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Nickel-catalyzed reductive thiolation and
selenylation of unactivated alkyl bromides

Yi Fang', Torben Rogge?, Lutz Ackermann® 2, Shun-Yi Wang® ' & Shun-Jun Ji!

Chalcogen-containing compounds have received considerable attention because of their
manifold applications in agrochemicals, pharmaceuticals, and material science. While many
classical methods have been developed for preparing organic sulfides, most of them exploited
the transition-metal-catalyzed cross-couplings of aryl halides or pseudo halides with thiols or
disulfides, with harsh reaction conditions usually being required. Herein, we present a
user-friendly, nickel-catalyzed reductive thiolation of unactivated primary and secondary alkyl
bromides with thiosulfonates as reliable thiolation reagents, which are easily prepared and
bench-stable. Furthermore, a series of selenides is also prepared in a similar fashion with
selenosulfonates as selenolation reagents. This catalytic method offers a facile synthesis of a
wide range of unsymmetrical alkyl-aryl or alkyl-alkyl sulfides and selenides under mild
conditions with an excellent tolerance of functional groups. Likewise, the use of sensitive and
stoichiometric organometallic reagents can be avoided.
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ARTICLE

he development of novel methods for the construction of
sulfides has attracted increasing attention for their key
importance in pharmaceuticals, functional materials, and
organic syntheses!™. For example, Griseoviridin, first isolated
from Streptomyces griseus, is a representative member of Strep-
togramin antibiotics®. Viracept is being used as anti-human
immunodeficiency virus drug along with other medications’.
The most classical and important method for the synthesis of
alkyl sulfide compounds is the substitution reaction of alkyl
halides and mercaptans under strong alkaline reaction conditions.
However, these reactions have several drawbacks such as low
yields, limited substrate scope, as well as the unpleasant odor of
mercaptans. Developing milder and more efficient approaches for
the synthesis of organic sulfides continue to be highly desirable.
Transition-metal-catalyzed C-S bond cross-coupling reactions
have attracted significant attention in recent years®’. The
traditional cross-coupling reactions of aryl halides or aryl boronic
acids (activated Cg,,—-X) with alkyl thiols have been well devel-
oped, although harsh reaction conditions are usually required
(Fig. la). Noble metals, such as palladiumlo'lz, rhodium!3-13,
gold'®!, and silver'®, constitute the majority of transition-metal
catalysts in C,,-S bond formations. In contrast, the utilization of
inexpensive metals, including iron'*?°, copper?!?2, cobalt?>?4,
nickel>>~3?, and manganese*»*° is more desirable in the coupling
of aryl halides(pseudohaildes) with alkyl thiols. Among the
reported methods, thiols and their oxidized derivatives are usually
used as thiolation agents. Yet, most thiols are highly toxic com-
pounds and the commercially available alkyl thiols or alkyl dis-
ulfides are few, which significantly limit their applications and
substrate scope. Lee and co-workers reported a one-pot synthesis
of unsymmetrical sulfides using KSAc as the sulfuration agent?®.
Through a similar strategy, Zhou’s group achieved the con-
struction of such compounds employing KSCN instead of
KSAc®’. Ma’s group®® and Jiang’s group™ have reported the
synthesis of aryl and alkyl sulfides with sulfur powder and
Na,S,0; as sulfuration agents, respectively. In addition, methods
for the formation of C-S bonds involving electrophilic benzene-
sulfonothioates were also explored (Fig. 1b). For instance,
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organometallic reagents such as Grignard reagents'®*! and

organolithium compounds*? can react with benzenesulfonothio-
ates to produce unsymmetrical sulfides. However, organometallic
reagents are air- and moisture-sensitive and the methods suffer
from limited substrate scope and poor chemoselectivity.
Recently, transformations of benzenesulfonothioates as sulfuration
agents with transition metals have been reported. Thus, Ruijter
and co-workers reported a copper-catalyzed three-component
synthesis of isothioureas from isocyanides, benzenesulfonothio-
ates, and amines?>. Xu and co-workers have also reported
a copper-catalyzed Cy,-S bond formation for the synthesis
of 5-thiotriazoles*%.

