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The development of convenient and mild chalcogenylation reactions for the preparation of unsymmetri-
cal diaryl sulfides and diaryl selenides has received significant attention in recent years due to their preva-
lence in natural products, organic molecular syntheses, catalysis, drug candidates and functional
materials. In contrast with conventional organic transformations which largely rely on the inherent reactiv-
ity of functional groups, transition metal-catalysed direct C—H functionalizations have emerged as a
powerful strategy that eliminates prefunctionalised starting materials and thus leads to more atom- and
step-economical processes. This review summarizes the recent advances in C-S and C-Se formations
via transition metal-catalyzed C—H functionalization utilizing directing groups to control the site-selecti-
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vity until autumn 2019. Typical examples are listed and mechanistic aspects are discussed in detail.

1. Introduction

Aryl sulfides and aryl selenides are ubiquitous structural
motifs that have been identified as potent drug candidates,
bioactive molecules," and fluorescent probes.®” They also
play an indispensable role in molecular syntheses®'° and
organocatalysis.""*® For instance, various sulfur- and sel-
enium-containing molecules have been identified as impor-
tant therapeutic compounds with bioactivities ranging from
antiviral, anti-inflammatory, antibacterial, anticonvulsant,
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hypoglycemic, human immunodeficiency virus (HIV) protease
inhibitor, antioxidative and anticancer activities. Furthermore,
they feature likewise significant applications in functional organic
materials because the introduction of sulfur or selenium into
organic molecules has a profound effect on their physical and
electronic properties.’”” " Consequently, the development of new
synthetic methods for the assembly of compounds with C-Se and
C-S linkages has attracted considerable attention in recent
years.”>° Early examples for C-S and C-Se bond formation
largely rely on the inherent reactivity of functional groups, and
are generally accomplished by the following three approaches: (a)
direct cross-coupling reactions between a metal thiolate and a
prefunctionalized aryl substrate, mostly aryl halides, aryl boronic
acids, aryl carboxylic acids or aryl diazonium salts;*'™*® (b)
addition reactions of thiols onto unsaturated C=C multiple
bonds under free-radical or metal-catalysed conditions;*’>® and
(c) direct electrophilic modifications of electron-rich aromatic
compounds with thiols or diselenides (Fig. 1).>**"°

During the past decades, transition metal-catalysed C-H
bond activation and functionalization have been established
as a powerful tool for the preparation of complex molecules,
pharmaceutical agents, natural products and functional
materials, thereby providing a streamlined, environmentally
sustainable alternative to traditional cross-couplings
(Fig. 1d).”7°° This strategy avoids prefunctionalized substrates,
thus eliminating the concomitant formation of stoichiometric
amounts of undesired by-products. In this context, different
transition metal complexes such as palladium, ruthenium and
rhodium and Earth abundant first row and transition metals
particularly copper, iron, nickel and cobalt have been exten-
sively explored in direct C-H alkenylations, arylations, halo-
genations, cyanations, annulations, alkylations, aminations
and chalcogenylations.”” #%°°"°® Chemical approaches for C-S
and C-Se bond formation via direct C-H bond functionali-
zation reactions assisted by directing groups to guide the
regio-selectivity provided a new insight into the mechanistic
understanding of C-S and C-Se coupling reactions and a more
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Fig. 1 Representative C—S and C—Se bond forming reactions.

effective synthetic route to sulfur- and selenide-containing com-
pounds with high atom economy. In this review, we summarize
the recent advances in palladium-, rhodium-, ruthenium-,
silver-, cobalt-, copper- and nickel-catalysed C-S and C-Se bond
formation via directed C-H activation until autumn 2019.

2. Second row transition metal catalysis
2.1 Palladium catalysis

Palladium catalysis has received more attention since the pio-
neering report by Suzuki, Negishi and Heck on the coupling
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reactions which were underlined by the 2010 Nobel Prize.”® !
Palladium can exist in oxidation states ranging from 0 to +4,
which allows its complexes to perform a wide range of
oxidative transformations.’®>™°* In the past decades, several
classes of organic transformations, including classical cross-
couplings, C-H functionalizations, and oxygenations, among
others, have thus been widely explored by means of palladium
catalysis.' %> 110

In 2014, Nishihara and Li’s group''" reported on the palla-
dium-catalysed C-H thiolation of 2-phenylpyridine with diaryl
disulfides in the presence of 20 mol% trimesitylphosphine as
a ligand and 10 mol% CuCl, at 140 °C for 12 h (Scheme 1).
2-Phenylpyridines bearing a wide range of important func-
tional groups, such as ester, methoxy and halides, reacted with
diaryl disulfides smoothly to furnish mono-substituted pro-
ducts in moderate to good yields. Moreover, 2-phenylpyrimi-
dine and N-(8-quinolyl)benzamide were converted successfully
and resulted in the exclusive formation of dithiolated pro-
ducts. Diaryl disulfides bearing either electron-withdrawing or
electron-donating groups were efficiently transformed in this
reaction, whereas dialkyl disulfides only gave unsatisfactory
yields due to lower reactivity. Importantly, benzenethiol was
also a suitable coupling partner under these oxidative con-
ditions and afforded the corresponding product in a good
yield. Notably, the ratio of the palladium/phosphine ligand is
crucial for this transformation, as no desired product was
observed without phosphine ligands. The authors proposed
that the ligands might facilitate the dissociation of the palla-
dium dimer to form the active monomeric species.
Furthermore, the reaction proceeded efficiently with only 0.6
equivalent of diaryl disulfides, indicating that copper salts
could promote the oxidation of aryl thiol to the corresponding
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Scheme 1 Palladium-catalysed direct thiolations of aryl C—H bonds
with disulfides.

disulfide. DMSO was proposed to play a dual role as the
solvent and the terminal oxidant, since dimethyl sulfide was
observed by GC-MS. The intermolecular and intramolecular
kinetic isotope effect (KIE) values of 1.2 and 1.3, respectively,
indicated that the C-H bond cleavage is likely not involved in
the rate-determining step.

Thereafter, a series of control experiments were carried out
with the well-defined five-membered palladacycle or (triphenyl-
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phosphine)palladium disulfide dimer as the substrate or cata-
lyst; thus the authors proposed a plausible mechanism invol-
ving a Pd(u)/Pd(wv) pathway rather than a Pd(0)/Pd(u) pathway
for this thiolation reaction (Scheme 2). Initially, the dimeric
palladium catalyst is coordinated by the directing group and
achieved the ortho C-H activation of the aryl ring to form a
five-membered palladacycle species, followed by an oxidative
addition of disulfide to form a palladium(v) intermediate.
Thus, subsequent reductive elimination affords the desired
thiolated product and releases the thiolation-palladium
complex, which could regenerate the active palladium catalyst
that re-enters the catalytic cycle. Finally, the thiol could be oxi-
dized to disulfides by DMSO in the presence of copper salts.
Subsequently, the same group reported on the picolina-
mide-assisted peri-selective C-H chalcogenylation of naphthy-
lamines under similar reaction conditions (Scheme 3)."** This
transformation proved to be successful in the absence of the
phosphine ligand. On the basis of the previous observations,
showcasing that acid additives could promote C-H functionali-
zations, the addition of stoichiometric amounts of pivalic acid
(PivOH) to the reaction led to significant improvement in the
reaction outcome. This robust palladium catalysis tolerated a
wide range of substituted naphthylamines and diaryl disul-
fides, and gave the corresponding products in good to excel-
lent yields. As expected, the palladium catalysis could be
expanded to direct selenylation with 0.6 equiv. of diaryl dise-
lanes even in the absence of CuCl, and PivOH. Importantly,
the loading of the catalyst could be reduced to 5 mol% without
significant loss of catalytic activity. The picolinamide directing
group was easily removed under mild conditions and afforded
8-benzenesulfenyl-naphthylamines, which are important struc-
tural motifs in a wide range of functional molecules and phar-
maceuticals. Interestingly, when the naphthalene bearing
2-pyridyl and picolinamide directing groups at the same time,
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Scheme 2 Stoichiometric C—H bond thiolations.
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peri-selective chalcogenylations of

peri-thiolation selectively occurred on the 8-position, thus indi-
cating that the bidentate directing group facilitates the for-
mation of the palladacycle due to the bidentate nature of the
directing group. Control experiments strongly supported a pal-
ladium(u)/palladium(iv) mechanistic pathway (Scheme 4).

In the same year, Kambe and co-workers independently dis-
closed a phosphine-ligand-free palladium-catalysed direct C-H
chalcogenylation assisted by pyridine or easily removable pyri-
midine directing groups.'*® This C-H chalcogenylation reac-
tion was compatible with various useful arenes and heteroar-
enes, including carbazole, 2-phenylpyridine, benzo[A]quino-
lone, and indole derivatives. Disulfides or diselanes bearing
either electron-donating or electron-withdrawing groups
smoothly delivered the corresponding products in good to
quantitative yields. Notably, dialkyl disulfides also gave the
desired products in high yields. Interestingly, when diphenyl
disulfides, bis(2,5-dichlorophenyl) disulfides and bis(2,5-
dichlorophenyl) diselenides were employed for transform-
ations of indoles, the 2,3-dichalcogenated products were
obtained in good yields. These findings imply that the elec-
tron-withdrawing nature of the substituent on the chalcogen
could accelerate the second chalcogenylation at the 3-position.
Finally, detailed mechanistic studies through several control
experiments revealed that copper salts could facilitate the
transfer of the PhS group to palladium to form a thiolate
complex and the bis-six-membered palladacycle was the key
intermediate in this reaction. Moreover, the 2-pyrimidyl

Org. Chem. Front., 2020, 7,1022-1060 | 1025
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Scheme 4 Proposed mechanism for the peri-selective chalcogenyla-
tions of naphthylamines.

directing group could be easily removed to provide the thio-
lated carbazole in high yields (Scheme 5).

