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Organothianthrenium salts are a class of compounds containing a positively charged sulfur atom and
a neutral sulfur atom. Over the past years, organothianthrenium salts have been emerging as attractive
precursors for a myriad of transformations to forge new C-C and C-X bonds due to their unique
structural characteristics and chemical behaviors. The use of the thianthrenation strategy selectively
transforms C-H, C-0O, and other chemical bonds into organothianthrenium salts in a predictable

manner, providing a straightforward alternative for regioselective functionalizations for arenes, alkenes,
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Accepted 7th October 2022 alkanes, alcohols, amines and so on through diverse reaction mechanisms under mild conditions. In this
review, the preparation of different organothianthrenium salts is summarized, including aryl, alkenyl and

DOI: 10.1039/d25c04507a alkyl thianthrenium salts. Moreover, the utilization of organothianthrenium salts in different catalytic
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1. Introduction

Direct functionalization of inert chemical bonds, such as C-H,
C-C, C-O, and C-N bonds in organic molecules, into other
chemical bonds in a selective manner is appealing and repre-
sents a long-term challenge for chemists. Over the past few
decades, considerable progress has been achieved in the
selective functionalization of the C-H bond for the synthesis of
C-C and C-X bonds.*™ In particular, successful applications of
direct C-H bond functionalizations in the synthesis of complex
target molecules, including natural products, lead drug mole-
cules, and functional materials have been achieved, demon-
strating the significance and great potential of selective C-H
bond functionalizations in organic synthesis and related
areas.'® However, selective functionalization of specific C-H
bonds in a chemo- and regioselective fashion remains a formi-
dable challenge due to the massive existence of different C-H
bonds and their similar reactivity. Typically, chemo- and
regioselectivity can be achieved in substrates with specific
substitution patterns or facilitated by an appropriate directing
group. The use of a directing group significantly improves the
selectivity of C-H activation, thus increasing the synthetic
potential of C-H bond functionalizations. However, the instal-
lation and removal of directing groups from the substrates need
tedious steps and impose extra challenges for this strategy.
Accordingly, strategies enabling the C-H functionalization
reaction proceed with high positional selectivity and install
a functional group, which could directly serve as a synthetic
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processes and their synthetic potentials are also discussed.

linchpin for further elaboration to access a variety of well-
defined molecular complexities, are ideal alternatives for
selective C-H functionalizations. To date, a few highly selective
C-H functionalization reactions which do not require directing
groups, including the para-selective C-H TEDAylation (TEDA, N-
(chloromethyl) triethylenediamine) reaction, have been ach-
ieved.** The TEDA could serve as a chemical handle for further
elaboration. Unfortunately, these methods suffer from limited
types of substrates.

Over the past few decades, organosulfur compounds played
a vital role in the development of synthetic chemistry,*
including sulfur ylides,* sulfoxides,* sulfonates,* and sulfo-
nium salts.***” As a typical type of organosulfur compound,
organothianthrenium salts have immense potential in organic
synthesis. As a typical type of organosulfur compound, orga-
nothianthrenium salts offer additional potential in organic
synthesis due to their unique structural properties and reac-
tivities. Thianthrenation provides an opportunity for direct
access to thianthrenium salts in the absence of any directing
groups via C-H, C-O, or C-M bond functionalizations.
Furthermore, thianthrenation achieves positional selectivity by
combining the electronic effect and steric effect together,
providing additional chemical space for the selective formation
of C-C, C-X bonds through different mechanisms under mild
conditions.*® To date, organothianthrenium salts have been
developed as versatile precursors for diverse chemical bond-
forming processes.*** In 2022, Wang summarized recent
advances in the thianthrenation-enabled C(sp®)-C/X bond
formation reactions of aryl thianthrenium salts.”® However,
a comprehensive review covering the synthesis and application
of organothianthrenium salts, including aryl, alkenyl, and alkyl
thianthrenium salts, is necessary. This review summarizes the
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Fig. 1 Synthesis and utilization of organothianthrenium salts.

synthesis of different types of organothianthrenium salts from
various precursors by converting C-H and C-O bonds to C-S
bonds. Moreover, the applications of organothianthrenium
salts in organic synthesis to forge new C-C, C-H and C-
heteroatom bonds by C-S bond cleavage are discussed with
mechanistic considerations (Fig. 1).

2. Synthesis of organothianthrenium
salts

In 1957, Calvin and co-workers detected free cationic radical
species by dissolving thianthrene or its monosulphoxide or
disulphoxide in trifluoroacetic acid (Fig. 2).> In 1962, Lucken
isolated and characterized the formation of perchlorate of
thianthrenium from perchloric acid and thianthrene for the
first time.*® In 1965, Shine and co-workers synthesized and
identified aryl thianthrenium salts for the first time by treating
the thianthrene cationic radical intermediate with simple
electron-rich aromatics.”” This seminal work has stimulated
great effort into the development of efficient synthesis of
different organothianthrenium salts.

2.1 Synthesis of aryl thianthrenium salts

In 1971, Shine reported the electrophilic aromatic substitution of
thianthrenium perchlorate with electron-rich aromatics to form
the corresponding perchlorate aryl thianthrenium perchlorates
(1) (Scheme 1a).**** Thianthrenium perchlorate (TP) was
prepared from thianthrene, by treating it with perchloric acid
and acetic anhydride. An excess amount of arenes was added to

(PR g’ CIH,0
+ S +
e e
S S

R= CF3CO or SOgH) ‘monohydrate of
f dical from aryl thianthrenylium chloride
Calvin, 1957 Shine, 1965

perchlorate
Lucken, 1962

Fig. 2 The landmarks for the discovery of organothianthrenium salts.
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Scheme 1 Synthesis of aryl thianthrenium salts.

