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We have developed a novel Ni-catalyzed reductive cross-coupling
reaction of aryl bromides and alkyl iodides via a photoactive
electron donor—acceptor (EDA) complex. This photo-induced pro-
cess enables the efficient construction of C(sp?—-C(sp®) bonds in
the absence of an external photocatalyst. Electronically and struc-
turally diverse aryl bromides, as well as secondary and primary alkyl
iodides could undergo this transformation smoothly. Natural pro-
duct derivatives were employed successfully, and UV-vis spectro-
scopy was utilized to gain mechanistic insight.

The formation of C-C bonds is a fundamental process in organic
synthesis, facilitating the creation of complex molecules from
simpler precursors. Over the past few decades, transition-metal-
catalyzed cross-coupling reactions have emerged as powerful
tools for C-C bond formation, finding widespread application
in both academic and industrial settings."” Notably, reductive
cross-coupling, which utilizes two electrophiles as coupling
partners, provides a robust catalytic approach to constructing
diverse chemical bonds. This method stands out from tradi-
tional cross-coupling strategies, which typically involve organo-
metallic reagents and electrophiles, due to its milder reaction
conditions, enhanced functional group compatibility, and
broader substrate range.>” Recent years have seen the advent
of Ni- or Co-catalyzed procedures for challenging C(sp®)-C(sp?)
bond formations, with notable contributions from research
groups including those of Weix,® Gong,” Gosmini,® Molander,’
and others (Scheme 1a). However, the reliance on substantial
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Nickel-catalyzed C(sp?)—C(sp®) coupling via
photoactive electron donor—acceptor complexesy
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amounts of metal reductants like Zn or Mn, coupled with
inevitable waste production, has raised questions about the
scalability and sustainability of these methods. To address such
concerns, the Lei group and Barham group introduced photo-
redox and nickel dual-catalyzed C(sp*)-C(sp®) reductive cross-
coupling of organic halides, employing Et;N as the external
reductant or XAT reagent.'® Electrochemical strategies for this
transformation have also been put forth by the Sevov'' and
Weix'? groups. Despite these significant advances, the utilization

(a) Traditional reductive cross-coupling using metal reductant
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Scheme 1 Currently available C(sp?)-C(sp®) reductive cross-coupling
processes and the newly developed method via EDA complex.
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of precious metal complexes as photocatalysts, metal sacrificial
anodes, and costly ligands continues to pose challenges
(Scheme 1b). As a result, there is an ongoing demand for more
versatile, efficient, and sustainable methods for C(sp*)-C(sp®)
reductive cross-coupling.

In recent years, photoredox catalysis has risen as a potent
and versatile tool in organic synthesis, facilitating a myriad of
novel and challenging transformations."®'* However, many of
these processes depend on either precious metal complexes or
specially designed organic photocatalysts. An intriguing alter-
native is the electron donor-acceptor (EDA) complex.">™’
Formed between an electron-rich substrate and an electron-
deficient counterpart, the EDA complex can undergo intermo-
lecular single-electron transfer (SET) when exposed to light,
yielding coupling products or radical intermediates suitable for
further functionalization. Due to its ability to bypass the need
for external photocatalysts, the EDA complex approach is
garnering interest for photo-induced transformations. For
instance, the Melchiorre group pioneered a range of photoche-
mical radical reactions, encompassing both intermolecular and
asymmetric intramolecular EDA complexes.'®'® Other ground-
breaking contributions in this field have been made by several
researcher including the Leonori,”® Chen,>' Miyake,** K6enig,**
Aggarwal,** and Chu,>® groups achieving imporanant transforma-
tions such as hydroimination cyclization, allylation/alkenylation,
thiolation, amination, borylation, and alkene carbopyridylation.
Furthermore, the efforts of Fu/Shang team led to the development
of an EDA complex involving a catalytic amount of sodium iodide/
triphenylphosphine and stoichiometric redox-active esters.>®
Expanding on this concept, the Molander group integrated the
EDA complex concept with nickel catalysis, realizing photo-
induced C(sp®)-C(sp®) bond formations using aliphatic redox-
active esters as acceptor and Hantzsch ester (HE) as both the
donor and robust reductant.””*® Motivated by these achievements
and aligning with our ongoing exploration of the EDA complex
methodology, we hypothesized that an EDA complex could form
between alkyl iodide and Hantzsch ester (HE), paving the way for
reductive cross-coupling between alkyl iodides and aryl bromides
(Scheme 1c).

