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A new cooperative nickel reductive catalysis and N,N-dimethylformamide-mediated strategy for umpol-
ung C-S radical reductive cross coupling of S-(trifluoromethyl)arylsulfonothioates with alkyl halides to
produce alkyl aryl thioethers is described. This reaction features excellent selectivity, wide functional-
ity tolerance, broad substrate scope, and facile late-stage modification of biologically relevant molecules.
Mechanistic studies recognize initial generation of an amidyl radical anion via thermoinduced reduction
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Organosulfur compounds, including thioethers, are core moi-
eties encountered in the structure of various drugs, natural prod-
ucts, herbicides, ligands and functional materials, as well as valu-
able synthetic building blocks and latent functional groups that can
be modified to assemble complex target molecules in synthesis [1-
16]. As a result, significantly ongoing efforts have been devoted to
the development and expansion of methods for catalytically forg-
ing highly valuable and functionality diverse thioether scaffolds in
synthetic and medicinal chemistry [8-16]. Conventional method-
ologies to straightforward access thioethers involve transition-
metal-catalyzed C-S cross coupling reaction [8-16], which is dom-
inated by two different modes of reactivity, including a classical-
polarity method using the thiol functionality as a nucleophile
(Scheme 1A-a) [17-32] and an umpolung approach employing
the sulfur-based reactant as an electrophile (RSX, X=SR, SO,R,
Cl, OR, NRR’ or CN; Scheme 1A-b) [33-42]. While these polar-
ity modes of catalytic C-S cross couplings of aryl halides or aryl
organometallic reagents (such as arylboronic acids, arylmagne-
siums and aryllithiums) with the thiolation reagents for producing
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aryl-tethered thioethers by incorporation of an aryl group onto a
sulfur atom to form a C(sp2)-S bond have been well established
and widely exploited [8-42], analogous versions to access alkyl-
tethered thioethers via introduction of an alkyl group onto the
sulfur atom to construct the C(sp3)-S bond have been less exten-
sively studied [8-16,29], probably due to tendence to the facile side
reactions (such as B-hydrogen elimination) under strong alkaline
and elevated temperature conditions. Furthermore, the vast major-
ity of these reported protocols suffer from the use of highly toxic,
air sensitive, odor disagreeable thiols and their oxidized deriva-
tives, as well as only few commercially available alkyl thiols and
alkyl disulfides, which significantly impede their widespread ap-
plications. Therefore, these challenges and the increasing impor-
tance of alkyl-tethered thioethers spur the synthetic chemists to
develop mild, versatile strategies that (i) enable efficient incorpo-
ration of an alkyl group onto a sulfur atom to form the C(sp3)-
S bond under base-free conditions; (ii) accommodate broad func-
tionalized substrates, especially including diverse alkyl halides and
readily accessible, bench-stable, odourless thiolation reagents; and
(iii) are subject to facile late-stage modification of biologically rel-
evant molecules.

To circumvent these issues, transition-metal-catalyzed C-S re-
ductive cross coupling reaction of organohalides with electrophilic
thiolation reagents has recently been developed as a promising al-
ternative to the conventional polarity types with preformed nu-

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Y.-Z. Yang, G.-E Lv, M. Hu et al.

cleophiles (Scheme 1B) [22,43-57]. These approaches allow facile
introduction of an electrophilic aryl or alkyl group onto the elec-
trophilic sulfur atom to construct the sp2- and sp3-hybridized
C-S bonds under mild and base-free conditions, and thus exclude
side reactions, such as B-hydrogen elimination. However, only few
approaches have been reported to allow catalytic C-S reductive
cross couplings of unactivated alkyl halides with electrophilic thi-
olation reagents (e.g., disulfides and thiosulfonates) for produc-
ing alkyl-tethered thioethers. For example, the group of Wang/Ji
has reported the first nickel-catalyzed C-S reductive cross cou-
pling of unactivated alkyl bromides with thiosulfonates and Mn
reductant [46-48], which is highlighted by the use of the sim-
ple, bench-stable and odorless thiosulfonates as the electrophilic
thiolation reagents and by a plausible mechanism comprising an
inner-sphere Ni®WH/M catalytic cycle directly engaged by the alkyl
carbon-centered radicals from homolysis of alkyl halides. Later, this
group developed a similar catalysis version to accomplish thiola-
tion of alkyl bromides with arenesulfonyl cyanides as the elec-
trophilic disulfide precursors for assembling alkyl aryl sulfides [50].
Very recently, the group of Ackermann reported an electroreduc-
tive nickel-catalyzed radical thiolation by cross-electrophile cou-
pling of alkyl bromides with functionalized thiosulfonates through
Mg cathodic reduction to give alkyl-tethered thioethers [51]. These
methods rely on the generation of the alkyl carbon-centered radi-
cal D from alkyl halides reacted with the in situ formed Nil inter-
mediate C, which would sequentially execute single electron ox-
idation with the Nil! intermediate A to afford the Nilll interme-
diate B (Pathway I; Scheme 1B) [45-50]. On the basis, we hy-
pothesized that initially generating the sulfur-centered radical F,
which are formed from homolysis of the electrophilic thiolation
reagent components, would give rise to single electron oxidation
to deliver the Nil-SR intermediate G followed by oxidative addition
with alkyl halides to produce the Ni'l intermediate H (Pathway II;
Scheme 1B), which would: (i) provide new radical reductive cross-

