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1. Introduction

Organofluorine compounds play an exceptionally important
role in the field of medicinal chemistry and related areas due to
the beneficial effects of the fluorine moiety on the physi-
ochemical and biological properties of molecules.*” Intrigu-
ingly, up to 25% of the current blockbuster drugs® and about
40% of contemporary agrochemicals* contain at least one
fluorine atom or a fluorinated functional group in their struc-
tures. The trifluoromethylthiol (-SCF;) group is one of the most
important fluorine-containing substituents, which is found in
many bioactive compounds and commercialized drugs, such as
toltrazuril, tiflorex, and fipronil.® Thus, the introduction of this
functionality into organic molecules has gained increasing
interest from synthetic organic chemists and significant prog-
ress has been achieved in this area over the past few years.® On
the other hand, the direct vicinal difunctionalization of alkenes
has recently become a powerful and viable strategy for quickly
increasing molecular complexity via concomitant introduction
of two functional groups onto the carbon-carbon double bond
within a single click.”® In this context, some important tri-
fluoromethylthiolative difunctionalization reactions such as
carbo-, halo-, amino-, thio-, seleno-, phosphono-, and oxy-
trifluoromethylthiolation of alkenes have been developed to
afford B-functionalized alkyl trifluoromethyl sulfide derivatives
in one-pot with high selectivity (Fig. 1). Despite the significant
advances in this exciting research topic over the past few years,
no comprehensive and insightful review has appeared in the
literature until now. Thus, it is an appropriate time to
summarize those achievements. In connection with our recent
reviews on organofluorine¥® and organosulfur chemistry,"
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sulfides and has become a hot topic recently. This review aims to summarize the major progress in this
exciting research area, with particular emphasis on the mechanistic aspects of the reaction pathways.

within this review, we will summarize recent discoveries and
accomplishments in the arena of intermolecular tri-
fluoromethylthiolative difunctionalization of alkenes, with the
aim of stimulating further research in this hot research area.

2. Carbo-trifluoromethylthiolation

In 2017, Liu and co-workers reported a unique visible-light-
driven trifluoromethylthiotrifluoromethylation of alkenes 1
using Langlois reagent (CF;SO,Na) as a solid and easily-
handleable source of CF; and N-trifluoromethylthiosaccharin
2 as a commercially available SCF; source." The reaction was
carried out in the presence of 9-mesityl-10-methylacridinium
(Mes-Acr') as an organic photoredox catalyst at room tempera-
ture under constant irradiation by a white LED, tolerated
various terminal and internal aliphatic alkenes and afforded the
corresponding vicinal trifluoromethylthio-trifluoromethylated
compounds 3 in good yields and excellent levels of diaster-
eoselectivity, in which the trifluoromethyl group predominantly
added to the less sterically hindered end of the double bond
(Scheme 1). Interestingly, by simply replacing N-tri-
fluoromethylthiosaccharin reagent with N-chlorophthalimide
and N-bromophthalimide, respectively, the optimized reaction
conditions could be applied to the vicinal chlorotri-
fluoromethylation and bromotrifluoromethylation of alkenes.
The authors evoked a reaction mechanism initiated by single
electron oxidation of CF3SO,Na by the photoexcited Mes-Acr**
to yield a CF; radical and an acridine radical A. Next, the CF;
radical selectively attacks the less hindered end of alkene 1 to
form the B-trifluoromethyl carbon-centered radical B that, after
coupling with the in situ generated SCF; radical, affords the
expected products 3. Finally, the nitrogen-centered radical C,
which was generated through homolytic N-S bond cleavage of
reagent 2, oxidizes the acridine radical by a single electron
transfer (SET) process to regenerate the photocatalyst (Scheme
2). In a related investigation, Jiang and Yi along with their

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Intermolecular trifluoromethylthiolative difunctionalization of alkenes.
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Scheme 1 Visible-light-driven trifluoromethylthiotrifluoromethylation of alkenes 1 with CFzSO,Na and N-trifluoromethylthiosaccharin 2 re-

ported by Liu.
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Scheme 2 Reaction mechanism for trifluoromethylthiotrifluoromethylation of alkenes 1.

colleagues developed an efficient conversion of a diverse range
of mono-, di-, and tri-substituted alkenes to the corresponding
1-CF;-2-SCF;-alkanes, using Langlois reagent as both the tri-
fluoromethylating and trifluoromethylthiolating agent under

a dual visible light photoredox/transition metal -catalytic
system."”

In this context, Liang's research group developed an opera-
tionally simple method for the direct trifluoromethylthiolation—-
difluoroalkylation of alkenes employing (bpy)CuSCF; (bpy =

CsF (4 equiv.)