We started to explore the Ni-catalyzed C(sp*)-C(sp?) reduc-
tive cross-coupling by choosing 4-bromo-1,1’-biphenyl 1a as a
model substrate in reaction with iodocyclohexane 2a (Table 1).
The initial reaction conditions using NiBr,-d(OMe)-bpy as
nickel source, HE as donor, "Bu;N as additive, DMA as the
solvent, and 390 nm purple LED as light source gave the desired
C(sp®)-C(sp®) product in 75% yield (entry 1). Further optimiza-
tion showed that the application of 440 nm blue LED decreased
the yield significantly (entry 2). Other nickel and ligand combi-
nations including NiBr,-dme/d-(OMe)-bpy, NiBr,-3H,0/
d-(OMe)-bpy, and Nil,/d-(OMe)-bpy gave slightly lower yields
(entries 3-5). The adjustment of reaction concentration led to
no improvement (entries 6 and 7). Utilizing Cy,NH instead of
"BuzN improved the yield to 83% (entry 8). Moreover, compar-
able yield was observed when lowing the amount of Cy,NH to
two equivalents (entry 9). Other solvents, such as CH;CN and
DCE, diminished the yield (entries 10 and 11). The absence of
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Table 1 Optimization of the reaction conditions?
Br | NiBr,-d(OMe)-bpy (10 mol%)
Ph/©/ * O/ HE (2 equiv.), "BuN (5 equiv.) Ph
DMA (2 mL), 390 nm LED, 16 h
1a 2a 3a
Entry Variables Yield” (%)
1 None 75
2 440 nm blue LED 26
3 NiBr,-dme, d-(OMe)-bpy 71
4 NiBr,-3H,0, d-(OMe)-bpy 70
5 Nil,, d-(OMe)-bpy 60
6 4 mL DMA 66
7 1 mL DMA 65
8 Cy,NH instead of "BuzN 83
9o Cy,NH instead of "Bu,N 83(80%)
10° CH,;CN instead of DMA 45
11°¢ DCE instead of DMA 21
12 w/o Amine 45
13 w/o Nickel catalyst 0
14 w/o HE 0

¢ Reaction conditions: 1a (0.20 mmol), 2a (0.40 mmol), NiBr,-d(OMe}-bpy
(0.02 mmol), HE (2 equiv.), "Bu;N (5 equiv.) in DMA (2 mL) was irra-
diated under 390 nm purple LED at tt. for 16 h. ? GC Yields using dodecane
as internal standard. ¢ 2 Equivanlents of Cy,NH was used. ¢ Isolated yield.

amine decreased the yield dramatically (entry 12). The control
experiments shows that both nickel catalyst and HE are essen-
tial for the success of this transformation (entries 13 and 14).
With the optimized reaction conditions in hand, the scope
with respect to the aryl bromides was first investigated (Table 2).
A series of aryl bromides bearing electron-withdrawing and
electron-donating groups could undergo this reaction smoothly,
delivering the corresponding products in good to high yields. n-
extended substrates coupled with alkyl iodide with good effi-
ciency (3a and 3b). The good chemoselectivity of this newly
developed protocol was well illustrated by the tolerance of
various functionalities such as ketone, cyano, trifluoromethoxy,
trifluoromethylthio, fluoro, and sulfone (3c-3h).

Di-substituented aryl bromide was also suitable for this
transformation, albeit with moderate yield (3i). Significantly,
electron-rich aryl bromides bearing alkyl, methoxy, methylthio,
and even dimethylamino groups could also participated in this
photoactive protocol effectively (3k-30). Notably, cyclopropyl
nitrile, one versatile synthon, was also tolerated here (3p). The
reactions proceeded smoothly with heteoaryl bromides containing
imide, lactone, and benzothiophene, affording the corresponding
products in good to excellent yields (3q-3s). When dibromo-aryl
substrate was employed, dialkylation occurred in good yield (3t).
1-Bromo-2-methylbenzene could also undergo this reaction in
moderate yield. (3u).

