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Direct and selective installation of two different functional groups into the unsaturated bonds of alkenes
constitutes a long-standing goal in organic synthesis. Herein, we first report a photoelectrochemical
approach for the carboacylation/silanoylation of alkenes with unactivated alkanes/hydrosilanes via the
LMCT process. A number of ketones with high complexity and diversity were rapidly obtained from com-
mercially available materials in an economical and sustainable manner. Furthermore, this protocol can be
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scaled up to the gram-level. This paired electrocatalysis strategy features excellent regioselectivity, and
ample substrate scope, is external-oxidant-free, and features a high resource economy. A series of
mechanistic experiments were performed to determine the preferred pathway for the photoelectrochem-
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Introduction

Carbon-carbon bonds form the fundamental backbones
of organic compounds, so constructing them efficiently
is one of the central goals of synthetic chemistry."
Carbofunctionalization of alkenes can effectively construct
carbon-carbon bonds by directly and selectively introducing
two different carbon fragments into the C—=C double bond.>
Recently, impressive progress has been made in the radical-
based carbofunctionalization of alkenes by cooperative nicke-
laphotoredox catalysis. Many chemists have performed repre-
sentative work in this field.>* Despite the success of the direct
alkene 1,2-difunctionalization process, these strategies often
involve the utilization of prefunctionalized alkyl substrates,
such as alkyl halides, alkyl trifluoro borates, alkyl silicates,
a-silyl amines, or oxalate esters, which translate into the low
efficiency and low atomic economy (Scheme 1a). To overcome
these major drawbacks, photochemical alkene difunctionaliza-
tion by employing unactivated aliphatic C/Si-H bonds as
radical precursors has been reported by Kong,” Wu,® Li,” and
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ical Ni()/Ni(i)/Ni(n) cycles in these transformations.

our group.® Nevertheless, these methods rely heavily on the
use of expensive photocatalysts, such as tetrabutylammonium
decatungstates, 2,4,5,6-tetrakis(carbazol-9-yl)-1,3-dicyano
benzene, and [Ir(dtbbpy)[dF(CF;)ppy].]PFs, which lead to
uncontrollable economic costs (Scheme 1a). Therefore, devel-
oping general and efficient synthetic strategies to achieve
direct alkene 1,2-difunctionalization in an economical manner
is attractive and urgently needed.

Recently, several groups have demonstrated that earth-
abundant and inexpensive metal-chloride-based photocatalysts
are powerful tools for versatile aliphatic C-H functionalization
through the intermolecular hydrogen atom transfer (HAT)
(Scheme 1b). Recent progress in this field from the groups of
Rovis,” Walsh and Schelter,'® Zuo,"" Gong,'* Zeng,"* Xia,'* and
others™ has involved the use of these metal chlorides to gene-
rate Cl radicals via ligand-to-metal charge transfer (LMCT). For
instance, Rovis and Gong disclosed two elegant and practical
CuCl,/FeCl;-catalyzed approaches for C(sp*)-H bond alkylation
by using activated alkenes as alkylation reagents. However,
studies on the use of these metal chlorides to difunctionalize
alkenes with aliphatic C-H bonds via the photoinduced LMCT
process has never been reported. With the rapid development
of electrochemistry and photochemistry,'® photoelectrocataly-
sis has received considerable attention from scientists. The
main feature of this approach is that it combines the advan-
tages of electrochemistry and photochemistry in the same
reaction. Several groups have systematically studied photoelec-
trocatalysis, and provided novel synthetic strategies for organic
synthetic chemistry. Representative work from the groups of

Lambert,"” Lin,'® Lei,"® Xu,? etc.>' has proven the synthetic
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a) Photochemical radical difunctionalization of alkenes
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Scheme 1 Alkene functionalization via the LMCT process and the
development of (photo)electrochemistry.

potential of these strategies. Although significant progress has
been made, most methods have focused on two-component
nonmetallic radical-mediated cross-coupling reactions or intra-
molecular cyclization reactions (Scheme 1b). This greatly
limits the application value of these methods. In addition, in
(photo)electrochemical alkene difunctionalization reactions,
the anode supports the catalyst in the catalytic cycle, while the
cathode merely generates hydrogen. This results in additional
stages and waste creation, as well as decreased efficiency and
atom economy (Scheme 1c).

