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The development of green and convenient methods for C-S bond formation has received significant at-
tention because C-S bond widely occurs in many important pharmaceutical and biological compounds.
Recently, visible-light photoredox catalysis has been established as an efficient and general tool for the
construction of C-C and C-heteroatom bonds. In this review, we have focused on the research on recent
advances in C-S bond formation via visible-light photoredox catalysis, and the growing opportunities
they present to the construction of complex chemical scaffolds for applications encompassing bioactive
molecules synthesis, synthetic methodology development, and sulfur-containing drugs. We hope that this
review will provide chemists with a synthetic tool that will open the door to further development of

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Sulfur is one of the most important nonmetal elements widely
occur in all living organisms and nature. Numerous natural prod-
ucts, pesticides, and organic functional materials usually have
sulfur-containing frameworks possessing various excellent biolog-
ical activities and optical properties [1-6]. For example, in many
biological macro-molecules such as enzymes and transfer ribonu-
cleic acids (tRNAs), sulfur-containing compounds are indispens-
able which strongly affect their biological activities [7]. In addi-
tion, organosulfur compounds is the core unit of many commer-
cially available drugs, where they are used for the treatment of
many diseases including cancer, diabetes, Alzheimer’s disease, and
AIDS (Fig. 1) [8]. Consequently, the C-S bond forming reaction is of
great significance and is a fundamental area of research in organic
chemistry.

The classical methods for the construction of C-S bond tradi-
tionally involve the following approaches: (a) Nucleophilic substi-
tution reaction between alkyl halides and thiols [9]; (b) transition-
metal-catalyzed cross-coupling reactions of thiols with aryl halides,
pseudo-halides or arylboronic acids [10-14]; (c) transition-metal-
catalyzed direct sulfenylation of inert C-H bonds using thiols,
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sulfenyl halides, disulfides, 1-(substituted phenylthio)pyrrolidine-
2,5-dione arylsulfonyl cyanides or sulfonyl hydrazides as the thiol
source [15-20]. Despite great advantages have been made, there
are still some limitations, including harsh reaction conditions,
strong oxidants, not easily available precursors, and toxic metal salt
catalysts. Thus, there is still plenty of room to develop more envi-
ronmentally benign, simple, and sustainable strategies for the con-
struction of C-S bond.

With the growing demand for environmental protection and
the warning of the energy crisis, the development of sustainable
and green synthetic strategies for organic transformations is highly
desirable. In recent years, visible light-promoted photoredox or-
ganic transformations has attracted continuous interest in organic
chemistry since the seminal studies from the groups of MacMil-
lan, Stephenson, and Yoon and other groups [21-39]. Compared
with the traditional methods, visible-light photoredox catalysis, us-
ing visible light as a renewable energy source, has been demon-
strated as a mild and powerful tool to facilitate activation of or-
ganic molecules through a single-electron transfer (SET) process
[40-51]. This review will summarize the recent advances in the
C-S bond forming reactions via visible-light promoted reactions. In
addition, this review will help readers understand the uniqueness
and novelty of photocatalytic technology in sulfenylation reactions
(Scheme 1).

1001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Examples of sulfur-containing compounds in pharmaceuticals.
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Scheme 1. Overview on the photocatalytic sulfenylation reactions.

2. Photochemical C(sp?)—S bond formation

The development of green and efficient methods for the con-
struction of C(sp?)-S bond has gained much attention from the
synthetic organic chemists due to their wide occurrence in a large
number of natural products and in biologically active molecules. In
recent years, C-H activation/functionalization has been established
as a powerful technique to construct diverse organic molecules
[52-58]. Clearly, the direct sulfenylation of C-H bond is more prac-
tical and economical. However, the synthesis of C—S bonds through
C(sp?)—H functionalization are rather limited. Herein, we summa-
rize the visible-light-mediated C(sp®)—H sulfenylation reactions for
the construction of diverse C(sp?)—S bond.

In 2016, Zhu's group disclosed an elegant and efficient approach
to a-arylthioethers through visible light-induced direct thiolation
a-C(sp3)—H of ethers with diaryl disulfides (Scheme 2) [59]. This
is the first example that used acridine red as energy transfer pho-
tocatalyst in C—S bond forming reactions. The reactions have the
advantages of mild reaction conditions, energy ecology and good
functional group tolerance. On the basis of experimental research,
they proposed a mechanism that was shown in Scheme 2. Acridine
red (AR) was firstly transferred to excited state (AR)* with the ir-
radiation of green LED. Then, the (AR)* interacted with t-BuOOH
(TBHP) to generate two crucial radical species, a tert-butoxy rad-
ical (t-BuO*) and a hydroxyl radical (HO") via an energy transfer
pathway. Subsequently, ‘BuO’ or HO" abstracted hydrogen from a-
C(sp3)—H of 1, leading to a alkoxyalkyl radical 4. The intermediate
4 reacted with 2 to give the desired product 3 and a new radical 5.
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Scheme 2. Direct thiolation at «-C(sp?)—H of ethers with disulfides.

Meanwhile, the radical 5 would be trapped by another alkoxyalkyl
radical 4 to generate the desired product 3.

Allyl thioethers have been widely used as powerful synthons
for the synthesis of thioesters, sulfoxides, sulfones and other sulfur
functional compounds. In additions, they also play an important
role in the field of biological and pharmaceutical fields [60,61]. In
2020, Kim and co-workers initially reported an efficient protocol
of the direct allylic C(sp?)—H thiolation induced by visible light
photoredox catalysis [62]. In the developed method, visible light
photoredox catalysis was used as an efficient promoter to induce
selective HAT (a hydrogen atom transfer) at the allylic position. A
broad range of diaryl disulfides and olefins were tested, and pro-
vided the desired products in good to excellent yields. Based on
the experimental results and in accordance with theoretical stud-
ies, a plausible pathway for this thiolation reaction was proposed
in Scheme 3. Firstly, thiyl radical 9 could be generated through S—S
homolytically cleaved by irradiation of the blue LED. The formed
thiyl radical 9 could participate in either addition to 7 to give
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Scheme 3. Direct allylic C(sp?)—H thiolation with disulfides.

a thiol—ene radical adduct 11 or HAT from the allylic position
to form an ally radical 10. Subsequently, the resulting thiophenol
was deprotonated by hydroxide, which prevented further hydrogen
transfer to 11, leading to the irreversible HAT process. Then, the
intermediate 10 underwent single-electron oxidation by Ir(Ill)* and
gave allyl cation 13. Finally, allyl cation 13 reacted with the 12 pro-
duced the desired product 8.

In 2019, Ji et al. revealed a photocatalytic aerobic coupling of
mercaptobenzimidazoles with carbonyls [63]. Advantages of this
photocatalytic reaction include using O, as the green oxidant, and
easily available rose bengal as the photocatalyst. Based on the con-
trol experiments, the following mechanism was proposed. Initially,
(RB) was converted into the excited RB* under visible-light irra-
diation conditions. Then, thiol 14 reacted with RB* through a SET
to afford the thiyl radical ion 17, which underwent a deprotona-
tion to form radical 18. The addition of 18 to enol 19 leads to alkyl
radical 20. Finally, a SET process and deprotonation pathway took
place again to deliver sulfide intermediate 21, which subsequently
converted to the products 16 through nucleophilic annulations and
workup (Scheme 4).

Furthermore, visible light induced decarboxylation coupling
reactions can also be used as an efficient approach to build
C-S bonds. In 2018, Xiao and co-workers reported a novel and
convenient visible-light-promoted decarboxylative coupling reac-
tion between N-hydroxyphthalimide esters and diaryl disulfides
(Scheme 5) [64]. This developed protocol has some merits includ-
ing the use of broad substrate scope, mild conditions, gram-scale
synthesis, and high product yields, which demonstrates the high
efficiency and practicality. A plausible catalytic cycle was proposed.
Firstly, the reaction was induced by the SET between DIPEA and
Ru*(II). Next, redoxactive ester 23 was reduced by the Ru(I) species
to give alkyl radicals 27 with releasing CO,. Subsequently, the ac-
tive alkyl radical 27 reacted with diaryl disulfide 24 to generate the
desired product 25.

