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Abstract: The construction of carbonyl compounds via
carbonylation reactions using safe CO sources remains a
long-standing challenge to synthetic chemists. Herein,
we propose a catalyst cascade Scheme in which CO2 is
used as a CO surrogate in the carbonylation of benzyl
chlorides. Our approach is based on the cooperation
between two coexisting catalytic cycles: the CO2-to-CO
electroreduction cycle promoted by [Fe(TPP)Cl] (TPP=

meso-tetraphenylporphyrin) and an electrochemical car-
bonylation cycle catalyzed by [Ni(bpy)Br2] (2,2’-bipyr-
idine). As a proof of concept, this protocol allows for
the synthesis of symmetric ketones from good to
excellent yields in an undivided cell with non-sacrificial
electrodes. The reaction can be directly scaled up to
gram-scale and operates effectively at a CO2 concen-
tration of 10%, demonstrating its robustness. Our
mechanistic studies based on cyclic voltammetry, IR
spectroelectrochemistry and Density Functional Theory
calculations suggest a synergistic effect between the two
catalysts. The CO produced from CO2 reduction is key
in the formation of the [Ni(bpy)(CO)2], which is
proposed as the catalytic intermediate responsible for
the C� C bond formation in the carbonylation steps.

Carbonylation reactions are widely used in industry for the
synthesis of carbonyl-containing compounds.[1] Currently,
most carbonylation technologies involve the use of carbon
monoxide, usually at high temperature and pressure to drive
the carbonylation reactions. The fact that CO is a highly
toxic and flammable gas has led researchers to explore other
synthetic routes that employ alternative CO sources such as
metal carbonyl complexes[2] or organic CO surrogates such
as ethyl chloroformate,[3] DMF,[4] and chloroform[5] among
others. In this line, CO2 has been identified as a potential
CO precursor for carbonylation reaction since it is readily
available, inexpensive, and easier to handle.[6] However,
CO2 has to be catalytically reduced to CO under thermal
hydrogenation conditions or via a two-electron/two-proton
transfer process.[7] In addition, electrochemistry is a power-
ful tool to promote carbonylation reactions.[8] In this regard,
a promising approach is the formation of CO from the
electrocatalytic CO2 reduction reaction (CO2RR). Several
molecular complexes and materials based on transition
metals have been reported as highly active and selective
electrocatalysts for CO2 reduction to CO.[9] Among molec-
ular electrocatalysts, iron porphyrins are some of the most
active and selective molecular electrocatalysts for the CO2

reduction to CO in organic solvents, as shown by Savéant
and co-workers.[10]

Despite the potential benefits of using CO2 as a CO
surrogate in carbonylation reactions, few methods have
been successfully employed due to their inherent reactivity
in delivering carboxylation products under electrochemical
conditions.[11] To overcome these challenges, Périchon and
co-workers developed a pioneering stepwise electrochemi-
cal/chemical method for the stoichiometric synthesis of
ketones using CO2 (Scheme 1).[12] In this work, the active
[Ni(bpy)(CO)2] species was formed in situ at the cathode
through electrolysis of [Ni(bpy)(Br)2] (1Ni) in the presence
of CO2 (Scheme 1, top). In a subsequent step, the redox
potential was switched off, the atmosphere was replaced by
argon, and the substrate was added to the [Ni(bpy)(CO)2]
solution giving the corresponding symmetric ketone stoi-
chiometrically. Catalytic versions of this reaction were
achieved by using CO gas[13] and metal-carbonyl
precursors[14] as CO sources. More recently, Skrydstrup,
Daasbjerg and co-workers developed a set of classical Pd-
catalyzed carbonylation reactions using employing the CO
generated from CO2RR in a separated compartment where
an iron porphyrin [Fe(TPP)Cl] was used as electrocatalyst in
DMF electrolyte solution (Scheme 1, middle).[15] The idea of
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producing CO from CO2 electroreduction in a separate
chamber where it will be used was further explored at
ambient pressure[16] but also at challenging high pressure. In
this regard, two seminal contributions are highlighted.[17] T.
Cantat, M. Fontecave and co-workers reduced CO2-to-CO
in a high-pressure electrolytic cell containing a bimetallic
ZnAg catalyst at the cathode, where the propylene oxide
was carbonylated by thermal catalysis at high-pressure
CO.[17a] Additionally, Miller, Liu, Wang and co-workers
have reported the Pd-catalyzed synthesis of polyketones
through ethylene carbonylation using a multicompartment
high-pressure electrochemical reactor.[17b] In that case, a Pd
cathode was used as a CO2-to-CO reduction electrocatalyst.