More recently, Ma and coworkers reported the palladium(u)-
catalyzed ortho-C-H chalcogenylations of N-arylsulfonamides
via weak coordination (Scheme 6). Thus, they found that the
combination of 10 mol% Pd(TFA), and 2.0 equiv. of Cu(OAc),
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Scheme 5 Palladium(i)-catalysed intermolecular C-H chalcogenyla-

tions of arenes.
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Scheme 6 Palladium(i)-catalysed ortho-C—H chalcogenylations of
N-arylsulfonamides.

in toluene at 125 °C proved to be optimal for this trans-
formation."'* The reaction tolerated a wide range of valuable
electrophilic functional groups in both the arylsulfonamide
and disulfide moieties, and delivered selectively mono-chalco-
genated products in good yields with excellent chemo- and
positional-selectivities, thus providing a novel and step-
economical access to diversely selenylated and thiolated
sulfonamides. Further mechanistic studies also revealed a
palladium(u)/palladium(iv) process, likely initiated by the
coordination of the palladium(u) catalyst with the weakly co-
ordinating O-atom of the sulfonamide, followed by ortho-C-H
activation to furnish six-membered palladacycle intermediate A.
The subsequent oxidative addition of 1,2-diphenyl diselane
onto palladacycle species A gives palladium(iv) species B,
which subsequently undergoes a reductive elimination to
afford the desired product and palladium(u) species C. Then,
intermediate C participates in a second C-H activation event
to form palladacycle species D. Intermediate D then undergoes
reductive elimination generating the target product and a
palladium(0) species, which could be converted into the active
palladium(n) species in the presence of the external oxidant
Cu(OAc), (Scheme 7).

In 2015, Law’s and Wong’s groups disclosed a highly robust
palladium(m)-catalyzed direct C-H phenylselenylation of arenes
and heteroarenes with N-(phenylseleno)phthalimide (N-PSP)
(Scheme 8).'**> Both palladium(0) and palladium(n) catalysts
displayed high catalytic efficiency in this reaction. The notable
features of this new protocol include wide substrate scope, no
use of external oxidants, surfactants, and other additives and
water as a green reaction medium. The authors proposed the
importance of possible hydrogen bonding between water and
the carbonyl group of N-PSP. A variety of electron-donating or

This journal is © the Partner Organisations 2020
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Scheme 8 Palladium-catalysed direct C—H selenylation of (hetero)
arenes in water.

electron-withdrawing substituents on the arene were well toler-
ated and afforded the desired mono- and/or diphenylselenyla-
tion products in modest to excellent yields. The Hammett
plots were constructed based on the product ratios vs.
Hammett constants, indicating that electron-donating
groups could facilitate the formation of an active electrophilic
palladium complex as a key reaction intermediate. A plausible
palladium(u)/palladium(iv) mechanism involving oxidative
addition of the chalcogenylation agent to form the
palladium(iv) intermediate was proposed based on the prelimi-
nary results and the previous reports. Alternatively, other path-
ways, such as the direct electrophilic aromatic substitution, a
process involving Pd-C bond cleavage and C-Se formation
sequence or the palladium(u)/palladium(m) catalytic cycle

This journal is © the Partner Organisations 2020
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including the formation of bimetallic palladium(m) intermedi-
ates, cannot as of yet be ruled out.

Shortly thereafter, the same groups achieved completely
controlled mono- and di-selective selenylations by finely
tuning the ratio of DMSO to water (Scheme 9)."*® The substrate
scope was expanded to include 2-phenoxylpyridines. This new
selenylation can be considered as a complementary approach
to the previous C-H selenylation (vide supra). Similarly, in con-
trast with N-(phenylseleno)phthalimide (N-PSP), Zhang and co-
workers achieved palladium catalysed selective C-H sulfenyla-
tions with N-arylthiobenzamides as both the reactant and the
oxidant at the same time (Scheme 10).'"” 2-Arylpyridines and
diaryl disulfides bearing various functional groups were well
tolerated under the optimized reaction conditions and
afforded the mono-selective products in up to 90% yield.
Interestingly, the dithiolation could be achieved by changing
the stoichiometry of the substrates to 1:4. Control experi-
ments indicated that the C-H thiolation might involve a palla-
dium(u)/palladium(iv) pathway.

More recently, Anbarasan’s group reported on a versatile
protocol for palladium-catalysed C-H thiolations and i(a)mida-
tion using N-(arylthiol)i(a)mide as a suitable reagent in the
presence of either a Brensted acid or a Lewis acid, respect-
ively.''® This C-H transformation employed N-(arylthiol)i(a)
mide as a versatile reagent acting as a thiolating reagent, an
amidation reagent and an oxidant in this process (Scheme 11).
Moreover, the alkenyl substrates were also smoothly converted
under the optimized conditions and afforded the desired pro-

[PACI(CHICN),] (10 mol %) N
NPSP (2.0 equiv) !
DMSO:H,0 = 1:1
120 °C, 24 h, air

[PdCI,(CH3CN),] (10 mol %)
NPSP (2.0 equiv)
DMSO:H,0 = 4:1
120 °C, 24 h, air

Scheme 9 Palladium(i)-catalysed switchable mono/diselenylation of
arenes controlled by the judicious choice of the solvent ratio.

=
N\
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PhCONHSAT (1.5 equiv) L
DMF, 120 °C, N, SAr
SAr
[PACI,(CHZCN),] (10 mol %) N
PhCONHSAr (4.0 equiv) R
DMF, 120 °C, N, Zsar

Scheme 10 Palladium(n)-catalysed selective C—H thiolations of arene
with N-arylthiobenzamides.
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thiolations with N-(arylthio)i(a)mides.

ducts selectively. Notably, the independently prepared five-
membered dimeric palladacycle complex displayed high cata-
lytic efficiency and furnished the thiolated product with high
efficacy. Moreover, the treatment of a stoichiometric pallada-
cycle with 4.0 equiv. of (phenylthiol)imide and 40.0 equiv. of
AcOH afforded the thiolated product in 28% yield. These
results indicate that the dimeric palladacycle species may be
the resting state of the catalyst and could generate the active
monomeric species. Next, variable temperature FTIR and NMR
studies of N-(arylthio)imides with acetic acid were conducted
to understand the mode of the interaction. The observations
of a significant shift in the C=O0 stretching frequency in FTIR,
a downfield shift of the carbonyl carbon in "*C NMR and no
significant change of the aromatic signal in an acidic medium
indicated that the imide oxygen atom was protonated by
AcOH. Based on the preliminary studies and earlier literature
precedence, a plausible mechanism involving a palladium(u)/
palladium(v) process was proposed for the developed trans-
formations (Scheme 12). The reaction is initiated by the
coordination of the palladium catalyst by the directing group,
promoting the ortho-C-H bond activation to form a five-mem-
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Scheme 12 Proposed mechanism of Brensted acid-controlled palla-
dium(i)-catalysed C(sp?)—H thiolations.

bered palladacycle, which then undergoes oxidative addition
to the N-S reagent, which is activated by AcOH, leading to a
palladium(v) intermediate. The thus formed palladium(iv)
species eventually underwent a reductive elimination process
to produce the desired thiolated product.

In comparison with the well-established C(sp®)-H bond
functionalization processes, the direct chalcogenylation of
C(sp’)-H continues to be scarce due to a lack of favourable
n-interactions. Despite these challenges, the Maiti group
reported a diastereoselective remote y-C-H chalcogenylation of
a-amino acids and aliphatic carboxylic acids via a six-mem-
bered palladacycle intermediate (Scheme 13)."*® These chalco-
genylation reactions smoothly proceeded in the presence
10 mol% Pd(OAc),, 3.0 equiv. of Ag,CO3, 20 mol% 2-chloroqui-
noline as a ligand and 2.0 equiv. of NaHCO; at 130 °C to exclu-
sively provide mono-thiolated products in good yields with
high diastereoselectivity. The key to the success was the use of
the 2-chloroquinoline ligand, which presumably accelerates
and facilitates the regioselective functionalizations of C(sp®)-H
and enhances the yield of the desired products. Although sec-
ondary C(sp’)-H bonds were also potentially feasible, the
primary y-C-H position was preferentially functionalized pre-
sumably due to the steric hindrance of the intermediate metal-
lacycle at the secondary position. Moreover, the sequential
hetero bifunctionalization of aliphatic acids was achieved by
carrying out y-arylation as the first step and subsequently
thioarylation at the other primary C-H position. It is note-
worthy that a-amino acids possessing primary y-C-H such as -
tert-leucine, 1-valine, and r-isoleucine derivatives were also
compatible, selectively affording y-thioarylated products in
moderate yields without racemization of the stereogenic
a-centre of the amino acids. Diaryl disulfides bearing either
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Scheme 13 Palladium(i)-catalysed diastereoselective y-C—H chalco-
genylations of amino acids and aliphatic carboxylic acids.

electron-donating groups, such as methyl and methoxy, or
electron-withdrawing groups, such as chloro and nitro, at the
para position reacted smoothly, delivering the thiolated pro-
ducts in satisfactory yields. Importantly, the developed proto-
col was also compatible with aliphatic disulfides such as
dibenzyl disulfide. As expected, diaryl diselenides were also
suitable coupling partners with various aliphatic carboxylic
acids and amino acids with AgOPiv as the oxidant and pro-
vided the y-selective selenylated products with high diastereo-
selectivity. Moreover, the established protocol could be
expanded to the gram scale, albeit with a slight decrease in the
isolated yield. Finally, the directing group was easily removed
under either acidic or basic conditions to provide the corres-
ponding methyl ester and carboxylic acid products respect-
ively. In another approach, treatment of the carboxylic acid
with conc. H,SO, gave the biologically relevant benzothiepi-
none moiety via an intramolecular cyclization process.

Based on the preliminary mechanistic studies and the pre-
vious literature reports, a plausible catalytic cycle was proposed
as shown in Scheme 14. Palladium(u) is coordinated by the
2-chloroquinoline ligand to form the pre-catalyst A, which
binds with the bidentate amide directing group to give the
active catalyst-substrate chelate complex B, followed by selec-
tive y-C-H activation to form a six-membered palladacycle
intermediate via the concerted metalation-deprotonation
(CMD) pathway."*® Subsequent oxidative addition of disulfide
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Scheme 14 Plausible catalytic cycle for y-chalcogenylation.

onto the palladium(n) centre provides the palladium(v)
species D that thereafter undergoes a reductive elimination to
afford the y-thioarylated product. Further experimental obser-
vations revealed that the C-H activation is reversible and not
involved in the rate-determining step.