a solution of TP in nitromethane to generate the corresponding
aryl thianthrenium perchlorates (1). The conditions worked well
for anisole and toluene, but were not applicable to benzene,
chlorobenzene and nitrobenzene. Later, the aryl thianthrenium
chlorides (1) were obtained by the reaction of AlCl; with thian-
threne S-oxide, followed by treatment with arenes (Scheme
1b).*>** However, the above-mentioned aryl thianthrenium salts
have the propensity to undergoing detonation during drying,
rendering the thianthrenium salts intrinsically unstable and
dangerous. Later, methods using aryl Grignard reagents or Ar,Hg
to synthesize aryl thianthrenium salts from thianthrene sulf-
oxide or thianthrene were developed (Scheme 1c). However, the
organometallic reagents are toxic as well as sensitive to air and
moisture.*®*® To this end, the development of organo-
thianthrenium salts was suspended for decades. In 2019, Ritter
and co-workers developed an elegant example of aryl
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thianthrenium tetrafluoroborate synthesis from the tetra-
fluorothianthrene sulfoxide (TFT=O0) or thianthrene sulfoxide
(TT=0) reacting with arenes in the presence of a catalytic
amount of tetrafluorothianthrene (TFT) or thianthrene (TT)
(Scheme 1d).*®*A plausible reaction pathway involving thian-
threne radical cations, which resulted in the formation of dica-
tionic adducts and deprotonation to form the desired products
was proposed. Further elucidation of the reaction mechanism by
additional experimental and computational studies suggested
a direct attack of arenes to O-trifluoracetylthianthrene S-oxide
(TT*-TFA) or to the thianthrene dication (TT>*) via electron
transfer under acidic conditions. A reversible interconversion of
the different Wheland-type intermediates before an irreversible
deprotonation is proposed to be responsible for the high para-
selectivity of the reaction.” Wang developed the synthesis of aryl
thianthrenium salts from thianthrene sulfoxide (TT=O0) and
arenes in the presence of triflic anhydride.*® The electrophilicity
of thianthrene dication intermediates was proposed to account
for the high regioselectivity of C-H thianthrenation (Scheme 1e).

2.2 Synthesis of alkenyl thianthrenium salts

To date, three typical synthetic methods have been established
for the synthesis of alkenyl thianthrenium salts. In 2004, Shine
and co-workers utilized thianthrene to form thianthrene cation
radical perchlorate in the presence of acetic acid and perchloric
acid, followed by treatment with alkenes in acetonitrile to form
alkenyl thianthrenium salts (2) (Scheme 2a).** In 2019, Ritter
employed trifluoroacetic anhydride to activate thianthrene
oxide, followed by the reaction with alkenes to generate cyclic
adducts, which furnished the alkenyl thianthrenium tetra-
fluoroborates (2, R = alkyl) by base workup and anion
exchange.*® The isolated alkenyl thianthrenium salts are
thermal- and bench-stable, and insensitive to moisture and air
(Scheme 2b). In 2021, the synthesis of styrenyl thianthrenium
salts (2') from styrenes and thianthrene oxide was developed
(Scheme 2¢).** In 2021, Wickens and co-workers employed an
electrochemical strategy to produce a mixture of dicationic
adducts (2 and 2") from alkenes with thianthrene, which could
serve as an equivalent to alkenyl thianthrenium salts (Scheme
2d).** Although the reactivity of the two dicationic adducts may
be high, the electrochemical formation of these double cation
adducts are stable, insensitive to exposure to air, and even
tolerate addition of exogenous water.

2.3 Synthesis of alkyl thianthrenium salts

In 2021, Ritter’s group developed the synthesis of tri-
fluoromethyl thianthrenium salt (3) by mixing thianthrene with
trifluoromethyl sulfonic anhydride (Scheme 3a).** Tri-
fluoromethyl thianthrenium salt has the advantages of simple
preparation, easy handling, high reactivity, and broad tolerance
of functional groups during the reaction. Trifluoromethyl
thianthrenium salt can be employed as the precursor of the
trifluoromethyl cation, radical and anion to participate in
diverse trifluoromethylation reactions. In 2001, Shine reported
the synthesis of alkyl thianthrenium salts (3') by treating
thianthrene with alkyl formates and triflic acid (Scheme 3b).**
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Scheme 2 Synthesis of alkenyl thianthrenium salts.

Recently, Shi and co-workers reported the synthesis of regular
alkyl thianthrenium salts (3') from the corresponding aliphatic
alcohols (Scheme 3c). This protocol utilizes triflic anhydride to
activate alcohol followed by treatment with thianthrene (TT),
and is applicable to the synthesis of primary and secondary
alkyl thianthrenium salts.®® Due to the easy availability of
alcohols, this method provides access to a wide range of alkyl
thianthrenium salts.
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Scheme 3 Synthesis of alkyl thianthrenium salts.
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3. Utilization of thianthrenium salts in
organic synthesis

Since substantial progress in the synthesis of organo-
thianthrenium salts (R-TT'X ", R = aryl, alkenyl, alkyl) has been
achieved, more and more attention has been paid to utilize
thianthrenium salts as precursors for diverse bond-forming
processes in order to ultimately transform C-H or C-O bonds
to carbon-carbon bonds or carbon-heteroatom bonds.

3.1. Application of aryl thianthrenium salts

(Hetero)aryl thianthrenium salts (Ar-TT'X") could be accessed
from the selective transformation of the C-H bonds of (hetero)
arenes to C-S bonds in the absence of any directing group. The
use of aryl thianthrenium salts for new bond-forming reactions
provides a promising alternative to functionalize Csp>~H bonds
without the assistance of directing groups.®*** To date, aryl
thianthrenium salts have been demonstrated to construct C-C,
C-N, C-0, C-X, and C-S bonds through different mechanistic
pathways.