To our knowledge, a single-compartment fully electro-
chemical cascade scheme where the CO2-to-CO reduction
catalytic cycle is coupled to electrocatalytic organometallic
carbonylation is still missing in the literature. While this
approach has the potential to offer several benefits, such as
simple experimental setups and straightforward synthetic
protocols, it is also very challenging due to the need to
match the kinetics of two or more electrocatalytic cycles in a
single compartment, which remains a challenge in the
electrocatalysis and electrosynthesis community.[18]

As a proof of concept, we herein explore the direct use
of CO2 as a CO surrogate in the carbonylation of benzyl
chlorides through the synergistic combination of two differ-
ent earth-abundant metal electrocatalysts: the well-estab-
lished CO2 reduction electrocatalyst meso-tetraphenylpor-
phyrin iron(III) chloride (FeTPPCl) and [Ni(bpy)Br2] (1Ni)
as a potential carbonylation pre-catalyst. This method allows
synthesizing symmetric ketones from good to excellent
yields in one pot, in an undivided cell and with non-
sacrificial electrodes. However, the use of a sacrificial
electron donor is necessary. The reaction operates through
an electrochemical cascade mechanism in which the CO2

reduction and carbonylation electrocatalytic cycles operate

synergistically, as the observed reactivity and mechanistic
studies suggested.

We selected benzyl chloride (1a) as our model substrate
to initiate the investigation. After a pre-screening of reaction
conditions (Supporting Information section 3), using
FeTPPCl (2 mol%) to in situ generate CO from CO2

electroreduction, 1Ni (5 mol%) as the carbonylation cata-
lyst, and Fe/Ni (alloy-64/36) sacrificial anode (Table 1,
Entry 2) the symmetric ketone 2a was obtained in 49%
yield. In addition, phenylacetic acid (4a), dibenzyl (3a) and
toluene (5a) were also obtained. Replacement of the
sacrificial anode with a carbon electrode produced 2a in
equivalent yield. However, adding triethylamine (TEA) as
an electron and proton source led to the full conversion of
benzyl chloride and yielding 90% of 2a (Table 1, Entries 1–
3, and Supporting Information Table S2).

Blank experiments showed that ketone 2a was not
formed when the reaction was carried out without redox
potential or 1Ni. However, in the absence of 1Ni, toluene
(5a) and phenylacetic acid (4a) were obtained (Table 1,
Entry 4). The minimum amount of 1Ni to obtain a virtual
quantitative carbonylation yield was 5 mol%. Less than
5 mol% of 1Ni increased the carboxylation and toluene
products (Table 1, Entry 5). On the other hand, increasing
the amount of 1Ni up to 10% yields 90% of the ketone
(Table 1, Entry 6). Interestingly, in the absence of FeTPPCl
the ketone yield was low (16% yield), regardless that the
1Ni percentage was increased (yielding 2a in 27% at 15%

Scheme 1. Electrochemical approaches to use CO2 as a carbonyl
source.

Table 1: Optimization of the carbonylation of benzyl chloride.[a]

Entry Deviation from the standard conditions Yield (%)[b] Conv
(%)2a 3a 4a 5a

1 Standard conditions maintained[a] 90[c] 0 4 1 98
2 Fe/Ni anode,[d] no TEA 49 12 12 21 100
3 no TEA 47 0 26 18 87
4 no 1Ni 0 0 40 49 92
5 1Ni (2 mol%) 33 7 36 20 98
6 1Ni (10 mol%) 90 1 1 6 100
7 no FeTPPCl 16 1 15 60 95
8 no FeTPPCl, 1Ni (15 mol%) 27 2 14 40 85
9 no FeTPPCl & no 1Ni 0 6 20 60 90
10 FeTPPCl (1 mol%) 78 0 5 10 95
11 FeTPPCl (3 mol%) 73 0 1 21 98
12 CO atm., no FeTPPCl 69 1 0 22 94