2.2 Rhodium catalysis

As early as 2007, Satoh and Miura’s group reported the
first rhodium-catalysed chelation assisted C-H activation of
arenes."*" Since then the well-characterized [RhCp*Cl,], cata-
lysed C-H functionalization with a broader scope of coupling
partners, including aromatic or olefin = bonds, strained rings,
and electrophilic and nucleophilic reagents has been widely
explored and has attracted increasing attention."?*™*** In con-
trast with the well-explored palladium catalyst, the robust
[RhCp*Cl,], catalysts displayed high activity under mild reac-
tion conditions with broad functional group tolerance due to
the uniqueness of the more polarized Rh(m)-C(aryl) bond and
the bulky Cp* ligand which could promote favorable steric hin-
drance during the C-H activation process and enabled the
rhodium catalyst to remain thermally stable.

In 2014, Li, Zhou and coworkers reported on the first
example of a rhodium-catalysed direct C-H thiolation with dis-
ulfides, assisted by the pyridine directing group.'*® This proto-
col proved to be operative under mild reaction conditions with
a broad functional group tolerance, hence affording the
desired ortho mono-thiolated products in good to excellent
yields (Scheme 15). Importantly, dialkyl and dibenzyl disul-
fides were also compatible and gave the desired products selec-
tively. Notably, numerous different N-containing directing
groups, such as ketoximes, pyrimidines and pyrazoles, also
served as effective directing groups in the C-H thiolation reac-
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Scheme 15 Rhodium-catalysed directed thiolations of aromatic C—H
bonds.

tion, thus expanding the scope of this protocol. Notably, this
method also allowed for dithiolations by changing the oxidant
to Ag,CO;. The intermolecular KIE value of 4 was determined
by competition, indicating that C-H bond cleavage is involved
in the rate-determining step. Detailed mechanistic studies
indicated that a nucleophilic-addition or oxidative addition
pathway might be involved in the C-H thiolation (Scheme 16).
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A
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Scheme 16 Proposed mechanism for rhodium-catalysed directed C—H
bond thiolations of arenes.
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Scheme 17 Rhodium(in)-catalysed C-H selenylations of arenes with
selenenyl chlorides or diselenides.

Subsequently, Wan/Li’s group reported the rhodium(u)-cat-
alysed direct selenylation of arenes assisted by ketoxime with
electrophilic selenenyl chlorides as the selenylated reagents
(Scheme 17)."*” The silver salt presumably played a dual role
in terms of both substrate and catalyst activation. Gratifyingly,
arenes bearing oxime, azo, pyridyl, and N-oxide directing
groups were also amenable substrates under these reaction
conditions and afforded the desired products in good yields.
Importantly, the catalyst was highly efficient under mild reac-
tion conditions for a broad range of substrates with excellent
functional group tolerance, which provided a new protocol to
access unsymmetrical diaryl selenoethers. Moreover, diaryl dis-
elenides were also suitable coupling partners under the same
catalytic conditions. A cyclometalated rhodium(m) complex
used as the catalyst precursor also afforded the desired
product in a moderate yield. On the basis of mechanistic
studies and previous literature reports, the authors proposed a
plausible catalytic cycle involving an electrophilic substitution
pathway for this transformation, as shown in Scheme 18.
Initially, the active rhodium catalyst reacts with the substrate
to give five-membered rhodacyclic intermediate A through
ortho C-H activation of the arene. Next, selenium coordinates
to the rhodium catalyst, followed by nucleophilic displacement
of Cl by the Rh-C(aryl) bond (electrophilic selenylation) to give
five-membered rhodacyclic species B. The subsequent coordi-
nation of oxime to intermediate C through another C-H acti-
vation process takes place and releases the coupling product
along with the regeneration of the active cyclometalated
rhodium complex A. However, a rhodium(m)/rhodium(v)
pathway involving the Se-Cl bond oxidatively adding to a
rhodium(m) species cannot thus far be excluded.

Inspired by the previous reports on the use of C=N sub-
structures as viable directing groups, in 2015, Zhu and co-
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Scheme 18 Proposed catalytic cycle for the C—-H selenylations of
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workers succeeded in the direct thiolation of the ortho C-H
bond of aryl ketazines with diaryl disulfides catalysed by the
in situ generated cationic rhodium species [Cp*Rh™][OTf], in
the presence of a stoichiometric amount of Cu(OAc), as the
oxidant in DCE at 60 °C (Scheme 19)."*® The authors demon-
strated that substrates bearing electron-donating substituents
showed better reactivities than substrates decorated with elec-
tron-withdrawing groups, giving the mono-thiolated product
with excellent regio- and chemo-selectivities. In line with the
detailed mechanistic studies with KIE, H/D exchange, sub-
strate competition and catalysis with well-defined rhodium(i)
complexes, the authors proposed a plausible mechanism invol-
ving the insertion of the S-S bond into the C-Rh bond to form
C-S and S-Rh bonds, followed by a coupling reaction to obtain
a rhodacycle intermediate, thus releasing the desired product
via a reductive elimination event (Scheme 20).

Indoline and indole moieties play an important role as
nitrogen-containing heterocycles, while they are omnipresent
in natural products, pharmaceuticals and organic dyes. Thus,
a variety of methods for the decoration of indoline and indole
scaffolds via transition metal-catalysed direct functionalization
have been extensively explored in recent years. In 2016, Wang’s
group reported a rhodium-catalysed selective C7 chalcogenyla-
tion of indolines by using pyridimidine as the directing group

(Scheme 21)."?*'3° The additive AgOTf, which presumably
Ho - -
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Scheme 19 Rhodium(in)-catalysed directed ortho-C-H bond

functionalization of aromatic ketazines.
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abstracts a chloride anion to generate the competent cationic
rhodium complex, was indispensable for these transform-
ations. Notably, the obtained indolines could be oxidized to
indoles in nearly quantitative yields in the presence of stoi-
chiometric amounts of DDQ. The traceless removal of the pyri-
dimidyl group could be easily performed by treatment with
NaOEt in DMSO at 100 °C.**! Furthermore, the thiolated indo-
lines could be selectively oxidized to sulfonyl indolines by
treatment with m-CPBA. This approach gave user-friendly
access to various chalcogenated indolines and indoles.

Subsequently, the Samanta group reported on a C-4 selec-
tive rhodium-catalyzed C-H chalcogenylation of indoles by
employing a removable oxime as the directing group under
mild reaction conditions (Scheme 22)."*? Interestingly, in the
absence of Cu(OAc),, the reaction did not proceed efficiently,
thus indicating that the copper additive is essential for this
transformation. Indoles with various protecting groups and
electronically and sterically differentiated functional groups at
the C5, C6 or C7 position were smoothly transformed,
affording the corresponding products in good to excellent
yields. Notably, N-H free indole was not compatible in this
reaction. Thus, this robust rhodium(m)-catalysed system was
suitable for gram-scale synthesis with a slightly decreased
yield, using only 1 mol% of the rhodium catalyst. Interestingly,
when C-2 methyl indole was employed under the optimized
reaction conditions, the thiolation occurred selectively at the
methyl position. Finally, in order to demonstrate the synthetic
utility of the developed protocol, the oxime directing group
was removed in a two-step process, with the corresponding
ketone as a key intermediate.

In 2017, the Yang group developed a highly efficient
rhodium(m)-catalysed direct C-H chalcogenylation of phenols
and anilines assisted by the 2-pyridyl group.”* AgOTf played a
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Scheme 21 Rhodium(in)-catalysed C7-chalcogenylations of indolines.

key role in this transformation. This protocol showed high
levels of functional group tolerance. The directing groups were
easily removed, delivering the corresponding 2-(arylthiol)
phenol and 2-aminothiophenol in moderate yields. The
obtained thiolated products could be further transformed into
phenoxathiin and benzimidazole-fused heterocycles via intra-
molecular C-O cross coupling and intramolecular annulation,
respectively. The substrates bearing electron-donating groups
were inherently more reactive, indicating that the reaction
involves a base-assisted intermolecular electrophilic substi-
tution process (Scheme 23)."3134133

The 7-azaindole motif represents a very important nitrogen-
containing heterocyclic scaffold, which is widely found in
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natural products and marketed pharmaceuticals. In this
regard, Deb and coworkers'*® reported a selective rhodium-cat-
alysed C-H chalcogenylation of N-(hetero)aryl-7-azaindoles
(Scheme 24). This robust rhodium-catalysed system displayed
excellent reactivity with broad functional group tolerance.
Notably, heteroarenes, such as furans, thiophenes and ben-
zothiophenes, were also converted efficiently and gave the
corresponding thiolated products in good yields. This catalyst
was not restricted to diaryl disulfides, as dialkyl disulfides
were also compatible under the optimised conditions. The
independently synthesised well-defined 6-membered rhodium
complex reacted with diphenyl disulfide smoothly, thus indi-
cating, presumably, the intermediacy of this rhodacycle.
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phenols and anilines.

At the same time, the Zhou group reported a rhodium-cata-
lysed C-H thiolation of azobenzenes using AgBF, as the
oxidant (Scheme 25)."*’
substrates were required in order to ensure good yields. A wide

Here, two equivalents of azobenzene

range of sensitive functional groups, such as iodine, nitro or
ester groups, were well tolerated under the optimised reaction
conditions. The substrates bearing electron-donating groups
proved to be more reactive and afforded the desired products
in good to excellent yields, whereas the substrates bearing elec-
tron-withdrawing groups only gave moderate yields. Notably,
for meta-substituted azobenzenes, the thiolation selectively
occurred at the less sterically hindered position and afforded
the corresponding products in good to excellent yields.
Further experiments, such as the removal of the directing
group under acidic conditions, intermolecular cyclization via
C-H activation initiated by oxidative addition into the C-Br
bond and oxidation reactions, were carried out under mild
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reaction conditions, which indicated the unique synthetic
utility of the developed protocol. The detailed mechanism was
also thoroughly investigated through an H/D exchange experi-
ment, a KIE study and the isolation of a five-membered rhoda-
cycle complex.

More recently, the Yu and Lu groups realized a ligand-pro-
moted rhodium(im)-catalyzed C-H thiolation of arenes directed
by a weakly coordinating amide auxiliary (Scheme 26)."*® After
an extensive ligand optimization, MPAAs (mono-N-protected
amino acids) were found to be the privileged ligands to
promote this reaction due to their important roles in stabiliz-
ing the catalytic centre. Under the optimized conditions, both
diaryl and dialkyl disulfides reacted efficiently with various
benzamides giving the corresponding thiolated products in
moderate to excellent yields. It is noteworthy that diphenyl dis-
elenides and benzoyl peroxide were also suitable substrates in
this transformation.

