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Preface

The metal-catalysed C—H bond dual activation and functionalisation have brought
in the last two decades a revolution for the direct synthesis of complex molecules
and molecular materials. Now the functionalisation of sp?C—H bond for cross-
coupled C—C or C-heteroatom bond formation presents advantages to replace,
with better atom economy, the classical catalytic cross-coupling reactions involving
a stoichiometric amount of an organometallic. In parallel the sp’C—H bond activa-
tion, besides a faster access to natural products, is offering the possibility to
functionalise alkanes in connection with renewable energy.

Whereas functional groups have shown efficiency to direct activation of
neighbouring C-H bonds, as molecules containing multiple C—H bonds, the suc-
cessive activations of several of these C—H bonds remain a challenge. Initially
expensive metal catalysts have shown their efficiency to activate C—H bonds, but
now many examples of cheap and environment-tolerant first-row metal catalysts are
promoting useful activations. Examples of C—H bond functionalisation can now be
performed in green solvents and even in water.

This volume gathers innovative contributions for a wide range of catalytic C-H
bond functionalisations. They involve a variety of metal catalysts from Pd, Rh, Ir
and Ru complexes to Fe, Ni, Cu and Ag derivatives, including surface organome-
tallics, and they point out the importance of ancillary or transient ligands forcing the
metal site to activate C—H bonds by several complementary processes. In addition
this volume presents many new applications for cross C—C and C-heteroatom bond
couplings and new synthetic methods, supported by mechanistic and computational
studies, and examples of functionalisation of cyclopropanes or fullerenes and
addresses problems of regioselectivity. The sp?C—H bond activation reveals crucial
aspects for the synthesis of natural products and for the dehydrogenation and
functionalisation of alkanes.

The wide range of innovations presented here, on the concepts of C—H bond
activations and their multiple profits, should be a source of inspiration for
researchers and industry engineers to discover more efficient catalysts or to transfer
the processes to industrial applications. They should attract teachers and students
motivated by innovations, catalysis and sustainable development. They are
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expected to initiate new ideas to discover new catalytic and cascade
transformations.

We are grateful to all the chapter authors, experts in various complementary
fields, who have contributed to create this multiple-facet volume.

We dedicate this volume to all chemists and students who are contributing, via
C-H bond activation and functionalisation, to discover safe, catalytic transforma-
tions that will be profitable for our society.

Rennes, France Pierre H. Dixneuf
Henri Doucet
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Rh(III)- and Ir(III)-Catalyzed C-C Bond
Cross Couplings from C-H Bonds

Joanna Wencel-Delord, Frederic W. Patureau, and Frank Glorius

Abstract Over the recent years, dicationic [Cp*Ir(IIl)] and more particularly
[Cp*Rh(II)] complexes have established themselves as extremely powerful cata-
lysts enabling direct C—H activation of various aromatic and vinylic compounds.
During such transformations, a common metallacyclic intermediate [Cp*M(C/X)]
(M=Ir, Rh) is formed and undergoes further transformations, according to the
nature of the coupling partner, to finally afford a myriad of valuable, often complex,
and otherwise difficult to access scaffolds like heterocycles and polyunsaturated
skeletons. The major advances achieved in this field clearly showcase the potential
of these catalysts to functionalize latent C—H bonds under surprisingly mild reac-
tion conditions. The aim of this chapter is to present the latest and most represen-
tative contributions in the field of Rh(III)- and Ir(III)-catalyzed C—H activation by
focusing on the reactivity of the corresponding metallacyclic intermediates.
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1 Introduction and Background of Organometallic
Chemistry

The extraordinary advances achieved over the past decade in the field of catalytic
C-H activation have progressively established this modern catalytic approach as a
valuable tool for organic synthesis. In particular Rh(III)-based catalysts bearing a
pentamethylcyclopentadienyl ligand (Cp* ligand) unambiguously stand out as a
privileged catalyst for direct functionalization of inert C—H bonds [1-8]. The story
of half-sandwich Rh(III) and Ir(IIT) complexes commenced at the end of the 1960s,
when Maitlis isolated and fully characterized [Cp*RhCl,], and [Cp*IrCl,], com-
plexes [9, 10]. Rapidly, these organometallic structures have become an interesting
subject of scientific study for inorganic chemists. The reactivity of these pseudo-
octahedral complexes toward various ligands has been investigated enabling iso-
lation and characterization of many interesting organometallic structures.
Moreover, following the Maitlis work [11] and since the potential of [Cp*IrPR;X5]
and [Cp*RhPR;X,] complexes to cleave C—H bonds [12, 13] had been known
already in the 1980s, an extensive study of the stoichiometric reactions between the
dicationic [Cp*M(III)] precatalysts (M=Rh, Ir) and aromatic substrates bearing
coordinating substituents (such as imines, ketones, amines, etc.) was undertaken.
Rapidly, it was proved unequivocally that such late transition metals, in the
presence of sodium acetate as additive, are particularly potent catalysts for C—H
activation affording cyclometalated complexes termed [Cp*M(CAX)] (M=Rh, Ir)
[14]. Importantly, these Ir- and Rh-cyclometalated species could be frequently
prepared with high efficiency and under relatively mild reaction conditions
[15]. A further breakthrough in the field of dicationic [Cp*M] complexes was
achieved at the beginning of this century, with the seminal studies targeting
catalytic C—H activation. The pioneering work of Matsumoto and Periana [16],
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Scheme 1 Key steps in the development of [Cp*MCl,],-catalyzed C—H activation

followed by the key contributions by Satoh and Miura [17-20], was the first to
clearly show the potential of [RhCp*Cl,], precursors as underestimated catalysts
for dehydrogenative cross couplings (Scheme 1).

Since those days, extraordinary advances have been achieved, and the [RhCp*
(IIT)] complex established itself as a highly potent catalyst for a large panel of direct
functionalization reactions enabling not only C—C but also C—X (X=N, S, Br, I,
etc.) bond formations. In contrast, although the [Cp*IrCl,], precatalyst is recog-
nized to be a more efficient metalating agent than the Rh congener [14, 21], the use
of this high-oxidation-state third-row transition metal catalyst to construct C—C
bonds is clearly less documented [22]. The limited potential of the [IrCp*Cl,],
precatalyst in C—C bond forming reactions might be due to the high stability of the
metallacyclic intermediates and the unfavorable final product formation (e.g., by
means of an oxidative coupling of the C—N bond) which might compromise an
efficient catalytic turnover [23]. In contrast, due to the less thermodynamically
favored metalation in the case of the [RhCp*(III)] species (increased sensitivity to
the steric constraints), isolation and characterization of the Rh-based metallacyclic
intermediates is far from trivial. However, failure of stoichiometric C—H activation
does not prevent catalytic transformations if further steps of a target catalytic cycle
are thermodynamically favored and hence overcome the difficult cyclometalation
event.

A vast majority of the [Cp*MCl,],-catalyzed transformations follow catalytic
cycles with very similar initial steps. Firstly, an active dicationic catalyst is formed
by silver salt-induced abstraction of the CI ligands. Coordination between the
catalyst and a directing group of a substrate brings these two partners in proximity
to facilitate a base-assisted C—H bond cleavage delivering key metallacyclic inter-
mediates. The fate of such metallacyclic intermediates depends on the nature of the
coupling partner, which determines the structure of the final product. Consequently,
this review is divided into several sections following the reactivity of these key
metallacyclic intermediates. Taking into consideration an impressive number of
publications concerning Rh(IIl)-catalyzed C—H activation published over the last
5 years and several excellent recent reviews dealing with this topic, we propose to
selectively present the different types of the C—C bond forming reactions which can
be achieved. We wish to provide the reader with an easy-to-understand overview of
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how the cyclometalated Rh(IIT) and Ir(IIl) intermediates may react to afford a large
panel of structurally very different and valuable products, such as heterocyclic
scaffolds.

2 Insertion of C=C and C=C Bonds into [Cp*M(C*X)]

The Rh(III)- and Ir(IlT)-catalyzed couplings with olefins and alkynes are, by far, the
most documented transformations. Insertion of such unsaturated coupling partners
into the C—M bond of metallacyclic species was firstly extensively studied [23-25].
Subsequently, the judicious choice of a terminal oxidant enables to complete a
catalytic cycle, thus unlocking the door toward catalytic transformations.

2.1 Insertion of C=C Bonds into [Cp*M(C"X)]

Rh(IIT) and Ir(Il) oxidative couplings of aromatic and vinylic substrates with
alkynes are particularly appealing from the synthetic point of view as they might
be considered as straightforward and highly atom- and step-economic synthetic
routes toward a myriad of heterocyclic scaffolds. Indeed, due to the protic character
of some frequently applied directing groups (DGs) (such as amide, carboxylate,
benzhydroxamic acids, etc.) bearing X—H moieties, a commonly proposed catalytic
cycle consists of four fundamental steps: (1) DG-orientated metalation via base-
assisted C—H activation, (2) coordination of an alkyne and its consecutive insertion
into the C—M bond, (3) oxidative C—X bond forming reductive elimination and
release of the reduced catalyst, and (4) oxidative regeneration of the catalyst
(Scheme 2). Following such a catalytic scenario, highly valuable scaffolds such as
indoles [26], pyrroles [27], isoquinolines [28, 29], isoquinolones [30-32],
pyridinium salts [33], isocoumarins [34], carbazoles [35], indolo[2,1-a]
isoquinolines [36], isochromenes [37], pyridones [38, 39], pyrones [40], phospha-
isocoumarins [41], and indenones [42] could be constructed.

Alternatively, if aromatic substrates bearing nonpolar DGs are employed, C—H
activation followed by double insertion of an alkyne is observed, hence delivering
naphthalene scaffolds (Scheme 2) [19, 43, 44].

[Cp*Ir(CAX)] species are also prompt to undergo the insertion of an alkyne, but a
subsequent reductive elimination yielding annulated products is more troublesome
[23, 45]. Besides, a complementary reactivity of [Cp*RhCl,], and [Cp*IrCl,],
precursors may also be observed sometimes, as reported by Satoh and Miura in
the context of oxidative coupling of benzoic acids with alkynes (1) [18, 34]. In the
presence of a second-row metal catalysts in combination with Cu(OAc),*H,0 as
oxidant, a C-H activation/alkyne insertion and oxidative C—O bond formation
sequence yield isocoumarins, whereas a third-row transition metal catalysts, when
used in combination with Ag,COj as oxidant and at elevated temperature, catalyze
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Scheme 2 General catalytic cycle of [Cp*Rh(IlI)]-catalyzed C—H activation/annulative coupling
with alkynes

decarboxylative twofold C-H activation/alkyne insertion affording naphthalenes.
Notably, Ir-catalyzed oxidant-induced oxyfunctionalization enabling isocoumarin
synthesis was reported recently, under milder reaction conditions and in the pres-
ence of AgOAc as oxidant in methanol medium [46].

[(Cops*RhC|l5])2 [(c;>*|rcu|/2])2 ,
.5 mol% 2 mol% R
Cu(OAc),eH,0 Ag,CO3 R3
R N (0] (2 equiv) RILEN CO-H /R3 (2 equiv) RIM X
o < m + > o
NP SR3 o-xylene, 120 °C L~ H R2 ~ o-xylene, 160 °C “ R3
R2 30 - 94% yield 53 - 89% yield R2

[Cp*IrCly], (2.5 mol%)
AgOAc (2 equiv)
MeOH, 60 °C
28 -99% vyield

These pioneering works in the field of Rh(IIl)-catalyzed C—H activation show-
cased the exceptional potential of this catalyst, even if harsh reaction conditions
(temperature above 100°C) are usually required. An astute use of oxidizing DGs,
independently reported by Fagnou [32, 47] and Glorius in the context of oxidative
Heck reactions [48], allows to circumvent the temperature limitation. Indeed, when
benzhydroxamic acid esters are used as coordinating moieties, N-OR bond cleav-
age occurring at a final stage of the catalytic cycle enables to restore the active
species of Rh(III) catalyst in an absence of an external oxidant and under astonish-
ingly mild reaction conditions (room temperature) (2). Noteworthy, this catalytic
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strategy improves not only reactivity but also selectivity, and challenging coupling
partners like terminal and unsymmetrical heterocycle-substituted alkynes could be
efficiently used. Following these pioneering reports, several other N-O- and N-N-
based oxidizing directing groups (such as N-phenoxyacetamides, O-acyloximes,
hydrazones, etc.) were designed and applied in redox-neutral couplings with
alkynes [49-54]. In addition, an intramolecular version of this transformation was
used as a key step allowing construction of indolizidine-based natural products like
(£)-antofine and (£)-septicine [55] and (£)-goniomitine, bearing a pyrido[1,2-a]
indole core [56, 57] (3).

o [CP*RhCI,L
opi (0.5-2.5 mol%)
LOFIv 3 CsOAc (2 equiv)
XN R q X7 NH
R N v = RI—- (2)
ay R2 MeOH, RT NP R

49 - 99% yield

1) [Cp*RhCL],
(2.5 mol%)
CsOAc 25 mol%

o OBn AcOH ( 1 2 equiv)
H
N. W DCE 70 °C
N = .
@ H 3 2) dioxane, HCI
H 58% yield

An alternative outcome of a redox-neutral C—H activation/alkyne insertion
reaction was observed in the case of substrates bearing N—O polar bonds like
quinoline N-oxides [58, 59] or arylnitrones [60]. The Rh(III) complex turned out
to be a potent catalyst to realize a cascade process, C—H activation and intra-
molecular O-atom transfer, hence delivering 2-(quinolin-8-yl)-1,2-diarylethanone
and indoline derivatives, respectively (4). Noteworthy, and contrary to the redox-
neutral transformations presented above, these C—H activation/O-atom transfer
couplings occur with 100% atom economy. However, the products were generally
obtained as a mixture of two diastereomers.

()-goniomitine

[Cp*RNCl,],
(4 mol%) \/O
H R? AgSbFg R F
16 mol%)
(L o | morgsoms @fV o
N7 >Ar P|vOH 0. 5eqU|v)
@ R!
O@ d|oxane 50 °C '
32 - 82% yield (S Proposed k?y,l,n,termed@,tes ,,,,,

Finally, an electrophilic character of several DGs such as ketones [61], urea [62],
azomethine ylides [63], or tertiary benzamides [64] is another appealing feature. As
a Rh—C(alkenyl) bond, generated via migratory insertion of an alkyne into a Rh—C
bond, may be considered as a nucleophile, an intramolecular addition to such an
electrophilic moiety as the directing group can be envisioned (5). Consequently,
original cyclized products are generated in this redox-neutral reaction.
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[Cp*RhCl,], : R
(5.5 mol%) ; > R4 !
. R AgsbFe MR ) = ;
§R || _(22moi%) N) ; NYNRZ N R :
+ —_— | o2 ] — > '
N Zn(0Th), P R \ﬁo RN Sorn__! (5)
2 27 ! Rh -y !
H J—NR, § (B0mol%) R o N~ R3O LXK
o 2 DCE, RS bR cpr cp* |
100-120°C  lmmmemmmemeTeeeseeseseeeceooooooooos '

32 -79% yield

2.2 Insertion of C=C Bonds into [Cp*M(C"X)]

Initially underestimated compared to Pd-based complexes, the potential of the
[Cp*Rh(ID)] catalyst for catalytic C—H activation was fully recognized at the
beginning of this decade when several research groups reported its great capacity
to enable oxidative Heck (Fujiwara—Moritani) reactions [17, 20, 65, 66]. Thereafter,
an impressive number of exciting articles dealing with Rh(III)-catalyzed dehydro-
genative olefinations appeared in the literature [1, 3, 5]. These transformations
initially follow a catalytic cycle similar to the one proposed for couplings with
alkynes, i.e., base-assisted C-H activation and subsequent formation of key
metallacyclic intermediate followed by coordination and regioselective insertion
of alkene into the Rh—C bond. The final E-product results from p-H elimination
(Scheme 3). Alternatively, if a polar directing group is applied, olefination—Michael
cyclization takes place [40, 67, 68].

An original example of a direct olefination reaction delivering a functionalized
product not via the B-H elimination but a cyclative capture of the Rh—C(sp°)
intermediate was disclosed by Glorius [69]. The authors discovered that a direct
ortho-C-H activation of aromatic diazenecarboxylates with a range of alkenes
affords 1-aminoindoline products (6). Formation of these compounds was rational-
ized by an addition of the nucleophilic Rh—C(sp?) bond to a polarized double N=N
bond. Importantly, chelation of Rh with the Boc substituent of the DG in a five-
membered metallacyclic intermediate prevented a generally observed p-H elimi-
nation, hence triggering the cyclization event.

[CP*RNClyl, ! OtBﬁ

(2.5 mol%) : N
Ne B AgOAc NHBoc ! N=N-B°° N o
LN (10mol%) . XN : \ _cp* Rh~c
R + A g2 ————— >R R2 | Rh T
" DCE/AcOH, = % R2
RT : H R
42 - 93% yield ' Proposed key intermediates

Exceptional DG tolerance, compatibility with a variety of functionalities,
and relatively low catalyst loadings showcase the superiority of the Rh-based
catalytic system over other catalysts. However, originally such oxidative Heck
reactions were mostly limited to activated alkenes, such as acrylates and styrenes.
Progressively, improved catalytic systems compatible now with unactivated
alkane-substituted terminal olefins have been designed [70—74]. The key to success
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Scheme 3 General catalytic cycle for Rh(III)-catalyzed C-H activation and oxidative coupling
with olefins

lies on a finely adjusted combination between a potent substrate (like naphthalene
bearing O-methyl oxime or sulfonamide DGs) and reaction conditions, a design of a
more potent, electron-deficient Cp*-derived Rh(III) catalyst, or performing intra-
molecular couplings.

Subsequently, significant efforts have been engaged to enlarge the scope of these
dehydrogenative couplings. Marsden and coworkers endeavored to design a cata-
Iytic cycle compatible with electron-rich vinyl esters as novel coupling partners
[75]. Gratifyingly, a targeted C-H activation/annulation sequence could be
achieved when reacting benzoyl hydroxamate (an “internal-oxidant-containing”
C-H substrate) with either vinyl acetate or enol ether and enamide (Scheme 4a).
Importantly, the vinyl acetate behaves as a formal acetylene equivalent, and the
reaction occurs under mild and external-oxidant-free conditions. Noteworthy, the
regioselectivity of the olefin’s insertion into the Rh—C bond is probably controlled
via coordination between the carbonyl moiety of the vinylic acetate and the metal
atom. A few months later, Ellman employed such an oxidative coupling with vinyl
acetate, a convenient and inexpensive vinyl source, to access ortho-substituted
styrenes [76]. Noteworthy, the Rh complex plays a dual role catalyzing both the
C-H activation and the C—O cleavage (elimination of the acetate moiety). Very
recently, geminal-substituted vinyl acetates were also utilized as original coupling
partners in combination with benzoic acids to build up 3-substituted
isocoumarins [77].

An alternative coupling implying vinylic coupling partners was investigated by
Li [78]. The author surmised that 2-vinyloxiranes could also be potent substrates for
the alkene insertion into the Rh—C bond of the metallacyclic intermediate
(Scheme 4b). Formation of the corresponding rhodium alkyl intermediate should
thus induce an epoxide opening via 3-O elimination (owing to the release of the ring
strain) allowing effective isolation of allyl alcohol derivatives. This redox-neutral
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Scheme 4 Original alkene couplings partners used in [Cp*Rh(III)]-catalyzed C-H functional-
ization and the corresponding products. (a) Vinyl acetate; (b) 2-vinyloxiranes; (c) allylic com-
pounds; (d) 1,4-naphthoquinone; (e) unsaturated aldehydes and ketones

transformation occurring at room temperature is rather general as both (hetero)
aromatics and di- or trisubstituted olefins were well tolerated. A similar reactivity
was also observed when 4-vinyl-1,3-dioxolan-2-ones were employed as coupling
partners [79].

Otherwise, allyl-substituted arenes can also be synthesized when allylic electro-
philes are used as coupling partners (Scheme 4c). This reactivity was firstly
reported by Glorius [80]. Allyl carbonates were found to be the most potent
coupling partners allowing direct functionalization of the aromatics bearing a
tertiary amide or N-heterocyclic DGs. Comparable to the dehydrogenative coupling
with the vinylic acetates, the products are probably generated via p-O elimination
(B-H elimination might be prevented by the coordination between the carbonate
moiety and the Rh atom). Intriguingly, when allyl acetates were used by Loh in
combination with N,N-dimethylbenzamide C-H substrates at higher reaction
temperature, olefination occurs and conjugated products were isolated [81]. This
regioselectivity switch was attributed to the [Rh—H]-catalyzed migratory isomer-
ization of the double bond of the initially formed nonconjugated product. Note-
worthy, y-selectivity of this C—H allylation with allyl acetate electrophiles was
restored by using a weakly coordinating Ts-imide directing group [82]. Besides,
the coupling between azobenzenes and allylic acetates allows the formation of
alkylated products; B-O elimination seems to be disfavored in this specific case and
a final saturated product is generated via protonolysis [83].

In addition, the use of Michael acceptors as potent coupling partners is attracting
growing interests. Antonchick discovered that 1,4-naphthoquinones may be oxi-
datively coupled with chromones (Scheme 4d) [84]. [Cp*Ir(III)] complexes are also
prompt to catalyze a related dehydrogenative coupling between benzoic acids and
benzoquinone affording 2-hydroxy-6H-benzo[c]chromen-6-ones [85].
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In 2013 Glorius hypothesized that the efficient insertion of the double bond of
unsaturated aldehydes and ketones into the Rh—C bond of the metallacyclic inter-
mediates should also be possible (Scheme 4e) [86]. Importantly, as these conju-
gated Michael acceptors can be considered as “three-carbon equivalents,” their use
in an annulative coupling with benzamides should open a window for the synthesis
of challenging seven-membered N-containing rings.

Noteworthy, methylenecyclopropanes, an appealing building block, may also
intercept rhodacyclic intermediates [87]. This C—H activation protocol enables an
alternative synthesis of spiro dihydroisoquinolinones and furan-fused azepinones.

In addition, [Cp*RhCl,],-catalyzed dehydrogenative olefination enables the
construction of diene scaffolds with excellent Z-control. The first step in this field
using a Rh-based catalyst was achieved by Glorius in 2011 realizing an oxidative
Heck reaction between vinylic substrates bearing various DGs (amide, ester, etc.)
and activated olefins (acrylates and styrenes) (7) [88]. The desired products were
obtained in good to moderate yields, but with encouraging Z-selectivity. Shortly
afterward, Loh independently disclosed a closely related transformation [89]. In
2014, Glorius improved the scope of this transformation by employing enol-
carbamate-substituted C—H substrates as novel “ketone equivalents” [90].

[Cp*RhCl,] (2.5 mol%) R'__DG

1
R DG AgSbFg (10 mol%)
‘ + o3 ‘
Z "R Cu(OAc), R2
RZ H - | (7)
(2.1 equiv) s

t-AmylOH or dioxane R
120 °C
37 - 82% yield

2.3 Couplings with Polyunsaturated Partners

Regarding the great potential of cyclometalated [Cp*Rh(III)] species to insert
alkenes and alkynes into Rh—C bonds, it is not surprising that a design of closely
related transformations implying polyunsaturated coupling partners has gathered
interest of the scientific community. These transformations present several intrinsic
difficulties like (1) chemo-selectivity (between two unsaturated moieties) and
regiocontrol (selectivity for each migratory insertion step) issues and (2) selective
mono- and diannulation. A pioneering example of such challenging transformations
was reported in 2014 by Glorius et al. who disclosed an elegant catalytic system
enabling a highly selective coupling between aromatic hydroxamic ester deri-
vatives and 1,3-diynes (Scheme 5) [91]. This strategy enabled to build up selec-
tively and under mild reaction conditions a large panel of bisisoquinolones, both in
symmetrical and unsymmetrical fashion (when nonsymmetrical 1,3-diynes were
used). Even more impressively a stepwise and/or one-pot diannulation with two
different C—H activation substrates could also be performed, hence affording
nonsymmetrical bisheterocycles bearing two different core structures.
Concomitantly, the same research group has shown that 1,3-dienes are also
potent coupling partners for Rh(IIl)-catalyzed C-H functionalization [92].
A redox-neutral coupling between aromatic/vinylic oxime esters with these
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= L) MeOH or DMF AR
H R DG~ ¥ - )

or cyclohexanone,

R? )
23-120°C DG~ "¥°
two-steps or one-pot synthesis 49 - 96% yield
o o O
NH R NH R
N | o] P Ph
R HN Y R HN-/
CO.Me
o] 2 R' = (CHp)30H
R = (CHp)sPh R = (CHp)sPh R = (CHp)sPh R? = Ph
2-step synthesis 2-step synthesis 2-step synthesis one-pot synthesis
86% yield 66% yield 86% yield 84% yield

Scheme 5 Synthesis of bisheterocycles using 1,3-diynes as coupling partners

polyunsaturated coupling partners was astutely used to build up isoquinolines and
pyridines.

Noteworthy, 1,6-enynes were also used as original coupling partners in a Rh
(III)-catalyzed C—H activation cascade reaction by Tian and Lin [93]. Importantly,
a slight modification of the directing group (OPiv- or OMe-substituted
N-hydroxybenzamides) resulted in a different outcome, hence leading to the for-
mation of either isoquinolone or hydrobenzofuran cores.

3 [Cp*M(C*X)] Carbometalation of Allenes

Allenes are important moieties in catalysis as their carbometalation provides access
to highly versatile n-allyl species, which are key intermediates of the prominent
Tsuji—Trost reaction. This is why the use of allenes as original coupling partners in
the context of direct C—H activation has focused much attention. The pioneering
work in [Cp*Rh(IIl)]-catalyzed C-H activation followed by annulation with
allenes was disclosed by Glorius in 2012 [94]. The authors discovered that
monosubstituted allenes, in the presence of Rh(IlI)-metallacyclic species, undergo
rapid carborhodation resulting in a formation of a C—C bond involving the central
carbon of the allene and the generation of a Rh(IIl)-allylic intermediate. Subse-
quently, reductive elimination at a less sterically hindered position is favored
by the steric hindrance of the Cp* ligand, delivering a cyclized product with an
exocyclic double bond (Scheme 6a). Importantly, as aromatic C—H substrates
bearing an oxidizing directing group are used, this transformation occurs under
very mild and external-oxidant-free conditions enabling original access to
3,4-dihydroisoquinolin-1(2H)-ones. Only 1 month later, Ma independently reported
a closely related transformation based on the use of more substituted allenes
[95]. Intriguingly, the Rh(III)-catalyzed coupling between N-methoxybenzamides
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B A
o [C(P*Rhf)z)lz % R [((-(TJP;Rh(-‘Ial/z])z o
_OMe 2 mol% _OR' .5 mol%
RE N CsOAc (30 mol%) deﬁ H: CsOAc (2equv) L | NH
| — + —_— »
Z R" MeOH/H,0, -20 °C ZSH RI"SR2  MeOH,RT & |
R3 R2 R'=Me R'=Piv 1
R' = alk R'=alk, R2=H R
53 - 90% yield R2= alk, Ar [CP*RACl], R3-H 43 - 96% yield
R3=H, alk, MO (ﬁ‘mgl':ﬁ)
N aOAc C (TTTTTTTTTTmmomTmmmmooommmoooommoos f
(30 mol%) : Q  opiv |
MeOH/H,0 |R'= Me 1 N’
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59 - 91% yield

Scheme 6 Rh(III) catalyzed direct coupling with allenes. (a) Coupling with monosubstituted
allenes; (b) coupling with di- and trisubstituted allenes; (c¢) coupling with sterically hindered
allenylsilanes

and 1,1-disubstituted or internal allenes delivered non-cyclized monoallylated
products (Scheme 6b). This different regioselectivity compared to the one observed
by Glorius could be explained by the insertion of the less-substituted C=C bond
into the Rh—C bond leading to the formation of a C(sp”)-Rh intermediate. The final
allylated product is liberated via protonolysis. Noteworthy, the stereoselective
version of this transformation was developed by Cramer benefiting from a chiral
[CpRh]-derived catalysts [96]. Pursuing his experimental work, Ma discovered also
that the steric effect of the allene’s substituent may drastically influence the
outcome of this transformation [97]. Introduction of strongly sterically demanding
substituents, like a trialkylsilyl group, prevents formation of the previously
observed protonolysis product, and B-H elimination occurs preferentially, hence
affording the extra-substituted allene product (Scheme 6c¢).

Subsequently, related couplings with allenes paved the way toward the inno-
vative synthesis of valuable scaffolds. Glorius astutely used allenyl carbinol carbo-
nate as a source of diene functionality to construct [3]dendralenes [98].
Cheng discovered that benzoic and vinylic carboxylic acids when reacted with a
range of allenes are readily converted into phthalides cores [99]. In addition,
2,2-disubstituted 2H-chromenes could be build up from ortho-alkenylphenols and
allenes via [Cp*RhCl,],-catalyzed [5+1] annulation [100].
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4 Formation of Rh—Carbene Species: Couplings with
Diazo Compounds

Another exciting feature of [Cp*Rh(II)]- and [Cp*Ir(IIT)]-metallacyclic inter-
mediates afforded via C—H activation was evidenced when the scientific commu-
nity explored direct carbenoid functionalization. In 2012 Yu discovered that
diazomalonate reacts smoothly, in the presence of a catalytic amount of
[Cp*RhCl,], and AgOAc, with aryl ketone oximes to deliver a-aryl malonate
(Scheme 7) [101]. This unprecedented coupling is believed to occur via initial
electrophilic C—H activation to form a rhodacyclic intermediate, prompt to coordi-
nate the diazo coupling partner and hence yielding a diazonium intermediate. The
following extrusion of N, leads to the formation of a Rh—carbene species, which
after 1,2-migratory insertion can be converted into the targeted alkylated product.

This initial report clearly showcased the potential of diazo compounds as
suitable “alkylating” agents for direct functionalization of C(sp®)—H bonds. Subse-
quently, several classes of diazo compounds have been employed as one-, two-, or
three-atom components. Rovis [102], Cui [103], and Yu [104] have applied this
formal oxidative [4+1] cycloadditions to build up benzolactame scaffolds
(Scheme 8a). Asymmetric version was subsequently reported by Cramer [105].
Besides, carbonyl-containing diazo precursors (Scheme 8b, c) or diazotized
Meldrum’s acid (Scheme 8d), used as “two-carbon components,” enables tandem
C-H activation/cyclization/condensation reaction sequence delivering valuable
heterocyclic skeletons like isoquinolines and pyridine N-oxides [106], iso-
coumarins and o-pyrones [107], cinnolin-3(2H)-one derivatives [108], or N-
methoxyisoquinolinediones [109]. Finally, C-H activation/[4+3] cycloaddition
cascade transformations could be envisioned in the presence of vinylcarbenoids,
hence enabling the expedient construction of generally difficult-to-prepare seven-
membered azepinone scaffolds (Scheme 8e) [110].

Noteworthy, [Cp*Ir(Il)] metallacycles may also undergo a closely related
coupling with diazo compounds; however, a slightly higher reaction temperature
is required (90°C vs. RT-60°C for the related Rh-catalyzed reaction) [111].

: [CP*RhCl,], (2.5 mol%)
R@LNOMG . ;\ AgOAc (15 mol%) R ST TNOMe
| ! 1
ANy N7~ “CO,Me MeOH, 60 °C NCR

43 - 97% vyield COzMe

key steps of the generally accepted mechanistic pathway
® ®

: R 3
3 DG N}\RZ oG | DG | DG~ !
T e (e Cr —
; Rh - OAc RN o -Ny Rh |

@  extrusion of N, R2 R’
coordination of R2 N\\\ formation of Rh- R2 migratory
diazonium partner N carbene insertion

Scheme 7 Rh-catalyzed carbenoid functionalization
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Scheme 8 Heterocyclic scaffolds constructed via C—H activation/cyclization with diazo com-
pounds. (a) Coupling with diazo compounds as one-carbon components; (b—d) coupling with
diazo compounds as two-carbon components; (e) coupling with diazo compounds as three-carbon
components

5 Addition of Rh—C Bonds to C=X Polar w-Bonds

Nucleophilic addition of organometallic reagents to C=X (X=0, N, etc.) is one of
the fundamental strategies to construct C—C bonds. In spite of the great importance
of these couplings, tedious and waste-generating preparation of the organometallic
nucleophiles (e.g., Grignard reagents or in situ generated lithium species) and their
sometimes limited functional group tolerance strongly hamper the practical utility
of this approach. The use of metallacyclic intermediates, obtained via C—H acti-
vation strategy, would greatly expand the potential of such transformations. Con-
sequently, since the beginning of this decade, chemists have devoted considerable
efforts to develop the addition reactions of C—Rh bonds ([Cp*Rh(III)]-metallacyclic
intermediates) across polar C—-N and C—O multiple bonds of imines and aldehydes
[4, 112]. The regioselectivity issues, the weakly nucleophilic character of the C—Rh
bonds, and the thermodynamic stability of metal alkoxides or metal alkylamide
generated during the catalytic cycle were the challenges to be addressed.

This ambitious goal was reached independently by Bergman and Ellman [113]
and Shi [114] who showed for the first time that phenylpyridine can undergo Rh(III)-
catalyzed C—H activation and subsequent nucleophilic addition of the C—Rh bond to
imines or aldimines delivering the expected amine products (Scheme 9). Further
in-depth mechanistic investigations (intermediate isolation and kinetic studies)
[115, 116] were conducted, and extensive experimental efforts revealed that several
other classes of polar m-bonds containing compounds [112] such as isocyanates
[117], aldehydes [118], or ketones [119] may be used (Scheme 10a—c). Importantly,
when enantiopure N-perfluorobutanesulfinyl imines were used, the targeted addition
proceeded with outstanding diastereoselectivity (>98:2 d.r.) providing, after
removal of the sulfonyl group, enantiopure amine hydrochlorides [120].

Noteworthy, such nucleophilic reactivity of the C-Rh bond, when combined
with a cyclative capture of the resulting intermediates, was also astutely used to
construct valuable scaffolds. Furans and pyrroles [121] or indazoles [122] were



Rh(IIT)- and Ir(IIT)-Catalyzed C—C Bond Cross Couplings from C—H Bonds 15

A B | X A AN

| N [Cp*Rh(CH3CN)3](SbFe), _N [Cp*RNCly]; (10 mol%) | _N
NHTs (5 mol%) . NR' AgSbFg (40 mol%) NHBoc
= 2 t-BuOH or PhMe, 90 °C A 2 CH,Cl, 75°C = 2
R ‘ H R , R
A | 61 - 86% yield N 27 - 95% yield A |
R 1 R 12 R
R'=Ts R' = Boc

DG
o
; x NR1 X

coordination of polar insertion of C=X bond H R
7-bond containing J\ to the C-Rh bond
partner H R

Scheme 9 Pioneering work on Rh(III)-catalyzed nucleophilic addition of non-acidic C—H bonds
to C=X bonds. (a) Catalytic system developed by Bergman and Ellman; (b) catalytic system
developed by Shi
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Scheme 10 Classes of coupling partners used in Rh-catalyzed additions to polar m-bonds.
(a) Coupling with isocyanates; (b) coupling with aldehydes; (¢) coupling ketones; (d) synthesis
of furans; (e) synthesis of indazoles

accessed by coupling o,p-unsaturated oximes with ethyl glyoxylate or aldehydes/
azobenzene with aldehydes (Scheme 10d, e).

Migratory insertion of the carbonyl group of the cyclopropenones into the aryl
group of the rhodacyclic intermediate also occurs smoothly (8) [123]. Subsequently,
due to the ring strain, B-carbon elimination leading to a ring opening occurs yet
affording chalcone derivatives at the end of the catalytic cycle.



16 J. Wencel-Delord et al.

[Cp*RNCl,];
(2.5 mol%)
AgSbFg (15 mol%)

DCM, 45 °C
30 - 97% yield

6 Addition of Rh—C Bonds to sp’-Based Electrophiles

Regarding the rapid expansion of the Rh(IIl)-catalyzed C-H activation/conden-
sation with electrophilic partners containing C=X bonds, it becomes quite obvious
that the incipient Rh—C bond gives intrinsic reactivity that parallels Grignard
reagents. Following this thought, Glorius et al. surmised that a related coupling
with sp® electrophiles like a-(pseudo)halo ketones should also be viable even if
several intrinsic difficulties such as regioselectivity issues and possible catalyst
deactivation by an in situ liberated leaving group need to be overcome. This
hypothesis was validated by discovering a direct coupling between aromatic amides
and a-mesyloxyketones (9) [124]. Importantly, these preoxidized C(sp”)-based
electrophiles can be considered as a valuable alternative to the troublesome termi-
nal alkynes. Accordingly, C—H activation/nucleophilic substitution/annulation
reactional sequence allowed a redox-neutral synthesis of N-heterocycles like
isoquinolones and pyridone.

o

e T 1 [Cp*Rh(CH3CN)3](SbFg),
N oy OMe ¢ Q ! (5 mol%) Ny y-OMe
R N o A owms : rIC
= 'R 1 NaOAc (1.2 equiv) N o1
H Ll ! MeOH, 60 - 80 °C R 9)

i R | 48-93% yield
L Z
' H
' equivalent

A somehow related reactivity of the Rh—C bond of the metallacyclic inter-
mediate toward sp>-hybridized electrophilic moieties was explored by Li and
Wan when developing a dehydrogenative coupling between aromatic C—H sub-
strates and aziridines (10) [125]. The authors discovered that a common rhodacyclic
intermediate, in a presence of a phenyl-substituted aziridine, is readily converted
into a novel coordinated complex in which a positive charge is built up at the
benzylic position which enhances insertion of the Rh—C bond into the aziridine
coupling partner.
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[Cp*RhCl,],
(5 mol%)
NR!  AgSbFg (30 mol%)
_—

PhCI, 100 °C

48 - 90% yield

7 Oxidative Addition to Rh—C Bonds

7.1 Arylation with Haloarenes

With regard to the outstanding synthetic utility of the Suzuki—Miyaura reactions,
their more sustainable alternative implying a C—H activation step has attracted great
interest in the scientific community. Accordingly, numerous mainly Pd-based
catalytic systems enabling couplings between Ar—H and Ar—X have been disclosed.
In contrast, the direct arylation using Rh(II) or Ir(Ill) catalysts remained
unexplored. Recently, the feasibility of such oxidative Ar—Ar coupling was proven
by Cheng [126]. The ortho-arylation of anilides with aryl iodides was achieved
using a cationic [Cp*Rh(III)] catalyst in combination with a silver salt additive
(11). This reaction is believed to occur via oxidative addition of Ar-I to the
rhodacyclic intermediate resulting from the C—H activation step. Thus, the exis-
tence of high-valent Rh(V) species is speculated. Iodine abstraction in the presence
of the silver salt and final reductive elimination deliver the biaryl product and
regenerate the Rh(III) catalyst. Importantly, KIE studies suggest that C—H cleavage
is the rate-determining step and hence oxidative addition and generation of a rather
rare Rh(V) species seem to be relatively fast and surprisingly straightforward.

: T

; N tBu !

O_-1Bu 1 R1{\/E \ :

' (v i

h | [Cp*RhCl,l, (2 mol%) ! N0 !
S X AgSbF (25 mol%) 1 ~ | cpr !
R‘I*‘ + ‘ fRZ — > R | P |
> = AgTFA (1 equiv) \, !
H DCE, 120 °C / !

R? :

66 - 90% yield ! proposed high-valent !

i metallacyclic intermediate |

7.2 Alkynylation with the Hypervalent Alkynyl Iodine

Contrary to the largely explored C—H alkenylation reactions, the related alkynyl-
ations are more challenging due to an undesired homocoupling of terminal alkynes
under commonly employed oxidative conditions. Moreover, the substrate scope of
the rare C—H alkynylations is somehow limited to electronically activated arenes,
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and uncontrolled mono- and bis-functionalizations further hamper their synthetic
utility. A valuable solution to these obstacles was found by discovering that
hypervalent iodine reagents can be used as a powerful electrophilic alkyne source.
The research group of Loh and slightly later the groups of Li and Glorius discovered
independently that a large panel of aromatic and vinylic substrates undergoes an
extremely mild alkynylation with 1-[(triisopropylsilyl)ethynyl]-1,
2-benziodoxol-3(1H)-one (TIPS-EBX) using [Cp*Rh(IIl)] catalyst (Scheme 11)
[127-130]. Importantly, as this reaction does not require an addition of an external
oxidant and occurs already at room temperature, almost equimolar amounts of both
coupling partners may be used. Besides, the [Cp*IrCl,], catalyst may also be used
to perform this Sonogashira-type coupling [130]. Noteworthy, a complementary
reactivity was observed when using the iridium congener; N-methoxybenzamides
failed to undergo the desired alkynylation in the presence of [Cp*RhCl,], catalyst,
but the desired reactivity could be restored under the iridium-catalyzed conditions.
As far as the mechanistic outcome of this transformation is concerned, several
possible pathways have been evoked. Mechanistic investigations reported by Li
(pathway a) suggest that a cyclometalated intermediate could oxidatively add to the

pg TIPS———I—=0O [Cp*M(IIN]** (2 - 10 mol%) DG

f’/',A\‘ additives o

R—< + o . R— |

e H RT -80°C \\/, [
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Scheme 11 Alkynylation with hypervalent iodine species
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hypervalent iodine to give a Rh(V) alkynyl intermediate. Subsequent reductive
elimination would lead to the formation of a Rh(IIl) alkyne benzoate species,
which, after migratory insertion of the benzoate, would give an isolable Rh(III)
vinyl complex [130]. Alternatively, a mechanistic scenario involving a regio-
selective carborhodation by the metallacyclic intermediate, followed by
a-elimination affording a rhodium vinylidene complex, intramolecular 1,2-aryl
migration, and heterolytic C—Rh bond cleavage (pathway b), can be considered
[127]. In addition, a pathway involving the addition of the rhodacycle to an alkyne
with concomitant expulsion of 2-iodobenzoic acid affording carbene species was
also proposed (pathway c) [129].

Notably, Rh(III)- and Ir(IlI)-catalyzed alkynylation using hypervalent iodine
reagents was also used to selectively functionalize indoline cores at the C7 position
[131, 132].

8 Transmetalation to Rhodacycles

Transmetalation is a fundamental step of classical transition metal-catalyzed cross
coupling reactions. Surprisingly the potential of Rh(III)-based metallacyclic spe-
cies to undergo transmetalation with diverse aromatic and aliphatic organometallic
reagents has gathered attention of the scientific community only recently. In 2012,
Cheng et al. observed that arylboronic acids may be coupled with N-
methoxybenzamides in the presence of the [Cp*RhCl,], catalyst (Scheme 12)
[133]. This arylation reaction occurring via transmetalation of rhodacyclic inter-
mediate is efficient at relatively low temperature (60°C) and shows excellent
substrate scope. Importantly, as the secondary amide moiety is used as a DG, the
newly generated biaryl skeletons undergo a second C-H activation event and
subsequent C-N bond formation/reductive elimination hence delivering
phenanthridinone skeletons.

A closely related strategy was also applied by Cui to selectively arylate N-
amido-protected indoles at the C2 position [134]. Noteworthy, a slight modification
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Scheme 12 Direct arylation occurring via transmetalation of arylboronic acids and arylsilanes
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of the reaction conditions (choice of an oxidant and reaction temperature) alters the
reaction’s outcome from simple direct arylation to [4+2] and [4+1] cyclizations.
Notably, mechanistically closely related direct arylations could also be achieved in
the presence of arylsilanes [135, 136].

Impressively, the use of boroxines as an arylating agent turned out to be the key
to success to perform an extremely challenging functionalization of homobenzylic
sp> C—H bonds and secondary benzylic sp° C—H bonds, as disclosed by
Glorius [137].

The use of boron reagents and the mechanistic scenario involving a trans-
metalation step provided a window of opportunity to perform challenging sp°—sp’
couplings. Indeed, Rh(III)-catalyzed alkylations are scarce due to an unfavorable
reductive elimination. This ambitious target was achieved by Li who designed Rh
(IIT)-catalyzed alkylation of various arenes in the presence of alkyl trifluoroborates
as alkylating agents [138]. Although an excess of silver oxidant (2.8—4 equiv. of
AgF) and a rather high reaction temperature (100°C) are essential to insure a
satisfying efficiency of this transformation, this pioneering work showcases an
underestimated potential of the boron reagents as coupling partners in the Rh(III)-
catalyzed direct functionalizations. As in the case of the arylation reaction, a
mechanistic pathway involving initial C—H activation followed by transmetalation
and reductive elimination is proposed.

9 C-H Activation by Metallacyclic Intermediates

A powerful methodology to access biaryl scaffolds consists in the coupling of two
non-prefunctionalized substrates by means of double C-H activation. Such cross
couplings are however highly challenging as (1) two aryl partners need to be
differentiated by the catalyst to avoid undesired homocouplings and (2) the
metallacyclic intermediate generated via the first C—H activation should be able
to perform direct C—H activation at the second coupling partner to generate a unique
metallacyclic intermediate bearing both aromatic moieties. Alternatively, one could
also envision the C—H activation of both substrates at different metal centers, which
would then be united in a specific transmetalation event. Pioneering achievements
in this field were reported in 2012 by Glorius et al. [139]. The authors discovered
that tertiary benzamides, in the presence of [Cp*RhCl;], and in a haloaromatic
solvent such as bromobenzene, undergo a cross dehydrogenative coupling (CDC)
affording biaryl compounds. Impressively, the coupling of bromobenzene occurs at
meta- and para-positions implying a selective C—H bond cleavage rather than an
oxidative addition into the C—Br bond. Extensive optimization studies showed that
this dehydrogenative arylation is highly specific to halogenated arenes. The authors
speculated that the catalytic cycle begins with the ortho-directed activation of the
benzamide coupling partner delivering the common rhodacycle. This metallacyclic
intermediate is supposed to catalyze a second, rate-determining C—H activation
event on a haloarene. Theoretical studies supported the proposed mechanistic
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scenario involving a twofold C—H activation [140]. Further investigations enabled
the discovery of a “second generation” of this CDC reaction. It was found that
polyhalogenated aromatics, such as hexabromobenzene, can be used as additives
hence enabling the desired coupling with non-halogenated simple arenes and
heteroaromatics (12) [141]. A closely related twofold C—H activation between
one aromatic partner bearing a directing group and a second, heteroaromatic partner
was discovered independently by You [142] and Kambe [143].

Further major advances in CDCs involving Ar—H and (Het)Ar—H partners were
reported independently by Su [144] and Lan and You [145]. Both groups astutely
used carboxylic moieties as a traceless DG. In situ removal of this directing group at
the final stage of the catalytic system results in the formation of simple Ar—(Het)Ar
structures (13).

[Cp*RNCl3],, (2.5 mol%),
Cu(OAc), (2.2 equiv),
CgBrg (2 equiv) 1o

o
PivOH (0.5 equiv)
X il CsOPiv (0.2 equiv) B i
R1+ N(iPr), + (HetAr-H R1+ N(iPr),
= H 2-Cl-p-xylene =

140 °C (Het)Ar
44 - 87% yield (12,13)

[Cp*RNCly],, (2.5 mol%),
o AgSbFg (10 mol %),
Ag,CO3 (3 equiv)
X OH K;HPO, (2 equiv) A
R TR e im0 NG
H ’ ZHetAr

52 - 83% yield

As polyheteroaromatics are ubiquitous motifs in biologically active products and
advanced materials, their construction by means of twofold C-H activation is
particularly appealing. Following this ambitious goal, Glorius endeavored on
designing such CDCs between two structurally similar heterocyclic scaffolds
[146]. The desired cross coupling reaction could be achieved by carefully selecting
both coupling partners (typically furans and (benzo)thiophenes), and after an
intensive optimization study, the desired transformation delivered a panel of
biheteroaryls (14).

[Cp*RhCl,], (2.5 mol%),
AgSbFg (10 mol%),

;
PGSR S v .2 equiv PR

R \ CsOPiv (0.2 equi R! -

zn . ﬂ\/ Cu(2-ethylhexanoate), (3 equiv) ‘ N/ | B (14)

RSy TH H™>z tert-AmylOH, 120 °C rZ X Z7 e

38 - 84% yield

An additional interesting example of an intramolecular direct arylation occur-
ring via double C-H activation was disclosed in 2013 by Miura [147]. The authors
discovered that 2,2-diarylalkanoic acids undergo [Cp“Rh(IlI)]-catalyzed
(Cp®=1,3-bis(ethoxycarbonyl)-2,4,5-trimethylcyclopentadienyl) twofold C-H
activation and subsequent decarboxylation yet delivering fluorene cores.
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Interestingly, triarylmethanols failed to react under the optimized reaction condi-
tions. However, in the presence of [Cp*IrCl,], precursors, the reactivity was
restored, and the triaryl substrates were smoothly converted into the fluoren-9-ol
derivatives.

10 New Trends and Perspectives

Extraordinary advances achieved in the C—H activation field benefiting from the
[Cp*M]-based complexes (M=Rh, Ir) propelled these half-sandwich organometal-
lic complexes to the forefront of modern homogeneous organometallic catalysis.
Indeed, an immense number of catalytic transformations initiated by the formation,
via C-H activation, of the metallacyclic intermediates have been reported, enabling
straightforward and waste- and step-economic synthesis of various compounds,
mainly heterocyclic scaffolds. Originally, such C—H activation reactions required
rather harsh reaction conditions, but recent developments have made those methods
much milder, more tolerant to larger series of functional groups, and more user-
friendly. The application of oxidizing directing groups was a real breakthrough as
this approach enabled milder reaction conditions. Accordingly, redox-neutral trans-
formations flourished by developing a large panel of oxidizing directing groups or
by using preoxidized coupling partners.

A complementary strategy to design even more efficient transformations con-
sists in elaborating modified Cp* ligands. Following this goal, extensive studies
have been conducted by Tanaka who investigated the potential of electron-deficient
Cp* ligands, bearing two ester substituents [148—150]. This complex showed an
improved reactivity with regard to electron-rich C—H substrates like acetanilides
and benzylic alcohols, enabling a C—H activation/annulation sequence at room
temperature and benefiting from air as oxidant. In contrast, Rovis focused on the
steric features of the Cp* ligand and synthesized a related Rh(III) complex with a
cyclopentadienyl ligand bearing two tBu substituents. The increased hindrance of
this catalyst resulted in improved or complementary selectivity in the alkyne
insertion event for the dehydrogenative coupling between vinylic amides or oximes
and alkynes [39, 49]. Cp ligand design also recently enabled a diastereoselective [2
+1] annulation reaction [151]. A similar trend (in a context of the styrene incorpo-
ration into C-Rh bond) was recently described by Corminboeuf and Cramer
[152]. The design of modified Cp ligands provides the opportunity to realize highly
asymmetric C—H activation-based transformations. The pioneering works disclosed
independently by Cramer [153] and Rovis and Ward [154] showcased that either
stereogenic rhodacyclic intermediates (chirality introduces on the Cp ligand) or a
chiral environment around the catalyst (enzyme) is prompt to transfer chiral
information during the alkene insertion into the Rh—C bond. Enantioenriched
dihydroisoquinolones could hence be accessed from very simple starting materials.
Subsequently, the chiral [CpRh]-derived complexes were applied in several others
asymmetric C—H activation reactions [155-157].
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The design of advanced and even more powerful [Cplr(IlI)]- and [CpRh(III)]-
derived catalysts will enable milder and unprecedented attractive transformations.

Many mechanistic studies combining experimental and theoretical investi-
gations have been undertaken [140, 158-163]. Certainly, in a near future, even
more efforts will be devoted to rationalize the observed exciting reactivity, and
hopefully, in a near future, a more rational design of new transformations and more
powerful catalytic systems will be made possible.

Another important obstacle of the herein presented chemistry to be truly syn-
thetically useful at both laboratory and industrial scale is the high cost and limited
natural abundance of these noble metals. Therefore, the development of related
supported catalysts enabling their efficient recycling seems highly appealing.
Although, to the best of our knowledge, immobilized [Cp*MX,] complexes are
still to be developed, some pioneering efforts concerning supported Rh- and
Ir-based catalysts have been reported very recently. In particular, silica-supported
Ir(IIT)-bipyridine complexes [164] and a Rh(I) complex coordinated by silica-
supported triarylphosphine ligand [165] have been efficiently used as catalysts for
C-H borylation. Besides, metal-organic frameworks have been used very recently
to prepare heterogeneous Ir complexes which displayed interesting activity in direct
C-H functionalizations [166]. An attempt to access recyclable [Cp*Rh] complexes
by combining the [Cp*RhCl,], precatalyst with inorganic nanosheet-modified
amino acid ligands was reported in 2014 [167]. Although this original catalytic
system showed excellent reactivity and selectivity for the alkylation of N-
(pivaloyloxy)benzamide, the recycling tests were disappointing. With regard to
these recent reports, we believe that major advances will be achieved in these fields.
Moreover, the use of cheaper first-row transition metals is also an important goal.
Thus, the use of CoCp* instead of RhCp* is getting increasing attention since the
first pioneering report by Kanai in 2013 [168-174].

In conclusion, Rh(IIl)- and Ir(Ill)-catalyzed direct transformations still have
their best days ahead, and these transformations will continue to impose themselves
as versatile synthetic tools for the rapid assembly of complex and relevant organic
structures from simple starting materials.
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Rh(III)- and Ir(III)-Catalyzed Direct C-H
Bond Transformations to Carbon-
Heteroatom Bonds

Jeung Gon Kim, Kwangmin Shin, and Sukbok Chang

Abstract The direct manipulation of C-H bonds is now a powerful tool in chem-
ical synthesis. In achieving the current high standard of research progresses, Rh(III)
and Ir(IIT) complexes played an important role to understand the nature of C-H
bond activation. While numerous stoichiometric reactions of hydrocarbons with Rh
(III) or Ir(IIT) complexes were scrutinized, their use in catalytic transformations has
been relatively undeveloped until recently. Given their outstanding reactivity in C—
H activation, they are highly promising candidates for inducing mild C-H
functionalizations. In spite of a short development history, numerous contributions
from leading research groups made big strides in highly efficient and selective C—-H
bond transformations for the C—C and C-heteroatom bond formation. In this report,
we specifically focus on the Rh(Ill)- or Ir(Ill)-mediated direct C—H functional-
izations for the C—heteroatom bond formation that is now a rapidly growing area.
This report presents the current status of such catalytic systems including scope of
substrates and coupling partners as well as brief mechanistic descriptions.