(A) General outlines of polarity types for C-S cross coupling

a) [Classical] b) [Sulfur Umpolung]

&* 5 ﬁ* [M], ligand, base [M], ligand, base &~ 5" 5

R'X + R Rlm + _
m = B, Mg, Li

(B) Previous work: Radical-based C-S reductive cross coupling of alkyl halides

& 5§ cat. Ni, L, [H] R
RXx =+ - DMF, rt. to 100 °C

[Wang/Ji, 2018]: NiCl,(PPh3),, 6,6'-dimethyl-2,2"-bipyridine, Mn
[Ackermann, 2021]: NiBr; diglyme, 2,2'-bipyridine, Mg electrode/Ni electrode, 5 mA

[Wang group, 2021]: 5"
& 5 R'X, Ni(acac),, neocuproine, Mn ;
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(C) This work: Umpolung Radical-based C-S reductive cross coupling of alkyl halides

1) 1
Ni(CI04),+6H,0 (5 mol%) = Bu
g‘-x . 5*76’ L1 (7.5 mol%), Sn (2 equiv.) Rl 7/ \ »
1 2 DMF (0.2 mol/L), 60 °C, 12 h 3 =N N

L1

Scheme 1. Synthesis of thioethers.
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coupling tactics comprising the engagement of the reaction with
the sulfur-centered radicals thus resulting in access to otherwise
poorly accessible or unobtainable molecular frameworks; (ii) ex-
pand the reactivity profile of Ni reductive catalysis; and (iii) inno-
vate and advance radical chemistry.

Herein, we report the first nickel-catalyzed DMF-mediated
umpolung C-S radical reductive cross coupling between
S-(trifluoromethyl)arylsulfonothioates and alkyl halides in-
volving a sulfur-centered radical formation (Scheme 1C). This
reaction is initiated by DMF, Ni(ClO4),-6H,0, 4,4'-di-tert-
butyl-2,2’-bipyridine L1 and Sn, and enables the formation
of the C(sp?)-S bonds through umpolung transformations of
S-(trifluoromethyl)arylsulfonothioates and sequential catalytic
reductive cross coupling with alkyl halides.

To determine the role of arylesulfonothioates 2 as the S-based
functional group sources, the umpolung C-S radical reductive cross
coupling of 3-phenylpropyl bromide 1a with PhSO,SCF; 2a was ex-
amined (Table 1). Screening various reaction parameters revealed
that a combination of 5 mol% Ni(ClO4),-6H,0, 7.5 mol% 4,4’-di-
tert-butyl-2,2’-bipyridine L1 and 2 equiv. Sn in DMF (0.2 mol/L) at
60 °C for 12h afforded the desired phenyl(3-phenylpropyl)sulfane
3aa in nearly quantitative yield with excellent chemoselectivity
(entry 1). Unlike the previously reported results acted as the SCF;
(often) or PhSO, source [58-68], PhSO,SCF3 2a serves as the PhS
source. Both Ni catalysts and Sn are necessary to make the reac-
tion successful as leaving out each led to no desired reaction (en-
tries 2 and 16), and a lower loading of Ni(ClO4),-6H,0 (2 mol%)
decreased the yield (entry 3). Other Ni catalysts, including NiCl,,
NiBr,, NiCl,-DME, NiCl,(PPh3), and NiCl,(Py)4, were highly active
(entries 4-8), but all were less efficient than Ni(ClO4),-6H,0. Opti-

Table 1
Optimization of reaction conditions.?