In 2020, Liao’s group also demonstrated an efficient decar-
boxylative thioesterification reaction of redoxactive esters by vis-
ible light and copper catalysis (Scheme 6) [65]. A various of car-
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boxylic acids, including primary, secondary, and tertiary carboxylic
acids, as well as several pharmaceuticals and natural products were
well compatible in the present transformation. In addition, the car-
boxylic groups of drugs such as Indometacin, Gemfibrozil, and Fen-
bufen could be easily converted to the corresponding thioesters.
Based on several control experiments, a possible reaction mecha-
nism was proposed. Under light irradiation, the photocatalyst [Ru']
was firstly excited and then accepted an electron from LnCu(I)
species 32 to afford the corresponding highly reducing [Ru'] and
the key Cu(Il) species 33. Subsequently, a single electron transfer
from [Ru!] to the redox-active ester 28 gave the alkyl radical 34,
which could react with 33 to generate the key intermediate 35.
Then 35 reacted with 29 through a reductive elimination pathway
to deliver the desired thioester products 30.

In 2019, Wei and co-workers reported a thiolation reaction from
carboxylic acids through the combination of photoredox catalysis
and nickel catalysis (Scheme 7) [66]. This is the first example of
a decarboxylative thiolation reaction from carboxylic acids using
benzenesulfonothioates as odorless thiolation reagents. The pro-
posed mechanism is shown in Scheme 7. First, through the SET
process, photoredox catalysis reacted with 36 and gave the alkyl
radical 39. Then, the generated radical 39 reacted with 37 to form
the product 38. Meanwhile, the reactive Ni(0) reacted with 37 to
generate Ni(Il) species 41 by oxidative addition to the N-S bond.
Subsequently, 41 coupled with radical 40 to produce the products
38 through a reductive elimination process.

The thiol-ene coupling (TEC) reaction has attracted significant
attention during the past few years for the formation of C(sp3)-S
bonds which could be successfully used to construct a wide range
of organosulfur compounds, particularly in the fields of materials,
polymers, and drugs [67]. In 2014, Tyson and co-workers disclosed
a new strategy for highly efficient radical thiol-ene conjugation
of various alkenes and thiols using the thiol component as the
limiting reagent [68]. This method exhibits remarkable functional
group tolerance across a wide scope of substrates. Aliphatic thi-
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ols with free hydroxyl and secondary thiols were well tolerated in
the present photocatalytic transformation. Control experiments in-
dicated that p-toluidine serves as a redox mediator that was ca-
pable of catalyzing the otherwise inefficient photooxidation of thi-
ols to the key thiyl radical intermediate. Notably, glutathiones were
also compatible in the reaction and gave the corresponding biolog-
ically active molecules in good yields (Scheme 8).

Subsequently, Bhat’s group reported an elegant visible light-
promoted thiol-ene reactions using titanium dioxide as a photore-
dox catalysis (Scheme 9) [69]. The reaction proceeded under mild
conditions and tolerated a variety of functional groups (ester, ni-
trile, halogen, silane, and alcohol) giving the corresponding prod-
ucts in good yields. Based upon the photo-excitation of electrons to
the conduction band of the titania catalyst, a possible mechanism
for the transformation is proposed. Firstly, the thiol could reduc-
tively quench the hole and delivered a thiyl radical cation, which
subsequently lost a proton to afford a thiyl radical. Next, the thiol-
ene cycle could be initiated by the thiyl radical through addition
to an alkene and formation an alkyl radical, which reacted with
thiol to give a another thiyl radical. In the catalytic cycle, oxygen
worked as a sacrificial electron acceptor, promoting reaction effi-
ciency by reducing hole-electron recombination in the titania.

In 2015, Fadeyi and co-workers have also reported an effi-
cient visible-light-promoted radical thiol-ene reactions using bis-
muth oxide as the photoredox catalyst (Scheme 10) [70]. The de-
veloped method delivered the desired thioether products in good
yields, and various functional groups (including esters, alcohols,
Boc-protected amines, boronic pinacol esters, carboxylic acids, and
pyridine-based heteroaromatics) are well tolerated under the opti-
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mized reaction conditions. A similar mechanism was proposed as
in Scheme 11.

The combination of photocatalysis and organocatalysis is
a unique and useful method in photocatalytic reactions. In
2017, Limnios and co-workers developed a simple and efficient
organocatalytic photoinduced strategy for the thiol-ene coupling
(TEC) reaction between a variety of thiols and olefins using phenyl-
glyoxylic acid as the catalyst-initiator (Scheme 11) [71]. Control
experiments indicated that a chain propagation mechanism was
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dominant. This developed approach might find wide applications
in the field of glycoside and peptide modifications.

Besides the thiol—ene reactions, the alkynes are usually used as
radical acceptors to react with S-radicals. In 2020, Shah and co-
workers developed a single-step photocatalytic thiolation protocol
for the synthesis of B-hydroxydithioacetals from terminal alkynes
[72]. The reaction was achieved by air oxidation under blue LEDs
irradiation with high reaction efficiency, and could be extended
to aliphatic and aromatic alkynes. The electronic effect of sub-
stituents in aromatic alkynes had little effect on the reaction. In
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addition, thioacetals bearing hydroxyl groups could also be applied
for the construction of a~hydroxy aldehydes which serve as build-
ing blocks in the synthesis of various natural products. A plausi-
ble mechanism was shown in Scheme 12. Firstly, the photoexcited
*RB was reductive quenched by thiophenol 61 via a SET process
to generate the thiyl radical cation 63, that subsequently deproto-
nated to form thiyl radical 64. Then, the thiyl radical 64 was added
to alkyne 60 to give the reactive vinyl radical 65, which underwent
hydrogen atom transfer with 61 providing vinyl sulfide 66. Subse-
quently, vinyl sulfide 66 reacted with 64 to afford disulfide radical
species 67. Finally, the hydroperoxide radical reacted with 67 and
further cleavage of hydroperoxide gives 62.

Hydrazones used as precursors to the diazo compounds and
carbene sources, have been regarded as important synthons for
various organic transformations [73]. A diverse array of C-C and
C-heteroatom bonds with good regio- and stereoselectivity could
be constructed under mild conditions using hydazones as build-
ing blocks. In 2019, an efficient and simple visible-light-promoted
Eosin Y catalyzed sulfenylation of hydrazones has been reported
by Chand’s group [74]. This method has a wide range of substrate
scope and various functional groups were well tolerated in the ox-
idative transformation. Control experiments indicated that both the
light irradiation and photocatalyst were essential for the sufeny-
lation pathway. For the reaction mechanism, Eosin Y was firstly
converted into the excited state under green-light irradiation. The
photo-excited Eosin Y was presumed to oxidize 70 to the corre-
sponding thiyl radical cation 72. Then, the reduced Eosin Y radi-
cal anion reacted with O, to generate the superoxide radical anion
(0,7). Subsequently, the superoxide radical anion deprotonates 72
to form the thiyl radical 73 and hydroperoxyl radical. Hydrazone
acts as a precursor to the diazo compound, which on addition with
the 73 gives the intermediate 76. Then the intermediate 76 under-
went dediazotization to generate the C-centered radical 77. Alter-
natively, hydrazone could convert into intermediate carbene 75 in
the presence of hydroxide ion. The intermediate carbene 75 subse-
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quently coupled with the 73 to generate the C-centered radical 77,
followed by hydrogen atom transfer (HAT) to provide the product
71 (Scheme 13).

4-Alkyl-1,4-dihydropyridines (DHPs) can be readily prepared
from aldehydes in one step with high functionalization levels.
Since the pioneering work of Nishibayashi, C-C bond cleavage
of DHPs has been used as an robust tool to construct C—C
and C-heteroatom bonds [75]. In 2020, Ji and Wang's group
developed a visible-light-induced cross-coupling of 4-alkyl-1,4-
dihydropyridines (DHPs) with thio-/selenium sulfonates for the
synthesis of sulfides, sulfoxides, and selenides [76]. Importantly,
the developed method was extended to the construction of a class
of biologically selenylated or thiolated glycosides. In addition, sul-
foxides were also obtained chemoselectively via a variation of
the atmosphere under photocatalyzed reaction conditions. As for
proposed mechanism is shown in Scheme 14. The photocatalyst
4CzIPN (PC) prompted the SET of the DHPs to produce an alkyl
radical 84 and pyridine 85. Next, the alkyl radical 84 reacted with
80 to generate a sulfone radical 86. Through reductive SET process,
86 furnished benzosulfinic acid anion 87 which subsequently af-
forded the benzosulfinic acid through protonation pathway. On the
other side, 10, could be produced from an energy-transfer path-
way between PC* and 30,, which could oxidize the sulfide to the
corresponding sulfoxide 82.