Besides aromatic C-H bonds, olefinic C-H bonds can also
participate in rhodium catalysed thiolations. Recently, Ji and
coworkers reported on a rhodium-catalysed thiolation of acti-
vated alkenyl C(sp*)-H bonds, assisted by N-tosylamide for the
preparation of (Z)-f-alkenyl sulphides (Scheme 27)."*° Both
aryl and alkyl substituted acrylamides, in the o and f posi-
tions, reacted with diphenyl disulfides smoothly under rela-
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Scheme 26 MPAA ligand-promoted rhodium-catalysed C—-H thiola-
tions of benzamides.

tively mild conditions and gave the corresponding products in
good yields in a regio- and stereoselective fashion.
Additionally, the internal alkenes were also compatible in this
catalytic system, and furnished the desired products in moder-

1034 | Org. Chem. Front.,, 2020, 7,1022-1060

View Article Online

Organic Chemistry Frontiers

R3XXR® R®
R M [CP*RACI 9 '
p 2l (2 mol %) R2 X
H Cu(OAg), (5 mol %)
R Nere Ag,CO; (50 mol %) N
DMF, 80 °C, 12 h R' Ts
o] X=S§, Se
0
"CR _pmso
Rh
[ N
~Ts
Ph
O p—
Ph Ph Pr S
S S S
H H H S
N N N | H
Ph Ts Bn Ts Ph Ts N
5 o o Ph Ts
0
81% 75% 57% 90%
O,N
Ph
Boc TsHN (e]
I “NH Se
MeO A _s.__— y
H i Ph STs
STs (0] o)
o Cl
64% 66% 76%

Scheme 27 Rhodium(in)-catalysed highly regioselective thiolations of
N-tosyl acrylamides.

ate yields. The electronic properties of the substituents on the
disulfides did not considerably affect the outcome of the reac-
tion as both electron-donating and electron-withdrawing
groups yielded the desired products in moderate to good
yields. In addition, heterocyclic and secondary alkyl disulfides
were also converted smoothly and gave the thiolated products
in moderate to excellent yields, whereas the tertiary alkyl disul-
fides failed to give acceptable results, presumably due to steric
hindrance. Notably, protected cystine was also successfully
employed in this method and afforded the alkenylated cysteine
derivative in a good yield. Moreover, this reaction also worked
with diphenyl diselenides, albeit employing harsher reaction
conditions, prolonged reaction time and increased amount of
the silver salt. It is noteworthy that the catalyst loading could
be reduced to 0.01 mol% with a slight decrease in the yield,
albeit by prolonging the reaction time to 48 h, thus indicating
the high catalytic efficiency of the developed protocol. Further
investigations by KIE studies indicated that the reaction might
involve a base-assisted internal electrophilic-type substitution
(BIES) pathway. The result of stoichiometric studies strongly
suggested the five-membered rhodacycle as a key intermediate
in the C-H chalcogenylation process.

2.3 Ruthenium catalysis

The first ruthenium-catalysed C-H functionalization reactions
were initially explored by Lewis and Smith'*® and further devel-
oped by Murai,’** Ackermann,*'*>7'*® Wang, Bruneau,
Dixneuf and Jeganmohan, among others."**'*’713 The cost
effective ruthenium catalyst was demonstrated to be robust
and capable of forming cyclometalated species via C-H bond
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cleavage followed by diverse C-H functionalizations, providing
a plethora of decorated molecules. Recently, with inspiration
from these elegant works, ruthenium(u)-catalysed C-H chalco-
genylations of arenes with the assistance of various directing
groups (DGs) were widely explored. The notable features of
these methods included the use of a cost effective ruthenium
catalyst, mild reaction conditions, shorter reaction times,
broad substrate scope and the utility in the late-stage chalco-
genylations of useful molecules.

In 2016, Zhang and coworkers reported the ruthenium cata-
lysed C-H selenylation of arenes with selenyl chlorides
directed by pyrazoles (Scheme 28)."*' This robust [RuCl,(p-
cymene)],/Cu(OAc),-H,0'*° catalyst tolerated a wide range of
substrates bearing different functional groups converting them
efficiently and furnishing the mono-selective product in an
excellent yield. Moreover, upon using substrates bearing an
electron-withdrawing substituent at the para-position or an
electron-donating substituent at the meta-position, bis-substi-
tuted products were also obtained in small quantities. It is
noteworthy that pyridine, pyrimidine, benzoquinoline and
O-methyl oxime were compatible as the directing groups for
this transformation, albeit providing the products in lower
yields. Moreover, 2-phenoxylpyridine bearing an oxygen linker

[RuCly(p-cymene)], (5 mol %)
Cu(OAc),.H,0, K,CO3
TBA-OAc, HFIP, 75 °C

F cl
90%
96% mono:di= 5:1 88% 78%
| ~ | X CI)Me = |
N N N Me N X
(L T -
O SePhye SePh SePh SePh
42% 30% 66% 47%

PhSeCl

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

Cu(OAc),.H,0, K,CO4

TBA-OAc, HFIP, 75 °C
48%

PhSeCl
[RuCl,(p-cymene)], (5 mol %)
T Cu(OAc),H0, KCO5

TBA-OAc, HFIP, 75 °C
62%

Diazepam

Scheme 28 Ruthenium-catalysed C-H selenylations of arenes with
selenyl chlorides.
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could also participate in this selenylation reaction, and
afforded the corresponding product in a moderate yield.
Importantly, the estrone derivative and the prescription anti-
depressant drug diazepam were also converted successfully in
this reaction, thus indicating the wide utility of the direct C-H
selenylated reactions. Detailed mechanistic studies indicated
that this ruthenium catalysed C-H selenylation might involve
electrophilic substitution or oxidative addition/reductive elim-
ination pathways (Scheme 29).

Carboxylic acids are widely found in functional organic
molecules and natural products, and they can be easily inter-
converted into other functional groups or removed in a trace-
less fashion. Besides, they can also serve as leaving groups in
various decarboxylative couplings with the formation of C-C or
C-heteroatom bonds. In this context, carboxylate directed tran-
sition metal catalyzed C-H functionalizations have been
demonstrated by the Yu, Ackermann and Su groups in the last
decade.’'®* Inspired by these reports,’*”'® in 2017,
Baidya’s group reported an example of ruthenium catalysed
C-H chalcogenylation assisted by weakly coordinating carboxylic
acid as the directing group (Scheme 30).'%® This method shows
good functional group tolerance for both benzoic acid and
diaryl diselenide, providing the corresponding mono- or di-
chalcogenated products in good yields. Notably, the heteroaryl
carboxylic acid was also compatible in this reaction. As
expected, diaryl disulfides were also suitable coupling partners
in this catalytic system. Finally, the obtained chalcogenated
product upon treatment with TfOH at 100 °C afforded the
corresponding selenoxanthones and thioxanthone derivatives
in high yields via an intramolecular cyclization process, which
provides a simple, economical and straightforward synthetic
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Scheme 29 Proposed mechanism of the ruthenium-catalysed C-H
selenylations with selenyl chlorides.
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Scheme 30 Ruthenium(i)-catalysed ortho C-H chalcogenylation of
benzoic acids.

route to chalcogenoxanthones. The kinetic studies based on
significant KIE values (ku/kp ~ 1.89 and 1.74) suggested that
the C-H cleavage is likely involved in the rate-determining
step.

Independently, Ma’s group reported ruthenium-catalysed
C-H chalcogenylations of synthetically meaningful anilides via
weak coordination (Scheme 31). [RuCl,(p-cymene)], in combi-
nation with AgBF, and AgOTf as cocatalysts in the presence of
Cu(OAc),'H,0 as a base/oxidant in toluene at 100 °C were
found to be the optimal conditions for this transformation.*®”
Anilides bearing either electron-withdrawing or electron-donat-
ing groups on the para-position of the arene ring converted
efficiently and afforded the corresponding mono-chalcoge-
nated products in high yields. For the meta-substituted ani-
lides, this chalcogenylation occurred at the less sterically hin-
dered position in most cases, while the 3,4-(methylenedioxy)
anilides gave the more sterically hindered selenylated product
as the major product, due to a secondary directing group
effect. Moreover, diaryl disulfides and diaryl diselanes deco-
rated with a wealth of functional groups were also compatible
in this reaction. Finally, a BIES C-H activation'*> mechanism
was proposed based on the intermolecular competition reac-
tion and KIE studies.
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Scheme 31 Ruthenium(i)-catalysed C—H chalcogenylation of anilides.

Moreover, the same group achieved ruthenium catalysed
C-H selenylation of benzamides under similar reaction con-
ditions, albeit employing AgSbF, and AgOTf as co-catalysts in
CF;CH,OH (Scheme 32)."°® The preliminary study showed that
increased bulk on the amide substituents was beneficial
whereas N-hydroxybenzamide and tertiary amide failed to
promote the reaction. Both electron-rich and electron-deficient
benzamides converted efficiently to provide the mono-seleny-
lated products in high yields. Notably, for the meta-substituted
aromatic amides, the C-H selenylations were largely controlled
by steric interactions, thus giving the Cs-selective mono-seleny-
lated products. In contrast, meta-fluoro-substituted benzamide
exclusively led to the selenylation at the C, position; the struc-
tures were further confirmed through single-crystal X-ray diffr-
action analysis. Furthermore, this method was applicable to a
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Scheme 32 Ruthenium-catalysed C—H selenylation of benzamides.
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gram-scale synthesis, which demonstrated the utility of this
transformation. Finally, the amide directing group could be
further functionalized into a variety of bio-relevant hetero-
cycles and useful functional groups such as carboxylic acid,
aldehyde, tetrazole and phosphite under mild reaction con-
ditions. Based on the mechanistic studies and previous litera-
ture reports, a plausible catalytic cycle via a BIES pathway was
proposed as shown in Scheme 33. First, the activated ruthe-
nium catalyst generated from the [RuCl,(p-cymene)], precursor
in the presence of AgBF, and AgOTf coordinated to the
directing group and formed five-membered ruthenium(i)
species B via a reversible C-H bond activation process. The
thus formed five-membered cycloruthenated compound B
reacted with diaryl diselane to deliver the desired product and
intermediate C. Another possible pathway involved the oxi-
dative addition process to give ruthenium(iv) species F, which
then underwent reductive elimination to afford the product
and ruthenium(u) species C. Intermediate C could participate
in a second C-H activation process to form cycloruthenated
species D again followed by reductive elimination to generate
the target product and ruthenium(i) E, which could be oxi-
dized to an active catalytic ruthenium(u) species in the pres-
ence of AgOAc, thus re-entering the catalytic cycle.