While the transition-metal-catalyzed cross-coupling reactions
of Cy,-X have been well developed, the construction of Cg3-S
bonds with unactivated alkyl halides are more challenging due to
undesired B-hydride elimination and homodimerization path-
ways. Compared to classical cross-coupling processes, the recent
years have witnessed the development of nickel-catalyzed
reductive coupling reactions®>>°, which have been recognized
as powerful and effective tools for converting alkyl halides into
useful molecules under mild reaction conditions while avoidin,
the use of organometallic reagents. Electrophiles, such as CO,"!,
isocyanates®®, and acyl chlorides®® have been successfully
employed as coupling partners with alkyl halides. However, to the
best of our knowledge, C,,3-S bond formations through nickel-
catalyzed reductive coupling reactions have not been reported to
date. Herein, we present the nickel-catalyzed reductive thiolation
of unactivated primary and secondary alkyl bromides with thio-
sulfonates as reliable thiolation reagents to afford a wide range of
unsymmetrical alkyl-aryl or alkyl-alkyl sulfides. Furthermore, a
series of selenides was also prepared in a similar fashion with
selenosulfonates as selenolation reagents. This protocol is easy to
handle, scalable and proceeds smoothly with excellent tolerance
of functional groups (Fig. 1c).

Results
Reaction condition optimization for synthesis of 3. The initial
investigation was focused on the reaction of 1-bromo-3-

« Harsh conditions
» Poor substrate scope

« Sensitive organometallic species
¢ Poor functional group tolerance
¢ Low chemoselectivity

 Tolerance of B-hydrogens
« Good chemoselectivity

¢ Mild conditions

FG = Alkyloraryl ° Wide substrate scope
R =H or alkyl

X =S orSe

Fig. 1 Unsymmetrical alkyl-thiolation through different processes. a In traditional methods, transition-metal-catalyzed coupling of activated Cy,5-X with
alkyl thiols were well developed, however, harsh reaction conditions are usually required. b Compared to traditional thiolation reagents, thiosulfonates are
easily prepared and bench-stable, which can react with Grignard reagents or organolithium reagents to generate corresponding alkyl sulfides. ¢
Nickel-catalyzed reductive thiolation of unactivated alkyl bromides with thiosulfonates as reliable thiolation reagents was described. This reaction is easy to
handle, scalable, and proceeds smoothly with excellent tolerance of functional groups
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Table 1 Optimization of reaction conditions for nickel-catalyzed reductive aryl-thiolation
[Ni] (5 mol%)
©/\/\Br . ©/S\802Ph Ligand (7.5 mol%) S@
Mn (1.5 equiv.) ©/\/\
Solvent (0.2 M), 30 °C
1a 2a 3a

Entry [Ni] Ligand [S] Solvent Yield (%)*

1 NiCl,-glyme L5 2a DMF 98

2 NiBr,-glyme L5 2a DMF 97

3 NiF, L5 2a DMF 0

4 Ni(OAc), L5 2a DMF Trace

5 Ni(PPh,),Cl, L5 2a DMF 99

6 Ni(PPh,),Cl, L1 2a DMF 93

7 Ni(PPh,),Cl, L2 2a DMF >99

8 Ni(PPh,),Cl, L3 2a DMF 68

9 Ni(PPh,),Cl, L4 2a DMF 84

10 Ni(PPh,),Cl, L6 2a DMF 97

11 Ni(PPhg),Cl, none 2a DMF 21

12 Ni(PPh,),Cl, L2 2a DMA 92

13 Ni(PPh,),Cl, L2 2a THF 0

14 Ni(PPh )20|2 L2 2a MeCN 0

15 Ni(PPh,),C L2 (PhS), DMF 91

16 Ni(PPh )20| 2a DMF 21t

Eaclens M G4

= \=
L3 L4 L5 L6

Reaction conditions: Ta (0.2 mmol, 1.0 equiv.); 2a (0.22 mmol, 11 equiv.); [Ni] (5.0 mol%; ligand (7.5 mol%); Mn (0.3 mmol, 1.5 equiv.); DMF (1mL); N, atmosphere; 30 °C; 5h
*Yields were determined by GC with tridecane as the internal standard
Zn powder (1.5 equiv.) instead of Mn powder was used

