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ABSTRACT: A cross-electrophilic coupling of benzyl sulfonium
salts with alkyl halides forming Cspa'-Csp3 bonds is described
using a Co-based catalytic system. The activation of the stable
Csps—S bond of benzyl sulfonium salts under mild reaction
conditions leads to various functionalized alkyl derivatives.
Preliminary mechanistic studies suggest the involvement of
alkyl radicals both formed from alkyl halides and benzyl
sulfoniums through a single electron transfer.

The construction of carbon-carbon bonds is important in
synthetic organic chemistry but also in materials and biol-
ogy. Thus, transition metal-catalyzed cross-coupling reac-
tions have been extensively studied over the past decades
and recognized with the Nobel Prize in Chemistry in 2010
for the development of palladium-catalyzed cross-coupling
reactions.! Most of the cross-coupling reactions imply a
nucleophilic organometallic reagent, such as for example
Grignard reagents, organozinc, or organoboron deriva-
tives, and an electrophile in the presence of a transition
metal. 22 However, to avoid the need or preformation of
stoichiometric, reactive, and often sensitive organometallic
species, especially when a reactive functional group is
present, electrophilic reductive cross-coupling reactions
have been developed since the beginning of this century to
form a C-C bond in only one step. This interesting proce-
dure exhibits high functional group compatibility,
regioselectivity, and chemoselectivity. In most cases, these
cross-coupling reactions involve organohalides as electro-
philes3. However, in order to reduce halogen wastes, other
electrophiles such as C-O (alcohol derivatives: sulfonates,*
esters,5 carbonates,>d ¢ oxalates’, etc.), C-N (amine deriva-
tives, such as pyridinium salts,® ammonium salts,’ etc.), C-S
(sulfonium salts?), as well as carboxylic acid derivatives
(N-hydroxy phthalimide esters!!) have been more recently
involved in Ni, Cu or Co catalyzed cross-couplings. Moreo-
ver, although the formation of Csp2-Csp? bonds between
two Csp? electrophiles is well established, 3812, the Csp3-
Csp3 bond formation from two Csp3 electrophiles remains
much more challenging while these bonds are ubiquitous
in molecules. Indeed, the unwanted facile $-hydride elimi-
nation from alkyl metal complexes is a key impediment to
efficient cross-coupling of alkyl electrophiles. In the case of
Co-catalyzed cross-couplings involving benzylic substrates
such as benzyl chloride3d, benzyl zinc!3, and benzyl
mesylates*h, Csp? partners were always employed. Howev-

Lo Bn —Alkyl
® Allkyl iodides Co/ Mn
Bn —gMez " or 3
BF4 Benzyl chlorides MeCN
Bn —Benzyl
33 samples

up to 90% isolated yields

er, some electrophilic cross-couplings have been already
developed between two different alkyl compounds using
Ni or Co as catalysts3® <14 and notably benzyl sulfonium
salts.’s In particular, Aleman and our group showed re-
cently that these compounds could react by reductive
cross-coupling with activated alkyl halides.’® Aleman re-
ported the cross-coupling with benzyl bromides using a
nickel catalyst'®® (Scheme 1a) while allylic acetates or
ethers were used by our group under cobalt catalysis!®b.
Nevertheless, compared to the widely used C-O or C-N
electrophiles, sulfonium salts still did not receive much
attention in cross-coupling reactions since Liebeskind’s
reportst0ab although S-containing motifs are very present
in drugs and materials.!” These salts are bench-stable and
can be synthesized easily and economically from alcohols,
organohalides, thiols, or thioethers.’52> They can smoothly
undergo oxidative addition with transition metal catalysts
and release a neutral sulfide instead of anionic sulfur
fragments limiting the risk of catalyst poisoning. In the
development and application of sulfonium salts in cross-
coupling, different elegant reactions were reported such as
C-H arylation 8 , alkylation/ alkenylation 1° , and
carbonylation 20 . Hence, considering that no cross-
electrophilic coupling was reported between non-activated
alkyl halides and benzyl sulfonium salts, regardless of the
catalyst, we envisioned the Co-catalyzed reductive cross-
coupling of benzyl sulfonium salts with non-activated alkyl
iodides and the extension to activated benzyl chlorides
(Scheme 1b).

Scheme 1. Reductive cross-couplings of benzyl
sulfonium salts with alkyl halides.
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The Co-catalyzed cross electrophilic-coupling of benzyl
sulfonium salts (S1) with an alkyl iodide such as 1-
iodoheptane (al) led to a 41% GC yield of the desired
product (1-phenyloctane) b1 in allylation conditions we
previously reported. (see SI for more details).