In 2023, Xu and co-workers reported the photoelectro-
chemical asymmetric copper-catalyzed heteroarylcyanation of
alkenes.”” Very recently, the Lu group disclosed an elegant
approach for the selective C(sp®)-H arylation/alkylation of
alkanes by photoelectrocatalysis.>® In this context, direct
functionalization of C-H bonds, which are the most abundant
chemical bonds in organic molecules, by photoelectrocatalytic
strategies using inexpensive and readily available catalysts and
reagents for building C-H/X bonds would be more attractive.
Herein, we report a photoelectrochemical approach for the
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difunctionalization of alkenes with unactivated alkanes, hydro-
silanes, and a range of aryl chlorides via the LMCT process
(Scheme 1d). In contrast to previous photochemical nickel-
catalyzed alkene difunctionalizations, which require the use of
noble photocatalysts, we used the cheap and readily available
FeCl; as a photocatalyst. Furthermore, by combining the
advantages of electrochemistry, the catalytic cycling of iron
and nickel catalysts can be achieved using green electrons as
oxidants. This strategy is more practical and far less economi-
cally costly than previous methods. This paired electrocatalysis
strategy features excellent regioselectivity, ample substrate
scope, and high resource economy.

Results and discussion

To explore the optimal photoelectrochemical conditions for
three-component alkene 1,2-difunctionalizations, we used
commercially available cyclohexane (1a), methyl acrylate (2a),
and p-toluoyl chloride (3a) as model substrates in the presence
of dual catalysts (FeCl;-6H,0 and NiBr,-DME) (Table 1). After

COOMe

Table 1 Optimization of reaction conditions?

[0}
O
+ Me
1a 3a

FeCly+6H,0 (10 mol%)
NiBr,DME (10 mol%)
Ly (10 mol%)

LiCl (3 eq)
MeCN/acetone (2/1, 3 mL)

Z>CcooMe (+)GF/(-RVC, 4 mA, 10°C .
2a 390 nm hv
By ‘Bu MeQ OMe  MeOOC COOMe
\_/ N7
L1 L2 L3
— — “ |
\ 7\ <_ /; 1/ \> XN X
NN 7 = l ZN N =
L4 L5
Entry Variation from “standard conditions” Yield® (%)
1 None 71¢
2 CuCl, instead of FeCl;-6H,O Trace
3 CeCl; instead of FeCl;-6H,O Trace
4 NiCl,-DME instead of NiBr,-DME 62
5 NiBr,-DME instead of NiBr, 52
6 L2-L6 as ligand 0-55
7 TBACI instead of LiCl 17
8 DMF/DMA/DMSO/HFIP as solvent 0
9 MeCN/acetone (1/1) 64
10 MeCN/acetone (1/2) 55
11 (+)GF/(-)GF 60
12 (+)GF/(—)Ni foam 15
13 (+)Fe/(—)RVC <5
14 I=6mA 57
15 w/o NiBr,-DME or FeCl;-6H,0 or L, 0
16 w/o light or current 0

“Reaction conditions: 1a (3.0 mmol), 2a (0.9 mmol), 3a (0.3 mmol),
NiBr,-DME (10 mol%), FeCl;-6H,0 (10 mol%), dtbbpy (10 mol%), LiCl
(3.0 equiv.), MeCN/acetone (3.0 mL, 2/1), 4 mA, 24 h, 390 nm, 10 °C,
nitrogen, graphite felt (GF) as an anode retlculated vitreous Carbon
(RVC) as a cathode, undivided cell. * GC ylelds using dodecane as an
internal standard. ¢ Isolated yields.