Thiyl radical migration plays an important role in the construc-
tion of C(sp3)—S bond. In 2016, Naskar reported an unprecedented
visible light promoted chemoselective rearrangement of y-keto
acrylate thioesters via elusive thiyl radical migration (Scheme 15)
[77]. Various of y-keto acrylate thioesters bearing arylvinyl groups
at a-position could afford corresponding products in good yields.
In addition, thioesters based on aromatic or alkyl thiols were well
tolerated in the present transformation. Two possible pathways
were proposed for the thiyl radical migration transformation. Path-
way A involved a radical cage process, whereas pathway B pro-
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ceeded via a direct thiyl radical migration. By visible light irra-
diation, trans-thioester 89 suffered isomerization leading to cis-
thioester 89 via stabilized radical allylic intermediate 92. Then 92
underwent intramolecular radical lactonization to afford interme-
diate 93. In the path A, intermediate 93 could afford radical pairs
94 or 95 within a solvent cage via allylic migration which then suf-
fered radical recombination either at C-2 or at C-4 depending upon
the substrates to yield the 90 or 91, respectively. Alternatively, the
radical reaction might also occur via a direct thiyl radical migra-
tion from intermediate 93 (path B). The intermediate 93 could un-
dergo either 1,2-thiyl radical migration to afford the 91 or 1,4-thiyl
radical migration when the substrate was fully substituted by aro-
matics to generate 90 (Scheme 15).

3. Photochemical C(sp?)-S bond formation
3.1. Aryl/heteroaryl C(sp?)—H sulfenylation

The development of catalytic methods to generate C(sp?)-S
bonds remains an important endeavor within the chemical sci-
ences, due to the ubiquity of the aryl thioether motif in phar-
maceuticals and organic materials. Synthesis of aryl sulfides via
C—H functionalization under metal-free [78-82], or transitional-
metal-catalyzed conditions with diverse sulfur sources such as
arylsulfonyl chlorides, sodium arylsulfinates, thiolphenol, disul-
fides, sulfinicacids, and arylsulfonyl hydrazides have attracted con-
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siderable attention from the synthetic community [83-86]. 3-
Substituted indoles compose an important framwork in agrochem-
icals, natural products, and functional materials [87]. Thus, the
development of simple and efficient synthetic approaches to 3-
substituted indoles has been of continuous interest in organic
chemistry. In 2012, Chen et al. developed an efficient visible light-
induced 3-sulfenylation of N-methylindoles with arylsulfonyl chlo-
rides under mild conditions [88]. The products were obtained in
33%-68% yield with good functional groups tolerance. The position
of the substituent on the benzene ring of arylsulfonyl chlorides will
affect the efficiency of the reaction. Steric hindrance of o-methyl
made the reaction sluggish, with longer reaction time and lower
yield. After the preliminary mechanistic study, a possible mecha-
nism was proposed by the authors. The substrate indoles 98 re-
acted with Ru(bpy);2** to generate intermediate 101 via reduc-
tively quenching pathway. Then three steps of SET process afforded
critical intermediate 104. Finally, 98 attacked 104 to produce 105,
which was transformed into the desired product 100 with releas-
ing a proton (Scheme 16).

In 2017, Fan’s group developed an elegant visible-light induced
transformation of indoles into 3-sulfenylindoles using easily avail-
able thiophenols as sulfenylating agents [89]. Diverse thiophenols
and indoles could be efficiently converted to the corresponding 3-
sulfenylindoles under mild conditions. The reaction employs read-
ily available and inexpensive rose bengal as a photocatalyst and air
as the green oxidant. Control experiments indicated that a radical
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pathway might involved in the present transformation. A possible
catalytic cycle was proposed as shown in Scheme 17.

In 2017, Ye and co-workers reported an efficient method for the
synthesis of 3-arylthioindoles from indoles and diaryl disulfides
under visible light conditions [90]. The protocol was efficiently pro-
moted by the catalytic amount of sodium iodide and the desired
products were obtained in moderate to good yields with a wide
range of substrates scope. Control experiments indicated that the
generation of arylthiyl radical through the homolysis of diaryldisul-
fides was considered as the key initiation step. A possible catalytic
cycle was proposed as shown in Scheme 18. The diphenyl disul-
fide 114 was initially activated by visible light irradiation. A sin-
gle electron transfer from iodide to the activated diphenyl disul-
fide provided a diphenyl disulfide anion radical 116. Then 116 gen-
erated a thiophenol anion 118 and a phenylthiyl radical 117. The
coupling of iodine radical and 117 afforded arylsulfenyl iodine 119.
Finally, electrophilic substitution with the indole provided the 3-
arylthioindole product 115.

A similar strategy was developed by the group of Kumar. In
2019, they developed a photocatalyst and transition metal-free
visible light promoted method for the formation of C-S bond
that provided 3-arylthioindoles using oxygen as a benign oxidant
(Scheme 19) [91]. The developed method is amenable and sus-
tainable for potentially operational procedures, and various diaryl-
sulfides and indoles are well tolerated in the present tranforma-
tion. A mechanistic understanding by UV-visible, EPR spectroscopy,
and cyclic voltammetry demonstrates that light promotes electron
transfer from the electron rich arene to oxygen providing an in-
dole cation 125 and a superoxide radical anion. Then, treatment
125 with diaryl disulfides 122 to give intermediate 127 which sub-
squently reacts with anion radical of O,'~ leading to the desired
product 123.
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In 2020, Hazarika and Barman. reported a feasible and sus-
tainable protocol for the sulfenylation of electron rich aromatic
compounds, active methylene derivatives, and indoles under visi-
ble light conditions (Scheme 20) [92]. The developed method fea-
tures a wide range of functional group tolerances. Thiols bearing
electron-donating groups and the electron-withdrawing groups re-
acted with indoles to afford the corresponding products in good
yields. Mechanism investigation indicated that the transformation
involves a radical pathway. Firstly, CS (Cecosporin) was initially ac-
tivated by visible light irradiation and reached to its excited state
species CS*. Subsequently, the CS* reduced indole 128 to produce
radical intermediate 134 and cercosporin radical cation CS**. The
CS**+ served as a strong oxidant to oxidize thiophenol to afford the
thiol radical cation 135. Finally, the thiol radical cation 135 under-
went deprotonation to produce the stabilized phenylthiyl radical
136 which finally reacted with the radical intermediate 134 result-
ing in the formation of the corresponding product 131.

Imidazoheterocycles widely occur in numerous biological com-
pounds possessing excellent biological activities [93]. In re-
cent years, significant progress has been made in the discovery
of efficient methods for the synthesis and functionalization of
imidazo[1,2-a]pyridines. In 2017, Sun’s group succeeded in the uti-
lization of arylsulfinic acids as odorless sulfur reagents for the con-
struction of imidazo[1,2-a]pyridine skeletons via direct sulfenyla-
tion of sp2 C-H bonds reactions under visible-light promoted con-
ditions (Scheme 21) [94]. In this reaction, diverse sulfinic acids,
with either electron-withdrawing or electron-donating groups,
were all efficiently converted to their corresponding C-3 sulfeny-
lated imidazoheterocycles in good yields. In addition, imidazopy-
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ridines with the electron-donating as well as electron-withdrawing
were well tolerated, showing no obvious electronic effect in this
transformation. Based on the control experiments, it is reasonable
to assume that the photocatalyst Eosin B was excited by visible
light irradiation leading to the excited species Eosin B*, which then
underwent SET to TBHP, generating the tert-butoxyl radical 140
and a hydroxyl anion 141. The 140 abstracted a hydrogen from 138
to afford the sulfonyl radical 142. Then, the sulfonyl radical 142 re-
acted with arylsulfinate to provide the corresponding sulfinyl rad-
ical 145, which was reduced by H,0 or t-BuOH to form the thiyl
radical 146. Selective addition of the thiyl radical to the imidazo-
heterocycle formed the carbon-centered radical 146, which could
be further transformed into the carbocation intermediate 147 SET
with Eosin B"*. Finally, the sulfonic acid anion attacked the 8-H of
intermediate E, resulting in the desired product 139.