Then, numerous experiments were conducted to im-
prove this cross-electrophilic coupling (see SI for more
details). As shown in Table 1, the combination of 10 mol%
of CoBrz, 2.0 equivalents of Mn activated by 25 mol% of
TMSCI, with addition of 75 mol% of pyridine in a mixture
of MeCN/ 1,4-dioxane led to a 60% GC yield of the desired
product b1 at 45 °C overnight. With MeCN or 1,4-dioxane
as the sole solvent, yields of 1-phenyloctane b1 decreased
to 48% or 11% respectively, but the formation of the ho-
mo-coupling from al was significantly inhibited in sole
1,4-dioxane (Table 1, entries 2, 3). In the mixture of
MeCN and 1,4-dioxane, the quantity of 1,4-dioxane, is
importante (Table 1, entries 4, 5). With other solvents in
place of MeCN, like THF, DMA, and MeOH, the yield of b1
was lower. (Table 1, entries 6-8). Decreasing the amount
of CoBr2 to 5% gave a similar yield of b1 (62% GC yield,
Table 1, entry 9). In this condition, decreasing the amount
of Mn or using Zn instead of Mn affected the efficiency of
the cross-coupling significantly (Table 1, entries 10, 11).
Moreover, at a higher or lower temperature (60 °C or rt), a
low yield of b1 was obtained together with more dibenzyl
or remaining al (Table 1, entry 12, 13). However, ex-
tending the reaction time to 24 h at rt, the yield of b1 in-
creased to 73% (Table 1, entry 14). Cobalt salt and Mn
were necessary for this alkylation reaction but a of b1 was
formed (33% GC yield) even in the absence of pyridine.
Scaling up the reaction to 10 mmol led to 78 % GC yield
(65% isolated yield). Finally, no reaction occurred upon
replacing CoBrzby NiBrz under the condition (see SI- Ta-
ble 3.5).

Table 1. Optimization of Reaction Conditions of benzyl dime-
thyl sulfonium salt (S1) with 1-iodoheptane (al). ®

@ CoBr;, (10 mol%), Mn (2.0 equiv,
@SM?1_IO doheptane TMS(2:|((25 momf), Py((75 m?)l%)); [ TGk
BFy MeCN/ 1,4-dioxane (3 mL/ 1 mL’)
s1 a1 (1.25 equiv) 45 °C, overnight b1
Entry Variation b1 yield/%
1 None 60
2 MeCN (0.5 M) 48
3 1,4-dioxane (0.5 M) 11
4 MeCN/ 1,4-dioxane (3.5 mL: 0.5 mL) 56
5 MeCN/ 1,4-dioxane (2.0 mL: 2.0 mL) 30
6 THF (0.5 M) 36
7 DMA (0.5 M) Trace
8 MeOH (0.5 M) 25
9 CoBr; (5 mol%) 63
11 Mn (1.5 quiv) 11°
11 Zn (2.0 quiv) 20°
12 60°C 43
13 ot 40°
14 CoBr; (5 mol%o), rt, 24 h 73/66 (57°)

# Reactions were performed with S1 (2.0 mmol), al (2.5 mmol), Mn
(2.0 equiv), pyridine (75 mol%), TMSCI (25 mol%) in MeCN/1,4-
dioxane under N, GC yields using decane as an internal standard. ®
CoBr, (5 mol%). ¢ Isolated yield.

The nature of the sulfonium partner was modified: ben-
zyl dimethyl sulfonium bromide and 1-benzyl tetrahydro-
1H-thiophen-1-ium hexafluorophosphate formed b1 in
respectively 10% and 56% yield under the optimized con-
dition defined in Table 1Table 1. To compare with other
benzylic electrophiles, benzyl chloride gave a similar yield
as the benzyl sulfonium salt S1, while only a trace amount
of b1 was detected with the more reactive benzyl bromide.
Among C-0 electrophiles, benzyl carbonate was unreactive,
and benzyl sulfonates (mesylate or tosylate) only gave
trace or a low yield of the desired coupling product.

With the optimized conditions described in Table 1 in
hand, the scope of benzyl sulfonium tetrafluoroborate salts
with various alkyl iodides was studied (Table 2). As
shown, a large number of substituted non-activated alkyl
iodides and functionalized benzyl sulfonium salts reacted
under the established conditions with either 25 or 75
mol% of TMSCL. It is obvious that this method is general for
primary alkyl iodides, providing a wide range of cross-
coupling products in moderate to good isolated yields. For
unsubstituted primary linear alkyl iodides, 50% to 69%
yields of the cross-coupling products were obtained (b2-
b17). Alkyl iodides with various functionalities, such as
acetate (b7, b8), ether (b9), phenyl (b10, b11, b17), and
ester (b12), were well tolerated. A functional group could
be tolerated both on the benzyl sulfonium salt and the
primary alkyl iodide (b13- b16). In contrast, cross-
couplings of secondary or tertiary alkyl iodides with ben-
zyl sulfonium salt led to only traces or few of products.
(b19-b21) due to their higher reactivity except for the
coupling with cycloalkane such as iodocyclohexane deliv-
ering the desired product b18 in 46% isolated yield.

