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Compared to the tremendous progress made in directed ortho-C—H functionalization via five- or
six-membered cyclopalladation, protocols with the ability to selectively activate more remote C-H
bonds through the intermediacy of larger, less favorable, seven- or eight-membered metalacycles are
particularly challenging and remain rare. However, such a strategy would provide new retrosynthetic

Received 21st September 2021, opportunities for generating structural diversity and complexity. Intense recent research based on the

Accepted 15th November 2021 use of either mono-anionic bidentate or monodentate directing groups is characterizing this approach
DOI: 10.1039/d1cc05310h as an increasingly viable tool for selective C-C and C-X bond-forming reactions. This short review

provides an overview of these strategies with an emphasis on mechanistic details, synthetic applicability,
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Introduction

The direct catalytic transformation of C-H bonds into new
functionalities offers a powerful and versatile means of gen-
erating structural diversity and complexity. The great potential,
but also the challenges, associated to this strategy are due to
the ubiquity of C-H bonds in organic substances.'™° Despite
the extensive progress made, achieving high site selectivity
control is still a prominent goal in the field."*™°

A successful approach towards this goal is the use of direct-
ing groups (DGs) to assist the C-H metalation step. A DG is a
Lewis basic entity that acts as a ligand for the metal and brings
the active catalytic species into close proximity to the desired C-
H bond. This chelation control has a dual role in influencing
local reactivity: (i) controlling the energy barrier for C-H bond
activation and (ii) ensuring the desired selectivity by overriding
inherent substrate preferences governed by electronic and/or
steric bias. Furthermore, DGs with the ability to be easily
removed or transformed allowing product diversification are
of great value and actively sought after in this field.

In recent decades, directed C-H functionalization through
metallacycle formation has been successfully employed in drug
discovery and material science as well as pharmaceutical and
chemical industries, among others."”™® Nonetheless, the
potential of this approach is mostly restricted to reactions that

“ Department of Organic Chemistry, Universidad Autonoma de Madrid (UAM),
Facultad de Ciencias, Cantoblanco, 28049, Madrid, Spain.
E-mail: n.rodriguez@uam.es, ramon.gomez@uam.es, juancarlos.carretero@uam.es
b mnstitute for Advanced Research in Chemical Sciences (IAdChem), UAM, Madrid,
Spain

2034 | Chem. Commun., 2022, 58, 2034-2040

involve activation of proximal C-H bonds (generally beta or
gamma to the directing group). In most of these cases, the
kinetically preferred formation of five-membered metallacycles
dictates selectivity, which is particularly true in the case of
palladium catalysis.”® Five-membered metalation with Pd"
leads to the formation of square-planar complexes, whereas
six or higher-membered palladacycles display less stable non-
planar coordination.**

By contrast, remote functionalization of C-H bonds located
distal to the DG remains undeveloped. A primary reason for
this scarcity is that it requires the formation of metalacycles
larger than 5- or 6-membered rings, which are kinetically and
thermodynamically disfavored. In this context, the various
DG-assisted methodologies that have appeared mainly involve
the functionalization of C(sp®)-H bonds through six-membered
palladacycles. Similarly, the meta- or para-selective functionali-
zation of arene derivatives through a template-assisted pallada-
tion approach involving the formation of macropalladacycles
with reduced ring strain (up to larger than 12 membered-rings)
has also received significant attention.”>>” However, there is
only a handful of protocols in the literature capable of achiev-
ing directed remote ortho-C-H functionalization via medium
sized (7-9-membered) palladacycle intermediates, which high-
lights the challenging nature of this task. The majority of these
examples involve seven-membered rings, with only two con-
tributions proceeding via the intermediacy of eight-membered
palladacycles (Scheme 1).

The aim of this review is to bring together these remote
ortho-directed C(sp*)-H bond transformations, through seven
or eight-membered palladacycle intermediates, primarily
emphasizing mechanistic aspects regarding site selectivity

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Five membered C(sp?)—H versus six, seven and eight mem-
bered C(sp?)—-H metalation.

control. The aim of this overview is to stimulate impactful
research in the field leading to practical solutions to the
existing limitations and challenges. New strategies for selective
functionalization of remote C-H bonds would provide new
retrosynthetic opportunities for the construction of C-C and
C-X bonds.

1. Formation of C-C bonds

Strategies involving C-C bond formation at inert C-H bonds
have allowed the ready access to molecules that would other-
wise be difficult to prepare, involving biologically relevant
compounds, modern synthetic materials, and commodity
chemicals.

