bearing two vicinal
stereogenic centers, in a highly regio-, diastereo- and enantio-
selective fashion (Scheme 45B).%> Strikingly, the regioselectivity of
this hydroalkynylation, which exclusively delivers the a-addition
product, is opposite to that previously observed with alternative Ir
catalysts (Schemes 45B vs. 42). Insightfully, DFT calculations
shed light on this puzzle, proposing that in this case the
carbometallation step is energetically more difficult due to the
sterically hindered nature of the trisubstituted alkene. Moreover,
the pathway based on a hydrometallation/C-C reductive elimination
strongly benefits from the electron deficient nature of the phos-
phoramidite ligand (L26), which reduces the electron density at the
metal center. Indeed, the use of this ligand is critical for obtaining
both good yields and excellent stereoselectivities.™

Low-valent cobalt catalysts have been scarcely used in these
types of hydroalkynylations. The most relevant examples so far
involve cross-dimerizations of alkynes, while more challenging
hydroalkynylations of alkenes have not yet been described. Thus,
Okamoto and coworkers reported in 2013 the first examples of a
cobalt catalyzed hydroalkynylation of internal alkynes, by using a
Co(1) catalyst generated from a Co(u) precursor and Zn as a
reducing agent. Control experiments using deuterated silylacety-
lene revealed that the reaction involves as the initial step a direct
oxidative addition of the cobalt to the acetylenic C-H bond
(Scheme 46A).%*

More recently, Mashima and coworkers expanded the scope of
these processes reporting a highly E-selective cross-dimerization
of two different terminal alkynes, a process that is catalyzed by a
Co(0) complex generated by the reaction of EtMgBr with a
sterically demanding 1,10-phenanthroline cobalt(u) dichloride
precursor like Col (Scheme 46B). The independent preparation
of the Co(0) precursor allowed the authors to confirm its
participation as a catalyst.®®

Overall, these two papers nicely show a key characteristic of
low-valent cobalt catalysts, namely their ability to participate
either via Co(1) or Co(0) species, as well as the possibility to use
both strong- and weak-field ancillary ligands. On the downside,

This journal is © The Royal Society of Chemistry 2020
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A) Okamoto’s Co-catalyzed alkynylation of internal alkynes

) /SiMeS+R /Rz
1

dppe (6 mol%) SiMeg

/ /
CoCl,.6H,0 (5 mol% 7 7
_CoCl8H0 (5 moi%) _ r«% 2v

Ry Rq
18 -98 %
Regioisomeric ratio from 1:1 to >10:1

SiMe;

Zn powder (10 mol%)
NMP, 50 °C

B) Mashima'’s E-selective cross-dimerization with Cobalt

(Co1, 3 mol%) SiMe;

SiMe, X //
.P )
H/ t CEWgBr@mo) AP
THF, 1t
X=OR, Hal, CN, 61-99%
Alkyl, Aryl, NR,

C) Collins’ synthesis of 1,3 enynes through synergistic Cobalt-photoredox catalysis
4CzIPN (2 mol%)

dppp (6 mol%) SilPry

/s.-pr3 Ar CO(BF4)2.H20 (5 mol%) /\/
W = IPr,EtN (30 mol%) AT .
J MeCN, Blue LEDs 56-98%

SET- [Col] \l
[si]

Ar

2" Ph, |
P22 B, RpZ
{ R o { oo 7 I e
0 ;0 UH SET
4 ;SET P (et > { >d'é/H /)

[Si]

Ph i /
HH capne acaent 2 P \
low-valent, Ph, \

4CzIPN php2
Co(0) Ar

LacziPN M gy [si]

Scheme 46 Cobalt-catalyzed hydroalkynylation reactions of alkynes
[46C: SET stands for single electron transfer and 4CzIPN for 1,2,3,5-tetra-
kis(carbazol-9-yl)-4,6-dicyanobenzene; [Si] = 'PrsSil.

the requirement of strong reductants to avoid handling highly
air-sensitive cobalt species hampers a wider use of these methods,
as functional group tolerance might be compromised.