RZ
TN \
RIS+ + bpyCuSCF; + ICF,CO,Et
/

4

R'=H, 4-Me, 4-'Bu, 4-Ph, 4-OMe, 4-SMe, 4-CF;, 4-Cl,
3-Me, 2-Me, 2-OMe, 3,4-(OMe),, 3,4-OCH,CH,0-
R?=H, Me

DME, Ar, 100°C, 18h

14 examples (41-83%)
(average yield: 60%)

Scheme 3 Liang's trifluoromethylselenolation—difluoroalkylation of styrenes 4.
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2,2'-bipyridine) and ethyl iododifluoroacetate (ICF,CO,Et) as
trifluoromethylthiolating and difluoroalkylating reagents,
respectively.'® Various styrene derivatives 4 slowly reacted with
these reagents to afford the corresponding trifluoromethylthio-
difluoroalkylated products 5 in moderate to high yields when
running the reaction in the presence of CsF in DME at 100 °C
(Scheme 3). Similar to trifluoromethylthiolation-difluor-
oalkylation, the method could also be used for tri-
fluoromethylselenolation-difluoroalkylation ~ using  (bpy)
CuSeCF;. However, aliphatic alkenes were not effective in this
system. According to the mechanism proposed by the authors,
(bpy)CuSCF; not only serves as a SCF; source, but also acts as
a free-radical initiator of ICF,CO,Et (Scheme 4). Concurrently,
a similar alkylative trifluoromethylthiolation of alkenes
(aromatic and aliphatic) with NMe,SCN and alkyl halides
(bromides, iodides) in the presence of Cul/binap under the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

CuSCF; (1 equiv.)

A

Scheme 4 The proposed pathway for the formation of trifluoromethylthio-difluoroalkylated products 5.

condition of visible light was reported by Peters et al™ A
number of primary, secondary, and tertiary alkyl halides were
used to establish the general applicability of this methodology.
However, the presence of an electron-withdrawing substituent
on the substrates is crucial for the success of this reaction.

An attractive contribution to this field was reported by Chen
et al,” who developed a convenient arylative tri-
fluoromethylthiolation of styrenes 6 with arenediazonium salts
7 and copper(i) trifluoromethylthiolate (CuSCF;) to generate
valuable (1,2-diarylethyl)(trifluoromethyl)sulfanes 8 (Scheme 5).
Both electron-donating and electron-deficient functional
groups (e.g., F, Cl, Br, I, OMe, NO,, CN, CO,H, and NHAc) on
both substrates were well tolerated by this protocol. Thus, this
procedure provides potential opportunities for further manip-
ulation of the products. Heteroaromatic diazonium salts were
also compatible substrates in this transformation. However, the

(cc)

1,10-phen (1 equiv.)
DMSO, rt., -

1h

32 examples (57-91%)
(average yield: 75%)

R=H, 4-Me, 4-'Bu, 4-Ph, 4-F, 4-Cl, 4-Br, 4-NO,, 3-Br, 3-NO,, 2-Br

(Het)Ar= 4-MC-C6H4, 4-’BU-C6H4, 4-OM3-C6H4, 4-CF3-C6H4, 4-F-C6H4, 4-C1-C6H4, 4—Br—C6H4, 4-I—C6H4,
4-CN-C4H,, 4-SO,Me-C4H,, 4-NHCOMe-C¢Hy, 4-NHPh-CgH,, 4-OBn-C¢Hy, 4-CPhs-CgH,,
4-CO,H-CgH,, 3-COMe-CgH,, 3-Br-C4H,, 3-NOy-C¢H,, 2-OMe-C¢H,, 1-naphthyl, 3-quinolinyl

Scheme 5 Arylative trifluoromethylthiolation of styrenes 6 with arenediazonium salts 7 and CuSCFs.
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Scheme 6 Mechanism proposed to explain the formation of (1,2-diarylethyl)(trifluoromethyl)sulfanes 8.
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Scheme 7 Diaryl selenide-catalyzed vicinal amino-trifluoromethylthiolation of alkenes 9 by Shen's reagent 2 and nitriles 10 in the presence of

water.

method was ineffective for ortho-substituted electron-poor are-
nediazonium salts. The plausible mechanism proposed by the
authors to explain this transformation is illustrated in Scheme
6. Initially, reaction between CuSCF; and 1,10-phenanthroline
(phen) leads to the formation of dimeric complex [(phen)Cu(1)
SCF;],, which after oxidation with arenediazonium salt 7
provides the corresponding copper(n) species and an aryl
radical. Subsequent addition of the aryl radical to the styrene 6
results in the formation of benzylic radical A. Next, the reaction
of the newly formed radical with [(phen)Cu(u)SCF;], affords
Cu(m) complex B, which after reductive elimination provides
the expected product 8 (Scheme 6, path a). In another possi-
bility, oxidation of benzylic radical A by a Cu(u) cation leads to
the formation of cationic intermediate C, which on subsequent

11 SCF;

attack by a CF;S ion yields the final desired product 3 (Scheme
6, path b).