Keywords C-H bond activation - C-heteroatom bond formation - Iridium(III)
catalyst - Rhodium(III) catalyst
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1 Introduction

The direct functionalization of a carbon-hydrogen bond was not previously con-
sidered as a logical retrosynthetic disconnection mainly due to their high dissoci-
ation energy and omnipresence in organic molecules, thus resulting in a low level of
efficiency and selectivity. Mainly due to the better understanding of the activation
pathway, highly efficient catalytic systems have been developed during the last
decades. Because of these tremendous research efforts on the direct C-H transfor-
mation, this strategy is now widely utilized in making functionalized molecules in
various areas including organic synthesis, medicinal chemistry, and materials
science. Direct use of abundant carbon-hydrogen connections could eliminate
prefunctionalization steps, thus leading to atom and step economy in chemical
synthesis. Therefore, transition metal-mediated C-H functionalization presents a
high promise to chemo-, regio-, and stereoselective synthetic approaches, desirably
under mild conditions [1-3]. In this regard, while significant achievements have
been made by employing a wide range of transition metal catalysts, the group
9 metals of Co, Rh, and Ir have also played an important role in advancing the C-H
functionalization routes [4—7]. Sufficiently high reactivity of Rh(III) and Ir(III)
complexes made them suitable for studying the nature of C-H activation process
since stoichiometric manipulations with hydrocarbons give an easy access to
cyclometalated intermediates [8]. As the C—H bond cleavage of hydrocarbons can
readily be achievable by tuning the ligated Rh and Ir species, the resultant mild
catalytic C—H functionalization procedures are expected to have a high impact in
broad research areas. Surprisingly, it was not until recently that their catalytic
efficiency of group 9 metal complexes has successfully applied to the useful organic
transformations. In this context, impressive achievements have been made recently
to broaden the scope of Rh(IIl)- and Ir(Ill)-catalyzed construction of carbon—
heteroatom bonds as well as carbon—carbon bonds.

The formation of carbon—heteroatom bonds is of special interest due to the fact
that the introduction of heteroatom into molecules brings functions in addition to
the structural modification [9-11]. In this direct C—H functionalization, although a
wide range of catalytic systems have been developed, described herein are the
recent advances achieved by Rh(IIl)- and Ir(IIl)-based catalytic systems. Since
excellent reviews on the direct C—H borylation reactions are available due to their
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extensive research efforts [12—14], this chapter does not cover the borylation
chemistry.

2 Rh(III)-Catalyzed Reactions

In 2003, Davies and coworkers demonstrated that a Rh(II) complex generated from
[RhCp*Cl,], is capable of activating a C—H bond to form a metallacycle with an
imine directing group (1) [15]. Derivatives of Cp*Rh(III) species turned out to be
highly reactive enough to undergo the C-H activation process of various hydrocar-
bons under mild conditions, sometimes even at room temperature, which caught a
special attention [5, 16]. After the Miura group’s seminal report on the Rh(III)-
based catalytic C—H bond functionalization to form C-C bonds [17-19], significant
advances have been made in the Rh(III)-mediated C-H bond activation strategy for
the C—C and C-heteroatom bond formations including B, N, S, Cl, Br, and I [4-6].

Me Me
R M;Q—Me

N
* R | Me
I [RhCp*Clyl, ‘Nem-Rhe, (1)
H NaOAc % Cl
CH,Cly, 1t H

[R = (CH2),0Me] 95%

2.1 C-N Bond Formation

The direct amination of C—H bonds has been studied as an environmentally benign
alternative to the Ullmann—Goldberg and Buchwald—Hartwig aminations, which
employ (hetero)aryl halides or their equivalents to react with amines [20-26]. Sig-
nificant research efforts are in progress for an ideal C—H amination system:
coupling of unactivated hydrocarbons with readily available amino sources under
mild conditions while producing minimal amounts of wastes [27, 28]. In 2012,
Chang, Glorius, and Yu simultaneously reported Cp*Rh(III)-catalyzed direct C—H
amination protocols with azides or N-chloroamines, operating under mild condi-
tions in the absence of external oxidants. In contrast to the Rh(Il)-catalyzed C-H
aminations which undergo an initial metal-nitrenoid formation and subsequent
insertion into C—H bonds (outer sphere mechanism) [29-32], Cp*Rh(III)-mediated
C-H aminations are believed to proceed through sequential C—H activation and C—
N bond formation (inner sphere pathway) [33].

Chang and coworkers presented the use of organic azides as a unique nitrogen
source [34]. A cationic Cp*Rh(III) catalyst generated in situ from [Cp*RhCl,], and
silver additive was discovered to turnover C-N bond formation between
2-phenylpyridines and sulfonyl azides. This protocol does not require external
oxidants and releases only nitrogen gas as sole by-product, enabling an environ-
mentally benign catalytic process. This method displayed a high reactivity over a
wide range of substrates and azides. Assorted types of directing groups [34-39]
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Scheme 1 Cp*Rh-catalyzed direct C-N bond-forming reactions using organic azides

including pyridyl, azobenzene, imidate, amide, oxime, and ketone effectively
underwent the direct C—H aminations with sulfonyl, alkyl [37], and aryl azides
[38] (Scheme 1).

Detailed mechanistic studies and theoretical calculations were carried out by the
Chang research group, especially clearing the mist in the C-N bond-forming step
(Scheme 2) [40]. While two mechanisms, redox-active nitrenoid pathway and
redox-neutral concerted pathway, were considered, DFT calculations pointed out
that the stepwise pathway involving a Rh(V)-imido intermediate is energetically
more feasible.

Wang and coworkers extended the scope of Cp*Rh(IIl)-catalyzed C-H
amination protocol to sp’ C—H bonds. A cationic Cp*Rh(III) species successfully
activated benzylic C—H bonds of 8-methylquinolines and the resultant rhodacycles
reacted with sulfonyl azides in moderate efficiency (2) [41].
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Scheme 2 Reaction mechanism of C—-N bond formation step using organic azides
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Aminated products obtained from the reaction with azides were shown to be a
valuable motif for the preparation of many synthetic building blocks (Scheme 3).
Syntheses of 1H-indazoles (Glorius, Scheme 3a) [42], acridines, phenazines (Berg-
man/Ellman, Scheme 3b) [43], 2-aryl-2H-Benzotriazoles (Lee, Scheme 3c) [35],
and carbazoles (Chang) [38] showcased the synthetic versatility of aminated prod-
ucts. The Chang group also applied this method to 6-arylpurine functionalizations,
an important unit in medicinal chemistry (Scheme 3d) [44].

While N-chloroamines have been used for the electrophilic C—H amination of
hydrocarbons by the action of various metal catalysts [45—47], it was proven to be
especially well suited with the Rh(III) catalytic system (Scheme 4). In 2012,
Glorius and Yu groups independently demonstrated that N-chloroamines would
undergo a Sy-type reaction by utilizing chloride as a leaving group [48-50]. Oximes
(Scheme 4a), hydroxamic acids (Scheme 4b), and benzoic acid derivatives
(Scheme 4c) smoothly proceeded the desired C—H aminations under mild condi-
tions. Whereas secondary N-chloroamines were used most efficiently, Yu and
coworkers devised a method to tame reactive and unstable primary N-
chloroamines. The presence of an external base or in situ generation of primary
N-chloroamines led to the efficient production of secondary amine compounds
[49]. Additionally, their recent works widened the synthetic scope by employing
N-chlorocarbamates [50]. Both Glorius and Yu postulated that the extra Ag or Cs
salts, which are required for high turnovers, facilitate chloride removal at the stage
of C-N bond formation (Scheme 4d). Initial mechanistic studies revealed the
electrophilic nature of this amination protocol although a Rh(V)-imido pathway
could not be completely ruled out at the present stage.
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Scheme 3 Synthetic applications of C-H aminations using organic azides: 1H-indazoles (a),
acridines and phenazines (b), 2-aryl-2H-benzotriazoles (c), and functionalized 6-arylpurines (d)

A number of hydroxylamine derivatives were also shown to be effective in the
Cp*Rh(Ill)-catalyzed amination reactions (Scheme 5) [51-55]. This C-H
amination takes place upon the cleavage of N-O bond of aminating reagents to
serve as an internal oxidant, thus making the procedure free from the use of
stoichiometric amounts of external oxidants. An initial study was reported by
Glorius and coworkers, where they hypothesized that an electron-deficient carbox-
ylate would act as a leaving group (Scheme 5a) [51]. However, the exact reaction
pathway is unclear especially in regard to whether a Rh(III) migratory insertion or a
Rh(V)-nitrenoid pathway would be involved.

An analogous type of amidating source of N-arenesulfonated imides was devel-
oped by Li and coworkers, and it was successfully applied to the amidation of
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Scheme 4 Cp*Rh(IlI)-mediated C-H amination with N-chloroamines of oxime (a), hydroxamic
acid (b), and benzoic acid (c¢) derivatives and its mechanism (d)

substrates containing pyridine or oxime directing groups (Scheme 5b) [52]. Zhang
and coworkers utilized N-benzoylated alkylamines for the functionalization of
phenidones and edaravone (neuroprotective drugs) analogues (Scheme 5c) [53,
54]. In 2015, Lu and coworkers developed a unique procedure of the Cp*Rh(III)-
catalyzed amidation on water using fert-butyl 2,4-dinitrophenoxycarbamate as an
amidating reagent [55]. [RhCp*Cl,], was found to catalyze the directed C—N bond
formation in water without additives. The authors proposed that an active cationic
Rh(III) species would be formed by the hydroxyl group on water surface, thus
replacing a silver salt that was used in most Cp*Rh(III)-catalyzed activations.

An interesting usage of nitroso compounds as an amino source was shown by Li
and coworkers (3) [56-58]. An electrophilic nitrogen of nitrosobenzene was able to
react with a rthodacycle species to afford N-diarylhydroxyamines at room temper-
ature [56]. Later they established one-pot protocol of C-N bond formation and
subsequent dehydroxylation to form diarylamines [57]. After the formation of N-
diarylhydroxyamines, Rh(III) catalyst continues to promote dehydroxylation with
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Scheme 5 Cp*Rh(IIl)-mediated C-H amination with N-substituted hydroxylamines of Aroyloxy-
carbamates (a) and N-arenesulfonated imides (b), and its application to edaravone functional-
ization (c)

an aid of molecular oxygen and carboxylic acid at elaborated temperature. The
same research group extended this tandem protocol to in situ nitroso group forma-
tion. Three-step sequence of oxidation of N-hydroxylcarbamates to nitroso com-
pounds, C-N bond formation, and dehydroxylation was realized in one pot to
produce N-Boc protected arylamines [58].
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N-Fluorobenzenesulfonimide (NFSI), a well-known fluorination reagent, also par-
ticipated in Rh(Ill)-catalyzed C-H functionalization as an amino source (4) [59,
60]. Yang and Li utilized NFSI as an electrophilic amidating reagent [61],
exhibiting reasonable efficiency with 2-pyridyl-directed arenes.

A [Cp*Rh(MeCN)3](SbFg), A
| ) (2.5 mol %) PN
Z SO,Ph Cs,CO3 (10 mol %) 7
N N + F-SOPh (4)
F~ "SOzPh CICH,CH,Cl, 100 °C ~SO,Ph

81%

Chang and coworkers recently added another class of a highly reactive C-H
amidating reagent, 1,4,2-dioxazol-5-one [62, 63]. During the mechanistic investi-
gations on the Cp*Rh(IlI)-catalyzed direct C—H amination reaction, they revealed
that an amino source with high coordination ability to metal center would increase
the reaction rate. An acyl nitrene precursor, 1,4,2-dioxazol-5-one, showed high
coordination affinity to the metal center, but with low activation energy in an imido-
insertion process, which resulted in highly efficient amidation system, operating
with as low as 0.5 mol% catalyst loading (5) [64].

RhCp*Cl,], (0.5 mol %)
N o) [ 212 N
7 N AgNTf, (2.0 mol %) =

+ | O H
Me)\ o CICH,CH,Cl, 40 °C N\n/Me * Coz (3)

(¢}
93 %

While various types of activated amine surrogates are in use for C—-H aminations,
the use of unmodified parent amines would be ultimately desirable for the step- and
atom-efficient synthesis. Su and coworkers successfully applied the
dehydrogenative coupling conditions by employing electron-deficient sulfon-
amides and acyl amides as amidating reagents (Scheme 6) [65]. Although stoichio-
metric amounts of oxidant such as PhI(OAc), are required, this approach has an
obvious advantage in that the reaction procedure does avoid an additional step of
parent amine derivatization.

Along with the amination, C-H azidation and nitration were also developed
[66]. Li and coworkers succeeded in the in situ formation of electrophilic azide
source from NaN3, which was then reacted with a rhodacycle to produce aryl azide
products. An electrophilic azidation reagent of PhI(N3;)OTs was obtained from a
mixture of PhI(OAc),, TsOH, and NaNj5. Similar to azidation, the formation of an
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Scheme 6 Rh(IIl)-catalyzed dehydrogenative C—H amidation

electrophilic nitration source was achieved from the reaction of NaNO, with
hyperiodine reagent. For both azidation and nitration, high conversion was
observed over various substrates bearing rather strong directing groups such as
pyridine and its analogues (6).

NaNO, (3 equiv) NaN3; (3 equiv)
N [CP*RNCl,], (4 mol %) Ny [CP*RhCLL, (4 mol %) X
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NO2 acetone, 4A MS, 80 °C acetone, 50 °C N3
88% 88%

While the majority of known examples have focused on the (hetero)arene C-H
bond activation and subsequent functionalization, several groups paid attention to
other types of C-H bonds such as aldehydes [67-69]. Direct transformation of
carbonyl C-H bonds into other functional groups such as ketones, amides, or esters
would be highly valuable in synthetic chemistry. In this regard, Li group success-
fully developed the Cp*Rh(III)-catalyzed amide synthesis starting from aldehydes
(7) [70, 71]. It was proposed that a cationic Cp*Rh(III) species activates a carbonyl
C-H bond of 8-quinolinecarbaldehyes or 2-(methylthio)benzaldehydes to form a
rhodium acyl intermediate that then reacts with amino sources including N-
chloroamines and azides to deliver the desired amide products.

(e} N—ClI
Ts—Nj3 \__/ o/\l
TsHN O [RhCp(MeCN);](SbFg), H©O [RhCp*Cly], (5 mol %) K/N o
N (3 mol %) N AgSbFg (1.2 equiv) (7)
| N toluene, 85 °C | S THF, rt N
=z =z | _
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2.2 C-X (X=Cl, Br, and I) Bond Formation

With the aim of site selective halogenation, electrophilic halide sources such as N-
bromosuccinimide (NBS) and N-iodosuccinimide (NIS) were successfully added to
the list of reactive coupling partners. The Glorius group found that a cationic
Cp*Rh(IIl) species is capable of coupling NBS and NIS with a broad range of
arene substrates to produce ortho-halogenated arenes, which are otherwise difficult
to obtain regioselectively via conventional halogenation methods (Scheme 7) [72—
74]. It is notable that this halogenation reaction is facile with substrates containing
ketone, ester, and carbamate directing groups where Cp*Rh(III)-based catalysis
does not work efficiently for other types of C—H functionalizations [72]. The
replacement of an additive from PivOH to Cu(OAc), was key to success for
substrates bearing enolizable ketones and esters as a directing group. In addition
to aromatic C-H bonds, olefinic C—H bonds were also shown to be feasible for this
halogenation protocol to give synthetically valuable (Z)-halogenated acrylamides
[73]. In the presence of Cp*Rh(IIl) catalyst, non-catalyzed halogenation (back-
ground reaction) was effectively suppressed. Glorius and coworkers extended this
method to the halogenation of important heterocycles such as furans, thiophenes,
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Scheme 7 Rh(III)-catalyzed C-H halogenation using NBS and NIS: scope (a) and mechanism (b)
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Scheme 8 Cp*Rh(III)-catalyzed halogenation using sodium halides (a) and 1,2-dichloroethane (b)

pyrazoles, quinolines, and chromones [74]. Recently, Chang and coworkers devel-
oped the selective halogenation at the C-8 position of quinoline N-oxides
[75]. Wang and coworkers improved the synthetic utility of this approach by
using readily available sodium halide salts as a halogen source (Scheme 8a)
[76]. They proposed that the in situ formation of an active iodobenzene dihalide
from PhI(OAc), and sodium halide is a key to success. The achievement of
chlorination is an additional merit, while NCS is not reported yet to be effective
with Cp*Rh(III) catalysis. In addition, Xu and coworkers revealed an interesting
reactivity of 1,2-dichloroethane as a chlorinating agent (Scheme 8b) [77]. In the
functionalization of 7-azaindoles, 1,2-dichloroethane, which is a conventional
solvent for numerous C-H functionalization reactions, was proven to be a facile
chlorine source although its mechanism is unclear at the present stage.

2.3 C-S Bond Formation

Li and coworkers reported that the formation of a C=S bond could be achieved by
using a Cp*Rh catalyst (8) [78]. Given that the sulfur atom can strongly bind to
metals and, as a result, deactivate metal catalysts, the development of metal-
catalyzed sulfenylation has been challenging. In the presence of extra oxidants,
both mono- and di-thiolation were optimized to give thioethers with directing
groups of pyridine, pyrimidine, pyrazole, and oxime.
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N [Cp*RACly]> (5 mol %) B [Cp*RACly]> (5 mol %) N
| _N AgOTf (20 mol %) _N AgOTf (20 mol %) N
Ag,CO3 (2 equiv) + PhSSPh Cu(OAc), (50 mol %) Z
PhS SPh PhMe, 150 °C tAmylOH, 60 °C SPh
74% 77%

(8)
3 Ir(II)-Catalyzed Reactions

Whereas iridium complexes have been shown to be highly active for the stoichio-
metric C—H bond activation, their use in catalytic reactions was challenging [16, 79,
80]. The high stability of iridacycles, especially of half-sandwich complexes,
hampered their catalytic turnovers. Thus, while their group 9 neighbor Cp*Rh
(II) system has been widely applied to various C-H functionalizations, only a
handful of Cp*Ir(Ill)-based catalytic methods have been developed in the area of
C—-C bond formation and H/D exchange [81-84]. As the difference in reactivity and
mechanistic pathway between Ir(IIl) and its congeners is not fully understood yet
[85], a number of notable achievements have been made in catalytic C-N and C-O
bond formation in recent years.

3.1 C-N Bond Formation

Iridium(III)-catalyzed C-N bond formation was previously investigated for an
intramolecular asymmetric amination. Katsuki and coworkers prepared a series of
chiral Ir(IlT)-salen catalysts for the intramolecular C-H amination to produce
optically active benzosultams (Scheme 9) [86]. High level of enantioselectivity
was achieved with catalyst loading as low as 3 mol% under mild conditions.

In case of intermolecular amination, Cp*Ir(IlT)-based catalytic systems showed
excellent reactivity with various amino sources such as organic azides,

—N\Ir/N— O\/O Q
- N\
O o o O Ssy, _IrCat (3 mol %) S\;\l y
O R R Q toluene, 25 °C
QQ OQ 77% Yield, 92 % ee

Ir-Cat :

R = 4-TBDPSCgH,
L = 4-CHyCeH,

Scheme 9 (Salen)Ir(Ill)-catalyzed asymmetric intramolecular C—H amidation
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o [IrCp*Cly] (2 mol %) ~
o AgNTf, (8 mol %) 77 NH?Bu
AN + . |
v H)LNHtB“ Ar)LN3 CICH,CH,CI, 50°C S-Sy
R [Ar = 4-(NO)CgHq]
O)\Ar

(@] (] o

@\)LNHtBu Ar)LNH 0 Ar)LNH o)
NH H)\f‘\NHtBu ©)J\

OJ\Ar CO,Me

(25 °C) 60% 53%
93%

NHtBu

Scheme 10 Ir(Ill)-catalyzed C—H amidation using acyl azides

acetoxycarbamates, and anilines. As described above, the use of organic azides is
environmentally benign due to the fact that no external oxidants are required and
that N is released as a single by-product. In this context, while Cp*Ir and Cp*Rh
are both facile, Cp*Ir(IIl) system displayed a distinctive reactivity. Indeed, whereas
Cp*Rh(Ill)-mediated aminations with azides require moderate- to high-
temperature conditions (>80°C), the reactivity of Cp*Ir(IIl) catalyst is high enough
to allow the reaction to run even at room temperature. In 2013, Chang and
coworkers reported the first example of Ir(Ill)-catalyzed amidation of aryl and
olefinic C—H bonds with acyl azides as the amino source [87, 88]. The fact that
the mild reaction conditions permitted the use of this labile type of azides for the C—
H amidation is significant because acyl azides easily undergo thermal Curtius
rearrangement producing isocyanates (Scheme 10).

Another distinct feature of the Cp*Ir(IIl) catalytic system is in its high reactivity
for substrates bearing weak directing groups [89]. As many C-H functionalizations
require relatively strong coordination groups to facilitate the formation of a
metallacycle intermediate, the use of weakly coordinating groups for the direct
C—-H activation has been a challenging task. While Cp*Rh(III) catalyst allowed the
direct C-H amination of benzamides and aryl ketones at high temperature (>80°C),
Cp*Ir(II) could form the C—N bonds by the action of ester or ketone directing
groups at ambient temperature with the help of AcOH/Li,CO; additives
(Scheme 11).

In 2015, the research team of Genentech reported an Ir(Ill)-catalyzed C-H
sulfonamidation of arenes by using benzylic amine as a directing group
(9) [90]. The Cp*Ir(Ill)-derived catalyst was found to be more effective over Rh
(IIT) and Ru(Il) with tertiary benzylic amines.
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[IrCp*Cl5], (4 mol %)

o) AgNTf, (16 mol %) 0
~ HOAG / Li,CO3 (15 mol %) o~
P OR * Ts—Nj 2C0s ( " o) % i (O)R
I | CICH,CH,CI, 50 °C b
Sy *“ " NHTs
: :NHTs : :NHTS : :NHTs : :NHTs
(25 °C) (25 °C) (50 °C) (80 °C)
99% 95% 99% 79%

Scheme 11 Ir(IlI)-catalyzed C—H amidation with weakly coordinating carbonyl directing groups
under mild conditions

[IrCp*Cly]2 (5 mol %)
MeO\N AgNTf, (20 mol %) MeO.

H . N NHTs
1| uH + Ts—N, AgOAc (10 mol %) 1| H
R H CICH,CH,CI, 60 °C R H
R2R3 R2R3
MeO. MeO.
|N NHTs |N
NHT:
CO,Et s
61% 62%

Scheme 12 Ir(Il)-catalyzed amidation of unactivated sp> methyl C—H bonds

Ts—N3

[IrCp*Cly], (5 mol %)
AgNTF, (20 mol %)
—_— NH
©><NH2 CICH,CH,ClI, 100 °C @64 2 )
NHTs

74%

Excellent reactivity of Cp*Ir(III) complexes in the C-H activation process allowed
for the functionalization of unactivated sp3 C-H bonds [91, 92]. While Cp*Rh(III)
catalyzed only activated benzylic C—H amidation of 8-methylquinolines, Cp*Ir(III)
promoted the amidation of unactivated sp® methyl C—H bonds with the help of
acetate additive. With a ketoxime directing group, their B-position was selectively
amidated with various sulfonyl azides under mild conditions (Scheme 12) [91]. The
same research group of Chang also devised a facile synthetic route accessing
1,2-amino alcohols by using direct C—H amidation reactions (Scheme 13) [92].
Asymmetric induction via C-H functionalization is a highly desirable but a
challenging goal [93-95]. Chang and coworkers investigated a diastereoselective
C-H amidation of diarylphosphoryl substrates bearing a chiral auxiliary
(Scheme 14a) [96]. With a C,-symmetric chiral pyrrolidine moiety, P-stereogenic
center was newly generated by the Cp*Ir(IlI)-mediated diastereoselective
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Scheme 13 Synthesis of 1,2-aminoalcohols via exo-directed sp3 activation
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Scheme 14 Ir(Ill)-catalyzed diastereo-(a) and enantio-selective (b) C-H amidations of
diarylphosphoryl compounds

amidation with notable selectivity. In the course of diarylphosphoryl amidation,
detailed mechanistic studies revealed that Cp*Ir(Ill)-monoacetate is a reactive
species, thus leading the authors to postulate that an introduction of chiral carbox-
ylic acids would form a chiral Cp*Ir(IIl) intermediate for the asymmetric catalysis.
Based on this assumption, they explored an enantioselective C-H amidation
approach (Scheme 14b) [97]. Although various types of chiral carboxylic acids
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were examined for this purpose, the level of enantioselectivity is remained still low
to moderate.

High reactivity of Cp*Ir(IIl) catalyst in the direct C—~H amination with organic
azides was successfully utilized in the synthesis of valuable products. Chang and
coworkers proved that 8-aminoquinoline N-oxides could readily be obtained by a
Cp*Ir(Il)-catalyzed reaction of quinoline N-oxides with sulfonyl or acyl azides
(Scheme 15) [75]. As most other metal systems were known to provide functiona-
lization at the 2-position, the unique activation mode of the Cp*Ir(IIl) system at the
C-8 position significantly improved quinoline derivatization. Later, they also dem-
onstrated that a one-pot protocol of C8 functionalization of quinolines would be
feasible and, therefore, a series of tandem processes was optimized consisting of N-
oxide formation from quinolines, C—H functionalization at the C-8 position, and
then deoxygenation of functionalized N-oxides [98].

The selective C-7 amination of indolines was achieved with Cp*Ir(IIl) catalyst.
Chang and Li independently scrutinized the selectivity as well as reactivity of the
indoline moiety that is an important structural core in pharmaceutical chemistry
(Scheme 16) [99, 100]. Cp*Ir(Ill)-catalyzed C-7 amination proceeded efficiently

[IrCp*Cl5], (2 mol %)

N AgNTF, (8 mol %) A
0,
J 4 Te-n, _HOAC(30mol %) N7
N+ CICH,CH,CI, 50 °C N O
O- Ts” -
P ) O
~ ~ Z
N3 l}l+ l}l+
NH O- Arn__NH O- H O-
Ts” © r © Ts” ©
89% O 62% 73%

[4-(NO2)CgHal

Scheme 15 Synthesis of C-8 functionalized quinoline derivatives

[IrCp*Cl5], (2 mol %)

©\/> AgNTY, (8 mol %)
0,
N + RNy NaOAc (30 mol %) N
0,
)\ CICH,CH,ClI, 25 °C ANH o)\

oo o oo
QNH S NH J— NH
s O o o

o)

95% FsC 90% 35%

(4 mol% [Ir], 50 °C)

Scheme 16 Ir(Il) catalyzed C—H amination with N-acetylindoline
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under mild conditions and the scope of azides was broad including aryl, alkyl, and
sulfonyl groups. In addition, a new synthetic route to phosphoramidates was
developed using an intermolecular C-H amidation by the action of cationic Cp*Ir
(IIT) catalyst with phosphoryl azides (10). As a result, this carbon—nitrogen bond
formation strategy allows a quick access to a library of biologically important
compounds [101, 102].

[IrCp*Clal, (5 mol %)
Oy NHiBu AgNTf, (20 mol %) ©:
i NaOAc (30 mol %)

_P.
'\Igshé SFn  CICH,CH,CI, 60 °C

The Chang group recently developed a method installing an amino group at the
meta- or para-position of arenes via the direct C—H amidation of substituted
benzoic acids followed by tandem decarboxylation [103]. Traceless directing
group approach consisting of sequential amidation by Cp*Ir(IIT)-based catalyst
and one-pot Pd or Cu-promoted decarboxylation procedure provided a novel
route to meta- or para-aniline products [104—107]. Remote steric effects by
preexisting meta-substituents in benzoic acids made this method unique to produce
para-amidated compounds exclusively, which are inaccessible by other C-H acti-
vation approaches (11).

Ts—Nj
[IrCp*Clyl, (2 mol %)
(e} AgNTf, (8 mol %) O Cu,0 (0.5 equiv)

LiOAc (30 mol %) 1,10-Phen (1.0 equiv) (11)
OH ———— > OH
CICH,CH,CI, 50 °C -CO, NHT
NHTs DMA, 170 °C s

70%

Amino sources other than organic azides were also examined for the direct C-H
amidation reactions. Chang and coworker successfully utilized N-substituted
hydroxylamines as highly efficient amidating reagents with a Cp*Ir(II) catalyst
system. Aryloxy- and acryloxycarbamates were found to undergo the C-H
amidation over an assorted array of arene substrates at room temperature [108].
The high catalytic activity of Cp*Ir(IIl) species toward direct C—N bond-forming
reactions enabled the use of anilines as an amino source in the inter- and intramo-
lecular C—H amination reactions. In 2014, Chang group reported the first example
of iridium-catalyzed oxidative C-H amination of benzamides with anilines
(Scheme 17a) [109]. In a stark contrast to the conventional cross-dehydrogenative
coupling reactions, this amination proceeds even at room temperature to prove the
excellent performance of the iridium(III) catalyst toward C-H amination. Although
the exact mechanism still needs to be explored at the present stage, the authors
suggested the intermediacy of high-valent Ir(V) species formed by the assistance of
an external oxidant AgNTf,. Later, Miura and coworkers reported an intramolec-
ular version of this Ir-catalyzed C—H amination of arenes leading to the synthesis
of N-H carbazoles (Scheme 17b) [110]. Although, in contrast to the intermolecular
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R
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Scheme 17 Cp*Ir(Ill)-catalyzed dehydrogenative coupling between arenes and anilines:
intermolecular (a) and intramolecular (b) C-H aminations

C-H amination with anilines, this procedure requires elevated temperature, the
intramolecular reaction operates efficiently without the need of external oxidants,
implying that this reaction may proceed via Ir(IIT)/Ir(I) catalytic cycle.

3.2 C-0 Bond Formation

Cp*Ir(IlI)-based complexes have gained intense interests for their high catalytic
activity in water oxidation [111-113]. In 2010, Crabtree and coworkers found that
an iridacycle species could promote C-H hydroxylation with ceric ammonium
nitrate (CAN) as the terminal oxidant and water as an oxygen source
(12) [114]. Detailed mechanistic studies indicated that an alkane substrate is
oxidized by an Cp*Ir(V)-oxo species, which is formed upon the oxidation of
Cp*Ir(IIT)-H,0 complex with CAN [115]. While a radical pathway is ruled out,
theoretical and experimental investigations support an oxygen insertion pathway,
which is consistent with the observed retention of stereochemistry of cis-decaline
and 1,4-dimethylcyclohexane.
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Scheme 18 Cp*Ir (III)-catalyzed C—H oxidations
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Later, NalO,4 was introduced as a milder, but more efficient oxidant than CAN [116,
117] (Scheme 18). An array of functional groups was found to be compatible with
the employed oxidative reaction conditions. In this context, functionalization of
biologically relevant molecules such as (—)-ambroxide and sclareolide were success-
fully demonstrated.

In addition, molecular oxygen was shown to be an effective oxidant for the C-H
oxidation with the Ir(IlI)-based catalyst system. In 2013, Yan and coworkers
developed an aerobic oxidation system under solvent-free conditions [118]. The
catalyst generated in situ from [Cp*IrCl,],, picolinic acid, and iodobenzene effi-
ciently performed the reaction by using atmospheric O, with high turnover numbers
up to 20,000 to furnish benzoic acids and aryl ketones via the selective benzylic C-
H oxidation.
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4 Outlook

Highly robust catalytic systems of Cp*Rh(III) and Cp*Ir(IIl) are expected to
continue broadening their scope and improving their efficiency and selectivity in
the direct C-H functionalizations and related transformations. Considering that
many reactions presented in this report have not been fully understood, more
detailed mechanistic elucidations of the C-H bond activation and functional
group transfer steps would be crucial for the next level advance in terms of
scope, reactivity, and selectivity. Particularly, a better understanding of the differ-
ence in reactivity between rhodium and iridium catalyst systems would provide a
driving force to develop more practical C-H functionalization reactions even
including their congener: cobalt catalyst system.
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Computational Studies on Heteroatom-
Assisted C-H Activation

and Functionalisation at Group 8 and 9 Metal
Centres

Kevin J.T. Carr, Stuart A. Macgregor, and Claire L. McMullin

Abstract This chapter surveys computational studies on heteroatom-assisted C—H
activation at group 8 and 9 metal centres and will cover the literature since 2009.
The chapter first considers work where the mechanism of the C—H activation step is
the primary concern and categorizes these into intramolecular (with directing
groups) and intermolecular processes. Studies on C—H activation and functiona-
lization will be presented, classified in terms of the nature of the functionalization
process (oxidative coupling to form heterocycles, alkenylation and amination).
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1 Introduction

Computational chemistry has played a leading role in providing insight into the
mechanistic complexity of C—H bond activation. The ability to characterise short-
lived intermediates and transition states provides an ideal complement to experi-
ment where such information is often extremely difficult if not impossible to obtain.
Computational studies of C-H activation were the subject of several reviews
towards the end of the last decade [1-5] and this body of work has catalogued the
diversity of the C—H activation mechanistic landscape. For late transition metals,
mechanisms based on the broad classes of oxidative addition (OA), 6-bond metath-
esis (SBM) and electrophilic activation (EA) have all been identified. Vastine and
Hall [4] have proposed that the first two of these represent extremes on a continuum
where the degree of M- - -H interaction in the C—H activation transition state pro-
gresses from a maximum for OA to a minimum for SBM, with a plethora of named
mechanistic possibilities lying in between. The position on this continuum can
depend on the metal centre, the steric and electronic properties of the coordination
environment and the substrate involved in the C—H activation process.

The third broad class, EA, has been joined in the last decade by the concepts of
concerted metalation deprotonation (CMD) proposed by Fagnou and co-workers
[5] and ambiphilic metal ligand assisted (AMLA) C-H activation put forward by
Davies and Macgregor [2]. These two terms describe a process by which an
electron-deficient metal centre and a metal-bound heteroatom base combine to
facilitate C—H bond cleavage via deprotonation. Computationally, this type of
process was first characterised in 2000 by Sakaki and co-workers who studied the
C-H activation of benzene and methane at Pd(O,CH), [6]. In 2005, Davies,
Macgregor and co-workers then showed that the cyclometalation of dimethylben-
zylamine at Pd(OAc), involves an agostic intermediate from which C—H cleavage
proceeds via facile deprotonation [7]. Here we shall use the term AMLA to describe
this type of heteroatom-assisted C—H activation and reserve the term ‘electrophilic
activation’ for instances where no base assistance is in place [8, 9].

As well as progress in mechanistic understanding, the last 10 years have seen
important developments in the computational methodologies available to model
transition metal reactivity. While density functional theory (DFT) remains the core
method of choice, the ability to model larger systems that more closely reflect
experiment has highlighted the known shortcomings of DFT in describing disper-
sion interactions. These long-range, stabilising interactions are individually weak,
but their cumulative effect in large systems can be significant. Methods to incor-
porate this component include its separate calculation (e.g. with Grimme’s D3
parameter set [10]), use of functionals that include a treatment of dispersion
(e.g. B97D [11], ®B97X-D [12]) or use of a Minnesota functional (e.g. M06 or
its variants [13]) where the functional parameterisation (e.g. to reproduce molecular
structures from crystallographic data) captures dispersion effects without explicitly
identifying them. The validity of such approaches is seen, for example, in
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marked improvements in calculated L,M-PR; dissociation energies [14]. These
developments make the choice of functional for the study of C-H activation and
functionalisation especially critical when larger models are employed in
calculations.’

This chapter will describe computational work on heteroatom-assisted C-H
activation at group 8 and 9 metal centres and will survey the literature since the
previous review of 2009 [2] up to April 2015. The chapter will first cover studies
where the C-H activation step is the primary concern and will consider both
intramolecular (with directing groups) and intermolecular processes. A significant
trend has been a shift in focus away from the actual C—H activation and towards the
subsequent functionalisation, and this will be presented in terms of the nature of the
functionalisation process (oxidative coupling to form heterocycles, alkenylation
and amination). The major functional employed in each study will be highlighted,
along with any solvent used in brackets. The notation DFT2//DFT1 will be used to
indicate cases where a second functional (DFT2) has been used to recompute the
energy of a system optimised with an initial functional (DFT1). The original papers
should be consulted for full computational details.

2 Intramolecular C-H Activation

2.1 Activation of C(sp*)-H Bonds

The importance of treating dispersion effects was highlighted in a study by
Davies, Macgregor and co-workers on the relative reactivity of C(spz)—H bonds
in N-alkylimines (H-L;_s) and 2-phenylpyridine (H-Lg) at [MCl,Cp*], dimers
(M =Rh, Ir) [15]. In the presence of NaOAc, these substrates give well-defined
cyclometalated species as their chloride adducts, indicating that these reactions are
all thermodynamically accessible (Scheme 1). Moreover, H/D exchange experi-
ments indicated irreversible C—H activation at Ir (i.e. kinetic control), while this
process was reversible at Rh (thermodynamic control). Competition experiments
then indicated different trends in relative reactivity at each metal. These various
aspects were studied with BP86-D3 calculations, corrected for either MeOH (Rh) or
CH,Cl, (Ir) solvent.

The computed profiles for the reactions of the 2-thiophenyl derivative H-L3 are
shown in Fig. 1 which displays several features common to many of the C—H
activation reactions described in this chapter. The precursor to C—H activation,
IVy, is formed via OAc-induced opening of the [MCL,Cp*], dimer and ligand
substitution to introduce the substrate. For Rh, a two-step C—H activation is

! High-level wave function methods promise the accurate treatment of these long-range electron
correlation effects; however, such methods are still too computationally demanding for routine use
on large model systems.
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Fig. 1 Computed free energy reaction profiles (kcal/mol) for C—H activation of H-Lj3 at
[MC1,Cp*], for M =1Ir (in CH,Cl,) and M = Rh (in MeOH). Computed C—H activation transition
states are shown with key distances in A (Rh: plain text; Ir: italics) and non-participating H atoms
omitted for clarity

characterised with the initial k>—' displacement of OAc leading to an agostic
intermediate, Vgyp. This renders the C-H bond more acidic, permitting facile
intramolecular deprotonation by the intramolecular OAc base. These are the char-
acteristic features of AMLA C-H activation, specifically an AMLA-6, as it involves
the Rh, the C—H bond and the acetate {CO,} group in a six-membered transition
state. HOACc/CI substitution then leads to the observed product VIIg,. The
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energetics of this process (AG ., = —4.0 kcal/mol; AGCalc = 11.8 kcal/mol) indi-
cate reversible C—H activation, consistent with the observed H/D exchange. It is
also worth noting that the energy surface associated with C—H activation is very flat
with, in this case, the C—H bond cleavage transition state (C---H=1.23 A) being
slightly higher in energy than that for k*-k' displacement of OAc. For Ir, the
reaction is both more exergonic (AG.,. = —14.2 kcal/mol) and has a much higher
barrier (AG;alC = 18.4 kcal/mol), consistent with an irreversible reaction under
kinetic control. Moreover, C—H activation proceeds in a single step, corresponding
to k’—k' displacement of OAc, in which minimal lengthening of the C—H bond has
occurred (1.13 A). Experimentally the reaction of the Rh system is far less efficient
and takes much longer to achieve reasonable yields. The lower barrier for Rh indicates
that this is not a kinetic effect but rather reflects a slow approach to equilibrium in
favour of product formation.

It is important to note that use of an extended basis set (with diffuse functions)
and the D3 correction were both essential to reproduce the favourable thermody-
namics expected for all metal/substrate combinations. This reflects the stabilisation
derived from having the bulky substrate adjacent to the { MCp*} fragment, which in
turn stresses the importance of using the full experimental system in the calcula-
tions. With this approach, the more subtle trends in the relative reactivity of the six
substrates were also reasonably captured. Thus for Rh (thermodynamic control) the
trend in AG, largely follows the increase in substrate reactivity (Fig. 2i), whereas
for Ir (kinetic control) increased substrate reactivity is mirrored in a decrease in
AG;]C (Fig. 2ii). One exception was H-L,4, the reactivity of which was
overestimated for both metals. This discrepancy is thought to relate to the
different shape of this substrate (which features a vinyl CH = CHPh substituent,

(i) Competition at Rh (in MeOH)

/IPT //Pr //Pr /IPI’ /IPI’
O/L O)\ O)\ /\/J\ ©)\H < ©/K/
H-L, H-Lj,
Rolarve 1:15 1:>20 1:2 1:10 1:>20
eactivity:
ACcarc 16 1.2 4.0 7.8 (-4.6) 6.4 7.7

(kcal/mol)

(ii) Competition at Ir (in CH,Cl,)

/rPr /rPr /lPr /rPr /rPr
e H oo - @ ' O*

H-L, H-L, HoLg, H- |_1
RRe'a‘."’.e, 1:17 1211 1:17 1:8 1:2

eactivity:

AG%a 151 (19.6) 19.1 17.4 15.6 14.1 145

(kcal/mol)

Fig. 2 Relative experimental and computed reactivities for substrates H-L;_¢ at [MC1,Cp*],
(M =Rh and Ir). Computed data (kcal/mol) give the overall free energy changes, AG_,., for
M =Rh and calculated activation barriers, and AGICMC, for M=1Ir
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rather than the aromatic substituents in H-L;_3 and H-Ls) and the propensity of
the dispersion correction to emphasise intramolecular stabilisation over interac-
tion with the environment (e.g. solvent). The different degree of dispersion
stabilisation therefore occurs upon binding H-L,4 to the metal fragment. To
test this, model substrate H-Ly featuring a smaller CH = CH, substituent, was
computed (values in parenthesis in Fig. 2), and this gave both a reduced AGcy.
at Rh and an increased AG;IC at Ir.

Around the same time, Zheng and co-workers [16] modelled the acetate-assisted
cyclometalation of N-phenylbenzaldimines at [MCl,Cp*], dimers (M =Rh, Ir).
B3LYP(MeOH) calculations found cyclometalation at Ir to be favoured thermody-
namically (Rh: AG, = —0.5 kcal/mol; Ir: AG_,. = —8.4 kcal/mol), but, contrary
to the above study, the C-H activation barrier was higher for Rh
(Rh:AG, = 26.4kcal/mol; Ir: AG = 19.7 kcal /mol). Experimentally the
reaction is slower with Rh [17]. The effect of phenyl substituents, R, positioned
meta to the directing group, was also assessed. When R=CF; or Me, C-H
activation is computed to be kinetically favoured at the less hindered ortho-C—H
bond, as seen experimentally. With R = OMe the two pathways are computed to be
in competition, while for R=F activation of the adjacent ortho-C—H bond is
favoured (perhaps due to the ‘ortho-effect’ of fluorine [18]). Experimentally a
mixture of products is seen when R =OMe and F.

Matsunaga, Kanai and co-workers described the first computational study of
acetate-assisted C—H activation at Co, in their work on the { Co(III)Cp* }-catalysed
annulation of N-dimethylcarbamoyl-indole (1) with alkynes to form
pyrroloindolones [19]. With B3LYP, overall barriers of 20.5 kcal/mol (singlet)
and 20.9 kcal/mol (triplet) were computed for C—H activation at the 2-position,
relative to singlet [Co(OAc)Cp*(k-O-1)]" at 0.0 kcal/mol. On the triplet surface, C—
H activation proceeds in a single step via 2 which features significant C—H bond
elongation (1.35 A, Scheme 2). In contrast, three transition states were located on a
very flat singlet surface with the highest point, '2, having a C—H distance of 1.13 A.
AMLA-4 processes (i.e. involving Rh, the C—H bond and the Rh-bound acetate
oxygen in a 4-membered transition state) were much higher in energy. C-H
activation was endergonic with AG,. =+19.2 kcal/mol (singlet) or+ 16.8 kcal/
mol (triplet), consistent with experimental H/D exchange without the observation
of cyclometalated intermediates. The higher efficiency of the {CoCp*} catalysts

=
0—(0—0 0—£0—0,
MegN—(/Z-OS/' A __6>/ MezN—(/2.21,/!‘ i (5>/

/.-H S H
N \1.35126 N \1.5'31-70
N\ 32 A\ 12
+20.9 kcal/mol +20.5 kcal/mol

Scheme 2 Key distances (A) and relative free energies of transition states for C2—H activation of
N-dimethylcarbamoylindole at Co(OAc),Cp*, computed in the triplet (32) and singlet (12) states
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Scheme 3 Pivalate-induced C(sp®)-H activation in a Grubb’s catalyst; free energies in kcal/mol

over {RhCp*} species was attributed to a greater polarity of the Co—C bond that
might aid the final reductive annulation step.

2.2 Activation of C(sp’)-H Bonds

Houk, Grubbs and co-workers have studied the OPiv-induced (OPiv = pivalate,
‘BuCO,") intramolecular C(sp3)—H activation in a Grubbs’ catalyst, featuring an
N-heterocyclic carbene (NHC) with an N-adamantyl and an N-mesityl substituent
using MO6(THF)//B3LYP calculations [20]. C-H activation requires two Cl/OPiv
substitutions (3, Scheme 3), as well as displacement of the axial benzylidene
oxygen to give 4. C-H activation then proceeds with an overall
AG;]COf 23.5 kcal/mol, in good agreement with experiment (22.2 0.1 kcal/mol)
and consistent with a significant ky/kp kinetic isotope effect (KIE) (computed: 6.5;
observed: 8.1 4 1.7 at 25 °C). Alternative processes involving C—H activation by an
equatorial OPiv or with OPiv acting as an external base proved less accessible,
while the presence of two OPiv ligands allows one of these to act as a k>-spectator
that stabilises the Ru centre (see 4). The axial position of the active OPiv accounts
for the diastereoselectivity of the C(sp”)~H bond activation, while the alternative
C(sp”)—H activation at mesityl is disfavoured as rotation of this group is hindered by
the NHC backbone. In contrast, C(sp3) H activation of an N-'Bu substituent is
predicted to be accessible (AG = 15.2 kcal/mol). This system compares with
cyclometalation of Ru(T’ PrzMez)(PPhg)z(H)(CO) where deprotonation of a
non-agostic C—H bond is effected by a bulky NHC acting as an external base [21].

Rh(CAC)IL,(OAc) complexes (where CAC =bidentate normal and abnormal
NHC:s linked by a —(CH,);— unit) undergo C(sp3)—H activation of the central CH,
of the linker moiety. BP§6(MeCN) calculations suggest that the greater reactivity
seen with the abnormal NHC is due to an easier dissociation of iodide that is
required, rather than the subsequent AMLA-6 C—H activation step [22].
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3 Intermolecular C-H Activation

3.1 C(sp’)-H Activation

Goddard, Periana and co-workers have investigated the intermolecular C-H acti-
vation of benzene at the Ir(OH),(CsHsN)(NNCR) system, 6, with B3LYP(H,0) and
MO6(H,0) calculations (R =H) [23]. Experimentally (R ='Bu), H/D exchange
occurs in the presence of KOH base with a TOF of ca. 6 X 1072 s at 190 °C
(AH = 33 £ 2 kcal/mol). The computed mechanism involved pyridine/C¢Hg
substitution followed by C-H activation with a cis-OH ligand, assisted by the
electrophilic Ir. This AMLA-4 process is termed ‘internal substitution’ by these
authors. With B3LYP, AG;]C = 46.7 kcal/mol, and this drops to 38.5 kcal/mol
with M06. Alternative processes involving water assistance or deprotonation of the
Ir—OH by external hydroxide and C—H activation over an Ir = O bond proved higher
in energy.

o 0.

6] Ier, Lo
e >— CoFs=N_ N-Cefs  ~N{ /N
Q $ © Rt RH
7\ VRN
= TFAH TFA
S~ | 0/% acetylacetonoate TFAH TFA
6 7 8a 8b

A subsequent study considered the different behaviour seen in the H/D exchange
reactions of benzene at cis—Ir(acac)z(Kz-OzCR) complexes, 7, depending on whether
R=CH; (multiple exchange) or CF; (single exchange) [24]. With R =CHjs,
B3LYP(MeCO,H) calculations indicate rate-limiting dissociative substitution to
form cis-Ir(acac)a(k'-0,CR)(*-CHg) (AH' = 23 keal/mol). This is then
followed by an AMLA-6 C-H activation transition state at +21 kcal/mol. H/D
exchange at the bound acetic acid followed by the microscopic reverse process
would then give C¢gHsD. However, as further C—H activation is more facile than
arene dissociation, several H/D exchanges can proceed, giving higher C¢Hg Dy,
species before the arene is eventually lost. In contrast with R = CFj3, the initial
substitution has a much lower barrier of only 5 kcal/mol and C-H activation
proceeds through a transition state at 10 kcal/mol. Only one H/D exchange event
is therefore possible before the arene dissociates as C¢HsD. The difference of
13 kcal/mol between the values of AH' .. Is in excellent agreement with experiment,
although both barriers are underestimated by ca. 5 kcal/mol. The preferential
formation of cis-Ir(acac),(k*-OAc) in acetic acid is also proposed to reduce the
efficiency of ethene hydroarylation.

Benzene H/D exchange has also been observed by Gunnoe and co-workers at
[(N,N)Rh(TFA)(TFA-H)] complexes, where N,N = bidentate diazobutadiene (8a)
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Scheme 4 Key distances (A) and relative free energies (kcal/mol) in transition states for C(sp>)—
H activation (10) and C(spz)—H activation (11) of an a-imidazolium ester, 9, at Ir(OAc),Cp*

or bis(2-oxazolin-2-yl) ligands (8b); TFA =CF;CO, and TFA-H = CF3;CO,H
[25]. Computed pathways (MO6(TFA-H)//B3LYP) based on initial oxidative addi-
tion or TFA-H/benzene substitution and an AMLA-6 C-H activation have similar
overall barriers. For 8a (the most active species experimentally), AG;IC = 309
kcal/mol at 498 K, and this is in reasonable agreement with experimental turnover
numbers of 450 after 2 h at 423 K (implying AG;xp ~ 27.4 kcal/mol).

3.2 C(sp’)-H Activation

Competing C(sp*)—-H and C(sp*)—H bond activation processes of a-pyridinium and
a-imidazolium esters (Scheme 4, 9) at [IrCl,Cp*],/NaOAc were reported by Cross
and co-workers. MO6(CH,Cl,)//B3LYP calculations showed the observed C(sp3 )—
H activation to be kinetically favoured over the thermodynamically preferred
C(spz)—H activation [26]. Both processes involve a nondirected C—H activation
and initiate from H-bonded adducts formed at Ir(Kl—OAc)sz*. Although the
computed barriers of > 40 kcal/mol are rather high for room temperature processes,
the different transition state geometries show some interesting features: C(sp”)-H
activation is dominated by interaction with the base (10: C---H=1.81 A,
O---H=1.04 A Ir-- -H=2.77 A), while the metal plays a more prominent role in
the C(sp*)-H activation (11, C---H=1.38 A, O---H=2.89 A Ir-- -H=1.66 A).
This is consistent with the AMLA concept, with complementary involvement of
base and metal combining to accommodate the activation of a wide range of
different C—H bonds [27].

Jones and co-workers have shown that [M(bdmpza)Cl;] complexes (M =Rh,
Ir; bdmpza = bis-(3,5-dimethylpyrazol-1-yl)acetate) promote H/D exchange of
both arene C(sp”)-H bonds and the p-alkyl-C(sp>)-H bonds of appropriate
alkylbenzenes in TFA-H [28]. B3LYP(HOAc) calculations modelled H/D
exchange in iso-propylbenzene, starting from [Rh(bdmpza)(K2-02CCF3)
(C¢HsP)]*, 12 (Scheme 5), in which the arene binds in a n2-C—H fashion
through one of the ortho-C-H bonds. 12 is a common precursor to both ortho-
C(sp’)-H activation (AG = 23.2kcal/mol) and p-alkyl-C(sp’)-H activation
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mol

(AGialc = + 32.3 kcal/mol) and these calculated barriers agree well with exper-
iment. Activation of the methine C—H bond has a higher barrier of 44.1 kcal/mol,
consistent with no H/D exchange at that position. Similar AMLA-6 transition states
are computed for all three processes, the major difference being in the Rh---C
distances (C(sp>)-H: 2.16 A; p-C(sp*)-H: 2.29 A; a-C(sp>)-H: 2.39 A).

As part of their screening for new catalysts for the selective conversion of CH, to
CH;0H, Gunnoe, Goddard and co-workers have computed energetics for H;C—H
bond activation at a range of Rh complexes bearing bi- and tridentate ligands. Their
first study [29] considered reaction in both water and TFA—-H and adopted an M06//
B3LYP protocol. The combination of an aminidate ligand bearing three CgFs
substituents (as in 13) and TFA—H solvent gave the lowest C—H activation barrier
of 27.6 kcal/mol (relative to 13 and a free proton) at 298 K. The C-H activation
process comprised TFA—H/CH, substitution followed by an AMLA-6 C-H activa-
tion transition state involving one of the TFA ligands. This process is promoted by
the electron-withdrawing aminidate ligand which facilities o-donation from the
methane C—H bond. The computed Rh—Me bond strength was a good indicator of
the relative size of the C—H activation barrier. The subsequent functionalisation of
the Rh—Me complex (via Sn2 attack of TFA at the methyl group) gave a barrier of
36.8 kcal/mol. Interestingly, the accessibility of C—H activation and nucleophilic
attack swapped when computed with a model formed in water, transition states
being located at+35.0 and 33.3 kcal/mol, respectively.

o.r. TFA L TFA TFA
_<(N?//I,5, | \\\\\TFA R,h;““TFA Rh{‘“TFA
CeFs ‘RA 7SN TFA N=—" TFA-H

N | S TRAH '
CoFs Tra X 0 CH,
Y
13 14 15

In a subsequent study, a series of Rh(TFA);(bis(quinolinyl)benzene) systems,
14, were assessed with the parent system (X =Y = H) providing the lowest barriers
of 33.4 kcal/mol for H;C-H bond activation and 35.8 kcal/mol for functionalisation
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with TFA [30]. In parallel experimental studies, H/D exchange was noted in the Me
substituents of an o-xylene-based ligand (Y =H, X=Me) [31]. B3ALYP (HOACc)
calculations characterised this unusual ‘remote’ C(sp3)—H bond activation which
proceeds via deprotonation by a Rh-bound TFA ligand. This induces
dearomatisation of the xylyl moiety and metalation at the para position to give

intermediate 15 at +4.8 kcal/mol. The value of AH ;C (22.4 kcal/mol) is in excellent
agreement with experiment (21 &£ 2 kcal/mol).