Very recently, Ma’s group further extended the ruthenium-
catalysed C-H selenylation of aryl acetic amides utilizing a
distal weakly coordinating directing group via an unfavorable
six-membered metallacycle intermediate (Scheme 34).'%° The
presence of 1-AdCO,H and TfOH, which could facilitate the
cyclometallation and regeneration of the ruthenium catalyst,
was found to be crucial for efficient catalysis. Under the opti-
mized reaction conditions, various substituted aryl acetic
amides underwent this transformation smoothly to generate
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Scheme 33 Proposed catalytic cycle for the ruthenium-catalysed C-H
selenylation of benzamides.
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Scheme 34 Ruthenium-catalysed C-H selenylation of aryl acetic
amides and esters via weak coordination.

the corresponding selenylated products in good yields. Notably,
primary and tertiary amides were also compatible under these
catalytic conditions and afforded the corresponding selenylated
products in moderate yields. Furthermore, aryl acetate ester
could also enable this transformation efficiently in the presence
of Ag;PO, as the oxidant; furthermore, the scope of the method-
ology was not only limited to selenylations, but also expanded
to thiolation reactions.

2.4 Silver catalysis

Silver has a wide range of applications in organic synthesis,
ranging from radical to carbene/nitrene transfer
reactions.'’®'”* Silver has been vastly utilized for the construc-
tion of saturated nitrogen heterocycles with high levels of pos-
itional selectivity."”>'”® Despite these advances, silver cata-
lysed CH activation reactions are scarce.'”*'”>

Deng and coworkers explored the Ag-mediated oxidative
thiolation of enamides with diaryl disulfides (Scheme 35).""° A
variety of substituted diaryl disulfides were effectively con-
verted into the corresponding thiolated products in medium
to good yields under the optimized conditions. Dibenzyl di-
sulfide and diphenyl diselenides were also compatible, albeit
resulting in lower isolated yields due to incomplete conver-
sion. Both cyclic and linear secondary enamides participated
in this alkenyl C(sp®)-H bond thiolation successfully. It is
noteworthy that tertiary enamide, such as N-vinyl-2-pyrroli-
done, smoothly reacted with diaryl disulfides, and delivered the
corresponding (E) thiolated products with high stereoselectivity.

Competition experiments with unsymmetrical diaryl disul-
fides or electron-rich and electron-deficient disulfides showed
that the sulfur connected with the electron-rich aryl group was
preferentially transferred. These results indicated that the S-S
bond cleavage of diaryl disulfides was unlikely to occur
through a nucleophilic attack process. Further investigations
with TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl, 1.2 equiv.)
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Scheme 35 Silver-mediated oxidative thiolation of enamides with
disulfides.

as a radical inhibitor in the standard procedure indicated that
these thiolation reactions were unlikely to involve a chain
radical mechanism. Finally, the authors proposed a plausible
nonchain radical mechanism as described in Scheme 36. First,
the coordination of the silver catalyst to enamide and sub-
sequent cyclometalation via electrophilic substitution or con-
certed metalation-deprotonation process afforded the alkenyl
silver complex C, which could further transform into the vinyl
radical D and the reduced Ag’. The subsequent alkenyl radical
D attacked the S-S bond of diaryl disulfide to provide the thio-
lated product and arylthiol radical E via a homolytic cleavage
process. The arylthiol radical could be eventually terminated
by coupling with silver thiophenolate (ArSAg) regenerating the
diaryl disulfide and Ag(0) (Scheme 36).

Me Me

NHAc HN \O )\

HN™ ™ CI)
@/ AgOAc AQOAC -HOAc

X-A9 (1)
NHAc
NHAc
)
S\A Ars;gﬁr\.é
M ———

-Ag®

ArS - +

ars - 29O | asag ArS—SAr

-Ag(0)

Scheme 36 Plausible mechanism of the silver-mediated C-H
thiolations.
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3 First row-transition metal catalysis

Over the last few decades, direct C-H functionalizations cata-
lysed by precious 4d and 5d transition metals, such as palla-
dium, rhodium, iridium, platinum and ruthenium, have been
greatly explored leading to significant advancements of tools
in complex molecular synthesis. These transition metals,
which largely feature d® or d® electron configuration, exhibited
a broad range of reactivities with high efficacy. However, these
transition metals are Earth-rare and expensive, which can limit
their applications in the industry. Thus, the development of
novel catalysts based on inexpensive, less toxic and Earth-
abundant first-row transition metals is highly desirable.”>°%'”

3.1 Copper catalysis

Copper complexes have been widely used in organic synthesis
due to the different oxidation states of copper that are easily
accessible, mainly ranging from 0 to +3 that facilitate new
bond forming processes by radicals, as well as two-electron
transfer pathways via organometallic intermediates.'”®*° Due
to the low toxicity, high natural abundance in the Earth’s crust
and therefore cost-efficiency of copper, copper-catalysed reac-
tions have been studied and shaped into valuable tools in the
synthetic toolbox of all practitioners of organic synthesis
during the last three decades. Thus, after the pioneering work
by Ullmann®*>"'#"182 and Goldberg,'®® a vast array of transform-
ations has been reported for the efficient construction of C-C
and C-Het bonds."®*

3.1.1 Thiol as the thiolating agent. Inspired by these
mechanistic and synthetic foundations, Yu’s group reported
the first copper-mediated C-H thiolations of arenes with thio-
phenol or dimethyl disulfide assisted by pyridine directing
groups in 2006 (Scheme 37). The authors postulated that a
single-electron transfer from 2-phenylpyridine to the co-
ordinated copper(u) to form a radical-cation intermediate was
the rate-limiting step of this transformation. Although this
report only included two examples for C-S bond formation, it
provided a new method to access unsymmetric sulfides that
enabled further developments in this research area.'®’

In 2014, Liang and coworkers utilized 8-aminoquinoline as
the directing group and aryl or aliphatic thiols as thiolating
reagents to develop an efficient copper catalysed direct C-H
thiolation of aromatic amides (Scheme 38).'*¢ Substrates
bearing a broad range of functional groups such as cyano,
nitro and halides were converted smoothly to give the mono-
or dithiolated products in good yields. Moreover, heterocyclic
substrates such as thiophene and pyridine were also compati-

=
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Scheme 37 Cu()-Catalysed C—H thiolations of arenes.
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Scheme 38 Copper(i)-catalysed direct thiolation of aromatic amides
with aryl and aliphatic thiols.

ble in this reaction. Both primary and secondary aliphatic
thiols were effective substrates in this catalytic system and
afforded the corresponding dithiolated products in syntheti-
cally useful yields whereas tBuSH led to a mixture of mono-
and di-substituted products. Based on a series of control experi-
ments, the authors proposed that a high-valent Cu(m) inter-
mediate which could be stabilized by bidentate 8-aminoquino-
line directing groups might be involved in this thiolation reac-
tion and Ag,CO; was an efficient oxidant for the oxidation of
Cu(u) to Cu(m). Thereafter, Wei and co-workers demonstrated a
similar reaction through a one-pot strategy.'®” This transform-
ation allowed the direct use of 8-aminoquinoline, benzoyl chlor-
ides and thiophenols, and delivered the desired mono- or di-
thiolated products in good yields. Interestingly, these reactions
conducted with K,COj; as the base afforded dithiolated products
in good yields, whereas NaHCO; only gave mono-thiolated pro-
ducts presumably due to the combined effect of weaker basicity
and the diminished acidity of the ortho-C-H bond of the mono-
thiolated product (Scheme 39).

On the basis of this highly facile C-H thiolation protocol by
employing thiols as the sulfur source, the synthetic utility of
the thus formed thiolated products to enable subsequent

o
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Scheme 39 Copper-catalysed selective mono- and di-C(sp?)—H thiola-
tions of benzamides by a one-pot strategy.
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transformations was further explored. In 2016, Chen reported
on a copper-mediated C-H thiolation of arenes with 2-mercap-
tobenzimidazole assisted by the removable amide-oxazoline
bidentate directing group followed by an intramolecular
nucleophilic substitution to provide a series of polycyclic fused
thiazinone derivatives (Scheme 40).'®® This robust copper cata-
Iytic system could tolerate a wide range of functional groups
such as acetyl, methoxy, and halides present in benzamides
and afforded the corresponding products in good yields.
Moreover, heteroaromatic amides, such as pyridine and
thiophene derivatives, could also be transformed efficiently
and delivered the desired product in a moderate yield.
Unfortunately, the unsymmetrical 2-mercaptobenzimidazole
reacted with benzamide to provide a mixture of regioisomers
due to tautomerism of benzimidalole. Based on the prelimi-
nary mechanistic studies, a reasonable catalytic process invol-
ving a copper(u)/copper(u) pathway was proposed as shown in
Scheme 41. The mechanism was assumed to begin with a
ligand exchange with 2-mercaptobenzimidazole followed by
coordination of the N,N-bidentate directing group to form
6-membered intermediate B. The thus formed organocopper
species could be oxidized by Cu(OAc), through a disproportio-
nation process to give Cu(m) complex C and subsequently
undergo an acetate-assisted intramolecular C-H cupration to
afford fused cyclic Cu(ur) D, which then provides the key inter-
mediate E through a reductive elimination process. Finally,
intramolecular nucleophilic substitution occurs providing the
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Scheme 40 Copper-mediated tandem C(sp®)—H thiolation and annula-
tion of benzamides with 2-mercaptoimidazoles.
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desired product. Cu(OAc), played a dual role as the promoter
and the terminal oxidant in this transformation, and thus
required more than 1.0 equiv. to ensure successful conversion.

Ferrocene is a useful structural motif and has attracted
attention in recent years due to its ability to serve as a back-
bone of many chiral ligands or catalyst in asymmetric reac-
tions. In this context, Yu and coworkers reported the copper-
mediated diastereoselective C-H thiolation of ferrocene by
using benzenethiol as the sulfur reagent with the assistance of
the amino-oxazoline directing group (Scheme 42).'%° After eval-
uating a series of substituents on oxazoline, the authors
demonstrated that the bulky tert-butyl groups above the teth-
ered ferrocene could maintain the desired conformation and
therefore increase the diastereoselective ratio. In contrast, the
directing group of the obtained mono-thiolated product was
forced to the other side to provide an unfavorable confor-
mation for further C-H thiolation, and thus suppressed the
overreaction of the mono-thiolated product. Although the
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Scheme 42 Copper-mediated diastereoselective C—H thiolation of
ferrocenes.
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mechanism is still unclear to date, the authors proposed a
similar copper(u)/copper(m) reaction model for this transform-
ation based also on previous reports (Scheme 43). Initially, the
copper coordinates to the N,N-bidentate group to achieve the
ortho-C-H activation of the cyclopentadienyl ring, followed by
an oxidative process to provide the copper(m) intermediate.
After anion exchange, the thus formed species D undergoes
reductive elimination releasing the thiolated product and
copper(1) complex.