Ni(ClO4),*6H,0 (5 mol%)
L1 (7.5 mol%), Sn (2 equiv.)

i :
1a 2a

PR
DMF (0.2 mollL), 60 °C, 12 h 3aa

00 R 0 P

L1:R='Bu

L3:R=H

L2: R = Me L4: R = Me
Entry Variation from the standard conditions Isolated yield (%)
1 None 99
2 Without Ni(ClO4),-6H,0 0
3 Ni(ClO4);-6H,0 (2 mol%) 86
4 NiCl, instead of Ni(ClO4),-6H,0 62
5 NiBr; instead of Ni(ClO4),-6H,0 55
6 NiCl, -DME instead of Ni(ClO4),-6H,0 94
7 NiCl,(PPhs), instead of Ni(ClO4),-6H,0 50
8 NiCl,(Py), instead of Ni(ClO4),-6H,0 69
9 Without L1 81
10 L1 (5 mol%) 96
11 L2 instead of L1 97
12 L3 instead of L1 <5
13 L4 instead of L1 90
14 L5 instead of L1 94
15 L6 instead of L1 98
16 Without Sn 0
17 Sn (1.2 equiv., 1.5 equiv. or 1.7 equiv.) 84, 89 or 95
18 Mn, Mg, Zn or (EtO);SiH instead of Sn trace
19 MeCONMe, instead of DMF 96
20 MeCN, dioxane or (CICH,), instead of DMF 0
21 At 50 °C or room temperature 65 or 20
220 None 92

@ Standard reaction conditions: 1a (0.2mmol), 2a (0.22mmol; 11 equiv.),
Ni(ClO4);-6H,0 (5 mol%), L1 (7.5 mol%), Sn (2 equiv.), DMF (0.2 mol/L; 1mL), ar-
gon, 60 °C and 12 h.

b 1a (3 mmol; 0.594g).
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mization of the dinitrogen-based ligand effect indicated that these
ligands L1-L6 served as promotors since omission of ligands the
reaction could still run efficiently to tender 3aa in 86% yield (en-
tries 9-15). Furthermore, ligands L2, L4-L6 could improve the re-
action (entries 11 and 13-15), but 2,2’-bipyridine L3 was detri-
mental to the reaction outcome attributing to strong coordination
with the Ni catalyst lowering its catalytic activity (entry 12). Us-
ing the same equivalent amount of Ni(ClO4),-6H,0 and L1 slightly
diminished the yield (entry 10), suggesting that excess L1 assists
complete reduction of Ni(ClO4),-6H,0 to the active Ni® species
avoiding consumption of Sn reductant. The yield raised from 84%
to 95% with the increase of the Sn amount from 1.2 equiv. to 1.7
equiv. (entry 17). These observations indicate that the roles of Sn
mainly include reduction of PhSO,SCF; and regeneration of the ac-
tive Ni(0) species. Notably, the reaction is sensitive to the reducing
reagents as the other common reductants, such as Mn, Mg, Zn and
(EtO)3SiH, had no reactivity (entry 18). Surprisingly, the reaction
was sensitive to solvents: Amides, such as DMF and MeCONMe,,
were viable media (entries 1 and 19), but other solvents, such as
MeCN, 1,4-dixoane and CICH,CH,Cl, were inert (entry 20). These
results imply that amides may participate in the reaction besides
as media. Decreasing temperatures led to diminishing yields (en-
try 21). The standard conditions were compatible with a scale up
to 3mmol 1a, giving 3aa in excellent yield (entry 22).

After confirming the optimized conditions, we set out to
study the generality of this umpolung C-S radical reductive
cross coupling protocol (Scheme 2). Gratifyingly, a variety of S-
(trifluoromethyl)arylsulfonothioates 2b-i efficiently underwent the
reaction with bromide 1a, Ni(ClO4),-6H,0, L1 and Sn, affording
3ab-3ai in 85%-98% yields. Furthermore, several aryl functional-
ities, including 4-MeCgH,4, 4-‘BuCgH,, 4-MeOCgHy, 4-CICgHy, 4-
FCgH,4, 4-CF3CgHy4, naphthalen-2-yl and thiophen-2-yl, were well
tolerated. Whereas using 2 h reacted with NiBr, catalyst reduced
the yield of 3ah to 53%.