Shortly thereafter, a similar strategy was developed by the
group of Rahaman. An efficient and sustainable visible light
induced direct C-H bond sulfenylation of various imidazo[1,
2-a]pyridines has been achieved to produce the 3-sulfenyl-
imidazopyridines in good yields (Scheme 22) [95]. Notably, besides
aryl thiols this developed method is also applied to alkyl thiols
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such as methanethiol and butanethiol. A plausible reaction path-
way for the photocatalytic sulfenylation of imidazo[1, 2-a]pyridine
was proposed in Scheme 22. Firstly, RB* was generated from rose
bengal (RB) under the visible-light irradiation of the blue LED
lamp. Subsequently, a SET from thiol 150 to RB* afforded the rad-
ical cation 152 and RB'~. Then, RB*~ was oxidized by air to gen-
erate the ground state rose bengal and O,°~. The deprotonation of
152 by O, led to the formation of stabilized thiyl radical 153. The
generated 153 reacted with 149 to provide the radical intermedi-
ate 154. Finally, 154 was oxidized to intermediate 155 along with
the generation of HOO'~. The deprotonation of 155 generated the
desired product 151.

Quinoxalin-2(1H)-one derivatives have been widely applied in
the areas of medicinal chemistry, materials sciences, and agro-
chemicals [96]. Especially, 3-substituted quinoxalin-2(1H)-ones are
highly critical structural skeletons existing in biologically active
molecules and natural products. Recently, numerous C3-H func-
tionalization reactions of quinoxalin-2(1H)-ones have been ex-
tensively developed [97-102]. In 2019, Xie and co-workers re-
ported a new and efficient visible-light-promoted approach to 3-
sulfenylated quinoxalin-2(1H)-ones through direct C-H sulfenyla-
tion of quinoxalin-2(1H)-ones with thiols under mild conditions
[103]. In this reaction, various 3-sulfenylated quinoxalin-2(1H)-
ones can be efficiently and conveniently obtained in excellent
yields with good functional group tolerance. In addition, diverse
cyclic substituted thiols can participate in the reaction well, and
showed a high reactivity. A possible mechanism for this reaction is
depicted in Scheme 23. Initially, Rhodamine B was excited under
the presence of blue LED light to produce Rhodamine B*. Then, a
SET process from quinoxalin-2(1H)-one 156 to Rhodamine B* af-
forded the reactive radical cation 159 and Rhodamine B*~. Subse-
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quently, the Rhodamine B'~ radical anion was oxidized by O, to
generate the ground state Rhodamine B and O,*~. Next, the nucle-
ophilic addition of thiol 157 to radical cation 159 afforded nitrogen
radical intermediate 160. The further oxidation of intermediate 160
by O, or HO," gave the nitrogen cation intermediate 161. Finally,
the deprotonation of 161 delivered the end product 158.

Almost at the same time, Teng and co-workers also disclosed
a similar strategy of visible-light-induced sulfenylation of quinox-
alinones with thiols via cross-dehydrogenative coupling under
photocatalyst-free conditions [104]. In this developed method, the
different thiols with either electron-withdrawing (F, Cl and Br)
or electron-donating groups (OMe and Me), were all efficiently
converted to the corresponding 3-sulfenylquinoxalinones in good
yields. It is worth noting that for quinoxalinone containing differ-
ent substituents, the groups of -OMe, -Me, and -NO, were slightly
lower reactivity than those with -Cl, -Br, and -CF;. A possible
catalytic cycle was proposed as shown in Scheme 24. Firstly, 4-
methoxybenzenethiol was transformed into thiol anion 165 and
H*. Oxidation of 165 by O, in air under irradiation of a blue LED
light led to thiyl radical 166. Nucleophilic radical 166 was selec-
tively added at the electron-deficient C=N bond of 162 to gener-
ate 167. Then 167 underwent a 1,2-hydrogen shift to provide 168
which then underwent oxidation to afford carbon-centered 169. Fi-
nally, the target product 164 was generated by the deprotonation
of 169.

3.2. Photochemical sulfenylation of aryl/heteroaryl halides

Merging photoredox catalysis with metal catalyzed
cross-coupling reactions that furnish carbon—carbon and
carbon—heteroatom bonds are sustainable and powerful strate-
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gies for the synthesis of pharmaceuticals, fine chemicals, and
materials [105-107]. In 2013, Uyeda and co-workers described
a versatile and mild photoinduced, copper-catalyzed method for
cross-coupling of aryl thiols with aryl halides (Scheme 25) [108].
The attractive advantages of this developed protocol is that the
reaction can proceed under mild conditions (0 °C or below) and
use inexpensive Cul as a precatalyst, and no additional ligand is
necessary. As for the thiols, a various array of aryl thiols serves
as suitable cross-coupling partners. Formation of the sulfenylation
products was clearly explained in the catalytic cycle that these
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couplings might proceed via a SET process from an excited state
of a Cu(I)-nucleophile complex to the organic electrophiles.

In 2016, an efficient method for Ni-catalyzed cross-couplings
of benzyl, aryl and alkyl thiols with aryl and heteroaryl iodides
were achieved by Oderinde and co-workers (Sheme 26) [109]. This
C-S cross-coupling protocol is compatible with a wide range of
functional group tolerance and the reactions can be carried out
in the presence of O,. The developed C—S cross-coupling proto-
col exhibits excellent functional group tolerance and the reactions
can be performed under O, atmosphere. Notably, a wide range of
ortho-substituted aryl iodides bearing -F, -CH3, -NH,, and -CH3
groups participated in the cross-coupling reactions to form C-S
bonds in good yields. Heteroaromatic iodides, which are core units
in the preparation of many bioactive compounds, such as pyrim-
idine, pyridine, indole, thiophene, and protected pyrazole are all
effective electrophiles in this C—S cross-coupling method. A vast
array of thiols are effective coupling partners, such as thiophe-
nols and simple alkyl thiols. Based on a series of control experi-
ments, a proposed mechanism for the dual catalysis is shown in
Scheme 26. Initially, the heteroleptic Ir(Ill)-photocatalyst was ex-
cited under the presence of blue LED light to produce a long-lived
excited state *Ir(Ill). Subsequently, the thiol 173 underwent a SET
process to provide the thiol radical cation 174 and Ir(Ill). Depro-
tonation of the thiol radical cation 174 by pyridine generated a
thiyl radical 175. Then a SET reduction of the 176 by Ir(Il) deliv-
ered a Ni(I)-halide 177. Meanwhile, 175 intercepted the Ni(I)-halide
177 to give a Ni(ll)-species 178, which was reduced by Ir(Il) to a
Ni(I)—sulfide complex 179. Oxidative addition of an aryl iodide to
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179 afforded a Ni(lll)-complex 180, which underwent a facile re-
ductive elimination process to form the final product 176.

Aryl chlorides are inexpensive and easy to obtain. How-
ever, their low reactivity greatly limits their wide application
in transition-metal-catalyzed cross-coupling reactions. In addition,
the deactivation of transition-metal catalysts by thiols has inspired
organic chemists to use specially designed ligands, strong bases,
and high temperatures. These factors prevent this kind of reaction
from being widely used. In 2017, Jiang and co-workers reported
a facile and efficient visible-light photoredox arylation of thiols
with aryl halides under mild conditions (Scheme 27) [110]. In the
developed methods, the substrates of aryl chlorides could toler-
ate similar functional groups to those possible with aryl bromides
and iodides. Moreover, several aryl fluorides bearing electron-
withdrawing groups were tested and afforded the corresponding
products in good yields. A possible mechanism for this reaction is
depicted in Scheme 27. The treatment of an aryl thiol 182 with
Cs,CO5 afforded the corresponding thiolate 184. The photo-catalyst
Ir(Ill) was excited under the presence of blue LED light to pro-
duce an excited state *Ir(Ill). The thiol anion 185 underwent a
SET process by the oxidation of photoexcited *Ir(Ill) provided both
the sulfur-centered radical 186 and Ir(Il). Subsequently, the reduc-
tion of 181 by Ir(Il) delivered radical anion 187 and regenerates
the photocatalyst Ir(Ill). The 185 reacted with 187 to produces the
sulfur-centered radical anion 188, and single-electron transfer from
188 to 189 forged the target product 183.