Among the variety of strategies described in the literature,
the oxidative alkenylation of arenes (also known as Fujiwara—
Moritani reaction or direct dehydrogenative Heck-coupling) is
among the most prominent. This cross-coupling provides one
of the most straightforward ways for the construction of styrene
derivatives, which are very important building blocks in the
chemical industry.>®** Most of these catalytic C(sp*)-H trans-
formations involve chelation-control through five- or six-
membered palladacycles. The first example that was proposed
to proceed through a seven-membered palladacycle was
reported by Shi and Zhao in 2014. In this work, a highly
efficient protocol for the Pd-catalyzed oxalylamide (OA)-
directed mono-selective alkenylation of phenylpropylamine
derivatives at & position was devised (Scheme 2).>* Pd(OAc),
(10 mol%) and Ag,CO; in super-stoichiometric amount was

2
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<
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Scheme 2 OA-Directed Pd-catalyzed alkenylation of arylpropyl amines
with olefins.
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found to be the best catalyst and oxidant combination, along
with (n-BuO),PO,H as additive in DCE at 120 °C for 24 h. This
method was successfully applied to a wide range of olefins,
such as terminal alkyl olefins, allyl alcohol derivatives, acrylal-
dehyde, allyl acetate, acrylates, and acrylonitrile (1-7). The
scope of the reaction includes phenylpropylamine derivatives
bearing different substitution patterns in the aromatic ring
(8-16). In all cases studied, the methylene y-C-H bonds, whose
activation would involve five-membered cyclopalladation,
remained unaltered. Furthermore, sequential double alkenyla-
tion at the two ortho positions with two different olefins
provided a practical one-pot method for the synthesis of
complex alkenylated arenes in good yields.

Mechanistic experiments in the presence of TEMPO, show-
ing no detrimental effect in reactivity, argued against a radical
pathway. The authors postulated a Pd"/Pd° mechanism where
the (n-Bu),PO,H may function as a basic ligand that facilitates
the C-H activation step via a seven-membered ring palladacycle
intermediate (Scheme 3). The resulting cyclopalladated
complex would subsequently evolve through alkene insertion
and B-hydride elimination to generate the alkenylated phenyl-
propylamine derivative along with Pd°. Reoxidation of the latter
species by the silver salt would close the catalytic cycle. The
authors suggested that the typical dialkenylation competing
reaction was not favoured in this case due to a weak interaction
between the palladium complex and the olefin.

Carretero reported in 2016 a suitable protocol for the
Pd-catalyzed 2-pyridylsulfonyl (SO,Py) directed alkenylation of
benzyl and phenethylsulfone derivatives with activated olefins
(Scheme 4).%° In the case of benzyl sulfone derivatives (17-26),
the metallacycle resulted from the C-H activation cleavage
would be a seven-membered intermediate, coordinated by the
N-atom from the pyridine moiety. On the other hand, phenethyl
sulfone derivatives would lead to the challenging eight mem-
bered metalated intermediate (27-36), which has been scarcely
investigated. In terms of reactivity, tether length of the DG did
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Scheme 3 Mechanistic proposal for the alkenylation of phenylpropyl
amine derivatives.
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Scheme 4 Pd-Catalyzed olefination of benzyl and phenethyl sulfone
derivatives.

not significantly affect the yield of the product. Tolerance to a
broad range of functional groups at both coupling partners, as
well as to different substitution patterns on the aromatic ring
are attractive features of this alkenylation protocol. In the case
of phenethyl sulfone derivatives, substitution at the benzylic
position is required to achieve high yields (27-36). Neverthe-
less, the stereochemical integrity of the stereogenic center at
the benzylic position was preserved when using enantiomeri-
cally enriched substrates (27). This method was applied to the
synthesis of indane derivatives holding three contiguous stereo-
genic centers upon by an intramolecular Michael-type addition
of the a-sulfonyl carbanion of phenethyl sulfone derivatives to
the newly introduced electrophilic alkene.