We next aimed to evaluate the scope of alkyl halides 1
(Scheme 2). Surprisingly, alkyl iodide, 3-phenylpropyl iodide 1b,
was lower reactive for furnishing 3aa in 20% yield, attributing
to readily decomposition of the C-I bonds. Using lower reactive
3-phenylpropyl chloride 1c failed to construct 3aa. Strikingly, a
wide range of functionalized alkyl bromides 1d-aq accommodated
to this umpolung C-S radical reductive cross coupling (3da-aqa).
For example, functionalized propyl bromides 1d-g afforded 3da-
ga, respectively, in 70%-99% yields where a functionality, such as
4-ClCgHy4, CN, CO4Et, and 4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl, at the position y to the bromide atom was intact. This opti-
mal conditions were compatible with (2-bromoethoxy)(tert-butyl)-
dimethylsilane 1), producing the high useful silyl-substituted prod-
uct 3ha in 80% yield. Using (3-bromoprop-1-en-1-yl)benzene 1i,
an alkene, furnished cinnamyl(phenyl)sulfane 3ia in good yield.
The linear alkyl chains containing one to six carbon atoms were
competent to the coupling, and several functional groups, in-
cluding aryl, F, OH and Cl, were tolerated (3ja-sa). Alkyl bro-
mides 1t-w with steric hindrance were suitable substates (3ta-
wa). Broad secondary and tertiary alkyl bromides, including
(1-bromoethyl)benzene 1x, «-bromoketones (1y, 1ad), four- to
seven-membered cycloalkyl bromides (1z-ac), «-bromo ester (1ae)
and a-bromo amide (1af), were subject to the coupling, furnish-
ing the corresponding secondary and tertiary alkyl sulfanes 3xa-
aca in high to quantitative yields. Interestingly, dual umpolung
C-S radical reductive cross couplings of alkyl dibromides 1ag-ak
executed successfully to access disulfanes 3aga-aka, which high-
lights the applicability of our protocol in organic and material syn-
thesis. A number of natural product- or bioactive molecule-based
alkyl bromides 1al-aq, such as L-alaninate derivative [69], telmisar-
tan derivative [70], cholesterol derivative [71], 4-androstene-3,17-
dione derivative [72], estrone derivative [73] and estradiol pen-
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Ni(ClO4),*6H,0 (5 mol%)
L1 (7.5 mol%), Sn (2 equiv.)
R=X + > R-
1 2 DMF (0.2 mol/L), 60 °C, 12 h 3
Scope of S-(trifluoromethyl)arylsulfonothioates ---------------cccccccccccoooaann
R' = Me, 3ab, 98%

1oy Ph Ph
Ph R Bu, 3ac, 92% < . -
— R'=MeO, 3ad, 96% \_/
R' = Cl, 3ae, 96% 3ah, 90%; 53%? 3ai, 89%

=F, 3af, 94%
R' = CF;, 3ag, 85%
Scope of alkyl halides = ==-=-===cmmm i

2,
Ph o RS\ o

B
1= o
A a oo R! = CN, 3ea, 99% g
2k -n : = CO,Et, 3fa, 80% 3ga, 70%
, -
\S' 0 Ph
N
B N\ R'=H, 3ja, 99%
3ha. 809 3ia, 71% = H, 3ja, 99% g
3, 80% R' = MeO, 3Ka, 99% 3ma, 99%
R'=F, 3la, 9%
) , 3la,
R\ R\
R2 = Ph, 3na, 99% )—/
R?= Mo, 30a, 99% R = OH: 3qa, 93% pn—/ E —~
2= 3sa, 99%
R2 = CH,F, 3pa, 99% < - Cl 3ra, 99% ° 3ta 80% 3ua, 95%

n=1, 3za, 99%
[> / F’h—< ) ( n =2, 3aaa, 99%
n = 3, 3aba, 99%
3wa, 40%  3xa, 99% n n=

3ya 99% 4, 3aca, 99%
3va, 99%
PhQ ? ;
; \ O
3aea 93% 3afa 80% 3aga, 85% 3aha, 80%
3ada 89%
N\ ~ O / .‘.‘\Q W
3aia, 99% 3aja, 65% 3aka, 70%
Late-stage modification ----------c-coeromimme e
3a|a 94% ‘i‘\‘\/
(L-Alaninate derivative) 3ama, 60% 3ana, 85%

(Telmisartan derivative) (Cholesterol derivative)