3.1.1 Transition-metal-catalysed cross-coupling of aryl
thianthrenium salts. In 2020, Ritter’s group reported a two-step
regioselective C-H sulfination of arenes at room temperature
enabled by the formation of aryl thianthrenium salts
(Scheme 4).7° Using sodium hydroxymethylsulfinate (rongalite)
as the source of SO,>~, palladium-catalysed C-S coupling of aryl
thianthrenium salts (1) introduces the hydroxymethyl sulfonyl
group onto arenes. The hydroxymethyl sulfone intermediates
generated from the catalytic process can be employed as
a chemical handle to furnish different types of sulfonamides (4)
by dealing with amines. Notably, this method directly employs
rongalite as a readily available and cost-effective surrogate of
S0,””, circumventing the use of a toxic gas (SO,).

In 2020, Wang and co-workers reported a palladium-
catalysed highly site-selective Suzuki-Miyaura coupling reac-
tion to realize para-arylation and alkenylation of the C-H bond
of monosubstituted aromatic compounds by coupling with aryl
and vinyl boronic acids were achieved in good yields with
excellent regioselectivity (Scheme 5).”* Notably, this strategy was
compatible with both electron-deficient and electron-rich
aromatics, as well as (hetero)aromatics. Moreover, this
protocol was successfully applied to the direct synthesis of
bioactive molecules.
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LT S vu e
\ A\ i
._TT 2) EtN, HNR'R?, NCS N-R" s
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Scheme 4 Two-step sulfination of arenes by thianthrenation.
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Scheme 5 Palladium-catalysed Suzuki—Miyaura coupling reaction of
aryl thianthrenium salts.

In 2020, Wang and co-workers realized the one-pot proce-
dure to transform the C-H bond of arenes into a C-Si bond
through the formation of aryl thianthrenium salts from arenes
followed by palladium-catalysed C-Si formation to furnish
arylsilane (6) (Scheme 6).”> This strategy is suitable for both
monosubstituted and multi-substituted aromatics to deliver
highly regioselective silylation products. Unfortunately, appli-
cation of the silylation of a C-H bond to (hetero)arenes is not
demonstrated.

In 2020, Wang and co-workers developed Pd-catalysed o-
arylation of carbonyl compounds with aromatics enabled by
thianthrenation of arenes to provide the desired «-arylated
ketones (7) (Scheme 7).”* Aryl thianthrenium salts were gener-
ated in situ in a regioselective manner under mild conditions
followed by Pd-catalysed arylation of ketones. Notably, thian-
threne or phenoxathiine could be recovered after the comple-
tion of the C-C cross-coupling reaction, increasing the atom-
economy of the reaction of organothianthrenium salts. The
reaction condition is compatible with heterocycle-containing
carbonyl compounds and complex bioactive molecules, which
is appealing in medicinal chemistry.

In 2021, Ritter and co-workers discovered a Pd-catalysed two-
step aryl thianthrenation/reductive alkylation sequence of
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Scheme 6 Regioselective silylation of arenes by thianthrenation.
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Scheme 7 «a-Arylation of carbonyl compounds using aryl thian-
threnium salts.

arenes using alkyl halides as the alkylating reagents, providing
a highly site-selective one-pot strategy for C-H alkylation of non-
directed aromatic compounds (Scheme 8).”* A plausible reac-
tion pathway was proposed. First, a monoligated Pd° catalyst
was formed from the resting state PdCl,(amphos),. The Pd°
catalyst underwent oxidative addition with Ar-TT" to afford an
aryl Pd" cation. Meanwhile, zinc reacted with alkyl iodide to
form an alkyl zinc reagent. The aryl Pd" cation underwent
transmetalation with the alkyl zinc reagent to obtain an alkyl
aryl Pd" intermediate, followed by reductive elimination to
deliver the final product (8) and regenerate the Pd° catalyst. This
strategy furnished a wide range of synthetically useful alkylated
arenes which are inaccessible otherwise. The robustness and
practicality of this method is further demonstrated by the
reductive coupling of two complex fragments.
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Scheme 8 Pd-catalysed reductive alkylation of aryl thianthrenium
salts.
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Tritium and deuterium labeling are critical tools to intro-
duce radioactive tags into drugs without altering the chemical
and physical properties as well as biological activity of the
molecules. In 2021, radioactive tags were introduced into drugs
without altering the chemical and physical properties as well as
biological activity of the molecules. In 2021, Ritter and co-
workers reported palladium-catalysed reductive deuteration
and tritiation of aryl thianthrenium salts (1) (Scheme 9).”® Ritter
used aryl thianthrenium salts on the micromole scale in
*H,/°H, gas at atmospheric pressure. A proposed mechanism
showed that a monoligated Pd° catalyst generated from Pd
[(P'Bu;)], would undergo reversible association with H, and
oxidative addition with aryl thianthrenium salts (1) to afford A.
Then A went through dihydrogen splitting and reductive elim-
ination to furnish the final product (9) and regenerate the Pd°
catalyst. This reaction tolerates a wide range of substitution
patterns, providing more opportunities for drug design in the
future.

In 2021, Huang reported the cross-coupling reaction of aryl
thianthrenium salts 1 with diarylphosphine to form a C-P bond
(Scheme 10).”* The use of palladacycle catalysts significantly
accelerated the cleavage rate of the exocyclic C-S bond, intro-
ducing phosphine groups on to arenes to access diverse
substituted triarylphosphine sulfide (10). In contrast, the reac-
tion of aryl thianthrenium salts underwent a phosphinative
ring-opening process via the cleavage of the endocyclic C-S
bond to afford (10) in the absence of a catalyst. This strategy is
suitable for all kinds of substituted aromatic and hetero-
aromatic compounds.
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Scheme 9 Reductive deuteration/tritiation of aryl thianthrenium salts.
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Scheme 10 Palladium-catalysed phosphination of aryl thianthrenium
salts with diarylphosphine.