3.  Amino-trifluoromethylthiolation

In 2015, Zhao and co-workers reported one of the earliest vicinal
trifluoromethylthiolative amination reactions to produce -
SCF;-substituted amides 11 from the readily available alkenes 9,
N-SCF; reagent 2, and nitriles 10 in the presence of water
(Scheme 7).** This transformation was catalyzed by an electron-
rich diaryl selenide [bis(4-methoxyphenyl)selane; (4-OMe-
CsH,),Se] and a weak sulfonic acid. The reaction displayed
a broad substrate scope, and various important functional
groups such as fluoro, chloro, bromo, methoxy, acetoxy, and
nitro were tolerated. It is worth noting that, by replacing nitriles

A7 Ar 2+ TfOH
0
\g//o TFO"
\
N—SCF;
< |
1
A \O\y s:
s e
*H Ar” Ar
0
tro- §¢F3 \é//o
Set \
A7 MAr N—H
B
0

Scheme 8 Probable mechanism of trifluoromethylthioamination of alkenes 9 by N-SCF3z reagent 2 and nitriles 10.
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with carboxylic acids, various aromatic and aliphatic alkenes
could be trifluoromethylthioesterificated in high yields. In this
case, no additional reaction solvent was necessary, since the
acids played a dual role as the solvent and the substrates. As
shown in Scheme 8, a plausible reaction mechanism was sug-
gested by the authors for this difunctionalization reaction. First,
the reaction of diaryl selenide with reagent 2 in the presence of
TfOH gives selenonium triflate intermediate B and saccharin
through transition state A. Later, the highly reactive interme-
diate B interacts with alkene 9 to form the tri-
fluoromethylthiiranium ion C. A subsequent nucleophilic
attack of nitrile 10 on this intermediate C produces the nitri-
lium ion D through an anti addition involving the opening of
the thiiranium intermediate. Finally, hydrolysis of intermediate
D affords the expected product 11.

In the same year, the Wang group disclosed a highly atom-
economical direct trifluoromethylthioamination of a,B-unsatu-
rated ketones and esters 12 using N-trifluoromethylthio-4-
nitrophthalimide 13 as both the nitrogen and SCF; sources
under metal-free and mild conditions (Scheme 9).*” The reac-
tion was conducted in the presence of substoichiometric

View Article Online

Review

amounts of DABCO at room temperature under open air,
tolerated both aromatic and aliphatic ketones and esters 12,
and provided o-trifluoromethylthiolated P-amino carbonyl
compounds 14 in moderate to excellent yields. However, acry-
lonitriles afforded lower yields and a,B-unsaturated amides
failed to provide the desired products. It should be mentioned
that the synthesized o-SCF;-B-N-phthaloylamino acid esters
could be easily converted to the corresponding B-amino acids
via hydrogenation with Et;SiH, followed by treatment with
NaBH,. Studies showed that when the newly developed reagent
13 was replaced by SCF;-phthalimide, the reaction furnished
the corresponding trifluoromethylthioaminated products,
albeit with reduced yields. On the contrary, replacing
compound 13 by either N-SCF;-aniline or SCF;-succinimide did
not give the expected products. Therefore, the authors hypoth-
esized that SCF;-4-nitrophthalimide 13 functions as both the
electrophilic SCF; and nitrogen sources, while SCF;-aniline and
SCF;-succinimide are not electrophilic enough to react with
alkenes under the identical conditions. The plausible mecha-
nism of this trifluoromethylthioamination is represented in
Scheme 10.

0 O SCF; O
o) O,N O,N
DABCO (50 mol%) -
R + N—SCF; > N R
— MeCN, r.t.,,40 h
12 13 @ O 14

R= Et, "Pr, “Hex, -CH,Bn, Ph, 4-Me-C¢H,, 4-OMe-CgH,, 4-CF3-C¢H,, 4-F-C4H,,
4-Cl-CgH,, 4-Br-CgH,, 3-Me-CgH,, 3-OMe-C4H,, 2-Me-C¢H,, 2-C1-C4H,,

24 examples (45-93%)
(average yield: 79%)

1-naphthyl, 3-furyl, OEt, O"Bu, OBn, OPh, OCH,CH=CHPh, O-propargy],

O-1-naphthyl

Scheme 9 DABCO-catalyzed amino-trifluoromethylthiolation of a,p-

nitrophthalimide 13.

unsaturated carbonyl compounds 12 with N-trifluoromethylthio-4-

14 ll\{\b

A\I DABCO
N*\7
|
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B
O (0
ON J:<
N R
C O

Scheme 10 Proposed mechanism for the reaction in Scheme 9.
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17b, R= 4-Me; (76%)
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17d, R= 4-Ph; (62%) (PhO,S),N SCF;
17e, R=4-F; (43%) N(SO,Ph),
17f, R= 4-Br; (24%)
17g, R=4-CH,Cl; (31%) SCF; )n

17h, R= 4-NPhth; (46%)

17i, R=3-Me; (60%)

17j, R=3,4-Me,; (78%)

17k, R= 3,4-(CH=CH),-; (61%)

Scheme 11 Shen's synthesis of B-SCFs-substituted amines 17.

By a similar strategy, Shen and colleagues reported a facile
synthesis of B-SCF;-substituted amines 17 from unactivated
alkenes 15 and N-trifluoromethylthio-dibenzenesulfonimide 16
in DCM media under catalyst- and additive-free conditions
(Scheme 11).*® In this study, 17 aromatic and aliphatic alkenes
were amino-trifluoromethylthio difunctionalized with fair to
very good yields. Noteworthily, both acyclic and cyclic alkenes
were compatible with the reaction conditions. Interestingly,
when the reaction was performed in more polar solvent DMF,
the corresponding trifluoromethylthiolated alkenes were ob-
tained as the sole products.