4 C-H Activation and Functionalisation

A range of studies have now appeared modelling complete catalytic cycles based on
an initial C—H bond activation and the subsequent functionalisation steps. The
functionalisation processes involve reactions with an insertion partner (an alkyne,
an alkene or a carbene or nitrene source) and lead to the formation of new
heterocyclic rings or direct replacement of the C—H bond with a new C-R group.
In many cases, the focus in the computational studies is on these functionalisation
processes, as well as the reoxidation steps (particularly with internal oxidants). The
C-H activation in these catalytic processes is typically of the intramolecular
AMLA-6 type, although exceptions do exist, as will be detailed below. Input
from parallel experimental studies, including the determination of ky/kp KIEs,
the observation of H/D exchange, competition experiments and the isolation of
key intermediates both complement and provide benchmark data for the computa-
tional modelling. In the following, figures and schemes will show the model
systems used in the calculations and relevant experimental results and conditions
will be given in the text.

4.1 Heterocycle Formation with Internal Oxidants

In 2011, Guimond and co-workers published the first computational study of Rh
(III)-catalysed heterocycle formation based on initial C—H activation and subse-
quent functionalisation [32]. The coupling of benzamides with alkynes to give
isoquinolones was considered, with an OR group (OR = OMe, OPiv) installed on
the benzamide nitrogen to act as an internal oxidant. B3ALYP(MeOH) calculations
were performed for the model reaction of N-acetoxybenzamide with acetylene at a
Rh(OACc),Cp catalyst (see Fig. 3). After N-deprotonation and loss of HOAc,
directed C—H activation proceeds with an overall barrier of 20.5 kcal/mol. The
alternative C—H activation of the neutral (i.e. N-protonated) substrate was consid-
erably less accessible. Facile HOAc/HCCH substitution, insertion and N(sp®)-C
(sp?) reductive coupling then led to intermediate V in which the isoquinolone is
bound to Rh (Rh-N=2.13 A) and the N-acetate group bridges the Rh—N bond
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Fig. 3 Computed catalytic
cycle for the coupling of N-
acetoxybenzamide with
acetylene at Rh(OAc),Cp
[32]. Computed free
energies of intermediates
and transition states are

K.J.T. Carr et al.
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(N-O =1.49 A; Rh—O =2.21 A). N-O bond cleavage with transfer of acetate to Rh
then occurs with a minimal barrier of 0.8 kcal/mol with concomitant formal Rh(I) to
Rh(II) oxidation. Protonolysis by HOAc then releases the isoquinolone product
and completes the catalytic cycle. The calculations suggest rate-limiting C—H
activation, consistent with the observation of a large ky/kp KIE when an N-
(pivaloyloxy)benzamide substrate was used experimentally. However, as no KIE
is observed with N-methoxybenzamide, the nature of the rate limiting step is clearly
substrate dependent.

An important complement to this study was published by Xia and co-workers in
2012 who considered the mechanism of 3,4-dihydroquinolone formation via the
coupling of alkenes with PhC(O)NH(OR), where the OR group dictates whether
N(sp3 )-C(spS) coupling (OR =OPiv) or B-H elimination occurs (OR = OMe; see
Fig. 4a for the case of ethene) [33]. MO6(MeOH) calculations compared profiles for
the reactions of both benzamides with ethene at a Rh(OAc),Cp* catalyst. Very
similar N-H and C—H activation profiles are computed in each case, with overall
barriers of ca. 18 kcal/mol and the endergonic formation of the HOAc adducts
(AG_ 4 = +4 kcal/mol) indicating reversible C—H activation. After HOAc/ethene
substitution, insertion forms a conformationally flexible 7-membered rhodacycle,
(Ior, Fig. 4b) from which a low-energy isomer can be accessed when OR = OPiv
(I'or, Fig. 4¢) which features an interaction between the pendant oxygen and the
metal centre.
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Fig. 4 (a) Reactions of PhC(O)NH(OR) (OR =OMe, OPiv) with ethene at Rh(OAc),Cp*
[33]. Key stationary points (kcal/mol; free energies quoted relative to the reactants at 0.0 kcal/
mol) for (b) alkenylation for OR =OMe and OPiv (in italics); data for the onward reaction of
IIIopr for OMe only; and (c) C(sp3)—N coupling for OR = OPiv. Double arrows indicate that
several steps are involved with the energy of the highest transition state between the two minima
indicated in square brackets

From these 7-membered rhodacycles, the mechanisms diverge. For OR = OMe
(Fig. 4b), facile B-H transfer followed by formal N—H reductive coupling produces
the Rh(I) intermediate Ilome. Reaction with HOAc then facilitates the cleavage of
the N-O bond (AG_ = 13.6 kcal/mol), forming MeOH and the Rh(III) species
IVome. A transition state for reoxidation via OMe transfer onto Rh in gy, is
22.4 kcal/mol higher in energy. A second HOAc then protonates the amide nitrogen
in IV g, releasing the product and regenerating the catalyst. A transition state for
alternative direct C—N coupling from Iy Was located, but at +43.8 kcal/mol it is
too high to be competitive. In contrast, N-O bond cleavage in I opiv (Fig. 4c) with
transfer of the OPiv group onto Rh (AG = 14.3 kcal /mol) is now favoured over
B-H transfer and N—H reductive couphng (AG = 23.2 keal/mol, Igg to Hgp;y,
Fig. 4b). The OPiv group is thought to play several roles in this mechanistic swap:
the extra Rh—O interaction in the 7-membered rhodacycle I'gp;y disfavours the
initial f-H transfer step, while the greater bulk of the OPiv unit also destabilises the
alkene intermediate, Ilop;y, making p-H transfer endergonic. The Rh—O interaction
in I'gpiy also facilitates N—O bond cleavage and effects the internal oxidation to
give a Rh(V) nitrene intermediate (Vopiy, Rh—N=1.871 A). This species then
undergoes facile C-N reductive coupling and protonolysis to complete the cycle.
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The regioselectivity of dihydroisoquinoline formation between PhC(O)
NHOBoc (OBoc=0C(0)Bu) and styrene has been studied with ®B97X-D
(MeOH) calculations (Scheme 6) [34]. Experimentally, {RhCp*} catalysts favour
the 4-isomer and {RhCp“Y} catalysts favour the 3-isomer. Calculations based on
the pathway defined by Xia above indicate very similar transition state energies for
the insertion and internal oxidation steps. This made quantitative predictions about
selectivity difficult and so the computed data were used as a basis for kinetics
simulations. These predicted a 76:24 ratio in favour of the 3-isomer with { RthCy 1,
in excellent agreement with experiment. For {RhCp*}, the computed ratio is 49:51,
indicating that the 4-isomer does become relatively more favoured, although this is
underestimated compared to experiment where a 16:84 ratio is seen. The authors
point out that a 0.5 kcal/mol shift in energy would reproduce this result, highlight-
ing the challenge to theory when attempting to model such subtle selectivity effects.

Ma and co-workers have considered the related coupling of N-
acetoxybenzamide with allene-enes to construct 8-membered lactam rings
(Scheme 7) [35]. Using a Rh(CO3)Cp* catalyst, MO6(MeOH) calculations suggest
that the carbonate can effect both the N-deprotonation and (as HCO; ™) the subse-
quent C—H activation. The C—H activation barrier of 20.8 kcal/mol is the highest
along the computed profile, consistent with efficient catalysis at room temperature,
and a significant ky/kp KIE. C-H activation was computed to be endergonic
(AG s = +5.4 kcal/mol), although experimentally no H/D exchange was seen in
the absence of the coupling partner. Coordination of the allene-ene permits
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insertion of first the distal allenic double bond and then the terminal alkene to form
7- and then 9-membered rhodacyclic intermediates (16 and 17, respectively). The
profile proceeds as in Fig. 4c, with the key OAc transfer to a Rh(V) nitrene again
shown to be favoured over -H transfer/N—H reductive coupling. A related study by
Huang and Chen on the Rh(OAc),Cp*-catalysed coupling of PhC(O)NHOR
(OR =0Piv, OMe) with both cyclohexylallene and 1,1-dimethylallene was
recently reported [36]. M06(MeOH)//B3LYP calculations confirm the observed
regioselectivities: with cyclohexylallene, the 4-isomer (cf. Scheme 6) is favoured,
but with 1,1-dimethylallene, greater steric hindrance in the insertion transition state
drives the formation of the 3-isomer.

Ammonium groups can also act as internal oxidants, with C-N bond cleavage
resulting in loss of an amine and formation of carbocyclic products. Lan, Wan, Li
and co-workers used MO6(MeCN) and B3LYP-D3(MeCN) calculations to model
Rh(OAc),Cp*-catalysed benzocyclopentanone formation from benzophenone
ammonium salts and a-diazoesters (Scheme 8) [37]. Initial deprotonation and loss
of HOAc forms an enolate intermediate from which C—H activation proceeds

preferentially from the C-bound form (AG;C : M06 = 27.2 kcal/mol, B3LYP-
D3 =26.3 kcal/mol); barriers via the O-bound isomer were 2—3 kcal/mol higher.
The subsequent steps involve diazoester coordination and N, loss followed by
carbene insertion to give 18. NEt; loss and coordination of OAc then gives 19 via
a transition state at 25.2 kcal/mol (M06) or 20.7 kcal/mol (B3LYP-D3). 19 is a Rh
(V) carbene complex that is isoelectronic with the previous Rh(V)-nitrene species.
Carbene insertion and protonolysis then complete the cycle. Overall the initial C—H
activation is rate limiting, consistent with an observed ky/kp KIE of ca. 4. C-H
activation is, however, computed to be endergonic, which implies a reversibility not
seen in attempted H/D exchange reactions. The authors postulate that this discrep-
ancy may be due to the presence of CsOAc in the catalytic system that slows the
reverse protonolysis.

N-N bond cleavage as a means of internal oxidation has been exploited in the
coupling of 2-acetyl-1-arylhydrazines with alkynes to give indoles (Fig. 5). This Rh
(OAc),Cp*-catalysed reaction was studied by Chen and Lin who reported M06
(DCE) energetics with an additional D3 correction [38]. After deprotonation, the
terminal NAc position acts as a directing group for a two-step C—H activation via
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Fig. 5 Key stationary points on free energy profiles (kcal/mol) for the Rh(OAc),Cp*-catalysed
reaction of 2-acetyl-1-arylhydrazines with diphenylacetylene to give indoles [38]. Double arrows
indicate that several steps are involved, with the energy of the highest transition state between the
two minima indicated in square brackets

Inac- Unusually, C—H bond cleavage from the agostic intermediate has a significant
additional barrier of 10.5 kcal/mol, giving an overall C-H activation barrier of
25.9 kcal/mol. HOAc/PhCCPh substitution gives IIyac, from which alkyne inser-
tion (via a transition state at 29.2 kcal/mol) gives IIIyac at —1.5 kcal/mol. This
isomerises first via a facile 1,2-Rh shift to IVya. and then by an HOAc-assisted H*
transfer to Vyae. C—N reductive coupling constructs the indole moiety (VInac)
which is bound to a formally Rh(I) centre and an NHC(O)Me group. The latter then
transfers onto Rh to generate a Rh(IIl) species (VIInac). Reaction with HOAc
induces loss of H,NAc, protonolysis of the Rh—N bond and release of the indole.

In contrast to previous pathways, no Rh(V) species are invoked in this process,
but rather a Rh(III)-Rh(I)-Rh(IIT) pathway is proposed. Experimentally the reaction
proceeds at 70 °C [39] and a ky/kp KIE of 2.3 is observed. The rate-limiting alkyne
insertion implied by the calculations therefore appears inconsistent with this;
however an endothermic (i.e. reversible) initial C—H activation step would also
be expected to affect the overall rate [40]. The use of kinetic simulations to quantify
these effects would be of interest. Calculations comparing the -NH(NHAc) and
-NH(OAc) groups suggest the former is a weaker oxidant that can promote C—N
bond coupling with alkynes but not with alkenes.

4.2 Heterocycle Formation without Internal Oxidants

Davies, Macgregor and co-workers have studied the Rh(OAc),Cp*-catalysed oxi-
dative coupling of 5-methyl-3-phenylpyrazole and 4-octyne with BP86(DCE) and
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Fig. 6 (a) Rh- and Ru-catalysed oxidative coupling of 3-phenylpyrazole and 4-octyne to form an
pyrazoloisoquinoline. (b) Key stationary points on the free energy profiles (kcal/mol) for
(1) {RhCp*} (BP86(DCE), red), (ii) {RhCp*} (BP86-D3(DCE), blue) and (iii) {Ru(p-cymene)}
(BP86-D3(MeOH), black), quoted relative to reactants set to 0.0 kcal/mol in each case
[41]. * —8.6 kcal/mol corresponds to the lowest point on the profile and is the N-H-activated form
of L.° The formation of II from I involves several steps and TS(I-II) is the highest point in this
process

BP86-D3(DCE) calculations (Fig. 6) [41]. Experimental H/D exchange studies
indicate reversible C—H activation both in the absence (40% ortho-deuteration)
and in the presence of the alkyne (7% incorporation). This indicates close compe-
tition between protonolysis of the initial cyclometalated intermediate, IT (via TS(I-
II)), and the onward reaction involving HOAc/alkyne substitution and migratory
insertion (via TS(III-IV)). This competition was only correctly reproduced when
the D3 dispersion correction was employed and primarily reflects changes in the
HOACc/'PrCC"Pr substitution step (AGgy.: BP86=+6.8 kcal/mol; BP86-
D3 = —1.5 kcal/mol). This is particularly sensitive to dispersion effects because
of the different bulk of the two ligands involved. Alternative methods that include a
treatment of dispersion effects (e.g. M06 or B97D or the addition of the D3
correction to other pure and hybrid functionals) also performed well in this regard.

Comparison with the Ru(OAc),( p-cymene) catalyst proved instructive. For both
metals, rate-limiting C—H activation was computed, with a higher barrier for Ru
(25.4 kcal/mol) compared to Rh (21.6 kcal/mol). This is consistent with the higher
temperature required for Ru experimentally (2-methylbutanol, 120 °C; cf. DCE at
83 °C for Rh). For Rh, an observed ky/kp KIE of 2.7 + 0.5 is consistent with the
computed two-step C—H activation where the higher transition state, TS(I-II)gy
(Fig. 7), corresponds to C—H bond cleavage occurring after an agostic intermediate
(a calculated KIE based on TS(I-II)gy, was 5.5). In contrast, the observed ky/kp
KIE at Ru was small (1.1 £0.2). In this case, however, calculations indicated a
one-step C—H activation via TS(I-II)g,, which equates to the ' displacement
of OAc. TS(I-II)g, therefore features minimal C—H bond elongation and the
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Fig.8 (a) Ru-catalysed oxidative coupling of benzylamine with 2-butyne to form an isoquinoline.
(b) Transition state for C—H activation via external deprotonation with key distances (A). (c) Key
stationary points on the free energy profile (kcal/mol; energies quoted relative to the reactants at
0.0 kcal/mol). Double arrows indicate that several steps are involved, with the energy of the
highest transition state between the two minima indicated in square brackets [42]

computed KIE is only 1.2, in good agreement with experiment. An important
conclusion from this study is that the lack of a significant ky/kp KIE does not
necessarily mean that C—H activation is not rate limiting; it may simply be that the
C-H activation has a very early transition state geometry.

Lledds, Urriolabeitia and co-workers have used M06(MeOH) calculations
to model the oxidative coupling of benzylamines with 2-butyne at [RuCl,(p-
cymene)], (Fig. 8) [42]. The presence of protic N-H bonds in benzylamine pro-
motes the formation of H-bonded ion pairs upon OAc™ dissociation, and these
proved more reactive than non-ion-paired species where OAc™ was modelled as
fully dissociated in solution (see Fig. 8). Thus after OAc™ /amine substitution at Ru
(OAc),(p-cymene) to give I*OAc, an outer-sphere C—H activation is computed via
a transition state at 24.6 kcal/mol, 2.5 kcal/mol below a more conventional
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Scheme 9 (a) Ir-catalysed isocoumarin formation [43]; (b) Rh-catalysed phosphaisocoumarin
formation [44]

intramolecular process. Although this external deprotonation cannot be strictly be
termed ‘AMLA’ (as this implies a coordinated ligand acting as a base), it does
display some common features, namely, the interaction of the C—H bond with an
electron-deficient metal centre which activates it to deprotonation by a base. ‘CMD’
would describe this concerted process appropriately. After loss of HOAc, OAc™/
MeCCMe substitution gives a further ion-pair, III*OAc, that undergoes insertion to
a 7-membered ruthenacycle, which is then trapped by OAc™ to form a saturated
intermediate, IV. Of several routes considered for C-N bond formation, a process
involving N-decoordination and nucleophilic attack of the free amine arm at the
bound Ru-alkenyl moiety was found to be most accessible, with an overall barrier
relative to I'V of 28.8 kcal/mol; OAc™ is again H-bonded to the amine during this
process. The protonated 1,2-dihydroisoquinoline is thus formed bound to a Ru(0)
metal centre (V). Overall, no clear rate-determining process could be identified,
with insertion and C—N bond formation both having similar barriers of ca. 29 kcal/
mol, both slightly higher than C—H activation. Experimentally temperatures of
ca. 100 °C are required. Related profiles were computed for 1-naphthylmethyl,
2-methylallylamine and 2-thiophenemethylamine.

The Ir(OAc),Cp*-catalysed oxidative coupling of benzoic acids with alkynes
has been studied with BP86(MeOH) calculations by Ison and co-workers
(Scheme 9a) [43]. These confirmed the previously reported result [45] that C—H
activation proceeds via acetate assistance and not oxidative addition. The subse-
quent insertion of 4-octyne insertion is thought to be rate limiting and has a
transition state at+29.6 kcal/mol. This is perhaps rather high for a reaction that
completes after 1 h at 60 °C, and it would be interesting to see how this barrier was
affected by a treatment of dispersion effects. After insertion, C—O reductive cou-
pling then gives the isocoumarin product bound as an n*-ligand at an Ir(I) centre.
Oxidation via reaction with AgOAc to give an Ir(I)OAc intermediate and a Ag
atom is proposed to be necessary to release the organic product, further reaction
with a second equivalent of AgOAc then regenerating the Ir(IIT1)(OAc), catalyst.

The related synthesis of phosphaisocoumarins via the Rh-catalysed coupling of
phenylphosphonates and alkynes (Scheme 9b) was modelled by Zhao and
co-workers with B3LYP-D3('BuOH) calculations [44]. Using a model system
(Rh(OACc),Cp, PhP(O)(OMe)(OH) and 2-butyne), the authors defined a pathway
with an energy span [46] of 36.8 kcal/mol, which increases to 50.2 kcal/mol if a
low-energy carbonate intermediate, Rh(CO3;)Cp{PhP(O)(OMe)(OH)}, is taken into
account. The computed rate-limiting transition state involves C—C coupling. It is
difficult to reconcile these computed results with a process that operates efficiently



72 K.J.T. Carr et al.

O NMe, 0. NMe,
JER R oy
(o] (o]
’ |
-\

CO,Et CO,Et
b
(b) o C‘p*
+ + |
SN Rn 1 COEt co Et
MeaN— X N >— o o .
~ 0" [+222] )8 [+19.8] 1 H [+11.4]
° Me,N~ O Me,N™ O MesN O
- HOAc + CHo=CHCO,Et H transf
C-H Activation migratory insertion p-H transfer
0.0 +7.9 -8.3 13

Fig. 9 (a) Rh-catalysed alkenylation of m-tolyldimethylcarbamate with ethyl acrylate. (b) Key
stationary points on the free energy profile (kcal/mol; energies quoted relative to the reactants at
0.0 kcal/mol) [49]

at 90 °C and has an observed ky/kp KIE of 5.3 [47, 48]. Use of a truncated model
was addressed with tests comparing Cp and Cp* and gave similar results for the
rate-limiting C—C coupling. However, these were performed with 2-butyne, an
alkyne that is not used experimentally. The importance of combining the full steric
bulk of all substrates and catalysts to construct a reasonable model has already been
stressed [41].

4.3 Alkenylation and Amination

The first computational contribution to this area came from Huang, Fu and
co-workers with their 2013 study of Rh(III)-catalysed oxidative Heck coupling of
phenol carbamates with alkenes (see Fig. 9) [49]. Using a MO6(THF)//B3LYP
protocol, they modelled the reaction of m-tolyldimethylcarbamate with ethyl acry-
late at [Rh(OAc)Cp*]*, supported by preliminary work on a Cp model. An initial
adduct formed via the carbamate oxygen (I, 0.0 kcal/mol) provides access to a
one-step C—H activation at the less hindered ortho-position with a barrier of
22.2 kcal/mol to give, after loss of HOAc, a 6-membered metallacycle, II, at
+7.9 kcal/mol. Ethyl acrylate can then undergo 2,1-insertion into the Rh—C bond
with an overall barrier of 11.9 kcal/mol resulting in an 8-membered rhodacycle, I1I,
at —5.5 kcal/mol. B-H transfer is then uphill (AG*=16.9 kcal/mol; AG =
+16.8 kcal/mol) but it is assumed that the Rh(I)-H intermediate, IV, can then
release the coupled product in the presence of the Cu(OAc), oxidant. C—H activa-
tion is therefore computed to be rate limiting, consistent with an intramolecular ky/
kp KIE of 3.1. Experimentally the modelled reaction requires 24 h at 110 °C
[50]. An alternative mechanism based on initial C—H activation of ethyl acrylate
was also considered, and this process was found to have a higher barrier of
25.1 kcal/mol.
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Scheme 10 Rh-catalysed (a) Me Me
H ; . NH =N
alkenylation reactlops. (a) // N R R0} CRH
3-phenylpyrazole with . “/ -
H,C=CHR (R =Ph, ~ R
CO,Me) [51]; (b) N- R= CO,Me, Ph
methoxybenzamide with
dimethyl-2- ®) o o
v%nylcyclopropane— 1,1- N .OMe R N _OAc <
dicarboxylate [52] H o, | R {Rh} H
v N R
R= CO,/Pr
20

The related coupling of 5-methyl-3-phenylpyrazole with both methyl acrylate
and styrene at Rh(OAc),Cp* was modelled by Davies, Macgregor and co-workers
using a BP86-D3(DCE) protocol (Scheme 10a) [51]. Starting from alkene adducts
of their previously computed cyclometalated intermediate [41], a clear preference
for 2,1-insertion was computed for both alkenes, with barriers of ca. 20 kcal/mol for
methyl acrylate and ca. 23 kcal/mol for styrene. Insertion produces conforma-
tionally flexible rhodacycles from which p-H transfer to both the cis- and trans-
alkene products was characterised, with the formation of the trans-isomers being
both kinetically and thermodynamically favoured. Overall, for methyl acrylate,
similar barriers for insertion and the preceding C—H activation were computed,
whereas the higher insertion barrier for styrene makes this process rate limiting in
this case. Using MO6(CF;CH,OH) calculations, Huang, Wang and co-workers
showed that the reaction of dimethyl-2-vinylcyclopropane-1,1-dicarboxylate with
N-methoxybenzamide (Scheme 10b) proceeds via rate limiting 2,1-insertion with
an overall barrier of 26.1 kcal/mol. This is preceded by a reversible C—H activation
with a barrier of 21.4 kcal/mol [52]. Experimentally, a small kinetic isotope effect
value of 1.7 was obtained from a parallel experiment. In this case, subsequent §-H
elimination and ring opening of the pendant cyclopropane moiety give access to a
highly functionalised (E)-but-2-en-1-yl-dimethylmalonate moiety, 20.

The direct C—H amination of N-tert-butylbenzamide with organic azides
catalysed by Gp 9 M(OAc),Cp* species has been modelled by Chang, Musaev
and co-workers with MO6(DCE) calculations (Scheme 11) [53]. Experimentally,
[MCI,Cp*], precatalysts are employed along with an AgSbF¢ additive and the latter
is assumed to effect the necessary C—H activation (presumably via an electrophilic
activation mechanism, i.e. without any specific base assistance) to arrive at a [M
(BA)Cp]* intermediate (where BA is an O-bound, C-H activated N-tert-
butylbenzamide ligand). The reaction proceeds by coordination of PhN; followed
by loss of N, to form a M(V) nitrene that can then insert into the M—C bond.
Protodemetallation then proceeds via C—H activation of the benzamide substrate, in
which the amido-nitrogen acts as an internal base (i.e., an AMLA-4 step; see 21,
Scheme 11). This releases the amination product and regenerates the [M(BA)Cp]*
active species. When M =Rh, significant barriers are computed for N, loss
(30.9 kcal/mol) and the final C—H activation step (40.6 kcal/mol). The equivalent
barriers for Ir are 29.5 and 33.9 kcal/mol, respectively, with the reduced barriers to
C—H activation arising from enhanced charge density on the nitrene nitrogen in this
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Scheme 11 Group o o)
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case. Experimentally, the Ir system is more promising with the reaction of ArNj;
(Ar = 3,5-(CF5),CsH3) proceeding in 47% yield (90 min, 65 °C); in contrast, Rh
gives an 8% yield under these conditions. A significant ky/kp KIE is seen observed
for the Ir system and AH;Xp is 20.3 kcal/mol, in reasonable agreement with the
computed value of 17.9 kcal/mol. In contrast, the small value of AS,, (1.4
calmol ™! K™!) is at odds with the strongly associative mechanism implied compu-
tationally. For the Co(IIl) analogue, barriers of 31.7 kcal/mol (N, loss) and
51.9 kcal/mol (C-H activation) are computed and indeed the Co system is an
ineffective catalyst experimentally.

5 Conclusions

Over the period covered by this review, it is clear that computational chemistry has
become further embedded as a key tool for the study of C—H bond activation
mechanisms. The underlying basis of heteroatom-assisted C-H activation at
group 8 and 9 metal centres is now well understood with the combination of an
electron-deficient metal centre and a chelating base providing a powerful means to
cleave C—H bonds. Intermolecular C—H activation of hydrocarbons, in particular of
C(sp>)-H bonds, remains a challenge and computation is playing an important role
in designing promising catalysts for both the key C—H activation step and also the
subsequent functionalisation. For intramolecular C-H activation, the computation
of full catalytic cycles based on C—H activation and functionalisation is becoming
prevalent. Experimentally, such processes are now providing practical methods in
organic synthesis and computation is well placed to play an active role in furthering
efforts in this area. In doing so, the use of more realistic models that better reflect
the systems used experimentally will be important and this is made possible by the
availability of increased computational power. However, such models bring with
them the dual challenges of a correct treatment of weak interactions and an
assessment of conformational flexibility. Close interaction with experiment is still
vital in order to benchmark computational protocols against experimental data and
the most valuable studies in this chapter have been based on a close alignment of
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experiment and computation. Improved mechanistic insight therefore demands
input from experiment in the form of quantitative experimental data, while com-
putational chemists must be stringent in testing their methods against such data.
With this approach, the role of computation in integrating C—H activation into ever
more ambitious catalytic schemes has a vibrant future.
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Recent Developments in Pd-Catalyzed Direct
Arylations of Heteroarenes with Aryl Halides

Fabio Bellina

Abstract The direct arylation of heteroaromatic compounds with aryl halides
using palladium catalysts has significantly been developed as an effective method
for making (hetero)aryl-heteroaryl bonds, which are frequently found in bio-
logically active compounds and functional materials. However, issues regarding
costly reagents, regioselectivity, and harsh reaction conditions have to be solved to
really compete with the classical transition metal-mediated cross-coupling proce-
dures involving stoichiometric organometallic reagents. In this review, the most
relevant developments aimed at solving these issues are summarized.

Keywords Arylation - C—H bond activation - Heteroarenes - Palladium catalysts -
Regioselectivity
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Abbreviations

Ad 1-Adamanthyl

Bn Benzyl

Boc tert-Butoxycarbonyl
Cy Cyclohexyl

dppb 1,4-Bis(diphenylphosphino)butane
dppe 1,2-Bis(diphenylphosphino)ethane
DMA Dimethylacetamide

DMF Dimethylformamide

DMSO Dimethyl sulfoxide

NMP N-Methylpyrrolidone

SEM 2-(Trimethylsilyl)ethoxymethyl

1 Introduction

Arylheteroarenes represent important scaffolds in numerous biologically active
compounds [1] and optical and photochromic materials in polymer sciences [2,
3]. Due to their widespread applications, the development of straightforward
functional group-tolerant methods for their preparation has attracted organic chem-
ist for over 100 years [4]. Although a variety of routes for the construction of the
aryl-heteroaryl Csp’~Csp” bond exist, probably the most general and effective
methodology for the synthesis of (hetero)aryl-substituted heteroaromatics involves
the use of transition metal-catalyzed cross-coupling reactions between (hetero)aryl
halides and (hetero)aryl metal derivatives, including boronic acids, organozinc,
organotin, and organosilicon compounds, and Grignard reagents [4]. Although a
number of improvements have been developed, and several industrial applications
have been reported [5, 6], the preactivation of both the coupling partners involves
several manipulations prior to the cross coupling, generating waste from reagents,
solvents, and purifications. Furthermore, a stoichiometric amount of metal waste is
produced by the coupling process. In some cases, not all the regioisomers of the
required organometallic reagents are readily available or are too expensive to buy
or synthesize, and in the worst cases they are too instable to participate in the
coupling reaction. For all these reasons, there is urgency to continue the search for
more efficient, regio- and chemoselective methods for the preparation of
arylheteroarenes.

In recent years, the transition metal-catalyzed direct arylation of heteroaryl C—-H
bonds with aryl halides emerged as an attractive, eco-friendly, and economic
alternative to traditional cross-coupling methods [7-9]. These reactions simply
replace one of the preactivated coupling partners, the organometallic, with a simple
heteroarene, reducing the metal waste generated in the overall process. In parti-
cular, electron-rich heteroarenes, such as azoles, constitute the “natural” replace-
ments of heteroarylmetals in the catalytic cycles of these coupling reactions.
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An early report of this approach, which contains examples of palladium-
catalyzed direct arylation of isoxazole with iodobenzene, was published by
Nakamura, Tajima, and Sakai in 1982 [10]. Since then, this chemistry has grown
rapidly, in particular in the last decade, and a large variety of new, highly
regioselective, and synthetically useful direct inter- and intramolecular reactions
involving five- and six-membered heteroarenes have been developed.

In this chapter, it will be specifically examined some of the most relevant results
in this field. In particular, the use of cheap aryl chlorides and of heterogeneous
palladium catalysts will be discussed. Some significant protocols for lowering
reaction temperature and time, and for widening the scope by involving poorly
reactive or unreactive heteroaromatic C—H bonds, will be also summarized.

2 Direct Arylations of Heteroarenes with Aryl Chlorides

Significant progress has been made in the use of aryl chlorides as substrates in
palladium-mediated cross-coupling reactions, and many reactions with aryl chlorides
can now be performed under very mild conditions [11]. In contrast, aryl chlorides as
substrates in direct arylation reactions were rarely employed before 2005. In this
year, Fagnou and co-workers described in an initial report the use of N-heterocyclic
carbene (NHC) ligands for intramolecular direct arylation reactions with aryl
chlorides [12], but in subsequent studies, they found limitations when sterically
hindered substrates were employed [13]. The authors then reinvestigated the intra-
molecular reaction of a broad range of heteroarenes with aryl iodides, bromides,
and chlorides. As regards chlorides, after a screening of bases and ligands, they found
that in the presence of 5 mol% Pd(OAc),, 10 mol% PCy;-HBF,, 2.0 equiv. of K,CO;
in DMA at 130°C for 10 h 6H-isoindolo[2,1-a] indole was obtained in 78% isolate
yield starting from 1-(2-chlorobenzyl)-1H-indole (Scheme 1) [14].

In 2006 Leclerc and Fagnou reported the successful coupling of a molar excess
of diazines N-oxides with aryl chlorides (Scheme 2) [15].

In a competition study, the authors found that pyrazine N-oxide is approximately
twice as reactive as pyridazine N-oxide. Pyrazine N-oxides may be deoxygenated
with ammonium formate and Pd/C in methanol at room temperature, giving the
corresponding bases in excellent yields. However, this protocol resulted
uncompatible with pyridazine N-oxide, and high yields were obtained when cata-
lytic Pd/C in ammonium hydroxide under a hydrogen atmosphere was employed.

During their studies on direct arylations involving azoles, Doucet and
co-workers reported that aryl chlorides are able to react with 2-substituted thiazoles
in the presence of 1 mol% of the air-stable PdCl,(dppb)(CsHs) complex
(Scheme 3) [16].

Among the tested bases, AcONa and AcOK gave the best results, while alkali
carbonates or KF resulted ineffective. The authors tried also the use of hetero-
geneous Pd(OH),/C (Pearlman’s catalyst) or Pd/C, but with poor results. As regards



80 F. Bellina

K»CO5, DMA
130°C, 10 h
(78%)

©\/\> o Pd(OAC), \
N ) PdCy; HBF 4 N O

Scheme 1 Synthesis of 6H-isoindolo[2,1-a] indole by intramolecular direct arylation with an aryl
chloride

N Pd(OAC), (5 mol%) N
[@j + Al PrBugHBF, (15 moi%) [@/l
N/ K5CO3 (2 equiv.) N°Ar
o
&° o

Dioxane, 110°C

Pyrazine N-oxide g-16h Ar Yield (%)
(2 equiv)
1-naphthyl 60
4-tolyl 75
4-MeOOCCgHs 82
Pd(OACc), (5 mol%) BN
N Pt-BugHBF, (15 mol%) o
| m% >7CH 34 N.©2
N([\j@j + 8 K,CO4 (2 equiv.) N@
e} Dioxane, 110°C, 16h o
0o CH3
(73%)
Pyridazine N-oxide
(2 equiv)

Scheme 2 Synthesis of 2-aryl-substituted diazine N-oxides

PdCl,(dppb) (1 mol% N
[’;\ + ACI 2(dppb) ( o) . /[»\R
s’ R AcOK or AcONa (4 equiv.) s
DMA, 150°C, 15 h (9 examples)
(11-79%)

Ar: 4-OHCCgH 4, 4-MeOOCCgH 4, 4-F4CCeHy, 4-NCCgH,, 4-O,NCeH,, 3-NCCeH,,
2-OHCCgH,, 2-F5CCgHy4, 2-NCCeH,

Scheme 3 Direct C5 arylation of 2-substituted thiazoles with aryl chlorides

the precatalyst, “PdC1” resulted better than Pd(OAc),, and dppb was superior as
ligand in respect to dppe, dppf, and the common monodentate ligand PPh;.

Due to the rapid attainment of high temperatures generally required for direct
arylations, microwave irradiation represents an ideal strategy to shorten reaction
time and, as a consequence, to increase chemical yields [17]. A microwave-assisted
palladium-catalyzed direct arylation of 1,4-disubstituted 1,2,3-triazoles with aryl
chlorides was developed by Oshima and co-workers. In details, the treatment of
1,4-disubstituted 1,2,3-triazoles with aryl chlorides in the presence of 1.2 equiv. of
K,CO3, 5 mol% Pd(OAc),, 10 mol% CysP, in a mixture of toluene and DMF at
250°C for 15 min in a microwave reactor led to 5-arylated triazoles in good to high
yields (Scheme 4) [18].

Ester and hydroxy groups were found to be compatible, among a variety of
functional groups. It should be noted, however, that despite the high temperatures
easily attained in a microwave apparatus, this approach was not generally applied to
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Pd(OAc), (5 mol%)

-Bn _n -Bn
N-N PCy3 (10 mol%) N-N
N + ArCl — IS 7 N
7% (1.2 equiv) Toluene-DMF (5:1) S A
R microwaves R
(250°C) 15' (11 examples)
(77-99%)
R =Ph, n-CgHy3

Ar = 2-MeCgH,, 4-EtOOCCgH; 4-MeOCCgH 4 4-AcOCH,CeHy
CeHs, 2-(CgH5)CgHy, 2,6-(Me),CeH3, HOCH,CgH,,

Scheme 4 Microwave-assisted synthesis of 5-arylated 1,2,4-triazoles from aryl chlorides

R
N Pd(OAc), (4 mol%) R'
N + ArCl PCys; (8 mol%) NN
N Y '{ll / Ar
R (1.5 equiv.) K>CO3 (2 equiv.)
105-120°C, 18-24 h R
(29 examples)
(43-95%)

R =Ph, 4-MeOCgH,, n-CgH4¢, n-Bu, CH,OTMS

R' =Bn, PMP-Oct, Ph, 3-MeCgH,, 2-MeCgH,, 2-MeOCgH,

Ar = 4-MeCgH,, 2-MeOCgH,, 4-EtOOCCgH,4, 4-Me(O)CCgH4, 4-NCCgHy, 3-Py, 2-Py
3-MeOOCCgH,, 3-MeOC¢Hy,, 4-t-Bu(O)CCgH4, 3,5-(OMe),CgHs

Scheme 5 Synthesis of fully substituted 1,2,3-triazoles through direct arylation under conven-
tional heating

direct arylations of heteroarenes, probably due to scale-up issues and to the elevated
costs of microwave reactors, and traditional oil baths are still widely used. As an
example of this last statement, one year later, a new generally applicable,
palladium-catalyzed direct arylation of 1,2,3-triazoles with aryl chlorides was
accomplished through conventional heating at 105-120°C (Scheme 5) [19]. Both
N-aryl- and N-alkyl-substituted 1,4-disubstituted 1,2,3-triazoles were converted to
the fully substituted heteroarenes. The catalyst system displayed an elevated toler-
ance toward important functional groups such as ester and carbonyl groups.

In 2007, Chiong and Daugulis developed what may be considered the first
general method for the direct arylation of heteroarenes with aryl chlorides
[20]. This procedure made use of a combination of Pd(OAc), and BuAd,P as
palladium ligand, K5;PO, as the base, in NMP (Scheme 6).

Both electron-rich and electron-poor aryl chlorides can be used but, as expected,
electron-poor chlorides are more reactive due to the easier oxidative addition with
Pd(0) active catalyst. Some steric hindrance is tolerated in both the coupling
partners. As regards the mechanism, the authors suggested that a classical electro-
philic aromatic substitution could be the most plausible mechanistic pathway for
this specific reaction.

The use of a particular ferrocenyl triphosphine in the direct arylation of
heteroarenes with aryl chlorides that allowed low palladium loadings was described
by Doucet and co-workers [21]. The couplings were carried out in DMA at 150°C
for 16 h, employing 2.0 equiv. of AcOK as the base (Scheme 7). Notably, the
authors found that carrying out the reactions under Jeffery’s conditions, i.e., in the
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Pd(OAc), (5 mol%)
HetAr + ArCl - » HetAr-Ar
(1.5 equiv.) BUAd,P (10 mol%) (52-84%)
K3POy4 (2 equiv.)
NMP, 125°C, 24 h

HetAr: ts/); @LS}; [z,)—sr; ©/\o) ; ©:z’

s Bu Me
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[ ,> ‘N @ denotes the position of the arylation
N N N_z
caffeine
¢ Cl N
ArCl: PhCl N
% ¥
NHAc
Cl Cl
Cl \©/COOE1 N : \@\C
F MeO OMe
cl Cl
\©\ . OMe
Me

Scheme 6 General method for the Pd-catalyzed direct arylation of heteroarenes with aryl
chlorides

Pd(OAc), (0.5 mol%)
HetAr + ArCl ————————>  HetAr—> Ar
A (0.5 mol%)
(36 examples)
(15-92%)

&0 o s s s
HetAr: Mn_Bu ; %Me ;Un.su JMMe ;UCN
OOMe

@ denotes the position of the

/ s arylation
S 0 N [
. )
Woj ; UCHOv NW
ArCl: ¢ R=4.CN; 3-CN; 2-CN; 4-NOy; 4-CH3CH,C(O)-; 2-CHO; 4-CF5; 4COOMe
‘ X
N
R

Scheme 7 Low-palladium-loading procedure for the direct arylation of azoles with aryl chlorides
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L Ar
g Ar
[o> + Arcl__Pd(OAC), (5 mol%) 0-Pd o - . \[O/> n-BuPAd,
N/ CataCXium (10 mol) | R—( ﬁ‘ D) N CataCXium
K,COj (3.0 equiv.) O-H N

, 56-79%
(2 equiv.) PIVOH (0.4 equiv.) (56-79%)

110 °C, 16h via CMD

Ar: Ph, 4-MeOCeH,, 2-MeCqHy, 2-PY, m
N

[0> + Arcl _Pd(OAc), (5 mol%)
/
N

o o
—_———» —_— Al
RuPhos (10 mol%) [ K — [ [Nf> r
K»COg (3.0 equiv.) N

. OK

2 equiv. (69-77%) N O .

(2 equiv) PivOH (0.4 equiv.) (mono-bis ratio > 96%) |7 Ok-Pr
110 °C, 16h via deprotonation O POya

RuPhos

Ar: F3COCgH,, F3CCeHar CaHls

Scheme 8 Regioselective C5 or C2 arylation of oxazoles with aryl chlorides

presence of the ammonium salt nBuyNBr, resulted beneficial for the coupling and
that ligand-free conditions were ineffective.

Electron-rich, electron-poor, and polysubstituted furans, thiophenes, pyrroles,
and thiazoles were arylated by using catalyst loadings of 0.5 mol%. This protocol
tolerates important and useful functionalities such as formyl, nitro, cyano, keto, and
ester groups, in ortho, meta, and para positions.

In 2010 chemists at Merck developed general conditions for the highly
regioselective direct C2 or C5 arylation of oxazoles with aryl chlorides [22]. This
method represented the first general method for the C5 arylation of oxazole, which
is the relevant structural core in many natural products and pharmaceuticals. The
regioselectivity toward C5 or C2 arylation was obtained through a careful selection
of palladium ligands and solvents. Two sets of experimental conditions allowed the
reaction to follow preferentially two competitive distinct pathways: a CMD transi-
tion state which led to C5 arylation and a deprotonative ring-opening ring-closure
sequence that gave the C2-arylated oxazoles (Scheme 8).

2-Methylthiophene, 2-(4-methoxyphenyl)thiophene, 3-n-hexylthiophene, and
benzothiophene were successfully reacted with typical electron-rich and electron-
poor aryl chlorides using LiO7Bu as the base (Scheme 9) [23]. The combination of a
strong base with the basic PrBuj ligand allowed the coupling to proceed smoothly,
giving rise to the required arylated heteroarenes in 58-92% isolated yields.

The electron-rich NHC-Pd(II) complex B was found to be an efficient
precatalyst for the regioselective C5 direct arylation of imidazoles with aryl chlo-
rides (Scheme 10) [24].

The authors found that microwave irradiation effectively promoted the coupling,
obtaining good yields in only 2 h. When 1-methyl-1H-imidazole was used as the
coupling partner, low amounts (less than 10%) of the corresponding 2-aryl or
2,5-diaryl-substituted imidazoles were also isolated. The authors, taking into
account the higher reactivity of the more nucleophilic 1,2-dimethylimidazole in



84 F. Bellina

Pd(Pt-Bug), (2 mol%)
LiOt-Bu (3 equiv.)

o (6 examples)
DMF, 100 °C, 15h (58-92%)

HetAr-H + ArCl HetAr-Ar

@ denotes the position of the arylation

s s s
HetAr-H: ©/\} ; UMe : Q—@Me

n-hex
Ar = 4-MeCgH,; 4-MeOCgH ; 4-CF3CgHy4; 4-MeCgHy; 4-MeCgHy

Scheme 9 Direct arylation of thiophene derivatives with LiOrBu

N N
B (2.5 mol%)
SR + ArCl ——\e2Moth) SR
[N>_ KOAc (2 equiv.) /[N>_
Ve DMA, 140°C,18n A
or MW, 2h (50-78% Thermal)
R=H, Me (46-81% MW)
(1.5 equiv.) (5 examples)

ArCl = 4-MeCOCgH,, 4-NCCgH,, 4-OHCCgH, CgHs, MeOCgH,

Scheme 10 NHC-Pd(II) promoted direct C5 arylation of imidazoles with aryl chlorides

comparison with 1-methylimidazole, suggested that the probable rate-determining
C-H cleavage should occur via an electrophilic aromatic substitution pathway.

In 2011 Daugulis and co-workers found that N-substituted indoles, N-
methylpyrroles, and furans were able to react with a variety of aryl chlorides
employing Pd(OAc), and 2-(dicyclohexylphosphino)biphenyl as ligand [25].
Arylated heteroaromatics were obtained in moderate to good yields, but the authors
noticed that a careful optimization of base, ligand, and solvent was required for
each heteroaromatic in order to achieve the best results. As regards indoles, both
activated and deactivated aryl chlorides were reactive when used in an elevated
molar excess (5.0 equiv.) (Scheme 11), and a variety of 2- or 3-substituted N-
methylindoles were efficiently arylated at their 3 or 2 free position.

However, the authors evidenced the fact that unprotected indoles afforded
mostly N-arylated analogues under the developed reaction conditions. Moreover,
silicon-containing protective groups were removed, and indoles bearing electron-
withdrawing groups on nitrogen were decomposed or gave low yields.

When N-methylpyrroles were reacted with aryl chlorides, it was found that a
severe molar excess of azole (5.0 equiv.) was required to avoid diarylation, but
electron-poor and electron-rich chlorides were found to be equally reactive. The
optimized conditions for N-methylpyrroles required K3PO, as the base and NMP as
the solvent (Scheme 12).

Several equivalents of furan were necessary to avoid diarylation, while for
monosubstituted furans an excess of aryl chloride was required (Scheme 13).

In an effort to prepare new organic fluorophores containing the indolizine core, in
2012 Yuo, Lau, and co-workers developed a straightforward method for the direct
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Pd(OAC)» (5 mol%) .

N-Substitut le-A

s oquy  CYZP-0-biphenyl (10 moi%) Substituted indole-Ar
(5 equiv) Na,CO3 (2 equiv) (17 examples)

(56-92%)
DMA, 125 °C, 24h

N-substituted indole + Ar-Cl

N-substituted indoles:

B pBu Me Me Me
N N N N ‘
Me Me R

R= Me, n-Bu, Ph R= Ph, Cy, Me R=H, OMe, F

@ denotes the position of the arylation

o]
I
ArCl: Cl OMe cl ¢ -
;. PhCI ; ; ; ol
Me N
Me Me Me Me

COOEt
monochlorlnatlon

Scheme 11 Direct arylation of N-substituted indoles with aryl chlorides
Pd(OAc), (5 mol%) Product

Cy,P-0-biphenyl (10 mol%) (13 examples)
K3POy4, NMP, 125 °C, 24h (42-78%)

Pyrrole + ArCl
(5.0 equiv)

Pyrrole:

R Me
N RN )
U U @ denotes the position of the arylation

R= Me, Ph R= COOEt, Ph

Cl
Cl
oSS
ArCl: ’ ’ cl cl ’ N/
R

R

R
R=OMe R= OMe, COOMe,
Ph, COPh,
CF3, H, Me

Scheme 12 Direct arylation of N-methylpyrroles with aryl chlorides

arylation not only of a variety of substituted indolizines but also amenable to the
arylation of several electron-rich as well as electron-deficient heteroarenes. In fact,
xanthines such as caffeine, theophylline and theobromine, purines, imidazoles,
thiazoles, oxazoles, 1,2,3-triazoles, and N-heteroarene N-oxides were efficiently
arylated using p-chlorotoluene as a model electrophilic partner (Scheme 14) [26].
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Pd(OAC), (5 mol%)

furan + Ar—ClI product
5 equiv Cy3P-o-biphenyl
(5 equiv) K4PO,, NMP (11 examples)
100 °C, 24h (50-92%)
Furan:
o
UR R= H, COOEt, Me
al cl cl
N\ Cl
Ar-CI: ; ; sl
—
R MeO OMe
R

R= OMe, Cl, PhCO; COOEt, Ph; CF3 R= OMe, CI,

Scheme 13 Direct arylation of furans

Once again, the key of the success of this arylation procedure is represented by a
careful optimization of the reaction system, including base, palladium ligand, and
solvent.

In the same year, Gosh and Lee observed that all the previously published
methods involving aryl chlorides suffered from low yields when hindered chlorides
were used. Hence, they developed an interesting protocol for the direct arylation of
heteroarenes with sterically hindered aryl chlorides where the Pd(Il) complex
B bearing a functionalized NHC and a PCy; had a key role [27]. In the presence
of 2.0 mol% B, 30 mol% PivOH, 1.5 equiv. K,CO; in DMA for 12 h at 110°C,
2-substituted furans, thiophenes, and N-methylpyrroles were successfully coupled
with a variety of aryl chlorides, including several sterically encumbered ones
(Scheme 15).

Interestingly, free aliphatic hydroxy, formyl, and keto functional groups were
well tolerated by these catalytic systems. Under this protocol, a twofold C—H bond
arylation was also successfully accomplished (Scheme 16).

Through competitive and kinetic isotopic experiments, the authors concluded
that a concerted metalation-deprotonation (CMD) pathway rather than an electro-
philic aromatic substitution or radical processes should be involved in the rate-
determining C—H cleavage step.

Finally, in 2014, Sheo and co-workers were able to achieve a clean direct
arylation of oxazoles and benzoxazoles with aryl chlorides using a well-defined
palladium(II) complex C bearing an NHC and an unusual N-methylimidazole as
ancillary ligand [28]. This procedure allowed the preparation of the corresponding
2-arylated (benzo)oxazoles in modest to good yields (Scheme 17).

The optimal reaction conditions were selected through the usual careful screen-
ing of bases and solvents, using benzoxazole and chlorobenzene as model coupling
partners. It is intriguing to observe the fact that the precatalyst bears an imidazole as
ligand, which at least in principle may be reactive under the proposed reaction
conditions at one of its C—H bonds. It may then be argued, from the reported results,
that coordination of azoles to palladium may significantly influence the outcome of
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al R Pd(OAc)5 (5 mol%)
A PCy3 HBF,4 (10 mol%)

C82C03 (3 equiv.)
COOMe 130 °C, 24h COOMe
(2 equiv)
(17 examples)
(55-95%)
R=H, 2-Me, 3-Me, 4-Me, 3-MeO, 4-MeO, 4-NHPiv, 2-Pyridyl, 3-F, 4-F
4-CFj3, 4-CN, 3-NO,, 4-NO,, 4-CHO

Cl Pd(OAC), (5 mol%) Me
PCys *HBF 4 (10 mol%)
HetAr-H + R i
Cs,CO3 (3 equiv)
Me 130 °C, 24h HetAr
(26 examples)
2959
HetAr-H: (51-95%)
= ~
) \
COOMe MeOOC MeOOC

MeOOC COOMe Me0OC MeOOC COOMe MeOOC MeOOC nBuOOC

T O Bn o O nBu SN SN
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LR YT N Te v rr
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I I | | \ | nBu
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®,
Cry O Ty X2 1w
g Che G T x mh
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SONNOEOENG
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@ denotes the position of the arylation

Scheme 14 Direct arylation of indolizines and other heteroarenes with aryl chlorides

direct arylations. The beneficial effect of using an excess of azoles may hence be
related not only to an enhancement of the selectivity toward monoarylated products
(as it is generally stated) but also to the formation of more active catalysts. On the
other hand, the coordination of azoles to palladium catalysts may also lead to a
deleterious effect, as it may be hypothesized in the case of direct arylations
involving free-NH imidazole, which is extraordinary unreactive with aryl halide
in the presence of palladium catalysts and bases (while it may be arylated at C2
under ligandless and base-free conditions using a mixed Pd-Cu co-catalysis [29]).
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HetArr-H + Arcl _ B@mol%) _ oiarar
(1.2 equiv) PivOH (30 mol%)
l K,CO5 (1.5 equiv.) (40 examples)
(41-92%)

DMA, 110 °C, 12h

R_o R_s s
HetAr-H: T\/) , T\/) ©1/)

R= COCHg, n-Bu, CHz0H R=Me, CHO

Cl Cl cl
O N §
Ar-Cl » | \
R N N Cl N
R
R= CFg CN, NO, R= CN, Me

COMe, COOMe, OMe,

H, CHO, Me cl cl cl
OMe
Hindered: : )

Scheme 15 Direct arylation of heteroarenes with sterically demanding aryl chlorides

cl A B (5 mol%) z
/@ . PivOH (30 mol%) / P
R 7 cl KoCOj3 (1.5 equiv) 74 )
DMA, 130 °C, 12h z

R =COMe, Z=0 (63%)
R=Me, Z=S (67%)

Scheme 16 Double direct arylation with aryl chlorides

o N N N
R NHC-Pd (C) (5 mol%) I
Do >—H + Al — . Ll A
R%’IO>_ LiOt-Bu (5.0 equiv) R% . o>_
toluene, 130 °C, 18h

(2.0 equiv) (42 examples)
(53-97%)

N N
S . R
(Benzo)oxazoles: R 0 ’ (6]

R =H, 4-F, 4-Me, 4-MeO

R =H, 5-Me, 5-t-Bu, 5-F R

Cl cl
N cl Cl
ArCl: @ ; U ; @; @m ;{/ \E
N = s
R N

R : 4-Me, 3-Me, 2-Me,
2-CN, 4-CN, 2-MeO

Scheme 17 Direct arylation of heteroarenes promoted by a mixed NHC-N-methylimidazole Pd

(II) complex
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3 Blocking/Activating Removable Functional Groups

3.1 Functional Group on Nitrogen

While N-substituted azoles are generally reactive in direct arylations, the use of N-
unprotected derivatives has been found to be difficult when not impossible, prob-
ably due to palladium poisoning. Till today, for example, as stated in the previous
chapter, free NH-imidazole is unable to react with aryl halides in the presence of a
palladium catalyst alone. Hence, various protective groups have been used to allow
the recovery, after deprotection, of arylated azoles bearing free nitrogen-hydrogen
bonds. The role of these groups, as it will be discussed in the next paragraphs,
frequently is not limited to a simple protection of N-H bonds of heteroarenes, but
they may have a significant effect on the reactivity of the heteroarene and on the
regioselectivity of the coupling.