In 2022, Zhao and co-workers reported an efficient
palladium-catalysed esterification of aryl thianthrenium salts
(Scheme 11).”” The reaction provided a straightforward method
for the esterification of C-H of arenes by thianthrenation with
good functional group tolerance. The proposed mechanism
showed that Pd° was converted into Ar-Pd" complexes via
oxidative addition with aryl thianthrenium salts (Ar-TT").
Carbon monoxide and phenol were formed in situ from phenol
formate in the presence of Et;N. The insertion of CO to Ar-Pd"
complexes afforded acyl palladium complexes, which under-
went anion exchange with phenol to afford Ar-Pd"-OR
complexes. Reductive elimination of Ar-Pd"-OR afforded the
desired esters (11) and regenerated Pd°.

+ !
x’ji o PdCl, 3mol%) O OR i
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IAc] *  HOR - i |
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Scheme 11 Palladium-catalysed esterification of aryl thianthrenium
salts.
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Scheme 12 Palladium-catalysed deuterated formylation of aryl
thianthrenium salts.

In 2022, Zhao reported a palladium-catalysed deuterated
formylation of aryl sulfonium salts (Scheme 12).”* A proposed
mechanism showed that the Pd° catalyst underwent oxidative
addition with Ar-TT" to afford an aryl Pd" cation. Coordination
and insertion of CO into an aryl Pd" cation generating a benzoyl
Pd" intermediate. A new benzoyl Pd" intermediate was gener-
ated, which underwent anion exchange. After decarboxylation
and reductive elimination, the desired product (12) was ob-
tained. This reaction tolerates a wide range of substitution
patterns, such as (hetero)aryl, ester, and hydroxyl. This reaction
is made available for bioactive molecules.

3.1.2 Free radical pathway. In 2019, Ritter reported the first
photoredox-catalysed cross-coupling of aryl thianthrenium salts
(1) with copper-based trifluoromethyl reagents to achieve
regioselective trifluoromethylation of aromatics (Scheme 13).”
A plausible mechanism indicated that the photocatalyst PC was
converted to excited *PC" through photo-excitation. *PC" was
quenched by the [Cu'CF;] reagent forming [Cu""CF;] and PC™ .
Meanwhile, single electron transfer between aryl sulfonium
salts and PC" " resulted in C-S bond fragmentation to generate
aryl radicals and PC. Aryl radicals could recombine with
[Cu"CF;] to form an aryl-Cu™-CF; intermediate. Then, reduc-
tive elimination of the Cu™ intermediate could deliver the
desired product (13) and Cu'. This strategy can also be further
applied to the pentafluoroethylation and difluoromethylation of
aryl thianthrenium salts.

In the same year, Ritter and co-workers reported a two-step
procedure for regioselective C-O bond cross-coupling from
the C-H bond of arenes by the formation of aryl thianthrenium
salts (1) (Scheme 14).*° A series of phenols and aryl ethers (14)
were synthesized by photoredox and transition metal-catalysed
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Scheme 13 Cross-coupling of aryl thianthrenium salts with copper-
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coupling of aryl thianthrenium salts with water or alcohols. The
proposed mechanism shows that the excited photocatalyst *Ir'"
was quenched by thianthrene (TT) to form a thianthrenium
radical cation (TT'*) and reduced photocatalyst Ir™. Ir'" inter-
acted with aryl thianthrenium salt (Ar-TT") to generate an aryl
radical, thianthrene (TT) along with Ir'". On the other hand,
Cu'OH could be generated from Cu"TC or Cu,O in the presence
of water, which underwent SET with a thianthrenium radical
cation (TT'") to form Cu"OH. Aryl radicals recombined with
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Scheme 14 Regioselective hydroxylation of aryl thianthrenium salts.
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Cu"OH species to afford Ar-Cu™OH species, which underwent
reductive elimination to furnish the final product (14) by C-O
bond formation. Using this strategy, both electron-rich and
electron-deficient aromatics could be successfully converted
into the corresponding phenols and aryl ethers.

In 2020, Ritter and co-workers developed the use of aryl
thianthrenium salts (1) as a mediator to convert aromatics into
aryl fluorides by thianthrenation. This strategy successfully
constructed an aryl C-F bond through Cu™ metallophotoredox
catalysis (Scheme 15).** The proposed mechanism shows that
an excited photoredox catalyst *Ir'™ was formed through photo-
excitation. The excited photocatalyst *Ir'" was quenched by
thianthrene (TT) to form a thianthrenium radical cation (TT"")
and reduced photocatalyst Ir'"". Reduction of the aryl thian-
threnium salts with Ir" resulted in aryl radicals, TT, and Ir"". Cu'"
species reacted with the aryl thianthrenium cationic radical via
SET to form Cu" species. Then Cu" species underwent oxidative
ligation with aryl radicals and anion-exchange with fluoride to
afford Ar-Cu™-F complexes, followed by reductive elimination
to generate product (15) by C-F bond formation. Compared with
the corresponding halides, aryl thianthrenium salts (1) have
higher reduction potentials. The dissociation rate of aromatic
radical anions is obviously sped up, and thus the formation
process of C-F bond via metallophotoredox catalysis can be
realized. This strategy is compatible with electron-deficient
aromatics, electron-rich aromatics, aldehydes, amides, phenols,
benzyl ethers and halides.

In 2020, Wang and co-workers discovered the para-selective
borylation of monosubstituted benzenes via the formation of
aryl thianthrenium salts (Scheme 16).°**> Borylation products
(16) can be obtained by photocatalysis or metal catalysis.
Various electron-rich mono-substituted arenes could be site-
selectively borylated to deliver functionalized aryl borylation.
Mechanistic investigation indicated that para-selectivity might

N Ir[dF(CF 3)ppylo(dtbpy)PFg (1 mol%) 2 T 1
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Scheme 15 Photoredox and Cu-catalysed fluorination of aryl thian-
threnium salts.
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be correlated to the high electrophilicity of thianthrene dication
intermediates.