Disulfides are an attractive alternative to thiols as thiolating
reagents because they are stable to air, widely available, and rel-
atively non-volatile. In 2018, a complementary, general approach
to aryl and vinyl alkyl thioethers from a range of aryl, heteroaryl
and vinyl iodides has been reported by Brzozowski and co-workers
(Scheme 28) [111]. A wide range of thioether products containing
various functional groups can be obtained in high yield as well as
with excellent chemoselectivity. It is worth noting that the devel-
oped method is compatible with oxygen, sulfur and nitrogen con-
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Scheme 28. Visible-light photocatalytic thiolation of aryl and vinyl iodides.

taining heterocycles, highlighting the applicability of this method
to the construction of biologically important skeletons. On the ba-
sis of the control experiments, they proposed the following mech-
anism for the C-S bond forming reaction. Initially, the iodide 190
underwent a SET process from [Ir(ppy)s3]* to provide an [Ir(ppy)s]*
and aryl radical 193. The aryl radical 193 was quenched with di-
alkyl disulfide 191 to produce a sulfur radical adduct 194. Then,
195 underwent direct homolysis of sulfur-based radical to form
thioether products 192. On the other hand, DABCO could function
as an electron shuttle and the possibility of it acting as an oxidant
for the sulfur radical 194 and produce thioether products 192.

With the energy crisis and the growing demand for envi-
ronmental protection, the development of green and metal-free
synthetic strategies is greatly desired. In 2017, Liu et al. devel-
oed a mild and facile visible-light-induced cross-coupling reac-
tion between thiols and arylhalides for the construction of C—S
bonds without either transition metal or photoredox catalysts
(Scheme 29) [112]. In this developed method, a various of thi-
ols containing electron-donating and electron-withdrawing groups
were successfully coupled with aryl halides to yield products in
good to excellent yields. In addition, this metal-free protocol for
C-S coupling reaction was used in late-stage modifications of ac-
tive pharmaceutical molecules and drug synthesis. DFT calculations
and UV-vis spectroscopy indicates that visible-light induced inter-
molecular charge transfer within the thiolate—aryl halide electron
donor—acceptor complex promoted the reactivity in the absence of
a transition metal or a photocatalyst.

S-Aryl dithiocarbamates are ubiquitous in a variety of biologi-
cally active compounds and natural products. In 2019, Li and co-
workers successfully developed a green and efficient multicompo-
nent reaction protocol to synthesize S-aryl dithiocarbamates under
visible light conditions [113]. The reaction can proceed smoothly
without adding any transition-metal catalysts, ligands, or photo-
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catalysts while minimizing chemical wastes and metal residues
in the end products. Notably, aryl iodides bearing the electron-
withdrawing groups displayed high reactivity. It is worth not-
ing that aromatic amines showed good reactivity compared to
alkyl amines. Satisfactorily, this transformation can be applied
to the late-stage functionalization of a pharmaceutically relevant
molecule. A possible mechanism for this reaction is shown in
Scheme 30. Initially, CS, would react with amines in the pres-
ence of Cs,CO;3 to give the corresponding thiolate 203. Then, an
aryl halide and a thiolate anion first associated, forming an EDA
complex. This EDA complex was subsequently activated by visible-
light irradiation to induce a SET from the thiolate anion to the aryl
halide to generate a thiyl radical, a halide anion, and an aryl radical
204. Finally, the aryl radical coupled with the thiyl radical, forming
the coupling product 202.

3.3. Photochemical sulfenylation of aryl/heteroaryl amine derivatives

The cleavage of C—N bond also provides an effective approach
to obtain carbon-centered free radicals. In the past few decades,
nitrogen-containing precursors with relatively weak C—N bonds,
such as aryl diazonium salts, aryl hydrazide, have been success-
fully applied to the generation of various carbon-centered radicals
[114-116]. In 2017, Hong and co-workers reported a mild and con-
venient visible light photocatalysis method for the synthesis of di-
aryl sulfides in the presence of Eosin Y [117]. As for diazonium
salts, ortho and meta-substituted aryl diazonium salts were well-
tolerated in the present transformation. Electron-deficient aryl di-
azonium salts also forged the products in high yields. Two plau-
sible reaction pathways are shown in Scheme 31. First, the irradi-
ation of eosinY (EY) with blue visible light generated its excited
state species EY* that could interacted with O, to provide singlet
oxygen (10,). Then, the singlet oxygen (10,) obtained a hydrogen
atom from thiol to afford thiyl radical 209, which reacted with aryl
radical 210 generated from aryl diazonium salt 206 to produce the
desired diaryl sulfide 207 (Path A). On the other hand, the thiyl
radical 209 could also be produced through a one-electron oxida-
tion process of thiol (Path B). The thiol radical cation 208 by the
Eosin Y radical cation could react with O, to give thiyl radical
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209 for further reaction with aryl radical 210 to generate the fi-
nal product 207. Under the similar conditions. In 2019, Li et al
reported another photocatalytic method for the construction C-S
bond using cercosporin as a photocatalyst (Scheme 32) [118].
Recently, arylhydrazines have attracted considerable attention
as alternative electrophilic partners in cross coupling reactions. In
2019, Li and co-workers presented an efficient visible-light-induced
sulfidation of arylhydrazines for the synthesis of aromatic sulfides
(Scheme 33) [119]. The heterocycle containing hydrazine, reacting
with diaryl disulfides also gave the desired product in good yield.
It should be noted that diaryl disulfides bearing electron-donating
groups, such as -OMe and -NH,, were successfully afforded the
desired products effectively. However, diaryl disulfides bearing a
strong electron-withdrawing group showed relatively poor reac-
tivity. A plausible mechanism was proposed. Initially, under the
irradiation of blue visible light, PC (NayEosin Y) was excited to
the photo-excited state of PC*, which was then converted into
PC*~ by a SET process. Subsequently, the oxidation of PC*~ by O,
formed the ground state photocatalyst and O,'~, while concomi-
tantly, phenyl hydrazine 217 was oxidized to provide radical cation
220. The deprotonation of radical cation 220 by O, or base gave
radical 221. Then via a SET process followed by deprotonation gen-
erated 221 which was converted into 222, and then into radical
223. Subsequently, the elimination of nitrogen from 223 generates
the phenyl radical 224. On the other hand, the phenyl sulfide rad-
ical 225 was obtained through homolytic cleavage of 218 under
visible-light irradiation. Finally, the radical coupling of 224 and 225
delivered the corresponding product diphenyl sulfide 219.
Recently, arylazo sulfones have been successfully used in the
metal-free arylation of heterocycles and unactivated arenes with-
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out the need of additives [120,121]. In 2019, Blank and co-workers
reported an elegant photoinduced synthesis of aryl sulfides under
metal- and photocatalyst-free conditions using arylazo sulfones as
the arylating reagent (Scheme 34) [122]. The current protocol is
a sustainable method that uses a bench-stable arylazo sulfones,
which is easily prepared from anilines, and allows wavelength se-
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lective generation of aryl cations and aryl radicals. Diethyl sulfide
and diphenyl sulfide were also successful in the photocatalyst-free
thioether synthesis resulting in the final products in 50% and 46%
yield, respectively. A plausible mechanism was proposed as shown
in Scheme 34. The irradiation of 227 with blue visible light gen-
erated the photo-excited state 'nz*-state 227*. Subsequent ho-
molytic cleavage of the S-N bond delivered the aryl radical 230
and methanesulfonyl radical 231. Such radicals were trapped by
the disulfide reagent 228 to afford the products 229 and the sul-
fide radical (Y*) 232. Then aryl combined with Y-radicals to provide
232. Hydrogen atom abstraction by the generated radicals from the
solvent to give arenes 233 and sulfinic acid 234. Finally, the recom-
bination of the aryl 230 and methanesulfonyl radical 231 resulted
in a second possible by-product sulfone 235.

3.4. Photochemical cyclization reaction for C(sp?)-S bond formation

Cascade cyclization reaction is a powerful organic transforma-
tions for the construction of carbocyclic and heterocyclic skele-
tons from relatively simple acyclic motifs [123]. In recent years,
the difunctionalization of alkynes via electrophilic ipso-cyclization
or cascade radical ipso-cyclization has been proved to be a highly
attractive and efficient protocol for the synthesis of various func-
tionalized azaspiro[4,5]trienones [124-126]. In 2017, Wei and co-
workers reported a convenient and efficient visible-light-promoted
method for the construction of 3-sulfenyl azaspiro[4,5]trienones
through metal-free difunctionalization of alkynes with thiols at
room temperature [127]. This method uses visible light as the safe
and eco-friendly energy source, and inexpensive and nontoxic or-
ganic dyes as photo-catalysts affording various sulfur-containing
azaspiro[4,5]trienones in moderate to good yields. As for the ary-
lalkynyl, with either electron-withdrawing or electron-donating
groups, were all efficiently converted to the corresponding prod-
ucts. It is worth nothing that the amide with a N-H group was
also successful to afford the desired product in the present reaction
system. Based on the experiments results and previous reports, a
possible reaction mechanism was described in Scheme 35. Firstly,
The irradiation of Na,-Eosin Y with blue visible light generated the
photo-excited state of Na,-Eosin Y*. Subsequently, Na,-Eosin Y* got
a single electron from 237 to generate the radical cation 239 and
Na,-Eosin Y'~ radical anion. Then Na,-Eosin Y~ underwent oxida-
tion of O, (air) to provide the ground state Na,-Eosin Y and Oy~
The radical cation 239 was deprotonated by O,'~ leading to the
thiol radical 240. The resulting thiol radical reacted with 236 to
deliver the vinyl radical 241. Next, the intramolecular spirocycliza-
tion of the vinyl radical with an aryl ring generated the radical
intermediate 242. Finally, 242 was oxidized to afford the desired
oxygenium intermediate 243, which was converted into the final
3-sulfenyl azaspiro[4,5]trienone 238.