4. Oxy-trifluoromethylthiolation

The first mention of the direct oxytrifluoromethylthiolation of
alkenes can be found in a 2009 paper by Billard et al.,' who
showed that the treatment of aliphatic alkenes 18 with tri-
fluoromethanesulfanylamide 19 and sodium tosylate as the
“SCF; and ~OTs sources, respectively, in the presence of 5 equiv.
of BF;-Et,O as a mediator in DCM at room temperature afforded
the corresponding B-(trifluoromethyl)alkyl tosylates 20 in
moderate to high yields with complete regioselectivity (Scheme
12). Other Lewis acids, such as (Bu),BOTf and TfOSiMe;, were

17n, (70%)

170, n=1; (93%)
17p, n=2; (83%)
17q, n=8; (62%)

tested and showed lower efficiency than that of BF;-Et,O.
Notably, Cu(OTf),, Yb(OTf);, La(OTf),, and In(OTf);, and Ti(O'Pr),
proved to be completely ineffective. The same difunctionalization
reaction was also investigated with alkynes. The reaction gave
satisfactory yields, but the regioselectivity was not controlled in
the case of disubstituted alkynes since an equal amount of the
two regioisomers was obtained. It should be mentioned that the
presence of the tosyl group provides the opportunity for further
functionalization of the products using convenient Sy2 reactions,
as exemplified by the synthesis of 2-trifluoromethylsulfanyl
cyclohexyl amine from cyclohexene over 3 steps (i.e., oxy-
trifluoromethylthiolation, azidation, protonation).

Eight years later, Koike and Akita developed an efficient
photoredox-catalyzed regioselective hydroxytri-
fluoromethylthiolation of alkenes under irradiation of visible light.*
Using 5 mol% of fac{Ir(4-MeO-ppy);] (4-MeO-ppy = 2-pyridyl-5-
methoxyphenyl) as the catalyst, a library of terminal and internal
aromatic alkenes 21 underwent regioselective hydroxytri-
fluoromethylthiolation with N-trifluoromethylthiosuccinimide 22
and water to afford the corresponding B-trifluoromethylthiolated
benzyl alcohols 23 in fair to excellent yields (Scheme 13). Besides
water, alcohols (e.g., MeOH, EtOH and 'PrOH) also could be utilized
as the sources of oxy functional groups. However, the applicability of

Me OTs
I BF;.Et,0 (5 equiv.)
R+ N + NaOTs . - SCF;
RN Ph” SCF, DCM, rt., 4 h R!
2
18 19 20 R
R!="Pr, CH,Bn, "CHy, 8 examples (38-85%)

R2=H, "Pr

(average yield: 64.5%)

R! + R*= -(CH,)3-, -(CHy)y-, -(CHy)g-, -(CH,),CH=CH(CH,),-

Scheme 12 Lewis acid-mediated oxytrifluoromethylthiolation of alkenes 18 developed by Billard.
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R!=H, 4-Me, 4-Bu, 4-OMe, 4-OAc, 4-Cl, 4-NHBoc,
4-CH,CH(NHBZ)(CO,Et), 2,4,6-Mes, 3,4-OCH,0-

R2=H, Me, Ph

R3=H, Me

R*=H

R! +R*=-CH,-

MeCN/H,0 (1:1), blue LEDs, r.t., 24 h

15 examples (54-95%)
(average yield: 73%)

Scheme 13 Hydroxytrifluoromethylthiolation of alkenes 21 with N-trifluoromethylthiosuccinimide 22 by a visible light-activation system in

aqueous acetonitrile.

aliphatic alkenes as starting materials was not investigated in this
study. The mechanism of this reaction as proposed by the authors is
shown in Scheme 14. Firstly, the ground state photocatalyst Ir'™
undergoes photoexcitation under irradiation of visible light to
produce the excited state [Ir'"']*, which after a SET to the electro-
philic CF;S reagent 22 leads to the generation of the ‘CF; radical and
the highly oxidized Ir catalyst, Ir'"". Thereafter, the "CF; radical reacts
with styrene 21 to form the benzyl radical intermediate A, which
after oxidization by Ir'¥ provides the carbocationic intermediate B
and regenerates photocatalyst Ir'". Finally, nucleophilic attack of
water on the carbocation B produces the desired B-SCF;-substituted
benzyl  alcohol 23. Another independent  hydroxytri-
fluoromethylthiolation method was published by Luo and co-
workers using N-CFs;S-saccharin reagent and (4-OMe-CgH,),Se
catalyst under conventional conditions.”* However, in this method,
the reaction required an oxygen atmosphere. Various styrene
derivatives and aliphatic alkenes were tolerated by this protocol.
Moreover, similar conditions proved suitable for the intramolecular
cyclization of alkenes tethered by carboxylic acid, hydroxy, ester, and
sulfamide groups. Subsequently, the same authors extended their
methodology to the enantioselective oxytrifluoromethylthiolation of
internal alkenes using chiral selenide catalysis.”**