In the same year, Guo reported an alternative for the
synthesis of arylalkynes (17) enabled by visible-light promoted
copper-catalysed Sonogashira reaction of aryl thianthrenium
salts with alkynes (Scheme 17).** This strategy selectively
transformed arenes into arylalkynes by thianthrenation with
different aryl sulfonates, providing a convenient synthetic
strategy for the construction of functionalized arylalkynes. The
proposed mechanism shows that a Cu acetylide intermediate is
formed from Cu'Cl with a terminal alkyne. The Cu acetylide
intermediate could be excited by visible light irradiation to form
a photoexcited complex, which could undergo an SET process
with aryl thianthrenium salts (1) and reductive elimination to
afford the arylalkynes (17) and regenerate Cu'Cl. This method
can be applied to late-stage alkynylation of drugs, which is

CuCl (10 or 30 mol%)
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2"7 W blue LEDs
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Scheme 17 Cu-catalysed Sonogashira-type reaction of aryl thian-
threnium salts.
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difficult to achieve otherwise, indicating the potential of this
work in rapid drug modification.

(Hetero)biaryls are ubiquitous substructures in medical
substances, functional materials, and agrochemicals. In 2021,
Ritter and co-workers reported a late-stage heteroarylation of
aryl thianthrenium salts (1) activated by a a-amino alkyl radical
(Scheme 18).** The activated mode is different from halogen-
atom transfer (XAT), delivering a wide range of biaryls with
heteroarenes. The proposed mechanism shows that an amine
radical cation was formed from an amine via single-electron
oxidation with a sulfate radical anion, which further gener-
ated an a-aminoalkyl radical by deprotonation. The a-amino
alkyl radical interacted with aryl thianthrenium salt (1) to form
thianthrene and an aryl radical. Then the aryl radical was added
to a heteroarene followed by single-electron oxidation and
deprotonation to generate the biaryl product (18) (Scheme 18).
The reaction proceeded without any additives, light, or transi-
tion metals and was compatible with air and water.

In 2021, Patureau and co-workers reported a photoinduced
and catalyst-free (hetero)arylation of aryl thianthrenium salts
(Scheme 19).** The proposed mechanism shows that the key to
success is the use of UV-light, which could disrupt the C-S bond
of aryl thianthrenium salts (1) to form thianthrene radical
cations and aryl radicals. Aryl radicals were added to hetero-
arene to form a new radical intermediate, which underwent
single electron oxidation by thianthrene radical cations to
deliver the final biaryls (19) by deprotonation.
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Scheme 18 Late-stage heteroarylation of aryl thianthrenium salts.
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salts.

In 2020, Wang and co-workers reported the photocatalysed
synthesis of a-amino azines from azine substituted enamides
with simple aromatics via the formation of aryl thianthrenium
salts (Scheme 20).% The proposed mechanism shows that Eosin
Y (EY) was converted to EY* through photo-excitation. EY* was
quenched by DIPEA to form DIPEA"" and the reduced photo-
catalyst EY'". Reduction of the aryl thianthrenium salts (1) by
EY'™ resulted in aryl radicals, TT, and EY. The addition of aryl
radicals to azine-substituted enamides afforded new carbon-
centered alkyl radical intermediates, which underwent SET or
HAT to afford the desired product (20). This protocol tolerates
a wide range of sensitive functional groups.
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Scheme 20 Photocatalysed radical hydroarylation of azine-

substituted enamides with aryl thianthrenium salts.

13698 | Chem. Sci, 2022, 13, 13690-13707

View Article Online

Review
BF, * !
s (= 427 nm) s ' s
T & gl T8 0
DMSO (0.1 M), i s
(1. 5 equiv) 2-8 h, open-to-: a!r 21 ' T

(o]
“ 0
MeO & Z R

R = OMe, 21a, 85%
NH,, 21b, 36%
CFy, 21c, 76%

° S\®
N
MeO 7

21f, 89%

s N o CoH
O N Meo)k(\rs\h
\ O meo” 7 NF

21d, 56% 21e,67%

Me Me

o&m@ @O

from xanthone
21g, 59%

from clofibrate
21h, 33%

N
T
BF,

SET—l 21

Slere

TT SET‘

chain
HS\‘ KoCOs \‘ Jg initation™~" propagation

Scheme 21 Thioetherification of aryl thianthrenium salts via electron
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In 2022, Molander reported photoinduced regioselective C-
H thioetherification of arenes by thianthrenation (Scheme 21).*
The reaction tolerates a wide range of functional groups, such
as free boronic acids, carboxylic acids, and halogens. Moreover,
the sulfide motif was incorporated in highly functionalized
biomolecules and pharmaceuticals. The proposed mechanism
shows that an EDA complex was formed between aryl thian-
threnium salts (1) and iz situ formed aryl thiolate anions, which
induced unimolecular nucleophilic substitution (Sgn1) free
radical chain reaction. Irradiation and intramolecular electron
transfer of the EDA complex generated disulfides, aryl radicals,
and TT. Aryl radicals coupled with another aryl thiolate anion to
afford diaryl sulfide radical anions, which underwent subse-
quent single electron reduction of 1 to form the final product
(21) and regenerate aryl radicals.

In 2022, Molander reported a visible-light promoted
thianthrenium-enabled sulfonylation of arenes to furnish
arylsulfone-containing compounds (22) (Scheme 22).*®* The EDA
complex enabled intra-complex charge transfer to generate
transient aryl and sulfonyl radicals that underwent selective
coupling to generate the corresponding sulfones under light
irradiation conditions. The proposed mechanism shows that
a sulfinate anion combined with aryl thianthrenium salts (1) to
form an EDA intermediate, generating a radical anion and
a persistent sulfonyl radical under irradiation of purple kessil.
The radical anion produced an aryl radical and thianthrene by
irreversible fragmentation. The aryl radical and sulfonyl radical
underwent radical-radical coupling to furnish the target
sulfones.