Although different functionalized groups on the benzyl
moiety of sulfonium salts were well tolerated, the coupling
of 1-iodoheptane (al) with electron-donating groups sub-
stituted benzyl sulfonium salts leading to b22-b25 was
more efficient than with electron-withdrawing groups
substituted benzyl sulfonium salts (b30, b31) because of
the competitive homocoupling of the benzyl sulfonium salt.
Halides (F or Cl) also led to cross-coupling products in
good yields (b28, b29). The steric hindrance on the benzyl
sulfonium salt did not affect the cross-coupling (b22-b24).
Several electron-donating groups on the aromatic ring
were also allowed (b26, b27).

Finally, we extended the cross-coupling of benzyl
sulfonium tetrafluoroborate salts with benzyl chlorides
(Table 2). In contrast to the work carried out by Ale-
man'%?, benzyl chloride showed good and even better effi-
ciency than benzyl bromide in this Co-catalyzed Csp3-Csp?
bond-forming reaction. With a methoxy substituted benzyl
chloride, the yield increased significantly compared to the
same substituent on the benzyl sulfonium salt (c1, c2).
These results prompted us to attempt the synthesis of a
dihydro resveratrol precursor - a key intermediate in the
inhibition of pancreatic oxidative damage?!. However, the
cross-coupling product yields (c3, c4) were moderate and
similar, regardless of the entity bearing the two methoxy
groups.



Table 2. Scopes of benzyl dimethyl sulfonium salts (S) with alkyl iodides (a)/benzyl chlorides. *®
CoBr, (5 mol%), Mn (2.0 equiv)

R.—
Z BF

S (2.0 mmol) (1.25 equiv)

/@/\/ﬂ

b7, R=H, R =0Ac: 50%
b8, R=Cl, R'= OAc: 63%
b9, R=H, R'=OMe: 58%
b10,R=H, R'=Ph: 57%
b11, R= CO,Me, R' = Ph: 47%

Q\A

b19, 26%

Scope of alkyl-I

%

b2 R=H, n = 0: 65%°
b3, R=Cl,n = 0: 69%
b4, R=H, n=1:55%
b5, R=H,n=2:67%
b6, R=H, n=7:50%

b18 46%

Scope of benzyl sulfonium salts

/©/\nC7H15 Me\©/\nC7H15
Me

b22, 54% b23, 60%

R
nCzHq5 /©/\“C7H15
X

R
b26, R= Me: 54% b28, X =F, 90%
b27, R=OMe: 32% b29, X= Cl, 59%

Scope of benzyl-Cl

c1,41% €2,69%

C?

i SMez + Alkyl-1 TMSCI (25 or 75 mol%), Py (75 mol% YT Alkyl
MeCN /dloxane 3 mL/ 1 mL)

CO,Et N COMe

I
b12, 58% b15, R = 4-MeO, 40%
CN b16, R = 4-CF3, 44%

X

Ph
P /©/\/Hs\/
MeO

b13, R = 3,5- diMeO: 55%

b14, R = 4-CF5: 55% b17, 41%
b20, trace b21, nd
©\/\nC7H15 /@/\nc7H15
Me MeO
b24, 57% b25, 55%
©f\nC7H15 /@/\nc7H15
CF, MeO,C
b30, 38% b31, 47%
""""""" I _OMe OMe
O g OMe
c3, 23% MeO c4,21%

& Standard condition: S (2.0 mmol), a (2.5 mmol), CoBr, (5 mol%), Mn (2.0 equiv), pyridine (75 mol%), TMSCI (25 or 75 mol%) in MeCN (3.0

mL) and 1,4-dioxane (1.0 ml) at rt, 24 h, N,. " Isolated yield. GC yield.

To investigate the mechanism of this Co-catalyzed re-
ductive Csp3-Csp® bond-forming process, a few experi-
ments were conducted. At the outset, the addition of 2
equivalents of 2,2,6,6-tetramethylpiperine-1-oxyl
(TEMPO) in the alkylation reaction between S1 and al
inhibited significantly the coupling (Scheme 2). Only a
trace amount of b1l was detected by GC-MS, along with
trace amounts of the TEMPO-trapped products 1 and 2 (eq
1). Moreover, the reaction of either S1 or al in the pres-
ence of TEMPO (eq 2), led to traces of 1-(benzyloxy)-
2,2,6,6-tetramethyl-piperidin (1) or 1-(heptyloxy)-2,2,6,6-
tetramethyl- piperidine (2) detected by GC-MS as well as
either the dimerization product of S1 (32% GC yield of
dibenzyl) or a1 (16% GC yield of tetradecane) respective-
ly. Likewise, adding glavinoxyl free radical in the reaction
between S1 and al led to a significantly decreased cross-
coupling product yield when increasing the amount of free
radical reagent (see SI). These results suggested that both
benzyl and alkyl radicals were involved in this Co-
catalyzed alkylation reaction.

