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ABSTRACT

Direct carboxylation of C(sp®—H bonds with carbon dioxide (CO,) offers an attractive route to value-added carboxylic acids but
remains challenging due to the inertness of both reaction partners. Here, we report a fundamentally distinct electrochemical strategy

that enables carboxylation of dibenzylic C(sp®)—H bonds using hydrogen atom transfer (HAT) species reductively generated at the

cathode. This represents a rare example of C(sp*—H bond functionalization mediated by cathodically generated HAT species. In

contrast to anodic HAT systems that require interelectrode diffusion of reactive intermediates, the present method allows all the ele-

mentary steps (HAT species generation, C(sp>)—H bond cleavage, and CO, incorporation) to occur at the same cathode. Consequently,
the reaction proceeds efficiently under mild conditions (room temperature, 1 atm CO,) without requiring an external sacrificial redox
reagent, affording carboxylation products in good yields (up to 69%) within a short reaction time (2 h). Mechanistic studies support a
pathway involving sequential electron transfer-chemical reaction (EC) and CO,-coupled electron transfer processes for HAT species

generation. This work establishes a mechanistically defined platform for electrochemical dibenzylic C(sp®)—H bond functionalization.

1 | Introduction

Upgrading carbon dioxide (CO,) into value-added chemicals has
emerged as a key strategy toward a sustainable chemical economy
[1-4]. In this context, carboxylation with CO, is a powerful and
sustainable synthetic approach [5-11] because it directly affords
carboxylic acids, important structural motifs found in pharmaceut-
icals, biologically active molecules, and fine chemicals [12]. Among
such transformations, the direct carboxylation of C(sp*)—H bonds
[13], which are ubiquitous in organic molecules [14-18], represents
an ideal approach to producing valuable chemicals from
abundant resources. However, this transformation remains highly

challenging due to the inherent inertness of both reaction partners:
CO, possesses high thermodynamic stability and kinetic inertness,
and C(sp®—H bonds typically exhibit strong bond dissociation ener-
gies. To overcome these challenges, various strategies have been
developed, including metal reagents [19-21] and photoredox catal-
ysis [22-29]. Despite the significant progress, most reported systems
still require energy-demanding harsh conditions, such as high tem-
perature, high pressure of CO,, the use of excess amounts of redox
reagents, or UV irradiation.

Electrochemical transformation offers a promising alternative
(Figure 1a) [30-34]. In this approach, electron transfer at
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FIGURE 1 | (a) Electrochemical carboxylation of C(sp*)—H bonds
with CO,. (b) Pioneering work by Qiu et al.: Anodic HAT. (c) This work:
Cathodic HAT.

electrodes can be precisely controlled by the applied potential,
thereby enabling reactions under mild conditions without the
need for high temperature and sacrificial redox reagents. Very
recently, Qiu et al. reported the first electrochemical carboxyla-
tion of benzylic C(sp*—H bonds with CO, (Figure 1b) [35]. In
their system, chlorine radicals generated oxidatively from dichlo-
roethane (DCE) at the anode mediates hydrogen atom transfer
(HAT) [36-39] process to cleave benzylic C(sp>)—H bonds.
Despite this notable achievement, there is a critical limitation:
the substrate radical intermediates are generated at the anode,
whereas productive CO, incorporation fundamentally requires
formation of the corresponding carbanion species at the cathode.
Consequently, this system inherently relies on the diffusion of
these intermediates across electrodes, which significantly
restricts both its practicality and generality. A system that

generates the HAT species reductively at the cathode and enables
both C(sp®)—H bond cleavage and subsequent CO, incorporation
at the same electrode would overcome this fundamental limita-
tion. However, cathodic generation of HAT species has remained
underdeveloped, and there have been only limited reports
on such reductively-generated HAT species at cathode for
C(sp®>-H bond functionalization, including a recent study
employing redox-active carbonate system [40], although electro-
chemically driven HAT-mediated C(sp*)—H functionalization in
general has recently attracted increasing attention in organic
electrosynthesis [41].

