
Journal of The Electrochemical
Society

     

OPEN ACCESS

Synthesis of Dimeric Molecules via Ag-Catalyzed Electrochemical
Homocoupling of Organic Bromides Paired with Electrooxidation of Urea
To cite this article: Jury J. Medvedev et al 2020 J. Electrochem. Soc. 167 155521

 

View the article online for updates and enhancements.

This content was downloaded from IP address 99.250.148.20 on 14/10/2020 at 17:09

https://doi.org/10.1149/1945-7111/abb839
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstDUtLJoNTM_06MHeE4gAOqsPMdOQsGc-LVQ_Awl9l7FrogntNbLyPzLXGIAbFvOwbzkHK3EH5wizRB6oo-ZzIHKVu-m9A88QuGT4bPGEKOW6il_MDIGymBEmTKi3meIGuCid_fbcg7TWNIpD81NiYAfYgonB5gaqaMvJ0OEwnwJsclEUmWVi2qtEpGDs7I7okUYAiJqK5ol-LJk-Ll_9SXebfhOAXC6QC-tOT6W1fB1xRC9A7J&sig=Cg0ArKJSzIWPxHRGhDn6&adurl=https://www.electrochem.org/prime2020/registration-info


Synthesis of Dimeric Molecules via Ag-Catalyzed Electrochemical
Homocoupling of Organic Bromides Paired with Electrooxidation
of Urea
Jury J. Medvedev,1,2,= Yulia P. Steksova,2,= Xenia V. Medvedeva,1

Yekaterina Pivovarova,2 Elena F. Krivoshapkina,2 and Anna Klinkova1,2,*,z

1Department of Chemistry and Waterloo Institute for Nanotechnology, University of Waterloo, Waterloo, ON N2L 3G1,
Canada
2ChemBio Cluster, ITMO University, Saint Petersburg 197101, Russia

We present a sacrificial anode-free approach to reductive homocoupling of organohalides that does not require a co-catalyst. In this
approach, a divided electrochemical cell with aprotic and aqueous compartments separated by an anion exchange membrane
enables coupling of the cathodic homocoupling reaction with anodic oxidation of urea. We show that, in contrast with traditional
one-compartment cells relying on sacrificial anodes, the proposed cell configuration maintains stable cell voltage in the course of
galvanostatic electrolysis. A synthetic potential of this method was assessed using a series of 13 organic bromides that
demonstrated a strong dependence of the reaction outcome on the structure of the organic substrate, more specifically, the
dissociation energy of the C–Br bond and the redox properties of formed radicals, which are discussed in detail. While not being
suitable for the synthesis of byarylstructures, this method is excellent for C(sp3)-C(sp3) coupling to corresponding dimeric products
with up to quantitative yields. Simultaneous electrochemical treatment of nitrogenous waste in the adjacent half-cell provides an
additional incentive for wide adaptation of this sustainable synthetic approach.
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Bilateral symmetry is present in about 7% of naturally occurring
organic molecules, most of which have unique biological activity.1–3

A wide variety of natural and nature-inspired synthetic dimeric
compounds with C2 symmetry have been studied as promising drugs
for treating cancer, HIV, Alzheimer and other major diseases,
showing enhanced activity compared to their monomeric
analogues.2,3 In addition, bifunctional dimeric molecules are of
importance as bidentate ligands in applications ranging from
catalysis to transcriptional activation of DNA.4,5

The most common general strategy to the synthesis of dimeric
organic structures is C–C bond formation via homocoupling of
various organohalides (Fig. 1).6–8 Specifically, homogeneous transi-
tion metal-catalyzed dimerization of organohalides (R-Hal) repre-
sents one of the most convenient and efficient synthetic approaches
as it requires mild reaction conditions and is applicable to a broad
scope of precursors, including aromatic,9–12 benzylic,13

aliphatic,14–16 alkynyl17 and alkenyl8 halides. Despite these apparent
advantages, practical applications of this method are hindered by the
synthetic complexity of the catalysts and additives, their sensitivity
to oxygen and water, and toxic transition metal traces in the products
that are difficult to remove.6 While there exist more convenient
methods for the synthesis of biaryls, including Ullmann reaction18,19

and coupling of organohalides via in situ generated organolithium
salts (Figs. 1b, 1c),20,21 the latter are unfortunately not suitable for
other classes of organic halides.