Scheme 2. TEMPO trapping experiments with alkyl iodide.

TEMPO (2.0 equiv)
a1 (1.25 equiv) oN
CoBr; (5 mol%)
Mn (2.0 equiv)
@Anc#ﬁ 1, detected by GC-MS (eq1)

@

_ SMe, TMSCI (25 mol%

" Py (75 mol%)

BF, , +

MeCN/ 1,4-dioxane (3 mL/ 1 mL)
$1 (2.0 mmol) rt, 24 h b1, trace
N
nCeHyg™ 0"

Ph
@ASMGQ TEMPO (2.0 equiv) @/\ \igj Ph" N
BF, CoBr; (5 mol%), Mn (2.0 equiv)

s1 TMSCI (75 mol%), Py (75 mol% 1, trace? 32% yield®  (€92)
(2.0 mmol) ;e EN 1, 4-dioxane (3 mLJ 1 mL)
or 1, 24 h or o
N n
al nCaH13/\O * "CGH13/\/ e
(2.0 mmol) 2, trace? 16% yield®

a detected by GC-MS. ? GC yields using decane as an internal
standard.

To confirm this hypothesis, iodomethylcyclopropane (3)
was coupled with S1 under the optimized alkylation condi-
tion (Scheme 3, eq 3). A mixture of ring-opened products
4 [5-phenylpent-1-ene 4a and (E)-3-pentenyl benzene
(4b)] was obtained in 33% isolated yield, without
unrearranged cross-coupling product (5).

Scheme 3. Radical clock trapping experiments.



CoBr, (5 mol%)
Mn (2.0 equiv) 4a

©/\/\/
TMSCI (75 mol%) A
@ASM% By (75 ol (ead)
BF, MeCN/ 1,4-dioxane (3 mL/ 1 er 4b

$1 (2.0 mmol) 3 (1.25 equiv) m24h

5,ND
4a: 4b = 2:1
33% total isolated yield

These results prompted us to propose a mechanism
(Scheme 4) based on our previous reports related to the
Csp3-Csp® homocoupling.22 The cross-coupling of benzyl
sulfonium salts and benzyl chlorides suggested a lower
reactivity of benzyl sulfonium salts compared to benzyl
chlorides. Thus, we proposed that the alkyl radical from
the alkyl iodide formed prior to the benzyl radical from
sulfonium salt.

First, the catalytic cycle starts with the reduction of the
Co(II) pre-catalyst by the manganese into an active low-
valent Co species. Then, the oxidative addition of the low-
valent Co species with an alkyl radical generated from the
alkyl iodide leads to a cobalt complex A. After subsequent
reduction by Mn, the formed alkyl complex B undergoes
one electron transfer to benzyl sulfonium salt, delivering
Co complex C, a benzyl radical and a thioether. Co complex
C reduced another time by manganese, lead to Co complex
D. Finally, the benzyl alkyl Co complex E, generated by the
combination of the benzyl radical and the low-valent Co
complex D, provides the cross-coupling product by reduc-
tive elimination along with the regeneration of the active
Co species.

Scheme 4. Proposal mechanism
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In conclusion, we have demonstrated that benzyl
sulfonium salts are suited for the construction of Csp3-Csp3
bonds with non-activated alkyl iodides or benzyl chlorides
via a Co-catalyzed reductive cross-coupling. Compared to
other Co-catalyzed reductive cross-coupling, a mixture of
acetonitrile and dioxane as solvent was necessary to ob-
tain best yields. A large variety of functionalized benzyl
sulfonium salts reacted with a broad range and small ex-
cess of primary or cyclic secondary alkyl iodides in moder-
ate to good yields. To the best of our knowledge, it is the
first report using sulfonium salts as electrophiles in metal-
catalyzed reductive cross-coupling with non-activated
alkyl halides to build Csp3-Csp? bonds. Mechanistic studies
suggested both the generations of benzyl and alkyl radicals

from benzyl sulfonium salts and alkyl iodides respectively.
Further studies aiming at using other sulfonium salts in
cobalt-catalyzed C-C bond formation and gaining detailed
mechanistic insights are currently underway in our labora-
tory.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website.

brief description (file type, i.e., PDF)

AUTHOR INFORMATION

Corresponding Author

*Corinne Gosmini - Laboratoire de Chimie Moléculaire, Ecole
Polytechnique, Institut Polytechnique de Paris, CNRS Route de
Saclay 91128 Palaiseau cedex, France.

Email: corinne.gosmini@polytechnique.edu

Author

Meng-Yu Gao- Laboratoire de Chimie Moléculaire, Ecole Poly-
technique, Institut Polytechnique de Paris, CNRS Route de
Saclay 91128 Palaiseau cedex, France.

ACKNOWLEDGMENT

The authors thank Sophie Bourcier from LCM for the HRMS
analysis. M.G. also thanks the “China Scholarship Council” for
the fellowship. Finally, the authors are very grateful to the
CNRS and Institut Polytechnique de Paris, which support this
work.