Very recently, the group of Li studied the possibility of
synthesizing trifluoromethylthio peroxides through the direct
Cu-catalyzed trifluoromethylthiolation-peroxidation of C-C
double bonds.** In this study, a diverse array of f-

[lr”']*

0
[Ié_
1V
0 22 (Il
21

trifluoromethylthio peroxides 25 were obtained in 31-86%
yields with excellent regioselectivities by reaction of various
terminal and internal alkenes 24 with AgSCF; and tert-butyl
hydroperoxide (‘BuOOH) in refluxing MeCN for 5 h in the
presence of a CuSO,/HMPA/K,S,05 combination as the catalytic
system (Scheme 15). The results indicated that the best results
were obtained in the case of aromatic and heteroaromatic
alkenes. On the contrary, aliphatic alkenes were unfavorable for
the reaction and led to lower yields. It is worthwhile to note that
the identical condition was also successfully applied for tri-
fluoromethylthiolation-peroxidation of a library of mono- and
1,1-disubstituted allenes. The authors nicely demonstrated the
synthetic value of B-trifluoromethylthio peroxide products by
the conversion of a peroxide group to hydroxyl and carbonyl
moieties. The radical trapping experiments pointed toward
a radical reaction mechanism.

5. Thio-trifluoromethylthiolation

In 2017, Xu et al. for the first time reported the regioselective
trifluoromethylthiosulfonylation of alkenes under the action of
dual gold and photoredox catalysis.”® They demonstrated that S-
(trifluoromethyl)benzenesulfonothioate (PhSO,SCF;; 27) acted
as both the trifluoromethylthiolating and sulfonylating agents
in the presence of Ru(bpy)sCl, as a photocatalyst and IPrAuCl as
a cationic gold catalyst under the irradiation of a 100 W blue

'SCF,

blue LEDs
Iy
OH
+ H,O
SCF 2 . SCF
Ar/\/ } Ar }
B 23
. Ar/\/SCF3
A

Scheme 14 Proposed mechanism for the visible

fluoromethylthiosuccinimide 22 and water.
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light-induced hydroxytrifluoromethylthiolation of

alkenes 21 with N-tri-
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CuS0, (20 mol%)
" HMPA (50 mol%) ;
K,S,0¢ (3 equiv.) BuOQ SCF;
—— + AgSCF; + 'BuOOH > 2 {
o s MeCN, N,, 85°C, 5 h i -
24 25

33 examples (31-86%)
(average yield: 64%)

RIZ Ph, 4-Me-C6H4, 4-’BU-C6H4, 4-OMC-C6H4, 4-OAC-C6H4, 4-CF3-C6H4, 4-F-C6H4,
4-C1-C4Hy, 4-Br-C¢Hy, 3-Me-CgHy, 3-Br-CgHy, 2-NO,-CgHy, 2,5-(OMe),-CgHs,
2,4-Me,-CgHj, 2,6-Cl,-CHj, 2,4,6-Mes-CgH,, 1-naphthyl, 2-naphthyl, 2-benzofuryl,
2-benzothienyl, Bn, Me, “Hex, CO,Me, CO,'Bu, CO,Bn, CH,0COMe

R?=H, Me, 4-F-C4H,
R3=H, CH,CH,COMe

Scheme 15 Cu-catalyzed trifluoromethylthiolation—peroxidation of alkenes 24 with AgSCFz and ‘BuOOH.

LED in an inert atmosphere. Additionally, 15 mol% of AgSbF
was needed as an additive for this transformation. Under the
optimized reaction conditions, various styrene derivatives 26
with different substitution patterns and functionalities rapidly
underwent this difunctionalization reaction and afforded the
corresponding B-SCF;-substituted sulfones 28 in moderate to
excellent yields (Scheme 16). The methodology was also appli-
cable for the other related S-alkyl/aryl benzenesulfonothioates
like PhSO,SMe, PhSO,SBn, PhSO,SC,H, and PhSO,SPh. It is
worthwhile to note that when the internal alkenes were
employed as reaction substrates, very good diaster-
eoselectivities were observed and both trans- and cis alkenes
yielded the same diastereomer. Moreover, the authors displayed
the synthetic applicability of the prepared B-SCF;-substituted
sulfones by high yielding preparation of B-cyano and B-allyl
thioethers via the reaction with TMSCN and allylsilane,
respectively, in the presence of aluminium chloride. Mecha-
nistically, these reactions are believed to proceed through the
sulfur migration substitution pathway.