The use of deprotonated azoles in direct arylations may represent the simplest
“protection” of the NH moiety of azoles. The first use of an azole anion in direct
arylation was described by Sadighi and co-workers in 2004 [30]. They reported that
using a palladium precatalyst and sterically demanding phosphinobiphenyl ligands,
pyrrolylzinc chlorides may be successfully coupled with a wide range of aryl
bromides and chlorides, including highly sterically encumbered ones. The
pyrrolylzinc anions were generated in situ from pyrrolylsodium (from pyrrole and
NaH) and zinc dichloride (Scheme 18).

A combination of Pd(OAc),/JohnPhos and 1.6 equiv. of anion was generally
used, while in cases of more sterically demanding substrates, the use of Pd,(dba); in
combination with Cyclohexyl JohnPhos resulted more effective.

R! PR3 8 1
1) Pd cat (0.5 — 2.0 mol%), @Ph (0.5-2.0 mol%) R
/e\ + ZnCl, + Ar-X THF, 60 —100 °C ﬂ;\
N'@ - N r
Na 2) work-up N
(12 examples)

e (48-90%)

M Me
Pyrroles: @ ; @ ; Q\Me @ denotes the position of the arylation
H H H

Br Br B Cl Cl
R R o Br OMe
Ar-X: ; ; | ; ; ;
N/
FiC F
R NH. ¢ : R

R = Me, i-Pr R = Me, n-Bu

@P(f—Bu)z PCy,
Ph Ph

JohnPhos Cyclohexyl JohnPhos

Scheme 18 Direct arylation of pyrrolylzinc chlorides with aryl halides
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Pyridine N-oxide

R Br Pd(OAC), (5 mol%) R
| N, t-BuP-HBF , (6 mol%) ‘ = R2
CP K5COj3 (2.0 equiv) &
R N . R N
10 R2 toluene, 110 °C KC)
o) ) (6]
overnight
(18 examples)
(68-90%)
R
x N NC N N Me
| @ H @ ) @ ; ®
No No R Ny Me No
() (0] O (0]
R = COOMe, Me, OMe R =Me, p-Tol, CN
Ph, NO, @ denotes the position of the arylation
Quinoline N-oxide
1 R1
R Br
R Pd(OAc), (5 mol%) R
| X . +-BugP-HBF , (5 mol%) | A R2
o KoCOg (2.0 equiv) N
XS R2 toluene, 110 °C, 16h o° O
R=R!=H R2 = H, 4-t-Bu, 4-OMe, 4-COOEt, (15 examples)
R=0Me,R'=H 2-Me, 2-Cl, 3-OMe, 3,5-diMe,, 4-Me (55-94%)

R =COOMe, R' =H

Isoquinoline N-oxide: selectivity

Pd(OAc), (5 mol%)

» Ligand (10 mol%) X + S
| ®\ PO T 00, (2.0 equiv) | o l o,
N/ toluene, 110 °C, 16h p-Tol N@ N@ p-Tol
é@ (6] (6]
Ligand C1-H: C3-H C1-H C3-H
t-BugP-HBF, 1.7:1
PCysHBF, 75:1
PMe(t-Bu)»HBF,4 12.8:1

Scheme 19 Direct arylation of azine N-oxides with aryl halides

Fagnou and co-workers disclosed, in a series of papers dated back to 2005, the

synthetic potential of azine and azole N-oxides in ortho direct arylations [31—
33]. The results of these studies showed that for azine N-oxides, the regioisomeric
distribution is governed by the nature of the azine and may be influenced by the
choice of the palladium ligand (Scheme 19).

For what concerns azole N-oxides, preferential reaction occurred at C2 under

very mild reaction conditions. Subsequent arylation involved C5-H, followed by
C4-H. As an example of the importance of the optimized protocols for the sequen-
tial C2 — C5 — C4 arylations for thiazole N-oxides and C2 — C4 for imidazole N-
oxides, the synthesis of a Tie2 tyrosine kinase inhibitor was successfully achieved
(Scheme 20) [32].
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~ Me
Pd(OAc), (10 mol%) N®
o N
S-Phos (20 mol%) | . SOMe
OO K,CO3 (2.0 equiv) OO \
Me ° Me
MeO SOMe ~ MeCN,70°C,15h /.

(90%)

©)
s OMe
4-bromopyridine-HCI N\®
Pd(0AC), (5 mol%), PPhg (15 mol%) ’ N SOMe Fe, AcOH, 50 °C
K5COj3 (3.0 equiv), toluene, 110 °C, 15 h OO \ (63%)
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[ N
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I
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Scheme 20 Synthesis of Tie2 tyrosine kinase inhibitor by sequential direct arylations of 1,3-azole
N-oxides with aryl halides

Pd(OAC), (5 mol%)

m + A, _DavePhos (15 moi%) z AR
SNTTN PivOH (30 mol%) A SN N
o° Me Cs,CO;3 (2.0 equiv) o° Me
toluene, 110 °C, 16h (7 examples)
(46-87%)
Ar-Br: Br

Br

g

N\
N7 TN
Me
R
R = 4-Me, 4-MeO, 4-COOMe, 4-CF3 4-F, 2-Me

Scheme 21 Direct arylation of 6- and 7-azaindole N-oxides

Note that at the end of the synthetic sequence, the N-oxide function was easily
removed by reduction with Fe in AcOH.

The regioselective direct arylation of 6- and 7-azaindole cores could be achieved
using N-oxide activation strategy, which led to the functionalization of C—H bonds
usually unreactive on the parent heteroarenes (Scheme 21) [33].

The synthetic importance of hetarene N-oxides, disclosed by Fagnou’s group,
has received increasing attention due to the possibility of activating C—H bonds
usually unreactive and to the different methods available for the subsequent deoxy-
genation of the arylated N-oxides. Their reactivity has been widely explored, and at
present not only the arylation is feasible on a wide range of azine and azole N-
oxides, but also alkenylation, alkylation, acyloxylation, amination, and sulfony-
lation involving these interesting synthetic intermediates may be easily carried
out [34].
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H (unreactive) H (reactive) A
Ar 3 Ar 5 Ar 5
N SEM-switch = Ar'—Br, Pd cat =
| °N —otEM-switeh N-SEM —— > N-SEM
ar” N SEM-CI (10 mol%) =N <N
P Ar Ar
SEM MeCN, reflux

SEM: —CH,—O—CH,CH,SiMe,

(unreactive) (reactive)
Ha N Hs N Afl 5 N
j/ SEM-switch jé Ar'-Br, Pd cat jé
[ __ SEM-switch Arl-Br, Pd cat,
N ~N>_Ar SEM-CI (10 mol%) N \N/>_A' N \N’>_Ar
‘SEM MeCN, reflux SEM SEM
(unreactive) (reactive) SEM SEM
Ha N ) Hs N Al s N
D) SEM-switch 7y Ar'—Br, Pd cat T
N SEM-CI (10 mol%) N N
Ar \ MeCN Ar Ar
SEM eCN, reflux

Scheme 22 Direct arylation of N-SEM-protected azoles through switch of the protective group

In a series of papers, Sames and co-workers described effective protocols for
performing multiple arylations of pyrazoles [35], imidazoles [36], and 1,2,4-
triazoles [37]. The key feature of these methods is the use of the transposition of
the SEM protective group of nitrogen atoms of these azoles, allowing the functional-
ization of the otherwise unreactive C3—H bond of pyrazoles and 1,2,4-triazoles and
of C4—H bond of imidazoles (Scheme 22).

3.2 Functional Group on Carbon

In contrast with direct arylations involving arenes, the presence of heteroatoms in
heteroarenes often introduces significant differences in the reactivity of the various
C—H bonds, allowing at least in principle the attainment of good regioselectivities.
However, classical direct arylation protocols carried out on simple heteroarenes
generally involve only one of the different C—H bonds present on the hetero-
aromatic core. Depending on the active mechanistic pathway, usually only the
most nucleophilic carbon atom or the most acidic C—H bond is involved in the
coupling with aryl halides, while the other positions remain unreactive. Hence,
when these last positions have to be arylated due to synthetic needs, a common
strategy to overcome this regioselectivity issue is represented by the employment of
specific functional groups that are able to block the most reactive position, allowing
the arylation to involve otherwise unreactive C—H bonds. Silylated and carboxy-
alkyl functionalities, or a chlorine atom, are among the most common activating/
blocking groups due to their stability under the arylation reaction conditions and to
the methods available for their removal.
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Pd(OAC), (4 mol%)

R
-\ dppb (4 mol%)
MeSi /O\Me + v

S AcOK (2.0 equiv)

]\
DMA, 12h MesSi— g7 "Me

R =CHO, T=120 °C, 28% yield
R =CN, T=130 °C, 31% yield

Scheme 23 Direct arylation of a 2-TMS-protected thiophene

COOEt
COOEt N

N ) Hermann's palladacycle (5 mol%) |
TIPs—( ]/ + H j Cs,C03 (2.0 equiv) N o
o TIPS— |
o

toluene, 110 °C, 16h

(81%) COOEt

(83%) Cs,CO3 (2.0 equiv)

R = TIPS (57%)
toluene, 115 °C, 64h TBAF (1.5 equiv)
THF, rt, 5 min
R=H (85%)

COOEt  mips— T (1.0 equiv)
TBAF (1.5 equiv) N /\g o
THF, rt, 5 min N ‘ o Hermann's palladacycle (5 mol%) o\)—<
W ]

Scheme 24 Direct arylation involving a C2 TIPS-protected oxazole toward the synthesis of the
trisoxazole core of ulapualide A

As the desilylation of heteroaromatics is relatively easy, the presence of silyl
substituents might be useful to block reactive positions, enabling, at the same time,
the functionalization of unreactive C—H bonds. This approach was demonstrated by
the arylation of 2-(trimethylsilyl)-5-methylthiophene at its C4 position
(Scheme 23) [38].

Searching for direct arylation routes to bioactive polyazoles, Greaney and
co-workers synthesized C2 TIPS-protected 4-iodooxazole, which was then
employed in a short synthesis of the trisoxazole core of the antifungal ulapualide
A (Scheme 24) [39].

Alternatively to the two-step sequential direct arylation-desilylation depicted in
Scheme 24, the deprotection of the bisoxazole may be performed directly on the
crude reaction mixture obtained by direct C2 arylation of 4-carboxyethyloxazole,
by diluting it with THF and reacting with TBAF (1.0 equiv.) for 5 min at room
temperature. In this case, the combined yield over the two steps was 71%.

Chloride atom may be used to improve and/or to induce regioselectivity and may
be easily removed at the end of the synthetic sequence. For example, while the
direct arylation of 3-hexylthiophene with 4-bromonitrobenzene gave two regio-
isomeric derivatives in a 1.3:1 molar ratio, blocking one of the two a-position on
thiophene allowed a clean arylation at the remaining free C-H bond
(Scheme 25) [40].
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Scheme 25 Regioselective arylation of chloro-substituted thiophenes
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Ly O RS & S
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Me Me [Z=0,S8]
(on 1-methylindole, C3/C2 mixture) (typical C5 regioselectivity) (unusual C4-H reactivity)

@ denotes the position of the arylation

Fig. 1 Regioselectivity of direct arylations involving chlorine-substituted azoles

The deprotective reduction was easily carried out with 10 mol% Pd/C, H,
(1 atm), Et3N (1.2 equiv.) in MeOH at room temperature for 5 h, giving rise to
the required dehalogenated products in yields higher than 85%.

In a similar way, other chlorinated azoles were efficiently arylated also at
positions generally not reactive when the same reaction conditions were applied
to the direct arylation of chlorine-free analogues (Fig. 1) [40].

A carbomethoxy group, which could be easily removed by base-promoted
decarboxylation, was used by Doucet and co-workers to block position 2 on
3-aminothiophene, allowing for the first time the direct arylation of a heteroarene
bearing a free NH, group (Scheme 26) [41].

Employing KOH along with KOAc, only the 2-arylated derivatives were
observed through decarboxylation-arylation. The authors argued that in these
cases the amino group may play a role in coordinating palladium species and
directing the electrophilic palladation at C2. For example, the reaction of
3-amino-2-carboxymethyl-4-methylthiophene with 4-bromotoluene gave the
corresponding 2-arylated thiophene in 64% isolated yield (Eq. 1).
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Me NH, Me NH,
PdCI(C3H5)dppb (2 mol%)
/A + Ar-Br : \
g~ ~COOMe AcOK (2.0 equiv) Ar g~ ~COOMe
_ DMA, 120 °C, 20h
(2.0 equiv) (14 examples)
(58-90%)
Ar-Br: Br Br mBr
@ : N/ Br
R = 4-CHO 4-E{CO, 4-CN, 4-NO, B N
4-F, 4-Me, 4-MeO, 3-CFy | ' NP
2-COOMe, 2-CN N H

Scheme 26 Regioselective C5 arylation of 3-amino-2-carbomethoxythiophene

KOH (1.5 equiv) S Me

DMA, 120 °C, 20h
(64%)

Me  NH, Me  NH,
Z—S\ PdCI(CsHs)dppb (2 mol%) =
COOMe AcOK (2.0 equiv) (1)

(2. 0 equiv)

4 Heterogeneous Palladium Catalyst Systems

With the aim to develop more sustainable direct C-H arylations, the use of
heterogeneous catalysts is particularly attractive, although the inertness of the C—
H bond has rendered this promising implementation rather difficult [42]. However,
the use of heterogeneous catalysts gives a number of advantages: (1) easy catalyst
recovery, (2) metal recycling or reprocessing, and (3) reduced metal contamination
of solvents and products. Some significant examples of the use of heterogeneous
palladium systems are summarized below.

A simple heterogeneously palladium-catalyzed procedure for the selective C3
arylation of indoles was reported by Cusati and Djakovitch in 2008 [43]. Using only
1 mol% of [Pd(NH;),]**/NaY as catalyst and K,CO; as the base, in dioxane at
reflux, indoles substituted or not at their position 2 gave up to 92% conversion and
up to 85% isolated yields of the expected 3-arylated indoles. Notably, no conver-
sion was observed for 2-methyl and 2-phenyl indoles when 4-bromotoluene and
4-bromoanisole were used as coupling partners (Scheme 27).

The authors supposed the coexistence of two concurrent mechanisms: an electro-
philic substitution (ES) vs. an SyAr mechanism. The ES mechanism, which occurs
through the coordination of an Ar-Pd-X complex to indole nucleus, is sensible to
steric hindrance at position 2. The second mechanism should occur when activated
(i.e., electron-poor) aryl bromides are employed, and mainly with 2-methylindole,
which has been demonstrated to be more reactive than indole or 2-phenylindole in
such a mechanism. The catalyst was obtained by ion exchange of a NaY zeolite
using an aqueous solution of [Pd(NH3)4]2+/2C1_.



96 F. Bellina

R?

Br O
2
. [PA(NHo),J2*/NaY N\
K,COj3 (3.0 equiv) N

Iz /i
sy)

R dioxane, reflux. 24—-48h H
R =H, Me, Ph (6 examples)
RY =H, OMe, CI, NO, (40-85% isolated yield)

Scheme 27 Direct C3 arylation of indoles promoted by heterogeneous [Pd(NH3)4]2+/NaY

X
N, PA/MIL-101(Cr) (0.1 mol%) N\ ar
N CsOAc (2.0 equiv) N
Me R DMF, 120 °C, under air Me
1.2 equiv for X =1
< 2.0 equiv for X = Br, CI> (11 examples)

R =H; X = Cl (21%), Br (31%), | (85%) X = I;R = 4-CN (88%), 3-CN (83%), 4-CF (88%)
4-COOEt (86%), 4-Me (84%), 4-OMe (74%)
3-OMe (71%), 2-OMe (49%)

Scheme 28 Direct C2 arylation of indoles promoted by heterogeneous Pd NPs

An efficient heterogeneous catalyst system for the C2 direct arylation of indoles
is represented by palladium nanoparticles (Pd NPs) encapsulated in the mesoporous
MOF MIL-101(Cr) [44]. The direct arylation required only 0.1 mol% Pd, affording
the required C2-arylated indoles in good yields (Scheme 28).

The heterogeneous catalyst was prepared by simple impregnation with an
aqueous solution of Pd(NO3), of ML-101(Cr) {Cr3(F,0OH)(H,0),0[(O,C)-CcH4—
(CO,)]5-nH,O (n=25), MIL: Matérial Institut Lavoisier}. The Pd leaching
resulted very low (<0.4 ppm), and no Cr was released by the MOF. Two clear
advantages of using this catalyst are the fact that the reactions may be carried in the
open air and that the catalyst may be recovered by centrifugation. Moreover, the
catalyst still exhibits high reactivity after five runs (a decrease of only 4% was
observed).

Pearlman’s catalyst (Pd(OH),/C) was found to catalyze direct arylation reactions
of several azoles and 2-formylfuran with aryl bromides (Scheme 29) [45].

Authors proved that, in this case, a homogeneous catalyst is generated under the
reaction conditions and that this species is responsible for the observed catalysis.
This may account also for the high catalyst loading required by this method, in
contrast with homogeneous catalyst systems (<5 mol%).

The effectiveness of the use of heterogeneous Pd/C in direct arylation of
heteroarenes has been recently demonstrated by the regioselective polyconden-
sation of thiophenes [46]. Linear m-conjugated alternating copolymers were
obtained with high molecular weight in high yields (Scheme 30).

Palladium nanoparticles embedded in spherical polypyrrole globules have been
successfully used by Hierso and co-workers for the direct arylation of 2-butylfuran
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Pd(OH),/C (10 mol%)
AcOK (2.0 equiv)
DMA, 140 °C, 12-24h (6 examples)

HetAr-H + Ar-Br HetAr—Ar

(71-82%)
HetAr-H:
N N N
e I IHcro
N S (0]
HBr @ denotes the position of the arylation
Ar-Br: Br

BI’\©\
. L0
R =H, F, Me

Scheme 29 Direct arylation of heteroarenes promoted by Pearlman’s catalyst

H  n-Cetia  [Pd/C] (2.5 mol%) H  nCetia
n PIvOH (1.0 equiv)’ m
H™ g7 " Br K,COg3 (3 equiv) S™ /y
NMP, 48h P3HT
[Pd/C] cat T(°C) M, (kDa) Isolated yield (%)
10% Pd/C (wetted with 55% water) 120 16.3 91
2.5% Pd(OH),/C (wetted with 55% water) 100 18.9 99

Scheme 30 Polycondensation of thiophenes in the presence of heterogeneous Pd/C

. Y
ol Ny o e PIPPYRMORD) .

z AcOK (1.0 equiv) z
Z=0,8 DMA, 150 °C, 20h (9 examples)
(2.0 equiv) (58—100%)

Ar-Br:

Br
B Br M M Br
Q, 0, POy
R Ve N
R =H, CN, COMe Me

Scheme 31 Direct C5 arylation of 2-butylfuran and 2-butylthiophene promoted by Pd/PPy

or 2-butylthiophene with activated or deactivated electron-poor and electron-rich
functionalized bromoarenes (Scheme 31) [47].

The catalyst was recovered by simple filtration, but recycling tests were success-
ful only for few substrates. This was due to a growth of the particles size after the
first cycle, which dramatically reduces the catalyst activity.
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5 Mild Protocols for the Direct Arylation of Heteroarenes

One issue of direct arylation procedures is represented by the need for drastic
conditions, elevated temperatures (from 110°C up to 160°C and higher when
microwave irradiation is employed), and long reaction times (24 to 48 h and
more are common).

To solve this problem, Larrosa and Lebrasseur proposed a new approach for the
direct C2 arylation of indoles with aryl iodides at room temperature without
phosphines or other ligands [48]. The key features of this protocol were the
combined use of Ag,0 as the base, which enabled the formation of an electrophilic
cationic palladium complex, and ortho-nitrobenzoic acid, which generates in situ a
silver carboxylate particularly effective in promoting a CMD mechanistic pathway
(Scheme 32).

All the reactions were performed at 25°C, except for the direct arylation involv-
ing free NH-indole, which required 38 h at 50°C to go to completion (68% isolated
yield). The authors said that both a P(0)/Pd(II) and a Pd(I[)/Pd(IV) catalytic cycle
are conceivable even if they propended for the first mechanistic pathway. An
important specificity for solvent was also found: DMF, a highly coordinating
solvent, resulted superior (95% yield) to CH,Cl, (27%), MeCN (14%), AcOH
(50%), and DMA (50%).

A similar approach, i.e., the use of a Ag(I) base to promote the formation of an
active cationic Pd(II) complex, allowed the direct arylation of some halothiophenes
at only 60°C using an unusual biphasic AcOEt/H,O (2.5:1) solvent system
(Scheme 33) [49].

R1@ * Ar- PaORD), (5 mone) A J@\/\\ﬁm
N (2.0 equiv) 920 (0.75 mol%) N
R 2-O,NCgH,4COOH (1.5 equiv) R

DMF, 25 °C, 15h (16 examples)
(58-99%)

®

Arl 9ocoR

[N
via cationic complex '
p {L/Pd L

N N
R Me
R =H, Me, Bn R! = 5-Br, 5-CHO, 6-CN, 6-CH,OH

Indole:

Ar-: ! I

L @ "
R R
R =H, Br, CN, OBn, OH R = Me, CH,OH R = Me, OMe

Scheme 32 Room temperature direct C2 arylation of indoles
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| ®
X Me
{/ %/ . Pd(OAc), (5 mol%), MePhos (10 mol%) PCy,
s K4COs (2.0 equiv), Ag;COg (0.5 equiv) O
60 °C, 13h
R MePhos
1 ) Cl Br
/ /
cl—g c—g /\ / A\
Me COMe S S
Me OMe
(77%) (61%) (73%) (72%)

Scheme 33 Mild direct arylation of halothiophenes

1 R1
A Pd(OAC); (2.5-5 mol%) N

@:} A yhsCO,Ag (1.5 6quiv) N Ar
L H,0, 30 °C, 16h b

(32 examples)
(256-99%)

R

R =Me, SEM, Bn, TBDMS, COt-Bu, Boc, Ts

R' =H, 5-OBn, 5-CHO, 5-OMe, 5-ClI, 5-Br, 5-NO,, 6-CH,OH, 6-F, 6-COOMe,
6-CN, 7-Br, 3-Me, 3-Ph

Ar = 4-MeC¢H,4 4-MeOCC¢H,4 4-MeOOCCgH, 4-MeOCgH,4 3-F3CCeH,,
2-MeOC¢H,4, 2-MeCgH 4, 2-naphthyl, N-methyl-5-indolyl

Scheme 34 Mild direct arylation of indoles “on water”

It is interesting to note that 3-halothiophenes led regioselectively to the
2-arylated derivatives and that C-Br bonds of 3-bromothiophene resulted
unreactive under this mild reaction conditions.

The use of Ag(I) salts to promote direct arylations was proved to be successful
also employing an “on water” approach. Several 2-arylindoles were obtained in
high yields by reacting the corresponding indoles with aryl iodides in neat water at
30°C for 16 h in the presence of c-CgH;1CO,Ag (1.5 equiv.) (Scheme 34)
[50]. Notably, the reaction did not work when free NH-indole was employed.

In 2013, a mild, general, and convenient phosphine-free direct arylation of
I-methylpyrazole, oxazole, and thiazole promoted by tetrabutylammonium acetate
(BuyNOACc) was developed by Bellina and co-workers [51]. Electron-poor and
electron-rich aryl bromides were found to react at only 70°C in DMA, allowing
the isolation of the corresponding 5-substituted azoles in good yields (Scheme 35).

This protocol, paired with the regioselective direct C2 arylation of azoles
mediated by palladium and copper, was applied to the synthesis of the natural
products balsoxin and texalin through a one-pot sequential C5—C2 double arylation
[51] and, more recently, to the preparation of several imidazole analogues of
resveratrol able to reduce the growth of human tumor cell lines [52].
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Scheme 35 Mild direct C5 N Pd(OAc), (5 mol%) A
. | "N+ ArBr - | °N
arylation of azoles N . n-BuyNOAC (2.0 equiv) N
\ (1.5 equiv) °C. 24-48h Ar \
promoted by BuyNOAc Me DMA, 70 °C, 24— Me
(8 examples)
(30-58%)

Br Br Br

- bk

R =Me,OMe, NO, COOEt, CF; R = Me, Cl

N Pd(OAc), (5 mol%) N
N - 2 ° N
[Z> oA Br. n-BuyNOAc (2.0 equiv) JIZ>
(1:5eauv) pya 70 °C, 5-48h Ar
Z=0,8 ’ ’ (9 examples)
(36—-72%)
Br Br
Ar-Br: @ ; ©/Me
R

R =Me,OMe, NO, OH

6 Conclusions

The methods of palladium-catalyzed direct arylation of heteroarenes with (hetero)
aryl halides displayed an exponential growth in less than 20 years. Several signifi-
cant progresses have been done since 1998, when Miura and co-workers published
their seminal paper in which they describe for the first time the role of the base and
of the catalyst in the activation of heteroaryl C—H bonds [53]. As summarized in
this account, methods have been developed to react cheap aryl chlorides instead of
the more expensive bromides or iodides, heterogeneous palladium catalysts have
been employed in order to reduce metal waste and to allow recycling, procedures
for lowering the reaction temperature have been set up, and removable functional
group have been selected to increase the efficiency and the regioselectivity of the
direct arylations. Many efforts should be done, however, in further improving the
regioselectivity of the process in order to reduce or eliminate the need for chromato-
graphic purifications in view of processes scale-up and industrial applications and
also to increase the catalyst efficiency with the aim of widening the substrate scope.
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New Arylating Agents in Pd-Catalyzed C-H
Bond Functionalization of S-Membered Ring
Heteroarenes

Jean-Francois Soulé and Henri Doucet

Abstract In recent years, the palladium-catalyzed direct arylation of hetero-
aromatics via C—H bond activation has become a popular method for generating
carbon—carbon bonds. In most cases, aryl halides were employed as the coupling
partners. However, since a few years, several new coupling partners have emerged
as useful alternatives for such couplings. This chapter focuses on the recent
advances on the discovery of new arylating agents in the palladium-catalyzed
arylation of 5-membered ring heteroaromatics.

Keywords Aryl silanes - Arylboronic acids - Arylsulfonyls - Benzoic acids - C—C
bond formation - Heteroaromatic compounds - Palladium
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1 Introduction

Since the pioneering work on the palladium-catalyzed arylation of isoxazoles
reported in 1982 by Nakamura, Tajima, and Sakai [1] and on the arylation of
several other heterocycles described by Ohta et al. in 1985-1992 [2, 3], the direct
arylation of heteroaromatics via a C—H bond activation has been demonstrated to be
a powerful method for a simpler access to the corresponding aryl-heteroaryl deri-
vatives. In most cases, aryl halides have been employed as the coupling partners [4—
8]. Hypervalent iodine derivatives [9], aryltriflates [10—12], or aryltosylates [13]
have also been employed successfully. Arenediazonium salts have also been used
as aryl sources through palladium-catalyzed non-radical direct C—H arylations of
heterocycles [14, 15]. However, the couplings with such arylating agents still suffer
of limitations in terms of regioselectivity for some of these couplings and also to the
limited functional group tolerance. For example, C4-arylated thiazoles cannot be
easily obtained using aryl halides as the coupling partners [16]. In addition, the
reactions with benzofurans afford mixtures of C2 and C3 arylated products
[17]. Moreover, the presence of several halide functional groups on arenes is
generally not well tolerated. Since a few years, several new alternative coupling
partners have been successfully employed for such couplings such as ArB(OH),,
ArBF:K, ArCO,H, ArSiR;, ArSO,Cl, ArSO,Na, or even ArSO,NHNH, using
palladium catalysts to afford a variety of arylated heteroarenes which in several
cases cannot be obtained using aryl halides as the coupling partners. In this chapter,
we will outline the recent advances in the Pd-catalyzed direct arylation of
5-membered ring heteroarenes using these new alternative arylating agents.

2 Arylboronic Acids or Aryl Trifluoroborates

Shi and co-workers demonstrated in 2008 that arylboronic acids allow the direct
construction of biaryl C—C bonds by a palladium-catalyzed cross coupling via C—-H
bond activation of heteroarenes (Scheme 1) [18]. The reaction was performed in the
presence of 1 equiv. of Cu(OAc), and O, was used in the transformation as the final
oxidant. A wide range of heteroarenes was tolerated such as benzothiophenes,
benzofurans, indoles, or pyrroles. Both electron-withdrawing and electron-donating
substituents on the arylboronic acid were tolerated. Palladium nanoparticles

Pd(OAc), (10 mol%)

Cu(OAc), (1 equiv.)
@ +  ArB(OH), - mAr
Y CF3CO,H, AcOH, O,, 25 °C Y

Y =S, O, NMe or NH

Scheme 1 C2 arylation of heteroarenes using arylboronic acids
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Ar
/ \\ N Pd(OAc), (10 mol%)
S \\ + ArB(OH), = [/ \_ No
Y TEMPO, AcOH, KF, 50 °C s
R
Pd(tfa), (10 mol%) R Ar
7 \\ + ArB(OH), .
s BQ, Ag,0, Cstfa), ]\
CF3CO,H, 25 °C S
R = CO.Et or PO(OEY), tfa: trifluoroacetate

) Pd(OAc), (10 mol%)

bipy (10 mol%)
5 / \\  +  ArB(OH), - R Ar

S TEMPO, CgHsCF3, 80 °C N\

Py

Scheme 2 C3 arylation of heteroarenes using arylboronic acids

encapsulated with O, or TEMPO as an external oxidant and without addition of
copper were also found to promote the C2 arylation of indoles [19].

The same year, Zhang et al. reported the palladium-catalyzed direct arylation of
indoles with potassium aryl trifluoroborates using copper as a cocatalyst and air as
the oxidant [20]. Indolizines were also arylated using potassium aryl trifluoro-
borates under slightly different conditions as AgOAc was used as the oxidant [21].

The C2 arylation of indoles with arylboronic acids also proceed using Pd(OAc),
as catalyst with 2,2,6,6-tetramethylpiperidine-N-oxyl radical (TEMPO) and KF
in propionic acid at room temperature [22]. In 2010, a wide range of azoles such
as benzoxazoles, benzothiazoles, benzimidazoles, or caffeine were arylated using
arylboronic acids in the presence of Pd(OAc), as catalyst associated to Cu(OAc),,
CuCl, and BQ [23]. A slightly simpler procedure was reported in 2011 for the
arylation of benzoxazoles and benzothiazoles [24]. In 2013, Kuang et al. reported
the Pd(OAc),-catalyzed synthesis of 3,4-diarylsydnones and of 5-aryltriazoles by
coupling with arylboronic acids [25, 26].

One of the major advantages of the use of arylboronic acids for the direct
arylation of heteroarenes appears to be the ability to give access to regioisomers
different from that obtainable when aryl halides are employed. For example, Studer
et al. reported the oxidative coupling of 2-pyridylthiophene with arylboronic acids
using Pd(OAc), as catalyst. TEMPO was used as a stoichiometric oxidant
(Scheme 2, top) [27]. The 2-pyridyl group served as ortho-directing groups to
promote an unusual fB-arylation of the thienyl moiety. Bach et al. reported in
2011 that thiophenes substituted at C3 by CH,PO(OEt), or CH,COOEt undergo a
regioselective oxidative coupling reaction at C4 with aryl boronic acids in the
presence of Ag,0, cesium trifluoroacetate [Cs(tfa)], benzoquinone (BQ), and Pd
(tfa), catalyst in trifluoroacetic acid as the solvent (Scheme 2, middle) [28]. They
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recently extended this procedure to a broad range of substrates [29, 30]. Studer and
Itami also described a procedure for the B-arylations of thiophenes with arylboronic
acids under Pd/TEMPO catalysis (Scheme 2, bottom) [31]. Even sterically very
hindered arylboronic acids were successfully coupled [32]. This procedure also
promotes the 4-arylation of thiazoles [33-36]. The use of Pd(II)-sulfoxide—
oxazoline associated to iron—phthalocyanine as catalytic system, with air as termi-
nal oxidant, also let to B-arylated thiophenes [37].

In summary, under oxidative conditions, arylboronic acids and also aryltrifluoro-
borates can be employed as coupling partners for arylation of heteroarenes. The
major advantage appears to be their ability to promote arylations at unusual
positions such as 3-arylation of thiophenes or 4-arylation of thiazoles even in the
absence of directing group.

3 Benzoic Acids

During the last decade, benzoic acids have been widely used as starting materials in
cross coupling reactions [38, 39]. The use of such substrates in organic synthesis is
very attractive due to their low cost and wide availability. In the last few years, C-H
bond functionalization via decarboxylative coupling has been explored by a
few groups.

The first example was reported in 2010 by Tan et al. (Scheme 3) [40]. A palla-
dium-catalyzed decarboxylative coupling of benzoxazoles and thiazoles with var-
ious benzoic acid derivatives using PdCl, associated to PPhj as the catalyst and
Ag,CO; as the base and the oxidant affords the 2-arylbenzoxazoles or the
2-arylbenzothiazoles. The scope of the reaction is limited to the use of benzoic
acids bearing a C2 substituent such as 2-nitrobenzoic acid.

The same year, Su et al. reported the arylation of indoles using also benzoic acids
as arylating agents (Scheme 4) [41]. The reaction of N-pivaloylindole with 5 equiv.
of benzoic acids conducted in dioxane at 80°C using Pd(tfa), as catalyst and
2 equiv. of Ag,COg;, using tetramethylene sulfoxide (TMSO) (1.5 equiv.), and
propionic acid (0.25 equiv.) as additives led to the coupling products in good yields.
From electron-rich benzoic acids, 2-arylindoles were formed regioselectively,
while 3-arylindoles were exclusively generated from electron-deficient benzoic
acids.

In 2012, Su et al. enlarged the substrate scope to thiophene derivatives. They
found that the PCys/Pd(tfa), catalytic system, in combination with Ag,COs,

N PdCl, / 2 PPh; (20 mol%) N
» + ArCO.H > »\
X Ag,CO3, DMSO, 130 °C Ar

X=0orS

Scheme 3 C2 arylation of azoles using benzoic acids
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% Pd(tfa) (7.5 mol%) @—X @1
N+ ArCOM

/§ EtCO.H, Ag,COs,
0 TMSO, 1,4-dioxane, 80 °C Bu O tBu o

tBu

TMSO: Tetramethylene sulfoxide
Ar = electron-  Ar = electron-

deficient rich

Scheme 4 Arylation of indoles using benzoic acids

Pd(tfa), (5 mol%)

R ) PCys (10-15 mol%) R |
Z X + Ar002H - @\AI’

S AngOa, S
DMSO, DME, 120 °C

F
d(OAC), (5 mol%) o. / \ F
+ HO,C > S
AcOH, A92C03, F
DMSO, DMF, 130 °C FoL
Scheme 5 Arylation of thiophenes using benzoic acids
Pd(tfa), (5 mol%)
R/ ) PCys (10-15 mol%) R-Z
& +  ArCO.H q
o Ag,COs3, o~ A

DMSO, DME, 120 °C

Scheme 6 Arylation of furans using benzoic acids

efficiently promotes the decarboxylative C—H bond arylation of thiophenes with
benzoic acids as arylating agents (Scheme 5, top) [42]. This protocol exhibits a
quite broad substrate scope for the thienyl moiety as it is compatible with keto,
formyl, ester, trifluoromethyl, alkenyl, nitro, fluoro, and chloro substituents. Again,
the reaction is limited to the use of 2-substituted benzoic acid derivatives such as
2-nitro-, 2-methoxy-, or 2-halo-benzoic acids. The non-ortho-substituted benzoic
acids did not afford the coupling products due to their poor reactivity in the
decarboxylation compared to ortho-substituted benzoic acids. A quite similar
procedure was employed by Loh et al. for the coupling of pentafluorobenzoic
acid with 2-acetylthiophene (Scheme 5, bottom) [43].

Then, in 2014, Su et al. applied their reaction conditions to the coupling of
benzoic acids with furan, benzofuran, pyrrole, and thiazole derivatives (Scheme 6)
[44]. Again the reaction was limited to the use of 2-substituted benzoic acids.

In summary, several 5-membered heteroaromatics can be arylated using benzoic
acids as arylating agents, but only 2-substituted benzoic acids were reactive for
such couplings.



108 J.-F. Soulé and H. Doucet
4 Aryl Silanes and Aryl Siloxanes

Following the pioneering work reported by Shi in 2006, on the use of trialkoxyaryl-
silanes for palladium-catalyzed direct arylation of acetanilides [45], in 2010 Zhang
et al. described conditions to achieve a Pd(OAc),-catalyzed regioselective C2
arylation of indoles using aryl siloxanes as arylating agents, in the presence of
nBuNF and Ag,0 in acidic medium (Scheme 7) [46]. Both electron-donating and
electron-withdrawing substituents on the reaction partners were tolerated.

One year later, Ofial et al. extended the scope of the arylation with aryl siloxanes
to a broad range of azole derivatives using Cu(OAc), and AgF as additives
(Scheme 8) [47].

In 2012, Oi et al. described the direct arylation of (benzo)thiophenes with
aryltrimethylsilanes (Scheme 9). The use of PdCl,(MeCN), as pre-catalyst in the
presence of CuCl, as oxidant gives the p-arylated (benzo)thiophenes [48].

In summary, so far the use of ArSiR; derivatives as arylating agents in
palladium-catalyzed direct arylation of heteroaromatics requires the presence of
stoichiometric amount of copper and/or silver salts as additives making these
processes less attractive than the reactions with aryl halides. However, as it was
demonstrated by Oi, such coupling partners promote challenging f-arylations of
(benzo)thiophenes instead of the a-arylations obtained with most procedures
involving aryl halides, but their reactivity deserves to be investigated in more
details.

Pd(OAc), (10 mol%)

= A Ago0 (3 equiv.) N
R | i RE | Ar
+ ArSi(OMe >
NN (OMe)s TBAF, ACOH, NN
\ EtOH, 25 °C \
Scheme 7 C2 arylation of indoles using arylsiloxanes
~N Pd(OAc); (5 mol%) —N
Rt Y+ ArSi(OR); . Rt S Ar
X Cu(OAc), (2 equiv.) X

AgF (2 equiv.)
X=0,SorN DMF, 120 °C

Scheme 8 C2 arylation of azoles using arylsiloxanes

R’ PdCl,(MeCN), (5 mol%) R Ar
+  ArSiMe; - /Z_j
Rb CuCl, (2 equiv.) R /)

S CICH,CH,CI, 80 °C

Scheme 9 C4 arylation of thiophenes using arylsilanes
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5 Arylsulfonyl Chlorides

In the late 1980s, Kasahara [49] and Miura [50, 51] have independently introduced
arylsulfonyl chlorides in palladium-catalyzed C—-C bond formation through a
desulfitative cross coupling. Then, these coupling partners were popularized by
Vogel for Stille [52, 53], Suzuki-Miyaura [54], Sonogashira—Hagihara [55],
Mizoroki—Heck [56], Negishi [57], and Corriu—Kumada reactions [58]. Advantages
of these substrates are that many of them are commercially available at an afford-
able cost or they can also be easily prepared from sulfonic acids or sulfur substrates
by chlorination [59—63]. Their uses as coupling partners in C—H bond functional-
ization are more recent. Based on Dong’s pioneering work on Pd-catalyzed C—H
bond sulfonylation of 2-phenylpyridines using benzenesulfonyl chlorides as cou-
pling partners, in which they observed a desulfitative coupling in one case [64],
Cheng and co-workers reported the use of benzenesulfonyl chlorides as aryl sources
for the direct arylation of benzoxazoles (Scheme 10) [65]. The reaction displays a
broad scope including substrates bearing C—-Br bonds. However, lower yields
were observed for the direct arylation of benzothiazole under the same reaction
conditions.

In 2013, Jafarpour and co-workers reported two examples of direct desulfitative
arylation of N-methylpyrrole in the course of their investigation on regioselective
arylation of coumarins using benzenesulfonyl chlorides as coupling partners
(Scheme 11) [66]. Their optimized reaction conditions were Pd(OAc), as catalyst
associated to 2 equiv. of Cu(OAc), in DMA in the presence of KOAc as base and
afforded the a-arylated pyrroles in moderate yields.

In 2014, Doucet and co-workers reported the Pd-catalyzed direct desulfitative
arylation of thiophenes with benzenesulfonyl chlorides as coupling partners
[67]. In contrast to other coupling partners, which allowed direct C2 arylation
[28, 29,31, 32, 37, 48, 68—70], the reaction exclusively occurred at the C-3 position
(Scheme 12, top). The best reaction conditions were found using 5 mol%

o Pd(OAc), (10 mol%) o)
@: )+ Ar—SOLCI - @: Py
N Cul (1 equiv.), K,CO3 (2 equiv.) N

(2 equiv.) 1,4-dioxane, 120 °C, 48 h
-S0,

Scheme 10 C2 arylation of benzoxazole using benzenesulfonyl chlorides

/ /

N Pd(OAC), (10 mol%) N
E/) + CIO,S—Ar - E/)_Ar

Cu(OAc)>'H0 (2 equiv.)
(2 equiv.) KOACc (2 equiv.)
DMA, 130 °C, 24 h

Scheme 11 C2 arylation of N-methylpyrrole using benzenesulfonyl chlorides
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STN PdCI,(CH3CN), (5 mol%) STN—Ar
=~ +  Ar—SO.Cl > =
R Li,COs3 (3 equiv.) R R

(1.5 equiv.) 1,4-dioxane, 140 °C, 40 h
-S0,
STN PdCI,(CH3CN), (5 mol%) STN—Ar
+  Ar—S0,Cl

LioCO3 (3 equiv.)
1,4-dioxane, 140 °C, 40 h

(1.5 equiv.) S0,

Scheme 12 C3 or C4 arylation of thiophene and benzothiophene using benzenesulfonyl chlorides

n-Bu___O PACI,(CHCN), (5 mol%)  n-Bu_ _O
U +  Ar—S0.Cl - U Ar
13 . Li,CO3 (3 equiv.)
(1.3 equiv.) 1,4-dioxane, 140 °C, 40 h
-S0,

o PdACI,(CHACN), (5 mol%) o
@ +  Ar—S0,Cl - @/)—Ar
. Li,CO5 (3 equiv.)

(1.3 equiv.) 1,4-dioxane, 140 °C, 40 h
-0,
N,R PACI5(CH4CN); (5 mol%) NR

+  ArSO,CI -
E/) Li,CO3 (3 equiv.) E/)—Af

2 equiv.) 1,4-dioxane, 140 °C, 40 h
quiv. -S0,

R =Me, PhCH,, 4-Br-CgH 4-CH,

Scheme 13 C2 or C5 arylation of furans, benzofurans, and N-protected pyrroles using
benzenesulfonyl chlorides

PdCl,(CH;CN), in the presence of 3 equiv. of lithium carbonate (Li,CO3) as the
base at 140°C in dioxane. Sensitive functional groups such as cyano, bromo, nitro,
and ester on both coupling partners were tolerated, offering a broad substrate scope.
Thiophene bearing a bromine atom also chemoselectively reacted without cleavage
of the C—Br bond. Following the same procedure, benzothiophene was arylated at
the B-position in high yields (Scheme 12, bottom). The authors explained the
B-regioselectivity through a mechanism involving a Pd(II)/Pd(IV) catalytic cycle
and an electrophilic palladation.

Continuing to investigate this area, Doucet and co-workers applied their reaction
conditions to the direct desulfitative arylation of furans [71], benzofurans [17],
and N-protected pyrroles [72]. In all cases, both good yields and high a-regio-
selectivities were obtained (Scheme 13). It is important to note that copper-free
conditions have been used for such direct desulfitative cross coupling reactions.



New Arylating Agents in Pd-Catalyzed C—H Bond Functionalization. . . 111

R2 m2
RT0,C N Pd(PPhs)s (5mol%)  R'0,C
l +  Ar—S0,ClI - Near
N NaHCO3 (1 equiv.) N
\ (1.2 equiv.) NMP/DME_(sSagi, 80°C, 3 h \

Scheme 14 C3 arylation of indolizines using benzenesulfonyl chlorides

In 2015, Doucet and co-workers applied their methodology to the synthesis of
(poly)halo-substituted bi(hetero)aryls using (poly)halobenzenesulfonyl chlorides as
coupling partners [73]. In all cases, the reaction was very chemoselective as C—Br
and C-I bonds were not involved in the direct arylation process. In the same years,
they disclosed that such desulfitative direct arylations of thiophenes, furans, and
pyrroles could be performed in green solvents such as CPME or diethyl carbonate
(DEC) and even in some case under free-solvent conditions in high yields using the
same catalytic system, namely, 5 mol% PdCl,(CH;CN), in the presence of 3 equiv.
of lithium carbonate (Li,CQOj3) as base at 140°C [74].

In 2015, Zhao and co-workers reported the direct C-3 arylation of indolizine
derivatives with benzenesulfonyl chlorides as aryl sources (Scheme 14) [75].
This transformation was performed using 5 mol% of Pd(PPhs), in the presence
of NaHCO; as base in a mixture of 1-methyl-2-pyrrolidone (NMP) and
dimethoxyethane (DME) as solvents and afford a new orthogonal approach to
C-3-arylated indolizines even using 4-bromobenzenesulfonyl chloride.

In summary, benzenesulfonyl chlorides have been successfully used as alter-
native coupling partners and allow orthogonal reactions owing to their C—halo bond
tolerances. Moreover, the benzenesulfonyl chlorides offered sometimes unexpected
regioselectivity such as f-arylation of thiophene derivatives. Copper-free condi-
tions or the use of DEC provides green synthetic approaches for the synthesis of
aryl-heteroaryl derivatives, albeit a high palladium catalyst loading is generally
required.

6 Sodium Arylsulfinates

Sodium arylsulfinates have also been largely used as coupling partners as they show
high functional group tolerances and are easy to handle. However, only a few of
them are commercially available at affordable cost, but they can be prepared by the
reduction of the corresponding RSO,ClI [76]. Deng and co-workers were the first to
report a Pd-catalyzed direct desulfitative arylation of azoles using sodium sulfinates
as aryl source (Scheme 15, top) [77]. Several azoles such as benzothiazoles,
benzoxazoles, thiazoles, or caffeine were arylated in moderate to high yields
using 2.5 mol% Pd(OAc), as catalyst in the presence of 2 equiv. of Cu(OAc), in
mixed 1,4-dioxane diglyme at 120°C. Diverse substituents on the sulfinate benzene
ring were tolerated, albeit the presence of electron-withdrawing groups decreased
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-~
RN

. X
- [) + Ar—SO,Na
>N (2 equiv.)

Pd(OAc), (2.5 mol%) =

e X
. E )—Ar
SNV

Cu(OAc)2 (2 equiv.)
1,4-dioxane/diglyme (1:3), 120 °C, 24 h
-SO,

TN X Pd(OAc), (5 mol%) PN
L [ p +  Ar—SO;Na : .
LTSN . Cu(OAc)» (2 equiv.) Sy
(2 equiv.) TFA (1 equiv.)
dimethylglycol, 120 °C, 24 h
-SO,

[:)— Ar

N Pd(PhCN),Cl, (5 mol%) =

190

L:¢ ,E) + Ar—SO,Na . :[:,}Ar

LN . Cu(OAc)2 (2 equiv.) BN
(2 equiv.) 1,4-dioxane/DMSO (9:1)
110 °C, 24 h
-S0,

Scheme 15 C2 arylation of azoles using sodium sulfinates

the reaction yields. In this reaction, copper salts have a dual role, namely, act as
base and oxydant (i.e., reoxidize Pd(0) into Pd(Il)). Inspired by this work, other
research groups developed similar reaction conditions for the direct arylation of
azoles using sodium sulfinates. In 2012, Wang and co-workers reported similar
reaction conditions, albeit they used acidic conditions (Scheme 14, middle)
[78]. However, the reaction again needs an oxidant by the presence of copper
salts. Later, You and co-workers also employed sodium sulfinates for the direct
desulfitative arylation of five-membered ring heteroarenes containing more than
one heteroatom (Scheme 14, bottom) [79]. The reaction conditions were similar to
those reported by Deng, except the use of 5 mol% PdCI,(PhCN), in DMSO.
Caffeine derivatives, purine derivatives, imidazoles, and quinoxaline N-oxide
were regioselectively arylated at C2 position in high yields.

In 2014, Liu and co-workers disclosed the Pd-catalyzed direct arylation of
thiazolo[3,2-b]-1,2,4-triazoles using sodium sulfinates (Scheme 16) [80]. By
using 5 mol% Pd(OAc), as catalyst in the presence of 2 equiv. of Cu(OAc), as
oxidant/base in dioxane/diglyme at 120°C, they obtained the desired desulfitative
arylation products in moderate to high yields.

The scope of the Pd-catalyzed direct desulfitative arylation using sodium
sulfinates is not limited to five-membered ring heteroarenes containing more than
one heteroatom. In 2012, Deng, Luo, and co-workers reported the first arylation of
indoles with arylsulfinates (Scheme 17, top) [81]. The use of 5 mol% Pd(OAc),
catalyst in the presence of 2 equiv. of copper(Il) salts as oxidant in toluene/dioxane
as mix-solvent at 100°C allowed to obtain the desired C2-arylated indoles in high
yields. The reaction showed a broad functional group tolerance such as methyl,
methoxy, bromo, fluoro, nitro, and even ester moieties on the N-methylindole part.
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Pd(OAc), (5 mol%)

R? R
R AN+ Ar—SONa Ny
< _L , Cu(OAc), (2 equiv.) el
N (2 equiv.) ! 2 v =
S 1,4-dioxane/diglyme (1:2) ) N
120°C, 24 h
-SO,

Scheme 16 C2 arylation of thiazolo[3,2-b]-1,2,4-triazoles using sodium sulfinates

R | Pd(OAGC)2 (5 mol%) R |
/\/| NO v ArsO,Na 2 ° o N
P (2 equiv) CuCl,-H,0 (2 equiv.) P
' Toluene/dioxane (1:1)
110 °C, 24 h
-S0,

X
ZT

NN

R H PdCl, (5 mol% .
N AgOAc (2 equiv.) N
H2S04 (98%, 2 equiv.)
(1.4 equiv.) DMF/CH3CN (1:1)
MW, 100 °C, 40 min

-S0,

Scheme 17 C2 arylation of indoles using sodium sulfinates

Moreover, other N-protected indoles such as N-ethylindole or N-acetylindole
reacted also in good yields, while no reaction occurred using free NH-indole.
Again, the reaction conditions tolerated the presence of C—Br bonds during the
reaction allowing further metal-catalyzed transformations. The reaction of free
(NH)-indoles was solved by Wang and co-workers using microwave heating and
slightly modified reaction conditions, namely, silver acetate (AgOAc, 2 equiv.) as
oxidant and sulfuric acid (2 equiv.) as additive, which might prevent the decompo-
sition of indoles (Scheme 17, bottom) [82]. It is important to note that the direct
desulfitative arylation of indoles using benzenesulfonyl chlorides gives mixtures of
C2- and C3-arylated indoles [72, 74].

As seen in this section, sodium arylsulfinates were successfully used in C-H
bond reactions. Compared with benzenesulfonyl chlorides, these substrates prevent
sulfonation reactions allowing a high functional group tolerance such as NH-free
indoles. However, such coupling partners require the use of a stoichiometric
amount of copper salts as additive in order to reoxidize Pd(0) into Pd(II).
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7 Arylsulfonyl Hydrazides

In 2012, Wan and co-workers introduced the use of arylsulfonyl hydrazides as aryl
sources in Pd-catalyzed desulfitative arylation of azoles (Scheme 18, top)
[83]. The optimized conditions were found using PdCl,(CH3CN), associated to
1,10-phenanthroline as ligand in the presence of a large excess of copper and
1.5 equiv. of Na,COj5 as base in a mixture of dioxane/DMSO in 9:1 ratio. Tetra-
n-butylammonium bromide was also used as additive in order to stabilize the active
palladium species. Benzoxazoles, oxazoles, benzothiazoles, thiazoles, and caffeine
were regioselectively arylated between the two heteroelements, and no effect of the
substitution on the arylsulfonyl hydrazide partners was observed. The authors
explained that copper probably mediates the denitrogenative and desulfitative
oxidation of TsNHNH, affording copper(II) aryl sulfonyl species, which undergoes
transmetalation to afford a palladium p-tolyl intermediate. During the same period,
Kwong and co-workers reported a simpler catalytic system for this reaction, albeit
the desired C2-arylated product was isolated in lower yields (Scheme 18, middle)
[84]. The optimized reaction conditions were 5 mol% Pd(OAc), associated with
triphenylphosphine, in the presence of only Cu(OAc), (2 equiv.) as additive, in
dioxane under air atmosphere. Using the same reaction conditions, You and
co-workers regioselectively arylated caffeine derivatives, purine derivatives, imid-
azoles, and quinoxaline N-oxide (Scheme 18, bottom).