In this regard, it is pertinent to note that Collins and
coworkers have recently provided a novel alternative for achieving
related cross-dimerization processes based on the synergistic use
of a photoredox catalyst (the carbazole-based organic dye 4CzIPN),
and a cobalt(n) source (Scheme 46C).*® Mechanistically, the
authors proposed an electron transfer from the excited organic
dye to the initial Co(u) to give a Co(0)-bisphosphine complex,
which is the species that suffers the oxidative addition of the
terminal alkyne. After migratory insertion of a second unit of
alkyne, a subsequent oxidation by the cationic dye delivers a Co(ur)
intermediate, which reductively eliminates to a Co(1) counterpart,
with concomitant delivery of the product. A new SET process
restores the initial Co(0) species. The method constitutes the first
photocatalytic hydroalkynylation process, and the resulting 1,3-
enynes are obtained in good to high yields and E-selectivity.

In conclusion, catalytic hydroalkynylations represent powerful
tools for accessing synthetically valuable alkynyl-containing products.
Although the initial seminal approaches relied on highly strained
alkenes, the use of enamides as partners allowed building pro-
pargylic or homopropargylic amines in a very effective way. However,
the scope of the reactions with respect to the alkene component is
yet very limited. The recent demonstration that combining transition
metal and photoredox catalysts can drive otherwise difficult hydro-
carbonations opens an interesting research avenue.

This journal is © The Royal Society of Chemistry 2020
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4 Addition of C(sp®)—H bonds across
unsaturated systems

The above-mentioned hydrocarbonation processes involve the
activation of C(sp®)-H or C(sp)-H bonds. Extending this chemistry
to C(sp’)-H bonds is very attractive, as it could open impressive
opportunities for the formation of C-C bonds and of chiral centers
from simple precursors. However, achieving a selective functionali-
zation of C(sp®)-H bonds is highly challenging, not only because of
their low reactivity but also in terms of regioselectivity.

In fact, the entire field of metal-catalyzed C(sp®)-H activation/
C-C functionalization can be considered to be yet in its infancy.
Usually the activation and cleavage of C-H bonds requires the
presence of a heteroatom directing group, and the formation of
relatively stable five or sixmembered metallacyclic intermediates.
The most frequently used transition metals for the activation of
C(sp®)-H bonds are Pd, Ru, Rh, Co and Ir.*’

While there have been important advances in the develop-
ment of metal-promoted C(sp*)-H arylations, aminations and
oxygenation reactions,®® addition reactions that result in the
formation of C-C bonds using alkynes or alkenes as reaction
partners remain scarce, and most of them are initiated by CMD
mechanisms instead of oxidative additions to the C-H bonds.
Only in recent years several examples demonstrating the viability of
these hydrocarbonation processes enabled by the metal activation
of C(sp®)-H bonds have been published.

In 1998, Jun and coworkers made a seminal contribution to
the field.® They disclosed a ruthenium-catalyzed addition of a
benzylic C(sp®)-H bond across alkenes, using 2-(alkylamino)-
pyridines of type 71 as substrates. The presence of the chelating
nitrogen group of the pyridine is key to the success of the
reaction (Scheme 47A).

In 2001, Murai disclosed a related Ru-catalyzed methodology
to promote the addition of alkenes to a C(sp®)-H bond in

A) Jun’s Ru-catalyzed alkylation of benzylamines
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H H H H

95 % 70 % 85 % 70 %

B) Murai's Ru-catalyzed alkylation of tertiary amines

Y g

= ] N Rug(CO); (8 mol%) N

N iPrOH, 140 °C R Py R
72 73
| N, Ph Ph Bu Bu
Py \Py Py Py

3% 90 % 58 % 73 %

Scheme 47 Seminal reports on Ru-catalyzed hydrocarbonation of
alkenes by activating C(sp®)—H bonds.
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N-2-pyridyl cyclic amines of type 72.°° Again, this approach
requires harsh conditions and high catalytic loadings of
Ru;(CO);, (Scheme 47B). Remarkably, the reaction works with
different types of alkenes, and enables the preparation of
dialkylation products of type 73.

In 2007, Brookhart and coworkers reported a Co-catalyzed
intramolecular hydrogen-transfer reaction of cyclic amines of
type 2.°" Although the process doesn’t generate new C-C bonds,
the reaction is worth mentioning as it involves an initial C(sp®)-
H activation by oxidative addition of the nitrogen-adjacent C-H
bond to a Cp*Co(1) catalyst (Co2). Subsequent hydrometallation
and PB-hydride elimination deliver a new Co(m)-hydride species
that evolved into the isomerized product by C-H reductive elimina-
tion (Scheme 48). Interestingly, this cobalt catalyst proved to be
more reactive than the analogous Rh counterpart.

Curiously, despite the efficiency of these and related cobalt(i)-
catalysts for promoting C(sp*)-H bond activations,’” their appli-
cation to hydrocarbonation reactions (formation of C-C bonds)
has not yet been accomplished.