[a] Standard conditions: 1a (63 mg, 0.5 mmol), CO2 (1 atm), nickel
foam as cathode, graphitic carbon as anode, [TBA]BF4 (0.03 M), TEA
(2.0 eq.), DMF (5 mL), 1Ni (5 mol%), FeTPPCl (2 mol%), single
compartment cell, current of 100 mA during 3 h at room temperature.
Electrasyn 2.0 or power supply (see the Supporting Information).
[b] Yield and conversion determined by GC and 1H NMR analysis as
two experiments average. [c] 86% isolated yield of 2a. [d] Fe/Ni (64/
36).
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1Ni, Table 1, Entry 7&8). Although this suggests that 1Ni
can catalyze the CO2 reduction to CO and carbonylation
reactions, the selectivity is an issue when 1Ni is the only
catalyst. In this circumstance, the carbonylation reaction
(27%) has as parallel reaction catalytic processes that does
not use CO, like the carboxylation (14%) and dehalogena-
tion (40%) reactions. In concordance, replacing the CO2

atmosphere with CO yields 2a but in a lower yield (69%)
(Table 1, Entry 12). Nevertheless, the best performances
were obtained with the dual catalytic system 1Ni / FeTPPCl.
However, the FeTPPCl percentage should be properly
adjusted. As expected, a lower FeTPPCl percentage than
the optimal was detrimental to the yield. A higher FeTPPCl
percentage was also detrimental, suggesting that the
FeTPPCl is not solely electroreducing the CO2-to-CO
(Table 1, Entry 9, 10 and 11) but the low valent iron
porphyrin formed can react with BnCl as previously
observed (See further discussion below).[19]

When the reaction was performed without a CO2

atmosphere, a 3% of 2a was obtained. Although minor, one
could speculate that DMF could be a CO surrogate.
However, the experiment replacing DMF with acetonitrile
as a solvent under CO2 produced the ketone in a good yield,
but 2a was not detected if the reaction was conducted under
Ar (Table S5), reinforcing the role of CO2 as CO surrogate.
Moreover, the carbonyl source in 2a was confirmed through
13C labelling studies of benzyl chloride employing 13CO2,
which resulted in the formation of 2a (13C) (Scheme 2).
These experiments agree with CO2 as the origin of the CO
in the formed ketone.

Then, we evaluated the generality of the CO2-to-CO
reduction catalyst. We tested other well-known catalysts
such as Cobalt(II) phthalocyanine (CoPc), (fac-Mn(bpy)-
(CO)3Br), ([Ni(cyclam)](PF6)2) and silver nanoparticles
(Ag-NP). Using our standard conditions, CoPc, Ag-NP and
[Ni(cyclam)](PF6)2 gave only a moderate ketone yield, while
no ketone was detected with fac-Mn(bpy)(CO)3Br (Ta-
ble 2).

With the optimized conditions in hand, we examined the
reaction scope of benzyl chloride derivatives, obtaining from
moderate to high yield of the carbonylated products.
Substrates containing electron-donating groups gave a high
yield of the ketones (Table 3, compounds 2a, 2b, 2c, 2d, 2e
& 2h), while substrates containing electron-withdrawing
groups gave moderate or low yield (Table 3, compounds 2f,
2g, 2 i & 2 j). Substrates with methoxy groups showed anodic

oxidation yielding the corresponding aldehydes and alco-
hols, and this problem was solved by increasing the
sacrificial electron donor (10 eq. of TEA).

In addition, the reaction was scaled up to gram scale by
employing a larger cell (4-fold higher electrode surface) and
implemented a recirculation system from a reservoir. This
setup enabled us to transform 150 mL from a reservoir
containing 15 mmol of BnCl to produce 1.1 g of the ketone

Scheme 2. 13C labelling. Standard conditions: 1a (63 mg, 0.5 mmol),
13CO2 (1 atm), nickel foam as cathode, graphitic carbon as anode,
[TBA]BF4 (0.03 M), TEA (2.0 eq.), DMF (5 mL), 1Ni (5 mol%), FeTPPCl
(2 mol%), single compartment cell, current of 100 mA during 3 h at
room temperature. Electrasyn 2.0.

Table 2: CO2 reduction catalyst scope. [a]

Entry CO2R Catalyst Yield (%)[b] Conv. (%)
2a 3a 4a 5a

1 None 16 1 15 60 95
2 FeTPPCl 90 0 4 1 98
3 CoPc 36 3 9 40 95
4 Ag� NP 28 0 21 39 90
5 [Ni(cyclam)](PF6)2 26 0 16 39 92
6 fac-Mn(bpy)(CO)3Br 0 0 36 48 90

[a] Standard conditions: 1a–j (63 mg, 0.5 mmol), CO2 (1 atm), nickel
foam as cathode, graphitic carbon as anode, [TBA]BF4 (0.03 M), TEA
(2.0 eq.), DMF (5 mL), 1Ni (5 mol%), CO2R catalyst (2 mol%), single
compartment cell, current of 100 mA during 3 h at room temperature.
Electrasyn 2.0 [b] Yield and conversion determined by GC and 1H NMR
analysis as two experiments average.