PdCI,(CH;CN), (5 mol%)
Phen-H,0 (6 mol%)
X, TBAB (10 mol%) PN X
E) Ar—SO,NHNH, . - [)_Ar
->N (1.5 equiv.) Cu(OAc); (6 equiv.) S2-">N
- equiv. NazCO3 (1.5 equiv.)
1,4-dioxane/DMSO (9:1),
100°C,4.5h
-SO,

-~

o
1
S

<

Pd(OAC), (5 mol%)

X PPh3 (10 mol%) X
- [ >+ Ar—SONHNH, : . [ )—Ar
Su-~N 15 . Cu(OAc)2 (2 equiv.) 2N
(1.5 equiv.) 1,4-dioxane, 120 °C, air, 18 h
-S0,

Pd(OAC); (5 mol%)

PN PPhs (10 mol%) PR I X
1 p—
T 0yt Ar—SO,NHNH, % ]: Ar
\\V/]:N) , Cu(OAc), (2 equiv.) See N/>—
(1.2 equiv.) 1,4-dioxane
100°C, 24 h
-S0,

Scheme 18 C2 arylation of azoles using arylsulfonyl hydrazides
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In conclusion, arylsulfonyl hydrazides have been introduced for desulfitative
direct arylation of azoles and have a similar substrate scope than arenesulfinate
salts. From a green chemistry point of view, the use of a stoichiometric amount of
copper(Il) as additive remains a major drawback.

8 Other Coupling Partners

In 2010, Ackermann and co-workers introduced the use of aryl imidazolyl-
sulfonates as aryl sources in the palladium-catalyzed C2-direct arylation of azoles
(Scheme 19) [85]. These derivatives were not moisture sensitive and the generated
side product (e.g., imidazolesulfonic acid) was nongenotoxic. A wide range of
azoles were arylated in high yields at the C2-position using a simple catalytic
system, namely, 5 mol% Pd(OAc), associated to dppe as phosphine ligand in the
presence of Cs,CO; as base in NMP at 100°C. In addition, these conditions were
applied to the direct benzylation and alkenylation of azoles using easily accessible
benzyl and alkenyl phosphates as electrophilic coupling partners.

On the other hand, Van der Eycken and co-workers reported an interesting aryl
source— based on tautomerization of amides and C—OH activation—in palladium-
catalyzed direct C2 arylation of azoles (Scheme 20) [86]. The procedure operates in

Pd(0AG), (5 mol%)

dppe (7.5 mol%)
TBAB (10 mol%)

N=
57 -0 \\\N //o
HRE S A
S g

(1.2 equiv.)

r:::\‘ O
T
Cs,CO3 (2 equiv.) LN
NMP, 100 °C, 16 h
Scheme 19 C2 arylation of azoles using aryl imidazolylsulfonate

PyBroP, Et3N or Pri,NEt

H 1,4-dioxane
X N0 MW, 120 °C, 30 min X =4
SRR f s [)—(V
ST e mmegum T e
1. iv. 3L03, Lul,
(1.5 equiv.) U, V,W=CorN MW, 120 °C, 40 min

o O w
o (o Q

Br—I?—N

(b OPNG

PyBroP —/
C-OH activation

via phosphonium salt

Scheme 20 C2 arylation of azoles using tautomerizable heterocycles
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a sequential manner. In a first operation, a phosphonium salt was generated from a
tautomerizable heterocycle by the action of bromotri(pyrrolidin-1-yl)phosphonium
hexafluorophosphate(V) and a base (e.g., EtsN or Pri,NEt) in 1,4-dioxane under
microwave irradiation. Then, azole derivative was introduced to the reaction vessel
with the catalytic system (i.e., Pd(OAc), associated to PPh;) in the presence of
K,CO3 and Cul in DMA and was heated at 120°C under microwave irradiation. The
reaction conditions tolerated a wide range of azoles including 1,3,4-thiadiazole.

9 Conclusion

In summary, during the last decade, the scope of the arylation coupling partners for
palladium-catalyzed direct functionalization of 5-membered ring heteroarenes has
been largely extended. The recent modifications of these coupling partners, such as
the use of ArSO,Cl or ArB(OH),, present several advantages compared to the
reactions with aryl halides. In some cases, such as for the Pd-catalyzed arylation
of thiophenes or thiazoles with ArB(OH),, unusual C3 or C4 arylation products can
be obtained. A change in the regioselectivity was also observed in the course of the
arylation of benzofurans, as the use of ArSO,Cl selectively affords the C2-arylated
benzofurans instead of the mixtures of C2- and C3-arylated and also C2 and C3-di-
arylated benzofurans obtained with aryl halides. Moreover, the coupling with most
ArSO,R derivatives tolerates several functional groups including bromo- and iodo-
substituents allowing further transformations.

Despite the numerous recent reports, a number of challenges remain. The
influence of the nature of these alternative coupling partners on the reactivities
and selectivities need to be explored in more details. Concerning catalytic cycles, a
large number of interrogations are not addressed. If Pd(0)/Pd(I) catalytic cycles are
certainly involved in most couplings with aryl halides, with some of these new
coupling partners such as ArSO,Cl, Pd(II)/Pd(IV) catalytic systems might be
involved. Determining the reasons of the various reactivities and regioselectivities
for these reactions could allow further improvement in terms of efficiency and
reaction scope.
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Functionalization of [60]Fullerene via
Palladium-Catalyzed C-H Bond Activation

Guan-Wu Wang

Abstract The palladium-catalyzed C—H bond activation strategy has been suc-
cessfully applied to fullerene chemistry, and several types of [60]fullerene-fused
heterocycles and carbocycles have been obtained. The synthesis of [60]fullerene-
fused indolines, isoquinolinones, azepines, tetrahydroisoquinolines, tetrahydro-
benzazepines, sultones, tetrahydrobenzooxepines/isochromans, and dihydro-
phenanthrenes has been achieved by the palladium-catalyzed reactions of [60]
fullerene with anilides, benzamides, N-sulfonyl-2-aminobiaryls, N-benzyl sulfon-
amides, N-(2-arylethyl) sulfonamides, arylsulfonic acids, 2-phenylethyl/benzyl
alcohols, and 2-arylbenzoic acids, respectively.

Keywords [60]Fullerene - Annulation - Carbocycle - C-H activation
Heterocycle - Palladium catalyst
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Abbreviations

BQ p-Benzoquinone

Bs Benzenesulfonyl

Cs 4-Chlorobenzenesulfonyl
equiv.  Equivalent(s)

Et Ethyl

h Hour(s)

Me Methyl
MeCN  Acetonitrile
mL Mililiter(s)
mol Mole(s)

Ms Methanesulfonyl
ODCB ortho-Dichlorobenzene
Ph Phenyl

Piv Pivaloyl
PTSA  p-Toluenesulfonic acid

It Room temperature
TFA Trifluoroacetic acid
Ts p-Toluenesulfonyl

1 Introduction

Functionalization of fullerenes can not only retain the unique characteristics of
pristine fullerenes but also modulate their properties by attaching different organic
addends. Over the past two decades, various types of reactions have been developed
to provide a diversity of fullerene derivatives [1]. Among them, transition-metal-
mediated or -catalyzed reactions of [60]fullerene (Cgg) have attracted increasing
attention [2—4]. The functionalized fullerenes have huge potential applications in
materials science, biology, and nanotechnology [5, 6]. On the other hand, the
palladium-catalyzed C—H bond activation has emerged as one of the most important
methodologies to construct C—C and C—X bonds in organic synthesis [7-9]. C—H
bond activation enables the late-stage diversification of various kinds of organic
scaffolds, ranging from relatively small molecules like drug candidates, lumines-
cent compounds for optical applications, and photochromic molecules to complex
polydisperse organic compounds such as metal-organic frameworks (MOFs) and
polymers [10—12]. Recently, we have been interested in the functional group-
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directed sp2 C—H activations. By employing NHCOCH;, CONHOCH;, CONHj,
and N=NAr as the directing groups, we have achieved the ortho-acetoxylation [13]
and ortho-alkoxylation [14] of anilides, ortho-alkoxylation of N-
methoxybenzamides  [15], synthesis of phenanthridinones from N-
methoxybenzamides and aryl iodides [16], synthesis of isoindolinones from N-
methoxybenzamides and alkenes [17], ortho-arylation of benzamides [18],
decarboxylative ortho-acylation of O-methyl ketoximes [19], and decarboxylative
ortho-acylation of azobenzenes [20]. We have also successfully extended the
palladium-catalyzed C—H bond activation strategy to fullerene chemistry. It is
known that palladium-catalyzed reactions via non-C-H activation routes have
been used for the functionalization of Cgy [21-27]. Luh and coworkers first devel-
oped the palladium-catalyzed [3+2] cycloaddition of Cgq [21, 22]. The Itami group
then reported the palladium-catalyzed hydroarylation of Cg, with boronic acids and
subsequent cleavage of organo(hydro)fullerenes [23, 24], as well as the
regioselective unsymmetrical tetraallylation of Cg( [25, 26]. In this review article,
we will focus on the progress in functionalization of Cg by the palladium-catalyzed
and ligand-directed C—H activation protocols to construct Ceo-fused heterocycles
and carbocycles.

2 Palladium-Catalyzed Formation of [60]Fullerene-Fused
Heterocycles

The functionalization of Cgy via the Pd-catalyzed C—H bond activation usually
requires a directing group to achieve high regioselectivity and efficiency. When the
directing group contains a heteroatom, it would take part in the formation of
palladacycle and the subsequent insertion of Cgo to give a larger palladacycle
intermediate. Reductive elimination of the intermediate generates the Cgo-fused
heterocycle. In this section, we will describe several Pd-catalyzed reactions of Cgg
with different substrates bearing directing groups with a nitrogen or oxygen atom,
which involves the formation of the C-N or C-O bond in the Cgy-fused
heterocycles.

2.1 Palladium-Catalyzed Reaction of [60]Fullerene
with Anilides

In 2009, the synthesis of [60]fulleroindolines through the Pd-catalyzed heteroan-
nulation of Cgp with o-iodoanilines was reported [28]. Nevertheless, halide
by-products were generated, and a large number of o-iodoanilines were expensive
or difficult to be prepared, thus limiting further application of the present reaction.
We had investigated the ortho-acetoxylation [13] of anilides via the palladium-



122

R?

Py Pd(OAc), (10mol%)
0" "NH PTSA (1 equiv.)
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= | K5S,0g (5 equiv.)
XV ODCB/MeCN (4:0.5)

R 130°C, 24 h

Scheme 1 Pd-catalyzed reaction of Cg, with anilides

catalyzed C—H activation at that time. It is obvious that it would be highly desirable
to utilize anilides instead of o-iodoanilines as starting material to functionalize Cgg
(Scheme 1) [29].

With the commercially available acetanilide as the model substrate to react with
Ce0, K5S,05 was found to be a better oxidant than Oxone, Cu(OAc),, and p-
benzoquinone (BQ), and p-toluenesulfonic acid (PTSA) played a critical role for
the success of current heteroannulation of Cg. It was noteworthy that a mixture of
ortho-dichlorobenzene (ODCB, 4 mL) and acetonitrile (MeCN, 0.5 mL) was
employed as the solvents. MeCN was added to increase the solubility of the
employed inorganic salts.

As shown in Scheme 1, acetanilide and other acetanilides bearing electron-
donating groups and weak electron-withdrawing group on the para position of
the phenyl ring afforded products 1a—d in 34—41% yields (78-87% yields based on
consumed Cgp). It should be pointed out that the yields in the parentheses of
products 1a—d as well as other products were calculated on the basis of consumed
Ceo- However, substrates with an electron-withdrawing ketone group and the ortho-
substituent on the phenyl ring retarded the reaction obviously, giving the
corresponding products le and 1f only in 20% and 36% yield, respectively, even
by increasing the Pd(OAc), loading to 50 mol% in pure ODCB. When anilides were
substituted at the meta position, products 1g and 1h resulting from the reactions at
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A H (0]
Pd(OAc),
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Scheme 2 Proposed reaction mechanism for the Pd-catalyzed reaction of Cgo with anilides

the less sterically hindered positions were obtained regioselectively in good yields
(33-43%). Intriguingly, N-benzoylated aniline was found to be the most effective
substrate and provided product 1i in 53% yield.

A plausible mechanism was proposed and is shown in Scheme 2 [29]. The
reaction was supposed to be initiated by an amide-directed C—H deprotonation by
AcO™ with the help of a Pd(II) species to give the intermediate A, followed by
insertion of Cg into the arylpalladium bond to afford the intermediate B. Subse-
quent reductive elimination of the intermediate B produced fulleroindolines and Pd
(0). The Pd(0) species was reoxidized to a Pd(I) species by the oxidant K,S,0g to
complete the catalytic cycle. All the other annulation reactions of Cg to give [60]
fullerene-fused heterocycles (vide infra) proceeded via a similar pathway and will
not be described in details.

2.2 Palladium-Catalyzed Reaction of [60]Fullerene
with Benzamides

In the early 2010, the palladium-catalyzed ortho-alkoxylation of N-
methoxybenzamides was realized by using the CONHOMe group as a directing
group [15]. Subsequently, the same directing group was utilized for the palladium-
catalyzed synthesis of phenanthridinones from N-methoxybenzamides and aryl
iodides [16] and the palladium-catalyzed synthesis of isoindolinones from
N-methoxybenzamides and alkenes [17]. The simple amide CONH, group as the
ligand was later also employed to direct the palladium-catalyzed ortho-arylation
of benzamides [18]. Therefore, it was natural that the amide-directed C—H activa-
tion protocol was extended to fullerene chemistry. During our work on the
palladium-catalyzed annulation of benzamides to Cgy, Chuang and coworkers
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1
R Pd(OAc), (15 mol%)
HN.O  cu(0Ac), (3 equiv.)
_ >

a ODCB/TFA (6:1)
N\ 120°C, 24 h
R2

2i, 6% (8%) Ph

Scheme 3 Pd-catalyzed reaction of Cgy with benzamides

independently discovered the same reaction. Thus, we jointly published these
results (Scheme 3) [30].

Systematic screening of a range of oxidants and solvents for the Pd-catalyzed
heteroannulation of Cgy with N-methyl benzamide revealed that Cu(OAc), and
ODCB/TFA (6:1) performed best, giving fulleroisoquinolinone 2a in 45% yield.
Then a variety of substrates with either electron-donating or electron-withdrawing
groups on their benzamide aryl rings were examined, and fulleroisoquinolinones
2b-j were isolated in 6-53% yields (8—64% yield based on converted Cgp). Sub-
strates containing electron-donating groups generally afforded the corresponding
fulleroisoquinolinones 2d—g in good yields (36-53%). In addition, substrates with a
meta substituent underwent regioselective C—H activations at their less hindered
positions. In contrast, substrates bearing electron-withdrawing groups such as the
chloro and phenyl units provided products 2h—j in only moderate yields (6-30%). It
should be noted that under the standard conditions, the reactions of amides bearing
N-benzyl substituent with Cgo yielded debenzylated products. Therefore, only
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0.2 mL of TFA was used for these substrates to give the desired products 2¢, 2d, 2g,
and 2j in 28, 42, 36, and 30% yields, respectively. The extremely low yield of 2i
may be attributed to the bulkiness of the isopropyl group that made the formation of
palladacycle difficult.

Similar to our previous conditions [29], we found that the combination of
K>S,0g and mesitylenesulfonic acid (MesSA) was also applicable to the
palladium-catalyzed reaction of Cgy with benzamides.

2.3 Palladium-Catalyzed Reaction of [60]Fullerene
with N-Sulfonyl-2-aminobiaryls

2-Aminobiaryls have been utilized to construct different sizable heterocycles. The
Pd(II)-catalyzed cross-coupling of N-sulfonyl-2-aminobiaryls with alkenes to
afford phenanthridine derivatives [31] and C-H bond activation/intramolecular
amidation to synthesize carbazoles from 2-acetaminobiphenyls [32] have been
demonstrated. Chuang and coworkers then developed the Pd(IT)-catalyzed synthe-
sis of [60]fulleroazepines from the reaction of Cgy and N-sulfonyl-2-aminobiaryls
through C-H bond activation and sequential C—C and C-N bond formation at room
temperature (Scheme 4) [33].

Screening the Pd-catalyzed reaction of Cgy with N-tosyl-2-aminobiphenyl
showed that 10 mol% of Pd(OAc),, 3 equiv. of KHSOs, and 1 equiv. of PSTA in
6.2 mL of ODCB/TFA (6:0.2) at ambient temperature were the optimal conditions.
It was found that the new system using hybrid acids of PTSA and TFA was
important for synthesis of the 7-membered-ring heterocycle under very mild con-
ditions. This success was believed to be the unusual stability made by the hybrid
acid system that stabilized the eight-membered palladacycle intermediates.

With the optimized results in hand, the scope and generality of the reaction by
employing a variety of substrates containing electron-donating and electron-
withdrawing groups on both the aromatic rings of 2-aminobiaryls were next investi-
gated. The N-sulfonyl-2-aminobiaryls without substituent on any aryl rings
underwent reaction with Cgo smoothly to give 3a and 3b in 37% and 33% isolated
yields, respectively. Substrates with electron-donating methyl groups on the aryl
rings afforded 3c—g in 31-33% yields. It was also observed that C—H activations
occurred regioselectively at the less hindered and more electron-rich para positions
relative to the methyl substituents to give 3c, 3f, and 3g. Surprisingly, substrates
bearing electron-withdrawing chloro group gave products 3h and 3i in excellent
yields (40% and 51%). Products 3j-1 were isolated in lower chemical yields (19—
22%) due to the formation of bis- and multi-addition products. It was suggested that
the presence of an electron-donating methoxy group made the substrates more
reactive. However, a relatively good yield (38%) could be obtained for 3m with
the additional presence of an electron-pulling chloro group. Substrates with a
trifluoromethoxy (OCF;) group afforded 3n—o in 28-54% yields.
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R

2/ Pd(OAG), (10 mol.%)
| KHSOs (3 equiv.)
PTSA (1 equiv)

ODCBI/TFA (6:0.2)
,8h

3m, 38% (56%) OMe

Scheme 4 Pd-catalyzed reaction of Cgo with N-sulfonyl-2-aminobiaryls

2.4 Palladium-Catalyzed Reaction of [60]Fullerene
with N-Benzyl Sulfonamides

It was previously reported that the amide-directed ortho C—H bond activation
occurred selectively at the benzamide phenyl ring rather than at the phenyl ring
of the N-benzyl moiety for the Pd-catalyzed reaction of Cgn with N-benzyl
benzamides [30]. Intriguingly, in efforts to extend N-benzyl benzamides to other
substrates, we found that the usage of N-benzyl sulfonamides changed the site
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Pd(OAc), (10-20 mol%)
MesSA (2 equiv.)
K,S,04 (5 equiv.)

ODCB, 100 °C

Scheme 5 Pd-catalyzed reaction of Cgo with N-benzyl sulfonamides

selectivity of the ortho C—H activation to the phenyl ring of the N-benzyl moiety,
which provided Cgo-fused tetrahydroisoquinolines (Scheme 5) [34].

Initially, the Pd-catalyzed reaction of Cgy with N-benzyl-4-toluenesulfonamide
was selected as the model reaction for optimization study. It was found that K,S,0g
was the best oxidant for the reaction at 100°C. Although both TFA (0.5 mL) and
MesSA (2 equiv.) were effective additives to promote the reaction, MesSA was
superior to TFA in terms of both the amount of the used acid and product yield
based on converted Cgo. A wide variety of N-benzyl sulfonamides with electron-
withdrawing group (4-Cl) and electron-donating groups (4-Me, 4-MeO, 3,4-(Me),)
on the benzylamine moiety could be used to afford products 4b—e in 17-33% yields.
It should be noted that the substrate with a 4-MeO group tended to generate more
by-products under the employed standard conditions. As a result, the reaction
temperature and the amount of MesSA were lowered to 70°C and 1 equiv., respec-
tively, and the desired product 4d could be obtained in 17% yield. Product 4e was
formed regioselectively from N-(3,4-dimethylbenzyl)-4-toluenesulfonamide in
33% yield due to steric hindrance. In addition, different functional groups attached
to the nitrogen atom such as benzenesulfonyl (Bs), 4-chlorobenzenesulfonyl (Cs),
and methanesulfonyl (Ms) worked well, and the corresponding products 4f—h were
obtained in 22-31% yields.

Intriguingly, the obtained Cgp-fused tetrahydroisoquinolines could be
transformed to Cgp-fused indanes through a MesSA-promoted rearrangement.
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R3 benzene
——>
MesSA (3equiv.) 130°C, 1h
ODCB, 100 °C 68%

48-74% yields

FeCl, mesitylene _
R!=4-MePh 130°C,1h
RZ=Re=H 82%

Et,SiH
130°C, 12 h
70%

Scheme 6 MesSA-promoted rearrangement of Cgo-fused tetrahydroisoquinolines to Cgo-fused
indanes and subsequent FeCl;-promoted reactions

Furthermore, the sulfonamide group in Cgp-fused indanes could be removed or
replaced with an aryl group by the FeCl;-promoted reduction and Friedel-Crafts-
type reaction (Scheme 6) [34].

2.5 Palladium-Catalyzed Reaction of [60]Fullerene
with N-(2-Arylethyl) Sulfonamides

2-Arylethylamines have been exploited to construct heterocycles via C—H activa-
tion reactions. Orito et al. reported the Pd-catalyzed direct aromatic carbonylation
of 2-arylethylamines [35]. The Yu group developed the Pd-catalyzed intramolecu-
lar C-H aminations to prepare indolines from 2-arylethyl triflamides and
2-arylethyl 2-pyridylsulfonamides [36—-38]. However, using 2-arylethylmine deriv-
atives to construct seven-membered tetrahydrobenzazepines via C—H activation
protocol had not been reported yet. We succeeded in the heteroannulation of Cgq
with various N-(2-arylethyl) sulfonamides to give the rare Cgo-fused tetrahydro-
benzazepines through the Pd-catalyzed C—H activation protocol (Scheme 7) [39].
The reaction of Cgo with N-phenethyl-p-toluenesulfonamide as the model reac-
tion was initially chosen to screen the optimal conditions. By employing the similar
conditions for the Pd-catalyzed reaction of Cgy with N-benzyl sulfonamides [34],
that is, a combination of K,S,0g and MesSA, the model reaction gave a yield of
only 6%. Further optimization revealed that Cu(OAc), as the oxidant and ODCB/
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Pd(OAc), (20 mol%)
Cu(OAc), (3 equiv.)

ODCBI/TFA (6:0.2)
80°C, 6-10 h

Scheme 7 Pd-catalyzed reaction of Cgo with N-(2-arylethyl) sulfonamides

TFA (6.2 mL, v/v=30:1) as the solvent were the optimal reaction conditions to
provide product 5a in 32% yield.

N-Phenethyl-p-toluenesulfonamide and other substrates with either electron-
withdrawing or electron-donating groups on the 2-arylethylamine ring worked
well and gave the desired products Sa—g in 12-47% yields. Among them, substrates
with an electron-withdrawing chloro or bromo group at the para position of the
phenyl ring gave Sb and 5c in lower yields based on consumed Cgo because they
tended to generate some fullerene by-products. Furthermore, 2-phenethylamine
with the Ms group attached to the nitrogen atom was also effective and gave Sh
in 37% yield. Interestingly, the tosylamide of L-phenylalanine was also reactive
under our optimal conditions, and the novel Cgo-fused amino acid derivative 5i was
obtained in 24% yield.

It is noteworthy that the synthesis of [60]fulleroazepines from rigid N-sulfonyl-
2-aminobiaryls required a hybrid acid system (PTSA/TFA) [33]. In the present
work, flexible N-(2-arylethyl) sulfonamides incorporating an alkyl chain, even the
chiral amino acid moiety, were utilized as the substrates, and only TFA was
required as the acid additive. In addition, Pd(OAc),/Cu(OAc), in ODCB-TFA
(7 mL, v/v=6: 1), which was similar to our system, was totally inert in Chuang’s
work. The rare Cgo-fused seven-membered ring products were supposed to be
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generated by C—H activation via a hard-to-form eight-membered-ring palladacycle
intermediate, which still remains as a great challenge.

2.6 Palladium-Catalyzed Reaction of [60]Fullerene
with Arylsulfonic Acids

Carboxylic acids have been utilized to direct C—H bond activations, and C-H
halogenation, arylation, alkylation, olefination, hydroxylation, and carboxylation
reactions have been successfully realized. PTSA has been frequently added to
promote Pd-catalyzed C—H activation reactions by increasing the electrophilicity
of the Pd(I) center [29, 33, 40]. Just like carboxylic acids, it is possible that
arylsulfonic acids can be functionalized via sulfonic acid group-directed C—H
activation. However, such arylsulfonic acid derivatives had not been reported in
the aforementioned reactions involving PTSA [29, 33, 40]. The electron-deficient
aryl ring of arylsulfonic acids is less prone to the C—H activation step compared to
that of aryl carboxylic acids. Nevertheless, we successfully achieved the synthesis
of Cgo-fused sultones by the Pd-catalyzed reaction of arylsulfonic acids with Cg, via
unprecedented sulfonic acid group-directed C—H bond activation (Scheme 8) [41].

Screening the reaction conditions showed that K,S,0g as the oxidant and ODCB
(4 mL)/MeCN (0.5 mL) as the solvent at 140 C for 24 h were the optimal
conditions, similar to those for the previously reported Pd-catalyzed reaction of
Ceo with anilides [29].

Pd(OAc), (10-20 mol%)
K,S,04 (3 equiv.)

ODCB/MeCN (4:0.5)
140°C, 24 h

Scheme 8 Pd-catalyzed reaction of Cgo with arylsulfonic acids
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Arylsulfonic acids with both electron-donating and electron-withdrawing sub-
stituents on the phenyl ring could be smoothly transformed into the desired products
6a—e in 18-30% yields. p-Naphthylsulfonic acid could also be employed and
provided sultone 6f in 22% yield. Although Cgo could be successfully utilized in
the Pd-catalyzed C-H activation of arylsulfonic acids, the attempts to
functionalized PTSA with other olefins such as acrylates and styrenes failed
under conditions previously employed for aromatic carboxylic acids or other
combinations of Pd(OAc),, oxidants, and solvents, reflecting the unique property
of C60.

2.7 Palladium-Catalyzed Reaction of [60]Fullerene
with 2-Phenylethyl/Benzyl Alcohols

The Pd-catalyzed hydroxyl-directed C—H activation reactions remain difficult to
perform due to the possible oxidation, B-hydride elimination, and weak coordi-
nation of alcohols with Pd(I) [42—44]. Only three works on the Pd-catalyzed
olefination [42], intramolecular cyclization [43], and carbonylation [44] of
phenethyl alcohols had been reported before we investigated their application in
fullerene chemistry. We recently achieved the hydroxyl-directed C-H activation/
C-O0 cyclization reactions of phenethyl alcohols and benzyl alcohols with Cgq to
afford Cgp-fused tetrahydrobenzooxepine and isochroman derivatives (Scheme 9)
[45]. It should be noted that the Pd-catalyzed C—H activation of benzyl alcohols had
no precedent.

Screening the Pd(OAc),-catalyzed reaction of representative 2-phenylethanol
with Cgg indicated that oxidant K,S,Og performed best and arylsulfonic acids such
as PTSA and MesSA played critical role in the reaction. Unlike the previous
Pd-catalyzed hydroxyl-directed C—H activations [26-28], our protocol does not
require extra base additives as well as amino acid ligands. As shown in Scheme 9,
phenylethyl alcohol gave the desired Cgo-fused tetrahydrobenzooxepine 7a in 40%
yield. The methyl substituent at the benzylic position did not affect the reaction, and
product 7b was obtained in 42% yield. Substrates containing either an electron-
donating group or electron-withdrawing group on the phenyl ring could also be
used and provided products 7c—e in 20-31% yields. In addition, it was found that
benzyl alcohols were also compatible with the present reaction. Benzyl alcohol
provided Cgo-fused isochroman 7f in 43% yield, showing a high efficiency of this
C-H activation/C—O cyclization protocol. Nevertheless, 4-methylbenzyl alcohol
and 3,4-dimethylbenzyl alcohol gave inferior results and afforded products 2g and
2h in 27% and 24% yields, respectively. A secondary alcohol could also be
employed, and product 2i was isolated in 20% yield.
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Pd(OAc), (10-20 mol%)
K,S,04 (2 equiv.)
PTSA or MesSA (1 equiv.)
ODCB, 80°C, 36 h

Scheme 9 Pd-catalyzed reaction of Cgy with phenethyl and benzyl alcohols

3 Palladium-Catalyzed Reaction of [60]Fullerene
with 2-Arylbenzoic Acids

The abovementioned palladium-catalyzed reactions of Cqn via C—H activation
involved directing groups with a nitrogen or oxygen atom, which participated in
the formation of palladacycle intermediates and Cgo-fused heterocycles. The
attached heteroatoms in Cg-fused heterocycles would lower the LUMO energy
levels of fullerene derivatives and thus are not beneficial to the improvement of
open-circuit voltage (V,.), a key factor for organic photovoltaic devices. Therefore,
it is desirable to synthesize fullerene derivatives with two carbon atoms directly
attached to the fullerene skeleton in order to achieve higher V... The recent
synthesis of phenanthrenes from 2-phenylbenzoic acids with alkynes through a
decarboxylation/C—H activation sequence prompted us to investigate the
palladium-catalyzed decarboxylative coupling of 2-arylbenzoic acids with Cg to
obtain Cgp-fused carbocycles (Scheme 10) [46].

Optimization of the reaction conditions revealed that Cu(OAc), was the best
oxidant and Lewis acid ZnCl, was crucial for the success of this formal [4+2]
annulation reaction. It was believed that ZnCl, may facilitate the process of
decarboxylation. Furthermore, the addition of K,CO5; and PivOH could improve
the reaction efficiency.
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R1
= Pd(OAc), (10 mol%)
| Cu(OAc),*H,0 (2 equiv.)
N ZnCl, (5 equiv.)
K,CO4 (1 equiv.)
| PivOH (2 equiv.)
x \R2 ODCB, 100-140°C, 8 h

Scheme 10 Pd-catalyzed reaction of Cgo with 2-arylbenzoic acids

4-Methoxy biphenyl-2-carboxylic acid with an electron-donating methyl group
at the 4'-position exhibited good reactivity to afford 8b in 42% yield. In comparison,
only 22% yield was obtained for 8¢ with an electron-withdrawing chloro group at
the 4'-position. Similarly, the electronic effect was also very obvious when different
substituent groups were situated at the 3’-position. The methyl group performed far
better than the methoxy group, and products 8d and 8e were isolated in 41% and
19% yields, respectively. Furthermore, 4 -methyl-biphenyl-2-carboxylic acids with
both electron-donating and electron-withdrawing substituents at the 4-position
could be smoothly transformed into the desired products 8f—i in 25-46% yields.
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Finally, the simplest 2-phenylbenzoic acid could also be used to produce 8j in 33%
yield.

The cyclic voltammetry of 8a—j showed that they had similar first reduction
potentials to that of 6,6-phenyl-Cg;-butyric acid methyl ester (PCBM), which has
been widely used as an acceptor in organic photovoltaics. The LUMO levels of
fullerene compounds are estimated by their onset reduction potentials (LUMO =
(E;+4.8) eV). The high LUMO levels of the obtained Cgo-fused carbocycles are
expected to result in high V., and thus, they may have potential application as
acceptors in organic photovoltaic devices.

4 Conclusion

In summary, the palladium-catalyzed C—H bond activation protocols have been
successfully exploited in the functionalization of Cgo. Several types of substrates
containing directing groups with a nitrogen or oxygen atom have been employed to
form Cgp-fused heterocycles. Anilides, benzamides, N-sulfonyl-2-aminobiaryls, N-
benzyl sulfonamides, N-(2-arylethyl) sulfonamides, arylsulfonic acids, and
2-phenylethyl/benzyl alcohols have been employed to react with Cg to synthesize
Ceo-fused heterocycles. These C—H activation reactions involve palladacycle inter-
mediates, of which ring size ranges from a 6-membered ring to a hard-to-form
8-memebered ring. The palladium-catalyzed decarboxylative coupling of
2-arylbenzoic acids with Cgy to generate Cgp-fused carbocycles has also been
disclosed recently. It is expected that continual exploration of the C—H bond
activation strategy to functionalize fullerenes will widen the substrate scope and
produce more novel fullerene derivatives with different heterocycles and
carbocycles.
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Ruthenium(II)-Catalysed Functionalisation
of C—H Bonds with Alkenes: Alkenylation
versus Alkylation

Christian Bruneau and Pierre H. Dixneuf

Dedicated to the memory of Guy Lavigne

Abstract This chapter describes the recent achievements since 2011 of ruthenium(II)-
catalysed transformations of sp?C—H bonds of a variety of functional arenes, hetero-
cycles, alkenes and ferrocene derivatives on their reaction with alkenes, either via
oxidative dehydrogenation to produce functional alkenes or via formal insertion of
alkene into C—H bonds to afford alkylated products. The regioselectivity of ortho C-H
bond alkenylation or alkylation is shown to be directed by both strongly and weakly
coordinating functional groups from N-heterocycles and bidentate groups to carbonyl-
containing groups such as ketone, ester, amide, carbamate and sulfonic acid derivatives.
The ruthenium(Il) catalysts often based on [RuCl,(p-cymene)], or RuCl,(PPhs)s
derivatives sometimes require the presence of a halide abstractor and an oxidant. The
alkenylation of heterocycles will be shown to occur in the presence of base and their
alkylation in the presence of proton source to give branched or linear alkylated isomers.
Discussion of catalytic mechanism will involve the initial formation of a cyclometallate
via C—H bond deprotonation and that of an intermediate resulting from alkene insertion
into the Ru—C bond before its evolution to alkenylation or alkylation.
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1 Introduction

Metal-catalysed regioselective functionalisation of C-H bonds for the cross-
coupling formation of C—C and C-heteroatom bonds has brought a revolution in
synthetic methods, by providing atom- and step-economical processes, for the
production of complex pharmaceutical molecules, industrial intermediates or
molecular materials [1-8].

Besides successful C—C bond cross couplings from sp>’C—H bonds promoted by
palladium [7, 9-14] and rhodium [14-20] catalysts, the Murai group since 1993
has shown that lower-cost ruthenium(0) catalysts offer the direct access to func-
tional arenes, heterocycles and alkenes, via initial directed ruthenium(0) insertion
into the sp2C—H bond [21-26].

More recently, stable ruthenium(II) catalysts have been shown to promote the
directed sp?C—H bond activation and functionalisation, initiated by the pioneer
work since 2001 of Oi and Inoue [27, 28]. Some applications, even in water as
solvent, have been presented in several reviews especially for arylations and
heteroarylations of (hetero)aromatic compounds [29-35]. It was actually shown
that the ruthenium(II) activation of arene sp>’C—H bond is ortho-directed by the
functional group and easily takes place at room temperature via C—H bond
deprotonation by cooperative action of the Ru(Il) site and carbonate [36] or external
carboxylate [37, 38], initially leading to a cyclometallated intermediate on coordi-
nation of the functional group and C—Ru bond formation.

The easy ruthenium(II) activation of C—H bond by carboxylate deprotonation
has been applied to the oxidative dehydrogenation of two sp?C—H bonds as an
alternative route to polyfunctional alkenes, by cross coupling of a (hetero)arene and
an alkene, a reaction which was previously discovered using Pd(II) catalysts and
oxidant by Moritani and Fujiwara [1, 39, 40]. A general method of ruthenium(II)-
catalysed alkenylation of arene and heterocycle directly on reaction with alkenes
was demonstrated only recently in 2011. First, Satoh and Miura showed the
alkenylation of heteroarylcarboxylic acids [41], Ackermann alkenylated
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arylcarboxylic acids in water, [42] Bruneau and Dixneuf performed the alkenyl-
ation of heteroaryl arenes with catalytic amount of Cu(Il) [43] and Jeganmohan
demonstrated that ketone could direct alkenylation [44].

Since 2011, many applications of this Ru(Il)-catalysed alkenylation reaction
have shown that a variety of weakly bonding functional groups (FG) could direct
this ortho C—H bond functionalisation with alkenes of arene and heterocycle deri-
vatives, thus offering a low-cost, general route to multifunctional alkenes, some of
them were profitably used for sequential oxa- or aza-Michael addition (Eq. 1).

- FG-R FG
(FG : [Ru(ll) Catalyst] ( 7 R=H ( , o
©/ oxidant ( - 2 H) ©/\/ T
FG-R
) (

=/Z [Ru(ll) Catalyst] @/\/ z @

More importantly, the Ru(Il)-catalysed reaction of functional (hetero)arenes with
alkenes can also lead to the formal alkylation at the ortho-position of the functional
directing group. It was first observed for the hydroarylation of ethylene with Ru(II)
catalyst by Gunnoe et al. [45]. This Ru(Il)-catalysed alkylation corresponds to
the formal insertion of the alkene into the ortho C—H bond (Eq. 2) as it was
previously observed to be the main product in the Murai reaction but with Ru(0)
catalyst [21, 23]. Thus, it becomes crucial to understand how to orientate the
reaction of alkenes with (hetero)arenes towards alkylation or alkenylation with
ruthenium(II) catalytic systems and explore the role of additional oxidant. Only a
few examples of ruthenium(Il)-catalysed alkenylations have appeared in recent
reviews [32, 46-49].

The objective of this chapter is to show the regioselective alkenylation or
alkylation, on reaction with alkenes of functional arenes, heteroarenes and alkenes
promoted by simple ruthenium(II) catalysts, as new routes to promote sp>C—H bond
activation for C—C cross coupling. This chapter will cover the literature since the
first direct alkenylations in 2011 till the end of 2014 even if a few 2015 crucial
reports will be cited. This chapter will provide opportunities to discuss the ruthe-
nium(IT) sp’C—-H bond activation mechanism leading to cyclometallate inter-
mediates and their further functionalisation of the (C—H) carbon leading to C-C
cross couplings.
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2 Ruthenium(II)-Catalysed Alkenylation of sp>’C—H Bonds
with Alkenylboronic Acids

Ruthenium-catalysed alkenylation of sp’C—H bonds directly with alkenes has been
initially performed by the Murai group mostly using ruthenium(0) catalyst pre-
cursors such as RuH,(CO)(PPhs); or Rus(CO);, [21-26]. However, it was often in
competition with preferential alkylation by formal insertion of alkene into the same
ortho C-H bond [26, 50-52] as also shown by Genet with [RuCl,(p-cymene)],/
MO,CH catalyst [53, 54]. It is noteworthy that Chatani and Kakiuchi have recently
succeeded to perform ortho-alkenylation of arenes, linked to a variety of hetero-
cycles as directing groups, with another Ru(0) species Ru(COD)(COT), and this
catalyst allows alkenylation with functional alkenes such as alkenyl esters [55] and
alkenyl carbonates [56].

Ruthenium-catalysed regioselective alkenylations of aromatic sp?C—H bonds
have been easily performed first with alkenylboron derivatives and since 2011
more generally simply by oxidative dehydrogenation with alkenes with ruthenium(II)
catalysts. These two approaches will be successively presented.

Alkenylarenes have been produced by reaction of arylboronic acids with alkenes
in the presence of ruthenium(Il) catalysts with a Cu(Il) oxidant by Brown [57, 58]
(Eq. 3). This reaction corresponds to the functionalisation of alkene C—H bonds, and
by contrast to palladium catalysts, it tolerates arene carbon—halide bonds.

(e}

Q B(OH), [RuCly(p-cymene)], (2.5 mol%) OR
or @r 3)
| Cu(OAc), - 1 mmol

quinuclidinone - 1 mmol
toluene, RT, 1-2d.

Chatani and Kakiuchi have demonstrated that a ruthenium(Il) cyclometallate
catalysed the selective monoalkenylation of aromatic ketones, containing a toler-
ated ether group, at the ortho C-H bond of the ketone group. A related cyclo-
metallate was demonstrated to be formed on reaction of the ketone with the
Ru(0) species arising from RuH,(CO)(PPh;); (Eq. 4) [59].

C@
Ru(OR)(CO)(PPhs),

OR' O
Cyclometallate-Ru(ll) (2 mol%)

o0,
pinacolone, reflux 10-20 h

Recently, Jeganmohan has developed the ortho-alkenylation of N-alkylbenzamides
with alkenylboronic acids in the presence of a simple [RuCl,( p-cymene)],/AgSbF¢
catalytic system, with 1 equiv. of Ag,O in THF. The reaction leads, via a

Py
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five-membered Ru(Il) cyclometallate, to the clean functionalisation of ortho C—H
bond via C-C bond cross coupling (Eq. 5) [60]. Ag,O accelerates the trans-
metallation of the alkenyl group from boron to the ruthenium(II) centre.

[RuCly(p-cymene)],
(3 mol%)
0 AgSbFg (12 mol%)

/©)kN/ (HO>ZBV/\©

H + |/ . Me
/

Me R Ag20 (1 equiv.),

THF, 110 °C, 16 h

®)

3 Alkenylation of sp’C-H Bonds with Alkenes
and Ruthenium(II) Catalysts

The synthesis of functional olefins has made a tremendous improvement with the
discovery of the Mizoroki—Heck reaction by combination of an alkene with an
aromatic halide, catalysed by palladium(0) catalysts [61]. The Fujiwara—Moritani
alkenylation has made another decisive step for the formation of Heck-type prod-
ucts, but via the cross oxidative dehydrogenation of alkene and (hetero)aromatic
C-H bonds, catalysed by palladium(II) catalysts in the presence of an oxidant [39].
These discoveries have motivated the search for simple and cheaper catalysts based
on ruthenium(Il) precursors for the dehydrogenative coupling of an alkene with
arene or heterocycle spo—H bonds.

The first example of alkenylation of an arene with ruthenium (II or III) catalysts
was actually presented by Milstein in 2001 [62], for the oxidative coupling of
acrylate with an arene without directing group. The reaction was catalysed by
either RuCl;.xH;0, [RuCl,(CO);], or [RuCl,(CgHg)], but under weak pressure of
carbon monoxide and using oxygen as the only oxidant. Ruthenium(0) catalyst
such as Ru3(CO),, was less efficient (Eq. 6).

RuCl3. xH,O

_ COR
or [RUCK,(CO)sl, N
X CO5R |
) . =N R ] e )
= 0O, (2 atm)
CO (6.1 atm) 30-47%

180 °C for 48 h

Then the cross coupling of two sp>?C—H bonds between an alkene and an arene has
been achieved first by Yi in 2009 using of Ru(Il) hydride precursor and recently
since 2011 by a variety of groups using the simple [RuCl,(p-cymene)], catalyst
precursor with an oxidant. These two processes will be successively presented.
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3.1 Ruthenium Hydride-Catalysed Alkenylation of Arenes
with Functional Alkenes

Chae S. Yi has shown that the ruthenium(II) hydride catalyst [RuH(CO)(PCys)
(C¢Hg)]1[BF4] in the presence of a strong acid HBF,.OEt, could perform the
alkenylation at the ortho-position of an aromatic ketone or amide with a rather
good selectivity. He first succeeded the alkenylation with styrene of an aromatic
ketone at the ortho C—H bond [63]. The directed activation of the ortho C—H bond is
demonstrated by the alkenylation of the naphthylketone. The reaction is believed to
generate a metallacycle which inserts the alkene and leads either to the alkenylated
ketone by p-elimination or to indene after carbonyl insertion into the Ru—C bond
(Eq. 7) [63].

o)
[RuH(CO)(PCy3)(CeHe)IBF4
/ HBF,.OEt, O o
.
cl + 2 Ph cl Zph

CgHsCl, 110 °C, 5h
\ 90 : 10 (35%)

[RU]
o=

@
[Rul-0 Rul . Ph

(7)

Chae S. Yi also explored, in the presence of the same [RuH(CO)(PCy3)(CgHg)]
[BF,] catalyst, the reaction of arylamides with cyclic and disubstituted alkenes
under mild conditions. Cyclopentene and cycloheptene led to the preferential
alkenylation at the ortho-position of the CONR, or CONHR directing group, with
a small amount of the alkylated product corresponding to the formal alkene
insertion into the ortho C-H bond (Eq. 8) [64]. The alkenylation product may
arise from the initial formation of a cyclometallate by ortho C—H bond cleavage as
for acetophenone, followed by alkene double bond insertion into Ru—C bond
followed by fp-elimination.
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o}
[RUH(CgHg)(CO)(PCya)* BF,~ (5 mol%) NR,
NR; CH,Cl,, 80 °C, 5 h O
X
X
+ +
a:b 0]
Q X = OMe, R=Me 91: 9 (76%) NR,

X=H, R=H, p-MeO-CgH;, 100:0 (57%) *
(8)

The same catalyst also promotes the reaction of arylamides with 1,1-disubstituted
terminal alkenes to preferentially afford the ortho-alkylated products at the
expenses of the ortho-alkenylated arylamides [64].

3.2 Dehydrogenative Alkenylation of Arenes with Ruthenium(II)
Catalysts According to Directing Groups

The high potential of the dehydrogenative cross coupling of alkenes with (hetero)
aromatic C—H bonds has initiated efforts to open synthetic routes to multifunctional
alkenes using stable and low-cost catalysts. The understanding of the mechanism of
activation of spZC—H bond with ruthenium(Il) catalysts [37, 38], via C—H bond
deprotonation with the help of carbonate or especially carboxylates, which can take
place at room temperature has attracted interest to attempt further oxidative cou-
plings with alkenes. Whereas the first attempts of ruthenium(II)-catalysed reactions
of ethylene with arenes have led to hydroarylation of ethylene, e.g. the alkylation of
benzene with ethylene [45], alkenylations with functional olefins of arenes and
heteroarenes with ruthenium(Il) catalysts but in the presence of an oxidant have
emerged since 2011 and were shown to be regioselectively directed by a variety of
functional groups including weakly coordinating ones.

The first examples of ruthenium(Il)-catalysed alkenylation with alkenes were
shown within a few months of 2011 first by Satoh and Miura with (hetero)aromatic
carboxylic acids [41], then by Ackermann who could perform successive alkenyl-
ation of carboxylic acids and oxa-Michael reaction in water [42], then Bruneau and
Dixneuf who used nitrogen-containing heterocycle groups to direct alkenylation
with catalytic amount of Cu(Il) in air [43] and Jeganmohan who showed that a
simple weakly bonding ketone could direct the activation/alkenylation at ortho-
position [44]. Since 2012, a general method of ruthenium(II)-catalysed alkenylation
has been developed, via ruthenium(II)-catalysed dehydrogenative cross coupling of
functional arenes or heterocycles and alkenes which will be presented now. It will
be shown that a variety of functional groups direct the C—H bond alkenylation



144 C. Bruneau and P.H. Dixneuf

such as carboxylate, heterocycles, ketone, aldehyde, amides, esters, carbamates,
free amine or alcohol and sulfonic acid derivatives.

3.2.1 Alkenylation with Carboxylic Acid as a Directing Group

Carboxylate groups have been shown to easily coordinate to Ru(Il) complexes
without decarboxylation, and they lead to weakly bonded ligands that easily disso-
ciate from the Ru(Il) centre and deprotonate neighbour C—H bonds [37, 65]. Satoh
and Miura reported in 2011 the first example of ruthenium(Il)-catalysed alkenyl-
ation with acrylates. The selected substrates were heterocycles such as benzo-
thiophene, benzofuran, pyrrole and indole derivatives, but containing a
carboxylate group as a directing group. The reaction was performed with
[RuCl,(p-cymene)], catalyst and required a stoichiometric amount of
Cu(OACc),.H,0 as oxidant with LiOAc as a base (Eq. 9) [41]. It was demonstrated
before that carboxylic acids did favour the C—H bond activation by Ru(II) systems,
but the tremendous advantage of ruthenium(IIl) catalysts was that they tolerated this
functional group, whereas useful palladium(Il) catalysts for similar reaction
undergo decarboxylation of the aromatic carboxylate directing group [66]. The
thiophene-3-carboxylic acid could lead to its dialkenylation at both C2 and C4
positions thus demonstrating the directing ability of the carboxylate directing
group [41].

CO,Bu

_ CO,Bu
A\
COM
l S 2vie [ d—co,Me
Br or o
1) \ .
JPEN [RuCly(p-cymene)], (2 mol%) 91% 54%
: D*COzH Cu(OAC),.H,0 (2 equiv)
Ny ~y LiOAc (3 equivo) CO,Bu
. DMF, 6 h, 80 °C - CO,Me
Z>CoBu 2 \ N
2 Mel/K,CO4 | COMe  ©F | N\
N N OzBU
| |
Me Me
Y=0,8 NR
69% 66%

Ackermann showed that the carboxylic group could direct the alkenylation with Ru(II)
catalyst at the ortho-position of benzoic acid derivatives with alkyl acrylates or
acrylonitrile with 2 equiv. of oxidant Cu(OAc),.H,O (Eq. 10) [42]. This reaction
took place efficiently in water as solvent, and the alkenylation was followed by
oxa-Michael addition, thus leading to a variety of lactones. The reaction with Ru(II)
catalysts was shown to tolerate a bromide linked to the arene. This constitutes a
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new example of the stability and efficiency in water of ruthenium(Il) catalysts for
functionalisation of sp2C—H bonds [33, 67].

o}

0
XN OH [RuCly(p-cymene)], (2 mol%) N
R + Ay Cu(OAc),.H,0 (2 equiv) R o)
= =
H,0, 80 °C, 16-24 h v
s o Me o F o OMe ¢
o) o] O
O Br MeO
oN CO,Et CO,Et CO,Et
1% 67% 75% 86%

3.2.2 Heterocycles as Directing Groups for Alkenylation
Evidence for Directed C—H Bond Alkenylation

Nitrogen-containing heterocycles are known to give strong N—Ru bond with Ru(II)
complexes, and several of them can be isolated [65]. Then, oxidative alkenylation
of arenes, directed by a heterocycle in N-arylpyrazoles, with nonactivated alkenes
such as styrene was shown by Bruneau and Dixneuf (Eq. 11a) [43]. The reaction
was performed by Ru(OAc),(p-cymene) catalyst, but with only catalytic amount
of Cu(OAc),.H,0 (20 mol%) in air at 100°C. A key of the success was the use of
a simple Ru(OAc),(p-cymene) catalyst in acetic acid which together allows easy
C-H bond cleavage [37, 38].

~
[Ru(OAc),(p-cymene)]

N /\© (5 mol%)

] Cu(OACc),.H,0 (20 mol%)
2.5 equiv ACOH - 1 mL
N‘N 100°C, 5h, Air
W

+ no alkene

-
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It is noteworthy that in the absence of styrene, the catalytic system performed
easy ortho C—H bond cleavage of N-arylpyrazole and ortho C—C homocoupling
leading to bidentate ligand (Eq. 11b) [43].

This alkenylation of arylpyrazoles can be applied to electrophilic acrylamides or
acrylates under similar conditions, but the reaction is slower. However, good yields
can be obtained using 1 equiv. of Cu(OAc),.H,O in acetic acid. The ortho-
dialkenylation with acrylate of N-p-methoxy-substituted phenylpyrazole can also
be achieved (Eq. 12) [43].

Cl

[ j\ PN
Q\/\CONHZ CO,Bu

R \R
[Ru(OAc),(p-cymene)] N or N
(52mol%) M &/

49 %

N,
i\ N Cu(OACc),.H,0 - 0.5 mmol 71%
/ AcOH -1 mL,

+ 100 °C, 5 h, air OMe
© Ol
R _
= CO,CH,Ph
/\lor EtO,C7 X > Cco,Et e

N
2.5 equiv @N &/N
(12)

The selective monoalkenylation of 1-phenylpyrazoles has also been performed by
Satoh and Miura with [RuCl,( p-cymene)], catalyst and 2 equiv. of Cu(OAc),.H,O
in DMF under nitrogen atmosphere at 100°C. The reaction was shown to tolerate
various substituents on the arene ring such as Cl, Me, CO,R and CN groups [68].

The alkenylation directed by pyrazole has been applied to illustrate the succes-
sive functionalisations of two ortho C—H bonds of the N-phenylpyrazole aryl group.
After selective monoarylation of N-phenylpyrazole with ruthenium(Il) catalyst in
water, the new N-phenylpyrazole derivative was ortho-alkenylated with n-butyl
acrylate with catalyst Ru(OAc),( p-cymene) in acetic acid using 1 equiv. of oxidant
Cu(OAc),.H,0 (Eq. 13) [69].
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Ru(OAc),(p-cymene) (5 mol%) BuO,C” XX
Cu(OAc),. H,0 (1 equiv)

ACOH -1 mL \N\N C
v )

100 °C, 24 h ~

+ ZCo5Bu 43%
(13)

The oxazoline ring has been shown to be an efficient directing group for ortho-
alkenylation of aryl C—H bonds with acrylates, acrylamides in toluene. However,
the usual carboxylic acids such as AcOH or PhCO,H were not efficient partners,
and the 1,1’-binaphthyl-2,2’-diyl hydrogen phosphonate (HMPAH) appeared to be
an excellent Ru(Il) partner for a reaction performed in simple ethanol as solvent,
with less than 1 equiv. of Cu(OAc),.H,O under air (Eq. 14) [70].

[RuCl,(p-cymene)], (5 mol%)

R R
R O, o —R
— o &
: b 10 mol%
o N BNPAH: oR ) o__N
Ly o
R N R Y
Y Cu(OAC),.H,0 (80 mol%)
under air
R'=Me or H Ethanol (2 mL), 80 °C
O///NF o_N o_N
Me . CO,Me Me\é/\/ Ph X CONH,
67 % (5 h) 65 % (36 h) 57% (5 h)
(14)

This transformation shows that a variety of C—H bond deprotonation partners
have to be selected according to both the substrate and directing group nature,
and phosphate derivatives such as (alkylO),P(O)OK are now commonly used for
catalytic monoarylation of arene C—H bonds directed by a tetrazole unit for the
production of industrial intermediates [71].

Azole has also been used as a heterocycle directing group in the ruthenium(II)
alkenylation of phenylazoles by Miura [72]. The catalytic system is based on
Jeganmohan’s catalyst discovered for alkenylation of aromatic ketones [44], with
[RuCl,( p-cymene)],/4AgSbF, also with 2 equiv. of Cu(OAc),.H,O in +~AmOH
solvent at 100°C under nitrogen (Eq. 15a) and under conditions presented later with
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amides as directing groups. The reaction with acrylate of phenylbenzothiazole with
only [RuCly(p-cymene)], led to 20% only of the alkenylated product [68]. By
contract with AgSbFg, the same catalyst afforded 61% of the ortho-alkenylated
product (Eq. 15b) [72]. AgSbF, favours halide abstraction and formation of Ru(II)—
OAc bond.