Greener alternatives to the transition metal-based homogeneous
catalysis include photocatalytic and electrocatalytic approaches.22

While conceptually promising, photocatalytic homocoupling
methods (Fig. 1d) currently remain in early development stages
and have been demonstrated for a narrow scope of substrates.23–25 In
addition, sensitivity of photocatalysts to the presence of oxygen and
the difficulty of reaction scale-up will remain a bottleneck of this
approach. On the other hand, electrochemical synthetic methods are
currently on the rise and represent inexpensive, renewable and
inherently safe route to reductive and oxidative synthetic organic

chemistry.26 While efficient electroreduction of R-Hal to R–R in the
presence of homogeneous Ni(II)-based co-catalysts has been re-
ported for aromatic, heteroaromatic, and alkenyl halides (Fig. 1
e),27–31 this method is associated with the same drawbacks as the
non-electrochemical homogeneous catalysis discussed above.
Among direct heterogeneous electroreduction catalysts, Ag surfaces
have been shown to be effective at reducing R-Hal to various
products, including R–R.32,33 However, the scope of organic
substrates and the scalable synthetic potential of R–R production
via this method remains very limited to date.34,35 Moreover, both
aforementioned methods rely on the dissolution of metallic sacrifi-
cial anodes (e.g. Mg, Zn, Al, Fe) as the anodic reaction, which
negatively affects the atom economy of the overall electrochemical
process and lead to cell potential instability and cathode passivation
by insoluble magnesium halides. The development of alternative
sacrificial anode-free electrochemical methods of R-Hal homocou-
pling is highly desirable to address these challenges and enable
sustainable continuous synthesis of dimeric molecules.

We have recently demonstrated that cathodic electrocarboxyla-
tion in aprotic media can be paired with environmentally friendly
oxidation processes in aqueous media, such as oxygen evolution
reaction (OER) or urea electrooxidation (UOR), in divided cells
separated by an anion exchange membrane (AEM).36,37 UOR as an
anodic reaction is attractive from both energetic and environmental
standpoints.37–40 Urea is the main nitrogenous waste produced by
humans and the major component of wastewater from the massive
urea production and dialysis industries.38,41–43 The treatment of urea
is essential to avoid its oxidation to hazardous nitrogen oxides and
harmful effect on marine life.37,44 Moreover, urea has shown great
potential as a fuel for fuel cells, for electrochemical utilization of
CO2 and electrochemical production of hydrogen.37–40

Here, we extend the aforementioned approach to cathodic C–C
coupling of organic bromides and study its scope and limitations
with respect to the structure of the organic substrate. Specifically, we
investigate cathodic homocoupling of an organic bromides series
with electron withdrawing (EWG) and electron donating (EDG)
groups (Scheme 1) paired with anodic oxidation of urea in aqueous
medium (Fig. 1f).
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Experimental

Chemicals.—Acetonitrile (CH3CN; anhydrous, 99.8%, Sigma-
Aldrich) was kept over molecular sieves prior to use (no additional
drying procedures were performed). Supporting electrolytes tetra-
butylammonium bromide (TBABr; 98%, Sigma-Aldrich), potassium
hydroxide (ACS reagent, ⩾85%, Sigma-Aldrich) and urea (99.5%,
VWR) were used as received without further purification. All
organic halides (⩾98%) were purchased from Sigma-Aldrich or
VWR and were used as received.

Instrumentation and electrolysis procedure.—Electrochemical
experiments were performed at room temperature in a three-
electrode H-cell connected to an electrochemical workstation
(Biologic SP-300). H-cell was equipped with an AEM (Fumasep
FAB-PK-130, FuelCellStore) in the divided configuration or was
assembled with no membrane in the undivided configuration. In the
divided configuration, Ag foil (99.99%, Sigma-Aldrich) or carbon
cloth-supported nanostructured Ag prepared by chemical vapor
deposition was used as a cathode,36 Ni foam (99.99%, MTI) was
used as an anode, and Ag-wire was used as a quasi-reference
electrode (Ag/Ag+ QRE). In the two-electrode undivided cell
configuration, Ag foil (99.99%, Sigma-Aldrich) was used as a
cathode, Pt foil (99.99%, Sigma-Aldrich) or Mg foil (⩾99%,
Acros Organics) was used as an anode. The schematics of the
electrochemical cell configurations are shown in Fig. 3. The quasi-
reference electrode was calibrated against the ferrocemium/ferrocene
couple (Fc+/Fc) for converting recorded potentials to the standard
hydrogen electrode (SHE) scale by using E0