The indole framework is a key core scaffold exists widely in
natural products, and biological active molecules [128]. Recently,
the visible light-induced formation of the indole skeleton has at-
tracted considerable attention in the synthetic community. In 2017,
Shi and co-workers demonstrated an efficient and convenient strat-
egy for the construction of 3-sulfenyl indoles via a visible-light-
promoted domino cyclization of 2-alkynylanilines with disulfides
(Scheme 36) [129]. The reaction was induced by visible-light ir-
radiation in the presence of H,0, under transition metal- and
photocatalyst-free conditions to generate the corresponding prod-
ucts in good yields. Control experiments indicated that a free rad-
ical was involved in the present transformation. Mechanistically,
treatment of 2-alkynylaniline 244 with hydroxyl radical, which was
produced from the homolytic cleavage of H,0, under blue LED
irradiation, to give an intermediate 247. Then, the obtained 247
underwent intermolecular cyclization to deliver intermediate 248,
followed by a deprotonation to generate intermediate 249. Finally,
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249 interacted with diphenyl disulfide 245 to provide the end
product 3-sulfenylindole 246.

In 2020, Unsworth reported an elegant visible-light-promoted
intramolecular charge transfer in the radical spirocyclisation of in-
doletethered ynones (Scheme 37) [130]. A wide range of sulfur-
containing spirocycles have been constructed using this high yield-
ing and mild synthetic strategy. The key of this process is the for-
mation of an intermolecular EDA complex between an indole (the
donor) and a pyridinium salt (the acceptor); the EDA complex can
then absorb visible light to promote charge transfer. Substituted
aryl thiols of various electronic effects were well tolerated in the
methods developed. Gratifyingly, aliphatic thiols are also compati-
ble with the standard conditions. A mechanism was proposed that
after the formation of EDA complex 253, a photoexcited state was
generated through visible light absorption, which was loosely rep-
resented as charge transfer complex 254. This species might simply
relax to reform EDA complex 253 via back electron transfer, or al-
ternatively, the thiol gave a hydrogen atom to the excited state 254
to afford 255 which was needed to start a radical cascade. Finally,
thiyl radical reacted with the ynone to afford the final products
252 (Scheme 37).

Quinoline and its derivatives represent an important class of
naturally occurring heterocycles for its efficient biological and
physiological activities [131]. Studies for constructing 3-substituted
quinolines are still an important goal in the field of organic chem-
istry. In 2019, Wang et al. reported an efficient one-pot method for
the synthesis of 3-phenylthioquinolines via visible-light promoted
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cyclization of N-aryl-N-tosylpropargylamine with disulfides [132].
This unprecedented method, involving C—S bond formation, deto-
sylation and aromatization, provided the 3-phenylthioquinolines in
a wide range substrate scope under mild conditions. According to
the results of the control experiments, a possible reaction path-
way was proposed in Scheme 38. Firstly, the photoredox catalyst
fac-Ir(ppy)s; was irradiated to the excited state Ir*(Ill), which un-
derwent oxidative quenching with 258 to afford radical 260 and
Ir(IV). Then radical 260 underwent intermolecular addition to 257
to afford radical 261. Subsequently, the radical 261 went through
intramolecular cyclization to generate radical 262 and then it was
oxidized to produce carbocation 263 by Ir(IV). Carbocation 263 un-
derwent deprotonation to give compound 264 which subsequently
experienced detosylation and aromatization to provide the final
product 259.

Organic dyes are increasingly utilized as an attractive alterna-
tive to the transition-metal complexes in photoredox catalysisdue
to their advantages of being inexpensive, easily available and less
toxic [133]. In 2019, Nair and co-workers reported an elegant ap-
proach to sulfenylated dihydrochromenones through visible-light-
induced thiol-yne/conjugate addition cascade of alkyne-tethered
cyclohexadienones (Scheme 39) [134]. The reaction shows good
functional group tolerance and is carried out in metal-free condi-
tions using cheap and readily available Eosin Y as the photocata-
lyst and using green light as a sustainable energy source. Notably,
aliphatic thiols are as effective as the aromatic ones giving excel-
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lent yields of the cyclized products. Gratifyingly, sensitive func-
tional groups like nitro, acetyl and trifluoromethyl are compatible
under the reaction conditions. A plausible mechanism is shown in
Scheme 39. Under the irradiation of Eosin Y with green visible
light generated the photo-excited state of Eosin Y*, which on re-
ductive quenching by thiol 266 generated Eosin Y~ and thiyl rad-
ical cation 268. The radical cation 268 lost a proton to form the
thiyl radical 269, which was added to alkynes to give a vinyl rad-
ical 270 which was stabilized by an aryl ring. The intermolecular
cyclization of the radical to give the intermediate 271. Then the in-
termediate 271 abstracted a hydrogen atom from another molecule
of thiol and generate the end product 267 and thiyl radical 269.
Finally, Eosin Y~ was oxidized by an O, to regenerate the active
photocatalyst Eosin Y.

4. Conclusions and outlook

Over the past few years, extensive experimental work in visible-
light catalyzed cross-coupling and cyclization reactions has re-
sulted in significant advances for C-S bond formation under mild
conditions. The progress summarized in this review highlights the
photochemical C(sp3)—S and C(sp?)—S bond formation that have
been developed in organic synthesis. In these processes, the dis-
covery and development of simple and efficient photocatalytic sys-
tems and rational design of substrate types play an important
role. As shown in the above mentioned examples, this strategy
is quite valuable for the construction of diverse sulfur-containing
molecules.

Despite great progress has been made, however, many oppor-
tunities and challenges still remain as follows: (1) In terms of
the visible-light-promoted C(sp3)—S bond construction, the sub-
strate scope is limited. Therefore, the development of new pho-
tocatalytic systems to achieve the diversity of substrates activation
and transformation is still a large research space; (2) Photocatalyst-



D. Yang, Q. Yan, E. Zhu et al.

free visible-light-promoted sulfenylation of arylhalides has been
developed, however, the substrates are mainly focus on aryl halides
with electron-withdrawing groups; (3) The visible-light-induced
C-S bond construction reaction directly using sulfur powder as
the sulfur source has not been achieved thus far; (4) Visible-light-
promoted C(sp)-S bond formation has not been achieved thus far,
so it is highly desirable to develop new catalytic systems to achieve
this transformation. All of these issues need further exploration,
and the results need further improvement. Visible-light-catalyzed
C-S bond formation is still a vigorous research area with both
great prospect and huge challenges. We believe there will be more
and more innovative achievements presented in the near future.

Declaration of competing interest

The authors declare that they have no known competing finan-
cialinterestsor personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

This work was supported by the Natural Science Foundation
of Shandong Province (No. ZR2016JL012), Hunan Provincial Natural
Science Foundation of China (No. 2019]]20008), and the Scientific
Research Foundation of Qingdao University of Science and Technol-
ogy (No. 1203043003457).