This journal is © The Royal Society of Chemistry 2024
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several experiments, the electrolysis proceeded smoothly in the
presence of FeCl;-6H,0 as the photocatalyst, NiBr,-DME as the
nickel catalyst, and 4,4-di-tert-butyl bipyridine (dtbbpy) as the
ligand, a mixture solvent of MeCN/acetone (2/1, 3 mL) at 10 °C
in an undivided cell with a constant current (4 mA) exposed to
390 nm LEDs. Under the above conditions, the carbonylation
product 4 was isolated in 71% yield with excellent regio-
selectivity (entry 1). When FeCl;-6H,0 was replaced with other
photocatalysts, such as CuCl, and CeCl;, the target product
was detected only in trace amounts (entries 2 and 3). This is
because these metal salts readily precipitate at the cathode.
Switching to other nickel salts as catalysts, such as NiCl,-DME
or NiBr,, leads to shutting down the reactivity (entries 4 and
5). Additionally, 4,4'-di-tert-butyl-2-2"-bipyridine (dtbbpy)
shows the best reactivity compared to the other pyridine-type
ligands bearing different electronic effects, such as L2, L3, L4,
L5, and L6 (entry 6, please see the ESI}). Further studies
revealed that the addition of chlorine salts increased the con-
centration of the anion [FeCl,]” and thereby improved the reac-
tion efficiency, and LiCl shows the best outcome (entry 7). The
use of other commonly used solvents, such as DMA, DMF,
TFE, and HFIP, leads to completely shutting down the trans-
formation (entry 8). It should be noted that the highest yields
were obtained when the volume ratio of MeCN/acetone was set
to 2: 1, while deviations from this ratio resulted in lower reac-
tivity (entries 9 and 10). Altering the anode or cathode exhibi-
ted lower reactivity (entries 11-13). The cascade reaction
became inefficient when the current was increased from 5 to
6 mA (entry 14). Finally, control experiments indicated that
this electrolysis did not occur without light irradiation, electri-
city, paired catalysts, or ligands (entries 15 and 16).

With the optimal reaction conditions in hand, we investi-
gated the range of acyl chloride 3 compatible with the three-
component electrophotocatalytic strategy. As shown in
Scheme 2, a series of acyl chlorides bearing different groups
and a range of electronic properties at the meta- and para-posi-
tions of the aromatic ring were compatible with this transform-
ation. Electron-donating groups (Me, tBu, MeO), neutral
groups (H, Naphth), electron-withdrawing groups (COOMe,
CF;), and halogens (F, Cl) all exhibited modest to good yields
and high enantioselectivities (4-15). The sterically hindered
o-toluoyl chlorides were also tolerated well, providing the
corresponding product (5) in 62%. Notably, the method was
also useful in transformations for the more challenging
methyl chloride substituents of acyl chlorides (16). In addition
to aryl chlorides, various heteroaromatic acyl chlorides, such
as furans, benzofurans, and benzothiophenes, were coupled
smoothly with cyclohexane 1a and acrylic ester 2a, furnishing
the targeted dicarbofunctionalization products (17-19) in good
yields. In general, electron-rich acyl chlorides exhibited higher
yields than electron-deficient substrates.

Next, the reactivities of hydrocarbons in this electrophoto-
catalytic system were examined. The electrophotochemical
alkene difunctionalization reaction tolerated various unacti-
vated C-H precursors with different skeletons such as cyclo-
pentane and bicyclo[2.2.1]heptane. In addition, a number of

This journal is © The Royal Society of Chemistry 2024
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oxygen-containing substrates, such as (1s,4s)-7-oxabicyclo
[2.2.1]heptane, tetrahydrofuran, and 1,4-dioxane, all partici-
pated smoothly in the electrophotocatalytic process, affording
the target carbonyl compounds (22-24) with good yields and
excellent regioselectivities. Additionally, cyclopentanone was
smoothly transformed into the corresponding product 25.

Various alkenes were studied next to further evaluate the
substrate scope of this electrophotocatalytic protocol. A broad
range of acrylates containing ethyl, tert-butyl, cyclohexyl,
phenyl, benzyl, allyl, chloroalkyl, trifluoroalkyl, and alkoxy
groups can be employed as effective coupling partners for
these transformations. Our method was suitable not only for
acrylic esters but also for other alkene acceptors. For instance,
diethyl vinyl phosphonate was also well tolerated and delivered
the corresponding product (36) in moderate yields. To our
delight, this synergistic protocol was successfully applied to
complex acrylate derived from natural products such as
p-menthol (37). However, sterically hindered acrylates (2a’ and
2d'), unactivated alkenes (2b’ and 2¢’), and styrene derivatives
(2e’ and 2f"), were not tolerated in this transformation.