Table 3: Evaluated substrates for the electro-carbonylation reaction.[a,b]

[a] General conditions: 1a–j (63 mg, 0.5 mmol), CO2 (1 atm), nickel
foam as cathode, graphitic carbon as anode, [TBA]BF4 (0.03 M), TEA
(2.0 eq.), DMF (5 mL), 1Ni (5 mol%), FeTPPCl (2 mol%), single
compartment cell, current of 100 mA during 3 h at room temperature.
Electrasyn 2.0 or power supply (see the Supporting Informa-
tion).[b] yield in the table is the isolated yield. [c] 10 eq of TEA were used
for those substrates.
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(70%)., demonstrating the scalability of our method (See
Supporting Information, Figure S1).

To explore the ability of our electrochemical cascade to
lower CO2 concentrations, we investigated the potential for
ketone formation at CO2 concentrations of 10%, yielding an
impressive 88% of ketone, marginally lower than the 90%
yield achieved with 100% CO2 concentration. This result
underscores the robustness of our methodology with diluted
CO2 sources, which could facilitate exploiting low concen-
tration CO2 sources (Table S7).

Benzyl chlorides performed significantly better than
bromides, which can be rationalized based on previous
studies suggesting that benzyl radicals can be produced
directly by the electrode yielding homocoupling products.[20]

We also found that aliphatic substrates did not form
ketones. On the other hand, attempts to synthesize asym-
metric ketones underscore the necessity for matched reac-
tion kinetics of both substrates to facilitate carbonylation
avoiding the formation of the cross-coupling product
(Supporting Information Tables S9a–S9f).

To shed light on the reaction mechanism, we first studied
the evolution of the reaction. Interestingly, we observed that
the BnCl consumption and ketone formation were de-
coupled from the CO detection for the first 30 min of the
reaction. We rationalize that the CO formed is directly
involved in the carbonylation reaction (Figure 1) and only
accumulates after the reaction rate slows down due to
decreased substrate concentration.

Then, we conducted cyclic voltammetry (CV) for both
catalysts under Ar and CO2, in the presence and absence of
BnCl (Figure 2). The CV of FeTPPCl under Ar (Figure 2,
top) shows the single reduction events of FeIII/II, FeII/I and
formal FeI/0 at � 0.7, � 1.5 V and � 2.1 V vs. Fc+ /0, respec-
tively. Under CO2, it is observed the well-known catalytic
CO2 reduction at the formal FeI/0 redox wave, as previously
reported.[21] Under Ar, it can also observed the reported
reaction of FeI/0 redox wave with BnCl (1 eq), which has
been ascribed to the formation of FeIITPP-alkyl intermedi-

ate via SN
2 reaction.[19,22] The formation of organometallic

FeIITPP-Bn species has also recently been proposed as key
by Macmillan and coauthors in the photocatalyzed SH

2

reactions.[23] Further electrochemical reduction triggers a
catalytic wave at � 2.2 V vs. Fc+ /0.[24]

The catalytic wave can be explained by a sequence of
events starting with a single electron reduction of the
(FeIITPP-Bn) to yield (FeITPP-Bn), which is followed by
either i) a dissociation process that forms a benzyl radical
and Fe0, re-engaging in the BnCl activation. Then, the
benzyl radical should be reduced by the electrode. ii) A
metal-carbon heterolytic bond cleavage, forming the benzyl
anion and formal FeITPP. One electron reduction of
FeITPP recovers the formal Fe0TPP, the initial species that
reacts with BnCl. Based on the literature, we presume the
main mechanism goes through (ii).[25]

Interestingly, in the presence of CO2 and BnCl, the FeI/0

redox wave resembles the one observed under Ar, but with
slightly higher intensity. The same occurs for the subsequent
catalytic wave. Previous studies indicate that the CO and
CO2 insertion in the iron carbon bond of FeIITPP-Bn species
is unlikely.[22d,26] Therefore, the role of the FeTPPCl could
potentially be dual; the CO2 reduction to CO and the BnCl
activation via the FeIITPP-Bn species catalyzing the for-
mation of benzyl anion.