Very recently, the same group further expanded this copper-
mediated C-H thiolation directed by the amino-oxazoline
group by using ethylene sulfide as the sulfur source.'®® This
reaction was accomplished with 1.0 equiv. of Cu(OAc),-H,O at
room temperature with a variety of functional groups being tol-
erated, furnishing mono- and di-thiolated products in moder-
ate to good yields. After a sequential hydrolysis-lactonization
process, the thus obtained monothiolated product could be
converted into the corresponding seven-membered benzox-
athiepinone derivatives in good yields (Scheme 44).

3.1.2 DMSO as the thiolating reagent. DMSO was also envi-
sioned to be an effective sulfur source under copper catalysis.
In this context, the Qing group reported Cu(u) mediated
C-H methylthiolations of arenes with DMSO in 2010
(Scheme 45)."°' This reaction required an excess of CuF,,
acting as a catalyst and an oxidant, extended reaction time and
high reaction temperature to ensure full conversion. The sub-
strates bearing either electron-withdrawing or electron-donat-
ing groups did not affect the outcome of the reaction and gave
the mono-thiolated products in synthetically useful yields
along with trace amounts of disubstituted products.
Pyrimidine was also an effective directing group for this reac-
tion. Furthermore, diethyl sulfoxide was also a suitable coup-
ling partner and afforded the corresponding products in mod-
erate yields. Finally, the authors proposed two possible path-
ways using sulfonium ions as key intermediates for this trans-
formation (Scheme 46). Route I involved an intramolecular
electrophilic aromatic substitution and then cleavage of the
$-O bond with the assistance of Cu™. In route II, a metallacycle
could be formed from A via SE,, and then rearranged to give
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Scheme 43 Copper-mediated diastereoselective C—-H thiolation of
ferrocenes.
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Scheme 45 Copper(i)-catalysed functionalizations of aryl C—H bonds.

intermediate B. A subsequent methyl-transfer process pro-
moted by a nucleophile would deliver the desired product.
Inspired by this report, Jain disclosed a similar transform-
ation by using 1.0 equiv. of Cu(OAc), as the catalyst without
any extra oxidant at 125 °C for 12 h (Scheme 47).'°?
2-Naphthylpyridines displayed a higher reactivity than the
phenyl substituted substrates probably due to the lower aroma-
ticity and more localized m-electron density and afforded the
thiolated product at the less sterically hindered position with a
good yield, whereas the meta-methyl substituted substrates
gave the product at the more hindered position. The authors
suggested that the copper catalyst could be coordinated to the
directing group and the S atom of the formed mono-thiolated
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product which suppressed the further thiolation process, and
thus afforded solely the mono-selective thiolated products. As
expected, pyrimidine was also an effective directing group in
this transformation. The control experiment conducted with
BuSH and Et,S, as the sulfur source providing the corres-
ponding butylthiolated and ethylthiolated products in moder-
ate yields indicated that disulfides might be the actual
thioalkylated reagents. Moreover, the dimethyl disulfide and
Cu,O observed through GC-MS and PXRD respectively further
supported this hypothesis. On the basis of these results, the
authors proposed a reasonable catalytic cycle involving a
copper(i)/copper(ur) pathway which is shown in Scheme 48.
Subsequently, Huang and coworkers demonstrated a highly
efficient copper-catalysed direct C-H thiomethylation of arenes
with DMSO assisted by the 8-aminoquinoline bidentate
directing group (Scheme 49).">* The addition of i-proline as
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MeS-CuOAc
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Scheme 48 Proposed mechanism for copper acetate-DMSO pro-
moted methylthiolation of arenes and heteroarenes.
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Scheme 49 Copper-catalysed C—H thiomethylation of benzamides
with dimethyl sulfoxide.
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the ligand significantly improved the yield. Benzamides
bearing different functional groups on the ortho- or meta-posi-
tion of the phenyl ring reacted with DMSO smoothly and
afforded the monosubstituted products in moderate yields,
whereas the unsubstituted or para-substituted substrates
resulted in a mixture of mono- and dithiolated products. The
control experiment conducted with TEMPO as the radical sca-
venger indicated that a free radical pathway was not likely oper-
ative in this transformation. Finally, the authors proposed a
similar copper(u)/copper(u) catalytic cycle as previously
described.

3.1.3 Diselenides and disulfides as chalcogenated
reagents. In 2012, Daugulis and coworkers investigated a Cu
(OAc), mediated C-H thiolation of benzamides by using disul-
fides as the sulfur reagent with the assistance of the removable
8-aminoquinoline bidentate directing group (Scheme 50)."**
DMSO was employed as the ideal solvent due to its potential
ability to oxidise thiols to disulfides. Both dialkyl and diaryl
disulfides reacted with benzamide substrates smoothly in this
reaction and afforded the corresponding mono- or dithiolated
products in high yields. Moreover, bis(trifluoromethyl) disul-
fides were also suitable coupling partners for this transform-
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Scheme 50 Copper-promoted thiolation of C(sp?—H bonds.
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ation. Importantly, benzylamine derivatives decorated with the
picolinic acid bidentate directing group were transformed suc-
cessfully in the presence of a stoichiometric amount of Cu
(OAc), albeit at a rather high reaction temperature. Control
experiments conducted with a reagent grade and ultrapure
copper catalyst suggested that catalysis by contaminants was
unlikely. Finally, the directing groups were removed through
amide N-methylation and subsequent hydrolysis under basic
conditions to give thiolated benzoic acid in a good yield.

Later, inspired by this report, Baidya’s group expanded the
substrate scope to include selenylation under comparable reac-
tion conditions (Scheme 51)."®> Further investigation showed
that this selenylation could also proceed efficiently in the pres-
ence of a catalytic amount of Cu(OAc), along with Ag,CO; as
an oxidant and KF as an additive, delivering the corresponding
mono- or diselenylated products in high yields. The notable
features of this reaction included scalability, good functional
group tolerance and removal of the directing group. The sig-
nificant KIE values observed in this reaction indicated that the
C-H bond activation might be the rate-determining step.
Finally, a plausible mechanism involving the copper(i)/copper
(m) pathway for C-H selenylations was proposed based on
various control experiments. Initially, the copper catalyst coor-
dinates to the bidentate directing group to achieve the ortho-
C-H activation via a base promoted concerted-metalation-
deprotonation (CMD) pathway to form the cyclometallated
copper(u) intermediate. The subsequent oxidation or dispro-
portionation process to give a copper(ui) species, followed by
reductive elimination releases the selenylated product and
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Scheme 51 Copper-catalysed 8-aminoquinoline-directed selenylation
of arene and heteroarene C—H bonds.
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copper(1). Copper(i) could be regenerated to active Cu(u) in the
presence of Ag,CO3, re-entering the catalytic cycle (Scheme 52).

More recently, Kumar’s group successfully achieved the
C-H dichalcogenylations of ferrocene amides with Baidya’s pro-
tocol (Scheme 53).°® A broad range of functional groups such
as methoxy, nitro and halides present in the diaryl disulfide or
diaryl diselenide substrates were well tolerated in these reac-
tions. In contrast, dialkyl and dibenzyl disulfides were not
compatible. Notably, ditellurides were also suitable substrates
in this transformation and afforded the mono-tellurated pro-
ducts in moderate yields. It was supposed that the competing
tellurium-copper complexation in the formed mono-tellurated
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Scheme 52 Proposed mechanism for 8-aminoquinoline-directed C-H
selenylation of arene and heteroarene C—H bonds.

0
ArXXAr /Q
\ Cu(OAc), 20 mol %) _ N
AgOAc (1.3-1.5 equiv) X
\

DMSO, 80 °C, 12 h Fe Ar

\
Me
o
S, N/Q
H
S
é \/i
X=S:72% X=S: 68% 48%
X= Se: 75% X=Se : 70% KF (1.0 equiv)

Scheme 53 Copper-catalysed C—H chalcogenylations of ferrocenea-
mide with aryl disulfides, diselenides, and ditellurides.
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product is favored over the activation of a second C-H bond.
Finally, the authors proposed a plausible copper(u)/copper(i)
catalytic cycle. However, a free radical process through the
homolytic cleavage of dichalcogenides cannot be ruled out at
this stage.

Thereafter, a wide range of bidentate removable directing
groups were explored for this copper-catalysed (mediated) C-H
chalcogenylation. In 2017, Shi and coworkers reported copper-
mediated heteroaryl C-H thiolation with disulfides with the
assistance of the PIP bidentate directing group (Scheme 54)."”
Typical heterocyclic substrates such as pyridine, thiophene,
indole and furan transformed smoothly in the presence of
1.0 equiv. of Cu(OAc), and 2.0 equiv. of Na,CO; without any
oxidant and ligands, and delivered the corresponding mono-
or di-thiolated products in good to excellent yields.
Subsequently, the Song"®® and Ji'*° groups found that 2-amino
alkylbenzimidazole and 2-amino-5-chlorophenyl-1H-pyrazole
(ACPP) were also efficient directing groups for C-H thiolations.
Benzamides bearing a variety of functional groups reacted
with diaryl or dialkyl disulfides smoothly and afforded dithio-
lated products in moderate to good yields. Importantly, more
challenging alkenyl C(sp*)-H substrates such as acrylamide
and cycloalkenyl amide were also compatible in this reaction
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and gave the corresponding mono-thiolated products in good
yields. In contrast, the terminal alkenyl substrates gave a
mixture of mono- and dithiolated products. Later, Lu and co-
workers disclosed an aerobic copper catalyzed peri-selective
thiolation of naphthylamines by using picolinamide as the
bidentate directing group under similar conditions.>*°
Detailed mechanistic studies indicated that this reaction pro-
ceeded through a copper(i)/copper(m) pathway.

