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ABSTRACT: Accessing unsymmetric ketones and achieving their
carbon isotope labeling are crucial yet challenging tasks in both
synthetic and medicinal chemistry. We report here an efficient
electrochemical nickel-/cobalt-catalyzed carbonylative cross-elec-
trophile coupling reaction. This method allows for the modular
synthesis of a library of unsymmetric ketones from simple building
blocks, including aryl halides, alkyl halides, and gaseous CO. The
simultaneous use of nickel and cobalt salts as concerted catalysts
ensures the high efficiency of this three-component carbonylative
coupling. Furthermore, electrochemical reduction avoids the use of
stoichiometric reductants, making this protocol more sustainable
and attractive. The broad substrate scope and late-stage 13C isotope
labeling of complex molecules derived from biologically active
compounds highlight the practicality of this method.
KEYWORDS: carbonylation, cross-electrophile coupling, electrochemistry, ketone, isotope label

■ INTRODUCTION
Carbon isotope labeling of biologically active molecules is
frequently used to trace metabolic pathways, study pharmaco-
kinetics, and elucidate mechanisms of action, making it a
powerful tool in drug discovery and development.1−3

Consequently, the development of efficient methods to access
13C-labeled compounds has been a long-standing focus of
synthetic chemists. Among various approaches,4−14 isotope
labeling of the carbon atom in ketone scaffolds is particularly
attractive,15−19 as ketones are among the most versatile
functional groups in medicinal chemistry and possess a
characteristic 13C NMR chemical shift over 200 ppm.
Therefore, new strategies are needed not only to enable the
synthesis of ketones, particularly unsymmetric ketones, but
also to achieve effective carbon isotope labeling.
In this context, transition metal-catalyzed carbonylative

cross-coupling reactions using cost-effective gaseous CO or
its surrogates have emerged as a valuable platform for the
synthesis of unsymmetric ketones.20−22 These reactions
typically require an electrophile, often an aryl or alkyl halide,
along with a preprepared nucleophile, such as organometallic
or organoboron reagents (Figure 1A). While this approach has
enabled a variety of carbonylative coupling reactions, including
Suzuki,23−32 Stille,33−35 Negishi,36−43 and other cou-

plings,44−47 it is often burdened with the inherent instability
of preprepared nucleophiles and the challenges in their
preparation, thus limiting the substrate scope. To overcome
these issues, carbonylative cross-electrophile coupling (XEC)
was developed as an elegant alternative,48−56 allowing two
distinct, commercially available or easily accessible electro-
philes to assemble with CO surrogates to generate
unsymmetric ketones (Figure 1B).
The pioneering work by Troupel and co-workers demon-

strated that Fe(CO)5 could serve as an effective carbonylation
reagent in electrochemical nickel-catalyzed carbonylative XEC
reactions with aryl and benzyl electrophiles, enabling the
synthesis of unsymmetric ketones.57 However, the protocol
showed a limited tolerance for alkyl electrophiles. Subse-
quently, the research groups of Weix,58 Gosmini,59 Hu,60

Rueping,61 Koh,62 Shi,63−65 and Wu66,67 independently
revealed the use of Fe(CO)5, Mo(CO)6, chloroformates,
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oxalyl chloride, and phenyl formate68 as carbonylation reagents
in nickel-catalyzed carbonylative XEC reactions for ketone
formation. In these protocols, overstoichiometric reductants
are often required to ensure the catalytic cycle, and isotope
labeling of CO surrogates was not incorporated due to the lack
of established methods to access such reagents. Hence, more
sustainable methods utilizing cost-effective gaseous CO or
13CO at standard atmospheric pressure in carbonylative XEC
reactions are highly desired for further exploration.
Electrochemical synthesis has emerged as a more sustainable

approach to organic synthesis, eliminating the need for
stoichiometric reductants or oxidants.57,69−78 Moreover, it
allows for precise control over electron transfer in catalytic
transformations, such as between the electrodes and catalytic
species or substrates. Herein, we report our efforts on
electrochemical dual nickel/cobalt-catalyzed carbonylative
cross-electrophile coupling for the formation of aryl−alkyl
ketones under 1 atm of CO gas, providing a straightforward
method for the preparation of aryl−alkyl ketones (Figure 1C).
This approach is notable for its broad substrate scope and its
ability to facilitate late-stage 13C isotope labeling of complex
and pharmaceutically relevant molecules.