References

[1] W.M. He, Y. Wu Lin, D.H. Yu, Sci. China Chem. 63 (2020) 291-293.
[2] D. Dong, W. Chen, D. Chen, et al., Chin. J. Org. Chem. 39 (2019) 3190-3198.
[3] M. Wang, C. Wang, X. Jiang, Chin. J. Org. Chem. 39 (2019) 2139-2147.
[4] W. Yang, M. Zhang, W. Chen, X. Yang, ]. Feng, Chin. J. Org. Chem. 40 (2020)
4060-4070.
[5] S.H. Hao, L.X. Li, D.Q. Dong, Z.L. Wang, Chin. J. Catal. 38 (2017) 1664-1667.
[6] D. Cao, P. Pan, CJ. Li, H. Zeng, Green Synth. Catal. 2 (2021) 303-306.
[7] PJ. Borpatra, B. Deka, M.L. Deb, PK. Baruah, Org. Chem. Front. 6 (2019)
3445-3489.
[8] Z.W. Xiao, L. Wang, J.J. Wei, C.Z. Ran, Chem. Commun. 56 (2020) 4164-4167.
[9] K. Dunbar, D.H. Scharf, A. Litomska, C. Hertweck, Chem. Rev. 117 (2017)
5521-5577.
[10] G. Mann, D. Baranano, J.F. Hartwig, A.L. Rheingold, L.A. Guzei, ]. Am. Chem.
Soc. 120 (1998) 9205-9219.
[11] CK. Chen, Y.W. Chen, C.H. Lin, H.P. Lin, C.E. Lee, Chem. Commun. 46 (2010)
282-284.
[12] M. Arisawa, T. Suzuki, T. Ishikawa, M. Yamaguchi, J. Am. Chem. Soc. 130
(2008) 12214-12215.
[13] A. Correa, M. Carril, C. Bolm, Angew. Chem. Int. Ed. 47 (2008) 2880-2883.
[14] Y.C. Wong, T.T. Jayanth, C.H. Cheng, Org. Lett. 8 (2006) 5613-5616.
[15] X. Chen, XS. Hao, CE. Goodhue, ].Q. Yu, J. Am. Chem. Soc. 128 (2006)
6790-6791.
[16] P. Anbarasan, H. Neumann, M. Beller, Chem. Commun. 47 (2011) 3233-3235.
[17] P. Saravanan, P. Anbarasan, Org. Lett. 16 (2014) 848-851.
[18] S. Ranjit, R. Lee, D. Heryadi, et al., J. Org. Chem. 76 (2011) 8999-9007.
[19] L. Chu, X. Yue, FL. Qing, Org. Lett. 12 (2010) 1644-1647.
[20] M. Zhang, S. Zhang, C. Pan, F. Chen, Synth. Commun. 42 (2012) 2844-2853.
[21] D.A. Nicewicz, D.W.C. MacMillan, Science 322 (2008) 77-80.
[22] CK. Prier, D.A. Rankic, D.W.C. MacMillan, Chem. Rev. 113 (2013) 5322-5363.
[23] L. Shi, W. Xia, Chem. Soc. Rev. 41 (2012) 7687-7697.
[24] J.M.R. Narayanam, C.RJ. Stephenson, Chem. Soc. Rev. 40 (2011) 102-113.
[25] S. He, X. Chen, F. Zeng, et al., Chin. Chem. Lett. 31 (2020) 1863-1867.
[26] T.P. Yoon, M.A. Ischay, J. Du, Nat. Chem. 2 (2010) 527-532.
[27] D.M. Schultz, T.P. Yoon, Science 343 (2014) 1239176.
[28] J. Xuan, WJJ. Xiao, Angew. Chem. Int. Ed. 51 (2012) 6828-6838.
[29] Z. Gan, G. Li, X. Yang, et al., Sci. China Chem. 63 (2020) 1652-1658.
[30] D.P. Hari, B. Konig, Angew. Chem. Int. Ed. 52 (2013) 4734-4743.
[31] Y. Xi, H. Yi, A. Lei, Org. Biomol. Chem. 11 (2013) 2387-2403.
[32] L. Wang, M. Zhang, Y. Zhang, et al., Chin. Chem. Lett. 31 (2020) 67-70.
[33] D. Chen, Y. Sun, D. Dong, Q. Han, Z. Wang, Chin. J. Org. Chem. 40 (2020)
4267-4273.
[34] L. Wang, P. Bao, W. Liu, et al., Chin. J. Org. Chem. 38 (2018) 3189-3196.
[35] X. Yuan, G. Yang, B. Yu, J. Chin, Org. Chem. 40 (2020) 3620-3632.
[36] M.W. Johnson, K.I. Hannoun, Y. Tan, G.C. Fu, J.C. Peters, Chem. Sci. 7 (2016)
4091-4100.
[37] M. Jouffroy, C.B. Kelly, G.A. Molander, Org. Lett. 18 (2016) 876-879.
[38] J.D. Bell, J.A. Murphy, Chem. Soc. Rev. 50 (2021) 9540-9685.
[39] S.Q. He, H.C. Li, X.L. Chen, et al., Chin. J. Org. Chem. 41 (2021) 4661-4689.
[40] Y. Kong, W. Xu, X. Liu, J. Weng, Chin. Chem. Lett. 31 (2020) 3245-3249.