7R

1 XY
< \
\ ’

I~ [RuCly(p-cymene)l, (0.013 mmol)

Me—Ns AgSbFg (0.05 mmol) /N /N Me-N /N (15a)
a
Cu(OAG),.H,0 - 0.5 mmol ~CO-R
t-AmOH, 100 °C, 4 h

0.25 mmol

A R=COR, Ph 1% 82%

s

S N [RuCly(p-cymene)], (0.013 mmol) ; ;

7z A~ AgSbFg (0.05 mmol) SN

+ FCOo,Bu (15b)
0.5 mmol) Cu(OAc).H20 (0.5 mmol) - COBu
t-AmOH, 100 °C, 4 h

0.25 mmol

61%

First Approach of Mechanism for C—H Bond Activation and Alkenylation

At this stage, a mechanism for the alkenylation of functional arenes can be proposed
as exemplified by that of phenyloxazoline (Eq. 14). It is based on the first step of the
mechanism established with the help of kinetic studies for C—H bond activation and
arylation at 27°C of functional arene: 2-phenylpyridine [37], 2-phenyl-2-oxazoline
and 1-phenylpyrazole [38], using Ru(OAc),(p-cymene) catalyst (Scheme 1). The
Ru(Il)-OAc bond of Ru(OAc),(p-cymene) is weak [65], and acetate dissociation
from an 18-electron complex takes place first to allow the coordination of the
heterocycle nitrogen. The formation of the cyclometallate A is first produced by
acetate C—H bond deprotonation and accelerated by additional KOAc, thus support-
ing an intermolecular deprotonation of C—H bond by external acetate. This cyclo-
metallate formation is strongly accelerated by the freed AcOH, likely to keep the
Ru(II) site coordinatively unsaturated, and this phenomenon reveals an auto-
catalytic process. This will be reflected in most C—H bond activation/deprotonation
processes observed with Ru(Il) catalysts, and the crucial role of carboxylic acids
and carboxylates partners will be shown. More importantly, the kinetic studies of
C-H bond activation process with phenylpyridine by Ru(OAc),(p-cymene) and
Pd(OACc),, leading in both cases to a cyclometallate complex, show that the reaction
of Pd(OAc), is faster than with the ruthenium(II) catalyst, but that it is not affected
at all by the addition of acetic acid or acetate [38]. Thus, Pd(OAc), proceeds via an
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\ | /
O-Ru_
AN /LOI OA <N
P ] \
N AcO"
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reductive \ | /
elimination Ru@
OAc —
- AcOr \ | //
\ | / | ®
AT o . A _Rux
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HOAc
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— _ via _H-
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Scheme 1 Proposed mechanism for Ru(II)-OAc assisted C—H bond activation and arylation

intramolecular non-autocatalysed concerted metallation—deprotonation (CMD)
mechanism, whereas Ru(OAc),L,, catalysts proceed via an intermolecular deproton-
ation favoured by carboxylate or phosphate via an autocatalytic process [37, 38].
Thus, for Ru(Il)-catalysed alkenylation of functional arenes such as phenyl-
oxazoline (see (Eq. 14) [70]), the first step of C—H bond activation is expected
to be analogous to that observed for arylation of phenylpyridine (Scheme 2).
The reaction of [RuCl,(p-cymene)], catalyst and Cu(OAc),.H,O gives easily
Ru(OAc),(p-cymene) which, in the presence of the phosphonate BNPAH, can
lead to a ruthenium(II) cation, with counter-anion (A”) = ( AcO™ or BNPA"). The
coordinatively unsaturated Ru(II) centre is able to coordinate the functional group
and favours the interaction of the ruthenium(II) site with the ortho (C-H) carbon C,
increasing its C—H bond acidity. The C—H bond deprotonation by external BNPA™ is
expected to afford the five-membered cyclometallate D, which via coordinative
insertion of alkene leads to cyclometallate E. When the N-Ru bond is stable, then
classical B-elimination cannot take place due to the rigidity of the seven-membered
cyclometallate E, avoiding the coplanarity of both Ru—C and Cp-H bonds.
Then, the deprotonation of a f-hydrogen in anti-position to the Ru—C bond should
take place to give the alkenylated product and a Ru(0) species Ru(X)Ln . The latter
is oxidised into Ru(II) species with the Cu(II) salt in the presence of air. If the Ru—N



150 C. Bruneau and P.H. Dixneuf

[RuCly(arene)l, / \
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Scheme 2 Possible mechanism for alkenylation of ortho C—H bond of phenyloxazoline

bond can easily dissociate, then f-elimination takes place to generate a Ru(H)(X)Ln
species leading, on reaction with Cu(OAc),, to the catalytic species.

3.2.3 Ketone as a Directing Group for Alkenylation

With the help of ruthenium(0) catalysts, the Murai group showed that ketone groups
could direct ortho-arylation, with arylboronates, of aromatics, and with alkenes,
they direct alkylation preferentially to alkenylation [21-26]. However, ketones with
Ru(II) catalysts could not direct arylation with aryl halides or Fujiwara—Moritani
alkenylation, whereas their corresponding imines could make direct arylation
possible with aryl halides [28, 73-76].

A very useful modification of the Ru(Il) catalysts was brought by Jeganmohan
et al. at the end of 2011 which allowed the selective, efficient dehydrogenative
alkenylation of aromatic ketones (Eq. 16) [44]. Thus, by reacting the catalyst
[RuCl,( p-cymene)], with more than 4 equiv. of AgSbFg to abstract the chlorides
from the ruthenium(II) complex, in the presence of Cu(OAc),.H,O as an acetate
provider and as oxidant, they succeeded to perform the ortho-alkenylation of a
large variety of substituted aryl methyl ketones (X=F, I, MeO, CO,Me) (Eq. 16).
The reaction of benzoketone can lead either to ortho-mono- or dialkenylation.
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X © _~_0O-nBu (¢} X ~ O AN
le) o O nBu-O" ~O

- nBu-O nBu-O~ ~O
88% 77% 41% 49%
(16)

This Jeganmohan catalytic system, based on the abstraction of chlorides by Ag*
SbF¢~ salt, which favours the formation of Ru—OAc bond in the presence of
Cu(OAc),, has contributed to further establish general methods of alkenylation of
a variety of arylketones, but also of arenes and heteroarenes containing a carbonyl
bond for weak interaction with the Ru(Il) centre, such as formyl, ester, amide,
amidine and carbamate directing groups of which applications will be presented
later.

The ketone group has also been used to directly alkenylate ferrocene derivatives
which could not be arylated before. This functionalisation directed to ortho-posi-
tion of the ketone would open the direct access to compounds with planar chirality.
Using a similar catalytic system as Jeganmohan for alkenylation of aromatic
ketones (Eq. 16) [44], Singh and Dixneuf have reported the catalytic alkenylation
with acrylates of ferrocenyl ketones, with COMe and COEt directing group,
using 8 mol% of [RuCly(p-cymene)],, 40 mol% of AgSbF¢ and 2 equiv. of
Cu(OAc),.H,0 in DCE. The C2-alkenylation product was selectively produced at
80—100°C but was obtained in moderate yields (<30%) (Eq. 17a) [77].
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Then, in order to evaluate the easiness of activation and functionalisation of
(Fc)C-H versus (Ph)C—H bonds, the reaction was applied to ferrocenyl phenyl
ketone. Surprisingly in that case, the alkenylation selectively took place by
functionalisation of the ortho (Ph)C—H bond only and not at the electron-rich
ferrocenyl cyclopentadienyl group. With acrylates, alkenylation occurred at
room temperature and in quantitative yields (Eq. 17b) [77]. The same alkenylation
was performed at the phenyl group with acrylonitrile and styrene derivatives but at
80-100°C. These reactions show that the FcCO acyl group actually favours
ortho aryl C—H bond activation for alkenylation.

3.2.4 Formyl as a Directing Group for Alkenylation

Soon after, in 2012, Jeganmohan used his catalytic system RuCl,(p-cymene)],/6
AgSbFg with Cu(OAc),.H,O under air to show that the formyl group also directed
the alkenylation at its ortho-position of aromatic aldehydes. He showed that the
electron-withdrawing substituents such as Cl, CN and CO,Me on the aryl groups
disfavour the reaction; by contrast, electron-rich substituents such as OMe, Me,
NMe, and dioxole led to good yields (Eq. 18) [78]. The directing ability is likely
due to the weak coordination of the carbonyl oxygen to the Ru(l) site. It is
noteworthy that with Ru(0) catalysts, the Murai alkylation with olefins of aromatic
aldehydes was disfavoured. The formation of the alkenylated products is suggested
to take place via initial activation with a Ru(Il)-OAc species leading to the five-
membered cyclometallate by ortho C—H bond cleavage.
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Jeganmohan showed the interest of the produced ortho-alkenylated aromatic
aldehydes, as under irradiation in benzene they afforded the four-membered cyclic
ketones or the polysubstituted isochromanone derivatives (Eq. 19) [78].

o]
SO
H
H O OMe
il N Yo & 6%
L~ X o) hv, benzene
- - R+ P —_— or
+ & CO,R?

CO,R?

MeO

3.2.5 Ester as a Directing Group for Alkenylation

As for ketone and formyl groups, it was shown soon after first by Jeganmohan [79]
and by Ackermann [80] that the weakly coordinating ester function could
also direct the alkenylation of arenes with acrylates on action of the catalyst
[RuCly(p-cymene)],/n AgSbFs. Under air atmosphere, Cu(OAc),.H,O in
1,2-dichloroethane could be used this time in a catalytic amount of 30 mol%.
A variety of aromatic and heteroaromatic esters could be alkenylated by acrylates
(Eq. 20) [79, 80]. It is shown in the two reports, especially by cross experiments,
that the reaction is favoured by electron-rich substituents on the aryl groups.
The reaction tolerates the presence of iodide substituent.

The reaction appears quite general and can be applied to thiophene, furan and
indole derivatives, but an electron-withdrawing group on aromatic esters disfavours
this cross-coupling reaction (Eq. 20) [79, 80].
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It is noteworthy that Loh used the ester group of acrylates to direct the alkene C—H
bond activation to give functional dienes in the presence of another alkene (see
Sect. 3.4) [81].

3.2.6 Amides CONHR and NHCOR as Directing Groups
for Alkenylation

At the same time as the alkenylation of N-phenylpyrazoles, Miura et al. [68] have
also found in 2011 that an amide group CONHR could direct the ortho-alkenylation
of a phenyl ring with [RuCl,(p-cymene)], catalyst and 2 equiv. of Cu(OAc),.H,O
in o-xylene. The reaction of benzylanilide and n-butyl acrylate led first to ortho-
alkenylation followed by intramolecular aza-Michael addition and the production
of the lactam (Eq. 21) [68]. Thus, they showed for the first time that both ortho C-H
and N-H bonds could be easily functionalised with ruthenium(Il) catalyst.

o
O+__NHPh [RuCly(p-cymene)], NPh - co,8u
(5 mol%)
+ ZC0,Bu > (21)
Cu(OAc),.H,0 (2 equiv)
o-Xylene, 110 °C, 4 h,
under nitrogen 80%

Bin Li and Baiquan Wang, in the beginning of 2012, reported that the amide group
CONH(OMe) could direct ortho-alkenylation and behave as an oxidising reagent.
They showed that [RuCl,( p-cymene)],, without Cu(OAc), this time, allowed the
general catalysed oxidative alkenylation with acrylates, simply in the presence of
NaOAc (30 mol%) in methanol at 60°C (Eq. 22a) [82].
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The similar reaction with unactivated alkenes, with styrene and norbornadiene,
but in CF;CH,OH as solvent, allows the formation of 3,4-dihydroisoquinolinones
via initial ortho-alkenylation of N-methoxybenzamides followed by intramolecular
nucleophilic addition of the nitrogen to the formed C=C bond (Eq. 22b) [82].

[RuCl,(p-cymene)], (5 mol%)

NaOAc (30 mol%) o
CO,R? AN
N R NH; (22a)
MeOH (0.2 M) PN co,R?
o 60 °C, 4-24 h 45.95%
il N N,OMe e}
. J H [RUCly(p-cymene)], (10 mol%) o NH
0,
. NaOAc (200 mol%) R1l<t¢’\|t| or 1 (22b)
|
CF4CH,OH (0.25 M) = N
Ej 50 °C, 24-36 h
P ’
7 Aror 47-80% R'=H, Me, OMe

80-87%

The authors proposed a realistic mechanism based on initial formation of Ru
(OAc),(p-cymene) catalyst shown in Scheme 3 [82]. The cyclometallated inter-
mediate F is likely to be formed from N-methoxybenzamide on acetate deproton-
ation of both ortho C—H and N-H bonds. The intermediate G should result from
coordinative insertion of the alkene. The alkenylated product is produced via
B-elimination from the intermediate G, or by deprotonation with copper freed
acetate, in the case of acrylate in methanol. By contrast, the alkyl and aryl group
in G arising from styrene or norbornadiene in CF;CH,OH should favour reductive
elimination. These processes lead to the release of MeOH with the regeneration of
the Ru(OAc),( p-cymene) catalyst.

Miura and co-workers, as they did for the alkenylation of phenylazole and
phenylthiazole (Eq. 15) [72], used the [RuCl,(p-cymene)],/4 AgSbF¢ catalytic
system and 2 equiv. of Cu(OAc),.H,O under nitrogen, in ~AmOH for the
regioselective ortho-alkenylation with alkyl acrylates of N,N-dialkylbenzamides
(Eq. 23) [72].
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Scheme 3 Proposed mechanism for alkenylation of N-methoxybenzamides
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All the previous ruthenium(II)-catalysed directed alkenylations with alkenes of
functional arenes were performed in organic solvents except that of arylcarboxylic
acids performed in water as soon as 2011 by Ackermann’s group (Eq. 10)
[42]. Ackermann’s group succeeded to perform this catalytic monoalkenylation
of benzamides in water using the [RuCly(p-cymene)], catalyst with the
non-coordinating salt KPFg (20 mol%) in the presence of Cu(OAc),.H,O as the
oxidant. The N-(pentafluorophenyl)benzamides were first monoalkenylated and
further led to intramolecular aza-Michael addition to form the expected lactams

(Eq. 24) [83].
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They showed that the NHCOR group of anilides, more generally than the CONHR
group, directed the ortho-alkenylation with acrylates and in water as solvent.
This catalytic system [RuCl,(p-cymene)],/KPFs (20 mol%) in the presence of
Cu(OAc),.H,O0 is more active in water than in DMF, NMP, r-AmOH. The reaction
is general and favoured by electron-rich anilides (Eq. 25) [83].

R2 O R2 o)
h [RUCl,(p-cymene)], (5 mol%) A
i LU A CoR KPFg (20 mol%) R1<j/\Ni\
v T
Z Cu(OAC),.H,0 - 1 equiv Y COR
water, 120 °C, 20 h
0 (@]
~p° Y o
/@LN;\ /CLN;\
= > co,Et
FiC Z CO,Et MeO CO,Et 2

53% 58% 06%

(25)

The alkenylation of N-benzoyl aniline took place only at the ortho C—H bond of the
aromatic ring linked to the amide carbonyl showing the preferential activation/
alkenylation by the -CONHPh than the -NHCOPh group. It is consistent with the
activation of the more acidic C—H bond of the phenyl linked to the carbonyl group
(Eq. 26) [83].

Q. o)

Oy NH [RUCly(p-cymene)], (2.5 mol%) OxNH

H KPFg (10 mol%) (26)

Cu(OACc),.H,0 - 1 equiv

water, 100 °C, 20 h
+

O CO,E 46%

Ackermann also demonstrated that the CONHR group could efficiently direct the
alkenylation of heterocycles such as indole, thiophene, benzothiophene and
benzofuran [83].



158 C. Bruneau and P.H. Dixneuf

The amide group CONR; has first been used in 2013 by Huanfeng Jiang to
direct the ruthenium(II)-catalysed ortho-alkylation of arenes and heterocycles with
allylic alcohols [84] (see alkylation part of Sect. 4.1). Now Jeganmohan has
profitably used the amide group CONHR to direct ortho-alkenylation of arenes,
directly with allylic alcohols, followed by isoindolinone formation via intra-
molecular Michael addition. The alkenylated intermediate offers the direct access
to a variety of isoindolinones (Eq. 27) [85]. The catalyst is similar to that used
for acrylates, [RuCly(p-cymene)],/4 AgSbF¢, that is only effective with
Cu(OAc),.H,0 (2 equiv). With the CONHBu group, a mixture of isoindolinones
and ortho-alkenylated product with a 1:0.4 ratio was obtained in 45% yield,
suggesting an initial formation of alkenylated intermediate.

o
Os_NH-R [RuCly(p-cymene)], N-R o
5 mol%
+ /Y >
OH AgSbF (20 mol%)
Cu(OACc),.H,0 (2.2 equiv) R!
R’ DCE, 110 °C, 16 h
Ph (27)
Ph o
o Ph o [ N
1 N O
N o 0
MeO
59% B 50% OMe 3o
OMe ° o (]

The reaction occurs for a variety of allylic alcohols in DCE at 110°C. It is shown
that under the catalytic conditions, (1) allylic alcohol is dehydrogenated into the
a,pB-unsaturated ketone and (2) the unsaturated ketone with arylamide leads to
isoindolinone. Thus, the suggested mechanism of the reaction is presented on
Scheme 4. It involves the formation of the cyclometallate H that was isolated in
one example: the insertion of the o,p-unsaturated ketone, arising from allylic
alcohol, leads to the cyclometallate I and then to the alkenylated intermediate J.
The latter double bond is activated by the ruthenium(II) catalyst to form the
isoindolinone via intramolecular addition. It is also shown that the ortho-alkylated
product K can be obtained in small quantity in one example and that in the presence
of AcOH its formation is increased. This formation of K is expected to result from
protonation of the inserted product Ru—C bond of I, before p-elimination.

It is noteworthy that Loh used the CONR, amide group of acrylamides to direct
this alkene C—H bond activation towards alkenylation in the synthesis of (Z,E)-
dienamides (see Sect. 3.4) [86].
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Scheme 4 Proposed mechanism for alkenylation of benzamides with allyl alcohol
3.2.7 Amidines as Directing Groups

One of the ortho C—H bonds of benzylamidines was efficiently and selectively
activated by ruthenium catalyst generated from [RuCl,(p-cymene)], in the pres-
ence of silver acetate and copper acetate, owing to the excellent directing properties
of the amidine functionality [87]. The dehydrogenative coupling with acrylates
took place at 100—120°C to give 3-alkylidene-1-iminoisoindolines. Two types of
products were formed depending on the steric hindrance of the N-substituent of the
benzamidine. With the less sterically hindered iso- and n-butyl or benzylic groups,
the amino group was involved in the C—N bond formation (Eq. 28). A variety of
functional groups on the benzyl group of benzamidine were tolerated in this
reaction.
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By contrast with the bulky #-butyl group, the imino group was incorporated in the
five-membered ring of the isoindoline (Eq. 29). Mechanistic studies indicated that
the transformation resulted from a sequence of oxidative alkenylation followed by
intramolecular aza-Michael reaction and then by copper-catalysed dehydrogenation
to generate the acrylic system (Eq. 29).
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3.2.8 Free Amine as a Directing Group for Alkenylation

The coordinating ability of the free primary amino group of benzylamines was
shown by Miura and Satoh to be strong enough to direct the ortho C—H bond
activation of the phenyl group and to allow alkenylation. o,a-Disubstituted
benzylamines, in the presence of catalytic amounts of [Cp*RhCl,],, or with the
low-cost [RuCl,( p-cymene)], and AgSbFg, and 2 equiv. of copper(Il) diacetate, led
to the direct coupling with electron-deficient acrylates and the selective formation
of isoindolines at room temperature in dioxane (Eq. 30) [88]. The reaction is
supposed to produce first an ortho-alkenylated benzylamine, which is prone to
cyclise via aza-Michael addition. The formation of the five-membered ring was
favoured when the starting benzylamine was disubstituted at the benzylic position,
whereas the o-unsubstituted benzylamine only gave aza-Michael addition to the
electron-deficient olefin. This is the first example of ruthenium(II)-catalysed C—H
bond functionalisation directed by a free NH, group. An intermediate situation
leading to a mixture of isoindoline and secondary linear benzylamine was observed
when acrylonitrile was used as coupling partner. This catalytic system based on
ruthenium was not active for the alkenylation with styrene. On the other hand,
a catalytic system based on [Cp*RhCl,]/AgSbF¢ and Cu(OAc), was also able to
achieve this alkenylation/cyclisation at 80°C from acrylate and also the simple
ortho-alkenylation from styrene.

[RuCl,(p-cymene)], (5 mol%)

y | c fgpS\b)Fel_onO (r;ol%)l ) _ OR2
R~ — ) u C)o.Hy equiv. ; 30
NH OR R NH (30)
X 2 /2]/ dioxane, r.t.,, 6 h X |
R R

o] o] o] o]
OBu O"Bu O"Bu O"Bu
NH NH NH O‘ NH
Md Me gi Et Ph Et

93% 89% 78% 80%

The mechanism is suggested to involve the initial formation of a Ru(I)-OAc
species leading to a five-membered cyclometallate, the regioselective coordinative
insertion of the acrylate double bond into the Ru—C bond, the p-elimination with
metal hydride formation and the intramolecular Michael addition. Reoxidation of
the metal hydride species with Cu(OAc), is proposed to release the Ru(Il) catalyst
(Scheme 5) [88].
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Scheme 5 Proposed mechanism for the alkenylation of benzylamines directed by free amine

3.2.9 Free Hydroxy Directing Group for Alkenylation

The directing ability of a hydroxy group has been revealed by Lam during the
alkenylation of 2-aryl-3-hydroxy-2-cyclohexenones with acrylate, acrylonitrile or
acrylamide using simply the catalyst [RuCl,(p-cymene)], with 2 equiv. of
Cu(OAc),.H,O. The reaction leads to the formation of benzopyrans via oxa-
Michael-type addition of the enol oxygen atom to the alkenylated intermediate
(Eq. 31) [89].

R
(e] R
’ Cu(OAc), (2.1 equiv.)

[RuCl,(p-cymene)], (2.5 mol %)
OH
+ KoCO3 (2.0 equiv.)

t-AmOH, 90 °C, 4-24 h

2>z (2.0equiv)

45%

NMe2

3.2.10 Carbamate, Carboxylate and 2-Pyridyl as Phenol Protecting
and Directing Groups for Alkenylation

The hydroxy group of phenols does not direct ruthenium(I) C—H bond activation,
but their protecting groups such as carbamates or carboxylates and the
strongly coordinating 2-pyridyl group have been shown to direct the alkenylation
of thus protected phenols, and the further deprotection allows to reach
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ortho-alkenylated phenols. Ackermann first [90] and then Jeganmohan [91] and
Baiquan Wang [92] have shown that carbamate derivatives of phenols easily direct
ortho-alkenylation with acrylates in a general way (Eq. 32), using the usual catalyst
[RuCl,( p-cymene)],/4 AgSbFg with 2 equiv. of Cu(OAc),.H,O or better only
30 mol% but under air in 1,2-dimethoxyethane (Eq. 32) [91].

[RuCly(p-cymene)], (2.5-5 mol%)
AgSbFg (10-20 mol%)

O _NEt
T = T
” o COMe  Cu(OAc),.H,0 (30 mol%) R

DME, 100-110 °C, 12-24 h |
under air CO,Me

= CO,Me (52%); CHO (66%); Br (87%); | (89%)

NEt
\/
\/o o SOzPh
70%

cone 85% COzMe 81% 66% Cozme
(32)

The reaction was successful with less reactive alkenes such as styrenes, alkenyl
sulfone or acrylonitrile. With a weakly coordinating functional directing group at
the para-position of carbamate, it was revealed that the carbamate is a stronger
directing group than the CO,Me or CHO directing group (Eq. 32) [91]. The
carbamate directing group was easily removed and led to ortho-alkenylated phenol
using LiOH'H,O in THF/MeOH/H,O (4:1:1) solvent at 80°C [91] or NaOH in
EtOH at 80°C [90, 92].

Carboxylate groups have also been shown to direct ortho-alkenylation of their
phenol derivatives, with alkyl acrylate. Thus, sesamol acetate and pivalate, in the
presence of similar ruthenium—silver catalyst, lead to regioselective alkenylation at
the C-H bond between both carboxylate and alkoxy groups (Eq. 33) [91].

[RuCl,(p-cymene)], (4 mol%)
AgSbFg (20 mol%)

O__R
L= b (33)
o) CO,Me  Cu(OACc),.H,0 (30 mol%) o | o
Q DCE, 100 °C, 12 h
\_o Lo

under air CO,Me

R=Me /76%

R=t-Bu : 70%
Ackermann et al. have shown that removable 2-pyridyl group of O-protecting
phenols could direct ortho-alkenylation of the phenol derivatives, after he demon-
strated their ortho C—H bond activation for C—C cross-coupling arylation [93].
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A similar Ru(I)/AgSbF¢ catalytic system was used for general alkenylation with
alkyl acrylates and with Cu(OAc),.H,O in aerobic atmosphere (Eq. 34) [94].

= 7
| [RUCl,(p-cymene)l, (2.5-5.0 mol%) |
o N AgSbFg (10-20 mol%) 0" N
+ D Co,R? ) o _CO,R?
N Cu(OAc),.H,0 (1 equiv.) N 2
R tAMOH, 120 °C, 16 h, under air R _
(34)
= | =
=
| o N <
0" N o CO,Et o N
~_CO,Bn 2 FsC . _CO,tBu
] I NO,
65% 78%

88%

It is noteworthy that the intermediate is a six-membered cyclometallate that is
usually more difficult to generate than the previous five-membered metallacycles.
The 2-pyridyl protecting group is easily removed from alkenylated products with
MeOTf and sodium in methanol without modification of phenol and alkene func-
tional group.

This 2-pyridyl directing/protecting group has been used by Ackermann to
functionalise heterocycles with alkenes. N-Methylindole containing an O-2-pyridyl
group at C; led to alkenylation at C, only (Eq. 35a) [94]. The strong directing power
of the O-2-pyridyl group was revealed by the reaction of acrylate with thiophene
containing an O-Py group at C,, which led to selective alkenylation at C; position
and not at C5 (Eq. 35b) [94].

! > CO,Et Mo
Me 83%
[RuCly(p-cymene)], (5.0 mol%)
0,
AgSbFg (20 mol%) CO,E
Cu(OACc),.H,0 (1 equiv.)
tAmOH, 120 °C, 16 h, under air \

N/
@\ \l /s\ oY l (35b)

70%
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3.2.11 Azoxy Directing Group for Alkenylation

The azoxy group was shown by Wang to be another efficient directing group for
sp’C—H bond activation. The activation of the ortho sp’C—H bond of azoxy-
benzenes has been completed with high selectivity in the presence of a new type
of C—H bond activation ruthenium catalyst, a Ru(III) precursor [Cp*RuCl,],, asso-
ciated to AgSbF¢ and Cu(OAc),, and alkenylations have been achieved with
electron-deficient olefins such as acrylates and vinylphosphonates at 110°C in
DCE (Eq. 36) [95]. Competition experiments have revealed that azoxybenzenes
substituted by a methoxy electron-donating group reacted faster than by a neutral or
electron-deficient analogue. With this azoxy directing group, the formation of
cyclic products was not possible.

Ph [Cp*RuUCly], (5 mol%) Ph
Oc. N AgSbFg (20 mol%) Oy NO
. =\, Cu(OAc), (1 equiv.) ® 7
= CICH,CH,CI, 100 °C, 12 h R ‘
R |
o ™
ph P ph Ph
0., ,.NO 0., .N© 0., .N© 04, ,.NO©
No No No No Q Okt
Xx_CO,"Bu Xx_CO,Bn X CO,Ph S
OEt
79% 75% 83% 65%
MeO Me
Me
; ; Me
0., ..NO 0., .NO 0., .NO 0s, .N©
N NG No No
o CO,Et . CO,Et . CO,Et Me CO,Et
77% 67% Me 60% 33%
MeO Me
(36)

3.2.12 Sulfonic Acid, Sulfonamide and Sulfoximine Directing Groups
for Alkenylation

Ackermann showed that the sulfonyl moiety arising either from sulfonic acid or
sulfonyl chloride generated a five-membered bidentate ortho-phenylsulfonate
ligand coordinated to the ruthenium(II) centre. Subsequent regioselective insertion
of an alkene into the C—Ru bond followed by a type of p—H elimination process led
to ortho-alkenylated sulfonic acids (Eq. 37) [96]. Interestingly, not only electron-
poor olefins were suitable for this reaction, such as acrylates, o,p-unsaturated
ketones, vinylsulfones or vinylphosphonates, but styrenes could also be efficiently
used. Electron-rich and electron-deficient, as well as hindered ortho-substituted,



166 C. Bruneau and P.H. Dixneuf

sulfonic acids were reactive. This allowed the 2,6-bis(alkenylation) to take place in
the presence of a threefold excess of alkene.

[RuCl,(p-cymene)], (5 mol%)
SO5H AgSbFg (20 mol%) SOsH ,
7 N Cu(OAGC),.H,0 (2 equiv.) 7 R
—_ 2 —_
R I+ R DMA or DMF, 100-120 °C R |
SO4H SO4H SO SO;H
Me\©/\/002Et MeO . COE «_COEt F . CO,Et
MeO OO
92% MeO  72% 91% F75%
SOzH c SO4H SO;zH SOzH
Me N Me Me Xx_COMe Me . .CN
! Me i
Me 65% 69% Me 95% Me 75%
o SO3H
SOsH 3 EtO,C COEt
Me\é)/\/sozph Me . P(O)(OEt), =
R
Me 92% Me 94%

R=H (53%), Me (59%), "Pr (66%)
(37)

Sulfonamides, which also contain a NH in B-position with respect to the aromatic
ring, have been shown by Ackermann to be excellent directing groups for alkenyl-
ation reaction with acrylates promoted by the same type of in situ generated
ruthenium carboxylate catalyst from [RuCl,(p-cymene)], with 2 equiv. of
Cu(OAc),.H,O. The alkenylation is followed by intramolecular aza-Michael addi-
tion leading to cyclisation into sultams in good yields (Eq. 38) [96].

SONHC6Fs [RuCl,(p-cymene)], (5 mol%) % N,CGFS
=z N Cu(OAc),.H,0 (2 equiv.) 0=§~
R I+ 7 cok H,O/ DMF
2 ’ 11
120 °C, 18 h then 150 °C, 5 h R N | COEt
O CeFs O CeFs O CeFs O CeFs
0=5-N 0=S-N 0=S-N 0=S-N
CO,Et CO,Et CO,Et CO,Et
Me
62% Me 68% E 56% 74%
(38)

The Sahoo group has revealed that sulfoximine is an excellent directing group for
ruthenium-catalysed alkenylation of aromatic and heteroaromatic substrates with
electron-deficient olefins such as acrylates, a,p-unsaturated ketones and vinylsulfones
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[97]. A variety of substituted arenes bearing either electron-donating or electron-
attracting groups have been alkenylated in the presence of [RuCl,(p-cymene)],/
AgBF, and Cu(OAc), as catalyst precursor (Eq. 39) [97].

It is noteworthy that heteroaromatic substrates including thiophenes, indoles and
benzofurans equipped with a sulfoximine at carbon C, were alkenylated at C; with
excellent regioselectivity and yields. It is demonstrated that the sulfoximine prevails
over the ester as directing group for this alkenylation (Eq. 39) [97].

This directing group could be removed under basic treatment with NaOH in
MeOH/H,0 at 60°C to give the corresponding aromatic carboxylic acid and regene-
rate methyl phenyl sulfoximine that could be recycled to prepare the substrates.

o, Me o. Me
“S-ph [RuCly(p-cymene)], (5 mol%) SS-pn
N AgBF, (20 mol%) \
N Cu(OAc),.H,0 (1 equiv.)
+ V4 . _Z
R—/ | CICH,CH,CI, 120 °C, 24 h R—/ ‘
S X
Me Me Me Me
SN N Oz’ \S

?‘Ph §\Ph ﬁ\F’h N ~Ph

/gj/\\/coza /gj/\/coza ~COEt /6/\/302%
MeO,C
1% 79% NO,  86% 90%
o. Me Me Me Me
S-ph Osg/ 0\\8/
O, N H H ~Ph H ~Ph
F _SO,Ph
o A COZE j\:\//\/sozph AN COSE
F F 84% 95% 88%
F 81% MeO,C

3.2.13 Nitrile as a Directing and Reactive Group for Alkenylation
of Arenes

Jeganmohan has just shown that a nitrile group directly linked to a phenyl ring
could direct ortho-alkenylation by acrylate, thus by zm-interaction with the ruthe-
nium(Il) catalyst. The success was brought by the cooperative action of both
AgSbFg (20 mol%) and AgOAc (2 equiv.) in addition to [RuCl,(p-cymene)],
(5 mol%) in dry acetic acid. Thus, a large variety of ortho-alkenylated arylnitriles
were directly obtained in excellent yields on reaction with acrylates or alkenyl
sulfones (Eq. 40) [98]. The proposed mechanism involves the formation of a
cyclometallate containing a CN group n-bonded to the Ru(Il) centre.
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This reaction can be easily extended to heteroaromatic nitriles such as 2-nitrile
and 3-nitrile thiophenes [98].

[RuCly(p-cymene)l, : 5 mol%

_N AgSbFg : 20 mol% _N
o el ° c*
/©/ . A2z AgOAc (2 equiv.) /@(/\ (40)
X in dry AcOH, 120 °C, 14 h X )
Br _N
-N -N z
e s¢ y @Q
=
OO = F CO,nBU
“/\/\COZM . SO,Ph CO,nBu O\/o 2
0,
62% 52% 51% o2%

Previously, Jeganmohan also showed that the nitrile group could orientate alkenyl-
ation at the ortho-position of functional arenes but that in the presence of water the
nitrile is hydrolysed into amide and can lead to the synthesis of (Z)-3-methylene-
isoindilin-1-ones (Eq. 41) [99]. These cascade transformations were promoted by
[RuCl,(p-cymene)], catalyst with AgSbFs (20 mol%) but with Cu(OAc),.H,O
(2 equiv.) in acetic acid. Thus, the only difference with the sole alkenylation step
in dry medium (Eq. 40) is the introduction of Cu(OAc),.H,0, instead of AgOAc, as
an oxidant and acetate provider in the presence of water.

[RuCl,(p-cymene)], (5 mol%)

AgSbFg (0.5 equiv.) o]
_N Cu(OAc),.H,0 (2 equiv.) =
PN + ﬂOR - RL [ N-H
R | 4 AcOH, 120 °C, 36 h X \
NS \ /O
Cu(OAc),.H,0
o OR
p—
Cu(OAC), H0 O, ~)or
R_
9 0
o]
O O
MeO N_H N—l'!
U e 5 e Lo
MeO \ 0 2 \ 0 =
OEt OnBu 8 ©
67% 59% 61%
(41)

The mechanism is based on initial hydrolysis of the nitrile group into the
amide group CONH, which becomes the directing group for ortho-alkenylation,
followed by Ru(Il)-assisted addition of the amide NH, group to the Ru(I)-
coordinated double bond and finally B-elimination [99].
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3.2.14 Enolisable Ketone as a Directing and Reactive Group
in Alkenylation of C-H Bonds

Greaney has recently shown that ruthenium(II)-catalysed alkenylation of arylaceto-
phenone C-H bonds with acrylates could further lead via cascade transformations
to synthesis of heterocycles. First 1-indanones were selectively obtained as a
major trans-isomer using [RuCl,(p-cymene)], (5 mol%)/AgBF, (20 mol%) with
Cu(OAc),.H,O (2 equiv.). The reaction is demonstrated to lead first to ortho-
alkenylation and then the presence of Cu(OAc),.H,0, and thus, free acetate allows
the enolate formation and its Michael addition to the acrylic double bond
(Eq. 42) [100].

[RuCl,(p-cymene)], (5 mol%) o
o AgSbFg (10 mol%)
& A . = CU(OAC),.H,0 (1.5 equiv.) R | Ar
= ~~ pA . N
R_O/ DCE, 100 °C, 8-24 h
X Z
o) 10 OMe o)
m
CO,Me F CO,Me CO,Me
62% 54% 64%
(42)

By using diarylated acetophenones, the similar catalytic reaction led to the form-
ation of tetracyclic compounds: indenoindenes (Eq. 43) [100]. This transformation
is proposed to take place via radical formation promoted by Cu(OAc),.H,O [100].

[RuCly(p-cymene)], (5 mol%)

O AgSbFg (10 mol%)
. Cu(OAG),.H,0 (1.5 equiv.)

9
=z ¢ + Z
R— | DCE, 100 °C, 16 h
~ D

3.3 Alkenylation of Heterocycles with Ruthenium(II)
Catalysts and Copper(Il)

3.3.1 The First Examples

Several examples of ruthenium(Il)-catalysed alkenylation of heterocycles have just
been presented above. The first example of alkenylation of heterocycles with
functional alkenes was performed by Miura and Satoh using the carboxylic acid
directing group with [RuCl,(arene)], catalyst with stoichiometric amount of
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Cu(OAc), as oxidant. They especially showed that Ru(II) catalyst did not decarbo-
xylate heterocycles such as furan, thiophene or indole derivatives as did previously
Pd catalysts (Eq. 9) [41].

Then, both Jeganmohan [79] and Ackermann [80], by showing the directing
ability of the ester group for ruthenium-catalysed alkenylation, also reported a few
examples of direct alkenylation of thiophene, furan and indole derivatives (Eq. 20)
[79, 80].

Ackermann et al. also showed that the O-2-pyridyl group linked to thiophene or
indole, in the presence of [RuCl,(arene)],/4 AgSbFg¢ with 1 equiv. of oxidant
Cu(OAc),, could direct alkenylation of heterocycles (Eq. 35) [94].

3.3.2 The Directing Ability of N-CONR, Groups of N-Containing
Heterocycles

These pioneer examples of Ru(Il)-catalysed alkenylation of heterocycles were
directed by functional groups (FG): CO,H, CO,R and O-2-Py. In 2013, Prabhu
demonstrated that a N-benzoyl group of indole could direct the alkenylation by
acrylate at C, using the usual Ru(II)/AgSbFg catalytic system in the presence of
Cu(OAc), as oxidant (Eq. 44) [101]. It is noteworthy that with Pd(II) catalyst the
alkenylation of indole takes place at C; and that the amide carbonyl does not direct
alkenylation at ortho-positions of the phenyl group of the benzoyl or of the indole.
The reaction tolerates a Cl or a Br group on the indole.

Br N //—COzMe
R1_: - . \©\/’\E_/7
[RuCly(p-cymene)], (5 mol%) 4\®
o)\@ AgSbFg (20 mol%) (95%) ©O

Cu(OAc),.H,0 (1 equiv.)

(44)
DCE, 100 °C, 3 h, air

or
CO,Et
AcoRr W
cl N\
eV

(70%)

At the same time, by using the same type of Ru(Il) catalytic system, Li and Wang
have performed the alkenylation of indole containing a N,N-dimethyl amide group
with a variety of functional alkenes: acrylate, styrene, E-methyl crotonate, vinyl-
phosphonate and vinylsulfone. Cyclopentenone by contrast led to the addition
product featuring a formal alkylation by alkene (Eq. 45) [102]. Competition experi-
ments show that an electron-donating group on indole arene favours the reaction.
This CONMe, directing group has the advantage of being easily removed with
6 equiv. of rfBuOK at room temperature or with NaOH at 80°C in ethanol.
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[RuCly(p-cymene)], (2.5 mol%) H
\ AgSbFg (10 mol% ) \ )
N + RI! N R
e “ZORZ Cu(OAC),H,0 (1. equiv.) By
Me,N" Y0 dioxane (0.15 M) Me,N" 0 R
100 °C, 24 h
(45)
o, ) )
N /I\L o N CO,Me
Me,N” SO Me N~ ~O Me,N” 0
Z = -PO(OEt)y; 93% 64% 90%

Z =-SOyPh ; 87%

Analogously, under similar conditions with the same catalyst, the reaction of acry-
late with N-protected dimethylamidopyrrole shows that the alkenylation succes-
sively takes place at C, and then Cs positions thus leading to unsymmetrically
dialkenylated pyrroles (Eq. 46) [102].

/\Z (1.0 equiv.) /\COZHBU (3.0 equiv.)

Zw ZWCOZnBu
A

o Cu(OAc),H,0 MeN™ "0 Me,N" ~0 (46)
(1. equiv.) Z = CO,Et, 69% Z = CO,Et, 60%

1.5 equiv. dioxane (0.15 M) Z=COyBn, 85% Z=CO,Bn, 80%

100 °C, 24 h

[RuCly(p-cymene)],

// \\ (2.5 mol%)
N AgSbFg (10 mol% )

Me;,N

Song has also performed the direct alkenylation of indoles containing a removable
N,N-dimethylcarbamoyl group, with acrylate derivatives, but also with unsaturated
esters, phosphonates or sulfonyl derivatives and functional styrenes. The reaction is
performed with [RuCl,(p-cymene)],/4 AgSbF, catalyst and catalytic amount
(only 20 mol%) of Cu(OAc),.H,0O in the presence of air. The profitable influence
of NaOAc is surprisingly shown.

The direct alkenylation always takes place at the C,—H carbon atom of the
heterocycle, not at the ortho phenyl C—H bond adjacent to the Me,NCO-N directing
group (Eq. 47) [103].
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[RuCly(p-cymene)], (2.5 mol%)
\ AgSbFg (10 mol% ) \
N \/\ Z~ R

+ H
N
R Cu(0Ac), (20 mol%/ O, 1 atm) By (47)
MeoN™ ~O NaOAc, DCE, 120 °C, 15 h Me,N” 0
= e
H =
Hor &O \/\ﬁ_OEt SO,Ph
o)
o)
56% 88% 87%

Under the same conditions, monoalkenylation or dialkenylation with acrylates of
pyrrole can be selectively performed. More importantly, monoalkenylation of
carbazole was achieved with either alkyl acrylates or styrene (Eq. 48) [103].

O O [RUCl,(p-cymene)], (2.5 mol%)
AgSbFg (10 mol% )
N ~AOR N
Cu(OAC), (20 mol%/ O, 1 atm) =

MeoN™ ~O NaOAc, DCE, 120 °C, 15 h Me,N~ S0 R

R:CO,"Bu 70%
R : Ph 35%
(48)

3.3.3 The Formyl Directing Group Ability in Heterocycles

Whereas most of the previous modifications of heterocycles took place at the
heterocycle ring, in 2013, Prabhu showed the selective functionalisation of the
C,—H bond with no alkenylation at the C, position of N-protected indoles by
introducing a formyl directing group at the C; position and by using the usual Ru
(IT)/AgSbFg catalytic system with Cu(OAc),.H,0, (Eq. 49) [104]. These experi-
ments, compared to the previous alkenylation of N-amide indole (Eq. 45), confirm
that the N-amide group really directs alkenylation of indole at C, position. A cross
experiment between N-benzoyl indole and the C;-formyl N-amide-indole (Eq. 44)
showed the preferential formation of the C4-alkenyl C3-formyl indole [104].
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[RuCl,(p-cymene)], (10 mol%) o)

z
Q X
H AgSbFg (20 mol%) H
X X
RAL T Ay RAE N\
ZN Cu(OAC),.H,0 (1 equiv.) N

Bn DCE, 120 °C, air Bn
(49)
H__O _0._0
o)
o)
X H = H
N
N—pn
N N
\Bn Bn
92% 35% Bn 70%

3.3.4 The Kommagalla—-Ramana Alkenylation of Benzofurans:
Evidence for Alkenylation Versus Alkylation

Alkenylation of furan and benzofuran derivatives with alkenes has been performed
in several occasions with the Ru(Il) catalyst and a Cu(II) salt as an oxidant, as for
the Cs-alkenylation directed by C,-CO,Me group (Eq. 9) [41], or C,-alkenylation
directed by a C3-CO,Me group (Eq. 20) [79]. Kommagalla and Ramana have
recently demonstrated crucial aspects of Ru(Il)-catalysed alkenylation of benzo-
furan C-H bonds directly with alkene. They showed that changing the directing
group to C,-2-pyridyl group also favoured C;—H bond activation but, more impor-
tantly, that only the presence or absence of base can tune the alkenylation versus
alkylation of the C—H bond (Eq. 50) [105].

Thus, 2-pyridyl C,-substituted benzofuran and methyl acrylate with
RuCl,(PPh3); (5 mol%)/AgOAc (30 mol%) catalyst react in toluene at 140°C for
24 h and lead to unique alkylation at C5 (Eq. 50a) [105], thus corresponding to a
formal insertion of alkene double bond into the Cs—H bond. More importantly under
the same conditions except the addition of 3 equiv. of K,COj, only the C;-
alkenylation was observed (Eq. 50b), thus demonstrating that carbonate is crucial
for alkenylation and that the AgOAc acetate alone is not performing alkenylation.
However, when Cu(OAc), was used instead of AgOAc without K,COj3, the
C;s-alkenyl (43%) and Cs-alkylated (31%) products were obtained, showing that
Cu(OAc), acetate is also operating as a base. These simple results bring crucial
information for the first time to understand the mechanism.
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H N/ (50a)

4 —
/_ RUClo(PPhg)s (5 mol%) C
o AgOAG (30 mol%)
—_—
Toluene, 140 °C, 24 h \ (o)
MeO
OMe
/\ﬂ/ K»COj (50b)

e} 3 equiv.

(0]
MeO 0 MeO
Cl
Me
N
G =4
— e} — o
67% 86% 65% 81%

Kommagalla and Ramana [105] have proposed that the five-membered cyclo-
metallate L is first produced via C—H bond deprotonation with AgOAc acetate,
followed by coordinative insertion of the alkene (Scheme 6). The addition of the
nucleophilic (Ru—C) carbon to the alkene electrophilic carbon to form the seven-
membered cyclometallate M is thus expected. As the pyridine is strongly coordi-
nating the Ru(Il) site, further classical p-elimination is not possible from this
rigid ruthenacycle, as the Ru—Ca and CP-H bonds cannot be coplanar and in
syn position. Thus, AcOH protonation of the Ru—Ca bond takes place to form the
alkylated product (Scheme 6).

In the presence of carbonate, this seven-membered cyclometallate M is de-
protonated at the Cf—H bond, at the anti-position of the Ru—Ca bond to give the
alkenylated product and a Ru(0) species that can be reoxidised into a Ru(Il) species
with the available silver salt in the presence of acetic acid (Scheme 6). This
mechanism brings light to the general Ru(Il)-catalysed reaction of the C—H bond
with alkene leading to either alkenylation or alkylation.

Each time a strong rigid metallacycle is formed via alkene insertion, the
P-elimination will not take place and thus lead to the alkylated product when
acid such as AcOH is present. By contrast with weakly bonding directing group
(DG), the dissociation of this DG group may allow f-elimination and formation of
the LnRu(H)(OAc) intermediate, even in the absence of a base. However, in the
presence of large amount of base, the CP—H bond deprotonation should be
favoured.

It is noteworthy that recently the nitrile ability to direct alkenylation of aromatic
nitriles with ruthenium catalyst (Eq. 40) has been used by Jeganmohan to reach
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RuCl,L3
AgOAc

2 AgCl

LsRu(OAc), ﬁ»

L = PPhg roob
C

Scheme 6 Proposed mechanism for the alkenylation versus alkylation with alkenes

mono Cj-alkenylation of 2-nitrile thiophene, whereas 3-nitrile thiophene led easily
to C,- and C4-dialkenylation [98].

3.4 Alkenylation of Alkene C—H Bonds with Ruthenium(II)
and Copper(Il)

The ruthenium(II) alkenylation of functional alkenes has been performed for the
first time by Loh [86]. He demonstrated the successful synthesis of (Z.F)-
dienamides upon alkenylation of acrylamides with electron-deficient alkenes in
the presence of [RuCly(p-cymene)], (2.5 mol%) and 20 mol% of KPFg, with
2 equiv. of oxidant Cu(OAc),.H,O and a small amount of acetic acid. Thus,
substituted acrylamides reacted with various functional alkenes containing
the CO,R, CONHBn, PO(OEt),, CN, SO,Ph or 4-Cl phenyl group to lead to the
(Z,E)-dienamides, and the reaction of N-aryl methacrylamides with acrylate gave
the desired products in 31-39% yield (Eq. 51) [86].
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0
(0] [RuCly(p-cymene)], (2.5 mol%) R
R! KPFg (20 mol%) NHR?
NHR? + =~z |
Cu(OACc),.H,0 (2 equiv.) |
Dioxane/H,O/AcOH (8/4/1)
100 °C, 18 h 4
0o 0 0o (51)
Ph
| NHBn | NHBn | NHBn | NHBn
| | o | |
CO,nBu P CN SO,Ph
EtO" OEt
90% 65% 59% 50%

Loh also showed the cross coupling of two acrylate derivatives leading stereo-
selectively to (Z,E)-muconates which was achieved at 135°C with a closely related
catalytic system involving an additional amount of AgSbF, (20 mol%) as additive.
The self-alkenylation of unsubstituted acrylates was possible, but due to steric
hindrance, 2-substituted propenoic acid esters were not self-alkenylated, which
made the heterocoupling of diversely substituted acrylate derivatives with simple
acrylates very effective in the presence of an excess of the latter (Eq. 52) [81].

o)
O [RuCly(p-cymene)], (5 mol%) R
R! o AgSbFg (20 mol%) OEt
| OEt + /\n/ “R |
) 5 Cu(OACc),.H,0 (2 equiv.) R? |
R 1,4-Dioxane, 135 °C, 24 h Oq
° 2
o o) o) o] o
Ph Ph
| OEt | OEt | OEt | OEt OEt
| O"Bu | OMe | OBn | OCH2CF3 OBn
o} o e} o] o}
67% 73% 59% 68% 69%

4 Alkylation with Alkenes of Arene and Heterocycle sp>’C-H
Bonds with Ruthenium(II) Catalysts

4.1 Alkylation of Arenes with Alkenes

The formal insertion of an alkene into a sp?C—H bond of arene, or hydroarylation of
olefins, corresponds to an atom economy reaction. This alkylation of functional
arenes by alkenes, rather than alkenylation, was first observed as the preferential
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reaction with Ru(0) catalysts in the Murai reaction [21-26]. It involves the oxi-
dative addition of the arene C—H bond to Ru(0) species. Gunnoe has reported first
that ruthenium(II) catalysts promote the addition of benzene C—H bond to ethylene
C=C bond to form ethylbenzene. The ruthenium(II) catalysts used are of type
TpRu-R(L)(NCMe) (Tp=hydrotris(pyrazolyl)borate) (Eq. 53) [45, 106—110].

(@)

L
N/N\ ‘U/R

R
Ny

( N™ | “newme
“N N

O (53)
© H : CH,CHs

HZC:CHZ

Kinetic studies and calculations have shown that the mechanism does not involve
an oxidative addition of C—H bond and a ruthenium(IV) species, but undergoes the
formation of Ru(II)-CgHs species resulting from benzene coordination to the
TpRu-R(L) intermediate and alkane R-H elimination. The insertion of ethylene
into the Ru(Il)-C¢Hs bond leads to a Ru(Il)-CH,CH,CgHjs species, which reacts
with benzene to produce ethylbenzene (Scheme 7) [106-111].

The rate-determining step, favoured by electron-donating ligands L, is the C—H
bond activation of the coordinated benzene by TpRu-R(L). By contrast, the with-
drawing ligand L=CO decreases the energy barrier of the olefin insertion [111].

The catalyst TpRu-Me(L)(NCMe) similarly promotes the alkylation of hetero-
cycles, thiophene and furan, via the formation of isolated intermediates TpRu(CO)
(NCMe)(2-thienyl) and TpRu(CO)(NCMe)(2-furyl). The TpRu(CO)(NCMe)
(2-thienyl) does catalyse the insertion of ethylene into the C,—H bond of
thiophene [112].

Ackermann has shown as early as 2008 the direct ruthenium(II)-catalysed inter-
molecular hydroarylation of highly strained methylenecyclopropanes using the
[RuCl,(cod)], catalyst in the presence of the bulky electron-donating mono-
phosphine XPhos. The hydroarylation of phenyl-substituted methylenecyclo-
propane and bicyclopropylidene was produced at the ortho C-H bond of
phenylpyridine. The hydroarylation leads to the formation of cis-disubstituted
cyclopropanes (Eq. 54) [113].
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R-H

LnRu'-R + CgHg L» LnRu' - CgHs CH,=CH,
(o 4

CeHe
{Ru" CeHs
\ /
Hzc_CHz

Scheme 7 Proposed mechanism for the TpRu-R(L) catalyzed hydroarylation of ethylene

XN
| ! [RuCly(cod)], (5 mol%)
7 . 1,4-dioxane, 120 °C
R or Ph
PCy2
i-Pr i-Pr

(X-Phos) 78%  Ph 85%
i-Pr (10 mol%)

(54)

Recently, Ackermann extended this ruthenium(II)-catalysed hydroarylation of
methylenecyclopropanes to a variety of ortho C—H bonds of 2-arylheterocycles
directed by pyridine, oxazoline, diazole, pyrimidine, etc., using the same catalytic
system [RuCl,(cod)],/(XPhos). In some examples, an anti-Markovnikov addition
was observed, or a ring opening occurred leading to Diels—Alder products [114].

The use of C¢Ds-Py showed a partial deuterium retention in the resulting alkyl
group, and the authors suggest an oxidative addition of the C—H bond to the
ruthenium(II) site, alkene insertion into the Ru—H bond and C—C bond formation
via reductive elimination. However, this mechanism taking place previously
with Ru(0)-catalysed Murai-type reaction [21-26] may not take place with a
ruthenium(II) species even enriched by basic phosphine, and an alternative mecha-
nism can be suggested later (Scheme 8).