CV of 1Ni under Ar (Figure 2, bottom) represents a
complex redox event at � 1.6 V vs Fc+ /0, which was
previously attributed to the reduction of NiII to NiI, followed

Figure 1. Electrochemical reduction of CO2 and carbonylation of benzyl
chloride. The yield of CO, ketone 2a and consumption of the substrate.

Figure 2. CVs of FeTPPCl (1 mM) and 1Ni (1 mM) in anhydrous
TBABF4/DMF (0.1 M) solution at 0.1=ט V ·s� 1, glassy carbon WE
(Ø=0.3 cm), Ag pseudo-RE (Ag wire in TBABF4-DMF 0.1 M) and Pt
wire CE. Under Ar (black) and with added BnCl (1 eq) under Ar (blue)
and CO2 (red) with added BnCl (1 eq) under CO2 (green).
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by a disproportionation process (NiI to yield Ni0 and NiII)
which is common for many of the catalytic cycles proposed
for 1Ni.[27] The redox event at lower redox potential (� 2.4 V
vs Fc+ /0) corresponds to the reduction of the remaining NiI

to Ni0. Under CO2, [Nibpy(CO)2] is formed as previously
proposed.[12] Then, the addition of BnCl does not greatly
affect the CV, particularly under CO2, and the intensity of
the event is much lower in comparison to FeTPPCl, which
increases dramatically (See SI, Figure S3&S4).

We then studied the reaction of the [Ni(bpy)Br2] with
CO2 by IR spectroelectrochemistry (IR-SEC, Figure 3),
following previous studies but under our catalytic reaction
conditions.[28] Several IR bands appeared during the first
reduction process at the NiII/I wave (� 1.2 V). The most
prominent peaks at 1974 and 1897 cm� 1, increased together
as a function of potential, suggesting that they belong to the
same species. The same two peaks were observed during the
experiment under CO atmosphere (Figure S7), suggesting
Ni-carbonyl species’ formation. These IR features are
consistent with the formation of [Ni(bpy)(CO)2], and
matched previously reported data from the isolated [Ni-
(bpy)(CO)2] in the solid state.[29] Significant changes occur
upon sweeping the applied potential to � 2.0 V. While the
peaks assigned to [Ni(bpy)(CO)2] decrease, new broad
signals appear at lower energies (ca. 1960), in line with the

formation of further reduced Ni-CO species. For instance,
the DFT calculated IR spectrum of the reduced [Ni(bpy)-
(CO)2]

� shows two vibrations at 1955 cm� 1 and 1868 cm� 1.
The new broad band at 2040 cm� 1 is assigned to [Ni-
(CO)4].

[30] Therefore, the high CO concentration built up
close to the electrode surface at too negative potentials leads
to the bpy ligand dissociation. Nonetheless, electrosynthetic
experiments starting from 1a and a Ni0 source such as
[Ni(COD)2] under a CO atmosphere did not yield the
corresponding carbonylation product (2a). Instead, toluene
was observed, suggesting that [Ni(CO)4] is not an active
intermediate in the carbonylation process.

Then, the presence of BnCl significantly changes the
speciation in the SEC experiment (Figure 3). Besides the
formation of [Ni(bpy)(CO)2], new shoulders at 1870 cm� 1

appears (blue curve), which intensify at more reducing redox
potentials (red curve). These new intense peaks could
correspond to carbonyl vibrations of the nickel alkyl
intermediate after the activation of the BnCl by the [Ni-
(bpy)(CO)2]. At the same time, the presence of BnCl avoids
the formation of the previous peaks assigned to [Ni(CO)4].

IR-SEC experiments in the presence of FeTTPCl also
provide valuable information. One main difference observed
between the SEC with 1Ni alone and 1Ni+FeTTPCl is the
clearer formation of 2040 cm� 1 and 1960 cm� 1 peaks. While
the former can be attributed to [Ni(CO)4], the latter is a new
speciation. Interestingly, the peak at 1960 cm� 1 is more
pronounced in the presence of BnCl. This observation
suggests that this peak (1960 cm� 1) could be attributed to a
new nickel species related to the higher concentration of CO
and resulting products from the activation of BnCl, as no
significant peak was observed when the SEC was performed
without the 1Ni. By studying the IR spectra of potential
speciation by DFT calculations, the peak at 1960 cm� 1 could
be attributed to [Ni(bpy)(Bn)2(CO)].