More recently, Jana and coworkers demonstrated a copper/
manganese catalysed C-H selenylation with the assistance of
the 8-aminoquinoline directing group (Scheme 55).*°' A wide
range of functionalized benzamides underwent selenylations
with diaryl and dialkyl sulfides, providing the mono- or disele-
nylated products in high yields. Furthermore, the alkenyl
C(sp®)-H acrylamide derivatives could also participate in this
reaction and delivered the Z-selective mono-selenylated pro-
ducts. It was noteworthy that selenium powder was also
demonstrated to be an effective chalcogen source in the pres-
ence of CuCl, as the catalyst under similar conditions. The
considerable intermolecular KIE values (9) implied that the
rate-determining step is likely to involve the C-H bond clea-
vage. Inhibitory effects by radical quenchers such as TEMPO
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Scheme 55 Copper/manganese cocatalysed C—-H selenylation of
arenes, heteroarenes, and alkenes under air.
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and BHT indicated that a SET pathway may not be involved in
this selenation reaction.

The copper-catalysed C-H chalcogenylations were widely
explored with the assistance of a variety of bidentate directing
groups due to their versatility in forming the more stable N,N-
Cu chelated intermediate which could be easily oxidized to
Cu() to promote the transformation efficiently. In contrast, the
mono-dentate directing groups proved to be elusive. In 2016,
the Ackermann group reported copper(i)-catalyzed C-H chalco-
genylations of 1,2,3-triazoles by weak O-assistance overriding
the strong N,N-bidentate moiety (Scheme 56).°> This strategy
tolerated a wide range of functional groups present in both
the disulfide and triazole substrates, providing the chalcoge-
nated products in good yields. The well-defined copper() sele-
nide PhSeCu reacted with triazole efficiently under air, thus
indicating the formation of copper() selenides in this
manifold.

Subsequently, the Ackermann group reported on a copper-
catalysed C-H chalcogenylation of indoles and indolines at the
C2 and C7 positions, respectively (Scheme 57).°® This protocol
featured operational simplicity, broad functional group toler-
ance and excellent regioselectivity, and the directing group was
readily removable. Control experiments conducted with typical
radical scavengers significantly suppressed this transform-
ation, thus indicating that a SET pathway might be involved in
this copper-catalysed C-H chalcogenylation. Based on the pre-
liminary mechanistic studies and the literature precedents,
the authors proposed a copper(u)/copper(ur) catalytic cycle.
Initially, complexation of the pyrimidine directing group by
the copper catalyst took place, followed by C7 C-H activation
to form a six-membered cyclometalated copper(n) intermediate
which then undergoes an oxidation process by the addition
of a sulfenyl radical to generate the copper(m) species.
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Scheme 56 Copper-catalysed C—-H chalcogenylation with the weak
O-assistance.
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Scheme 58 Proposed mechanism for the positional-selective C-H
chalcogenylation of indolines.

Subsequent reductive elimination delivers the desired product
and releases a copper(i) species, which could be reoxidized to
copper(u) by the action of disulfide and oxygen (Scheme 58).
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In 2016, Liu’s group reported copper(u)-catalysed Cé6-selec-
tive C-H thiolation of 2-pyridones for the preparation of func-
tionalized 6-sulfenylation-2-pyridones.>®* In the presence of
20 mol% Cu(OAc), as the catalyst and 20 mol% o0-PBA (2-biphe-
nylcarboxylic acid) as the additive, a wide range of functional
groups were well tolerated under these conditions, providing
the corresponding products in good yields. Both the aryl-sub-
stituted and the less reactive alkyl disulfides showed accepta-
ble reactivity, furnishing the thiolated products in moderate
yields (Scheme 59). Finally, the directing groups could be
easily removed by a hydride reduction to give the NH-free thio-
lated 2-pyridone derivatives. Further mechanistic studies
suggested that a free radical process was not likely involved in
the copper catalysis.

3.2 Cobalt catalysis

As early as 1955, Murahashi and co-workers reported the first
example of a cobalt mediated C-H ortho-carbonylation reaction
for the preparation of phthalimidines by the treatment of a
Schiff base with Co,(CO)g, which laid the foundation for cobalt
catalysed chelation-assisted C-H functionalizations.”*>">" In
recent years, Yoshikai, Ackermann and Nakamura reported
low-valent cobalt-catalysed C-H transformations, including
intermolecular hydroarylation of alkynes and alkenes.
Pyridine, pyrimidine, and imines were employed as the
directing groups for these reactions at room temperature with
Grignard reagents as the reducing agent, featuring good yields
and high stereoselectivities.”*®*%® Thereafter, Daugulis and
Ackermann reported cobalt catalysed alkyne annulations and
alkenylations using the 8-aminoquinoline-derived N,N-biden-
tate directing group.**®>'%*'" These reactions were performed
under mild reaction conditions which enabled a wide range of
substrates to be used. Moreover, the Kanai/Matsunaga group
exploited high-valent Cp*Co™" catalysed addition of aryl C-H
bonds to polar electrophiles.*> Thus, the cobalt(m) manifold
proved to be broadly applicable and enabled C-H cyanations,
amidations, amino-carbonylations, halogenations, allylations
and annulations.?"*">"® Inspired by these findings, the Glorius
group reported the cobalt-catalysed C-H thiolation of indoles
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Scheme 59 Copper(i)-catalysed C6-selective C-H thiolation of
2-pyridones.
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Scheme 60 Cobalt-catalysed C—H thiolation of indoles with thiols.

with thiols assisted by pyrimidine or pyridine directing groups
through a dehydrogenative cross-coupling (Scheme 60).>'7 A
wide substrate scope was demonstrated and the reaction
occurred in all cases with good yields in a regioselective
fashion. Control experiments conducted with [Cp*Co
(CeHe)][B(C6F5)], as the precatalyst resulted in a lower yield
without In(OTf);, thus indicating that In(OTf); plays a dual
role as a halide abstractor and a promoter of the coordination
of thiolates to copper. Additionally, further investigations
implied that the copper salt was essential not only for the
generation of the active catalyst, but also for the formation of
the active thiolation agent. Finally, a plausible mechanism was
proposed as shown in Scheme 61 based on control experi-
ments and the previous literature precedents. Initially, the
active Co(m) species A was formed by the removal of iodide
from [Cp*Co(CO)L,] in the presence of In(OTf); and Cu(OAc),,
followed by a directed C-H activation of indole to provide five-
membered cobaltacycle B. Next, complex B reacted with an
anionic Cu(i) species to deliver cobalt thiolate C, which sub-
sequently underwent a reductive elimination process to release
the thiolated product and cobalt(i) species D. Finally, the
cobalt(1) species could be reoxidized to regenerate the active
catalyst A in the presence of Cu(OAc), or benzoquinone.
Another alternative mechanism involved a nucleophilic attack
process through electrophilic Cu(i1) or Cu(m) thiol species on
species B or trans-metalation of copper species with indole
from B, followed by a reductive elimination process to give the
desired product.

In 2017, Gui’s group reported on a cobalt-catalysed C-H
methylthiolation employing inexpensive DMSO as the methyl-
thiolating agent with the assistance of 8-aminoquinoline as
the bidentate directing group (Scheme 62).>'® The key to the
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Scheme 62 Cobalt-catalysed highly mono-selective ortho-methyl-
thiolation of benzamides.

success was the judicious choice of PhCOCI as the additive,
while others gave inferior results. Substrates decorated with
either electron-withdrawing or electron-donating groups on
the aromatic ring were efficiently converted and furnished the
mono-selective methylthiolated products with excellent regio-
selectivity. Diethylsulfoxide could also participate in this reac-
tion and gave the corresponding ethylthiolated products in
good yields. Moreover, the acrylamide substrates were also
compatible under the optimized conditions and delivered (2)-
(B)-alkenyl sulfides in good yields. As was expected, the amide
could be hydrolyzed to carboxylic acid derivates with overall
56% yield in two steps. Finally, a plausible catalytic cycle invol-
ving a SET process was proposed and is shown in Scheme 63.

This journal is © the Partner Organisations 2020

View Article Online

Review

AQ+Na,CO3
Co"'X aHCO3

@%

o
Na,CO,
o+ Ph
N N
Co—Ny S
SMe x |
s g CO—N\
NaHCO, 2
o
Na,CO
2,COx HO, Me /éAgzco3+X

N Na,CO3
L |
C|° N HCHO
SMe
I
SET
N
S o

™
sMe x X
D

Desired Product C°"X2 | |

I
o

Scheme 63 Cobalt-catalysed highly mono-selective ortho-methyl-
thiolation of benzamides.

The reaction was initiated by the coordination of a cobalt(m)
catalyst to the bidentate directing group to form five-mem-
bered cobaltacycle intermediate A and the following intra-
molecular SET pathway gave radical cation intermediate B. In
the presence of a silver oxidant, the cobalt(un) complex was oxi-
dized to cobalt(m) intermediate C which subsequently reacted
with the methylthio anion generated in situ from DMSO to
form radical intermediate D. After an additional intra-
molecular SET process of species D,
intermediate E underwent a proton elimination pathway from
the phenyl ring, and then rearomatised and was transformed
into F releasing the final product. The concomitantly released
cobalt(u) could be reoxidized to the active cobalt(m) catalyst for
a subsequent catalytic cycle.