REFERENCES

(1) (a) Marsden. J., Haley. M., de Meijere. A., Diederich. F. In
Metal-Catalyzed Cross-Coupling Reactions, WILEY-VCH:
Weinheim, (2004). (b) Knochel, P. In Handbook of Functional-
ized Organometallics. Applications in Synthesis, Wiley-VCH:
Weinheim, Germany, (2005). (c) Johansson. Seechurn, C.C.C.,
Kitching, M.O., Colacot, T.J. Snieckus, V. Palladium-Catalyzed
Cross-Coupling: A Historical Contextual Perspective to the 2010
Nobel Prize. Angew. Chem. Int. Ed. 2012, 51, 5062-5085 (c)
Campeau, J.-L.; Hazari, N. Cross-Coupling and Related Reac-
tions: Connecting Past Success to the Development of New Reac-
tions for the Future. Organometallics 2019, 38, 3-35.

(2) () Liu, C.; Zhang, H.; Shi, W.; Lei, A. Bond Formations
between Two Nucleophiles: Transition Metal Catalyzed Oxida-
tive Cross-Coupling Reactions. Chem. Rev. 2011. 111, 1780-
1824. (b) Yu, D. G; Li, B. J.; Shi, Z. J. Exploration of New C— O
Electrophiles in Cross-Coupling Reactions. Acc. Chem. Res.
2010, 43, 1486-1495. (c) Jana, R.; Pathak, T. P.; Sigman, M. S.
Advances in Transition Metal (Pd, Ni, Fe)-Catalyzed Cross-
Coupling Reactions Using Alkyl-Organometallics as Reaction
Partners. Chem. Rev. 2011, 111, 1417-1492.

(3) (a) Lucas, E.; Jarvo, E. Stereospecific and Stereoconvergent
Cross-Couplings between Alkyl Electrophiles. Nat Rev Chem.
2017, 1, 0065. (b) Xu, H.; Zhao, C.; Qian, Q.; Deng, W.; Gong,
H. Nickel-Catalyzed Cross-Coupling of Unactivated Alkyl Hal-
ides Using Bis (pinacolato) Diboron as Reductant. Chem. Sci.
2013, 4, 4022-4029. (c) Yu, X.; Yang, T.; Wang, S.; Xu, H,;
Gong, H. Nickel-Catalyzed Reductive Cross-Coupling of
Unactivated Alkyl Halides. Org. Lett. 2011, 13, 2138-2141. (d)
Pal, S.; Chowdhury, S.; Rozwadowski, E.; Auffrant, A.; Gosmini,

4



C. Cobalt- Catalyzed Reductive Cross- Coupling Between Ben-
zyl Chlorides and Aryl Halides. Adv. Synth. Catal. 2016, 358,
2431-2435 (e) Gosmini, C.; Moncomble, A. Cobalt-Catalyzed
Cross-Coupling Reactions of Aryl Halides. Isr. J. Chem. 2010,
50, 568-576. (f) Amatore, M.; Gosmini, C. Direct Method for
Carbon—Carbon Bond Formation: The Functional Group Tolerant
Cobalt-Catalyzed Alkylation of Aryl Halides. Chem. Eur. J.,
2010, 16, 5848. (g) Amatore, M.; Gosmini, C. Efficient Cobalt-
Catalyzed Formation of Unsymmetrical Biaryl Compounds and
Its Application in the Synthesis of a Sartan Intermediate. Angew.
Chem. Int. Ed. 2008, 120, 2119-2122.

(4) Selected reports: (a) Ackerman, L. K. G.; Anka-Lufford, L. L.;
Naodovic, M.; Weix, D. J. Cobalt Co-Catalysis for Cross-
Electrophile Coupling: Diarylmethanes from Benzyl Mesylates
and Aryl Halides. Chem. Sci. 2015, 6, 1115-1119. (b) Reddy, B.
R. P.; Chowdhury, S.; Auffrant, A.; Gosmini,C. Cobalt-Catalyzed
Formation of Functionalized Diarylmethanes from
Benzylmesylates and Aryl Halides. Adv. Synth. Catal. 2018, 360,
3026-3029. (c) Komeyama, K.; Michiyuki, T.; Osaka, I. Nick-
el/Cobalt-Catalyzed C(sp®)-C(sp®) Cross-Coupling of Alkyl
Halides with Alkyl Tosylates. ACS Catal. 2019, 9, 9285-9291. (e)
Liu, J.-H.; Yang C.-T.; Lu X.-Y.; Fu, Y.; Liu, L. Copper-
Catalyzed Reductive Cross-Coupling of Nonactivated Alkyl
Tosylates and Mesylates with Alkyl and Aryl Bromides. Chem.
Eur. J. 2014, 20, 15334 — 15338. (f) Ma, W.-Y.; Han, G-Y,;
Kang, S.; Pang, X.; Liu, X.-Y.; Shu, X.-Z. Cobalt-Catalyzed
Enantiospecific Dynamic Kinetic Cross-Electrophile Vinylation
of Allylic Alcohols with Vinyl Triflates. J. Am. Chem. Soc. 2021,
143, 15930-15935.