Here, we report, as a proof of concept, an electrochemical carbox-
ylation of dibenzylic C(sp*>)—H bonds enabled by HAT species
reductively generated at the cathode, using fluorene as a model
substrate (Figure 1c). This represents a rare example of C(sp*)—H
bond functionalization mediated by cathodically generated HAT
species. The reaction proceeds smoothly under mild conditions,
such as at room temperature, under 1 atm CO,, and without the
use of any metals or external sacrificial redox reagents, although
benzil functions as a stoichiometric reagent in the reaction.
Notably, direct generation of the HAT species at the cathode
allows the overall CO, incorporation process to occur at the same
electrode, without requiring diffusion of intermediates between
electrodes. Furthermore, mechanistic studies, including electro-
chemical measurements, cyclic voltammetry (CV) simulations,
and controlled potential electrolysis (CPE) experiments, support
that cathodic HAT generation is crucial for this transformation.
Collectively, our strategy differs from previously reported HAT-
enabled electrochemical systems and electrocarboxylation
approaches in that the HAT species arises from a reduced inter-
mediate under CO, conditions, and the key steps of C(sp*)—H
bond activation and CO, incorporation all occur at the cathode.

2 | Results and Discussion

2.1 | Investigations on the Reductive Generation
of HAT Species

Based on the abovementioned considerations, we initiated our
studies by exploring suitable HAT precursors that generate HAT
species reductively at the cathode (Figure 2). Electrochemical car-
boxylation reactions were performed using fluorene 1 as a model
substrate in the presence of 1.0 equiv. of a HAT precursor and
0.13 M of tetrabutylammonium perchlorate (NBu,ClO,) as an elec-
trolyte in acetonitrile (MeCN) under a slow stream of CO, (1 atm)
at room temperature. The reactions were conducted in a two-
electrode electrochemical setup, and a constant voltage of 5.0V
was applied for 1h using ElectraSyn 2.0 instrument (see the
Supporting Information for the detailed procedure, P.S4-5) The
yields shown in Figure 2 are determined by crude "H NMR analysis
using 1,2-dibromoethane as the internal standard.

We first examined p-bromo-benzenediazonium tetrafluoroborate
(3), p-methoxy-benzenediazonium tetrafluoroborate (4), and
iodobenzene (5), which are known to generate aryl radicals
[42] upon one-electron reduction. However, no carboxylation
product was observed using 3-5, indicating that simple aryl-
radical-based HAT processes are ineffective under the present
reductive electrochemical conditions. Next, we evaluated several
carbonyl-containing HAT precursors (6-10), as these species are
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FIGURE 2 | Investigations on HAT precursors for the carboxylation
of 1 with CO,. Reaction conditions: 1 (0.50 mmol), 1 atm CO,, HAT pre-
cursors (0.50 mmol), NBu,ClO,4 (0.13 M) in MeCN (4.0 mL), Ni (cathode),
Mg (anode), in a two-electrode electrochemical setup, 5.0 V, room tem-
perature. Yields were determined by crude '"H NMR analysis using 1,2-
dibromoethane as the internal standard. *Co cathode and an applied volt-
age of 3.0 V were used.

known to afford ketyl radicals upon reduction [43]. Although
benzophenone (6) did not afford the desired product, the use
of 1-phenylpropane-1,2-dione (7) led to the formation of carbox-
ylation product 2, albeit in a modest yield (3%). Encouraged by
this result, we further explored structurally related carbonyl com-
pounds (8-10) and found that benzil (10) provided 2 in the high-
est yield (14%).

In contrast, commonly used HAT precursors, which oxidatively
afford HAT species upon one-electron oxidation, such as N-
hydroxyphthalimide (11) [44], amine (12) [45], thiol (13) [46],
and carboxylic acid (14) [47] were entirely ineffective, and did
not produce any carboxylation products under the present con-
ditions. Because these species typically require anodic oxidation
to access their active HAT species, their inactivity highlights the
importance of reductive HAT generation at the cathode.

Collectively, these results indicate that carbonyl-based precursors
capable of forming ketyl radicals upon cathodic reduction
uniquely enable C(sp*)>~H bond carboxylation with CO,,
whereas oxidatively generated HAT precursors do not participate
in the reaction. These initial studies demonstrate that the reduc-
tive generation of HAT species is essential for promoting the car-
boxylation reaction.