Oxidative coupling of C-H bonds with alkynyl halides has
become a convenient method for introducing an alkyne func-
tionality into aromatic compounds.*®™*? In most of the reported
examples, a five-membered metallacycle is involved in the C-H
activation process. However, in 2015, Zeng and Zhao reported
the ability of the oxalyl amide (OA) as DG in promoting the
ortho-alkynylation of phenethylamine and phenylpropylamine
derivatives at § and ¢ positions, respectively (Scheme 5).** While
the former functionalization presumably occurred through a
six-membered palladacycle, the later implied the formation of a
seven-membered ring analogue. Stoichiometric amounts of
both AgOAc and KOAc were required to achieve high yields.
The authors hypothesized that the acetate ion might act as a
proton shuttle during the catalytic cycle, while the role of
the silver ion, which was found to be crucial for & but not
d-derivatization remained unclear.

Regarding the scope, unsubstituted or para-substituted aro-
matic rings led to mixtures of mono and di-alkynylated pro-
ducts (37,45), while in the case of meta-substitution the reaction

2036 | Chem. Commun., 2022, 58, 2034-2040
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Scheme 5 OA-Directed Pd-catalyzed alkynylation of arylpropyl amines
with alkynyl halides.

is preferred at the more sterically accessible C-H bond (42,43).
Substitution at the benzylic position suppressed the formation
of the di-alkynylated product, likely due to steric effects (44).

In 2019, we reported a practical method for the construction
of benzazepinones through a Pd-catalyzed -carbonylative
cyclization of y-arylpropylamine derivatives, including chiral
a-amino acids. The use of the 2-pyridylsulfonamide (N-SO,Py)
as DG was key for selectively targeting C(sp*)-H carbonylation
at the remote e-position. This method uses Mo(CO) as con-
venient substitute for CO gas. The functionalization of further
positions failed, as well as the employ of different amide or
sulfone based DGs, even the native amine (Scheme 6).** A wide
variety of substituted y-arylpropylamine derivatives were used,
noting that substrates bearing electron-rich aryl substituents
provided higher reactivity (46-54). The applicability of this
method to the derivatization of heteroarenes was showcased
by the synthesis of a chiral analogue of rucaparib, a recently
approved drug for ovarian cancer (55). Applications to late-stage
modification of di- and tripeptides were also demonstrated
(56,57).
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Scheme 6 N-SO,Py-directed carbonylative cyclization of y-arylpropyl
amines.
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We proposed a Pd"/Pd° catalytic cycle initiated by coordina-
tion of the substrate to Pd(OAc), generating complex A’ in
equilibrium with complex A (which serves as reversible
off-cycle reservoir) (Scheme 7). Then, the Pd"-catalyzed C-H
activation would lead to complex B, which upon coordination
to CO (C) followed by carbonyl insertion across the Pd-C bond
could afford complex D. Reductive elimination would next
release the benzazepinone product, along with reduced Pd°
species that would then be reoxidized back to the active Pd"
species via the combined action of BQ and AgOAc.

In the case of y-aryl-substituted valine derivatives, which
have available both aliphatic y-C(sp®)-H (via a 5-membered
palladacycle) and aromatic &C(sp’)-H bonds (via a
7-membered palladacycle), chemoselective reaction at C(sp”)-H
bonds consistently predominated over activation of C(sp*}-H
bonds (58-64) (Scheme 8). However, site-selectivity was found to
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Scheme 8 N-SO,Py-directed seven versus five membered functionali-
zation.
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be sensitive to the electronic properties of the aromatic ring, with
aryl activation being more favored for substrates bearing electron-
rich substituents. Theoretical and experimental mechanistic stu-
dies carried out subsequently by our research group revealed that
the &-C(sp?)-H bond cleavage in the y-arylated valine substrate
was significantly faster and more reversible than the y-C(sp®)-H
bond activation. However, the subsequent CO coordination from
the C(sp®)-palladacycle led to more stable intermediates from
which the reaction was irreversible.*> This knowledge provided
the basis for the rational identification of reaction conditions that
enabled reversing the selectivity from arene C(sp”)-H activation to
C(sp’)-H cleavage, by promoting thermodynamic over kinetic
control, thus leading to y-lactam derivatives (65-71)."> This
achievement is remarkable given the high selectivity for arene
C-H activation over aliphatic C-H activation typically displayed by
Pd.46755

2. Formation of C—X bonds

2.1. C-N bond formation reactions

In a seminal contribution, Daugulis®® reported in 2012 the
picolinamide (PA)-directed Pd-catalyzed oxidative cyclization of
N-protected amines using PhI(OAc), as oxidant in toluene at
80-120 °C (Scheme 9a). This methodology allowed access to
pyrrolidine, indoline, and isoindoline derivatives in good yields
(72-75). The regioselectivity of the C-H activation was generally
determined by the formation of a [5,6]-palladacycle intermedi-
ate. Subsequent oxidation to form high-valent palladium spe-
cies, followed by C-N reductive elimination would lead to the
reaction products. Interestingly, the formation of a dihydro-
phenanthridine from 2,6-diphenylbenzylamine, involving the
construction of a six-membered ring, showed that cyclopallada-
tion via a seven-membered ring is also feasible through this
method (Scheme 9b). However, only a single example of this
type of e-functionalization was disclosed (76).