In 2022, Wu reported an efficient photocatalytic sulfonation
of silyl enol ethers with DABCO-(SO,), and organo-
thianthrenium salts, providing a variety of 8-keto sulfones in
medium to good yields (Scheme 23).* Both aryl and alkyl
thianthrenium salts were tolerated in the reaction. The
proposed mechanism showed that photoexcited Ir'™™* reduced

© 2022 The Author(s). Published by the Royal Society of Chemistry
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organothianthrenium salts to form radical species and the
oxidized photocatalyst Ir"” via SET. Radical species was trapped
by sulfur dioxide and converted into sulfonyl radicals. Sulfonyl
radicals were added to silyl enol ethers to form carbon-centered
radical intermediates, which underwent single-electron oxi-
dization and desilylation to form g-keto sulfones (23).
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Using the same strategy, Yu developed a photoinduced C-H
arylation of N-containing heterocycles using arenes by thian-
threnation (Scheme 24).°° The reaction efficiently and selectively
functionalized bioactive molecules with structurally complex
drugs or agricultural pharmaceuticals. The proposed mecha-
nism shows that DABCO interacted with thianthrenium salts to
form an EDA complex, which generated aryl radicals, thian-
threne, and DABCO'" via single electron transfer. Aryl radicals
were added to N-heterocycles to give N-centered radicals, which
underwent a 1,2 H shift to form C-centered radicals. Carbon
cations were formed after single electron oxidation of C-
centered radicals by DABCO'', which delivered the final
coupling product (24) after deprotonation.

In 2022, Wu reported a photoredox-catalysed three-
component reaction of aryl thianthrenium salts with hydra-
zines and DABCO-(SO,),, providing facile access to diverse aryl
sulfonohydrazides (Scheme 25).°* Both aryl and alkyl hydrazines
worked well for this reaction and tolerated a wide range of
functional groups. Photoexcited Ir'™"* would reduce aryl thian-
threnium salts 1 to generate aryl radicals and Ir'"" via SET. Aryl
radicals would be trapped by sulfur dioxide to generate aryl
sulfonyl radicals. A SET process would occur between Ir" and
hydrazine to deliver cationic radical intermediates, which
afforded N-centered radical intermediates after deprotonation.
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Scheme 24 Photoinduced C—H arylation of heterocycles with aryl
thianthrenium salts.
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Scheme 25 Photoredox-catalysed three-component synthesis of aryl
sulfonohydrazides using aryl thianthrenium salts.

Aryl sulfonyl radicals rebounded with an N-centered radical to
afford the desired product (25) by S-N bond formation.

In 2020, Ritter reported a nucleophilic cine-substitution
reaction of (hetero)aryl sulfonium salts (Scheme 26).°> The
nucleophiles were added to the (hetero)aryl thianthrenium salts
to generate the corresponding sulfur ylides. Following this, the
protonation of the ylides generated dearomatized sulfonium
salts. Subsequently, the compounds (26) were generated by
elimination of thianthrene and deprotonation. The reaction
utilized (hetero)aryl sulfonium salts as pseudo-Michael accep-
tors to deliver cine-substitutions difficult to access otherwise.
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Scheme 26 cine-Substitution of (hetero)aryl thianthrenium salts.
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3.2 Application of alkenyl thianthrenium salts

Alkenes are one of the most powerful synthetic blocks for the
synthesis of value-added molecules. The use of alkenyl electro-
philes represents one of the most accessible and straightforward
means to introduce alkenes into target molecules.*® To this end,
alkenyl thianthrenium salts have the advantages of easy prepa-
ration and bench-stable, and serve as a promising alternative for
alkenylation reagents. Moreover, alkenyl thianthrenium salts have
found applications in alkylation, allylation and other reactions.

In 2022, Huang reported olefinic C-P cross-coupling of dia-
rylphosphines with alkenyl thianthrenium salts (Scheme 27).%?
A variety of alkenes with diverse substitution patterns could be
converted to the corresponding alkenyl phosphines. Moreover,
unsymmetrical diaryl phosphines could also be coupled
smoothly with alkenyl thianthrenium salts.

: Me, Me
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Scheme 27 Pd-catalysed olefinic C-P cross-coupling of alkenyl
thianthrenium salts with diarylphosphine.
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Later, Cu-catalysed silylation and borylation of alkenyl
sulfonium salts was developed (Scheme 28).°* A variety of
alkenyl silanes and borates with diverse substitution patterns
were successfully obtained from alkenyl sulfonium salts. Cu'Cl
was converted to active species Cu’O‘Bu in the presence of
lithium tert-butoxide, undergoing transmetalation with
PhMe,SiB(pin) to form a Cu'-SiMe,Ph intermediate. Oxidative
addition occurred between Cu'-SiMe,Ph and alkenyl sulfonium
salts to afford Cu™ species, which underwent reductive elimi-
nation to afford the desired product (28) with regeneration of
Cu'O’Bu in the presence of a base. In these cases, thianthrene
could be recovered in quantitative yield.

In 2021, Ritter reported developed a synthesis of alkenyl
thianthrenium salts (Scheme 29).>* The alkenyl thianthrenium
salts are used as excellent electrophiles in subsequent conver-
sion; thus, they differ from other alkenyl sulfonium salts that
have narrower reactivity. Palladium catalysed cross-coupling
reactions of alkenyl thianthrenium salts are usually carried
out under the condition of retaining the geometry of the double
bond. The alkenyl thianthrenium salts are also suitable for
ruthenium-based catalysis reactions, which enables the
synthesis of alkenyl halides.

In 2021, Ritter reported the synthesis of vinyl thianthrenium
salt (2) from ethylene at atmospheric pressure in one step,
which is a bench-stable and crystalline reagent (Scheme 30).>*
The vinyl thianthrenium salt was successfully applied to
palladium-catalysed Suzuki-type vinylation of aryl boronic acids
(30), N-vinylation of heterocyclic compounds, and annulation
chemistry of (hetero)cycles. Aziridines are ubiquitous
substructures in bioactive molecules and serve as versatile
precursors for amine synthesis.