■ RESULTS AND DISCUSSION
After substantial optimization (see the Supporting Information,
Tables S1−S8), 1-ethyl-4-iodobenzene (1) coupled with
iodocyclohexane (2) and CO (1 atm) in the presence of
NiCl2·dme, Co(acac)3, 2,2′-bpy, and TBAPF6 in DMF at 80
°C under 15 mA constant current electrolysis in an undivided
cell equipped with a stainless steel sheet (SS) anode and
graphite felt (GF) cathode, affording aryl−alkyl ketone 3 in
82% isolated yield (Figure 1D, entry 1). Blank experiments
demonstrated that ligand, electrolyte, and current are essential
(entries 2−4), while the simultaneous use of nickel and cobalt
salts as synergistic catalysts significantly suppressed the major
aryl−alkyl coupling side reaction (entries 5 and 6). Control
experiments using either Ni or Co salts alone, even at higher

loadings, did not significantly improve the coupling efficiency
(Table S1), suggesting the synergistic role of Ni and Co
catalysts. Changing the electrodes led to either reduced yields
or only trace amounts of the products (entries 7−9). TBAPF6
as an electrolyte proved generally superior to other ammonium
and metal salts in the coupling reaction (entries 10−12). A
constant current of 15 mA was found to be more effective than
either lower or higher currents (entries 13 and 14). Different
leaving groups were also examined. Aryl and alkyl chlorides did
not react, while the corresponding bromides reacted with CO
to give ketone 3 in 59% yield, using NaI as the supporting
electrolyte (entry 15). The use of NaI might also enhance the
coupling efficiency by facilitating in situ conversion of the alkyl
bromide to the alkyl iodide. Control experiments conducted in
a 15 mL tube filled with 12 mL of CO at 1 atm produced 3 in a
76% yield, indicating that approximately 2 equivalents of CO
are sufficient to achieve optimal coupling efficiency (entry 16).
As for alkyl iodides, 2 equivalents were required to maintain
coupling efficiency, as homocoupled alkanes and ketones were
generally observed as side products. When Zn powder was
used as the reductant instead of the electrochemical devices,
product 3 was obtained in 22% yield (entry 17). Only trace
products were obtained when Et3N was employed as the
sacrificial reagent, with GF as the anode (entry 18).
With the optimized reaction conditions in hand, we

proceeded to examine the scope of aryl iodides in this
electrochemical coupling with CO and iodocyclohexane
(Figure 2A). A wide series of aryl iodides with substituents
at the para-position was first investigated. Electron-rich and
-neutral iodobenzenes converted into the corresponding
ketones in good yields (3−8, 16), whereas electron-deficient
ones reacted less efficiently with the formation of phenylalkyl
byproducts (9−13). This may be attributed to the mechanistic
hypothesis that the corresponding aryl acyl−NiII species is
thermodynamically more stable.64 Sensitive functional groups,
such as free hydroxyl (14) and amine (15) groups, were also
tolerated under the reaction conditions. Notably, this approach
exhibited excellent chemoselective cleavage of the C−I bond

Figure 1. Transition metal-catalyzed carbonylative cross-coupling for the synthesis of ketones. Standard conditions: 1 (0.25 mmol), 2 (0.50 mmol),
CO balloon, NiCl2·dme (0.0125 mmol), Co(acac)3 (0.05 mmol), 2,2′-bpy (0.075 mmol), TBAPF6 (0.30 mmol), DMF (3 mL), 80 °C, 20 h,
undivided cell, 15 mA constant current, stainless steel (SS) anode, graphite felt (GF) cathode. (a) Isolated yield. (b) For X = Br: NaI (1.0 mmol)
instead of TBAPF6 as supporting electrolyte. (c) 1 mmol Zn was used instead of electrochemical devices. (d) 1 mmol Et3N was used with GF as the
anode. acac = acetylacetonate. bpy = bipyridine. dme = 1,2-dimethoxyethane. DMF = N,N-dimethylformamide. TBA = tetrabutylammonium.
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over the C−Br and C−Cl bonds, as observed in the formation
of 10 and 11. Iodobenzenes bearing substituents at the meta-
position coupled moderately (17−20), whereas ortho-sub-
stituents resulted in lower yields (21), likely due to steric
hindrance. Likewise, disubstituted and trisubstituted iodoben-
zenes also proved to be suitable coupling partners, yielding the
corresponding products in moderate yields (22−25). Likewise,
iodopolyarenes (26 and 27), iodoheteroarene (28), as well as
structurally more complex iodobenzenes derived from
isobutylparaben (29), menthol (30), oxaprozin (31), and
borneol (32) were also well tolerated, demonstrating the
excellent functional group tolerance of this protocol.
We further investigated the applicability of a rich array of

alkyl iodides in carbonylative coupling with iodobenzene 1 and
CO (Figure 2B). Primary alkyl iodides displayed good
reactivity under standard conditions, with functional groups
such as alkyne, siloxane, ester, ether, and fluorine being
tolerated (33−40). In addition to the model substrate 2, both
acyclic (41) and heterocyclic (42−45) secondary iodides were
also compatible with this method, producing the correspond-

ing ketones with moderate success. It is worth noting that
iodomethane effectively participated in the coupling event,
producing an arylmethyl ketone 46 in 57% yield.79