Shortly after, Chen demonstrated the generality of this
direct C-H/N-H oxidative cyclization by developing a two-step
method for the synthesis of phenanthridines from easily
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5 — : # :
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N N N
RO,C
Me” ve Ph
72, R = OMe, 67% 74, 36% 75, 76%
73, R=0tBu, 77%
b. &-C—N formation protocol:
COPy
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TaRRoR moth) |
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Scheme 9 PA-Directed formation of dihydrophenanthridine derivatives.
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Scheme 10 PA-Directed formation of phenanthridine derivatives.

accessible PA-protected benzylamine derivatives (Scheme 10).>”
In the first step, an improved protocol for the Pd-catalyzed PA-
directed ortho-C-H arylation with iodoarenes was devised that
avoids using expensive silver additives. Next, the intra-
molecular dehydrogenative coupling was achieved under
Pd-catalysis using PhI(OAc), and Cu(OAc), as oxidants, afford-
ing the corresponding phenanthridine derivatives (77-83). The
ortho-selectivity in the first step is dictated by a five-membered
palladacycle intermediate, whereas the intermediacy of a seven-
membered metallacycle is assumed for controlling e-selectivity
in the second step. In general, electron-rich arene motifs
provided better yields than electron-deficient substrates.

In 2014, Yao and Zhao>® reported a novel protocol for the
Pd-catalyzed e-selective intramolecular C(sp”)-H amination of
v-arylpropylamine derivatives using an oxalyl amide as N,
N-bidentate DG (Scheme 11). Tetrahydroquinoline and benzo-
morpholine derivatives were efficiently assembled in good
yields in the presence of PhI(OAc), as oxidant under low
catalyst loading (3 mol%) and mild conditions (60 °C), thus
enabling wide group tolerance (84-98).

H/D scrambling studies performed in the absence of
PhI(OAc), revealed a high H/D exchange at the e-position (99-
D, 62% H/D scrambling) but not at the y-methylene position,
suggesting that the Pd"-catalyzed aryl C-H bond cleavage is
reversible (Scheme 12).

2.2. C-0O bond formation reactions

C-O bond formation, especially acetoxylation, has received
substantial attention driven by the importance of the acetoxy
group in organic synthesis. An additional complication inher-
ent to any remote C-H oxygenation process of amine derivatives
is how to prevent the competitive intramolecular C-H amina-
tion leading to the kinetically and thermodynamically favoured

,“ R’ S e
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X RITONTNF
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N 85, R=3-COMe, 56% O 92, R = 2-OMe, 74%
(I)—R 86, R = 4-OMe, 61% [ g 93R=2Me 71% m
NTF 87, R =4-Ac, 72% NTEF 94,R=2-F,76%  AcO. NTe
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Scheme 11 Oxalyl amide directed Pd-catalyzed intramolecular amination
of arylpropyl amines.
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scrambling experiment on OA-directed &-C-H

cyclized products. In many cases, the formation of the inter-
molecular C-H oxygenation or intramolecular C-H amination
product depends on the substrate.’* >

The first example of a remote C-H oxygenation reaction
assumed to presumably proceed through a seven-membered
palladacycle was reported by Yu in 2010 (Scheme 13).®* In this
work, the ortho-C-H acetoxylation of phenlyethyltriflamides,
likely via six-membered ring cyclopalladation, is described
using tert-butyl peroxyacetate as the stoichiometric oxidant
and either DMF or CH;CN as the promoter. However, an
isolated example on the e-acetoxylation of a y-phenyl-
propylamine derivative, having a one atom longer tether, was
reported, showcasing the feasibility of extending this method to
the intermediacy of seven-membered palladacycles. Neverthe-
less, the yield of the isolated product remained low (100).