In 2010, Yu et al. described an intramolecular cycloisomerization
of ene-2-diene substrates like 74 involving a Rh-catalyzed activation
of an allylic C(sp®)-H bond and the subsequent addition of the
C-Rh bond across the tethered diene. The reactions, which are
promoted by RhCl(PPhs;);/AgSbF,, provide tetrahydropyrroles of
type 75 in good yields (Scheme 49A).%* Remarkably, the presence
of a strongly chelating group is not required, as the diene plays
the role of directing the C-H activation to the most reactive
allylic C-H bond. DFT studies indicated that the presence of the
extra double bond in the alkene acceptor is also key to facilitating
the reductive elimination step (from I to I, Scheme 49A).>* In 2011,
the same authors reported an enantioselective version using a
cationic catalyst generated in situ from [Rh(coe),Cl],, AgOTf and
the chiral phosphoramidite ligand L27.%> The corresponding chiral
tetrahydropyrroles are thus obtained with both good enantio-
selectivities and diastereoisomeric ratios (Scheme 49B).

The first reports with iridium didn’t come until 2004 when
Sames and coworkers described an intramolecular cyclization of
amide-tethered alkenes of type 76 promoted by an [Ir(coe),Cl],/
IPr catalyst (Scheme 50).°° Despite the limited scope of the
process, high temperatures required, and moderate yields of

Me Me
X Me/Clo\ Me X
C j) N e, [ j)
n n
N SiMes (o2, 4 mol%) N
Me,Si.__~ Me,Si
N CoDsz, 80°C sl
n=1,23 13-99 %
‘ X H ] X
J: J) I J)n
H—[Go] N7 D —_———= [Co] [‘l
;“/_ SIiMez insertion fSiMez
"/ .

Scheme 48 Co-Catalyzed C(sp®)—H activation/intramolecular hydrogen
transfer developed by Brookhart and co-workers.
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A) Yu's Rh-catalyzed allylic C—H activation for the addition to conjugated dienes
Rq Rs
Me Rs

RhCI(PPh3); (10 mol%) Ro »&
__ AgSbFe (10mol%) X

DCE, 80 °C Rs
75,45-90 %
X = NTs, C(COzMez) o,. dr=5:1-15:1
Ry, Ry, Ry = Ar, Me, H...
—1 +
H +
/Rh/PPh3 ” \Rh/PPhs—l
NTs || \M J /
S e
A TsN J\Me
I Me n
B) Enantioselective version
P NEt,
OO (L27, 25 mol%) R " \\ "
SR 1
[Rh(coe),Cll, (10 mol%) \\
Rz/\/\TW AgSbFg (12 mol%) \ i,
DME, 60 — 80 °C TsN
\ Me, \X—Me \ Me, \}-Ph F’“\\ Me, \X—Me Ph\\\ Me, &’—Me
TsN TsN TsN NTs
90 %, 90% ee 75 %, 77% ee 59 %, 85% ee 85 %, 84% ee
>19:1dr. >19:1d.r. >19:1dr. >19:1d.r.

Scheme 49 Rh-Catalyzed intramolecular sp* hydrocarbonation with dienes
by Yu and coworkers.

products 77 (side products 78 and 79 were also obtained), this
seminal publication critically showed the challenges with Ir
catalysts and paved the way for further contributions in the
area. Likely, the reaction involves an initial weak coordination of
the iridium complex to the carbonyl moiety followed by an
insertion into a C(sp*)-H bond that is adjacent to the amide
nitrogen atom. The resulting iridium hydride intermediate (I)
undergoes a 5-exo alkene migratory insertion. A final B-hydride
elimination generates the bicyclic amide (III) coordinated to an
iridium bishydride. Isomerization of III eventually provides
adduct 77 (Scheme 50). The formation of 78 and 79 can be,
respectively, explained by an endo cyclization of I, followed by
reductive elimination or by hydrogenation of 76 by the resulting
Ir bishydride species (an excess of norbornene is used as a
sacrificial hydrogen acceptor to minimize this side-process).

Ok c@oﬁ

78,17 %

Ir wIPr Ir 'IF'r —Ir v||pr
N ‘CI
O

mo

IPr (10 mol%)
[Ir coe),Cl], (5 mol%)

toluene, 150 °C
NBE (4 eq)

77,66 % 79,10 %

Scheme 50 Ir-Catalyzed cyclization of amides initiated by C—H oxidative
addition, developed by Sames and co-workers (NBE stands for norbornene).
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Scheme 51 Ir-Catalyzed hydrocarbonations with alkynes developed by

Shibata and co-workers.