22 | CV

Having identified the optimal HAT precursor that reductively
generates HAT species, we performed several mechanistic studies
to gain insight into the reaction mechanism. We first conducted
CV measurements to investigate the redox behavior of 10. The
cyclic voltammogram of 10 under an Ar atmosphere showed
one reversible reduction wave at -1.53 V (vs. ferrocene/ferroce-
nium (Fc/Fc™)) (Figure 3, blue line). We then investigated a
CV measurement under a CO, atmosphere. Notably, the revers-
ible reduction wave observed at —1.53 V under an Ar atmosphere
became irreversible under a CO, atmosphere with enhanced
cathodic current (Figure 3, red line). This observation suggests
that the one-electron reduced species of 10 reacts with CO,
via an electron transfer-chemical reaction (EC) process.

Furthermore, the cyclic voltammogram under CO, exhibited an
additional reduction event at approximately -1.8 V (Figure 3, red
line), indicating that the intermediate generated after the initial
EC step undergoes a second one-electron reduction to produce
another distinct species. (A blank CV measurement under
CO, in the absence of 10 confirmed that this reduction event does
not originate from direct CO, reduction (see the Supporting
Information, Figure S14)). Therefore, CV analysis suggests a
two-step reduction process of 10 under CO,: (i) one-electron
reduction at approximately -1.53V (vs. Fc/Fc") followed by
chemical reaction with CO, (EC process), (ii) further one-
electron reduction to generate a second reduced species at
approximately -1.8 V (vs. Fc/Fc*). Interestingly, 10 was initially
assumed to function solely as a precursor for cathodically gener-
ated HAT species; however, the CV measurements reveal that its
reduced form displays unexpected reactivity toward CO,.

2.3 | CV Simulations

To further examine the second reduction process described
in Section 2.2, CV simulations were performed using
Voltammetry simulator (For the detail, see P.S20). First, a simu-
lation of the cyclic voltammogram of 10 under an Ar atmosphere
was conducted, and the kinetic parameters were estimated
(Figure 4a,b ). These values were subsequently used to simulate
the voltammogram under a CO, atmosphere.

== under Ar
=== under CO,

50 pA

2 15 1 05
Potential (V vs. Fc/Fc*)

FIGURE 3 | Cyclic Voltammograms of 2.0 mM solutions of 10 under
Ar (blue) and CO, (red) atmospheres in MeCN solutions containing
0.50 M NBu,ClO,. CVs were performed at a scan rate of 200 mV s™" using
glassy carbon (GC) as the working electrode, Ag/Ag" as the reference
electrode, and Pt as the counter electrode.
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(a) Experiment
Ar Ar

(b) Simulation

50 pA 50 pA

-1.5 -1 -0.5 -15 -1 -0.5
Potential (V vs. Fc/Fc*) Potential (V vs. Fc/Fc*)

(¢) Experiment (d) Simulation

co, co,

50 pA 50 pA

2 15 3 05 2 5 ] 05 =2
Potential (V vs. Fc/Fc*) Potential (V vs. Fc/Fc*)
FIGURE 4 | (a) Experimental CV curves of 10 under Ar. (b)
Simulation of CV curves of 10 under Ar. (c) Experimental CV curves
of 10 under CO,. (d) Simulation of CV curves of 10 under CO,.
Experimental CVs were performed in MeCN solutions containing
0.50 M NBu,ClO, at a scan rate of 200 mV s~* using GC as the working
electrode, Ag/Ag" as the reference electrode, and Pt as the counter

electrode.

Based on these values, a subsequent simulation was carried out
for the CV under a CO, atmosphere (Figure 4c,d ). The kinetic
rate constant determined for the second electron transfer process
was calculated to be on the order of 107 m/s. This value is more
than two orders of magnitude lower than typical values reported
for the outer-sphere electron transfer process (For the details, see
P.S20) [48]. Such significant kinetic retardation strongly indicates
that this reduction is not a simple electron-transfer (E) process.
Instead, it is likely coupled to a concurrent chemical reaction.
Combined with the experimental CV data, these results suggest
that the second reduction proceeds via a chemical reaction—
coupled electron-transfer pathway.