Ackermann has now shown that a catalyst containing carboxylate ligand
Ru(O,CMes),( p-cymene) with 20 mol% of KO,CMes is more efficient than the
previous [RuCl,(cod)],/phosphine catalyst to perform the same reaction (Eq. 55)
[115]. This reaction is now highly regioselective and stereoselective without
ring opening and can be applied to alkylation of cyclohexene C—H bond directed
by a 2-pyridyl group.
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Scheme 8 Alternative mechanism for the alkylation of phenylpyridine with
methylidenecyclopropane

[Ru(O,CMes),(p-cymene)] (5.0 mol%)

KO,CMes (20 mol%)
O R 1,4-dioxane or toluene

120 °C, 48 h
&
« N N (55)
_N N (_n
S
Ph Ph
CF,
59% 83% 89% 62%

The authors suggest the initial insertion of the Ru(Il) centre into the C—H bond and
insertion of the alkene bond into the Ru—-H bond [114, 115]; however another
possible mechanism (Scheme 8) involves the classical Ru(Il) activation of the
ortho C-H bond via C-H deprotonation with carboxylate and cyclometallate
N formation from phenylpyridine and formation of carboxylic acid [37]. The
insertion of the C=C bond into the Ru—C bond corresponds to the cis-addition of
the Ru—C bond to the less hindered face of the alkene, opposite to the substituent, to
give the intermediate Q. The protonation of the Ru—C(cyclopropyl) bond by the
freed MesCO,H acid affords the alkylated product (Scheme 8). It is noteworthy that
this alkylation occurs with strongly coordinating directing group pyridine,
e.g. when rigid metallacycles are disfavouring p-elimination to form the
corresponding alkene (see Scheme 6).

With the in situ generated carboxylate—Ru(II) catalyst Ru(O,CMes),( p-cymene)
from [RuCl,( p-cymene)], and KO,CMes, the alkylation of arene C—H bonds with
unactivated and unstrained alkenes was performed by Ackermann in toluene and
even in H,O. Unactivated alkenes with a distant functional group such as ether,
ketone, hydroxyl, ester and fluorine groups led to ortho-monoalkylated products
(Eq. 56) [116]. The ortho C—H bond activation is directed by strongly coordinating



180 C. Bruneau and P.H. Dixneuf

nitrogen-containing heterocycles which also disfavour the alkenylation from the
seven-membered cyclometallate. No alkenylation was observed.

(}\1 R2 [RuUCly(p-cymene)], (1.3-5 mol%) Q

+ 2 KO,CMes (30 mol%) -
L0 X toluene,100-120 °C, 18-24 h AN R?
e |
R R
45-95%
X X X
| —\
_N _N _N HN__N
C4H9 SiMe3 SC)Y SlEt3
75% ©
CF, 75% 80% 50%

(56)

Peris has recently prepared mono- and di-N-heterocyclic carbenes based on pyrene
and their related ruthenium(Il) complexes and evaluated them for catalytic
arylation and alkylation with alkenes of phenylpyridine. With nonactivated alkenes
in the presence of KO,CMes, both catalysts lead to only mono ortho-alkylation and
show the same activity (Eq. 57) [117], with similar efficiency as the previous
system Ru(O,CMes),(p-cymene) [116]. However, these catalysts allow two cross
ortho C-H bond functionalisations sequentially: alkylation with alkene and then
arylation with phenyl bromide [117].

X X
| N Ru catalyst (5% based on metal) |
Z N
| KO,CMes (30%)
. ) R

R
toluene, 120 °C, 20 h

R = n-octyl 81%

R = SiMe; : 80%
Ru catalysts

N CLAL N N N ClN

UL )t (T I Dnit
N / N N C
\ o \

(57)

In 2013, Huanfeng Jiang used the amide group CONR, to direct the ruthenium(II)-
catalysed ortho-alkylation of arenes on reaction of arylamides but with allylic
alcohols [84]. The reaction was performed with [RuCl,(p-cymene)], catalyst in
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the presence of AgSbFg and 1 equiv. of Cu(OAc),.H,0 but also in the presence of
2 equiv. of AcOH. Thus, the reaction allows the selective formation of p-aryl
ketones (Eq. 58) [84] and tolerates arene functional groups such as Br, CN, NO,
and F. The alkylation occurs at the less sterically hindered ortho C-H bond, as
shown from meta-substituted arylamide. It can be extended to thiophene derivative
containing the C,-CONMe, group directing the alkylation only at Cs. Jiang also
showed that this reaction can be catalysed with [RhCl,Cp*], with AgSbF¢ (7.5 mol
%) and 1 equiv. of Cu(OAc),.H,0, which allowed ortho-dialkylation of arylamides
in f-butanol/water solvent, without the addition of AcOH [84]. In that case, the
CONR; group is a weakly coordinating group, but the reaction is made in the
presence of AcOH which favours both C—Ru bond cleavage and alkylation.

(0]
[RuCl,(p-cymene)], 5 mol% NR,

(@) NR, 0
AgSbFg (15 mol%)
+ /Y >
OH AcOH (2 equiv.)
R!

Cu(OAc),.H,0 (1.1 equiv) R!
DCM, 140 °C, 16 h, (58)

(0}
o} 0 o D NMe,
NMe, NMez \_ NMe O ©
(e} 2 (@] o)

X

éff s
F
CN

75%
Br 92% 75% 95% 89% o

The mechanism is not described, but a realistic proposal can be made based on the
recent reported ruthenium(Il)-catalysed ortho-alkenylation, by Jeganmohan
(Eq. 27) [85] of aryl-CONHR derivatives also with allylic alcohols, followed by
isoindolinone formation and the recent demonstration by Kommagalla and Ramana
on the alkenylation versus alkylation of benzofuran (Eq. 50) [105]. Thus,
Jeganmohan showed that allyl alcohol is first dehydrogenated into unsaturated
ketone leading to alkylation under acidic conditions, and Kommagalla and Ramana
demonstrated that alkenylation takes place in the presence of base. Thus, it is
expected that the Ru(Il) catalyst generates the unsaturated ketone by hydrogen
transfer, the enone double bond inserts into the Ru—C bond of the cyclometallate
intermediate to give a seven-membered cyclometallate for which the -elimination
is disfavoured and, thus, protonation with AcOH of the Ru—C bond is expected to
give the alkylated product (see Scheme 6 mechanism).

In 2013, Chatani has reported the ruthenium(Il)-catalysed ortho C-H bond
alkylation of aromatic amides with a variety of o,f-unsaturated ketones using the
8-aminoquinoline bidentate directing group. The best catalyst was based on
RuCl,(PPh3)3/NaOAc system (Eq. 59) [118]. The reaction of 2-substituted aromatic
amides afforded monoalkylated products, whereas for para-substituted arylamides,
the ortho-dialkylated amides were preferentially produced.
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It is noteworthy that unsaturated ketones containing an electron-withdrawing
C=0 group facilitate this reaction by contrast to styrene and 1-hexene. The H/D
exchange occurred in the cleavage of the ortho C—H bond, even in the absence of
the alkene, and of the N-H bond indicating that the N-H bond is also involved in
the reaction. The mechanism is not clear for this transformation, but the catalytic
conditions are closely related to those giving cyclometallate intermediate by C—H
bond deprotonation by acetate. Then, the insertion of the ketone double bond into
the Ru—C bond could be postulated leading to a rigid strong seven-membered
metallacycle, due to strong coordination of the chelating group, from which the
B-elimination is not possible. Protonation of the Ru—C bond by the formed AcOH
would then release the alkylated product.

4.2 Alkylation of Heteroarenes with Alkenes
4.2.1 Alkylation of Heterocycles with Ru(O,CR),L,, Catalyst

Ackermann has reported that the in situ generated carboxylate—Ru(II) catalyst
Ru(O,CMes),( p-cymene), for the alkylation of arene C—H bonds with unactivated
and unstrained alkenes (Eq. 56) [116], could be profitably used for alkylation with
vinylsilanes of heterocycles. This alkylation was applied to indole and thiophene
derivatives and proceeded in site-selective manner, but it is noteworthy that
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they were directed by strongly coordinating nitrogen-containing groups such as
2-pyridyl for thiophene (Eq. 60a) and N-2-pyrimidyl for indole (Eq. 60b) [116].

7\ 7\
H =N SiMeg [RuCly(p-cymene)], (1.3-5 mol%) H =N
T + = KO,CMes (30 mol%) 7\ (60a)
s TH toluene,100-120 °C, 18-24 h S
60% SiMes
@E\é . S - @E\é_\ (60b)
N )N\ SiEty
N“ "N 83% N“°N

5 W

4.2.2 First Branched Alkylations Observed for Benzofuran

Kommagalla and Ramana have shown a unique way of Ru(Il)-catalysed alkylation
with acrylates applied to benzofuran directed by a C,-benzoyl group. They showed
that the COPh group does favour the alkylation at carbon Cs, but more importantly
they found for the first time the formation of the branched alkylated isomer via
hydroarylation of acrylates (Eq. 61) [119]. The catalyst is based on RuCl,(PPhs);
(5 mol%) with 30 mol% of additive PivCO,H or MesCO,H with K,CO; (3 equiv.)
as a base, but better efficiency was found with AgOAc (30 mol%) as additive.
However, with methyl methacrylate, only the linear product was formed; thus, the
substituent at alkene C, carbon disfavours the alkene C,-(furan)—C bond formation.

H CO,R
R\G(\g_(o RUCI PPhy)o(10 mol%) ROC, R .
g bn  Ag(OAc) (30 moi%) R { o R { o
>>>
i K,CO; (3 equiv.) d ph d  Ph
toluene,120 °C, 24 h (61)
CO,R
CO,Me
MeO,C. MeO2C Me EO.Q Ph
Me (0]
Me. : 2\ o CI\QEC(O @(C( N4
o g bn d Ph d  Ph
(82%) 88:12 (87%) 91:9 (54%) 94:6 (88%)

However, the linear alkylation of the same benzofuran with acrylate can be restored
using the [RuCl,(p-cymene)], catalyst (10 mol%) with 30 mol% of PPh; with
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no other additive but with NaHCO; (5 equiv.) as base and proton source as well
(Eq. 62) [119].

R H [RuCly(p-cymene)], (10 mol%) CO2R RO,C
\©\/\S_/(O PPhg (30mol% ) o
d Ph R 0
) NaHCOs (5 equiv. ) L ... 8
__'coR 1,4 dioxane, 140 °C, 24 h d  Pn Ph

COgMe

66% (86:14) 69% (82:18)

73% (86:14) =

The rational mechanism (Scheme 9) proposes the initial formation of Ru(OAc),L;
catalytic species leading to cyclometallate I, accepting the coordination of
the olefin that can insert either from conformation IIa or IIb according to the
nature of L; being (PPh3); and p-cymene, respectively.

o~
Ph S
2 AgOAc
RUCloLs AT» Ru(OAC)sLs o H
2 AgCl
g AcOH
o -
- o
Ph W ) ? Ph
OAc pathp Fh = patha
O-- "Rﬁ‘—“\ .
L3 z O-- *ﬁu OAc
S 3 —
z [ Y

L3 = (PPhg)s

(0] or
L3 = p-cymene
z

Scheme 9 Proposed mechanism for branched versus linear alkylation with alkenes
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It is thus proposed that the steric hindrance of the (PPhs); ligands favours the
insertion of alkene with its terminal carbon forming the C—Ru bond in ITla and that
its protonation with AcOH leads to the branched alkylated product. Alternatively,
with L3 ligand being p-cymene, the electrophilic B-carbon of the acrylate binds
preferentially to the carbon of the more polar Ru—C bond in IIb than in Ila to give
IIIb, which on protonation by AcOH or NaHCO; leads to the linear alkylated
product (Scheme 9) [119].

5 Conclusion

The direct ruthenium(II)-catalysed oxidative dehydrogenative reaction of simple
alkenes with functional arenes, heterocycles and even alkenes and ferrocene deri-
vatives has become in a few years since 2011 a straightforward and inexpensive
method to produce multiple functionalised alkenes, and new applications are
reported every month [120—123]. Ruthenium(II) catalysts not only offer the advan-
tages of their low-cost metal source, easiness of preparation and stability even in the
presence of water which allows their use in water as solvent, but they have been
shown efficient actors for innovations in synthesis. Most of the time for alkenyl-
ation, the ruthenium(II) catalytic reaction requires AgSbFg , a halide abstractor,
plus an oxidant such as Cu(OAc), or sometimes Ag(OAc), and these oxidants can
be used in catalytic amount but in the presence of air.

The activation of the ortho sp°C—H bond is directed by a variety of strongly
coordinating functional groups such as 2-pyridyl or other nitrogen-containing
heterocycles. Recently, a variety of weakly coordinating groups, which were not
efficient for direct arylation of the same ortho C-H bonds, have been shown to
direct very efficiently ortho-alkenylation. These include ketone, formyl, ester,
amide of type CONRR’ or NHCOR, amidine, azoxy, sulfonic acid, sulfonamide
and sulfoximine, carbamate or carboxylate as phenol protecting groups and even a
few examples of free amine, free alcohol and nitrile.

The presence of acetate linked to the oxidant is not innocent as carboxylates are
crucial partners of the Ru(IT) centre to activate the ortho sp>C—H bond via deproton-
ation with external carboxylate to produce very easily a five-membered cyclo-
metallate able to insert into its Ru—C bond a variety of functional alkenes from
acrylate derivatives to styrenes or non-electrophilic alkenes.

It is shown especially with strongly coordinating directing groups that the
formation of the alkenylated product requires the presence of a base, such as
carbonate, but sometimes, carboxylate can operate alone. This has been demon-
strated in the case of heterocycles. This chapter supports that this observation
results from the formation of a rigid stable seven-membered cyclometallate
which cannot lead easily to p-elimination, and thus, the alkenylation product arises
from B-C—H deprotonation by the base.

The ruthenium(II)-catalysed reaction of similar functional arenes and hetero-
arenes with alkenes can also lead to ortho-alkylation instead of alkenylation, via
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hydroarylation of the alkene. The first example of formation of the branched
alkylation product has been shown with heterocycles. This alkylation is shown to
occur with strained alkenes such as methylidene cyclopropanes, but also with
strongly coordinating functional groups such as nitrogen-containing heterocycles,
and strongly chelating 8-aminoquinoline bidentate groups. It also occurs with
amide directing group but in the presence of proton source AcOH, or NaHCO;
with heterocycles. It is demonstrated with heterocycle C—H bond that alkylation
product is formed in the absence of base. This chapter supports the point that this
observation results from the formation of a rigid stable seven-membered cyclo-
metallate, which cannot lead to p-elimination, and thus, the presence of acid or
proton source favours the protonation of Ru—C bond of the metallacycle and
releases the C-alkylated product.

The easy ruthenium(II)-catalysed activation of C—H bond offers many chal-
lenges to overcome. No doubt that simple or new ruthenium catalysts will be
evaluated as an attempt to favour the difficult functionalisation of the Ru—C carbon
of the cyclometallate intermediate, and no doubt that future investigations and
developments of ruthenium(Il)-catalysed activation of C—H bond will deal more
with the functionalisation of sp?C—H bonds.
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Ruthenium-Catalyzed C—N and C—-0O
Bond-Forming Processes from C—H
Bond Functionalization

Suman Dana, M. Ramu Yadav, and Akhila K. Sahoo

Abstract This chapter highlights the robust, cost-effective Ru catalyst-mediated
direct functionalization of C—H bonds. The development of Ru-catalyzed novel
synthetic methods for the construction of C—N and C—O bonds through the
activation of inert sp” and sp> C—H bonds is enumerated. The effect of a directing
group (DG) for the chemo- and regioselective introduction of heteroatoms in the
molecule replacing the unactivated C—H bonds is discussed.

Keywords Amidation - C—N and C—O bond - C-H bond functionalization -
Directing group - Ruthenium catalysis
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cod 1,4-Cyclooctadiene
Cp Cyclopentadienyl
Cy Cyclohexyl

DCE 1,2-Dichloroethane
DG Directing group

DMSO  Dimethyl sulfoxide
DPPA Diphenylphosphoryl azide

equiv Equivalent

Foo-TPP  meso-Tetrakis(pentafluorophenyl)porphyrin
Hp Oxypyridinato

i-Pr iso-Propyl

KIE Kinetic isotope effect

Mestacn ~ N,N’',N”-Trimethyl-1,4,7-triazacyclononane
Mes Mesityl

MPS Methylphenylsulfoximine

NMP N-Methyl-2-pyrrolidinone

Ns 4-Nitrobenzenesulfonyl

OEP Octaethylporphyrin

t-Bu tert-Butyl

TFA Trifluoroacetic acid

TFAA Trifluoroacetic anhydride

THF Tetrahydrofuran

™ Transition metal

TMP meso-Tetrakis(mesityl)porphyrin

TPP Tetraphenylporphyrin

Ts 4-Methylbenzenesulfonyl

TTP Tetratolylporphyrin

1 Introduction

Construction of amino- and hydroxy-functionalized derivatives is immensely
important, as these motifs are widely found in the molecules relevant to biological
and pharmaceutical importance and materials [1-7]. Thus, development of conve-
nient straightforward synthetic protocols for the fabrication of C—N and C-O
bonds is highly enviable. In general, the conventional methods employed for the
C—O and C—N bond formation deliver the products with poor regioselectivity and
require harsh reaction conditions (Scheme 1). Furthermore, transition metal (TM)-
catalyzed cross-coupling methods readily convert the pre-functionalized arenes,
such as aryl halides or pseudohalides and triflates, obtained from arenes through
multiple synthetic manipulations, to aniline and phenol derivatives [8§—14]. Alter-
natively, the TM-catalyzed direct functionalization of ubiquitous inert C—H bond
offers a step- and atom-efficient way to construct C—N and C—O bonds.
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conventional methods
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Scheme 1 Strategies for the construction of C(spz)—N and C(spz)—O bonds on arenes

1) Direct C—H Bond Functionalization 2) Directing Group Assisted C-H Bond Functionalization
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R R M meta activation
9a 9b 9¢ 10a 10b

Non-regioselective activation of arenes

Scheme 2 Non-regioselective and regioselective C—H activation in arenes

The direct functionalization of a C—H bond is possible through the formation of
carbometalated intermediates on varieties of C—H bonds in the molecule, produc-
ing non-regioselective products. The incorporation of heteroatom-bearing directing
groups in the molecule helps to functionalize a particular C—H bond with high site
selectivity (Scheme 2).

In 1993, the Murai group discovered Ru-catalyzed carbonyl-assisted
regioselective 0-C—H hydroarylation of arenes with alkenes for the first time
(Scheme 3) ([15], [16], and references therein). The reaction begins with the
coordination of carbonyl moiety to Ru species followed by the activation of o-
C—H bond of arenes to form a ruthenacycle 14. Next, the coordination of alkene to
the Ru species through ligand exchange followed by migratory insertion to a C—M
bond generates the intermediate 15. Finally, protodemetalation of 15 culminates the
desired product 13 in decent yield.
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Scheme 3 Ru-catalyzed carbonyl-directed o-C—H hydroarylation of olefins

The Ru-catalyzed carbonyl group-assisted hydroarylation of arene C—H bonds
opened an arena for the invention of novel methods for TM-catalyzed direct
functionalization of inert C—H bonds. Accordingly, various TM catalysts, e.g.,
Pd, Ru, Rh, Ir, Co, Ni, Fe, and Cu, have subsequently been employed for the
activation and functionalization of inert C—H bonds (for selected reviews on the
C—H functionalization, see [17-25]). Notably, the use of cost-effective, air- and
moisture-insensitive Ru catalysts for inert C—H bond functionalization is always
desirable. The common Ru catalysts such as CpRuCl(PPhj),, Cp*RuCl(PPhj),,
Cp*RuCl(COD), RuCl,(PPh3)3, and [RuCl,(p-cymene)], under the influence of
external oxidants (not always necessary) and additives are used for the construction
of C—C and C—heteroatom bonds through the replacement of C—H bonds [17-19].
The Ru(0) catalysts usually undergo oxidative addition to C—H bonds through
agostic interaction, whereas Ru(I) catalysts are inserted into C—H bond through a
base-assisted concerted metalation-deprotonation (CMD) process [18].

The functionalization of C—H bond is well evidenced in the presence of Ru
(IT) catalysts over Ru(0) species. This chapter enumerates the development of
Ru-catalyzed novel synthetic methods for the construction of C—N and C-O
bonds.

2 C-N Bond Formation

Transition metal-catalyzed direct C—H amination is an atom-economical method to
construct C—N bonds. The importance of amine moiety in a molecule inspires the
development of novel methods for the amination of ubiquitous C—H bonds under
the influence of Pd, Rh, Ru, Ir, Fe, or Cu catalysts (few reports on C—H amination
reactions: [26—42]). Among significant progresses made in the development of
novel methods for C—N bond formation, the use of robust and cost-effective Ru
catalysts for the C—H amination expands the synthetic utility of the method.
The Ru-catalyzed C—N bond-forming synthetic methods are briefly enumerated
herewith.
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2.1 C(sp’)-N Bond Formation

The direct activation of unbiased C(sp?)—H bond leads to non-regioselective products,
while the incorporation of a DG can assist to the regioselective construction of C—N
bonds. In addition, Ru-catalyzed cross-dehydrogenative couplings and intramolecular
C—H activation methods for the construction of C—N bonds are also known.

Nitrenes and electrophilic aminating agents are generally used for the
Ru-catalyzed C(sp®)—N bond formation. Sulfonyl amides and sulfonyl azides are
the active precursors of nitrenes; under the influence of oxidants [e.g., K»S,0s,
-BuOOR, PhI(OR),, etc.], amides readily produce the corresponding nitrenes. The
insertion of nitrenes to TM generates metal-nitrenoid species (L,M=NR) in situ.
Whereas the formation of metal-nitrenoid species from azide is possible through the
oxidative insertion of metal to azide with the release of N, gas, which does not need
oxidant. In contrast, oxidative addition of N-halo/tosyloxy phthalimide to the metal
species occurs readily. Later, reductive elimination of this species leads to the
functionalized products.

2.1.1 Direct C—N Bond Formation

The electron-rich heteroarenes directly undergo C—H functionalization under the
influence of a TM catalyst. Amidation of furan, pyrrole, and thiophene analogues is
satisfactorily performed with the Ru-porphyrin catalyst 18 in the presence of
amidating agents such as N-(arylsulfonyl)-imino-phenyliodinane (PhI=NR;
R=Ts, Ns) or the combination of PhI(OAc), and H,N-R (Scheme 4) [43]. For
example, amidation of N-arylpyrrole with PhI=NTs in the presence of [Ru"(TTP)
(CO)] (18) yields C3 and C4 diamidation product 17a, whereas N-arylimidazole
affords N amidation product 17b. In contrast, thiophene and benzofuran derivatives
produce mono-C2-amidation products 17¢ and 17d, respectively (Scheme 4).

2.1.2 Direct Functionalization of Aldehyde C—H Bonds

Phosphoramidation of aldehyde C—H bond is efficiently conducted with diphenyl-
phosphoryl azide (DPPA; 20) under the assistance of Ru-porphyrin catalysts, such
as [Ru(TTP)CO] (18) or [Ru(TTP)Cl,] (22) (Scheme 5). The electron-rich alde-
hydes participated more efficiently under the catalytic condition [44].

Chan and coworkers demonstrated Ru-porphyrin-catalyzed [Ru(TTP)CO] (18)
direct amidation of aldehyde C—H bonds with tosylamine in the presence of
oxidant PhI(OAc), (Scheme 6). Amidation of a-[D]-benzaldehyde (23a) under the
optimized Ru-catalyzed conditions produced N,N-[D]-tosylbenzamide (24a)
(Scheme 6); this observation supports the activation of aldehyde C—H bond [45].

Che group revealed that the amidation of aldehyde C—H bond with PhI=NTs
catalyzed by [Ru(TTP)(CO)] (18) occurs through the involvement of [RuY"(TTP)
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Scheme 4 Direct C(spz)—H amidation of heterocycles
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Scheme 5 Phosphoramidation of aldehyde C—H bond

18 (1-5 mol %)

(o} }
PhI(OAc), (1.25 equiv)
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A AL
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Scheme 6 Direct amidation of aldehyde C—H bond

17d; 58%

R
22 [RUV(TTP)CI,]

R = p-olyl
[RUM(TTP)(NTs),] (1)

(NTs),] (I) species (Scheme 6); DFT calculation studies support this fact. For
example, amidation of pent-4-enal (having acyl, allylic, and homoallylic C—H
bonds) with PhI=NTs in the presence of 18 exclusively provided the acyl C—H
amidated product, leaving other C—H bonds unaffected. Aldehyde C—H bonds
possess high bond dissociation energy (BDE) than homoallylic or allylic C—H
bonds; the minimal steric strain in the corresponding transition state is detrimental

to the aldehyde C—H bond amidation [46].
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Scheme 7 Synthesis of [Ru] catalyst
carbazole, pyrrole, and © J condmon ©\ J
indole derivatives through 2 N
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amination of azides N H H
O N__COOEt R N
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2.1.3 Intramolecular C—N Bond Formation

RuCl;-3H,0-catalyzed intramolecular C(sp>)—H amination of organic azides 25
efficiently produces carbazole, pyrrole, and indole derivatives (Scheme 7). For
instance, 2-arylphenylazides produce carbazoles (26a), whereas 1-azido-4-aryl-
1,3-butadienes and 2-azido-3-arylacrylates deliver pyrroles (26b) and indoles
(26¢), respectively (Scheme 7) [47].

Pyrazole skeleton is widely found in many molecules of pharmaceutical impor-
tance, such as Viagra, Acompila, Celebrex, and so on. Yu Rao and coworkers
developed a novel approach for the construction of pyrazole moiety 28 from
a,pB-unsaturated hydrazones in presence of a Ru catalyst and base in DMSO
(Scheme 8) [48]. Kinetic isotope studies (ky/kp =2.4) reveal that the C—H bond
activation is the rate-determining step.

2.1.4 Directing Group-Assisted C—N Bond Formation

Directing group-assisted TM-catalyzed formation of C—N bonds is well known.
Over the years, various DGs have been developed and employed successfully for
the Ru-catalyzed amidation of arenes. A general mechanism for the Ru-catalyzed
DGe-assisted regioselective amination of arene C—H bond is shown in Scheme 9.
The reaction initiates with the formation of cyclometalated species 32, obtained
through the coordination of heteroatom in the DG to the metal followed by insertion
to the proximal C—H bond. Next, oxidative insertion of electrophilic aminating
agents to the metal in 32 delivers intermediates 33. Finally, reductive elimination of
33 provides the aminated product 30 with the regeneration of catalyst for the next
cycle (Scheme 9).

The TM catalyst-aided insertion of azide on C—H bond occurs through stepwise
redox-active pathway or concerted redox-neutral pathway. The stepwise redox
pathway involves (1) the coordination of azide to TM followed by the formation
of metal-nitrenoid species 34 through simultaneous elimination of N, with the
increase of oxidation state of the TM, (2) migratory insertion of nitrene between
M-C bond produces 35, and finally (3) proto-demetalation to produce amidation
product 31 (Scheme 9). Whereas concerted redox-neutral pathway encompasses the
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Scheme 10 Probable participation of SN2 pathway for C—N bond formation

involvement of transition state 36 with the simultaneous coordination of aryl
moiety, TM, and the azide N atom (Scheme 9). In this case, the oxidation state of
the TM remains unchanged [49, 50].

Alternatively, the Ru-catalyzed C—N bond formation under the influence of
electrophilic aminating agent may proceed through an Sy2 pathway. The
ruthenacycle 37 may displace the leaving group in an SN2 pathway to form C—N
bond (Scheme 10) [51-53].
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Scheme 11 Sulfoximine-assisted C(spz)—H amidation of benzoic acid derivatives

Assistance of Carboxylic Acid Derivatives and Ketones

The Ru-catalyzed o-C—H amination of benzoic acid derivatives provides anthranilic
acids in a straightforward manner. We have demonstrated an exceedingly expedient
Ru(II)-catalyzed reusable methyl phenyl sulfoximine (MPS)-aided intermolecular
0-C(sp>)-H amidation of arenes 38 with aryl sulfonyl azides producing 39
(Scheme 11) [54]. The amidation occurs at the less hindered site of m-substituted
arene carboxylic acid derivatives. Base hydrolysis of the amidation product 39a
provides an anthranilic acid derivative 39a’ with the isolation of MPS-DG.

This method is diligently employed for the divergent synthesis of HMR 1766
(43). The synthesis of 43 is commenced with the insertion of 5-chlorothiophene-2-
sulfonyl amide group at the less hindered o-C(sp?)—H bond on 40 for the construc-
tion of 41. Next, the base-mediated hydrolysis of 41 leads to 42. Finally, amide
coupling of the carboxylic acid derivative 42 with the amine produces HMR 1766
(43) (Scheme 12) [54].

The N-alkyl-benzamide DG-assisted Ru-catalyzed amidation of 44 is success-
fully accomplished with aryl sulfonyl azides to achieve 45; the catalytic conditions
tolerate bromo, ester, and hydroxyl functional groups, showing a broad scope of the
reaction (Scheme 13) [55]. Disappointingly, the aryl azides failed to participate
under this catalytic condition.

The Ru-catalyzed amidation of N-acyl protected indoline 46 with aryl and
heteroaryl sulfonyl azides provides 7-amido-substituted indoline analogues 47
(Scheme 14) [56]. As expected, amidation occurs exclusively at C7. Participation
of radical intermediate is ruled out, as the radical quencher 2,6-di-tert-butyl-4-
methylphenol (BHT) did not inhibit the reaction.

Aryl ketones (48) successfully undergo amidation with arenes in the presence of
tosyl azide. The combination of catalysts consisting of Ru and Ag salts and Cu
(OAc),-H,0 in DCE is suitable for producing the desired product 49 (Scheme 15).
Poor performance of electron-deficient arenes over the electron-rich arenes hints
the involvement of electrophilic C—H bond activation in this process, although the
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[RuCly(p-cymene)], (5 mol %) yield
N AgSbFg (20 mol %) N Ar = p-BrCgH4 77%

> o p-CF3CeHy 75%
AgOAC (50 mol %) Oyl NH o)\ 2-naphthyl 82%
46 ArSO,N3, DCE /!\r p 2-thiophenyl 81%

Scheme 14 Ru(II)-catalyzed amidation of indolines

mechanism is yet to be well understood. Accordingly, cationic Ru complex [Ru( p-
cymene)(OAc)]", obtained in situ from [RuCl,(p-cymene)], and AgSbFg in the
presence of Cu(OAc), in DCE, is responsible for the activation and amidation of
0-C-H bond of arenes with sulfonyl azides. The catalytic condition consisting of
{[RuCl,(p-cymene)], and AgNTf,} has also been used for the synthesis of 49
(Scheme 15) [55, 57, 58].
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Scheme 15 Amidation of aryl ketones with sulfonyl azides
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Scheme 16 Amidation of xanthones and chromones with azides

Amidation of xanthones (50) and chromones (52) successfully leads to
l-aminoxanthones (51) and 5-aminochromones (53). KIE value of 2.1 supports
the possible occurrence of a kinetically relevant C—H bond cleavage step
(Scheme 16) [59].

Assistance of Heteroarenes

The Chang group at first investigated 2-pyridyl-directed Ru-catalyzed C(sp*)-H
amidation with aryl sulfonyl azides [55]. This particular work helps to understand
the mechanistic insights of Ru-catalyzed amidation reactions. X-ray structural
elucidation of the intermediates 55a and the HRMS data of 55b helps in sketching
the catalytic cycle involved in this reaction (Scheme 17).

Later Liang et al. reported the X-ray structural data of the intermediates 61 and
63; this information again supports the catalytic cycle involved in the amidation of
arenes [50].

The reaction begins with the formation of cationic Ru(Il) species 60 from
[RuCl,(p-cymene)], and KPFs. The coordination of pyridyl-N atom to
Ru-cationic species and subsequent activation of proximal C—H bond lead to
ruthenacycle 61. Next, nitrene insertion to 61 generates Ru-nitrenoid species 62;
migratory insertion of nitrogen to C—Ru bond provides the intermediate 63
(Scheme 18). Finally, protodemetalation of 63 generates the amidation product
58 along with the production of cationic Ru(I) species (Scheme 18).

The competitive experiments suggest that the reaction in the absence of Ru
catalyst produces trace amount of aziridination product 67 while the same process
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Scheme 17 Chelation assisted C—H amidation with sulfonyl azides
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Scheme 18 Mechanistic route for 2-pyridyl DG-assisted C(spz)—H amination with aryl sulfonyl
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Scheme 19 Competitive experiments for Ru-catalyzed C(sp?)—H amidation

in the presence of Ru catalyst provides C—H amidation product along with 66 due
to the formation of Ru-nitrenoid species (Scheme 19) [50].

Pyrazole and pyrimidine moieties also assist the occurrence of amidation on the
less hindered C—H bond of arenes with sulfonyl azides (Scheme 20); the reaction
proceeds in the presence of Ru(Il) catalyst and AgSbF¢. The pyridine-directed
functionalization requires acetate base (Scheme 20) [60]. The use of substituted
pyrazole and pyrimidine DGs decreases the product yield, while the substituents in
sulfonyl azides did not affect the reaction outcome. Kinetic isotope studies reveal
that the formation of ruthenacycle is reversible.
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Scheme 20 N-heterocycle-assisted amidation of arenes
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Scheme 21 Selective C—C and C—N bond formation in different conditions

H TsHN

[RuCly(p-cymene)],
PN \_Fr? AgSbFg (16 mol %) G \ R
R TsN3, DCE, 80 °C R
73 74

Scheme 22 Amidation of arylbenzo[d]-thiadiazoles

Amidation of 2-arylpyridines (70) with acyl azides was successfully conducted
under Ru catalysis; in contrast, the identical reaction under Rh catalysis in the
presence of CH3CN provides C—C bond (Scheme 21). The low binding affinity of
acyl azide to the CH3CN-bonded Rh catalyst delivers isocyanate in situ, which is
responsible for the C—C bond formation. The catalytic conditions used for the
kinetically controlled Ru-catalyzed transformation hinders the formation of iso-
cyanate, which in turn leads to the formation of C—N bond. However, the reaction
in the presence of isocyanate predominantly delivers C—C bond over C—N
(Scheme 21) [61].

Amidation of 2-arylbenzo[d]-thiazoles has successfully been conducted with
aryl sulfonyl azides under the combination of catalysts consisting of Ru and Ag
salts (Scheme 22) [62].

2.1.5 Use of Electrophilic Reagents for C—N Bond Formation

The O-benzoyl hydroxylamine electrophilic aminating agents have successfully
been employed for the Ru(Il)-catalyzed amination of 0-C—H arenes in the amide
derivative 75 at room temperature (Scheme 23) [63]. First cyclo-ruthenation of 75
generates 77 (observed by 'H NMR). Then oxidative addition of the aminating
agent (A, = N-benzoyloxymorpholine) to 77 produces Ru(IV) species, which in
turn functionalizes the proximal C—H bond through reductive elimination engen-
dering the amination product 76. The possibility of an Sy2 pathway for the product
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Scheme 24 Sulfoximine-directed imidation of arenes with N-tosyloxyphthalimide

formation also cannot be completely ruled out (Scheme 10) [51]. This process is
reliably applied for the C—H amination of pyrazole, thiophene, benzothiophene,
furan, benzofuran, and indole-bearing heteroaryl carboxylic acids.

The electrophilic imidating agent N-tosyloxyphthalimide (TsO—N—Phth) (78)
has successfully been employed for the 0-C—H imidation of benzoic acid deri-
vatives 38 under the assistance of MPS-DG under the catalytic conditions
consisting of [RuCl,(p-cymene)],, AgSbFg additive, and Ag,O oxidant in DCE.
The role of Ag,0 oxidant is indistinct. The reaction exhibits a broad substrate scope
including arenes and heteroarenes with the tolerance of a wide array of functional
groups. This method is applicable to access 0-C—H di-imidation products. The
readily removable MPS-DG and easily modifiable phthaloyl moiety make this
strategy synthetically viable (Scheme 24) [64].

2.1.6 Cross-Dehydrogenative Coupling

The cross-dehydrogenative coupling (CDC) of C—H and N—H moieties directly
allows the formation of C—N bond; the non-requirement of pre-functionalized
precursors makes this strategy synthetically important. The cooperative catalytic
system involving Ru and Cu species is generally employed for the fabrication of
C—N bonds through the CDC of C—H and N—H bonds (Scheme 25) [65]. For
example, homo-dimerized carbazole derivatives 81 are rapidly accessed through
the oxidative C—N coupling between carbazole derivatives 80 in presence of Ru
and Cu catalysts. The absence of either Ru or Cu did not yield the desired product,
suggesting the importance of both catalysts in the reaction (Scheme 25).
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Scheme 25 CDC of C—H and N—H moieties for the construction of C—N bond
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Scheme 26 Ru(Il)-catalyzed CDC between carbazoles and diarylamines

The Ru- and Cu-mediated CDC method has successfully been employed for the
synthesis of N-carbazolate diarylamines 83 [66]. The catalytic conditions did not
affect halo moieties and other common functional groups. Comparative studies
show that Cu salt and O, are not essential in the C—H bond activation, although
they play important role in the catalytic cycle (Scheme 26).

2.2 C(sp’)-N Bond Formation

The construction of C(sp®>)—N bond through the activation of C(sp*)—H bond is
always difficult and challenging. The HOMO of low oxidation state TM species or
the electron-rich ligated metal species can readily interact with the LUMO of C—H
bond, enabling the functionalization of C—H bond. The insertion of Ru(0) to the
C(sp>)—H bond is not facile; in contrast, porphyrin or other strongly donor ligand-
bearing Ru(II) catalysts have been employed for the functionalization of C(sp®)—H
bond [67].

Che and coworkers at first reported the amidation of aliphatic (tertiary), ben-
zylic, and allylic C—H bonds with iminoiodinane intermediate in the presence of
Ru-porphyrin complex 84 (Scheme 27) [68, 69]. The presence of a double bond in
the molecule induces the formation of both aziridine and amidation products
(Scheme 27). The mechanistic route involved for allylic/benzylic C—H bond
amidation is identical to that of aldehyde C—H bond amidation; this process begins
with the formation of [RuY"(TTP)(NTs),] (I) in situ (Scheme 6), followed by
nitrene insertion to the C—H bond.

The Ru-porphyrin complexes, e.g., [Ru(TPP)CO], [Ru(TMP)CO], and [Ru
(OEP)CO], are successfully employed for the intramolecular sulfamidation of C
(sp3)—H bonds (Scheme 28). The [Ru(F,o-TPP)CO] (84) catalyst in combination
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Scheme 27 Tertiary, benzylic, and allylic C(sp®)—H amidation using Ru-porphyrin catalyst
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Scheme 28 Ru-porphyrin-catalyzed intramolecular sulfamidation of C(sp>)—H bond

with PhI(OAc), and Al,O5 is also used for the intramolecular sulfamidation of
benzyl/alkyl C—H bonds in 85 to produce 86 [68, 70]. The electron-donating
substituted C—H bond efficiently undergoes sulfamidation, as the electron-rich
group in the substrate stabilizes the nitrenoid species. The asymmetric variant of
the intramolecular sulfamidation has successfully been realized under the influence
of the chiral Ru complex 87 (Scheme 28) [71, 72].

The Ru-pybox complexes [73] and the mixed valence tetrabis(2-oxypyridinato)
diruthenium (II, IIT) chloride [Ru,(hp)4Cl] species [74] are equally efficient to
provide the desired amidation products in good yields. Similarly, in the presence
of chiral Ru-porphyrin complex 87, substrate 88 yields chiral amidation product 89
in moderate yields. The reaction occurs with the insertion of nitrene to the metal
complex. Obviously, the order of reactivity of the C—H bonds follows the order
3°>2°>1°>CHj; (Scheme 29) [75].

Adamantane, allylic, and benzylic C—H bonds are exclusively aminated, when
the reaction is conducted in the presence of active Ru-nitrenoid species. The
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Scheme 30 C(sp’)—H amidation using Ru-nonporphyrin catalyst

reaction of Ru complexes with the nitrenoid species (PhI=NSO,R), formed in situ
from tosyl amine or amide and oxidant PhI(OAc),, generates the active
Ru-nitrenoid species. The use of [Ru,(hp)4Cl] catalyst exclusively forms allylic
C-N bond, converting 90 to 91 [74]. The kinetic isotope (ky/kp =4.9) studies
suggest a stepwise nitrene insertion to the C—H bond; first, metal-nitrenoid species
is formed through oxidative insertion of amide species to the TM. Next, interaction
of nitrenoid species to the C—H bond yields the desired amidation product [67]. In
contrast, Rh-catalyzed nitrene insertion to double bond for the synthesis of aziridine
displays KIE =2.6, indicating the participation of concerted pathway involving
three-centered TS (Scheme 30).

Blakey and coworkers demonstrated that chiral Ru-pybox complexes catalyzed
enantioselective benzylic and allylic C—H amination in the presence of AgOTf and
PhI(O,C'Bu), [73]. The use of non-coordinating counteranion-bearing Ag salts
(AgBF,, AgSbFs, AgPFy) is effective. The proposed transition states 97 and 98
are probably involved for the formation of 93 and 94, respectively. Participation of
intermediate 97 is more likely, as the presence of two diastereotopic hydrogen
atoms proximal to the metal-nitrenoid species favors the bond formation. While the
repulsion between phenyl group and the nitrene center disfavors the involvement of
intermediate 98, producing 93 in high enantioselectivity (ee = 80-90%) (Scheme 31)
[76]. The Ru(Il)-bis(imino)pyridyl complexes (96) are also successfully applied for
benzylic C—H amination (Scheme 31) [77].

3 C-0O Bond Formation

Transition metal-catalyzed, DG-assisted oxidation of C—H bonds has emerged as
an elegant and powerful tool for the construction of C—O bonds with high chemo-
and regioselectivity ([78] and references therein). This method helps in the creation
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Scheme 31 Benzylic C(sp*)—N bond formation using chiral Ru-pybox catalyst

of a versatile hydroxyl functional group within a molecule; therefore, it offers to
find vast application in synthetic chemistry. As a consequence, a wide range of
synthetic strategies [comprising of the use of various DG’s in presence of different
TMs such as Pd, Rh, Ru, or Cu] have been developed for the fabrication of C—O
bond from the ubiquitous C—H bonds. The Ru-catalyzed C—O bond formation
methods are briefly discussed herewith.

3.1 C(spz )—O Bond Formation

The C—H oxidation of arenes directly creates phenol derivatives. The DG-enabled
oxidation of arene C—H bond has successfully been performed in the presence of
Ru catalysts {e.g., [RuCly(p-cymene)],, [Ru(O,CMes),(p-cymene)],, and
[RuCl3-nH,0]} and oxidants [e.g., PhI(OAc),, K,S,0g, Na,S,0g, HIO;, etc.]
[19]. A well-accepted mechanism for the Ru-catalyzed DG-enabled oxidation of
arene C—H bonds is shown in Fig. 1.

At first, the reaction of [RuCl,(p-cymene)], with additive AgSbFg leads to the
formation of active catalyst 99 in the presence of a carboxylate source. Next, the
coordination of DG heteroatom to complex-99 [RuOCOR]* generates complex
100. The base-assisted deprotonation and metalation then form metallacycle 101.
Insertion of O-bearing functional group to the Ru intermediate 101 through ligand
displacement creates 102. Finally, reductive elimination of 102 provides the desired
C—O bond-bearing product (P) and Ru(0) species. Terminal oxidant helps to
regenerate Ru(Il) catalyst for the next cycle (Fig. 1). The alternate pathway
suggested by Yu Rao implicates the participation of Ru(II)/Ru(IV) catalytic cycle
involving C—Ru-OAc intermediate species, which upon reductive elimination
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delivers the products [79, 80]. Based on the mechanistic insights, various strategies
for the direct construction of phenol derivatives from arenes have been developed.

3.1.1 Assistance of Carbonyl and Carboxylic Acid Derivatives

Yu Rao and coworkers described the Ru-catalyzed o-C—H hydroxylation of arenes
103 with the aid of ester DG (Scheme 32) [79]. The optimized condition consisting
of [RuCl,(p-cymene)], and K,S,0g in TFA/TFAA enables the hydroxylation of
electron-rich and electron-deficient arenes. Other Ru catalysts such as
RuCl,(PPh3);, RuHCI(PPh3);, and Ru3(CO);, are ineffective. This protocol has
successfully been employed for the efficient synthesis of anti-inflammatory drug
Mesalazine (105) (Scheme 32).

The isotope labeling studies (ky/kp=2.3) suggest that the activation of C-H
bond is the rate limiting step. The use of strong oxidant K,S,0g in the reaction hints
the participation of intermediate C—Ru(IV)-O, although the possibility of Ru(II)/Ru
(0) catalytic system could not be ignored.

Ackermann and coworkers elaborately demonstrated Ru-catalyzed C—H oxi-
dation of benzoic acid derivatives [81]. The N,N-dialkylamino, pyrrolidinyl,
piperidinyl, and morpholinyl protected benzamides 106 underwent C—H oxidation
in the presence of [Ru(O,CMes),(p-cymene)], catalyst to provide the
corresponding C—O-bearing products 107 (Scheme 33). [Ru(O,CMes),(p-
cymene)], catalyst is highly efficient; low catalyst loading of 1.0 mol % did not
affect the reaction outcome (Scheme 33). Surprisingly, an inexpensive catalyst
[RuCl3-nH,0] in the presence of oxidant PhI(OAc), can also be employed to
produce the functionalized product.

Weinreb amides are versatile building blocks, useful for the rapid conversion to
aldehydes/ketones or alcohols. As a result, these moieties find wide synthetic
applications in organic chemistry [82]. The Ackermann group demonstrated
Ru-catalyzed o-C—H oxygenation of arenes through the assistance of Weinreb
amides 108 under mild conditions to provide broad range of o-hydroxyaryl amides



208 S. Dana et al.

ROp© [RuCly(, )] =
uCly(p-cymene)l, HoN CooH
N H  @Smol%) OH ! OzN COzEt \©:
R_—\ Kzszoa or HIO3 (1.1 equiv) oH 108 oH
TRATTFAA (7:3), 80 °C, 7-11h Mesalazine

Scheme 32 Ester-directed C(spz)fO bond formation

[Ru(CxCMes)et i [RuCl3(H20)n]
u(O2CMes),(p-cymene)]n (5 mol %)
R'—/ | NR; (1.0 mol %) R'—/ | NR; PhI(OAC),
R EEEEEE——— 5
X PhI(OAG); (1.2 equiv S (1.2 equiv)
H (OAc)2 (1.2 equiv) OH TFATFAA, 120 °C
106 TFAITFAA, 120 °C 107
G el Lgmodte oot
K/O OH MeO OH
66% 55% 92% 98% 42%
Scheme 33 Amide-directed C(spz)fO bond formation
o) o o)
OR' [RuCly(p-cymene)], _OR!
| A N” (2.5 mol %) | A N LiAIH,, THF | A H
| R — 2 —P>
S F R2 PhI(OAc), (1.0 equiv) R// OH R -78°C,2h /S oH
R 408 TFA/TFAA, 50 °C, 16 h 109 R 110
o o) o) o
.OMe M
N e N,OMe N,OMe N,OMe
R? “Me Me cI ™
OH OH cl OH oH ¢
R? = Et, 78%; n-Bu, 75% 78% 85% 61%

Bn, 64%

Scheme 34 Weinreb amide-directed C—O bond formation of arenes

[Ru(O,CMes),(p-cymene)],
S __(osomoi%) @R
PhI(OAc) (1.2 equiv) NP on
2

TFA/TFAA, 120 °C

Scheme 35 Ketone-directed C(spz)—O bond formations

109 (Scheme 34). The ky/kp = 3.0 suggests the involvement of a rate-determining
metalation step. Deuterium-labeling studies conclude that C—H bond activation
and cyclometalation step are irreversible. Finally, the reduction of 109 provides
o-hydroxybenzaldehydes 110 (Scheme 34).

The 0-C—H hydroxylation of aromatic ketones 111 readily occurred in the
presence of [Ru(O,CMes),(p-cymene)], or [RuCl;-nH,0] and oxidant PhI(OAc),
(Scheme 35) [83]. Interestingly, chemoselective oxidation of C(sp3)—H bond in the
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fused aryl-alkyl ketone produces a-hydroxy-ketone. Intramolecular competition
experiments show that the DG ability of #-butyl ketone is better than ester moiety.
As expected, the C—H hydroxylation of electron-rich arenes is facile over electron-
deficient arenes (Scheme 35).

A challenging aldehyde-directed Ru-catalyzed C—H oxygenation of arenes has
been accomplished by the Ackermann group in the presence of strong oxidant Phl
(TFA), [84]. Worthy to mention that the easily oxidizable aldehyde group are silent
to the oxidizing agent PhI(TFA),. On the basis of the experimental results, it has
been observed that the keto, amide, and ester groups show better directing ability
for 0-C—H oxidation over the aldehyde (Scheme 36).

The reaction between substituted benzamide 117 and benzoic acid 118 in the
presence of [RuCly(p-cymene)], and oxidant (NH4),S,Og provides highly
regioselective 0-C—H benzoxylation product 119 (Scheme 37) [85]. The substitu-
ents on DG strongly influence the reaction outcome. For instance, —CONHMe is
found to be more effective than —-CONHOMe and —CONEt,. Electron-rich and
electron-poor benzoic acids are equally reactive and efficiently functionalize the
0-C—H position of 117 (Scheme 37).

3.1.2 Assistance of O- and N-Protected Phenol and Aniline Derivatives

The carbamate group unequivocally assists the chemo- and regioselective hydroxy-
lation of 0-C—H bond of arenes under Ru catalysis to produce 121 (Scheme 38)
[86]. The competitive experiments conclude that the carbamate possesses better DG
ability over the ester. Finally, cleavage of the carbamate group produces highly
substituted catechol derivatives.

In contrast to the carbamate-enabled o-C—H hydroxylation of arenes, the
electron-rich anisole derivatives 122 surprisingly provide p-hydroxyanisole deriv-
atives 123 under the identical catalytic conditions involving [RuCl,(p-cymene)],
and PhI(TFA), (Scheme 39) [86]. The inclusion of TEMPO in the reaction
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[RuCly(p-cymene)], Br

B O _NM NMe. 0. _NM
l‘\@/ \n/ €2 (2 5 mol %) \©i \[r 2 \n/ e
o PhI(TFA)z (2.0 equiv), DCE o’

50-80 °C, 3-24 h
120 121; 66% O 39%

Scheme 38 Carbamate-assisted C—O bond formation of arenes

[RuCly(p-cymene)] MeO.

MeO. | A (2.5 mol %) \©\ \©\ :@\ \C[
/ANy PhICTFA), (2.0 equiv)

R 122 DCE, 80°C, 3 h 1 71% 47% 84%

Scheme 39 Ru-catalyzed hydroxylation of anisole

R" [RuCly(p-cymene)], R"
N N\H/R (1.025mol%) | @™ N R e N\H/R
N R St S Y L M
R J o K2S,08 (1.1 equiv) L 0 o "
OH OH
124 TEAITFAA 125 125b
80°C, 7-13 h a
T
N-oc N My
CL, @ DE Tl x
OH cl OH
80% 61% 1.79 g; 75% 70% 77%
DG = 2,6-difluorobenzoyl
OH
R_ R NHNHyH,0
X 2NHz-Ha
RL \J)]/ 100°C. 340 : /C[
= OH ,
125b 126a; 85% 126b; 100% 126¢; 86%

Scheme 40 A modifiable DG-aided oxidation of arene C—H bonds and access to o-aminophenols

drastically reduces the product formation, suggesting the involvement of single-
electron-transfer oxidation mechanism.

A seminal work describes a modifiable DG-aided Ru(Il)-catalyzed selective
mono- and di-o-C—H hydroxylation of arenes in the presence of K,S,0g as oxidant
in TFA/TFAA (Scheme 40) [87]. The reaction shows a broad scope with the
tolerance of common functional groups. Notably, the use of a higher amount of
oxidant in the reaction leads to the formation of a major amount of di-o-C—H
hydroxylation products 125b. Finally, hydrolysis of anilide moiety produces
2-aminophenols 126a and 126b and 2-amino-1,3-dihydroxybenzene (126¢) in
good yields (Scheme 40).

This protocol is finally applied to the synthesis of dibenzoxazepine and
benzoxazole derivatives from the o-C—H hydroxylation compounds involving



Ruthenium-Catalyzed C—N and C—O Bond-Forming Processes from. . . 211

L O e p e D

90% 87% OH 91% F 90%

Fig. 2 Library of dibenzoxazepine and benzoxazole heterocycles

[RuCly(p-cymene)],

! H
H (3 mol %) H i
0 N Me
e NTMG AgSOFs (15 mol %) | N\n/ > I
.~ O (NHa)2S,05 (1.66 equiv) = % OCOR o]
127 RCOOH, DCE, 100 °C, 24 h | OCOR
R = p-chlorophenyl, methyl minor product

Scheme 41 o-Benzoxylation and o-acetoxylation of substituted acetanilides

intramolecular nucleophilic aromatic substitution and dehydration reactions,
respectively (Fig. 2).

The aid of a similar modifiable DG successfully delivers o-benzoxylation and o-
acetoxylation of aryl-substituted acetanilides 127 under Ru catalysis (Scheme 41).
The reaction shows a vast substrate scope with the tolerance of various functional-
ities [88]. Surprisingly, the occurrence of a minor amount of C—benzoxylation
ortho- to the ether moiety suggests the directing ability of ether.

3.1.3 Assistance of Heteroarenes

Pyridine or pyrimidine N atoms are readily oxidized to N-oxide in the presence of
oxidizing agents. Despite having the inherent challenges for the facile oxidation of
N atom in the heteroarenes, the Ackermann group demonstrated pyridine-DG-aided
Ru-catalyzed carboxylation of arenes in the presence of halide scavenger AgSbF¢
and oxidant K,S,0g to yield 130 (Scheme 42) [89]. Deuterium scrambling experi-
ment suggests the reversible nature of carbometalation. The reaction shows a broad
substrate scope; the aliphatic and aromatic carboxylic acids are readily connected to
the aryl ring. The removal of a 2-pyridyloxy group leads to catechol derivatives.