1815

Chinese Chemical Letters 33 (2022) 1798-1816

[41] W. Guo, K. Tao, W. Tan, et al., Org. Chem. Front. 6 (2019) 2048-2066.
[42] L. Revathi, L. Ravindar, W.Y. Fang, K.P. Rakesh, H.L. Qin, Adv. Synth. Catal. 21
(2018) 4652-4698.
[43] V. Srivastava, PK. Singh, A. Srivastava, P.P. Singh, RSC Adv. 10 (2020)
20046-20056.
[44] W.B. He, L.Q. Gao, XJ. Chen, et al., Chin. Chem. Lett. 31 (2020) 1895-1898.
[45] S. Peng, Y.W. Lin, W.M. He, Chin. ]. Org. Chem. 40 (2020) 541-542.
[46] N. Sundaravelu, A. Nandy, G. Sekar, Org. Lett. 23 (2021) 3115-3119.
[47] Z. Guo, X. Liu, R. Bai, Y. Che, Y. Chi, Inorg. Chem. 60 (2021) 8672-8681.
[48] J. Bai, S. Yan, Z. Zhang, Z. Guo, C.Y. Zhou, Org. Lett. 23 (2021) 4843-4848.
[49] Q. Xu, X. Zhou, S. Zhang, et al., Org. Lett. 23 (2021) 4870-4875.
[50] K. Sun, G. Li, Y. Li, et al., Adv. Synth. Catal. 362 (2020) 1947-1954.
[51] C.L. Wu, Q.L. Bian, T. Ding, et al., ACS Catal. 11 (2021) 9561-9568.
[52] Y. Qin, L. Zhy, S. Luo, Chem. Rev. 117 (2017) 9433-9520.
[53] G. Yang, N. Butt, W. Zhang, Chin. J. Catal. 37 (2016) 98-101.
[54] H. Li, X. Cui, Chin. J. Org. Chem. 40 (2020) 543-544.
[55] R. Shang, L. Ilies, E. Nakamura, Chem. Rev. 117 (2017) 9086-9139.
[56] J.F. Hartwig, M.A. Larsen, ACS Cent. Sci. 2 (2016) 281-292.
[57] W.T. Wei, Q. Li, M.Z. Zhang, W.M. He, Chin. J. Catal. 42 (2021) 731-742.
[58] J.Y. Chen, H.Y. Wu, Q.W. Gui, et al., Chin. ]. Catal. 42 (2021) 1445-1450.
[59] X. Zhu, X. Xie, P. Li, J. Guo, L. Wang, Org. Lett. 18 (2016) 1546-1549.
[60] D.A. Evans, G.C. Andrews, Acc. Chem. Res. 7 (1974) 147-155.
[61] Q.Q. He, G.M. Fang, L. Liu, Chin. Chem. Lett. 24 (2013) 265-269.
[62] J. Kim, BJ. Kang, S.H. Hong, ACS Catal. 10 (2020) 6013-6022.
[63] X. Ji, M. Tan, M. Fu, GJ. Deng, H. Huang, Org. Biomol. Chem. 17 (2019)
4979-4983.
[64] Z.W. Xiao, L. Wang, ].J. Wei, C.Z. Ran, Chem. Commun. 56 (2020) 4164-4167.
[65] T. Xu, T. Cao, M. Yang, et al., Org. Lett. 22 (2020) 3692-3696.
[66] L.D. Wei, C. Wu, C.H. Tung, W. Wang, Z. Xu, Org. Chem. Front. 6 (2019)
3224-3227.
[67] E. Dénés, M. Pichowicz, G. Povie, P. Renaud, Chem. Rev. 114 (2014) 2587-2693.
[68] E.L. Tyson, Z.L. Niemeyer, T.P. Yoon, ]. Org. Chem. 79 (2014) 1427-1436.
[69] V.T. Bhat, P.A. Duspara, S. Seo, N.S.B. Abu Bakar, M.F. Greaney, Chem. Com-
mun. 51 (2015) 4383-4385.
[70] O. Fadeyi, ].J. Mousseau, Y.Q. Feng, et al., Org. Lett. 17 (2015) 5756-5759.
[71] D. Limnios, C.G. Kokotos, Adv. Synth. Catal. 359 (2017) 323-328.
[72] B.A. Shah, EM. Manhas, J. Kumar, et al., ChemPhotoChem 5 (2021) 235-239.
[73] X.Q. Huy, X. Qi, J.R. Chen, et al., Nat. Commun. 7 (2016) 11188.
[74] S. Chand, A.K. Pandey, R. Singh, S. Kumar, K.N. Singh, Chem. Asian ]. 14 (2019)
4712-4716.
[75] K. Nakajima, S. Nojima, Y. Nishibayashi, Angew. Chem. Int. Ed. 55 (2016)
14106-14110.
[76] J. Li, X.E. Yang, S.L. Wang, et al., Org. Lett. 22 (2020) 4908-4913.
[77] 1D Naskar, Adv. Synth. Catal. 359 (2017) 875-885.
[78] EL. Yang, S.K. Tian, Angew. Chem. Int. Ed. 52 (2013) 4929-4932.
[79] D. Yang, K. Yan, W. Wei, et al,, J. Org. Chem. 80 (2015) 6083-6092.
[80] Z. Gan, X. Zhu, Q. Yan, X. Song, D. Yang, Chin. Chem. Lett. 32 (2021)
1705-1708.
[81] X.M. Xu, D.M. Chen, Z.L. Wang, Chin. Chem. Lett. 31 (2020) 49-57.
[82] X. Xu, H. Yang, W. Li, Chin. J. Org. Chem. 40 (2020) (2021) 1912-1925.
[83] P. Anbarasan, H. Neumann, M. Beller, Chem. Commun. 47 (2011) 3233-3235.
[84] P. Saravanan, P. Anbarasan, Org. Lett. 16 (2014) 848-851.
[85] X. Chen, X.S. Hao, C.E. Goodhue, J.Q. Yu, J. Am. Chem. Soc. 128 (2006)
6790-6791.
[86] L. Chu, X. Yue, EL. Qing, Org. Lett. 12 (2010) 1644-1647.
[87] D. Funk, Nat. Rev. Drug Discov. 4 (2005) 664-672.
[88] M. Chen, ZT. Huang, Q.Y. Zheng, Chem. Commun. 48 (2012) 11686-11688.
[89] Y.Q. Wu, D.L. Chen, X.L. Fan, RSC Adv. 7 (2017) 37739-37742.
[90] L. Ye, ]. Chen, P. Mao, X. Zhang, M. Yan, Tetrahedron Lett. 58 (2017)
2743-2746.
[91] V. Rathore, S. Kumar, Green Chem. 21 (2019) 2670-2676.
[92] S. Hazarika, P. Barman, ChemistrySelect 5 (2020) 11583-11589.
[93] K.C. Rupert, J.R. Henry, J.H. Dodd, et al., Bioorg. Med. Chem. Lett. 13 (2003)
347-350.
[94] P. Sun, D. Yang, W. Wei, et al., Green Chem. 19 (2017) 4785-4791.
[95] R. Rahaman, S. Das, P. Barman, Green Chem. 20 (2018) 141-147.
[96] LY. Xie, J.L. Hu, Y.X. Song, et al, ACS Sustain. Chem. Eng. 7 (2019)
19993-19999.
[97] LY. Xie, Y.S. Bai, X.Q. Xu, et al., Green Chem. 22 (2020) 1720-1725.
[98] LY. Xie, S. Peng, LH. Yang, et al., Green Chem. 23 (2021) 374-378.
[99] LY. Xie, Y.S. Liu, H.R. Ding, et al., Chin. J. Catal. 41 (2020) 1168-1173.
[100] N. Meng, Y. Lv, Q. Liu, et al., Chin. Chem. Lett. 32 (2021) 258-262.
[101] Y.E Si, K. Sun, X.L. Chen, et al., Org. Lett. 22 (2020) 6960-6965.
[102] J. Shi, W. Wei, Chin. J. Org. Chem. 40 (2020) 2170-2172.
[103] LY. Xie, Y.L. Chen, L. Qin, et al.,, Org. Chem. Front. 6 (2019) 3950-3955.
[104] Q.H. Teng, Y. Yao, W.X. Wei, et al., Green Chem. 21 (2019) 6241-6245.
[105] E. Koranteng, Y.Y. Liu, S.Y. Liu, et al., Chin. ]. Catal. 40 (2019) 1841-1846.
[106] X.Y. Yu, J.R. Chen, W]. Xiao, Chem. Rev. 121 (2021) 506-561.
[107] S. Witzel, A.S.K. Hashmi, J. Xie, Chem. Rev. 121 (2021) 8868-8925.
[108] C. Uyeda, Y. Tan, G.C. Fu, J.C. Peters, ]. Am. Chem. Soc. 135 (2013) 9548-9552.
[109] M.S. Oderinde, M. Frenette, D.W. Robbins, B. Aquila, JW. Johannes, J. Am.
Chem. Soc. 138 (2016) 1760-1763.
[110] M. Jiang, H. Li, H. Yang, H. Fu, Angew. Chem. Int. Ed. 56 (2017) 874-879.
[111] M. Brzozowski, A.D. Scully, ]. Burton, D.W. Luptone, A. Polyzos, Org. Biomol.
Chem. 16 (2018) 1543-1551.
[112] B. Liu, C.H. Lim, G.M. Miyake, ]J. Am. Chem. Soc. 139 (2017) 13616-13619.



D. Yang, Q. Yan, E. Zhu et al.

[113] G. Li, Q. Yan, Z. Gan, et al.,, Org. Lett. 21 (2019) 7938-7942.

[114] 1. Ghosh, L. Marzo, A. Das, R. Shaikh, B. Konig, Acc. Chem. Res. 49 (2016)
1566-1577.

[115] E. Mo, D. Qiu, L. Zhang, J. Wang, Chem. Rev. 121 (2021) 5741-5829.

[116] G. Kibriya, S. Mondal, A. Hajra, Org. Lett. 20 (2018) 7740-7743.

[117] B. Hong, ]. Lee, A. Lee, Tetrahedron Lett. 58 (2017) 2809-2812.

[118] J. Li, W. Bao, Y. Zhang, Y. Rao, Eur. ]. Org. Chem. 2019 (2019) 7175-7178.

[119] R. Li, T. Shi, X.L. Chen, et al., New. ]. Chem. 43 (2019) 13642-13646.

[120] S. Crespi, S. Protti, M. Fagnoni, ]. Org. Chem. 81 (2016) 9612-9619.

[121] C. Sauer, Y. Liu, A. De Nisi, et al., ChemCatChem 9 (2017) 4456-4459.

[122] L. Blank, M. Fagnoni, S. Prottib, M. Rueping, Synthesis 51 (2019) 1243-1252
(Mass).

1816

Chinese Chemical Letters 33 (2022) 1798-1816

[123] C.M.R. Volla, 1. Atodiresei, M. Rueping, Chem. Rev. 114 (2014) 2390-2431.

[124] X. Zhang, R.C. Larock, J. Am. Chem. Soc. 127 (2005) 12230-12231.

[125] B. Godoi, R.F. Schumacher, G. Zeni, Chem. Rev. 111 (2011) 2937-2980.

[126] LJ. Wu, EL. Tan, M. Li, RJ. Song, J.H. Li, Org. Chem. Front. 4 (2017) 350-353.

[127] W. Wei, H. Cui, D. Yang, et al., Green Chem. 19 (2017) 5608-5613.

[128] G.R. Humphrey, ].T. Kuethe, Chem. Rev. 106 (2006) 2875-2911.

[129] Q. Shi, P. Li, Y. Zhang, L. Wang, Org. Chem. Front. 4 (2017) 1322-1330.

[130] W.P. Unsworth, Chem. Sci. 11 (2020) 1353-1360.

[131] K. Li, J. Ou, S. Gao, Angew. Chem. Int. Ed. 55 (2016) 14778-14783.

[132] Y.Z. Wang, H.R. Zhang, L. Zhou, ].D. Fang, X.Y. Liu, Tetrahedron 75 (2019)
2893-2899.

[133] X.Z. Fan, J.W. Rong, H.L. Wu, et al., Angew. Chem. Int. Ed. 57 (2018) 8514-8518.

[134] A.M. Nair, S. Kumar, CM.R. Volla, Adv. Synth. Catal. 361 (2019) 4983-4988.