Next, the scope of alkyl iodides was explored (Table 3).
A wide range of structurally diverse alkyl iodides including
cyclic and linear ones were suitable substrates for this trans-
formation. For example, cyclopentanyl- and O-containing het-
erocyclic alkyl iodides underwent this reductive cross-coupling
in moderate to high yields (4a-4c). Also, linear secondary alkyl
iodides with different chain length worked well in this system,

This journal is © The Royal Society of Chemistry 2024
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Table 2 Scope of aryl bromides®?
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Table 3 Scope of alkyl iodides®®
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¢ Reaction conditions: 1 (0.20 mmol), 2a (0.40 mmol), NiBr,-d(OMe)-bpy
(0.02 mmol), HE (2 equiv.), Cy,NH (2 equiv.) in DMA (2 mL) was irradiated
under 390 nm purple LED at rt. for 16 h. ? Yield after purification. ¢ 1a
(1.0 mmol), 2a (2.0 mmol), NiBr,-d(OMe)-bpy (0.05 mmol), HE (2 equiv.),
Cy,NH (2 equiv.) in DMA (10 mL) was irradiated under two 390 nm purple
LED at rt. for 24 h. ¢ 2a (0.80 mmol), NiBr,-d(OMe)-bpy (0.04 mmol), HE
(4 equiv.) and Cy,NH (4 equiv.) were used.

furnishing the coupling products in high yields (4d and 4e). In

addition, primary alkyl iodides with diverse electronical nature
also showed good reactivity in this protocol (4f-4i). Notably,
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¢ Reaction conditions: 1a (0.20 mmol), 2(0.40 mmol), NiBr,-d(OMe)-bpy
(0.02 mmol), HE (2 equiv.), Cy,NH (2 equiv.) in DMA (2 mL) was irradiated
under 390 nm purple LED at rt. for 16 h. ? Yield after purification.

trimethyl silanyl group was tolerated in this reaction, providing
possibility for the further functionalization (4j).

Significantly, the effectiveness of this photoactive methodology is
illustrated by the efficient transformation of a series of complex
molecules. The substrates derived from natural products such as
cholestanol, cholestanol, and probenecid were alkylated smoothly
(5a-5¢), demonstrating the practicability of this protocol (Scheme 2).

To further understand the mechanism of this reaction, the UV-
vis absorption spectroscopy of mixtures HE, amine, cyclohexyl
iodide, and nickel source in DMA (path length = 1 c¢cm) were
measured at standard reaction concentrations (Scheme 3a). Indivi-
dually, the amine, alkyl iodide, and nickel catalyst exhibited no
absorption in the visible spectrum; however, HE showed significant
absorption. The addition of amine, alkyl iodide, or nickel catalyst to
the HE solution resulted in a decrease in absorption intensity.
Conversely, introducing amine/cyclohexyl iodide or amine/nickel

anny

C C {
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cholestanol derivative

\NJOIN/
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()

—N
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Scheme 2 Alkylation of the nature-derived substrates.
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Scheme 3 UV-vis absorption study and proposed mechanism.

catalyst to the mixture increased absorption, indicative of EDA
complex formation with HE. Upon the visible light irradiation, the
intermolecular charge transfer event occurred between the EDA
complex from amine, and HE complex to the alkyl iodide, affording
alkyl radical, radical cation II, and iodide ions. The alkyl radical is
then trapped by the Ar-Ni"-Br intermediate I generated by the
oxidative addition of aryl bromide to Ni’L,, species. The resulting
Ni™" intermediate IV undergoes reductive elimination, delivering
the desired alkylation product and the Ni' intermediate V that
subsequently forms another EDA complex VI with amine and HE.
This EDA complex VI is primed to undergo an intermolecular
charge transfer to generate the active Ni’L, species and the radical
cation II, thus completing the catalytic cycle.

In conclusion, an efficient and low-cost photo-induced
methodology for the formation of C(sp®)-C(sp®) bonds has
been reported. The newly developed protocol proceeds via
photoactive intermolecular change transfer between the EDA
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complex of alkyl iodide and HE, followed by nickel catalytic
cycle. Notably, the method bypasses the need for precious
metal photocatalysts, operates under mild reaction conditions,
and possesses a broad substrate scope. The successful applica-
tion of this approach to complex molecules underscores its
practical potential. Furthermore, UV-vis absorption measure-
ments support the involvement of the EDA complexes as
reactive intermediates during the reaction.
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