2.4 | CV and CV Simulation Under Mixed CO,/Ar
Atmospheres With Varying CO, Ratios

To identify the chemical reaction coupled to this second electron-
transfer event, we next examined the effect of atmospheres with
varying CO, ratios by CV. Cyclic voltammograms of 10 were
measured under mixed CO,/Ar atmospheres with CO, ratios
of 0%, 20%, 25%, 50%, 75%, 80%, and 100% (see the Supporting
Information for the detailed procedure, P.S21). As the CO, con-
centration increased, a progressive positive shift of the second
reduction wave was observed, whereas the first reduction wave
remained essentially unchanged (Figure 5). This observation
indicates that the chemical step coupled to the second reduction
involves a reaction between the one-electron-reduced species of
10 and CO..

To further validate this chemical step, CV simulations were per-
formed under mixed CO,/Ar atmospheres with varying CO, ratios
(Figure 6a-1). The simulated voltammograms showed good

2 45 4 05
Potential (V vs. Fc/Fc*)

€O, 0 100 %

FIGURE5 | Cyclic Voltammograms of 2.0 mM solutions of 10 under a
mixed atmosphere of Ar and CO, in MeCN solutions containing 0.50 M
NBu,ClO, at a scan rate of 200 mV s™" using GC as the working electrode,
Ag/Ag" as the reference electrode, and Pt as the counter electrode. The
color gradient from blue (0% CO,, Ar atmosphere) to red (100% CO,)
reflects increasing CO, concentration.

agreement with the experimental data, validating the proposed
reaction model. Notably, when the reduction potentials were
plotted as a function of CO, ratio, the first reduction potential
(E,) obtained by simulation remained constant over the
entire range of CO, ratios, while the second reduction potential
(E,) exhibited a clear dependence on CO, concentration
(Figure 6m). This distinct difference demonstrates that the first
reduction step proceeds via an EC process. On the contrary, the
second reduction step is directly coupled to a chemical reaction
involving CO, [49-52]. These results are consistent with a
sequential electrochemical mechanism in which (i) an EC pro-
cess at —1.53 V generates intermediate 16, as one possible struc-
ture of the intermediate (For the detail, see the Supporting
Information P.S24), followed by (ii) a CO,-coupled electron
transfer (CCET) process occurring at approximately —1.8 V to
produce a further reduced species (17), proposed as one
possible intermediate involved in the subsequent reaction steps
(Figure 6n).

Collectively, these mechanistic findings demonstrate that the
reduction proceeds via a CCET process, and that interaction
with CO, is intrinsic to the formation of the subsequent
reduced species. While this CCET mechanism has been pro-
posed in several reports [49-52], their involvement in the gen-
eration of HAT species and their application to organic
molecular transformations have not been reported; to the
best of our knowledge, the present system represents the first
example in which CCET is harnessed to generate a HAT spe-
cies and enable an organic transformation. In the next section,
we therefore investigate which intermediate functions as the
active HAT species.

2.5 | CPE for the Carboxylation of 1 With CO,

To determine which electrochemically generated species ((i) 16
via EC process or (ii) 17 from 16 via CCET process) functions as
the active HAT species in the carboxylation reaction of 1, CPE
experiments were conducted using 1 and 10 under a CO, atmo-
sphere in a three-electrode electrochemical setup equipped with
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FIGURE 6 | (a) Experimental CV curves of 10 under CO,/Ar atmospheres with a CO, ratio of 20%. (b) Simulation of CV curves of 10 under CO,/Ar
atmospheres with a CO, ratio of 20%. (c) Experimental CV curves of 10 under CO,/Ar atmospheres with a CO, ratio of 25%. (d) Simulation of CV curves of 10
under CO,/Ar atmospheres with a CO, ratio of 25%. (¢) Experimental CV curves of 10 under CO,/Ar atmospheres with a CO, ratio of 50%. (f) Simulation of
CV curves of 10 under CO,/Ar atmospheres with a CO, ratio of 50%. (g) Experimental CV curves of 10 under CO,/Ar atmospheres with a CO, ratio of 75%. (h)
Simulation of CV curves of 10 under CO,/Ar atmospheres with a CO, ratio of 75%. (i) Experimental CV curves of 10 under CO,/Ar atmospheres with a CO,
ratio of 80%. (j) Simulation of CV curves of 10 under CO,/Ar atmospheres with a CO, ratio of 80%. (k) Experimental CV curves of 10 under CO,/Ar atmos-
pheres with a CO, ratio of 100%. (1) Simulation of CV curves of 10 under CO,/Ar atmospheres with a CO, ratio of 100%. (m) Plot of E; and E, obtained by the
simulation over CO, ratios. (n) Illustration of a sequential EC and CCET processes. Experimental CVs were performed in MeCN solutions containing 0.50 M
NBu,ClO, at a scan rate of 200mV s™* using GC as the working electrode, Ag/Ag" as the reference electrode, and Pt as the counter electrode.