A truly remarkable hydrocarbonation reaction initiated by
oxidative addition of Ir(1) to C(sp®)-H bonds was described by
Shibata in 2009.°” The combination of [Ir(cod),]OTf and BINAP
in refluxing chlorobenzene allowed activating the methyl group
of dimethylamides, and inserting the resulting hydride species
into alkynes, to give the monoalkenylated amides 80 in moderate
to good yields (Scheme 51). Deuterium labeling experiments
showed a complete deuterium transfer from the methyl group of
the amide to the vinylic position, as well as a fractional protonation
at the methylene group. This is consistent with the participation of
iridium hydride intermediate species of type I, which undergo
migratory alkyne insertion and reductive elimination. Control
experiments suggested that the loss of deuterium at the allylic
position might be the result of a C-H bond cleavage at this
position, followed by protonation using an external proton
source (i.e. water).

The same group extended this chemistry to 2-(alkylamino)-
pyridines, which in the presence of an iridium catalyst generated
from [Ir(cod),]|BF, and Tol-BINAP (L28) can add to styrenes, even
in an enantioselective manner. Linear alkylation products of type
81 were selectively obtained in moderate to good yields and
with enantioselectivities typically above 80% (Scheme 52).%°
Deuterium labeling studies confirmed an initial cleavage of
the C(sp®)-H bond adjacent to the nitrogen through an oxidative
addition to generate a chiral Ir-hydride intermediate (I) that was
tentatively identified by *'P-NMR. An improvement of this
method was published in 2012 by the same group, demonstrating
that not only styrene, but also B-unsubstituted acrylates, vinyl
silanes, aliphatic alkenes and even alkynes are suitable partners.
The reactions gave enantioselectivities that varied from 55 to
99% ee, depending on the C-C unsaturated partner employed.”

Nishimura further expanded this methodology, demonstrating
that the cationic iridium complex [IrCl(cod)],/NaBAr} is able to
perform a double C-H alkylation of 2-(methylamino)pyridines,
to yield a-substituted amines of type 82 (Scheme 53A)."%° The
reaction can also be carried out with one alkene to give an
achiral product (Scheme 53A) or, alternatively, two different
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Ir-Catalyzed enantioselective alkylations of 2-(alkylamino)-

A) Nishimura’s Ir-catalyzed double C—H alkylation of 2-(methylamino)pyridines

== | HN/Py
/\R. S W
HNT N - R R
N [IrCl(cod)], (5 mol%) KAR
| P N’Me NaBArF, (10 mol%) HN’Py
H DCE, 40 - 80 °C
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2

B) Enantioselective version
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P Py
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3
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Scheme 53 Ir-Catalyzed double alkylation of 2-(methylamino)pyridines

by Nishimura and coworkers (Py stands for pyridine).

alkenes can be introduced in a sequential manner, provided
that a vinyl silane such as triethylvinylsilane is used as the first
partner. Interestingly, if BINAP is added together with the
second alkene, the resulting a-substituted chiral amine (82a)
can be obtained with good enantioselectivities (Scheme 53B).
The use of a nitrogen-tethered pyridine to assist the activa-
tion of C(sp*)-H bonds adjacent to a nitrogen atom was further
exploited by Shibata with N-(2-pyridyl)-y-butyrolactams of type
83 (Scheme 54).'°" Remarkably, the complex prepared by
[Ir(cod),|BF,/Tol-BINAP catalyzed enantioselective alkylations
with styrenes and acrylates to yield products that can be easily

128 (10 mol%) b /\COZEt A

Ir(cod),JBF 4 (10 mol%) FY~
):> % w25 0 [Ir(cor )2] 4(10 mol%) ;:> —L,CIQ
g 0

dioxane, reflux 1 week

87 %, 90 % ee Pyrrolam A
N\ TN
Py i Ph Py & SO,Ph Py PO(OE),
10 10
[¢] o o]
85 %, 85 % ee 70 %, 82 % ee 82 %, 76 % ee
Scheme 54 Ir-Catalyzed enantioselective alkylation of lactams devel-

oped by Shibata and co-workers.
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Scheme 55 Ir-Catalyzed benzoxazole-directed alkylation developed by
Opatz and co-workers.