(5) (a) Konev, M. O.; Hanna, L. E.; Jarvo, E. R. Intra- and Inter-
molecular Nickel-Catalyzed Reductive Cross-Electrophile Cou-
pling Reactions of Benzylic Esters with Aryl Halides. Angew.
Chem. Int. Ed. 2016, 128, 6842-6845. (b) Qian, X.; Auffrant, A,;
Felouat, A.; Gosmini, C. Cobalt-Catalyzed Reductive Allylation
of Alkyl Halides with Allylic Acetates or Carbonates. Angew.
Chem. Int. Ed. 2011, 123, 10586-10589. (c) He, R.-D.; Bai, Y.;
Han, G.-Y.; Zhao, Z.-Z.; Pang, X.; Pan, X.; Liu, X.-Y.; Shu, X.-Z.
Reductive Alkylation of Alkenyl Acetates with Alkyl Bromides
by Nickel Catalysis. Angew. Chem. Int. Ed. 2022, 61,
€202114556. (d) Amatore, M.; Gosmini, C.; Périchon, J. Cobalt-
Catalyzed Vinylation of Functionalized Aryl Halides with Vinyl
Acetates. Eur. J. Org. Chem. 2005, 989-992.

(6) Chen, H.; Jia, X.; Yu, Y.; Qian, Q.; Gong, H. Nickel-
Catalyzed Reductive Allylation of Tertiary Alkyl Halides with
Allylic Carbonates. Angew. Chem. Int. Ed. 2017, 56, 3103-13106.
(7) (& Yan, X.-B,; Li, C.-L.; Jin, W.-J.; Guo, P.; Shu, X.-Z. Re-
ductive Coupling of Benzyl Oxalates with Highly Functionalized
Alkyl Bromides by Nickel Catalysis. Chem. Sci. 2018, 9, 4529-
4534. (b) Ye, Y.; Chen, H.; Sessler, J. L.; Gong, H. Zn-Mediated
Fragmentation of Tertiary Alkyl Oxalates Enabling Formation of
Alkylated and Arylated Quaternary Carbon Centers. J. Am. Chem.
Soc. 2019, 141, 820-824. (c¢) Gao, M.; Sun, D.; Gong, H. Ni-
Catalyzed Reductive C-O Bond Arylation of Oxalates Derived
from a-Hydroxy Esters with Aryl Halides. Org. Lett. 2019, 21,
1645-1648. (d) Ye, Y.; Chen, H.; Ma, G.; Gong, H. lIron-
Catalyzed Reductive Vinylation of Tertiary Alkyl Oxalates with
Activated Vinyl Halides. Org. Lett. 2020, 22, 2070-2075.

(8) (a) Liao, J.; Basch, C. H.; Hoerrner, M. E.; Talley, M. R.;
Boscoe, B. P.; Tucker, J. W.; Garnsey, M. R.; Watson, M. P.
Deaminative  Reductive  Cross-Electrophile  Couplings  of
Alkylpyridinium Salts and Aryl Bromides. Org. Lett. 2019, 21,
2941-2946. (b) Martin-Montero, R.; Yatham, V. R.; Yin, H;
Davies, J.; Martin, R. Ni-catalyzed Reductive Deaminative
Arylation at sp® Carbon Centers. Org. Lett. 2019, 21, 2947-2951.
(c) Yue, H.; Zhu, C.; Shen, L.; Geng, Q.; Hock, K. J.; Yuan, T;
Cavallo, L.; Rueping, M. Nickel-Catalyzed C-N Bond Activation:

Activated Primary Amines as Alkylating Reagents in Reductive
Cross-Coupling. Chem. Sci. 2019, 10, 4430-4435. (d) Ni, S.; Li,
C.-X.; Mao, Y.; Han, J.; Wang, Y.; Yan, H.; Pan, Y. Ni-Catalyzed
Deaminative Cross-Electrophile Coupling of Katritzky Salts with
Halides via C-N Bond Activation. Sci. Adv. 2019, 5, eaaw9516.
(9) He, R.-D.; Li, C.-L.; Pan, Q.- Q.; Guo, P.; Liu, X.-Y.; Shu, X.-
Z. Reductive Coupling between C-N and C-O Electrophiles. J.
Am. Chem. Soc. 2019, 141, 12481-12486.

(10) (a) Srogl, J.; Allred, G. D.; Liebeskind, L. S. Sulfonium
Salts. Participants par Excellence in Metal-Catalyzed Carbon—
Carbon Bond-Forming Reactions J. Am. Chem. Soc. 1997, 119,
12376-12377. (b) Zhang, S.; Marshall, D.; Liebeskind, L. S.
Efficient Pd-Catalyzed Heterobenzylic Cross-Coupling Using
Sulfonium Salts as Substrates and (PhO)sP as a Supporting Lig-
and. J. Org. Chem. 1999, 64, 2796-2804.