a reference electrode. In line with the observations by CV meas- and P.S22-23). Because preparative electrolysis was conducted
urements, CPE was carried out at different applied potentials in a two-electrode constant-voltage mode, the cathode potential
(0.8, -1.5, -1.8, and -3.0V vs. Ag/Ag") to selectively access is not fixed at a single value (vs. Fc/Fc*) and can vary with cur-
the species associated with each reduction event (Figure 7a rent, cell resistance, and overpotentials. Therefore, the CV data
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10 (2.0 equiv.)
1 + CO, > 2
NBu,ClO, (0.50 M), Cu(-)/Mg(+)

(1 atm) Potentials, MeCN, r.t., 2 h
(a) (b)
Reactions No reactions
1 [
Potential Yield of 2 i
(V vs. Ag/Ag*) (%) EC
-0.8V <1 :
-15V <1
-18V 42 I 50 A
-30V 45 ‘

L é - i P S R n n
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Yields were determined by crude 'H NMR.

FIGURE7 | (a)CPE of1under CO, in a three-electrode electrochem-
ical setup at different applied potentials (-0.8, -1.5, -1.8, and -3.0V vs.
Ag/Agh). (b) Illustration of the relationship between the applied poten-
tials and the reaction outcome in CV curves of 1 under CO,.

are used here to identify feasible reduction events and to ratio-
nalize the sequence of redox/chemical steps, rather than to define
the exact operating potential during electrolysis.

CPE at -0.8 and -1.5V did not produce any carboxylation prod-
uct 2, indicating that the species formed exclusively through the
initial EC process ((i), at approximately —-1.53 V in the CV study),
did not participate in the carboxylation reaction. In sharp con-
trast, electrolysis at —1.8 V afforded 2 in 42% yield, and a compa-
rable reactivity (45%) was observed at -3.0'V.

These results indicate that only the species formed after the
CCET event (17, in Figure 6n) is responsible for enabling the car-
boxylation reaction (Figure 7b). On the contrary, the species gen-
erated solely through the EC process does not exhibit any
reactivity toward the reaction. Collectively, these CPE experi-
ments suggest that the cathodically generated species formed
after the sequential EC-CCET processes function as the active
HAT species responsible for promoting the carboxylation reac-
tion. Moreover, although a deprotonation pathway involving
the radical anion 15 could be considered based on the acidity,
these CPE experiments suggest that such a pathway is unlikely
under the present reaction conditions.

2.6 | Isotope Labeling Experiment

A 3C Isotope labeling experiment was conducted to verify the
source of the carboxyl moiety in product 2. Owing to the dif-
ficulty in isolating the '*C-labeled carboxylic acid, the product
was converted into the corresponding methyl ester **C-2-Me
prior to analysis. Accordingly, the carboxylation reaction was
performed using '*CO,, and the desired product, **C-2-Me,
was obtained as the methyl ester form. The '*C NMR analysis
of 13C-2-Me exhibited a prominent signal at 171.4 ppm, which
reveals the ">C incorporation at the carboxyl group (Figure 8a
and the Supporting Information P.S25-27). Moreover,
high-resolution mass spectrometry (HRMS) confirmed '*C-
contained product *C-2-Me (Figure 8b, m/z [M]*calcd for
C14'3CH,,0, 225.0871; Found 225.0866, also see P.S28).