Fc+/Fc = 0.695 V vs
SHE.45

The solution of an organic bromide and 0.1 M TBABr in
acetonitrile (14 ml) was used as catholyte in all experiments.
Before electrolysis the catholyte was saturated with Ar (Praxair,
99.99%) by continuously bubbling the gas at 10 ml min−1 for
30 min, and positive Ar pressure above the solution was maintained
during the electrolysis. Aqueous solution of 1 M KOH and 0.33 M
urea (14 ml) was used as an anolyte. All electrochemical reactions
were performed at constant potentials. After electrolysis, the solvent
from the catholyte was evaporated under reduced pressure followed
by the addition of diethyl ether to the dry residue. The insoluble in
ether electrolyte was separated from the solution of the reaction
products by filtration, followed by the evaporation of ether. A
sample from the residue (10–20 mg) was dissolved in CDCl3
containing known concentration of internal standard (1,2,4,5-tetra-
chlorobenzene). Obtained solutions were analyzed by 1H and 13C
NMR and compared with previously reported NMR data for R–R
and R-Hal.36,46–48

Figure 1. Synthetic approaches to homocoupling of organohalides. (a) Transition metal-catalyzed reductive coupling of organic halides. (b) Ullmann reaction.
(c) Oxidative coupling of in situ generated organolithium compounds with aryl halides. (d) Light-induced homocoupling of organic halides. (e) Ni-catalyzed
electrochemical homocoupling of organic halides paired with sacrificial anode dissolution. (f) Ag-catalyzed electrochemical homocoupling of organic halides
paired with electrooxidation of urea at Ni.

Scheme 1. Molecular structures of the investigated organic bromides.
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Results and Discussion

Cyclic voltammetry of substituted benzylic bromides.—The
reduction of substituted secondary (1a,b) and primary (2a–d)
benzylic bromides at Ag electrode was first investigated. To
elucidate the electrochemical behavior of these benzylic bromides,
we performed cyclic voltammetry (CV) of 0.01 M solution of a
benzylic bromide in Ar-saturated CH3CN containing 0.1 M TBABr
(Figs. 2a, 2b). The reduction onset potentials were similar for 1a,b
and 2a–d and ranged from −0.1 V to −0.2 V vs SHE. Two reduction
peaks observed for 1a,b and 2b,d correspond to two major reduction
processes: one-electron reductive cleavage of the C–Br bond with
the formation of benzylic radicals (R–Br + 1e‾ → R• + Br‾ at
−0.2 V ÷ −0.4 V vs SHE), and subsequent reduction of benzylic
radicals to corresponding carbanions (R• + 1e‾ → R‾ at −0.7 V ÷
−1.5 V vs SHE).32,36 The potential required for C-Br reductive
cleavage is a function of the dissociation energy of C–Br bond.49

The first reduction peak for benzylic bromides 1a,b and 2b–d were
observed at ≈−0.4 V, indicating similar dissociation energies of
C–Br bonds in these organic substrates. For benzylic bromide 2a the
first reduction peak at −0.27 V appeared only in the first two scans,
while in the subsequent scans a single peak was observed at −0.6 V
due to nitrile being a strong EWG that significantly lowers the
potential of R• + 1e‾ → R‾ (−0.5 V vs SHE) compared to the other
substrates, leading to an overlap of the first and second electron
transfer peaks (or a single 2e‾ transfer peak) in the CV.50 The peak
positions for benzylic bromides 1 and 2 correlate well with the
electronic properties of the substituents: the presence of EWG in the
structure of benzylic bromide shifts the reduction peak to less
negative potentials compared with that for benzylic bromides
bearing EDG (Figs. 2e, 2f). The presence of a third peak at

−1.4 V in the case of 2c can be attributed to the reduction of the
Br atom of the aromatic ring.

CV of aromatic and aliphatic bromides.—The voltammetric
behavior of aromatic bromides 3a–d and aliphatic bromides 4a–d
has been investigated under similar conditions (0.01 M R–Br and
0.1 M TBABr in CH3CN). The onset potentials for aromatic
bromides 3a–d were observed at more negative potentials than for
benzylic bromides (−0.8 V ÷ −1.0 V vs SHE), which correlates with
a higher dissociation energy of C–Br bond in aromatic bromides.51

The reduction peaks were observed at potentials ranging from
−1.2 V to −1.3 V (Fig. 2c). In contrast with benzylic bromides
1a,b and 2a–d, multiple distinct peaks were not observed in CVs of
aromatic bromides. A single peak in CV is likely due to the less
negative reduction potentials required for the second electron
transfer step (ER‾/R.) compared to that for the one-electron reduction
of the initial bromides (ERBr/R

.),52 which leads to the second
reduction step proceeding spontaneously.35 Thus, the overall process
represents a two-electron reductive cleavage of the C–Br bond with
the formation of corresponding aryl anions (Ar–Br + 2e‾ → Ar‾ +
Br‾).