(11) (a) Huihui, K. M. M.; Caputo, J. A.; Melchor, Z.; Olivares,
A. M.; Spiewak, A. M.; Johnson, K. A.; DiBenedetto, T. A.; Kim,
S.; Ackerman, L. K. G.; Weix, D. J. Decarboxylative Cross-
Electrophile Coupling of N-Hydroxyphthalimide Esters with Aryl
lodides. J. Am. Chem. Soc. 2016, 138, 5016-5019. (b) Suzuki, N.;
Hofstra, J. L.; Poremba, K. E.; Reisman, S. E. Nickel-Catalyzed
Enantioselective Cross-Coupling of N-Hydroxyphthalimide Es-
ters with Vinyl Bromides. Org. Lett. 2017, 19, 2150-2153.

(12) (a) Xu, C.-L.; Liu, C.-Y.; Pang, X.; Liu, X.-Y.; Shu, X.-Z.
Nickel-Catalyzed Cross-Electrophile Vinyl-Vinyl Coupling: An
Approach to Structurally Versatile Dienylboronates. CCS
Chem.2022, 4, 864-871. (b) Pan, F.-F., Guo, P.; Li, C.-L.; Su, P.;
Shu, X.-Z. Enones from Acid Fluorides and Vinyl Triflates by
Reductive Nickel Catalysis. Org. Lett. 2019, 21, 3701-3705. (c)
Dorval, C.; Tricoire, M.; Begouin, J.-M.; Gandon, V.; Gosmini,
C. Cobalt-Catalyzed C(sp’)~CN Bond Activation: Cross-
Electrophile Coupling for Biaryl Formation and Mechanistic
Insight. ACS Catal. 2020, 10, 12819-12827.

(13) Benischke, A. D.; Knoll, I.; Rérat, A.; Gosmini, C.; Knochel,
P. A Practical Cobalt-Catalyzed Cross-Coupling of Benzylic Zinc
Reagents with Aryl and Heteroaryl Bromides or Chlorides. Chem.
Commun. 2016, 52, 3171-3174.

(14) Selected reports: (a) Wang, J, Gong, Y, Sun, D, Gong, H.
Nickel-Catalyzed Reductive Benzylation of Tertiary Alkyl Hal-
ides with Benzyl Chlorides and Chloroformate. Org. Chem.
Front. 2021, 8, 2944-2948. (b) Zhao, W.-T.; Meng, H.; Lin, J.-N.;
Shu, W. Ligand- Controlled Nickel- Catalyzed Regiodivergent
Cross- Electrophile Alkyl- Alkyl Couplings of Alkyl Halides.
Angew. Chem. Int. Ed. 2023, 62, e202215779. (c) Liang, Z.; Xue,
W.; Lin, K.; Gong, H. Nickel-Catalyzed Reductive Methylation of
Alkyl Halides and Acid Chlorides with Methyl p-Tosylate. Org.
Lett. 2014, 16, 21, 5620-5623. (d) Dai, Y.; Wu, F.; Zang, Z,;
You, H.; Gong, H. Ni- Catalyzed Reductive Allylation of
Unactivated Alkyl Halides with Allylic Carbonates. Chem. Eur. J.
2012, 18, 808 — 812. (e) Guo, P.; Wang, K.; Jin, W.-J.; Xie, H.;
Qi, L., Liu, X.-Y.; Shu, X.-Z. Dynamic Kinetic Cross-
Electrophile Arylation of Benzyl Alcohols by Nickel Catalysis. J.
Am. Chem. Soc. 2021, 143, 513-523. (f) Suga, T.; Takahashi, Y;
Ukaji, Y. One- Shot Radical Cross Coupling Between Benzyl
Alcohols and Alkenyl Halides Using Ni/Ti/Mn System. Adv.
Synth. Catal. 2020, 362, 5622-5626.

(15) (a) Péter, A.; Perry, G. J. P.; Procter, D. J. Radical C-C Bond
Formation Using Sulfonium Salts and Light. Adv. Synth. Catal.
2020, 362, 2135-2142. (b) Kozhushkov, S. I.; Alcarazo, M. Syn-
thetic Applications of Sulfonium Salts. Eur. J. Inorg. Chem.
2020: 2486-2500. (c) Wang, W.; Yao, K.; Wu, F. Nickel-
Catalyzed Reductive Cross-Coupling of Benzylic Sulfonium Salts
with Aryl lodides. Synlett 2022, 33, 361-366.