Concurrently, Qing's research group disclosed an excellent
strategy for oxidative bis(trifluoromethylthiolation) of 2-mono-
substituted 2,3-allenoic acids 29 employing AgSCF; as the
source of the trifluoromethylthiol group in the presence of
a catalytic amount of inexpensive Cu(OAc), combined with

Ru(bpy);Cl, (2.5 mol%)
IPrAuCl (10 mol%)
AgSbF¢ (15 mol%)

(NH,),S,05 as a stoichiometric oxidant.?® It was found that the
solvent had a major impact on the success of this reaction and
the highest yield was obtained in MeCN/HCO,H/H,O (4 : 1 : 2).
Under the optimized conditions, the reaction exhibited excel-
lent regioselectivity and provided 3,4-bis(trifluoromethylthio)
but-2-enoic-acid products 30 in moderate to good yields
(Scheme 17). In contrast, when 4-aryl-2,3-allenoic acids were
employed under the identical conditions, a different outcome
was obtained. In these cases, 4-((trifluoromethyl)thio)furan-
2(5H)-ones were selectively generated in modest to excellent
yields through radical trifluoromethylthiolation/intramolecular
cyclization. While the detailed mechanistic picture for the
formation of 3,4-bis(trifluoromethylthio) but-2-enoic-acid
products 30 remains unclear, the authors postulated that the
reaction may start with the formation of a CF;S radical or
CF;SSCF; via oxidation of AgSCF; by (NH,),S,0g through
a Ag"SCF; intermediate. Next, the SCF; radical adds to the
central carbon of allene 29 leading to allylic radical species A
and A’. The thermodynamically more favored A is then trapped
by a Cu salt to give the SCF;-allyl-Cu complex B. Finally, the
trifluoromethylthiolation of this complex B with CF;SSCF;
affords the expected bis-trifluoromethylthiolated products 30
(Scheme 18).

. _R?
X
RI-H + PhSO,SCF;
= 23

26 27
R!= H, 4-Me, 4-CO,Me, 4-CF3, 4-CN, 4-F, 4-Br, 4-OAc, 3-Me, 3-OMe, 3-Br
R’=H, Cl
R3=H, Me

R?+ R3= -CHy-, -(CHy),~, -(CHy)s-

DCE, N,, blue LEDs, r.t., 1-3 h

28

18 examples (52-90%)
(average yield: 70%)

Scheme 16 Dual gold and visible light-mediated trifluoromethylthiosulfonylation of alkenes 26 with PhSO,SCFs.
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R S R
+ AP MeCN/HCO,H/H,0 (4:12), Ny, 70°C, 3 h >:<_
HO,C H e ’ HO,C SCF,
29 30
R=Me, "Bu, Bn, 4-F-Bn, -(CH,),Bn, -CH,-2-naphthyl 6 examples (40-63%)

(average yield: 48.5%)

Scheme 17 Cu-catalyzed bis(trifluoromethylthiolation) of allenes 29 with AgSCFs.

$,05%
AgSCE, 20¢ F5CS, § CO,H
Ag'ISCF,
CF;SSCF;
. L 29
SCF; ———» H CO,H

A

Scheme 18 Plausible mechanism for the oxidative bis(trifluoromethyl

Very recently, Zhang and Ma, along with their co-workers,
reported a three-component thio-trifluoromethylthiolation of
aliphatic terminal alkenes 31 with aryldisulfides 32 and elec-
trophilic trifluoromethylthiolating reagent 33 through visible
light photoredox catalysis.>” This reaction employed 1,2,3,5-
tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) as an
organic photocatalyst, K,HPO, as an additive, and blue LEDs as

H*, Cu salt

F5C8 CF;SSCF,

-Cu(l)

thiolation) of 2-monosubstituted 2,3-allenoic acids 29.

the light source, leading to the production of aryl(2-((tri-
fluoromethyl)thio)ethyl)sulfane derivatives 34 in moderate to
good yields, ranging from 48-78% (Scheme 19). Notably, this
methodology was applicable to the difunctionalization of bol-
denone- and bp-glucose-derived terminal alkenes, indicating
a potential application in the design and synthesis of biologi-
cally active molecules. Unfortunately, the applicability of

4CzIPN (2 mol%)

(ArS), +
R

O
33 O

Ph
s~
Bpin\MJ\/SCF_g
2

34h, (40%)

Ph
S/
0. SCF,
R \(V)J\/

34i, R=2-OMe-CgH,, n=2; (67%)
34j, R=3-Br-CgHy, n=3; (61%)

=

R_
S
Bpin\)\/SC&

34a, R= H; (70%)

34b, R=4-Me; (68%)
34c, R=4-"Bu; (60%)
34d, R=4-CI; (68%)
3de, R=4-Br; (58%)
34f, R=2-F; (55%)
34g, R=3,5-Cly; (65%)

— +
31 32
|
S

34K, R= SO,-4-Me-CgHy, n= 4; (48%)

Ph
0 "Ng
(¢}
(¢}
5
) F5CS

34s, (45%

Scheme 19 Visible light-induced thio-trifluoromethylthiolation of una
33.
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S 0
FCS J %‘ 0~ ph
Ph

/\r\S
K,HPO, (10 mol%) y
R SCF;
DMSO, Ar, blue LEDs, r.t., 24 h :

34

s/Ph
N
n

34p, R=Ph, n=2; (78%)

341, R= 4-CL-C¢H,, n=3; (78%) 34q, R=NPhth, n=3; (68%)