81 % 48 %

converted into substituted y-amino acids by removal of the
pyridine directing group. The methodology was also applied to
the formal asymmetric synthesis of pyrrolam A (Scheme 54).

The activation of C(sp®)-H bonds in alpha to amines can
also be performed using other directing groups than pyridine.
Therefore, Opatz and coworkers described a hydrocarbonation
of alkenes using benzoxazole scaffolds as directing groups
(Scheme 55)."°% In particular, using the simple cationic catalyst
[Ir(cod),]BF, or [Ir(cod),]BAr;, without any additional ligand,
these authors demonstrated that tetrahydroquinolines like 84,
as well as other related cyclic and acyclic amines, can be
catalytically monoalkylated at their nitrogen-adjacent position,
yielding linear products of type 85. Although harsh reductive or
basic conditions are required to remove the directing group,
the resulting amines are compatible with these conditions.

Alkoxythiocarbonyl moieties can also be successfully used as
directing groups for the activation of related C(sp*)-H bonds.'*
Thus, using [Ir(cod),]OTf as a catalyst, Yu and coworkers were able
to obtain o-alkylated pyrrolidines, prolines and piperidines. In
many cases, mixtures of monoalkylated (86) and dialkylated (87)
products were obtained (Scheme 56A). Although the mechanistic
aspects of the transformation were not addressed, presumably,
the process involves a C-H oxidative addition followed by a
subsequent alkene migratory insertion and reductive elimination.
However, it is not clear if the process involves carbo- or hydro-
metallation pathways.

In a more recent study, Yu and co-workers introduced the
use of amidoximes as suitable directing groups for performing
this type of intermolecular hydrocarbonation of alkenes with
N-adjacent C(sp®)-H bonds of saturated azacycles. Depending
on the type of azacycle, a different directing group and an
iridium catalyst are needed.'® Thus, for the alkylation of
pyrrolidines, a trifluoromethyl O-benzyl amidoxime performs
best, usually providing the linear adduct (88), or mixtures of
linear and branched products (Scheme 56B, left). With regard
to piperidine systems, the methyl O-benzyl amidoxime provided
better results, generally leading to linear mono- and di-substituted
products (90 and 91) in variable yields and selectivities (Scheme 56B,
right). Based on deuterium labelling experiments, the authors
suggested a pathway that involves both 1,2- and 2,1-reversible

7400 | Chem. Soc. Rev., 2020, 49, 7378-7405

View Article Online

Review Article

A) Iridium(l)-Catalyzed a-alkylation of azacycles with alkoxythiocarbonyl DG's
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B) Iridium(l)-Catalyzed o-alkylation of azacycles with amidoximes DG's
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Scheme 56 Ir-Catalyzed directed alkylation of azacycles developed by

Yu and coworkers.

migratory insertions into the Ir-H bond. Rate determining C-C
reductive eliminations would provide the corresponding linear
and branched isomers respectively. The viability of an alternative
migratory insertion into the Ir-C bond followed by a C-H
reductive elimination was not discussed.

As in the case of the hydrocarbonations based on C(sp®)-H
activations, Nishimura and collaborators demonstrated that
anionic amides can work as directing groups in the activation
of C(sp®)-H bonds. Using hydroxoiridium catalysts, they were
able to achieve the hydroalkylation of terminal alkenes with
1-methyl-1,3-diphenylurea.’®® The optimal conditions involved
an iridium catalyst generated in situ from [Ir(OH)(cod)], and the
bisphosphine dippbz, at an unusually low reaction temperature
of 70 °C (Scheme 57A). Although the methodology is restricted
to terminal alkenes, the scope was broad, and it was further
extended to the use of secondary C(sp®)-H bonds to give the
indoline urea derivatives 93 (Scheme 57B).'%° In the latter case,
the use of [Ir(OH)(cod)], without any additional ancillary ligand
led to the best results. The methodology tolerates a variety of
terminal alkenes but is limited to very few indolines.

These processes should proceed by the initial formation of
an amidoiridium intermediate (I) that evolves through an oxidative
C-H insertion to give iridacycle II. Linear-selective alkene insertion
into the Ir-H bond forms IIL Eventually an irreversible C(sp®)-C(sp”)
reductive elimination and protonation of the amine affords the
alkylated urea product (92).