More recently, Wang and coworkers disclosed a cobalt-cata-
lysed C-H thiolation assisted by 2-aminopyridine 1-oxide
directing groups (Scheme 64).>'° This method displayed wide
functional group tolerance for both amide substrates and dis-
ulfides, and provided the corresponding mono-thiolated pro-
ducts in moderate to good yields. Importantly, this protocol
was also applicable for the synthesis of quetiapine, an atypical
antipsychotic agent which is an approved drug. Finally, control
experiments conducted with typical radical scavengers indi-
cated that this thiolation reaction might involve a free-radical
pathway. Based on the preliminary mechanistic investigations
and literature precedents, a plausible catalytic cycle involving a
radical coupling of the amide substrate with the thioether
radical was proposed by the authors as shown in Scheme 65.

the thus formed cation

3.3 Nickel catalysis

Nickel is one of the most well-established 3d transition metals
used in catalysis, with a plethora of applications in cross-coup-
ling chemistry.>?°>*> The wide range of synthetically useful
oxidation states that nickel can access produces highly versa-
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Scheme 65 Cobalt-catalysed direct C—H thiolation of aromatic amides
with disulfides.

tile and tuneable catalysts. In addition, nickel has high natural
abundance in the Earth’s crust and compared with its 4d ana-
logue, palladium, it has a low cost. The first report on stoichio-
metric C-H activation was published in 1963 by Dubeck, when
cyclonickelation occurred from the reaction between azo-
benzene and nickelocene.”**
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In 2015, Lu’s group reported the nickel-catalysed directed
C-H thiolations of arenes assisted by the 2-(pyridine-2yl)iso-
propylamine (PIP-amine)***>*° removable bidentate directing
group (Scheme 66).*' The key to the success was the use of
benzoic acid as the additive in these transformations. This
methodology showed a high level of functional group tolerance
for both benzamide and diaryl disulfide substrates, and deli-
vered the di- or mono-thiolated products in good to excellent
yields. Moreover, radical scavenging experiments suggested
that this reaction probably involved a SET process. Finally, the
authors proposed a plausible nickel(n)/nickel(m) catalytic cycle
as shown in Scheme 67. An initially formed five-membered
nickel(r) species engaged with the phenyl sulfide radical to
give the nickel(m) intermediate that furnished the desired
product upon the reductive elimination and protonation
process. Shortly afterward, Shi’s group independently reported
a similar transformation by using BINOL and KTFA as ligands
and DMSO as the terminal oxidant.”** In contrast with Lu’s
work, this reaction might proceed via the nickel(u)/nickel(1v)
pathway that involved an oxidative addition process
(Scheme 68).

Besides the aromatic C(sp”)-H bonds, unactivated C(sp®)-H
bonds could also participate in this nickel-catalysed thiolation.
Subsequently, the same group expanded the substrate scope to
aliphatic carboxamides with the assistance of 8-aminoquino-
line directing groups by using the established Ni/BINOL cata-
lytic system (Scheme 69).>** Notably, this transformation selec-
tively took place at B-C(sp®)-H bonds even in the presence of
y-aromatic C(sp?)-H bonds, thus providing an efficient syn-
thetic pathway to decorated f-thiolated aliphatic carboxa-
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Scheme 66 Nickel-catalysed and benzoic acid-promoted direct thiola-
tion of unactivated arenes.
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Scheme 69 Nickel-catalysed direct thiolation of C(sp®)—H bonds
assisted by the 8-aminoquinoline directing group.

mides. This new thiolation reaction can be considered as a
complementary approach to the previous aromatic C(sp”)-H
thiolations. In addition, the control experiment conducted
with TEMPO or BHT as representative radical scavengers did
not provide evidence for a radical pathway in contrast with the
previous report by Lu, thus indicating that the phenyl sulfide
radical might not be the key intermediate for this transform-
ation. Finally, upon consideration of the previous reports, the
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authors proposed a nickel(u)/nickel(wv) catalytic cycle for this
thiolation reaction.

Almost at the same time, Zhang’s group concurrently
described a direct nickel-catalysed C(sp*)-H thiolation assisted
by the 8-aminoquinoline bidentate directing group.*** This
transformation was accomplished with stoichiometric quan-
tities of the TBAI additive and o-nitrobenzoic acid ligands at a
high reaction temperature with a wide range of functional
groups being tolerated (Scheme 70). Notably, not only the aro-
matic C(sp’)-H bonds, but also the alkenyl C(sp®)-H bonds
were compatible under the optimized conditions and selec-
tively afforded (Z)-alkenyl sulfides in good yields. After the pre-
liminary mechanistic study, the authors proposed that a nickel
(u)/nickel(iv) pathway might be involved in this thiolation reac-
tion. Shortly afterwards, the more challenging C(sp*)-H thiola-
tion was also achieved by Zhang’s and Yin’s groups indepen-
dently with the combination of Ni(OTf),/Ac-Gly-OH or NiBr,/
MesCOOH as catalytic systems.>*>>*® Importantly, these thiola-
tion reactions preferential occurred at the C(sp*)-H bonds of
the B-methyl group over the f-methylene group and the
y-methyl group, thus providing a new approach to access
B-thio carboxylic derivates with excellent regioselectivity.

Independently, Shi’s group reported on a nickel-catalysed
C(sp’)-H thiolation using disulfide or thiol as the sulfur
source with the assistance of the 8-aminoquinoline bidentate
directing group (Scheme 71).**” The authors proposed that the
Ni-DMF complex formed in the presence of a lithium base was
the actual catalyst promoting this transformation. The elec-
tron-deficient benzenethiols exhibited better performance and
provided the desired products in good yields whereas electron-
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Scheme 70 Nickel-catalysed direct ortho-thiolation of arenes and
alkenes.
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Scheme 71 Nickel-catalysed directed thiolations of sp? and sp® C—-H
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rich benzenethiols and alkyl thiols only gave unsatisfactory
results. Similar to Shi’s reports, this thiolation reaction also
only occurred at the primary methyl C-H position over methyl-
ene, even in the presence of activated benzylic methylene.
Additionally, aromatic and alkenyl C(sp*)-H bonds were com-
patible under similar conditions by employing air-stable
NiCl,(DME) as the catalyst precursor. A wide range of func-
tional groups present in both the amide substrates and the dis-
ulfides were well tolerated and delivered the corresponding
products in good to excellent yields. Notably, this reaction per-
formed equally efficiently at the gram scale, demonstrating the
scalability of this transformation. Although the mechanism is
not clear, the observation that the thiol/air catalytic system led
to an increased reaction rate indicated that these transform-
ations might involve different pathways under these two
different conditions. Subsequently, this robust nickel catalytic
system could be employed in the C-H thiolations of N-benzoyl-
a-amino-acid and dipeptide derivatives.**®

More recently, Weng and coworkers also achieved the
nickel-catalysed C-H thiolation,>*® directed by N-(pyridinyl)
hydrazine under slightly modified conditions compared to
Lu’s reports (Scheme 72). This reaction proceeded efficiently
using DMSO as the oxidant with a wide range of functional
groups being well tolerated. Furthermore, the inherent inactive
C(sp®)-H bond also participated in this thiolation smoothly
under the optimized conditions. It is noteworthy that
4-methylbenzenethiol was also a suitable coupling partner
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under the standard conditions presumably due to the oxi-
dation of thiol to disulfide by DMSO. The treatment of the
thus obtained thiolated product with SmI, in the THF/MeOH
mixture as the solvent at room temperature furnished the
corresponding thiolated benzamide in a moderate yield. Based
on a preliminary mechanistic study, the authors postulated a
nickel(n)/nickel(v) catalytic process to be operative in this thio-
lation reaction.

In 2017, the Nishihara group reported on a nickel-catalysed
direct selenylation of 8-quinolyl benzamides with elemental
selenium as the selenylating reagent (Scheme 73).>*° The reac-
tion proceeded smoothly with Ni(OAc)-4H,O and PPh; as the
catalyst and ligand under air with excellent functional group
compatibility. Notably, alkenyl benzamides smoothly reacted
with elemental selenium, affording the corresponding isosele-
nazolone derivatives in moderate yields (Scheme 74).
addition, the thus obtained benzoisoselenazolones could be
further transformed, giving rise to valuable organoselenium
compounds. Although the detailed mechanism was still
unclear at that stage, the authors proposed that the reaction
might proceed through an unprecedented single-electron oxi-
dation of the stable nickelacycle(n) species under air.

Although undisputable progress has been achieved in
nickel-catalysed C-H thiolations, these established methods
were largely limited to electron-deficient benzamide deriva-
tives bearing bidentate directing groups. In this context,
Ackermann and coworkers reported on a nickel-catalysed C-H
chalcogenylation of anilines with the assistance of the remova-
ble monodentate pyrimidine directing group in 2016
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Scheme 75 Nickel-catalysed C—H chalcogenylations of anilines.

(Scheme 75).”*' The key to these transformations was the use
of MnO, as the oxidant which could promote the regeneration
of disulfides or diselenides. This approach demonstrated
excellent functional group tolerance and afforded the corres-
ponding mono- or di-chalcogenated products in good yields.
Mechanistic studies showed that this C-H chalcogenylation
was totally inhibited by the addition of typical radical scaven-
gers, demonstrating that a radical pathway might be involved.
A considerable kinetic isotope effect (KIE) was observed from
two independent experiments conducted with deuterium-
labelled compounds and the corresponding substrate,
suggesting that C-H bond cleavage was the rate-determining
step of the reaction. Based on these mechanistic studies, the
authors proposed a plausible nickel(n)/nickel(m) catalytic cycle
involving oxidation of the free thio radical to form a nickel(ur)
intermediate, followed by a reductive elimination process
(Scheme 76). Finally, the removal of the directing group
smoothly occurred in aqueous HCl under microwave
irradiation, delivering the desired 2-amino thiophenols in
high yields.
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4. Conclusions

During the past decade, the prevalence of S- and Se-containing
molecules in bioactive drugs and functional materials has
induced the development of various transition metal-catalysed
C-H chalcogenylations by chelation assistance. These step-
economical methods have thus emerged as environmentally
friendly strategies for the preparation of unsymmetrical sul-
fides and selenides. Herein, we have summarized the recent
advances featuring representative C-H chalcogenylations.
Thus, challenging C-H chalcogenylations were accomplished
by, among others, precious palladium and ruthenium cata-
lysts, while the recent momentum was gained by the use of
less expensive and less toxic Earth-abundant 3d metals. Here,
particular advances were realized with versatile nickel, cobalt
and copper catalysis manifolds. Despite the indispensable pro-
gress, major challenges still need to be overcome. For instance,
numerous C-H chalcogenylations were conducted at a rela-
tively high reaction temperature with an excess of metal oxi-
dants or an excess of chalcogenylating reagents to ensure
sufficient turnover. Furthermore, the directing groups often
required harsh conditions for their removal or were trans-
formed during the reaction, thus considerably limiting the
molecular diversity and the application in complex molecule
synthesis. Therefore, the development of sustainable strategies
for efficient C-S and C-Se bond construction under mild con-
ditions and the design of removable, transformable and
transient®*>**  directing groups are highly desirable.
Moreover, further studies on the mechanistic manifolds of
these C-H activations will pave the way for green and efficient
routes towards sustainability. We believe that the innovative
accomplishments in these areas will provide practical tools for
the preparation of valuable structural scaffolds, including 5-7-
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membered sulphur-containing heterocycles with major poten-
tial for drug discovery, molecular labeling, organocatalysis and
late-stage diversification, and in materials sciences, among
others.
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