/\\\(o
R s

3aob, 65% . N
(4-Androstene-3,17-dione 3apa, 97% . 3aqa, 92% o
derivative) (Estrone derivative) (Estradiol pentanoate derivative)

Scheme 2. Variation of the alkyl halides (1) and arylsulfonothioate (2). Reaction
conditions: 1 (0.2 mmol), 2 (0.22 mmol; 1.1 equiv.), Ni(ClO4), -6H,0 (5 mol%), L1 (7.5
mol%), Sn (2 equiv.), DMF (0.2 mol/L; 1 mL), argon, 60 °C and 12 h. @ NiBr, (5 mol%)
instead of Ni(ClO4),-6H,0.

tanoate derivative [74], exposed to the optimized conditions re-
sulted in selective transformation of the C(sp?)-Br bonds to the
C(sp3)-S bonds to produce highly valuable complex products 3ala-
ana, 3aob, 3apa-aqa, thus providing a powerful route to selective
late stage modification of complex bioactive substrates with mul-
tiple potential sites of reaction. Unfortunately, aryl halides, such as
bromobenzene and iodobenezen, had no reactivity for the reaction.

In contrast to alkene-containing bromides 1i, 1ai, and 1an-
ao (3ia, 3aia, 3ana, 3aob, Scheme 2), 6-bromohex-1-ene 1ar was
converted to a mixture of the desired product 3ara and the in-
tramolecular alkene difunctionalization product 4ara in 71% total
yield with 5.1:1 chemoselectivity (Eq. 1, Scheme 3) [45]. Moreover,
increasing concentrations of the Ni(ClO4),-6H,0/L1 catalytic sys-
tem shifted the chemoselectivity toward the coupling, and using 10
mol% Ni(ClO4),-6H,0 led to occurrence of the coupling exclusively.
These radical clock experiments support that the reaction proceeds
via a radical chain process [45,75-78]. Gratifyingly, 3-bromoprop-
1-yne 3as was a suitable substrate, efficiently affording 3asd in
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= —
. Ni(ClO4)2+6H20 (x), L1 (y) <__F . "
Br 2a Sn (2 equiv.)

1ar DMF (0.2 mol/L), 60 °C, 12 h 3ara 4ara
Ni(ClO4),°6H,0 (x) L1(y) 3araldara
5 mol% 7.5 mol% 71% (5.1:1)
7.5 mol% 11.25 mol% 65% (21:1)
10 mol% 15 mol% 67% (>99:1)

Ratio of 3aral4ara was determined by LC-MS anlysis

Ni(CI04),+6H,0 (5 mol%)
L1 (7.5 mol%), Sn (2 equiv.) \

X
b+
2d DMF (0.2 mol/L), 60 °C, 12 h 9 @
1as Ar = 4-OMeCqHs ( ) 3asd, 98%
Sn (2 equiv.) 1a @)
without 2a >95%
(2)
Sn (2 equiv.) Ph/\/\ + Bl + 12 (@)
Ph Ni(CIO4), (5 mol%) R'=4-CICgH,: 3aj, 19% 5§, 10% >65%
L1 (7.5 mol%) R' = Ph(CH,),CHy: 3ak, trace ~ 5k, 0%  >95%
Br 21
1a @ PR Y ®)

3aa
without Sn or Mn: 0%
Sn (2 equiv.): 10%
Mn (2 equiv.): 15%

1a + 3aa (6)

S sources (2), Sn (2 equiv.) >95% 0%
S sources (2) = (2m), (2n), (20), (2p),
(2q), (2r), (2s), (2t)

Ni(CIO4)2*6H,0 (5 mol%), L1 (7.5 mol%)
Sn (2 equiv.), DMF (0.2 mol/L), 60 °C, 12 h

* (7)
C 740
| reductant [H] (2 equiv.) 5i,74%  6e, 13%
2e DMF (0.2 moliL), 60 °C, Ar, 6 h
Ar = 4-CICgH, SH -+ (®)
[H] 5j 6e
Sn 95% trace
Sn/SnBr, (10 mol%) 92% trace
Mn, Mg, Zn or (EtO);SiH trace 0%
— 0% 0%
oh Ni(CI04)2+6H,0 (5 mol%) Ph
<: L1 (7.5 mol%), Sn (2 equiv.)
+ — . (9)
Br - DMF (0.2 mollL), 60 °C, 12 h
1a 5i 3ae, 85%

Scheme 3. Variations of the other reaction components.