34m, R=3,5-Me,-C¢Hy, n=3; (72%)

34n, R=4-Me-CgH,, n=4; (66%)

340, R=2-naphthyl, n=4; (67%) SOOMC
e Bn/_<_

Q 0]

om0 Ph

H
(
270

34t, (73%) 34u, (65%)

ctivated terminal alkenes 31 with aryldisulfides 32 and Phth-SCF5 reagent
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BF;.0Et, (1 equiv.) SeAr

Se, Ar
— + PN s™ + AeSCF
/—/ Ar Se =3 MeCN, r.t., 1 h
R! R K
2 36 37

F5CS

26 examples (52-92%)
(average yield: 73%)

R'!=Bn, Ph, 4-Me-CgH,, 4-Bu-C4Hy, 4-Br-C4H,, 3-Cl-C4H,, 3-Br-CgH,, 2-Me-C¢H,, 3,4-(OMe),-C¢Hs,
2-naphthyl, -(CH,),0Ts, ~(CH,),0(4-1-C4H,), -(CH,),0(4-CHO-C4H,), -(CH,),0-1-naphthyl

R>=H 8
R'+R*=~(CHy)s-, (CH,)y-, ~(CHy)s-, i
Ar=Ph, 4-Me-C4H,, 4-OMe-CgH,, 4-F-CgH,, 4-CI-CgH,, 3-OMe-CgH,, 2-OMe-C4H,, 3,4-OCH,0-CgHs

(b) R? g
/=/ | 3

Se,
N
A SCF
g 2 R 35 e AgSCF;
_>
R2

AgSCF;
+ -—————pp (ArSe),
ArSeAg 36

F5CS, SeAr

_—
BF;.0Et,  R! & X
A 37
Scheme 20 (a) Metal-free selenotrifluoromethylthiolation of alkenes 35 with diaryl diselenides 36 and AgSCFs. (b) Proposed mechanism for the
formation of 1,2-dichalcogenated products 37.

: SCF30 5
I . K;,S,04 (4 equiv.) \ _OR”
—— + H—P—OR? + AgSCF; » R! P
Rl_/_ - DMSO/MeCN (0.6:1), Ar, 30 °C, 12 h \ORj
OR? -

38 39 40

22 examples (38-76%)
(average yield: 65.5%)

R!=Bn, 4-OPh-CgH,, -(CH,);0COPh, -(CH,);0CO(4-F-C¢H,), -(CH,);0CO(3-Me-C¢H,), -(CH,);0CO(3-CF5-C¢H,),
-(CH,);0C0O(2-Me-CgHy), -(CH,);0CO(2-F-CgHy), -(CH,),0S0,(4-Cl-C¢H,), -CH,Nphth, -(CH,),Nphth,
-(CH,);0CO(2-thienyl), -(CH,);0CO(2-furyl), -(CH,);0CO(2-1-Me-pyridyl), -(CH,),0(3-'Bu-C4Hy,),
-(CH,),0(4-CHMe,Ph-C¢H,), -CH,0(3,5-Me,-C¢Hs), -(CH,);,CO,Me, -(CH,),CO,-7-(4-Me)-chromen-2-onyl,

R?= Me, Et, 'Pr, ‘Bu

Scheme 21 Phosphonotrifluoromethylthiolation of aliphatic alkenes 40 with dialkyl phosphonates 41 and AgSCFs.

alkyldisulfides as starting materials was not investigated in this
study. Mechanistic elucidation through radical trapping exper-
iments in the presence of 2,2,6,6-tetramethylpiperidin-1-oxyl
(TEMPO) indicated a radical pathway for the transformation.

6. Seleno-trifluoromethylthiolation

In 2019, Anbarasan and Saravanan devised an efficient method
for the direct selenotrifluoromethylthiolation of alkenes 35 with

diaryl diselenides 36 and AgSCF; at room temperature by means
of BF;-OEt, as an activator.®® 18 alkenes (aromatic and
aliphatic) and 8 diaryl diselenides (electron-rich and electron-
poor) were used as substrates in this study and 26 1,2-dichal-
cogenated products 37 were synthesized in moderate to excel-
lent yields within 1 h (Scheme 20a). Interestingly, the prepared
difunctionalized products could be easily converted to the cor-
responding vinyl trifluoromethyl thioethers when treated with
m-CPBA in DCM at room temperature. The mechanistic

HP(O)(OR?),
39
AgSCF;
Ag"/K,$,0¢
leszos
P(O)(OR?), SCF;
Ag(IDSCF
— A 1 . 2 g 3 1 2
Rl_/_ — > R A _POOR), — R PO(OR?),
or CF3S
38 B 40

Scheme 22 Plausible mechanism for the reaction in Scheme 21.
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cl
SCF
X PPh; (3 equiv.) X s
R_I + CF;S0O,Cl R_I
P> DMF, 90°C, 4 h _
41 42

R=4-Me, 4-F, 4-Cl, 4-Br, 4-CO,Me, 4-CCIH,, 4-CN,

4-NO,, 3-Cl, 3-Br, 2-Cl, 3,4-(CH=CH),

12 examples (54-87%)
(average yield: 76%)

Scheme 23 Metal-free chlorotrifluoromethylthiolation of styrenes 41 with CFzSO,CL

CF;S0,Cl

CF;SO;H

CF3SOzcl T’ CF3SC1 7-» R—Q‘ K CI

O=PPh,

Scheme 24 Proposed mechanistic pathways for the reaction in Scheme 23.

pathway proposed by the authors to explain this difunctionali-
zation reaction is based on the formation of an episelenonium
intermediate, followed by its regioselective ring opening with
AgSCF; (Scheme 20b).