Furthermore, when primary benzyl chlorides were subjected
to the standard conditions for coupling with 1 and CO, the
resulting ketones (47−50) were obtained in moderate to good
yields. However, the method was not applicable to sterically
hindered tertiary alkyl iodides.80

The electrochemical reductive coupling of aryl and alkyl
bromides with CO was also tested. Besides secondary
bromocyclohexane (Figure 1D, entry 15), primary alkyl
bromides were good candidates, producing the desired
ketones, albeit with slightly lower yields (Figure 2C, 51−55).
In a gram-scale reaction, high-value-added ketone 56 formed in
64% yield, highlighting the practicality of this method (Figure
2D).
Encouraged by the broad substrate scope of this electro-

chemical XEC protocol, we next turned our attention to the
13C isotope labeling of biologically relevant compounds, a key
goal of this research (Figure 3).1 With respect to naturally

Figure 2. Substrate scope of aryl and alkyl halides. Reactions were performed on a 0.25 mmol scale unless otherwise stated. (a) Iodocyclohexane
was used as the alkyl electrophile. (b) 1-Ethyl-4-iodobenzene was used as the aryl electrophile. (c) Both electrophiles were bromides, and NaI was
used as the supporting electrolyte instead of TBAPF6. (d) The reaction was performed on a 5.0 mmol scale.
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occurring compounds, their derived aryl or alkyl iodides
reacted moderately with 13CO, forming 13C-labeled ketones
starting from lithocholic acid, dehydrocholic acid, pregneno-
lone, estrone, vitamin E, L-phenylalanine, and fructose (57−
64). Under standard conditions, fructose-derived aryl iodide
coupled with dehydrocholic acid-derived alkyl iodide and
13CO to yield the carbon isotope-labeled ketone 65 in 55%,
while aryl iodides derived from synthetic drugs and their
fragments also worked equally well, leading to the formation of

ketones 66−68. The overall success in 13C isotope labeling of
biologically relevant molecules underlines the pharmaceutical
potential of this mild method.81,82 In all cases, the exclusive
formation of 13C-labeled ketones demonstrated that the CO
gas, rather than DMF, serves as the carbonylative reagent,
albeit DMF is known to act as carbonylative reagent under
electrochemical conditions.83

To gain mechanistic insights into this carbonylative
electrochemical XEC approach, a series of control experiments

Figure 3. 13C isotope labeling of biologically relevant compounds. Reactions were performed on a 0.25 mmol scale unless otherwise stated.

Figure 4. Preliminary mechanistic investigations and the proposed reaction mechanism.
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were performed. When 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) was subjected to the standard conditions, the
model reaction was completely inhibited with the formation of
cyclohexyl/TEMPO adduct 69 in 90% yield (Figure 4A). In a
radical clock experiment using cyclopropanemethyl bromide,
the ring-opening ketone 70 was isolated in moderate yield,
without cyclopropyl-containing product 71 being detected
(Figure 4B). These observations indicated the radical nature of
this electrochemical three-component coupling and the
involvement of alkyl radicals.84,85

To further probe the roles of Ni and Co, an aryl acyl−NiII
complex 72 was prepared upon the oxidative addition of
benzoyl bromide to a Ni0 species (Figure 4C). In a
stoichiometric experiment, 1 equiv of complex 72 was
subjected to standard conditions and reacted with 2 in the
presence of catalytic amounts of Co(acac)3, affording the
coupled product 4 in 61% yield, which is comparable to the
yield obtained in the three-component XEC coupling of
iodobenzene, 2 and CO. Moreover, an aryl-NiII complex as an
intermediate en route to the formation of aryl acyl−NiII
complex prior to CO insertion was also synthesized. The
stoichiometric reaction of this complex with iodocyclohexane
and CO in the presence of a Co catalyst also gave the desired
ketone in 59% yield. These results indicated that the acyl−NiII
intermediate forms and operates within the catalytic cycle.31,58

In a parallel experiment, the addition of TEMPO to the
stoichiometric reaction inhibited the desired coupling,
resulting in the formation of radical adduct 69 in 41% yield.
Furthermore, an increase in the reduction peak current of alkyl
iodide was observed upon adding Co(acac)3 in cyclic
voltammetry studies (see Supporting Information, Figure
S6).86,87 These observations suggested that Co might play a
role in the formation of alkyl radicals.88−93