Considering the data, we highlight the following aspects
that help to simplify and rationalize the role of the two
catalysts. Both FeTTPCl and 1Ni are necessary to obtain the
ketone in good yield, but 1Ni alone can yield the ketone
albeit in lower yield (16–27%), while the FeTTPCl alone
cannot (only toluene and carboxylation products are
obtained, no-homo-dimer formation). FeTTPCl can catalyze
the reduction of CO2-to-CO and BnCl-to-Bn� anion. Bn�

anion protonation yielding toluene covers the observed
better yields of the ketone when anhydrous media is used in
the standard catalytic conditions. Since no ketone is
observed with FeTTPCl alone the carbonylation should
occur at the nickel coordination sphere but also that a
portion of the BnCl activated could also be derived from the
FeTTPCl activity. Therefore, the mechanism is more
complex and a second role for the catalysts should be
contemplated. Nevertheless, at the first level, one can
simplify this complexity into a scenario where the FeTTPCl
catalyst‘s main role is the CO2-to-CO electroreduction, and
the 1Ni role is to activate the BnCl and form the C� C bond
formation and carbonylation. However, based on the
experimental data, it cannot be neglected that 1Ni can also
reduce CO2-to-CO, although inefficiently, and the Bn� anion
could be catalytically formed by the FeTTPCl, introducing

Figure 3. IR-SEC of [Ni(bpy)Br2] (1Ni) (6 mM) in DMF/TBAPF6 (0.2 M)
under CO2 atmosphere (A). The graphs represent the differential
spectra in Abs-Abs0 versus wavenumber (cm� 1). OTTLE cell Pt (WE), Pt
(CE), Ag (RE). From top to bottom A) +BnCl (60 mM), A) +FeTPPCl
(2.4 mM) and A) +BnCl (60 mM), +FeTPPCl (2.4 mM).
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an unanticipated synergy between both catalysts. In line
with the proposed synergistic reactivity between both metal
complexes (1Ni and FeTTPCl) an increase in redox
potential not only boosts the reaction yield but also
enhances the selectivity. At redox potentials where only the
1Ni is reduced, the ketone selectivity is modest. However, at
more reducing potentials, where 1Ni and FeTTPCl are
reduced, we observed significant increase in both yield and
the selectivity (Figure S7 and table S8). Considering all the
data collected, we proposed the mechanism depicted in
Scheme 3 as a hypothesis to rationalize the catalytic activity
observed.

In summary, we demonstrated that CO2 can be used as a
CO surrogate in the carbonylation of benzyl chlorides,
utilizing a combination of two earth-abundant metal cata-
lysts in an undivided cell. Symmetric ketones could be
obtained from good to excellent yields by applying mild

electrochemical conditions. In light of the analyzed data by
combination of reactivity, cyclic voltammetry, spectroelec-
trochemistry, and DFT calculations, we suggest a sophisti-
cated synergistic effect between the two catalysts FeTTPCl
and 1Ni. Both catalysts are instrumental in achieving the
ketones with high yield. However, when FeTTPCl is alone
results in the formation of toluene and carboxylation
products. This fact illustrates that FeTTPCl, besides facilitat-
ing the reduction of CO2-to-CO, also promotes the BnCl to
Bn� anion formation. Then, the carbonylation most likely
happens at the nickel coordination sphere, although some of
the Bn� may also be derived from the FeTTP catalytic
activity. As such, the exact mechanism underpinning these
processes is more challenging than initially hypothesized, as
both catalysts might serve dual roles. Nevertheless, based on
thermodynamic considerations, the substitution of the
chloride anion with benzyl anion in the intermediate [Ni-
(bpy)(Bn)(CO)Cl] (� 23.0 kcal ·mol� 1, considering a [Bn� ] of
1 ·10� 6 M) present as a more plausible mechanism than
potential Ni disproportionation reactions (� 6.2 kcal ·mol� 1).

The results open a further dimension of cooperative
interaction between electrocatalysts, emphasizing the com-
plexity of electrocatalytic reactions and the need for further
mechanistic investigations, which are ongoing in our labo-
ratory. We expect these results will encourage others to
explore and capitalize on potential synergies in electro-
catalysis. Finally, using CO2 as a CO surrogate can simplify
experimental setups, reduce the use of toxic CO, and
facilitate the production of labeled compounds.
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