98% yield (Eq. 2). It was noted that no conversion of bromide 1a
was observed in the absence of PhSO,SCF; (Eq. 3), supporting ini-
tiation of this coupling not from the alkyl bromide component.
Using PhSO,S(4-CICgH,4) 2j resulted in the selectivity toward di-
rect C-S reductive cross coupling with the S(4-CICgH,4) moiety [45-
49], not the PhSO, moiety, to afford 3aj in 19% yield along with
4-chlorobenzenethiol 5j in 10% yield, but PhSO,SCH,(CH,),Ph 2k
had no reactivity (Eq. 4). The different chemoselectivity support
that this current protocol performs a different mechanism from the
previously reported reductive C-S cross coupling transformations
[22,43-57], probably attributing to both the electron effect of the
SCF3; group and reduction behavior of Sn. In the presence of Sn or
Mn reductant, PhSSCF; 21 could react with bromide 1a to access
3aa in 10%-15% yields (Eq. 5), but leaving out each led to no de-
tectable product 3aa. These results suggest that the PhSSCF3 is not
the key intermediate during this current process, and the reductant
can simultaneously assist both the S-S bond cleavage and the C-S
bond formation. Subsequently, a series of the sulfur sources, in-
cluding PhSSPh (2m), PhSO,CN (2n), PhSO,CF3 (20), PhSO,F (2p),
PhSO,Na (2q), PhSO3Na (2r), PhSO,N3 (2s) and PhSO,NCO (2t),
were examined, but all had no reactivity under the optimized con-
ditions (Eq. 6). It is noteworthy that both electrophilic PhSSPh (2m)
and PhSO,CN (2n), the reported highly reactive thiolation reagents
[43,44,48], are inert, thus ruling out the generation of PhSSPh as
the key intermediate.

To further understand the mechanism, control reduction exper-
iments with (4-ClCgH4)SO,SCF; 2e were conducted (Egs. 7 and
8). In the presence of Ni(ClO4),-6H,0, L1 and Sn, substrate 2e
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was reductively decomposed to 4-CICgH4SH 5j in 74% yield and
4-CICgH4SS(4-CICgH,) 6e in 13% yield (Eq. 7). Reduction of (4-
ClCgH4)SO,SCF; 2e with Sn run smoothly, affording 4-CICgH4SH
5j exclusively in 95% yield; however, the SnBr, additive (10 mol%)
is detrimental and decreased the yield of 5j slightly to 92% yield
(Eq. 8). The reason may be that the SnBr, salt can promote the
formation of disulfide [48], which would suppress the current cou-
pling. It is noted that the reduction reaction is also sensitive to
reductants: other reductants, such as Mn, Mg, Zn or (EtO)3SiH, are
inert, and no reduction of the (4-ClCgH,4)SO,SCF3 2e was observed
without reductants (Eq. 8). These findings are consistent with the
results observed in Table 1 (entries 1, 16 and 18), and support
that the generation of the active benzenethiol-type intermediate,
not the reported active PhSH and/or PhSSPh intermediates [22,43-
57], is the key step. Under the optimized conditions, 4-CICgH4SH 5j
was less reactive than (4-CICgH,4)SO,SCF3 2e as using 4-ClCgH4SH
5j directly reacted with alkyl bromide 1a delivered a lower yield
of 3ae (85% yield) (Eq. 9) than that of (4-ClCgH4)SO,SCF3 2e (96%
yield, Scheme 2). It is because among the current coupling pro-
cesses thermoinduced reduction of 4-ClCgH4)SO,SCF; 2e occurs
to generate the higher reactive 4-ClCgH4S-based intermediate, not
4-ClICgH4SH 5j, to directly react with the active Ni species, thus
avoiding further umpolung step of 4-ClCgH4SH to form the reactive
4-CICgH,4S-based intermediates (such as disulfides) and side reac-
tions.

As shown in Scheme 4, the reaction of bromide 1a with
PhSO,SCF; 2a was inhibited by radical scavengers, such as TEMPO,

Additive (3 equiv.)