The onset potentials for aliphatic bromides 4a-c ranged from
−0.1 V to −0.9 V (Fig. 2d). In agreement with earlier studies,53,54

the reduction of α-bromoester 4a with strong EWG (CO2Me)
adjacent to the C–Br bond required significantly less energy than
the reduction of bromides 4b and 4c with EWG (CO2Me and CN,
respectively) where the C–Br bond is separated by an additional
carbon atom. This trend also correlates with the lower bond
dissociation energy for 4a compared with that for aliphatic halides
without strong EWG near C–Hal bond.55

Two reduction peaks were observed for all three aliphatic
bromides in the first scan, which can be attributed to the first and

Figure 2. (a)–(d) Cyclic voltammograms recorded for the reduction of 10 mM solutions of secondary bromides 1a,b (a), primary benzyl bromides 2a–d (b),
aromatic bromides 3a–d (c), and primary aliphatic bromides 4a–c (d). (e), (f) Cyclic voltammograms (normalized by the peak current, Ip) recorded for the
reduction of benzyl bromides 1a,b (e) and 2a–d (f) in the potential range that corresponds to the first one-electron reduction step (RBr + 1e— → R•). All
voltammograms were recorded at 20 mV s−1 scan rate at Ag-foil cathode (working area: 0.1 cm2) in Ar-saturated CH3CN–0.1 M TBABr.
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second reduction steps, respectively. However, when running
multiple successive CV scans of bromides 4a–c, we observed a
current decay along with disappearance of well-defined peaks that
could be associated with strong interactions between electro-
generated species (e.g., Alk•) and the surface of cathode. While
for α-bromoester 4a the current decay was not significant, for
bromides 4b and 4c the current dropped by up to 6 times, depending
on the substrate (see Fig. 2d). Similar progressive potential shifts and
current decays were previously reported for other cathode materials,
such as glassy carbon, copper, gold and different metal-carbon
interfaces.56,57 This effect is associated with the grafting of the
generated free radicals onto the cathode surface.56–58 In general, the
presence of two distinct peaks in CVs and electrochemical genera-
tion of free alkyl radicals were only observed for aliphatic iodides
due to the lower energy requirement for the one-electron reductive
cleavage of the C–I bond than that for the reduction of the formed
alkyl radical.55,58 We note that for bromides 4a–c the formation of
radicals is still possible at potentials that are close to the onset,
however, at more negative potentials a two-electron reduction
process is expected (Alk-Br + 2e‾ → Alk‾ + Br‾).58,59

A comparison of the CV data of these halide series shows that the
reduction of benzylic halides proceeds through the formation of
radicals, while in the reduction of aryl and alkyl halides readily
produces anions as major reaction intermediates. The onset poten-
tials and peak positions showed a strong dependence on the organic
substrate structure, namely on C-Br dissociation energy and redox
properties of formed radicals.

Cell setup and the interplay of the anodic and cathodic half-
reactions.—A divided electrochemical cell with an organic catholyte
(RBr and 0.1 M TBABr in CH3CN) and an aqueous anolyte (0.33 M
urea + 1 M KOH) separated by an anion exchange membrane was
used in this study (Fig. 3). To demonstrate the advantages of the
proposed configuration, we benchmarked its performance against a
traditional one-compartment cell with a sacrificial Mg anode
(Figs. 3a and 3b, respectively).

In the undivided cell configuration with Mg anode (Fig. 3b), the
major anodic process is the oxidation of Mg to Mg2+ followed by its
combination with Br‾ to form insoluble MgBr2. This salt can either
remain on the surface of the anode and block its active sites or depart
from the anode in a form of small particles into the bulk electrolyte,
ultimately precipitating at the bottom of the cell or on the cathode
altering its performance. Both electrode passivation pathways lead to
the instability of current60 (potentiostatic electrolysis) or cell
potential61 (constant current electrolysis) thereby decreasing the
system efficiency. Moreover, Mg2+ can be electrochemically re-
duced at the cathode to Mg0 that can further undergo the reaction
with R–Br producing a corresponding Grignard reagent.36 A high
reactivity of the Grignard reagent leads to side reactions with traces
of water (if present) and CH3CN, although the target dimer R–R can
still be produced by the reaction of the Grignard reagent with excess
R–Br. These side processes can be eliminated by keeping the
potential at the cathode less negative than the potential of Mg2+

reduction to Mg0 (E > −2.38 V vs SHE).62

In the divided configuration (Fig. 3a), electrooxidation of urea in
the aqueous medium at the Ni foam anode is used as an alternative
anodic reaction to the sacrificial metal dissolution. This approach
enables the treatment of nitrogenous waste while simultaneously
decreasing the cell voltage requirements,37 as discussed below.
Importantly, this anodic process is restricted to aqueous anolytes
due to the insolubility of urea in most organic solvents,62 while
cathodic organic synthesis requires organic catholytes. We have
previously shown that a sustainable segregation of the aprotic and
aqueous media can be achieved in a two-compartment cell divided
by an anion exchange membrane.36 The electrooxidation of urea
proceeds very efficiently at Ni-based anodes at potentials lower than
those required for water oxidation (ΔE ≈ 0.2 V). Close to the onset
potentials, urea mainly oxidizes to N2 and CO2 (present in a form of
CO3