OMe

10 (2.0 equiv.) TMSCH,N,
1 + °CO,
1 at NBu,CIO, (0.50 M)  toluene/MeOH .
(1 atm) Cu(-)Mg(+)
50 mA, MeCN, r.t.,2 h 13C-2-Me
e = 13C
(a) (b)

peak of COOMe
at 171.4 ppm

m/z of 1°C-2-Me

Calculated for

13C-2-Me
C14"°CH1,0,

225.0871

CoMe Found 225.0866

Chemical shift (ppm)

FIGURE 8 | (a) *C NMR spectra showing the signal of the carboxyl
carbon (171.4 ppm) for the isolated products (**C-2-Me and 2-Me) from
the '3C isotope labeling experiment (red line) and the standard conditions
(black line). (b) HRMS analysis of the product (**C-2-Me) from the iso-
tope labeling experiment.

Therefore, these results clearly confirm that the carboxyl
group of the product is derived from CO, gas.

2.7 | Proposed Reaction Mechanism

Based on these mechanistic investigations, a plausible reaction
mechanism is proposed for our system (Figure 9). The reaction
is initiated by cathodic reduction of 10, followed by the reaction
with CO, via (i) an EC process, as supported by CV measure-
ments. The resulting intermediate is proposed to be carbonate
intermediate 16 [53], as suggested by >*C NMR analysis after
CPE of 10 under CO, (see the Supporting Information, P.S24).
Subsequent one-electron reduction via (ii) a CCET process
may generate the active HAT species 17, proposed as one possible
candidate responsible for the subsequent C(sp>)—H bond activa-
tion, consistent with the results of CV simulations and CPE
experiments .

The thus-formed active HAT species, represented as 17, may
abstract a hydrogen atom from the benzylic C(sp®)—H bond

m co,

10 o o 17

0 Mo

< ph OO
Ph/Kﬂ/ < Ph
P

fo) h
—_— 15 16 O
(i) EC (ii) CCET
M92+
, %2
+H 19
FIGURE 9 | Plausible reaction mechanism.
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of 1, yielding the radical 18 (the evaluation of BDE values of
C(sp®—H bonds in 1 and possible intermediates determined
by density functional theory (DFT) calculations, see P.S29-30).
This radical is further reduced at the cathode, giving the anion
intermediate 19. Finally, the nucleophilic addition of 19 to CO,
and, upon protonation, produces the desired carboxylation
product 2. Meanwhile, at the anode, the sacrificial electrode
(Mg) would supply the electron to the system for sustaining
the electrochemical process.

Notably, these mechanistic findings demonstrate that the reduc-
tive generation of HAT species at the cathode is crucial for
achieving efficient carboxylation of C(sp®)—H bonds with CO,
under mild conditions, and represent a fundamental mechanistic
distinction from previously reported strategies.

2.8 | Optimization Studies

Having established that cathodically generated HAT species
formed via (i) EC and (ii) CCET pathways are responsible for
productive C(sp*)—H bond carboxylation, we next turned our
attention to optimizing the electrochemical reaction conditions
to improve the overall efficiency (Table 1). We first evaluated
the influence of electrode materials. Product yield was strongly
dependent on the cathode/anode electrode combination. The
replacement of the Mg anode with Zn (entry 2) or Al (entry
3) resulted in significantly lower yields. Screening of the cathode
electrodes (entries 4-7) revealed the Co(-)/Mg(+) couple of

electrodes as the optimum electrodes (entry 7). At this stage,
the incomplete recovery of starting material 1 remained problem-
atic. To improve substrate recovery and reduce energy consump-
tion, the applied voltage was lowered from 5.0V to 3.0V for
further studies (entries 8-12).

Although the yield of 2 decreased initially (12%, entry 8), extending
the reaction time from 1 to 3 h (22%, entry 9) and increasing the
amount of 10 to 2 equivalents resulted in a modest improvement
(entry 10, up to 30%). Notably, the use of a more concentrated
NBu,ClO, electrolyte (0.50 M) significantly enhanced the yield
to 61% (entry 11). Under the optimized conditions, in the presence
of 2 equiv. of 10, 0.50 M NBu,ClO, in MeCN with Co(-)/Mg(+)
couple of the electrodes under an applied voltage of 3.0V for
2 h, 2 was produced in 69% yield. Control experiments confirmed
that the reaction did not proceed in the absence of either 10 (entry
13), CO, (entry 14), or the electrolysis (entry 15), suggesting that
they are all indispensable to the reaction. Additional experiments
showed that substoichiometric or catalytic amounts of benzil
resulted in significantly decreased yields (P.S15). Furthermore,
the details of Faradaic efficiency measurements, electrolyte and
electrode effects, preliminary substrate scope studies, and the iso-
lated yield are provided in the Supporting Information (P.S13—-17).