Ph Ni(ClO4),*6H,0 (5 mol%) Ph
<: . L1 (7.5 mol%), Sn (2 equiv.) <: (10)
Br 2a DMF (0.2 mol/L), 60 °C, 12 h
1a Bu Me Additive 3aa
Me Io) TEMPO trace
N-C > N-O TEMPO (2 equiv.) 9%
PH - BHT 22%
7 oo 8 (Determined by Determlneduby hydroquinone 18%
7% GC-MS analysis) GC MS analysis)
Ph
<: TEMPO (3 equiv.), Sn (2 equiv.) - d
1an DMF (0.2 mol/L), 60 °C, 12 h an
In the presence/absence of Ni(ClO4), and L1: 7, 0% g(CDI?/Itgr?rI\ZIeyi?),
j)\ TEMPO (0.6 mmol)
i g L1 /
7SN Ni(ClO4),6H,0 (x), L1 (y), Sn (2) N-C (12)
| DMF (0.2 mol/L), 60 °C, 12 h
DMF (2 mL)
run_ Ni(ClO4),*6H,0 (x) L1 (y) Sn (2) 8 (GC yield)
1 0 0 0 0
2 0 0 2 equiv. 3.7%
3 5 mol% 7.5 mol% 2 equiv. 4.5%
4 7.5 mol% 11.25 mol% 2 equiv. 4.1%
5 10 mol% 15 mol% 2 equiv. 3.2%
Using PhCl as the internal standard.
Ph
oh \/\I
¥ =
* < B DMF (0.2 mol/L) 19
0,
1a (0.2 mmol) 2h (0.2 mmol) 60°C, 12h
3ah
Ni(Il) complex (9) Sn (2 equiv.): 54%
(0.2 mmol) Sn (0 equiv.): trace
NN
Ph Br * ) DMF (0.2 mol/L), 60 °C, 12 h PN (14)
1a a 3aa

Ni(ClO4),6H,0 (1 equiv.), L1 (1.5 equiv.), Sn (0 equiv.): trace
i) Ni(Cl1O4)2°6H,0 (1 equiv.), L1 (1.5 equiv.); ii) 12 h and then added Sn (2 equiv.), 12 h: 45%

P\hj MegSiCl, H;0; <:F’h m-CPBA Ph
15
- MeCN, r.t., 10 min 4 CH,Cly, 0°C to r.t. ~ J (19
10aa, >99% 3aa 11aa, >99%
L W Ay J
W 77

Ni(ClO4),+6H,0 (5 mol%), L1 (7.5 mol%) Ni(ClO4),°6H,0 (5 mol%), L1 (7.5 mol%)
Sn (2 equiv.), DMF (0.2 mol/L), 60 °C, 12 h  Sn (2 equiv.), DMF (0.2 mol/L), 60 °C, 12 h

Scheme 4. Control experiments and synthetic utilizations.
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BHT and hydroquninone (Eq. 10). In the presence of TEMPO, the
methylated products 8 and 8 was detected by GC-MS analysis and
no phenylpropyl-substituted product 7 from bromide 1a was ob-
served (Eq. 9). Identical results were obtained from the reaction of
1a alone in the presence/absence of Ni(ClO4),-6H,0 and L1 (Eq.
11). These observations speculate that the methyl radical is gen-
erated from DMF, and DMF may really engage the umpolung C-S
radical reductive cross coupling reaction. To verify thespeculations,
control transformations of DMF with TEMPO were examined (Eq.
12). No reaction of DMF with TEMPO occurred when performing at
60 °C for 12 h. Using 2 equiv. Sn resulted in the formation of 8 in
3.7% GC yield. The optimized conditions that comprise a combina-
tion of 5 mol% Ni(ClO4),-6H,0, 7.5 mol% L1 and 2 equiv. Sn were
further confirmed, thus giving 8 in the highest 4.5% GC yield. In-
creasing loading of Ni(ClO4),-6H,0 and L1 led to diminishing GC
yields of 8. The reason may be that the optimal loadings of the
Ni(ClO4),/L1 system efficiently initiate the generation of the rad-
icals and effectively improve their reactivity, whereas the higher
loadings of the Ni(ClO4),/L1 system over activate the radicals to
cause some unwanted side-reactions. The high reduction potentials
of tin (Sn; —0.45V vs. SCE) and DMF (-1.95V vs. SCE) are proven
to be useful reductants [79-83]. These findings indicate that ther-
moinduced reduction of DMF with Sn occurs to generate an amidyl
radical anion intermediate [83-88], and DMF as an organic catalyst
mediated the umpolung C-S radical reductive cross coupling reac-
tion.