3.2 (( sp3 )—O Bond Formation

The oxidation of inert C(sp3)—H bond constructs chemo- and regioselective C—O
bonds in aliphatic chain. This method directly produces aliphatic alcohols from
alkanes. The Ru-catalyzed DG-aided oxidation of regioselective C(sp”)—H bond
remains elusive. In contrast, the RuO, catalyst-mediated oxygenation of
unactivated tertiary-C(sp>)—H bond is well known.

A notable demonstration from the Du Bois group showcased direct oxidation of
3°-C(sp®)—H bond under the catalytic conditions consisting of [RuCly-nH,O] in the
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Z | [RuCly(p-cymene)], R =Me 57%

X (2.5 mol %) 3-thiopheny! 57%

o N AngFG (20 mol %) N cyclopropyl 58%

Me O cyclopentyl 73%
Kzszos naphthyl 56%

DCE/RCOOH (3:1) 3-chlorophenyl 76%

100 °C, 18 h 4-nitrobenzyl 62%

129 n-Pr 64%

Scheme 42 2-Hydroxypyridine-directed carboxylation of arenes

[RuCl3nH,0] o
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Scheme 43 Ru-catalyzed direct oxidation of 3°-C(sp®)—H bond
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H
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Scheme 44 Ru-catalyzed oxygenation of tertiary and benzylic C—H bonds

presence of oxidizing agent KBrO5 and pyridine (Scheme 43) [90]. The reaction has
a broad scope; the presence of various functional groups like sulfones, epoxides,
hydroxylated esters, carbamates, and sulfamates in the molecule does not affect the
reaction outcome (Scheme 43). The intermediate 132, obtained through the con-
certed [3+2]-cycloaddition between RuO,4 and the C—H bond of 131, is responsible
for the formation of C—O bond [91, 92]. Ru-porphyrin complexes have also been
used for the oxygenation of 3°—C(sp3)—H bonds [93].

The oxidation of tertiary and benzylic C—H bonds is possible under mild
conditions using low catalyst loading of [(Mestacn)Ru(III)Cls] and ceric(IV)ammo-
nium nitrate (CAN) as oxidant (Scheme 44). The high ky/kp (= 6.7) value suggests
that the conversion of 134 to the oxidation product 135 occurs in a stepwise manner
involving a sequential abstraction of H atom followed by a fast radical rebound
step. The cis- and trans- dioxoruthenium(VI) species, formed in situ, is able to
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oxidize the C—H bonds. Interestingly, ligand Mestacn inhibits dimerization or
multimerization of the catalyst under the reaction conditions [94].

4 Conclusion

This chapter covers the known synthetic methods for the Ru-catalyzed C—N and
C—O bond formations. The Ru-catalyzed transformations for the construction of
C—N and C—O bond are challenging, as the strong binding ability of electro-
negative O and N atoms to the active Ru catalyst inhibits the effective reductive
elimination. The growing demand of the direct functionalization of inert C—H bond
in synthetic chemistry and the inherent challenges involved in the Ru-catalyzed
transformations would boost the researchers to develop novel strategies for the
Ru-catalyzed C—heteroatom bond formations especially in the unbiased C(sp>)—H
bond. The study of mechanistic aspects related to the Ru-catalyzed transformations
needs detailed investigations; this would provoke in sketching and executing novel
methods. Abundant opportunities remain to unravel novel synthetic paradigm for
the efficient fabrication of complex molecular framework involving multiple and
sequential Ru-catalyzed functionalization of inert C—H bonds.
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meta- and para-Selective C-H
Functionalization by C-H Activation

Jie Li, Suman De Sarkar, and Lutz Ackermann

Abstract Transition metal-catalyzed C—H bond functionalization has recently
emerged as an indispensable tool for transforming otherwise unreactive C-H
bonds. In addition to various strategies for ortho-selective functionalization via
chelation assistance, organometallic C—H activation has recently enabled novel
functionalizations of (hetero)arenes at remote meta- or para-positions. The meta-
and para-selectivity was governed either by the inherent substrate structure or by
the transition metal catalyst. Herein we summarize the rapid recent progress in
meta- and para-selective aromatic C—H functionalization until May 2015.

Keywords C-H activation - Chelation - Remote functionalization - Selectivity -
Transition metal catalysis
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Abbreviations

Ac Acetyl

Ar Aryl

AMLA  Ambiphilic metal-ligand activation
Bn Benzyl

Bu Butyl

BQ 1,4-Benzoquinone

cat Catalytic

cod 1,4-Cyclooctadienyl

Cp" Pentamethylcyclopentadienyl

Cy Cyclohexyl

CMD Concerted metalation deprotonation

dppb 1,4-Bis(diphenylphosphino)butane
dppe 1,2-Bis(diphenylphosphino)ethane
dtbpy 4,4'-Di-tert-butyl-2,2'-dipyridyl
DCE 1,2-Dichloroethane

DG Directing group

DMF N,N-Dimethylformamide

DMPU  1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H )-pyrimidinone
equiv. Equivalent

E Electrophile

EDG Electron-donating group

EWG Electron-withdrawing group

FG Functional group
Gly Glycine

Hal Halogen

Het Heteroatom

HBCat  Catecholborane
HFIP Hexafluoroisopropanol

Ind Indenyl

KIE Kinetic isotope effect
L Ligand

m meta

M Metal

Me Methyl

Mes Mesityl

MPAA  Mono-N-protected amino acid
MTBE  Methyl fert-butyl ether
NMP N-Methylpyrrolidinone

o ortho
p para
Ph Phenyl

Pin Pinacol
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Piv Pivaloyl

Pr Propyl

PEPPSI [1,3-Bis(2,6-Diisopropylphenyl)imidazol-2-ylidene](3-chloropyridyl)
palladium(II) dichloride

T Template

TBA Tetrabutylammonium
TBP Tributyl phosphate
TFA Trifluoroacetic acid
™ Transition metal

TMP 2,2,6,6-Tetramethylpiperamidyl

1 Introduction

The site-selective functionalization of aromatic compounds is of major relevance to
synthetic organic chemistry with important applications in among others drug
discovery and material science as well as pharmaceutical and chemical industries
[1-4]. In electrophilic aromatic substitution (SgAr) reactions, electron-donating
groups direct incoming electrophiles preferentially to the ortho- and para-positions,
and difficult-to-separate mixtures of products are often obtained [5, 6]. Arenes
containing electron-withdrawing substituents are deactivated for SgAr-type reac-
tions and undergo meta-substitution only under rather harsh reaction conditions
(Scheme 1a). Apart from the traditional SgAr-type transformations, transition
metal-catalyzed cross-coupling reactions between organic (pseudo)halides and
organometallic reagents represent powerful tools for the assembly of substituted
arenes (Scheme 1b) [7-10]. Despite the synthetic utility of this cross-coupling
strategy, the requirement of pre-functionalized starting materials imposes a major

(a) electrophilic aromatic substitution

EDG EDG
+ E —_—
EWG EWG

5.0 —— &

(b) conventional cross-coupling by prefunctionalization
R1
© @ @ cat. [TM], R2-X | X
_ MX o
\R2

Scheme 1 (a) Site selectivity of SgAr reactions and (b) conventional cross-coupling
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drawback. As an ecologically benign and economically attractive alternative,
aromatic functionalizations via transition metal-catalyzed organometallic C—H
bond activation have emerged during the last few decades [11-15].

C—H bonds are ubiquitous in organic molecules. Therefore, controlling the site
selectivity of the C—H functionalization process often represents a major obstacle.
Pioneering work by Lewis and Smith unraveled the power of chelation assistance
for site-selective catalytic functionalizations [16]. Phenol (1) was, thus, selectively
alkylated at the ortho-position by the action of the ruthenium phosphite catalyst
2 (Scheme 2). Mechanistically, the reaction was proposed to proceed via the
oxidative addition of the C-H bond to a ruthenium(0) complex by
pre-coordination of the in situ formed phosphite ligand.

During the last decades, chelation-assisted C—H metalation has set the stage for
catalytic C—H functionalizations with various directing groups (DGs), thereby
providing expedient access to ortho-functionalized arenes [17-21]. In contrast,
developing general protocols for remote meta- or para-selective C—H functional-
izations continues to be extremely demanding (Scheme 3) [22-25].

Herein, we summarize the rapid recent progress in transition metal-catalyzed
meta- and para-selective C—H functionalizations that are enabled by organometal-

PO P 0
P/

Q.0

Ru
6 mol %

0~ \P(OPh)3( mol %)
OH

PhO'
Ph
H H © P(OPh)3 Et Et Et H
2 > +
C,H, (6.6 bar), KOPh (9 mol %)
THF, 177 °C, 3.5 h
1 3:75% 4:13%

Scheme 2 Ruthenium(0)-catalyzed chelation-assisted C—H alkylation of phenol (1)

(a) ortho-C—H functionalization

DG DG DG
cat. [TM] \ X
Hob, —— oM | —— X
R
or
X
X

(b) challenging meta- or para-C—H functionalization

R R

cat. [TM], + X ©\
Hm

Scheme 3 Selectivity of catalyzed aromatic C—H functionalization

Hp
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lic C—H activation until May 2015. The catalytic transformations are categorized by
the origin of their site selectivity that either arises from (1) the inherent substrate
control through steric and/or electronic effects or the use of a directing group or
(2) which is imposed by the nature of the transition metal catalyst. In addition,
formal meta-functionalization using removable directing groups is discussed which
can be readily cleaved in a traceless fashion. Only selected examples of
norbornene-mediated Catellani-type [26, 27] approaches will be discussed herein.

2 Formal meta-C-H Functionalization Using a Removable
Directing Group

One approach for achieving the synthesis of meta- or para-substituted arenes is by
employing a removable directing group in disubstituted aromatic substrates [28,
29]. For instance, Brown and co-workers demonstrated that the use of the remov-
able sulfoxide group in substrate 5 gave rise to meta-substituted electron-rich
arenes 7 within a two-step protocol involving directed ortho-metalation (DoM)
(Scheme 4) [30]. Since stoichiometric amounts of a strong base were required, a
low functional group tolerance and the generation of stoichiometric amounts of
undesired metal waste represented the major drawbacks of this approach.

Transition metal-catalyzed C—H functionalizations of carboxylic acids are
receiving considerable attention because of the high natural abundance of carbo-
xylic acid derivatives in bioactive compounds and as indispensable building blocks
for organic synthesis [31-33]. In addition, the recent development of transition
metal-catalyzed decarboxylative coupling reactions [34, 35] illustrated the potential
of carboxylic acids as removable directing groups [29, 36] to access meta-
functionalized products. As illustrated in Scheme 5, transition metal-catalyzed C—
H functionalization of ortho- or para-disubstituted aromatic carboxylic acids
delivers ortho-functionalized arenes which could subsequently undergo decarboxy-
lation to give the meta-substituted products.

Elegant work by Miura, Satoh, and co-workers disclosed a tandem rhodium-
catalyzed ortho-olefination/decarboxylation sequence of ortho-substituted benzoic
acids 8. A series of meta-substituted stilbene derivatives 10 were hence accessible
by this method (Scheme 6) [37, 38].

The same strategy was nicely applied by Larrosa and co-workers for the
palladium-catalyzed direct arylation of benzoic acids 8 with iodoarenes 11 as

OMe 0O 1) n-BuLi (1.2 equiv) OMe O _ OMe
g\t Bu THF, -78°C, 2 h S t.Bu Raney Ni
2) Me,NCOCI (1.2 equiv) EtOH, 80 °C, 3 h
H ~78°C-23°C, 16 h C(O)NMe, 72% C(O)NMe,
5 63% 6 ;

Scheme 4 Formal meta-C—H functionalization via DoM with a removable DG
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Scheme 5 Transition metal-catalyzed decarboxylative preparation of meta-substituted products

1) [CP*RACly], (1 mol%)

co2
AgOACc (2 equiv) 1
DMA, 120 °C, 8 h R x-Ph
2) AgOAc (2 equiv)
K,CO3 (2 equiv) 5
160 °C, 4 h R
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(2 equw)
\©/\/ ACHN \©/\/ \©/\/
80% 66% 66% 54%

Scheme 6 Rhodium-catalyzed synthesis of meta-olefinated products 10

Me
CO,H
cl H I Me  pg0Ac), 2mol %) ¢ O
+ e —] Me
Ag,CO5 (1 equiv) O
AcOH (3.5 equiv)
Cl Me 130°C, 16 h al
8a 11 o 12
(3 equiv) 8%

Scheme 7 Palladium(Il)-catalyzed preparation of meta-arylated arenes 12

coupling partners [39]. This tandem direct arylation/decarboxylation process pro-
vided an efficient alternative route to access meta-substituted biaryls 12
(Scheme 7).

In 2014, the same research group modified their methodology by including the
installation of the carboxylic acid motif as a traceless directing group onto phenol
derivatives 13 via a separate Kolbe—Schmitt reaction [40] and thus enabled the
formal palladium-catalyzed meta-C-H arylation [41]. This improved method
avoided the use of pre-functionalized phenols (Scheme 8). Moreover, the direct
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arylation of readily available salicylic acids was also described by Larrosa and
co-workers [42].

Very recently, You and co-workers developed decarboxylative heteroarylations
of aromatic carboxylate acids 8 through rhodium-catalyzed twofold C-H acti-
vation. This process provided an alternative synthesis of the meta-heteroarylated
products 16 from ortho-substituted benzoic acids (Scheme 9) [43].

Besides C—C bond formation, this removable C—H functionalization/decarboxy-
lation strategy also allowed for the facile construction of C—Het bonds [44]. Goofen
and co-workers elegantly developed carboxylate-directed ortho-alkoxylation of
benzoates 17, which was followed by decarboxylation to furnish the meta-
substituted aryl ethers 19 (Scheme 10).

More recently, Lee and Chang reported on the iridium-catalyzed mild C-H
amidation of benzoic acids 8 with sulfonyl azide 20 [45]. Subsequent palladium-
catalyzed decarboxylation of ortho-amidated benzoic acid products afforded meta-

OH
H

) KOH (3 equiv), 50 °C, 10 min;

then CO, (25 atm), 100 °C, 2 h O Me

f:[ 2) 11, PEPPSI-IPr (2 mol %), Ag,CO; (0.5 equiv) O
AcOH, 130 °C, 16 h

65% 14 Me

3 equw)
OH OH

CO,
i CO,H [Pd] i :COzH
H Ar

Scheme 8 Palladium-catalyzed sequence for meta-arylated arenes 14

MeO CO,H [Cp*RhCl,], (2.5 mol %)  MeO

S AgSbFg (10 mol %) s
T+ O —mgmem = O
K,HPO, (2 equiv)
sb 15 NMP, 150 °C, 24 h 16

(3 equiv) 83%

Scheme 9 Rhodium-catalyzed decarboxylative C—H heteroarylation of benzoic acid 8b

COK
H Cu(OAc); (25 mol %) MeO OMe
¥ B(OMe)s Ag,CO; (1 equiv) \©
0, (1 atm)
OMe DMF, 140 °C, 36 h
17 18 82% 19

(5 equiv)

Scheme 10 Copper-catalyzed synthesis of meta-alkoxylated product 19
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1) [IrCp*Cly), (2 mol %)
AgNTf; (8 mol %)

MeO  CO,H LiOAc (30 mol %) MeO
N DCE, 50 °C, 24 h
+ S|
H 8 2) Pd(OAc), (15 mol %) NHTs
120°C,12h
8b 20 80% 21
(1.2 equiv)

Scheme 11 Iridium-catalyzed synthesis of meta-amidated benzoic acid 21

Me

Me [Cp*RhCl,], (5 mol %) Me

Me\ﬁjcozH . NGO Cu,0 (15 mol %) |
PH K, HPO, (2equiv) N,
H dioxane, 150 °C,24 h Ph
o}
8c 22 64% 23
(2 equiv)

Scheme 12 Rhodium-catalyzed decarboxylative C—H amidation of benzoic acid 8c

substituted (N-sulfonyl)aniline derivatives 21. In terms of practicability, it is note-
worthy that the two transformations could be carried out in a most user-friendly
one-pot fashion (Scheme 11).

A rhodium-catalyzed direct C—H aminocarbonylation of benzoic acids 8 with
isocyanates followed by decarboxylation was recently devised by Shi, Li, and
co-workers (Scheme 12) [46]. Likewise, the authors achieved a related transform-
ation with less expensive ruthenium catalysts [47].

3 Substrate-Controlled meta- and para-Selective C-H
Functionalization

3.1 Early Examples of the Fujiwara—Moritani Reaction

Pioneering work by Fujiwara and Moritani on palladium(Il)-catalyzed oxidative
twofold C-H functionalizations between arenes and olefins established a step-
economical protocol for the synthesis of styrene derivatives [48—50]. Over the
last decade, substantial efforts have been devoted to control the site selectivity of
the olefination of substituted arenes [51, 52]. The most commonly used strategy
involved chelation-assisted ortho-olefination, while functionalizations at the
remote positions were less explored.

In an early contribution, the inherent site selectivity was studied by Fujiwara and
Moritani on the palladium(Il)-mediated olefination of monosubstituted arenes 24
(Scheme 13a) [53]. Thus, electron-rich toluene and anisole were converted with
considerably high para-selectivity (25a and 25b), while the electron-withdrawing
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(@) X Pd(OAc), (1 equiv) X Ph
| YOPh aon ac o0 sonat | N/
S AcOH (40-50 equiv) P
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24 9 25
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P, —Ph ~-Fh
Me O/ m MeO O,N A Ph
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Pd(OAc), (1 mol %)

(b) N . P/ —CO,Et
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MeO TFA (0.9 equiv) MeO O/ m

t-BuO,H, AcOH-Ac,0O
24b 26 90 °C, 12 h 27
(5 equiv) 48%
plothers =75 : 25

Scheme 13 Early examples of site-selective Fujiwara—Moritani reactions

nitro-substituent furnished the meta-product 25¢ in high yield. A palladium(II)-
catalyzed catalytic version of this transformation was subsequently also achieved
with high levels of para-selectivity when using anisole (24b) as the substrate
(Scheme 13b) [54].

3.2 meta-Selective C—H Functionalization

The borylation of unactivated C—H bonds is particularly attractive because of the
wide synthetic utility of organoboron reagents in transition metal-catalyzed cross-
coupling reactions and the facile transformations of C—B bonds into other func-
tional groups [55, 56]. Pioneering studies of Janowicz and Bergman demonstrated
that photolysis of complex 28 in a hydrocarbon solvent led to the loss of dihydrogen
and subsequent oxidative addition of the solvent to the transition metal center to
form complex 30 (Scheme 14a) [57, 58]. Thereafter, Hartwig and co-workers
discovered that an iron boryl complex smoothly reacted with benzene to give the
phenylboronate ester, again under photochemical reaction conditions [59]. On this
basis, the Smith group developed the catalytic borylation of arenes with iridium(III)
boryl precatalyst 34 (Scheme 14b) [60]. However, relatively long reaction times
were necessary and accompanied by a low turnover number. Only shortly there-
after, Hartwig and co-workers showed that the catalytic efficiency could be signifi-
cantly improved by using the more reactive rhodium(I) precatalyst 35 (Scheme 14c)
[61]. Further investigations revealed that the iridium precatalyst 34 exhibited
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n
34
© +  HBPin + H,
150 °C, 120 h
31 32 53% 33
(64 equiv)
(c) BPin

Cp*Rh(n*-CgMeg) (35)

) (5 mol %)
+ HBPiIn + H,
150 °C, 2.5 h

31 32 92% 33
(45 equiv)

Scheme 14 Stoichiometric C-H activation of hydrocarbons and catalytic C—H borylation of
benzene (31)

a higher selectivity toward aromatic borylation as compared with the rhodium
catalyst 35 [62].

In 2002, Smith reported a remarkably selective and practical method for the
borylation of a series of aromatic compounds using the most user-friendly iridium
(D) precatalyst 37 (Scheme 15a) [63]. The highly efficient catalytic system exploited
the diphosphine dppe as the ligand and allowed for highly meta-selective
borylations of 1,3-disubstituted benzene derivatives by repulsive steric interactions.
However, with monosubstituted arenes 24, only modest levels of selectivity were
observed. The synthetic utility of the protocol was demonstrated by the one-pot C—
H borylation followed by palladium-catalyzed arylation using the previously devel-
oped Suzuki—Miyaura cross-coupling technology (Scheme 15b).

Furthermore, Ishiyama, Miyaura, and Hartwig showed that more potent C-H
borylation catalysts could be generated by employing air-stable, commercially
available iridium(I) precursor 41 in combination with the simple 2,2'-bipyridines
(bpy) as the ligand [64—66]. Both B,Pin, (40) [65] and HBPin (32) [66] were
successfully used as the borylating reagents. The key role of the 2,2'-bipyridine
ligand was identified as to increase the solubility and stability of the iridium catalyst
under the reaction conditions. Notably, these advancements allowed the borylation
to be achieved at ambient reaction temperature and also dislodged the necessity of
using a large excess of the arenes 24 (Scheme 16).

The site selectivity for all the aforementioned catalytic systems was proposed to
originate from repulsive steric interaction. Thus, irrespective of the electronic
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(a) (Ind)Ir(cod) (37)
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39
8 80%
Scheme 15 Iridium-catalyzed meta-C—H borylation of arenes 24
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Cl
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N e
using B,Pin, using HBPin

Scheme 16 Iridium-catalyzed meta-C—H borylation at ambient reaction temperature

nature, 1,2- and 1,3-disubstituted arenes 24 delivered 1,2,4- or 1,3,5-trisubstituted
arenes 36, respectively, with the borylation occurring at the least hindered site. In
agreement with this mechanistic rationale, 1,4-disubstituted arenes were converted
with reduced efficacy due to the steric hindrance of the para-substituent. Smith and
co-workers performed a detailed study on the borylation of 1,4-disubstituted
benzonitriles 42, which unraveled the importance of steric factors (Scheme 17)
[67]. Thus, the site-selective meta-C—H borylation was observed in case of arenes
bearing substituents being larger than the nitrile group.
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Scheme 18 Proposed mechanism for the iridium-catalyzed C—H borylation

Comprehensive mechanistic studies were performed by Ishiyama, Miyaura, and
Hartwig on the catalytic system consisting of [Ir(OMe)(cod)], (41) and dtbpy,
which revealed the catalytically competent iridium(III) trisboryl complex 46 to be
formed by the reduction of a cod ligand, along with a subsequent oxidative addition
of B,Pin, to the iridium(I) center (Scheme 18) [68]. The C-H activation by
oxidative addition produced iridium(IV) complex 47, which thereafter underwent
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Scheme 19 Synthesis of meta-substituted arenes

reductive elimination to deliver the borylated arene 36 and the iridium(III) species
48. Finally, reaction with B,Pin, regenerated the catalytically active complex 46.

The unique potential of this approach was illustrated by various applications of
the sterically controlled C—H borylation in organic synthesis [55, 69, 70]. Hence,
various functional groups were introduced at the meta-position of the substituents
of arenes via boronates as a temporary functional group (Scheme 19). These trans-
formations were often conducted in a one-pot manner, rendering this strategy
operationally simple.

A powerful protocol for the site-selective C—H functionalization by steric inter-
action through intermolecular silylation reactions was recently disclosed by
Chen and Hartwig [71]. The combination of the rhodium(I) catalyst 51 with the
2,2'-biphenyldiphosphine ligand 52 was found to be most effective in the C-H
silylation of a series of arenes 24 under rather mild condition (Scheme 20a). A
comparison of the steric sensitivity between the rhodium/biphenyldiphosphine and
the iridium/dtbpy catalysts in silylation and borylation reactions highlighted the
former to be superior for the remote C—H functionalizations (Scheme 20b). For
example, o-cymene displayed a significant preference for silylation at the position
para to the larger iso-propyl group, whereas the borylation gave almost equimolar
amounts of the two isomeric products (50a and 36a). The silylation protocol was
also influenced by electronic factors and exhibited a preference for the more
electron-rich site. Thus, 4-chloroanisole selectively underwent the silylation at
the ortho-position of the electron-donating methoxy group, while the borylation
of the exact same substrate did not afford a significant selectivity (50b and 36b). A
combination of steric and electronic factors was observed with 3-fluorotoluene,
where the silylation occurred predominantly at the less hindered and more electron-
rich meta-position (50c).



230 J. Lietal

@ [Rh(coe),OHI, (51) 1
(1.0 mol %) [Si] |
A\ 52 (2.2 mol %) 3 ! MeC PAr,
| + [Si—H : | ! MeO PAr,
IF cyclohexene (2 equiv) IF |
R THF, 45 °C, 12-36 h R |
24 49 50 !
o ! Ar = 3,4,5-(MeO);CgHs
[Si] = SiMe(OTMS), ;
(2 equiv) 52
[Si] [Si] [Si]
Me Me Me C(O)NEt, FsC CF3 MeO
83% 96% 78% 95%
b E
(b) . b/ . b E b E
Q0 s i
X
Me Nl Me X ~F
iPr
E = [Si] 50a: 69% (b/c =82 :18)  E = [Si] 50b: 83% (b/c = 98 : 2) E = [Si] 50c: 72% (b/c = 89 : 11)

E = [B] 36a: 78% (b/c = 42 : 58) E =[B] 36b: 88% (b/c/di=43:19:38) E =[B]36¢c: >95% (b/c/di =49 :41:10)

Scheme 20 Sterically controlled C—H silylation of arenes 24

The site selectivity of the aforementioned silylation process is associated with
the combination of the bulky diphosphine ligand 52 and the sterically hindered
silylating reagent 49. Detailed mechanistic studies showed that a distorted squared
pyramidal silylrhodium dihydride complex 53 represents the resting state of the
catalytic cycle, which is in equilibrium with the active catalyst 54 (Scheme 21)
[72]. Hydrogen transfer to cyclohexene via olefin insertion and oxidative addition
of the silane delivers the silylrhodium species 55. C—H activation followed by C-Si
bond forming reductive elimination finally regenerates the active catalyst 54.

Transition metal-catalyzed C—C bond formations via sterically controlled
remote C—H activation were thoroughly investigated by different research groups
over the last decade [73]. In this context, the synthesis of biaryls by the dehydro-
genative hetero-coupling using simple arenes in combination with substrates
displaying Lewis-basic directing groups is particularly noteworthy (Scheme 22).

In 2007, Hull and Sanford reported on a palladium-catalyzed oxidative coupling
of aromatic C—H bonds [74]. High site selectivity was obtained when 1,3-di- or
1,2,3-trisubstituted arenes 24 were employed as the substrates. The dehydro-
genative coupling predominantly took place at the less hindered 5-position. How-
ever, more challenging couplings of monosubstituted arenes 24 only resulted in low
site selectivities (Scheme 23).

Furthermore, Dong and co-workers disclosed an efficient protocol for the palla-
dium-catalyzed dehydrogenative arylation of phenyl carbamates 60 with simple
arenes [75]. 1,2-Disubstituted arenes 61 as the coupling partner led to products 62,
being solely arylated at the less hindered 4-position (Scheme 24).

Based on their previous studies on the rhodium-catalyzed cross-dehydrogenative
arylation of benzamides with aryl halides [76], Glorius and co-workers achieved the
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Scheme 22 Biaryl syntheses by sterically controlled C-H activation

coupling between benzamide 63 and arenes 24, utilizing C¢Brg as the sacrificial
oxidant [77]. In accordance with the palladium-catalyzed transformations discussed
above, the arenes 24 furnished the coupling products at the less hindered position
with good site selectivities. In contrast, monosubstituted substrates led to difficult-
to-purify mixtures of meta- and para-arylated products 64 (Scheme 25).

In 2009, the Gaunt group reported on a copper-catalyzed meta-selective
arylation of anilides 65 using diaryliodonium salts (Scheme 26a) [78]. Notably,
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Scheme 25 Rhodium(IIl)-catalyzed dehydrogenative cross-couplings of benzamides 63

here, high selectivities for mono-, di-, and trisubstituted anilides 66 were observed.
Importantly, ortho-arylated product 66e was isolated in high yield when employing
meta-methoxy-aniline as the substrate, probably due to the strong para-directing
effect of the methoxy group within an electrophilic-type activation. Subsequent
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Scheme 26 meta-selective C—H arylation of anilides 65

studies revealed that the meta-selective arylation is viable with a-aryl carbonyl
compounds, such as amides, esters, and ketones, which, a priori, would be expected
to inherently provide the meta-substituted products preferentially [79]. Moreover, a
recyclable heterogeneous copper catalyst [Cu/AlIO(OH)] was employed by Lee and
Park in similar transformations of anilides 65 [80]. Consecutive studies showed that
the meta-selective arylation is feasible in the absence of any copper catalyst at a
slightly elevated temperature of 80°C (Scheme 26b) [80]. The reaction most likely
occurred through an electrophilic arylation process, while the origin of the meta-
selectivity still warrants for mechanistic studies [81].

In 2009, Yu and co-workers reported on sterically controlled Fujiwara—Moritani
reactions between substituted arenes 24 and activated olefins 67 using Pd(OAc), as
the catalyst and a bulky 2,6-dialkylpyridine ligand 69 (Scheme 27a) [82]. For
1,3-disubstituted arenes, the olefination exclusively occurred at the least hindered
meta-position, whereas electron-deficient monosubstituted arenes delivered a prod-
uct mixture favoring the meta-product 68. The observed site selectivity was attri-
buted to the electronic properties of the substrates in combination with the steric
bulk of the ligand. Likewise, Sanford and co-workers revealed the use of acridine
73 as ligand for selective palladium(II)-catalyzed C—H olefinations of electron-rich
o-xylene 70 (Scheme 27b) [83].

Another recent method for the sterically controlled site-selective C—Het form-
ation by C—H activation was developed by Hartwig and co-workers in amination
reactions [84]. The dehydrogenative coupling proceeded using Pd(OAc), as the
catalyst, PhI(OAc), as the oxidant, and the bulky phthalimide 74 as the nitrogen
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Scheme 27 Palladium(II)-catalyzed meta-selective Fujiwara—Moritani reactions
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Scheme 28 Sterically controlled C—H amination of arenes 24

source in an excess of arene 24 as the solvent (Scheme 28). A sterically controlled
site selectivity was observed with di- and trisubstituted arenes, whereas
monosubstituted substrates 24 delivered a mixture of difficult-to-separate meta-
and para-functionalized products 75.
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Scheme 29 para-selective arylation of electron-rich arenes 76 and 77
3.3 para-Selective C—H Functionalization

Besides steric interactions, electronic factors play a dominant role in determining
the site selectivity of transition metal-catalyzed aromatic C—H functionalizations.
In a follow-up work of their meta-selective arylation, Gaunt and co-workers
reported copper-catalyzed para-selective arylations of electron-rich arenes 76 and
77 [85]. Strongly electron-donating substituents, such as alkoxy and amino groups,
directed the C—H arylation to the para-position, an observation that is reminiscent
of SgAr-type transformations (Scheme 29a).

At a slightly elevated temperature of 90 °C, the reaction was found to proceed in
the absence of the copper catalyst under otherwise identical reaction conditions but
with somewhat reduced efficacy (Scheme 29b). It is noteworthy that the direct
ortho-arylation took place to yield 78d, when the para-position of aniline 77d was
blocked. This selectivity pattern is consistent with classical electrophilic aromatic
substitution. The proposed reaction pathway for the metal-free arylation involves
the direct nucleophilic attack of the electron-rich arene at the diaryliodonium salt
through an ipso-substitution mechanism, with the product formation after
rearomatization. A radical pathway was excluded by performing successful cou-
pling reactions in the presence of representative radical scavengers.

A similar strategy exploiting the electronic nature of directing groups was
applied in the para-arylation of electron-rich phenol derivatives 79 (Scheme 30a)
[86]. This palladium-catalyzed method offered high site selectivity at ambient
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Scheme 30 Palladium(II)-catalyzed para- and ortho-selective arylation of phenol derivatives 79

reaction temperature with water as a green solvent [87, 88]. Likewise, para-
substituted phenol 79a could be ortho-arylated, which after intramolecular conden-
sation led to dibenzopyranone 82 (Scheme 30b). Mechanistic studies featured a KIE
of ky/kp = 1.3. Further, the authors suggested an electrophilic metalation of the
phenol derivative followed by an oxidative addition of the aryl iodide 80 to form a
high-valent palladium species, which is stabilized by the adjacent coordinating
group. Subsequent reductive elimination finally delivered the para-substituted
product 81 within this SgAr-type transformation.

Dehydrogenative hetero-couplings by twofold C—H functionalizations between
simple arenes 24 and substrates 83 bearing an ortho-directing group were realized by
Yu and co-workers using palladium(II) catalysis (Scheme 31) [89]. The functiona-
lization of the electron-rich arenes 24 exclusively took place at the para-position to
the donating substituent. Notably, haloarenes were found to be compatible under the
reaction conditions, which should allow for subsequent synthetic elaboration. Strong
oxidants, such as NFSI, were used, and a high-valent palladium(IV) species was
accordingly suggested to be involved in the catalytic cycle.

Remote C-H functionalizations via radical pathways were investigated by Li
and Guo for para-selective arene transformations. Thus, the oxidative C-H alkyl-
ation of arenes 24 proved viable using Ru3(CO);, as the catalyst and di-fert-butyl
peroxide (TBP) as the oxidant (Scheme 32) [90]. Differently substituted arenes 24
with variable electronic properties were alkylated by ruthenium(0) catalysis with
good site selectivities. A significant KIE was not observed with chlorobenzene/[Ds]
chlorobenzene as the substrates (ky/kp = 1.00). Thus, the authors proposed that the
reaction most likely proceeds through a radical mechanism. The site selectivities
could be attributed to the stabilization of the radical intermediates by the para-
substituents [91].
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Scheme 31 Palladium(Il)-catalyzed para-selective cross-dehydrogenative coupling of arenes 24
and 83

R H Rus(CO)1» (10 mol %) R
+ dppb (5 mol %)
_ depbomolA)
H TBP, 135 °C, 12 h
n
24 85 86 n
(9 equiv)
HOZC\Q\O )‘\% \% CKQO )‘\O\O
71% 83% 75% 70% 41%

plothers =92 : 8 plothers =96 : 4 plothers = 51 : 49 plothers =100 : 0 plothers =95: 5

Scheme 32 Ruthenium(0)-catalyzed para-selective cross-coupling of arenes 24 and cycloalkanes 85
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Scheme 33 Ruthenium(Il)-catalyzed para-C—H oxygenations of anisoles 76

Liu and Ackermann performed para-selective oxygenations [92, 93] of electron-
rich anisole derivatives 76 with PhI(TFA), as the oxidant in the presence of a
ruthenium(II) catalyst (Scheme 33) [94]. Substantial inhibition of the catalytic C—H
activation process was observed in the presence of TEMPO as a radical scavenger,
thus indicating single-electron transfer (SET) steps likely to be operative.
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3.4 meta-C-H Functionalization Directed by Nitrile-
Containing Templates

Recently, the preparation of meta-functionalized arenes has been achieved by
utilizing a rationally designed template which facilitates the delivery of the catalyst
to the meta-C—H bond through the formation of a macropalladacycle. Detailed
studies by Yu and co-workers disclosed palladium-catalyzed meta-selective C—H
Fujiwara—Moritani reaction of arenes 88 by the assistance of nitrile-containing
directing groups [95]. The nitrile functionality was presumed to weakly coordinate
to the palladium catalyst in an end-on fashion, thus allowing for the remote meta-C—
H activation via a cyclophane-like pre-transition state.

The first type of auxiliary was attached to the substrate through a removable
benzyl ether linkage. Two sterically bulky tert-butyl groups were required on the
template arene to keep the nitrile group and the meta-C—H bond in the same
quadrant. Moreover, two iso-butyl groups at the a-position of the nitrile group
were necessary in the directing group design to facilitate the entropically favored
C-H metalation via the Thorpe—Ingold effect [96]. A catalytic system consisting of
Pd(OPiv), and superstoichiometric amounts of AgOPiv enabled highly meta-selec-
tive olefinations of electronically and sterically biased substrates 88 [95]. Remark-
ably, this template-assisted strategy allowed for the facile olefination with
disubstituted olefins 67, which are often problematic in ortho-C-H olefination
reactions (Scheme 34a). Furthermore, this template could be easily removed via a
palladium-mediated hydrogenolysis, thus providing the meta-alkenylated toluene
derivatives 90 in high yield (Scheme 34b).

The second type of auxiliary contained a benzonitrile moiety which was incorpo-
rated into hydrocinnamic acids 92 via a readily cleavable amide linkage [95]. In this
case, the mono-N-protected amino acid (MPAA) N-acetyl glycine (Ac-Gly-OH)
was found to considerably accelerate the palladium-catalyzed meta-C-H
olefination. Again, the U-shaped directing group effectively overrode the electronic
effects of electron-donating (92a) or electron-withdrawing substituents (92b) as
well as the steric hindrance in ortho-disubstituted substrate 92¢. Moreover, detailed
experimental as well as computational studies by Yu and Houk revealed the dual
role of the MPAA ligands in this transformation [97]. Hence, besides stabilizing the
monomeric palladium complex 94, the MPAA also served as an internal base for a
proton abstraction via a concerted metalation—deprotection (CMD) [11, 98, 99]
mechanism (Scheme 35a) [95].

Importantly, the U-shaped template could be readily removed by hydrolysis
under basic conditions, providing the meta-substituted diacid 95 and the recovered
directing group 96 (Scheme 35b) [95].
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Scheme 34 Template-directed meta-C—H olefination of benzylic ethers 88

An excess of AgOPiv was found to be of crucial importance for the successful
meta-C—H olefination [100]. Computational studies indicated that the silver(I) salt
did not only act as the oxidant but that it was also coordinated by the nitrile, thereby
forming the bimetallic intermediate 98. The (hetero)bimetallic mode of action with
participation of PdAAg(OAc); or Pd,(OAc), species was calculated to require lower
activation barriers than either the “monomeric” or the “trimeric” analogous transi-
tion state models. This feature was attributed to the significantly reduced ring strain
in the macrocyclic transition states (Scheme 36).

In a follow-up contribution, phenol derivatives 99 containing the same U-shaped
templates were demonstrated as suitable substrates as well, thus providing an
alternative route for the meta-functionalization of phenols (Scheme 37) [101].

Furthermore, Deng and Yu discovered that the U-shaped template also enabled
the smooth meta-C—H olefination of phenylacetic acid derivatives 101 under similar
reaction conditions (Scheme 38) [102].

Besides the direct olefination, the synthetic utility of the template-assisted meta-
functionalization strategy was illustrated by successfully developing palladium(II)-
catalyzed direct meta-arylation reactions [103]. Indeed, phenylpropanoic acid 92
and phenolic derivatives 99 underwent facile meta-selective cross-coupling with
aryl boronic esters 103 under palladium(Il) catalysis. Notably, these reaction
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Scheme 36 (a) “Monomeric” and (b) “dimeric” transition state models 97 and 98

conditions further enabled the meta-methylation when MeBF;K (104) was
employed. However, further optimizations are required to extend the scope of
alkylborons to those bearing p-hydrogens (Scheme 39).

Subsequently, a template-assisted C—H olefinations of aromatic and benzylic
amines 106 proved viable [104]. Here, a fluorine substituent in the auxiliary
scaffold was identified to lead to significant changes in the conformation. While
the unfluorinated DG directed the activation to the ortho-C—H position by the
carbonyl group, the fluorinated variant oriented the carbonyl group away from the
ortho-C—H bond, thus facilitating the approach of the nitrile moiety to the meta-C—
H bond. The MPAA ligand Ac-Gly-OH was found to play a crucial role in
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Scheme 37 meta-C—H olefination of phenol derivative 99
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Scheme 38 meta-C—H olefination of phenylacetic acid derivative 101

improving both the reactivity and the site selectivity (Scheme 40a). The template
could be easily removed upon hydrolysis, affording the secondary amine 108 and
the recovered directing group 109 (Scheme 40b).

Notably, the power of the template-assisted meta-C—H activation approach was
further highlighted by developing C—Het bond-forming reactions [104]. In this
context, a palladium catalyst along with PhI(OAc), as the oxidant enabled meta-
C-H acetoxylation of benzylamine 110 (Scheme 41).

However, the abovementioned auxiliaries were found to be ineffective for the
meta-C—H activation of indolines, presumably due to the stronger electron-donating
effect of the indoline nitrogen. Therefore, an electron-withdrawing sulfonyl-based
directing group 112 was established to overcome the intrinsic ortho- and para-
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Scheme 40 Template-directed aromatic meta-C—H olefination of amines 106

selectivity [105]. A palladium catalyst in combination with Ac-Gly-OH hence
allowed for the facile meta-selective olefination of indoline derivatives 112
(Scheme 42).

The versatility of this approach was demonstrated by also performing direct
meta-selective arylations with various arylboronic esters 103 (Scheme 43)
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Scheme 41 Aromatic meta-C—H acetoxylation of amine 110
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Scheme 43 meta-C-H arylation of indoline 112a

[105]. The NBu4PFg surfactant was added to prevent undesired agglomeration of
the palladium(0) species to form palladium black, while the anionic counterion
could stabilize the cationic palladium intermediate [103].

Another slightly modified directing group enabled palladium-catalyzed meta-C—
H acetoxylation of indolines 112 under the previously described reaction conditions
(Scheme 44) [105]. However, a substantial amount of the para-acetoxylated
indoline 115b was formed due to a competing electrophilic palladation at the
para-position.

Tan and co-workers reported a synthetically useful silicon-based template 116
which could be easily introduced into the alcohol-based substrates and was
removed under standard silyl deprotection conditions [106]. In situ deprotection
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Scheme 45 Template-directed meta-C—H olefination of benzyl alcohol derivatives 116

after palladium-catalyzed meta-C—H olefination delivered meta-functionalized ben-
zyl alcohol 117 in high yield, thus highlighting the power and practicality of this
template (Scheme 45).

With respect to atom and step economy, it is noteworthy that the silicon-based
template 119 could be recycled upon deprotection and used for another starting
material preparation (Scheme 46) [106].

More recently, Maiti and co-workers disclosed a 2-hydroxybenzonitrile tem-
plate-directed meta-selective C—H olefination of phenylacetic acid derivatives 120
(Scheme 47) [107]. Intriguingly, this considerably simpler DG led to high meta-
selectivity and effectively suppressed the di-olefination. trans-Esterification with
the solvent HFIP after the meta-olefination directly removed the template under the
standard reaction conditions.
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Scheme 47 Template-directed meta-C—H olefination of phenylacetic acid derivatives 120

4 Catalyst-Controlled meta-Selective C-H
Functionalization

Despite the recent success with nitrile-containing auxiliaries for various palladium-
catalyzed meta-selective C—H functionalizations, the requirement of preinstalled,
engineered directing groups with a high molecular weight constitutes a consider-
able disadvantage. Therefore, developing new strategies by which the site selec-
tivity of simple aromatic substrates can be readily tuned by catalyst control
continues to be challenging.

4.1 Norbornene-Mediated meta-C—H Functionalization

A catalytic approach for achieving formal meta-selectivity via the Catellani reac-
tion [26, 108] was disclosed by Wilhelm and Lautens [109]. In the presence of alkyl
halide 123 and iso-propyl boronic acid as the reducing agent, aryl iodides 122
underwent a tandem process to afford meta-substituted arenes 124 (Scheme 48). A
proposed mechanism for this transformation involves first the oxidative addition of
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Scheme 48 Synthesis of meta-substituted arenes 124 by the Catellani reaction and proposed
catalytic cycle

the iodoarene 122 to a palladium(0) species forming complex 125. This intermedi-
ate then undergoes carbopalladation of norbornene and subsequent ortho-C—H
metalation to form palladacycle 126. A second oxidative addition of the alkyl
halide to palladium(II) is then proposed to generate a putative [110] palladium
(IV) species 127, followed by subsequent reductive elimination and norbornene
extrusion to give palladium aryl 129 [109]. Transmetalation of intermediate 129
with alkyl boronic acid and subsequent B-hydride elimination gives rise to the
palladium(II) hydride species 131, which then undergoes reductive elimination to
deliver the meta-substituted product 124 and regenerates the active palladium
(0) catalyst.

Inspired by the success of achieving unique site selectivities through Catellani-
type transformations [111-113], a norbornene-mediated palladium-catalyzed meta-
C-H functionalization with a common ortho-directing group 132 was very recently
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developed (Scheme 49) [114]. Electron-rich pyridine- or quinoline-based ligands
135 were found to be the key for success in improving both the reactivity and site
selectivity of the direct meta-functionalization. Besides methyl iodide (133a),
activated ethyl iodoacetate (133b) was a competent electrophile. Direct meta-
benzylation with benzyl bromide 133c also proved viable. However, the direct
meta-arylation required the presence of an ortho-coordinating group in the arylating
reagent 133d to promote the oxidative addition of the aryl halide 133d. Direct
alkylation with ethyl iodide (133e) only delivered an unsatisfactory low yield, thus
calling for further developments of the ligands to enable alkylations with
B-hydrogen-containing substrates [114, 115].

A proposed working mode for this transformation is shown in Scheme 50. First,
a proximity-induced ortho-C-H activation takes place and generates the ortho-
palladacycle 136. The thus formed palladacycle 136 then undergoes a Catellani-
type carbopalladation, and subsequently meta-C—H metalation forms the five-
membered palladacycle 137 [26]. The formed intermediate 137 further reacts
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0,
LN v Rx _ 135(20-30mol %) NHAre \
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AgOAc (3 equiv) O
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Scheme 49 Norbornene-mediated palladium(II)-catalyzed meta-C—H functionalization
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Scheme 50 Proposed pathway for the norbornene-mediated meta-C—H activation
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Scheme 51 Norbornene-mediated meta-C—H arylation of benzylamines 139

with the coupling partner 133 to form a new meta-C—C bond. Subsequent
-elimination to norbornene and proto-demetalation of the aryl palladium complex
138 regenerates the active palladium catalyst.

Simultaneously, the same approach was exploited by the group of Dong for
developing a norbornene-mediated palladium(Il)-catalyzed meta-C—H arylation
with tertiary amine 139 as a simple directing group (Scheme 51) [116]. A catalytic
system consisting of Pd(OAc), and AsPh; was employed, along with a combination
of acetates as an “acetate cocktail” to improve the reaction rate. The authors
proposed that HOAc and LiOAc could aid the dechelation of the DG from palla-
dium after initial C—H metalation, while CsOAc assisted the ortho-C—H activation.
Moreover, copper(Il) acetate could minimize the palladium(0)-mediated reactions
by functioning as a palladium(0) scavenger. However, the exact roles of these
acetates still warrant further elucidation. Under the optimized reaction conditions,
a range of differently substituted benzylamines 139 could be efficiently converted
with a range of ortho-substituted aryl iodides 140 as the arylation reagents.

4.2 meta-Selective C—H Functionalization via ortho-C-H
Metalation

Early work by Roper and co-workers disclosed the direct nitration of arenes that
were o-bonded to ruthenium(Il) without affecting the M—C bond [117]. The Ru—
Ciary1 0-bond induced a strong para-directing effect, introducing the nitro group
exclusively at the para-position of the arene via a SgAr-type process (Scheme 52).

The Ru—C,,y; c-bond also exhibited an ortho-directing effect when two or more
equivalents of copper nitrate were used (Scheme 53). Despite the deactivating
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Scheme 52 Metalation-directed para-nitration of aryl ruthenium complex 142

M
Ph,P PhsP © NO,
Cl, | & Cu(NO3),-3H,0 (2 equiv) oc,, |
‘Ru” - Ru™
N\ Me Ac0,0°C ca” l N N
CcO 40% +0-
Ph,P PhsP
142 144

Scheme 53 Metalation-directed para- and ortho-nitration of ruthenium complex 142

influence of the first nitro-substituent, further nitration at the ortho-position
occurred under rather mild reaction conditions. This observation was rationalized
in terms of the strong activating effect of the Ru-C,,; o-bond as well as the
formation of the stabilized metallacycle 144.

In this context, it is noteworthy that various stoichiometric transformations of
o-aryl organometallic complexes have been developed [118]. However, a catalytic
version of these transformations remained elusive until very recently.

In conventional cross-coupling chemistry, alkyl electrophiles bearing
B-hydrogen atoms had been considered extremely challenging substrates for mainly
two reasons. First, the oxidative addition of alkyl C—Hal bonds to a metal center is
more difficult than the one of the aryl-Hal analogues because of their more
electron-rich nature. Second, the thus formed alkyl metal species are substantially
less stable. This instability gives rise to undesired side reactions. Most prominently,
B-hydride eliminations can occur, delivering the corresponding -elimination prod-
ucts [119]. Within our continuous efforts in studying carboxylate-assisted ruthe-
nium(Il)-catalyzed C—H functionalization reactions [11, 99], in 2011, Ackermann
and co-workers achieved carboxylate-assisted ruthenium-catalyzed ortho-C—H
alkylation of arenes 145 with unactivated primary alkyl halides 146
(Scheme 54) [120].

Interestingly, meta-alkylated by-product 150 was also isolated when performing
the direct alkylation with water as the reaction medium (Scheme 55) [121,
122]. Notably, this meta-alkylation took place under solvent-free reaction condi-
tions as well.

Frost and co-workers discovered that, in contrast to palladium catalysts [123],
ruthenium complexes led to completely different site selectivities in direct C—H
sulfonation of 2-arylpyridine derivatives 148 (Scheme 56) [124, 125]. Here, a
cyclometalated ruthenium complex containing a Ru-C,,; c-bond was proposed
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Scheme 57 Ruthenium(II)-catalyzed meta-C—H alkylation with secondary alkyl halides 153

to be initially formed, steering an electrophilic attack to the para-position with
respect to the ruthenium substituent.

Compared with primary alkyl halides, secondary alkyl halides are more difficult
to couple in conventional cross-coupling chemistry due to a more challenging
oxidative addition and a facile p-hydride elimination [126, 127]. The Ackermann
group disclosed meta-selective direct alkylations of 2-phenylpyridines, azole-
substituted arenes, and 2-phenylpyrimidines with secondary alkyl halides under
the catalysis of [RuCl,(p-cymene)], and 2.4,6-trimethylbenzoic acid (MesCO,H)
(Scheme 57) [120, 128]. The direct meta-alkylations proceeded smoothly with
ample substrate scope and tolerated various valuable functional groups [128].

Intramolecular competition experiments with ortho-substituted arenes 148 coun-
terintuitively led to the more hindered products preferentially (Scheme 58) [128].

As shown in Scheme 59, the alkylation of deuterated 2-phenylpyridine ([Ds]-
148¢) under the optimized reaction conditions gave rise to a significant D/H
exchange in the ortho-positions of both the reisolated substrate and the product
154a [128]. This result provided strong evidence for the C—H bond metalation step
to proceed initially in the ortho-position of the arene 148 in a reversible fashion.

The independently prepared cyclometalated complex 155b bearing a carboxyl-
ate ligand was found to be catalytically competent [128]. In stark contrast, the
corresponding chlororuthenacycle 155¢ did not afford the meta-alkylated product
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Scheme 60 Catalytic efficiency of well-defined ruthenium complexes 155

154k. These findings clearly highlighted the importance of carboxylate assistance
(Scheme 60) [11].

Based on our mechanistic studies [128], we proposed a catalytic cycle involving
the reversible formation of the ruthenacycle 158 via carboxylate-assisted,
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Scheme 61 Plausible catalytic cycle for the ruthenium(II)-catalyzed meta-C—H alkylation

proximity-induced C—H activation. Subsequently, the unique directing group effect
of the Ru—C(sp?) o-bond caused the irreversible alkylation in the para-position to
the Ru—C(sp®) o-bond. Finally, proto-demetalation provided the desired meta-
substituted product 154 and regenerated the catalytically active complex 156
(Scheme 61).

5 Conclusion

During the past decade, major advances have been realized through chelation-
assisted direct arene C—H activation, which set the stage for numerous proximity-
induced ortho-C—H functionalization methods. However, different strategies have
very recently been devised for the transition metal-catalyzed meta- and para-
functionalization of aromatic compounds via remote C—H activation (Scheme 62).

Hence, meta-selective borylations and silylations were achieved utilizing the
steric interactions between the substrate and the rhodium- or iridium-based cata-
lysts. While this strategy proved powerful for di- or trisubstituted arenes, it remains
extremely difficult to site-selectively functionalize monosubstituted substrates.
Furthermore, nitrile-containing auxiliaries were successfully exploited in
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chelation-controlled meta-C—H metalation using palladium catalysts. This strategy
allowed for meta-C—H functionalizations of various arenes but called for a directing
group with a molecular weight that usually outcompetes the one of the substrate
itself. In addition, most of these templates have to be prepared through lengthy
synthetic operations. The Catellani-type meta-C—H functionalization was realized
with common ortho-directing groups. This powerful protocol offered notable
possibilities for tuning the site selectivity of known ortho-C—H functionalizations
to be meta-selective. ortho-C—H metalation-directed remote functionalization was,
on the contrary, accomplished in ruthenium(Il)-catalyzed meta-alkylation and
sulfonation reactions, which bear great potential for future development. The use
of removable directing groups also offers means for the synthesis of meta-
substituted arenes via decarboxylative processes. The functionalization of para-
C-H bonds largely depends thus far on the electronic nature of the substrate which
parallels the electrophilic-type reaction manifold. Thus, only electron-rich arenes
were functionalized at the para-position employing copper, palladium, or ruthe-
nium catalysts. In consideration of the unique potential of aromatic C—H activation
for step-economical organic syntheses, along with the considerable progress in
ortho-C-H functionalization, exciting future developments in meta- and para-
selective C—H functionalizations are expected in this rapid evolving research area.
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The positions of substituents at C2 and C3 were originally incorrect. These have
been replaced by the correct equations 61, 62 and Scheme 9.
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