Along similar lines, Babu®* reported in 2016 a chemoselec-
tive Pd-catalyzed ortho-acetoxylation of PA-protected (furan-2-
yl)- or (thien-2-yl)methanamine derivatives with PhI(OAc),
(101-110) (Scheme 14). Among the bidentate DGs tested, pico-
linamide (PA) and pyrazine-2-carboxamide (PyrA) were the most
effective in the ¢-C-H acetoxylation (111), whereas the oxalyla-
mide (OA) showed lower efficiency (112). However, removal of
the bidentate DG from the acetoxylated biaryl systems was
found to be difficult. Interestingly, when a 2-(thien-2-
yl)benzylamine derivative having the complementary biaryl
system was subjected to identical reaction conditions, the
oxidative cyclization product was obtained instead of the
e-C-H acetoxylated product (113) (Scheme 15). This result
highlights that this transformation is strongly substrate
dependent.

The authors tentatively suggested a Pd"/Pd" catalytic pathway
(Scheme 16). Bidentate coordination of the DG-linked substrate
and subsequent C-H bond cleavage would lead to a metalated
[5,7]bycyclic intermediate (A). Subsequent oxidation to Pd" spe-
cies type-B by PhI(OAc),, followed by reductive elimination would
afford the e-acetoxylated product along with Pd"™.

2.3. C-I bond formation reactions

Iodination of aryl C-H bonds provides a straightforward access
to synthetically valuable building blocks. In 2008, Yu®

MeCOOOBu (2.00 equiv)
Pd(OAC); (10 mol%)

AcOH (1.00 equiv)
Ac,0 (2.00 equiv)
CH;CN (3.00 equiv)
DCE (2.60 M)
70°C,24h

100, 33%

Scheme 13 ortho-Acetoxylation of a triflamide derivative.
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Scheme 14 Pd-Catalyzed g-acetoxylation of heteroaryl-aryl type biaryl
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Scheme 15 ¢-C-N Bond formation of 2-thiophenyl-benzyl picolinamide
derivative.
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Scheme 16 Mechanistic proposal for the acetoxylation of biaryl systems.

described the iodination of aryl C-H bonds located four, five or
even six bonds away from the oxazoline DG using Pd(OAc), as
the catalyst and IOAc as both oxidant and iodine source
(114-118) (Scheme 17).

Systematic kinetic isotope studies revealed a mechanistic
regime shift as the tether length of the DG to the target C-H
bond increases. The authors tentatively proposed that the
functionalization of nearby C-H bonds proceeded via an oxida-
tive addition mechanism or a c-bond metathesis mechanism
(KIE = 3.5) whereas the more remote C-H bond activation

This journal is © The Royal Society of Chemistry 2022
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lodination of oxazoline derivatives.

seemed to occur through an electrophilic palladation pathway
based on both isotope (KIE = 1.5) and electronic effects
observed. In the latter cases, the initial palladation appears to
be slower than the C-H bond cleavage.

Summary and outlook

In the past decades, a variety of DGs have been designed for
controlling the chelate-assisted direct functionalization of arenes
mainly through either five- or six-membered palladacycle inter-
mediates. These new methods have found application in the
synthesis of a wide range of functionalized molecules and bioac-
tive compounds. However, the successful use of DGs capable of
selectively facilitating the direct activation of more remotely
located C-H bonds remains an outstanding challenge. Most of
the few examples reported in the literature involve the remote
ortho-C(sp®)-H bond functionalization of amine derivatives using
mono-anionic bidentate DGs such as oxalylamide (OA), picolina-
mide (PA) and N-(2-pyridyl)sulfonamide (N-SO,Py), whereas two
contributions were reported relying on the use of monodentate
DGs: oxazoline and 2-pyridylsulfone derivatives. Therefore, there
is still plenty room for further development in terms of both
designing novel powerful and versatile DGs or discovering new
types of reactivity leading to remote functionalization.

Regarding the metal source, Pd-catalysis has dominated this
field. Hence, as in all fields of metal catalysis, the quest for
switching from palladium to other metals, especially first-row
transition metals, is a relevant driving force for innovation.

At a more fundamental level, a remaining challenge in this
area is to gain an understanding of the factors that govern the
regioselectivity of competing C-H functionalization. This basic
knowledge would undoubtedly contribute to design new proto-
cols discriminating about accessible C-H bonds present in the
organic framework.

We hope that this review can contribute to stimulating new
perspectives and innovative strategies in the remote directed
ortho-C(sp?)-H functionalization via catalytic cyclometalation.
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