phenylpropane la with S-phenyl benzenesulfonothioate 2a (the
general synthesis of the electrophiles is described in the Supple-
mentary Information) as the thiolation reagent. As briefly illu-
strated in Table 1 (see Supplementary Tables 1-4 for more
details), after systematic screening with L5 as the ligand, Ni
(PPh;),Cl, was chosen as catalyst because of its cost-effective
nature (Table 1, entries 1-5). Next, we conducted the ligand
optimization with a series of bipyridine ligands and structurally
similar phenanthroline ligands. As a result, ligands lacking ortho
substituents provided inferior results (Table 1, entries 6-9). In the
absence of ligand, the product was observed in only 21% yield
(Table 1, entry 11). The utilization of L2 resulted in high yields,
we thus could observe the desired product in nearly quantitative
yield (Table 1, entry 7). Other ligands, such as phosphine ligands,
could not give improved results (see Supplementary Table 2).
After optimizing the reaction medium, it was found that amide
solvents were crucial for the successful transformation of 1a. No
desired product could be observed in tetrahydrofuran (THF) or
MeCN (Table 1, entries 13 and 14). As shown in entries 15 and 16
(Table 1), the use of other thiolation and reducing reagents
resulted in significantly diminished yields of product 3a.

Substrate scope of 3. With the optimized reaction conditions in
hand, we explored the substrate scope of the transformation
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(Table 2). Hence, primary alkyl bromides bearing various func-
tional groups were employed in the reactions with S-phenyl
benzenesulfonothioate 2a. To our delight, the desired sulfide
compounds could be isolated in good to excellent yields (3a-n). A
wide range of substituents, including nitrile, ester, chloride,
alcohol and alkene, were well-tolerated under these mild reaction
conditions. Heteroaromatic substrate and estrone derivative were
successfully converted to the corresponding products (3k, 31).
Notably, alkyl borate was also tolerated under the standard
reaction conditions, illustrating the outstanding chemoselectivity
of our approach (3f). In addition, alkyl dibromides were also
successfully employed to provide the disulfide products, which
could be used as potential ligands (3m, 3n). Fortunately, a series
of alkyl selenides (30-r) were synthesized in good yields with Se-
phenyl benzenesulfonoselenoate as the selenylation reagent under
otherwise identical reaction conditions. Next, we investigated the
thiosulfonate scope with a wide range of benzenesulfonothioates
bearing different functional groups. Notably, when thiosulfonates
with amino group or heteroaromatic substrate were employed,
the reactions did not occur smoothly under standard conditions,
but higher ligand loading led to satisfactory results (3w-z). In
view of the importance of essential amino acids, bromoserine was
successfully converted to the corresponding cysteine and sele-
nocysteine derivates in good yields (3aa-ad).
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Table 2 Substrate scope for nickel-catalyzed reductive aryl-thiolation and selenylation

NiCl,(PPhj), (5 mol%)

L2 (7.5 mol%)

X
-
@\(\Br , Phos \‘
H

%x’

Mn (1.5 equiv.)

X=S or Se DMF (0.2 M), 30 °C
1 2 3
alkyl bromide scope
A~° AN 0
%/\/\@ & \© % % /\/L}

n 3a, 95% 3b, 98% 3c, 88% 3d, 87%
o J<
w_%/\/\/\ a%/\/\?/o E/\/\OH LIH/\/ \/5,\
o
3e, 90% 3f, 84% 3g, 94% 3h, 80%
—
o
cl o N
E/\/\/\COZEt ‘171/\/\/\/ L)H/\/\/ \H/C
o
3i, 92% ° 3j, 90% 3k, 97%
311/\/53 ‘211/\/0\/\;;
©\s§ﬂ\9’® 3m, 97% 3n, 96%
n