Organosilicon compounds are one of the most attractive
structural motifs frequently found in the fields of agrochemis-
try, materials science, and medicinal chemistry, as well as
serve as versatile synthetic intermediates widely used for
diverse transformations in synthetic chemistry. Among the
many approaches for synthesizing organosilicon com-
pounds,** electrochemical 1,2-silylfunctionalization of alkenes
by using hydrosilanes as substrates are rare. The group of Lin
and He disclosed electrochemical alkene silylation reactions
under metal-free conditions (Table 2a).>> Since then, there
have been no further reports on the silylation of alkenes utiliz-
ing hydrosilanes via electrochemical strategies. After the suc-
cessful carboacylation of alkenes via a radical process, we envi-
sioned that hydrosilanes could also be derived under standard
conditions (Table 2b). To our delight, silanoylation of alkenes
could be achieved under slightly modified conditions.
Subsequently, various silanes and acyl chlorides with different
groups were examined, and the results showed good reactivity,
affording the corresponding products (38-41, 46) without any
problems. Besides, various acrylates with diverse ester
O-substituents, including Bn, and alkoxy groups (42-45) are
perfectly compatible with this methodology, affording the
desired ketones in 47%-72% yields.

To further illustrate the outstanding potential of this
approach, we conducted a gram-scale reaction under slightly
modified conditions to synthesize the cascade product in good
yield (Scheme 3a). A series of mechanistic experiments
probing the mechanism of action have been performed. First,
the addition of TEMPO (3.0 equiv.) strongly inhibited these
transformations, and product 4 could not be observed.
Instead, a cyclohexylated TEMPO 47 was observed by GCMS
(Scheme 3b). These findings support the suggestion that this
cascade reaction involved a radical mechanism. When the
transformation was completed with TBABCIO, to replace LiCl
as the electrolyte under the standard conditions, no expected
product was obtained (Scheme 3c). This finding demonstrated

Green Chem., 2024, 26, 8315-8322 | 8317
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Scheme 2 Substrate scope. Reaction conditions: 1 (3.0 mmol), 2 (0.9 mmol), 3 (0.3 mmol), NiBr,-DME (10 mol%), FeCls-6H,O (10 mol%), dtbbpy
(10 mol%), LiCl (3.0 equiv.), MeCN/acetone (3.0 mL, 2/1), 4 mA, 24 h, 390 nm, 10 °C, nitrogen, GF as an anode, RVC as a cathode, undivided cell.

Isolated yields.
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Table 2 The substrate scope?

a) Electrochemical nonmetallic radical-mediated cross-coupling reactions:

Si—X Si
Si Lin, 2020
& e
Si—X + RY — ~— 5| ,
= radical addition g v
X=H,Cl HO=N, oM
L 5 Si\)\R (He, 2021)
b) Phot Nickel-Catalyzed (this work):
.@@ °
G-+ QD )ko
1 2 390 nm
Me F
PrC Pn° Me pr*
Phid. Ph.d M Phid
Ph’SI OMe Ph’SI OMe Ph,Sl OMe
(o] o o}
38, 68% 39, 71% 40, 65%
Cl Me Me
O,
Ph Ph Ph
Phid. Phid. p Ph{J.
Ph’SI OMe Ph’SI O/Bu Ph’SI OCy
o o (o]
41, 62% 42,69% 43,67%
Me Me Me
O O
Ph\?_h Ph\'l;_h Me\?.h
Ph’SI OBn Ph’SI O\/\OMe Ph’SI OMe
(o] (0] (0]
44, 47% 45, 52% 46, 72%