In 2021, Wickens reported an electrochemical synthesis of
aziridines from alkenes and primary amines in the presence of
thianthrene (Scheme 31).°> The reaction formed metastable
dicationic intermediates from unactivated aliphatic alkenes
and thianthrene, which underwent two-fold substitution by
primary amines to afford the desired aziridines (31). This scal-
able procedure bears sensitive functional groups such as etha-
nolamine, esters, sulfonamides, aryl halides and phthalimides.
However, this protocol is limited to aliphatic terminal alkenes
and aliphatic amines.
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Scheme 29 Derivatizations of alkenyl thianthrenium salts.
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Scheme 31 Electrochemical synthesis of aziridines from alkenyl
thianthrenium salts.

In 2021, Shu’s group isolated the alkenyl thianthrenium salts
and subjected them to nucleophiles. Notably, formal allylic C-H
amination of alkenes was observed instead of aziridination in
the presence of primary amines (Scheme 32).°* A variety of
nucleophiles, including primary, secondary, and tertiary
amines, sulfonamides, acids, ethers, and electron-rich arenes
could be involved to afford the corresponding allylation prod-
ucts (32). This strategy can be applied to the late allylation of
natural products, drug molecules and peptides with excellent
chemical selectivity.

Meanwhile, Wickens reported an electrochemical strategy
for the preparation of allyl amines (33) from alkenes and
primary amines in the presence of thianthrene (Scheme 33).®
Alkenyl thianthrenium salts (2) serve as a key intermediate for
the reaction, affording allyl amines with preferred Z-selectivity.
This linear selective process shows good functional group
tolerance for gas raw materials and complex molecular
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Scheme 33 Electrochemical synthesis of aliphatic allylamines from
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derivatization. However, only terminal aliphatic alkenes and
secondary aliphatic amines are tolerated in this reaction.
Recently, Shu’s group reported a general protocol for inter-
molecular aziridination and cyclopropanation of alkenes with
XH, (X = C, N) by thianthrenation under transition-metal-free
conditions (Scheme 34).°” The reaction tolerates a wide range
of C- and N-precursors, such as free sulfonamides, amides,
carbamates, amines, and methylene with acidic protons, for
three-membered ring cyclization. This strategy provided an
attractive alternative for straightforward synthesis of aziridines
and cyclopropanes from easily available starting materials.

3.3 Application of alkyl thianthrenium salts

Due the highly polarized C(sp*)-S bond in alkyl thianthrenium
salts, alkyl thianthrenium salts have the potential to serve as
alkyl electrophiles, alkyl radicals as well as sulfur ylides through
a-deprotonation.

In 2021, Ritter and co-workers reported that a kind of tri-

fluoromethyl thianthrenium triflate (3) was developed
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Scheme 34 Metal-free intermolecular aziridination and cyclo-
propanation of alkenyl thianthrenium salts.

(Scheme 35).* Trifluoromethyl thianthrenium triflate can be
easily prepared from commercially available reagents with
excellent stability. Thianthrenium (3) could be used as an
equivalent reagent for three active trifluoromethyl species (CF;’,
CF;, and CF;"). Trifluoromethyl thianthrenium triflate can carry
out types of reactions providing trifluoromethylation products
(35), such as Cu-mediated aryl boric acid coupling reaction, light-
mediated CF; substitution reaction of a heterocycle, tri-
fluoromethylation of mercaptan/thiophenol, hydro-
trifluoromethylation of olefins, nucleophilic trifluoromethylation
of ketones and electrophilic trifluoromethylation of 1,3-diketone.
Trifluoromethyl thianthrenium triflate (3) is an all-powerful tri-
fluoromethylating reagent. It shows great potential in the
synthesis of trifluoromethyl compounds.
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In 2022, Ritter and co-workers reported a synthesis of C*-
tetrasubstituted a- and (-amino acid analogues through the
reaction of trifluoromethyl thianthrenium salts with Michael
acceptors and acetonitrile (Scheme 36).%* TT-CF,;'BF,” gener-
ated CF; radical and thianthrene radical cations (TT"") via light
induced homolysis. Radical addition of the CF; radical to
acrylate forms a carboxyl a-carbon radical. The carboxyl o-
carbon radical recombined with TT"" to afford a-thianthrenium
carbonyl species Int A or Int B. Intramolecular rearrangement of
Int A generates a carbocation intermediate. An acetonitrile
attacked carbocation intermediate or Int B results in the
formation of a nitrilium ion by iz situ hydrolysis. The nitrilium
ion combined with hydroxide to afford 36 or 36". The reaction is
tolerant towards ketones, cyclopropyl substituents, ethers,
esters, and chlorines. Alkyl substitution instead of aryl or benzyl
substitution and methyl acrylate were not tolerated. Recently,
Ritter reported a photocatalysed Meerwein-type bromoarylation
of electron-deficient alkenes using aryl thianthrenium salts and
tetrabutylammonium bromide.**?

In 2021, Shi and co-workers reported a photoinduced
copper-catalysed Sonogashira coupling reaction of alkyl
thianthrenium salts (3) with alkynes (Scheme 37).° Alkyl
thianthrenium salts were easily prepared from the corre-
sponding aliphatic alcohols. The protocol successfully con-
verted primary and secondary alcohols into alkylating reagents
for alkynes. Both aryl and alkyl alkynes are tolerated to afford
the C(sp)-C(sp®) cross-coupling products (37). Traditional
synthesis of alkyl borates includes the use of stoichiometric
organometallic reagents to react with borates or hydroboration
of alkenes.