3aa, 93%

o R
LLH/\/\© 511/\/\/ \@\ 1&/\/\/0 s
CHO o
30, 99% 3p, 85% 3q, 96% 3r, 99%
thiosulfonate scope
Me OMe Cl F.
£l : %{C £l : ‘%; :
3s, 94% 3t, 92% 3u, 92% 3v, 99%
NH, = o
Ly <4 B 3
S
K W K %
: 3w, 28% (87%)" 3x, 36% (68%)" 3y, 81% (98%)" 3z, 44% (97%)"
X reeeeeeteeeeeeeerteeeeeeeieteeeeeaneteeeeaaabateeeaaanrtaeeeeaaataeeeaaasraeeeaeanreeaeesannnes
H/
BOC\NJYO
H S s s Se
- YO YO, YO Y0
L/
OMe

3ab, 82% 3ac, 92% 3ad, 94%

isolated products are given
L2 (12.5mol%), 12h

Reaction conditions: alkyl bromides 1 (1.0 equiv.); benzenesulfonothioates 2 (1.1 equiv.); Ni(PPh3),Cl, (5.0 mol%); L2 (7.5 mol%); Mn (1.5 equiv.); DMF (0.2 M); N, atmosphere; 30 °C; 5 h. Yields of

With the successful synthesis of unsymmetrical alkyl-aryl
sulfides and selenides being established, we began to study the
construction of more challenging unsymmetrical alkyl-alkyl
sulfides and selenides. Similarly, as illustrated in Supplementary
Tables 5-9, after extensive screening of nickel catalysts and
ligands, a combination of NiBr, and L5 provided best result. To

4 | (2018)9:2240

our delight, after a systematic investigation of the reactions in the
solvent mixture of DMF and MeCN, the yield of 5a could be
increased to 99% after 12h at 100 °C. The utilization of other
thiolation or reducing agents resulted in considerably lower
yields.
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Table 3 Substrate scope for nickel-catalyzed reductive alkyl-thiolation and selenylation

NiBr; (5 mol%)

2 R" R?
R’ R L5 (7.5 mol%)
PhO,S ;
®\H\Br . \x Mn (1.5 equiv.) X)\E
H Condition A or B H
X =8 or Se R =H, Alkyl; R? = H, Alkyl, Ar
1 4 5
alkyl bromide scope
o 1&/\/0 “z,z/\/\/CN
o
©/ \/\S:{&\H’,@ 5a, 98% 5b, 91% 5c, 84%
0/>
NSO NN
wﬁ/\/ko 5 % CO,Et
5d, 94% 5e, 80% 5f, 84%
=
e VN o Yt
o
59, 66% 5h, 56% 5i, 69%" 5j, 83%"
CN P
Oov\sﬁa\g@ K NN %
n
5k, 79% 51, 86% 5m, 80%
N N e O
° * %
5n, 77% 50, 73% 5p, 60%" 5q, 79%"
thiosulfonate scope For X = CH, ' ForX=0
Me :
E/w ‘1&)\/\ E/Me
x :
©/ s 5, 81% 5s, 75%T ; 5t, 86%
Me
d, :
.................................. O « : Je
. N 1 ‘1‘1
: H H
: 5u, 73% 5v, 55% : 54, 90%
o sy "
& NP /O
o—{ H K A %
/%
5w, 71%* 5x, 62%* 5y, 63%*
(selenosulfonate scope)
@Ms&‘ﬂ E/D E/O E/O x/(/\
5z, 66% 5aa, 85% 5ab, 90% 5ac, 83%

Reaction conditions A: for X =S, alkyl bromides 1 (1.1 equiv.), benzenesulfonothioates 2 (1.0 equiv.), NiBr, (5.0 mol%), L5 (7.5 mol%), Mn (1.5 equiv.), DMF/MeCN (v/v = 2:3, 0.2 M), N, atmosphere,
100 °C, 12 h; reaction conditions B: for X = Se, alkyl bromides 1 (1.1 equiv.), benzenesulfonoselenoates 2 (1.0 equiv.), NiBr, (5.0 mol%), L5 (7.5 mol%), Mn (1.5 equiv.), DMF (0.2 M), N, atmosphere, 30 °
C, 12 h. Yields of isolated products are given