“Reaction conditions: 1 (1.5 mmol), 2

(0.9 mmol), 3

(0.3 mmol),

NiBr,-DME (10 mol%), FeCl;-6H,0 (10 mol%), dtbbpy (10 mol%), LiCl
(3.0 equiv.), MeCN/acetone (3.0 mL, 2/1), 4 mA, 24 h, 390 nm, 25 °C,
nitrogen, graphite felt (GF) as an anode, reticulated vitreous carbon
(RVC) as a cathode, undivided cell. Isolated yields.
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that LiCl is essential for the formation of [FeCl,]™ in situ. The
target product was not detected when the reaction was con-
ducted by using cyclohexyl chlorides instead of cyclohexanes
as substrates, indicating that the alkyl chloride is not a key
intermediate in this transformation (Scheme 3d). A trace
amount of additional product was obtained utilizing Ni(COD),
as a nickel catalyst, suggesting that Ni(0) species may not be
involved in the main catalytic cycle (Scheme 3e). In addition,
the nickel(n)-complex 48 was subjected to transformation in
the presence of a catalytic photocatalyst, and no target carbo-
nyl compound was detected (Scheme 3f). Moreover, when the
reaction was performed with 10 mol% of nickel-complex 48 as
the catalyst, the desired product 7 was obtained in 55% yield
(Scheme 3g). Furthermore, a kinetic isotope effect (KIE) of
1.15 was observed between cyclohexane 1a and [D]-1a with
methyl acrylate 2a, and benzoyl chloride 3b from parallel reac-
tions, suggesting that the C-H bond of the cyclohexanes clea-
vage step is not the turnover-determining step (Scheme 3e).
Finally, cyclic voltammetry (CV) experiments further confirmed
that the nickel complex (NiBr,-dtbbpy) underwent cathodic
reduction at reduction potentials of Ni(u)/Ni(r) (-1.38 V vs. Fc/

¢") and Ni(1)/Ni(0) (—1.88 V vs. Fc/Fc') and the photocatalyst
(FeCl3-H,0) underwent anodic oxidation at oxidation poten-
tials of Fe(u)/Fe(ur) (—0.09 V vs. Fc/Fc') (please see the ESIT for
details).

According to the above mechanistic studies and previous
findings,”®**?® a plausible mechanism for the electrophoto-
catalytic alkenes carboacylation is proposed (Scheme 4). Upon
visible light irradiation, [Fe'Cl,]” (A) is excited to generate a
photoexcited state *[Fe"'Cl,]” (B), which could release chlorine
radicals via the LMCT process. This highly active radical
species could abstract a hydrogen atom from the C-H com-
pound 1 to form a carbon-centered radical intermediate D,
and the [Fe"'Cl;]” (C) undergo anodic oxidation with chloride

Ni(cod), as the [Ni] catalyst
standard conditions

o;
(e)
COOMe

N

o o s
- o, :
/=6mA,72h O\j:@ @
standard conditions :
3a, 6 mmol COOMe :
A coove :
4,1.14.9,66% :
O __ TEWPOGew) Oy
4+ (b) :
standard conditions :
/\COOMe nd 47, detected by GCMS
2
0, :
standard conditions H
TBACIO4 instead of LiCl coome @
A coome 7,nd.
2 :
O/ )kO standard conditions O,
(d :
1a-Cl 'COOMe :
'COOMe 7.nd.
2a

standard conditions

48 (10 mol%) as
the [Ni] catalyst

7, trace

O\Ojf©
'COOMe

7,nd

O\OIQ
'COOMe

(9)

1
@ * standard conditions
A coome 7. 55%
2a a
o]
1aor [D]-1a standard conditions
. cl 7 or [D]-7 (h)
2 ~coome h Kylkp = 1.15

2a

Scheme 3 Gram-scale preparation and mechanistic study reactions.
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Iron catalytic cycle
[Fe"'Cl,]
A

M
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0 Nickel catalytic cycle
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NG

[Fe'Cly]
¢ F
Scheme 4 Possible reaction mechanism.
ions to regenerate the [Fe™Cl,]” (A). Concomitantly, the Ni' ACknOWledgementS

catalyst concerted oxidative addition with acyl chlorides 3 to
afford nickel™ species F, which was reduced on the cathode to
generate the Ni" species G. Then intermediate D was added to
alkenes 2 to give the secondary alkyl radical E, which could be
intercepted by Ni" species G to produce alkyl-Ni"" intermedi-
ate H. The intermediate H would undergo reductive elimin-
ation to deliver the corresponding carbonyl compounds 4 and
regenerate the Ni' catalyst L.

Conclusions

In summary, by combining photochemistry and electro-
chemistry, we have successfully developed a nickel-catalyzed
three-component carboacylation/silanoylation of alkenes with
acyl chlorides, hydrosilanes, and unactivated C(sp®)-H donors.
The electrophotocatalytic platform allowed the facile construc-
tion of ketones from inexpensive commercial starting
materials and showed excellent enantioselectivity. In addition,
a series of experimental studies revealed the key mechanistic
pathway for this photoelectrocatalytic process. The use of an
electrophotocatalytic strategy for developing more challenging
functionalization processes of unsaturated bonds is underway
in our group.
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