In 2021, Shi and co-workers developed the synthesis of alkyl
borates (38) through desulfurative borylation of alkyl thian-
threnium salts (3) under either photo- or thermo-induced
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Scheme 36 Synthesis of trifluoromethyl compounds from tri-
fluoromethyl thianthrenium salts.
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conditions (Scheme 38). The photochemical strategy has
better reactivity than the Lewis base strategy. The proposed
mechanism shows that an EDA complex was formed between
alkyl thianthrenium salts and the DMA-(Bcat), adduct. Photo-
excitation or heating induced intramolecular single electron
transfer to form alkyl radicals, the DMA-Bcat adduct and TT.
The alkyl radical reacted with the B,cat,-DMA adduct to
produce a boron-centered radical complex. Cleavage of the B-B
bond generated alkyl borates (38) and a DMA-Bcat radical,
which could undergo radical chain propagation. Primary and
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reductive hydroalkylation of

secondary alcohols are good substrates to form the corre-
sponding alkyl borates by thianthrenation.

In 2022, Zhang and co-workers developed a photocatalyst- and
metal-free approach for the conversion of a C-OH bond to a C-C
bond via an alkyl thianthrenium salt/Hantzsch ester electron
donor-acceptor complex (Scheme 39)."* Alkyl thianthrenium salt
3 interacted with a Hantzsch ester to form an alkyl thianthrenium
salt/Hantzsch ester electron donor-acceptor complex (EDA
complex). The EDA complex was converted to an alkyl radical,
thianthrene and an oxidized Hantzsch ester via SET by using blue
LEDs. The alkyl radical reacted with activated olefin to form a new
carbon radical. The new carbon radical abstracts a hydrogen
atom from the oxidized Hantzsch ester via the HAT process to
obtain product (39). This reaction tolerates a wide range of
functional groups and substitution patterns with respect to alkyl
thianthrenium salts and electron-deficient alkenes.

4. Miscellaneous

In 1974, Shine reported the reaction of thianthrene radical
cationic perchlorate with dimethylamine, carbazole and cyanoa-
cetamide to give 5-(dimethylamino)-and 5-carbazol-9-yl thian-
threnjum  perchlorate and  5{(cyanoacetyl) imino}-5,5-
dihydrothianthrene."" In 2005, Shine reported that the addition of
thianthrene- and phenoxathiine cation radical tetrafluoroborates
to alkyne gave 1-(5-thianthreniumyl)alkyne tetrafluoroborates.”
In 2020, Ritter reported a photocatalytic allylic C-H amina-
tion reaction of alkenes and iminothianthrene to prepare
aliphatic allylamines (Scheme 40).'*> The proposed mechanism
shows that the excited iridium photocatalyst was quenched by
protonated iminothianthrene to generate an excited complex
via energy transfer, which underwent further protonation to
afford a cationic nitrogen radical intermediate and thian-
threnium radical cation. The cationic nitrogen radical was
added to alkenes regioselectively to afford an alkyl radical,
which recombined with a thianthrenium radical cation to
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afford the allyl amines (40) by elimination. The reaction toler-
ates imines, esters, oxysilanes, alcohols, carboxylic acids and
ketones. For substrates with multiple alkenes, the reaction
occurs selectively at the more electron-rich alkenes.
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©i D KOAG (2 equiv) )\/N\ /o
BF, N . ,/o DCM
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Scheme 41 Photocatalysed acetoxysulfoximination of styrenes using
sulfoximidoyl thianthrenium tetrafluoroborate.
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In 2022, Tang and co-workers developed the synthesis of
sulfoximidoyl thianthrenium salts as a redox-active sulfoximi-
nation reagent (Scheme 41)."* The use of sulfoximidoyl thian-
threnium enabled the photocatalysed acetoxysulfoximination of
styrenes (41). [Ir""] was excited to [Ir""]* by blue LED irradiation.
Sulfoximidoyl thianthrenium tetrafluoroborate was converted
to the corresponding anion radical and [Ir"V] via SET with [Ir™]*.
The sulfoximidoyl radical and TT were generated from the meso-
lytic cleavage of the sulfide-sulfoximine bond. The sulfoximidoyl
radical reacted with styrenes to generate benzylic radicals, which
were converted to benzylic cations via single-electron oxidation by
[Ir"]. The benzylic cations are trapped with acetate to generate the
desired products.

5. Conclusion

In summary, a couple of reliable methods have been developed
for the preparation of organothianthrenium salts, including aryl,
alkenyl, and alkyl thianthrenium salts and other analogues, from
easily available starting materials via functionalization of C-H, C-
O or other chemical bonds over the past few decades. The easy
access to organothianthrenium salts in a selective manner has
stimulated great efforts to develop transformations to forge new
C-C and C-X bonds under mild conditions using organo-
thianthrenium salts as precursors and synthetic intermediates. In
principle, organothianthrenium salts can serve different roles,
such as electrophiles and radical precursors, in different bond-
forming processes. As a result, selective functionalizations of
arenes, alkenes, alkanes, and alcohols have been achieved via
thianthrenation through different pathways. Although organo-
thianthrenium salts have been successfully involved in transition-
metal-catalysed cross-coupling reactions, radical reactions and
substitution reactions, the transformations of organo-
thianthrenium salts remain limited. Future efforts need be
devoted to both preparation and synthetic utilization of organo-
thianthrenium salts. First, diverse straightforward and scalable
methods to access different types of organothianthrenium salts
under mild conditions with great functional group tolerance need
to be developed. Moreover, the use of organothianthrenium salts
to develop new reactions as well as explore new reactivity and new
reaction modes of organothianthrenium salts is crucial in the
future. Furthermore, the incorporation of organothianthrenium
salts in asymmetric synthesis and catalysis is a potential area for
organothianthrenium salts. In addition, the recycling of thian-
threne after reaction is another issue for the application of
thianthrenium salts due to the heavy mass of thianthrene.
Ideally, the use of a catalytic amount of thianthrene forms orga-
nothianthrenium salts in situ to mediate the reaction. We antic-
ipate that organothianthrenium salts will evolve into one of the
reliable, universal, and practical alternatives for different bond-
formation processes.
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