80°C, 16h

1 (0.3 mmol), 2 (0.33 mmol), 80°C, 16 h

#1 (3 equiv.) was used, 80 °C

*1 (3 equiv.) was used

Substrate scope of 5. Encouraged by these results, we turned our
attention to investigate the nickel-catalyzed reductive alkyl-
thiolation and selenylation reaction scope with unactivated alkyl
bromides (Table 3). Nitrile (5¢), acetal (5d), alcohol (5e), and

| (2018)9:2240
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secondary alkyl bromides were successively transferred to the


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

a

NiBr, (5 mol%) b NiBr, (1 mol%) OPh
Br L5 (%.5 mol%) L5(1.5 mol‘l’/o)
i Mn (1.5 equiv) f //:/5 Br 0, S50,Ph Mn (1.5 equiv.) 4
SS0,Ph o P“/\(")/z + Ph 2 .
° DMF-MeCN (2:3, 0.1 M) DMF-MeCN (2:3, 0.4 M)
100°C, 12h 100 °C, 16 h
, Ph
6a, 0.3 mmol 5ad, 50% 1a 2a 5a, 90%
3 mmol 3.3 mmol
¢ . d OPh OPh
4-Bromonitrobenzene No. H OPh
Pd,(dba), (2 mol % 2 ) o J/
; Rﬁ( ho)sa((4 molfy)O) s Me;SiCl, H,0, d m-CPBA \
S\/\/Bpln p o s <o 3
©/ NaO'Bu (3 equiv.) ©/ MeCN, RT CH,Cl, o
toulene/H,O (10:1) i 10 min 0°C~RT
3f 80 °C, Ar, 24 h 7a, 72% Ph oh [,
7b, 83% 5a, 0.5 mmol 7c, 89%

Fig. 2 Scale-up synthesis and further transformations of sulfides. a A cyclic sulfide was generated via intramolecular thiolation. b The Ni-catalyst loading
could be reduced to 1mol% without loss of catalytic activity. ¢ The alkyl borate could be transferred into different functional groups. d Under suitable
oxidation conditions, the sulfide could be selectively oxidized to sulfoxide or sulfone

a NiCl,(PPhs), (5 mol%)
L2 (7.5 mol%)
1a + 2a 3a
TEMPO (2 equiv)
Mn (1.5 equiv.)
DMF (0.2 M), 30 °C

31% GC-yield

NiBr, (5 mol%)
L5 (7.5 mol%)
1a + Pho\/\ssozph - 5a
TEMPO (2 equiv)

4 Mn (1.5 equiv.) Trace
a DMF-MeCN (2:3, 0.2 M)
100 °C
C
SS0,Ph
Mn (1.5 equiv.)
1a + ———> 3p
MeO DMF (0.2 M), rt
26 N.D.
Mn (1.5 equiv.)
1a + 4a 5a
DMF/MeCN (2:3, 0.2 M)
100 °C Trace

b
9 Standard conditions PhSSPh
a
52% GC-yield
Standard conditions pho/\/s+ )
4a > 2 + mixture
Trace
d 1) Ni(cod),/L2 (1.5 equiv.)
DMF (0.2 M), rt
1a + 2b > 3p
2) 14 h later, add Mn (x equiv.)
12% (x=0)
34% (x=3)

1) Ni(cod),/L5 (1.5 equiv.)
DMF/MeCN (2:3, 0.2 M), rt
1a + 4a 5a
2) 14 h later, add Mn (x equiv.)
o 10% (x=0)
heat to 100 °C 24% (x=3)