Related reactions based on the C(sp®)-H bond activation
adjacent to nitrogen can also be performed in an intramolecular
mode. Therefore, Suginome and coworkers reported a very

This journal is © The Royal Society of Chemistry 2020
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A) Ir-catalyzed hydroalkylation of alkenes with 1-methyl-ureas
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B) Ir-catalyzed C(sp®)—H alkylation of Indolines
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Ir-Catalyzed alkylation of ureas developed by Nishimura.

interesting cycloisomerization of ortho alkenyl-N-methylanilines."®”
The reaction is catalyzed by [IrCl(C,H,),], and DTBM-SEGPHOS,
and delivers indolines of type 95 bearing a chiral carbon quaternary
stereocenter, with high efficiency and excellent enantiomeric ratios.
The authors proposed a mechanism involving the alkenyl-assisted
insertion of the iridium complex into a C(sp®)-H bond of the
dimethyl amine to generate intermediate I (Scheme 58). Subse-
quently, a carboiridation step, in a 5-exo fashion, delivers inter-
mediate II which undergoes a C-H reductive elimination to yield
the indoline product. According to the authors, the formation of
96 as a side product in the cyclization of 94 (R = H) can only be
explained assuming a -H elimination from the iridium-hydride
intermediate II (R = H) and a subsequent isomerization. This fact
allowed them to conclude that an alternative hydrometallation/
C-C reductive elimination pathway is very unlikely.

The same authors demonstrated that it is also possible to
activate a C-H bond in methoxy groups and induce related cycliza-

tions, in this case to alkynes instead to alkenes (Scheme 59)."%

Me Me
L3 (6 mol%) N N
[IrCI(C2Ha)2)2 (3 mol%) + /
toluene, 110°C, 24 h 95 R Me % Me

83 %, 96 % ee

Scheme 58 Ir-Catalyzed cycloisomerization of o-alkenyl-N-methylanilines
developed by Suginome.

83 %, 98 % ee 72 %, 94 % ee 93 %, 97 % ee

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chem Soc Rev

Q
Y
toluene, 110°C, 24 h R

R 98,91 %

OCH,
©/\
0
O\\ f nr] H
f—H R
\\ ©§E ([Ir] H

L3 (4 mol%)
[IrCI(C;Hg)2l, (2 mol%)

U} o7

@%@{/@%

91 % 78 % 80 %

Scheme 59 Ir-Catalyzed cycloisomerization of o-alkynyl phenols devel-
oped by Suginome.

33%

Labeling experiments indicated that the initial oxidative addition is
the turnover-determining step. Subsequent intramolecular syn inser-
tion of the C-C triple bond into the Ir-C or Ir-H affords inter-
mediate II or III. Both intermediates could evolve by reductive
elimination to yield a dihydrobenzofuran product, 98, which was
experimentally isolated as a side product under specific reaction
conditions. An isomerization reaction of 98 through a 1,3-H shift via
n-allyl iridium species IV was proposed to explain the formation
of the benzofuran product 97 (Scheme 58). Although the reaction
does not involve the generation of any stereocenter, the authors
demonstrated that the use of DTBM-SEGPHOS is imperative to
obtain not only excellent overall yields but also the complete
isomerization of intermediates 97 into benzofurans 98.

Overall, despite the above examples, this research topic is
clearly underdeveloped, and there are many unknowns not only
with regard to the C-H activation step, but also in terms of the
substrate scope, and the influence of the elementary mechanistic
steps in the reaction rate. Curiously, despite the ability of Ir
catalysts to yield branched products in related hydrocarbonations
of alkenes with C(sp*)-H precursors, all the examples involving
C(sp®)-H bonds yield linear adducts. Thus, the development of
methods to obtain branched products is still an unmet challenge.

5 Conclusions

Transition metal-catalyzed hydrocarbonation reactions represent
excellent examples of transformations that fit perfectly with the
requirements of sustainability and practicality of modern organic
synthesis. Metals of group IX, and especially iridium complexes,
are among the most effective catalysts to perform these reactions,
in part because of their ability to undergo relatively easy oxidative
additions to C-H bonds. Most of the examples so far described
correspond to intermolecular hydroarylations, using alkynes,
alkenes or allenes as unsaturated partners. Intramolecular reactions
are very attractive from the constructive perspective, although the
processes disclosed are still limited in terms of versatility and the
substrate scope. Hydroalkenylations instead of hydroarylations have
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also been scarcely explored, while the addition of C(sp®)-H bonds
across unsaturated partners remains to be further developed.
Importantly, studies based on DFT calculations and deuterium
labeling have shed light on the mechanisms of these reactions.
In the case of iridium catalysts, carbometallation/C-H reductive
eliminations are favored over alternative pathways involving
hydrometallations.
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