Both Ni and Co alone can also promote carbonylation, albeit
with significantly lower yields (Figure 1D, entries 3 and 4), and
the possibility of single-metal catalysis cannot be entirely ruled
out. Nevertheless, in combination with our preliminary
mechanistic investigations and the literature precedents,94,95

we tentatively propose a concerted pathway, in which Ni
accounts for the activation of aryl electrophile and the
subsequent capture of CO to form acyl−NiII complex, while
Co may activate the alkyl electrophile to generate alkyl radical.
These two metals work synergistically to secure a high-yielding
performance of the three-component carbonylative XEC
reaction.
In the Ni catalytic cycle, a Ni0 species I forms by the

electroreduction of NiII precursor, followed by CO coordina-
tion to I, forming complex II (Figure 4D).57 The Ni0 species II
then undergoes two-electron oxidative addition with aryl
iodide to form NiII intermediate III. Subsequently, CO inserts
into intermediate III, giving rise to key acyl−NiII complex IV.
Simultaneously, in the Co cycle, the electroreduction of the
CoIII precatalyst affords a reductive CoI species VII. A single
electron transfer from VII to alkyl iodide generates an alkyl
radical and CoII species VIII. This alkyl radical is then captured
by IV, leading to the formation of NiIII intermediate V, upon
which reductive elimination delivers the desired aryl−alkyl
ketone and NiI complex VI. The NiI species VI and CoII

species IX are reduced on the cathode to regenerate active
species I and VII, respectively.

■ CONCLUSIONS
In conclusion, we have developed an efficient, concerted dual
Ni/Co-catalyzed cross-electrophile coupling of unactivated
alkyl halides and aryl halides with CO under standard
atmospheric pressure. This method exhibits excellent func-
tional group tolerance and avoids the use of organometallic
reagents. As a result, a broad range of readily accessible aryl
and alkyl electrophiles can efficiently participate in the
carbonylative coupling process, enabling unsymmetric ketone
synthesis. Control experiments and cyclic voltammetry studies
revealed the radical nature of this methodology and the
synergistic roles of nickel and cobalt catalysts. Moreover, 13CO
was also successfully employed as a carbonylative reagent,
particularly in 13CO-labeled ketone formation starting from
biologically relevant compounds, highlighting the potential
application of our methods in the area of drug discovery.

■ METHODS

General Procedure for the Synthesis of Aryl−Alkyl
Ketones

Electrochemical carbonylative reactions were carried out in undivided
cells using predried Schlenk tube with a stainless steel sheet (0.3 mm
× 10.0 mm × 15.0 mm) and graphite felt (2.0 mm × 10.0 mm × 15.0
mm). The predried Schlenk tube equipped with a stir bar was
evacuated and backfilled with N2 (3 times). After that, the tube was
opened and charged with NiCl2·dme (0.0125 mmol), Co(acac)3
(0.050 mmol), 2,2′-bpy (0.075 mmol), TBAPF6 (0.30 mmol),
corresponding alkyl iodides (0.50 mmol, 2.00 equiv), and
corresponding aryl iodides (0.25 mmol, 1.00 equiv). Then, the tube
was evacuated and backfilled with 1 atm CO (3 times), followed by
the addition of DMF (3 mL). The tube was sealed and heated at 80
°C with a constant current at 15 mA for 20 h. The electrodes were
removed and washed with DCM (3 × 5 mL)·H2O (20 mL) was
added to the combined reaction mixture, and the resulting mixture
was extracted with DCM (2 × 20 mL). The combined organic phase
was dried over anhydrous MgSO4, filtered, and concentrated under
reduced pressure. The crude product was purified by preparative thin-
layer chromatography to furnish the desired product.

General Procedure for the Synthesis of 13C-Labeled
Aryl−Alkyl Ketones
Carbon-13 isotope labeling reactions were carried out in undivided
cells using a predried Schlenk tube with a stainless steel sheet (0.3
mm × 10.0 mm × 15.0 mm) and graphite felt (2.0 mm × 10.0 mm ×
15.0 mm). The predried Schlenk tube equipped with a stir bar is
evacuated and backfilled with N2 (3 times). After that, the tube was
opened and charged with NiCl2·dme (0.0125 mmol), Co(acac)3
(0.050 mmol), 2,2′-bpy (0.075 mmol), TBAPF6 (0.30 mmol),
corresponding aryl iodides (0.25 mmol, 1.00 equiv), and correspond-
ing alkyl iodides (0.50 mmol, 2.00 equiv). Subsequently, the tube was
connected to a three-way stopcock system, one port was linked to a
vacuum, and the other port was connected to a 13CO gas bag. Then,
the tube was evacuated and backfilled with 1 atm of 13CO (3 times),
followed by the addition of DMF (3 mL). The tube was sealed and
heated at 80 °C with a constant current at 15 mA for 20 h. The
electrodes were removed and washed with DCM (3 × 5 mL)·H2O
(20 mL) was added to the combined reaction mixture, and the
resulting mixture was extracted with DCM (2 × 20 mL). The
combined organic phase was dried over anhydrous MgSO4, filtered,
and concentrated under reduced pressure. The crude product was
purified by preparative thin-layer chromatography to furnish the
desired product.
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