Fig. 3 Insights into the reaction mechanism. a Radical scavenger is added under standard conditions, diminished yields of sulfides are observed. b
Treatment of 2a and 4a under standard reaction conditions leads to the formation of disulfides. ¢ Investigation of the role of manganese powder. d

Stoichiometric experiments

corresponding sulfides in 69% (5i) and 83% (5j) yield, respec-
tively. Subsequently, we expanded the substrate scope for thio-
sulfonates. Cyclopropane and indole moieties could be tolerated,
and the desired products were obtained with yields of 81% (5r)
and 73% (5u), respectively. It is worth mentioning that we could
successfully obtain the methyl sulfide compound (5t) with a yield
of 86%, which is difficult to synthesize by traditional methods. In
addition, the secondary thiosulfonates could also be successfully
used in the reaction system (5j, 5s, 5v). In the same way, this
method was applied to the synthesis of cysteine derivatives (5w-
y). We could not obtain the desired alkyl-alkyl selenides by
employing dialkyldiselenides as the selenylation reagents even at
100°C for 12 h. In contract, the Se-alkyl benzenesulfonoseleno-
ates showed high reactivity and a series of unsymmetrical sele-
nides was synthesized in moderate to good yields using similar
conditions at 30 °C (Table 3). Primary alkyl bromides bearing
different functional groups were tolerated under the mild con-
ditions. We could obtain the desired selenides in 73-86% yield

6 | (2018)9:2240

(5k-50). Additionally, secondary alkyl bromides were investi-
gated in the reactions. We could obtain the products with yields
of 60% (5p) and 79% (5q), respectively. Next, we investigated the
scope of Se-alkyl benzenesulfonoselenoates. Cyclobutyl (5z),
cyclopentyl (5aa), cyclohexyl (5ab), and branched (5ac) selenides
were successfully synthesized in 66-90% yield.

Further transformation of sulfides. As described above, sulfides
are versatile intermediates and building blocks for the assembly of
synthetically useful molecules. With the optimized nickel catalyst
in hand, we further applied the alkyl sulfides 3 and 5 in other
transformations (Fig. 2). First, 6a was successfully converted to
the thietane derivate (5ad) via an intramolecular thiolation
(Fig. 2a). Next, a scale-up synthesis of 5a was achieved with only
1 mol% of nickel catalyst (Fig. 2b). Additionally, we smoothly
transformed the product 3f into 7a via Suzuki-Miyaura cross-
coupling reaction with p-bromonitrobenzene smoothly (Fig. 2c).
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NiCI,(PPh,), (5.0 mol%)

L1 (7.5 mol%)

EN
Wm . ©/ SO,Ph

Mn (1.5 equiv)

DMF, 30 °C, 5h
1a 2a 3a
a Reaction profile " Peakatossom’ b Order in [NiCl,(PPhy),]
100 - . Peak at 689 cm™'
—3.5 _
.
80 A = B "~ 7.5mol%
g 'I@/ 36 6.0mol
3 60 L
«© i 3.7 50mol% -~
x © — - n_-
< .
8 40 % y=1.17x-1.28
N o R®=0.98
20 - i — 8.8
_‘.-" ht L]
N ., 4.0 mol%
0 Sl : "“f'w. '#.W,‘Jh“l:—""m'r'.'—'«:"-\’»{-,‘i.wﬁo‘\'i-c’;-""l 3.9 i : . . . .
0 60 120 180 240 300 -2.20 -2.15 -2.10 -2.05 -2.00 -1.95 -1.90
t (min) Log(INiCly(PPhy),] (mol L))
c Order in [1a] d  Ouerin2a)
-3.5 1 —3.5 4
Tp 361  y=-0044x-373 o 364 y_0.028x_367
T T
4 3
& 3.7 1 - e . —— w —3.7 . . e =
o, mmol .45 mmol 50 mmol (] 45 mmol e y
3 0.40 mmol 0.45 mmol 0.50 mmol 0.60 mmol 2 0.40 mmol 0.45 mmol 0.50 mmol 0.55 mmol
= >
o o
! -3.8 - — 3.8
-39 T T T T -39 T T T
-0.90 -0.85 —-0.80 -0.75 -0.70 -0.90 —-0.85 -0.80 -0.75