In the presence of 2 equiv. Sn, a stoichiometric amount of the
Ni(II) complex 9 (Eq. 13) exhibits identical catalytic activity to the
NiBr, /L1 catalytic system (3ah, Scheme 2). However, neglecting Sn
led to no detectable C-S cross coupling (Eq. 13). These observa-
tions prove the importance of the reduction process and the Ni®
species, not the Nill salts, is the real active catalyst, which are
further verified by the results using a stoichiometric amount of
Ni(ClO4),-6H,0 (Eq. 14). The C-S radical reductive cross coupling
of 1a with 2a and 1 equiv. Ni(ClO4), -6H,0 in the presence/absence
of Sn (Eq. 14): Neglecting Sn caused no desired reaction after 12h,
but supplementing Sn to the same pot resulted in the formation of
3aa in 45% yield for 12 h.

Synthetic  utilizations of  phenyl(3-phenylpropyl)sulfane
3aa were conducted under oxidative conditions (Eq. 14)
[22,43-57]: Sulfane 3aa was converted to highly valuable ((3-
phenylpropyl)sulfinyl)-benzene 10aa and ((3-phenylpropyl)-
sulfonyl)benzene 11aa, respectively, in quantitative yields (Eq. 15).
However, both substrates 10aa and 11aa could not be transformed
to 3aa under the optimized conditions, excluding the possibility
of the umpolung C-S radical reductive cross coupling via the 10aa
and/or 11aa formation process.

Based on the current results and precedent literatures [22,43-
57,75-88], the plausible mechanism for the Ni-catalyzed umpol-
ung C-S radical reductive cross coupling reaction was proposed
(Scheme 5). Initially, thermoinduced reduction of DMF with Sn af-
fords an amidyl radical anion intermediate J [79-88]. Meanwhile,

Sn +
Ni" H
L snpryLsnan, L - o
7 SnBry/ SnBr + * Za/ o 7 snA ,
Ni°L; .- >—N >—N\
Sn F ( H N H
J
SnO, + 1/2 DMF
N 2
Br=Ni'L, ' + DMF TEMPO
| Ni'L,
G
o H
Ph / Me
Ph N+ N-O"
K/A\& Ph/_\— [ /\K,I/\Br H>_ \ <A7Z
3aa ’:" Ln a 8
H Br

Scheme 5. Possible reaction mechanism.
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coordination of the Nil! species with the dinitrogen-based ligand L
forms the active Ni® species. Subsequently, the reaction of the ac-
tive Ni® species with the sulphydryl sulfur-centered radical (PhS-)
intermediate F, which is formed from the umpolung reduction and
single electron transfer (SET) of PhSO,SCF; 2a with Sn and the in-
termediate J, occurs to produce the L,Ni'SPh intermediate G. Ox-
idation addition of the intermediate G with 3-phenylpropyl bro-
mide 1a affords the Ph(CH,),CH,(L,)Ni'"Br(SPh) intermediate H,
followed by reductive elimination of the intermediate H to give the
L,NilBr intermediate I and the desired product 3aa. Finally, reduc-
tion of the intermediate I by Sn regenerates the active Ni® species
to start a new catalytic cycle.

In summary, we have disclosed a novel -catalytic rad-
ical reductive strategy for umpolung transformation of S-
(trifluoromethyl)arylsulfonothioates via cooperative DMF
and nickel reductive catalysis. This strategy was developed
in a umpolung C-S radical reductive cross coupling of S-
(trifluoromethyl)arylsulfonothioates with unactivated alkyl halides
to assemble alkyl aryl thioethers. The reaction involves the forma-
tion of a sulfur-centered radical through thermoinduced umpolung
reduction of S-(trifluoromethyl)arylsulfonothioates with DMF and
Sn, as well as features excellent selectivity and wide functional
group tolerance, which can be of great synthetic value for organic
synthesis, such as applications in late-stage derivatization of
pharmaceuticals and naturally occurring molecules, and creation
of new reactions to access value-added derivatives of feedstocks.
Mechanistic experiment evidence suggests that thermoinduced
reduction of DMF by Sn readily occurs to generate the amidyl
radical anion followed by umpolung reduction and SET of S-
(trifluoromethyl)arylsulfonothioates with the amidyl radical anion
and Sn to produce a sulfur-centered radical that engages a process
of single electron oxidation of the active Ni® species, unlike the
previously explored alkyl carbon-centered radical counterparts.
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