7. Phosphono-
trifluoromethylthiolation

In 2018, Liu and co-workers illustrated an interesting regiose-
lective oxidative phosphonotrifluoromethylthiolation of unac-
tivated alkenes with P(O)-H compounds and AgSCF; in which 4
equiv. of inexpensive K,S,0gz were employed as an oxidant.”® A
variety of aliphatic alkenes 38 and dialkyl phosphonates 39 were
well tolerated in the reaction process and gave the p-tri-
fluoromethylthiol phosphonates 40 in 38-76% yields (Scheme
21). However, both aromatic alkenes and diaryl phosphonates
were incompatible in the reaction and the applicability of other
hydrogen phosphoryl compounds (H-phosphinates and
secondary phosphine oxides) as substrates was not investigated
in this study. On the basis of experimental observations, the
authors suggested a plausible mechanism for this reaction as
depicted in Scheme 22. First, the oxidation of the phosphonate
39 with Ag'/K,S,05 into its corresponding phosphonyl radical A
takes place. Thus, its addition with alkene 38 gives the alkyl
radical B, which undergoes coupling with a CF;S radical or Ag(u)
SCF; (produced by the oxidation of AgSCF; with K,S,0s)
releasing the required product 40.

8. Chloro-trifluoromethylthiolation

In 2018, Yi-Zhang's group studied the direct chlorotri-
fluoromethylthiolation of unactivated C=C double bonds with
triflyl chloride (CF3SO,Cl) as both the chlorine and SCF; sources
under metal-free conditions.*® Thus, in the presence of over-

24484 | RSC Adv, 2021, N, 24474-24486

stoichiometric amounts of PPh; as a low-cost reductant in
DMF under an air atmosphere, chlorotrifluoromethylthiolation
of various styrenes 41 having both electron-withdrawing and
electron-releasing groups with CF;SO,Cl furnished the corre-
sponding (2-chloro-2-arylethyl)(trifluoromethyl)sulfanes 42 in
moderate to high yields and excellent Markovnikov-selectivity
(Scheme 23). The reaction was also amenable to the chlorotri-
fluoromethylthiolation of terminal aliphatic alkenes, while anti-
Markovnikov adducts were the major regioisomers. However,
internal alkenes did not respond to the reaction under standard
conditions. Interestingly, this chlorotrifluoromethylthiolation
chemistry was also successfully extended to terminal alkynes.
Similar to trifluoromethylthiolation, the method could be used
for difluoromethylthiolation using CF,HSO,Cl as a reagent. The
plausible mechanism of this difunctionalization reaction is
represented in Scheme 24.

Concurrently, Yang and co-workers reported that various
terminal and internal alkenes could regio-selectively undergo
chlorotrifluoromethylthiolation with Phth-SCF; and SOCI,
mediated by Fe,Oz;, furnishing the corresponding tri-
fluoromethylthiolated chlorides in moderate to almost quanti-
tative yields.*" It is worth noting that quaternary carbon centers
could be readily built up using internal alkene substrates with
a >20 : 1 diastereomeric ratio under the reaction conditions.

Finally, it should be noted that transition metal complexes
play important roles in intermolecular 1,2-difunctionalization
of alkenes and the synthesis of organic compounds.***°

9. Conclusion

The direct vicinal difunctionalization of unsaturated hydrocar-
bons represents one of the most powerful and fascinating
tactics for increasing molecular complexity by forging two
chemical bonds across an unsaturated carbon-carbon bond in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a single reaction. In this family of reactions, intermolecular
trifluoromethylthiolative 1,2-difunctionalization of alkenes has
attracted a lot of attention from researchers in recent years due
to the potential biological activities of the resulting
B-functionalized alkyl trifluoromethyl sulfides. As shown in this
review, over the last few years, a handful of attractive carbo- and
hetero-trifluoromethylthiolation reactions of alkenes were
developed that allow for efficient, clean, and selective synthesis
of various B-functionalized alkyl trifluoromethyl sulfides.
Noteworthily, the majority of these reactions were performed at
room temperature and under transition-metal-free conditions.
Challenges that remain to be faced in the future include: (i)
development of chiral catalytic systems for enantioselective
difunctionalization of trifluoromethylthiolations; (ii) extension
of hetero-trifluoromethylthiolation reactions to other hetero-
atoms such as silica- and bora-trifluoromethylthiolations; and
(iii) further investigation of the scope and limitations of some
reactions, such as phosphono- and seleno-
trifluoromethylthiolations.
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