Log([1a] (mol L))

Log([2a] (mol L")

Fig. 4 Kinetic analysis. a Reaction profile. b Reaction order in NiCl,(PPhs), concentration. ¢ Reaction order in alkyl bromide 1a concentration. d Reaction

order in benzenesulfonothioate 2a concentration

Through the treatment of the thus-obtained compound 5a with
different oxidizing agents, we could provide access to sulfoxide 7b
and sulfone 7c in 83 and 89% yield, respectively (Fig. 2d).

Mechanistic studies. Although a comprehensive understanding
of the reaction mechanism should await further investigations,
preliminary radical-inhibition tests were conducted. Partial
inhibition was observed when TEMPO was added. This result
indicates that a single-electron-transfer process might occur
during the reductive coupling (Fig. 3a). However, the presence of
2,6-di-tert-butyl-4-methylphenol (BHT) only slightly decreased
the yields. When treating benzenesulfonothioates 2a under the
standard reaction conditions, the formation of disulfide was
observed along with the consumption of 2a (Fig. 3b). The result
shows that an oxidative addition of 2 or 4 to the in situ generated
bisligated Ni® intermediate might occur in the initial step. Control
experiments were conducted to investigate the role of manganese
powder. As shown in Fig. 3¢, we could not obtain the desired
products with manganese alone, the recovery of benzenesulfo-
nothioates was also possible. Therefore, we could exclude the
reduction of benzenesulfonothioates by manganese powder and
the formation of alkyl manganese species. More importantly, we
found that 3p and 5a could be obtained regardless of whether
manganese was present or not with stoichiometric amounts of

| (2018)9:2240

Table 4 Radical clock experiment and ratio of linear/cyclic
products with respect to catalyst concentration

2a

NiCL,(PPh,), / L1 (1/1.5)
P N S SNVl R g\s/Ph
Mn (1.5 equiv)
DMF,30°C,5h
1e 3e 3e’
Entry [NiCl,(PPhj),] 3e:3e’"

1 5 mol% 3.5:1

2 7.5 mol % 9.5:1

3 10 mol% >30:1

 Ratios determined by 'H-NMR of the mixture of 3e and 3¢’

Ni® catalyst and ligands. Moreover, the addition of manganese
powder could increase the yields of products (Fig. 3d).

Detailed kinetic analysis by means of in situ infrared spectro-
scopy highlighted a first-order dependence with respect to the
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N//,, \\\X
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N/ Sy
Mn
i
Mn(0,SPh)Br MnX, Ph—S—sR?
N, 1l
( " NI °
Mn N/ 2
A
Ph
/Ph S/
"
_s o\
" O }0 N,,,'i_"‘\\o
( "R N/N'\srai4
7N
N B B
E
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Fig. 5 Catalytic cycle. Proposed mechanism for the nickel-catalyzed
reductive thiolation of unactivated alkyl bromides with thiosulfonates

concentration of NiCl,(PPh;), (Fig. 4b). Interestingly, a zeroth-
order dependence on the concentration of substrates 1a and 2a
was revealed, being indicative of a facile C-Br as well as S-S bond
cleavage (Fig. 4c, d). These findings are suggestive
of the reduction of the nickel catalyst being the rate-
determining step.

Reactions with the radical clock precursor le as the substrate
resulted in a mixture of the linear and cyclic products 3e and 3e’,
respectively, providing strong support for the formation of a
primary alkyl radical by homolytic C-Br bond cleavage (Table 4).
The 3e:3e’ ratio was found to increase with higher nickel catalyst
concentrations, which is in good agreement with previous
reports®*~°, and is indicative of a radical chain mechanism to
be operative.