(16) (a) del Rio-Rodriguez, R.; Blanco, L.; Collado, A.;
Fernandez-Salas, J. A.; Aleman, J. Nickel-Catalysed Cross-
Electrophile Coupling of Benzyl Bromides and Sulfonium Salts

5



towards the Synthesis of Dihydrostilbenes. Chem. Eur. J. 2022,
€202201644. (b) Gao, M., Gosmini, C. Co-Catalyzed Reductive
Cross-Couplings of Csp3-S with Cany-O electrophiles to form
Csp®-Csp® bonds. accepted in Adv. Synth. Catal.

(17) (a) He, Y.; Huang, Z.; Ma, J.; Lin, J.; Zhou, Y.-G.; Yu, Z.
Transition-Metal-Free Olefinic C—H Azidoalkylthiolation via
C(sp®)-S Bond Cleavage of Vinylsulfonium Salts. Adv. Synth.
Catal. 2022, 364, 1-13. (b) Gao, J.; Feng, J.; Du, D. Shining
Light on C—S Bonds: Recent Advances in C—C Bond Formation
Reactions via C—S Bond Cleavage under Photoredox Catalysis.
Chem. Asian J. 2020, 15, 3637-3659. (c) Pan, F.; Shi, Z.-J. Re-
cent Advances in Transition Metal-Catalyzed C-S Activation:
From Thioester to (Hetero)aryl Thioether. ACS Catal. 2014, 4,
280-288. (d) Nambo, M.; Crudden, C. M. Transition Metal-
Catalyzed Cross-Couplings of Benzylic Sulfone Derivatives.
Chem. Rec. 2021, 21, 3978-3989.

(18) (a) Vasu D., Yorimitsu, H., Osuka, A. Palladium-Assisted
“Aromatic ~ Metamorphosis of  Dibenzo-thiophenes into
Triphenylenes Angew. Chem. Int. Ed. 2015, 54, 7162-7166. (b)
Aukland, M. H.; Talbot, F. J. T.; Fernandez-Salas, J. A.; Ball, M.;
Pulis, A. P.; Procter, D. J. An Interrupted Pummerer/Nickel-
Catalysed Cross-Coupling Sequence. Angew. Chem. Int. Ed.
2018, 57, 9785. (c) Berger, F.; Plutschack, M. B.; Riegger, J.; Yu,
W.; Speicher, S.; Ho, M.; Frank, N.; Ritter, T. Site-Selective and
Versatile Aromatic C-H FunctionAlization by Thianthrenation.
Nature 2019, 567, 223-228. (d) Chen, J.; Li, J.; Plutschack, M.
B.; Berger, F.; Ritter, T.; Regio- and Stereoselective
Thianthrenation of Olefins to Access Versatile Alkenyl Electro-
philes. Angew. Chem. Int. Ed. 2020, 59, 5616. (e) Cowper, P.; Jin,
Y.; Turton, M. D.; Kociok-Kéhn, G.; Lewis, S. E.
Azulenesulfonium Salts: Accessible, Stable, and Versatile Rea-
gents for Cross-Coupling. Angew. Chem. Int. Ed. 2016, 55, 2564.
(19) (a) Minami, H.; Nogi, K.; Yorimitsu, H. Nickel-Catalyzed
Negishi-Type Arylation of Trialkylsulfonium Salts. Synlett. 2021,
32, 1542-1546. (b) Wang, M.; Song, H.-X.; Wang, X.-Y.; Liu, N.;
Qin, H.-L.; Zhang, C.-P. Palladium-Catalyzed Mizoroki—Heck-
type Reactions of [Ph,SR¢,][OTf] with Alkenes at Room Temper-
ature. Chem. Commun., 2016, 52, 11893-11896 (c) Uno, D,
Minami, H.; Otsuka, S.; Nogi, K.; Yorimitsu, H. Palladium-
Catalyzed Mizoroki-Heck-Type Alkenylation of
Monoaryldialkylsulfoniums. Chem. Asian J. 2018, 13, 2397 —
2400.

(20) (@) Minami, H.; Nogi, K.; Yorimitsu, H. Palladium-
Catalyzed Alkoxycarbonylation of Arylsulfoniums. Org. Lett.
2019, 21, 8, 2518-2522. (b) Yanagi, T.; Somerville, R. J.; Nogi,
K.; Martin, R.; Yorimitsu, H. Ni-Catalyzed Carboxylation of
C(sp®)-S Bonds with CO,: Evidence for the Multifaceted Role of
Zn. ACS Catal. 2020, 10, 2117-2123.

(21) Tsang, S. W.; Guan, Y.-F.; Wang, J.; Bian, Z.-X.; Zhang, H.-
J. Inhibition of Pancreatic Oxidative Damage by Stilbene Deriva-
tive Dihydro-Resveratrol: Implication for Treatment of Acute
Pancreatitis. Sci. Rep. 2016, 6, 22859.

(22) Cai, Y.; Qian, X.; Gosmini, C. Cobalt-Catalyzed Csp>-Csp®
Homocoupling. Adv. Synth. Catal. 2016, 358, 2427.