Overall, these optimization studies demonstrate that efficient
electrochemical carboxylation of C(sp®)—H bonds is achieved by
integrating mechanistic insights into cathodically generated HAT
activation with the appropriate selection of electrochemical
parameters.

TABLE 1 | Optimization studies on the electrochemical reaction conditions.
H COOH
10 (x equiv.
+ CO, NBu4CfO4 ?0.13)M)
(1 atm) Cathode/Anode
1 Voltage, MeCN, r.t. 2

Entry Cathode Anode Voltage x Time Yield (%)°
1 Ni Mg 5 1 1 14
2 Ni Zn 5 1 1 2
3 Ni Al 5 1 1 <1
4 GC Mg 5 1 1 9
5 Mg Mg 5 1 1 <1
6 Cu Mg 5 1 1 23
7 Co Mg 5 1 1 26
8 Co Mg 3 1 1 12
9 Co Mg 3 1 3 22
10 Co Mg 3 2 3 30
11° Co Mg 3 2 3 61
12° Co Mg 3 2 2 69
Entry Deviation from entry 12 Yield (%)°
13 Without 10 <1
14 Under Ar atmosphere <1
15 Without electrolysis <1

*Reaction conditions: 1 (0.50 mmol), 1 atm CO,, 10, NBu,ClO, (0.13 M) in MeCN (4.0 mL), room temperature.
®Yields were determined by crude 'H NMR analysis using 1,2-dibromoethane or 1,1,2,2-tetrachloroethane as the internal standard.

€0.50 M of NBu,ClO, was used.
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3 | Conclusion

In conclusion, we have developed a new electrochemical system
for the carboxylation of dibenzylic C(sp*>)—H bonds with CO,.
The reaction proceeds efficiently under mild conditions,
affording the corresponding carboxylation product in good
yield (up to 69%) at room temperature under a 1 atm CO, atmo-
sphere. The key to this achievement is the use of the HAT spe-
cies reductively generated at the cathode to activate C(sp*)—H
bonds, representing a rare example of C(sp*)—H bond func-
tionalization mediated by cathodically-generated HAT species.
Notably, in contrast to the pioneering report by Qiu et al.,
which requires diffusion of the reaction intermediate between
the electrodes, our system enables all key elementary steps
(generation of HAT species, C(sp®)—H bond cleavage, and
CO, incorporation) to occur at the same cathode electrode.
Moreover, mechanistic studies support a plausible reaction
mechanism involving sequential EC and CCET processes for
the generation of the active HAT species. Notably, our initial
working hypothesis assumed that the cathodically reduced
HAT precursor would directly abstract a hydrogen atom from
the substrate. However, detailed electrochemical and spectro-
scopic analyses revealed an unexpected mechanistic feature:
the reduced species preferentially reacts with CO,, and the
resulting CO,-derived intermediate subsequently serves as
the active HAT species responsible for C(sp*)—H bond activa-
tion. This finding highlights that CO, is not merely a coupling
partner incorporated after C(sp®>)—H bond activation, but
rather plays an intrinsic role in the generation of the reactive
HAT species itself. On the basis of this mechanistic insight, the
present system can be regarded as a cathodic reaction platform
in which CO, capture and reductive HAT generation are
intrinsically coupled. In other words, the key reaction
components, electrons, HAT species, and CO,, are compactly
integrated at a single cathodic interface. This integrated reac-
tion environment provides a mechanistic framework for
understanding the observed reactivity and is expected to
enable further improvements in reaction yield, rate, and gen-
erality in future developments. Collectively, this study estab-
lishes a fundamentally distinct and practical strategy for
C(sp*—H bond functionalization based on reductively gener-
ated HAT species, opening new avenues for electrochemical
transformations of inert chemical bonds.
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