Based on the above experiments and literature reports a
mechanistic scenario was proposed in Fig. 5. The in situ reduction
of Nill by manganese affords Ni%L), (A). The oxidative addition
of A and benzenesulfonothioates 2 furnishes R3S-Nil}(L), (B) and
reacts with an alkyl radical to form Ni'l(L), intermediate.
The sulfide (3 or 5) generates by reductive elimination and a Ni!
(L), (D) species is formed. The reactive D reacts with alkyl
bromide 1 to regenerate the alkyl radical and provide E.
The kinetically relevant further reduction of intermediate E
regenerates A.

55,57,58

Discussion

In summary, we have developed a nickel-catalyzed reductive
chalcogenation of unactivated alkyl bromides with thiosulfonates
and selenosulfonates for accessing unsymmetrical sulfides and
selenides. The reactions proceed with excellent chemoselectivity
under mild reaction conditions, thus tolerating a wide range of
functional groups. Additionally, the reaction is amenable to scale-
up with low catalyst loading, which enables its applications in

8 | (2018)9:2240

agrochemical and pharmaceutical industries as well as material
science. Detailed mechanistic studies provided strong evidence
for a facile homolytic C-Br cleavage, and a kinetically relevant
nickel reduction.

Methods

Synthesis of 3. In a glovebox, an oven-dried screw-capped 8-mL vial equipped
with a magnetic stir bar was charged with NiCl,(PPhs), (16.4 mg, 0.025 mmol),
6,6'-dimethyl-2,2'-dipyridyl (L2, 6.9 mg, 0.0375 mmol), and Mn powder (41.2 mg,
0.75 mmol). DMF (1 mL) was added via syringe and the mixture was stirred at
room temperature for 10 min. The alkyl bromide A (0.5 mmol) was added, fol-
lowed by the addition of aryl-thiosulfonate or selenosulfonate B (0.55 mmol) in one
portion. Additional DMF (1.5 mL) was subsequently added via syringe. The
resulting solution was stirred for 5h at 30 °C. After this time, the crude reaction
mixture was diluted with ethyl acetate (100 mL) and washed with water (20 mL x
3). The organic layer was dried over Na,SO,, filtered, and concentrated. The
residue was purified by flash chromatography.

Synthesis of sulfide 5 with PhSO,SAIkyl. In a glovebox, an oven-dried screw-
capped 8-mL vial equipped with a magnetic stir bar was charged with NiBr, (3.3
mg, 0.015 mmol), neocuproine (L5, 4.6 mg, 0.0225 mmol), and Mn powder (24.8
mg, 0.45 mmol). DMF (0.6 mL) was added via syringe and the mixture was stirred
at room temperature for 10 min. The alkyl bromide A (0.33 mmol) was added,
followed by the addition of alkyl-thiosulfonate B (0.3 mmol) in one portion. MeCN
(0.9 mL) was subsequently added via syringe. The resulting solution was stirred for
12h at 100 °C. After this time, the crude reaction mixture was diluted with ethyl
acetate (100 mL) and washed with water (20 mL x 3). The organic layer was dried
over Na,SOy, filtered, and concentrated. The residue was purified by flash
chromatography.

Synthesis of selenide 5 with PhSO,SeAlkyl. In a glovebox, an oven-dried screw-
capped 8-mL vial equipped with a magnetic stir bar was charged with NiBr, (3.3
mg, 0.015 mmol), neocuproine (L5, 4.6 mg, 0.0225 mmol), and Mn powder (24.8
mg, 0.45 mmol). DMF (0.5 mL) was added via syringe and the mixture was stirred
at room temperature for 10 min. The alkyl bromide A (0.33 mmol) was added,
followed by the addition of alkyl-selenosulfonate B (0.3 mmol) in one portion.
Additional DMF (1.0 mL) was subsequently added via syringe. The resulting
solution was stirred for 12 h at 30 °C. After this time, the crude reaction mixture
was diluted with ethyl acetate (100 mL) and washed with water (20 mL x 3). The
organic layer was dried over Na,SOy, filtered, and concentrated. The residue was
purified by flash chromatography.

Data availability. The authors declare that the main data supporting the
findings of this study are available within the article and its Supplementary
Information files. Additional data are available from the corresponding authors
upon request.
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