2− in alkaline anolytes),63 while a contribution of oxygen

evolution reaction are expected at more positive potentials.63

Although Br‾ originating in the catholyte from TBABr or the
starting R–Br can cross through the membrane into the anodic
compartment, its presence is not expected to affect the anodic
reaction course due to a higher oxidation potential of bromide
anion62 compared to urea37 (1.1 V and 0.5 V vs SHE, respectively).
At the same time, we found that the anolyte did not significantly
affect the cathodic reaction at the cathodic potentials required for
R–Br activation. Specifically, a minor crossover of water into the
organic compartment resulted in negligible amount of hydrogen
evolution reaction at the cathode (Faradaic efficiency <1%, as
determined by gas chromatography analysis) in a wide range of
potentials, and contributions of side reactions such as the protonation
of electrogenerated R‾ by proton donors and R–Br hydrolysis to R-
OH were typically observed only at very negative potentials beyond
those required for one-electron R–Br reduction.36

To illustrate the difference in the cell operation in these two
configurations, Figs. 3c, 3d compare their performance under
constant-current conditions (5 mA). Specifically, we used a standard
H-cell equipped with a Ag foil with 1.0 cm2 working area as a
cathode (same in both undivided and divided cell experiments) and
0.5 cm2 Mg foil or 1.0 cm2 Pt foil as an anode in the undivided or
divided cell configuration, respectively. The distance between the
cathode and the anode was kept the same in both experiments (5.5
cm), with a membrane placed halfway between the electrodes in the
divided cell configuration. The cell voltage in the divided cell
configuration was very stable in the first hour of the reaction and
only began to decline afterwards, which can be explained by the
R–Br concentration reaching a critical threshold for the cathodic
reaction to become diffusion-limited. In contrast, the operation of the
undivided cell was associated with a rapid upsurge in the cell voltage
from the beginning of the reaction and its high instability afterwards,
indicating a complex electrochemical behavior and considerable
electrode passivation in this configuration. We note that the initial
voltage in these galvanostatic experiments was determined by the
electrochemically active surface areas of the metal foil electrodes,
and therefore it can be further optimized using electrodes with more
developed and nanostructured surfaces.

Electrolysis of aliphatic, aromatic and benzylic bromides.—
Preparative synthesis of dimeric molecules by electrochemical
homocoupling of benzylic bromides 1,2 was assessed by potentio-
static electrolysis of 1a,b and 2a–d in the divided cell configuration
described above (Fig. 3a). All reactions were conducted at the initial
R–Br concentration of 100 mM using a nanostructured Ag cathode36

with a developed surface to maximize achievable geometric current
densities at fixed potentials. The potentials were selected near the
first reduction peak in the cathodic sweeps of the CV that correspond
to 1e‾ transfer. The reactions were stopped after passing electric
charge of 1 F mol−1 that corresponded to a full conversion of R–Br
considering one-electron mechanism. The products were separated
from the electrolyte at the end of electrolysis, and their qualitative
and quantitative analysis was performed by NMR using 1,2,4,5-
tetrachlorobenzene as an internal standard. The results of the
electrolysis series are summarized in Table I.

The reduction of 1a,b and 2b–d produced R–R with up to
quantitative yields (85%–100%) with minor losses likely related to
the reaction mixture workup prior to the analysis. In the case of 2a
electroreduction, the yield of R–R was significantly lower (46%),
and R–H was the major by-product (30% yield). The formation of
R–H correlates with the presence of a single peak in the CV of 2a
and indicates a competition between one- and two-electron reduction
mechanisms (the formation of radical and anion species, respec-
tively) due to the presence of a strong EWG. The R‾ species
participate in the formation of R–H by the protonation of carbanion
by proton donors,32,33,36 although they can also react with the initial
R–Br via SN2 mechanism producing R–R. We note that R–H was
not detected as a by-product in other studied reactions.
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Next, we performed the reduction of aromatic bromides 3a–d
under similar conditions in (100 mM Ar–Br, −1.4 V vs SHE) the
divided cell (Fig. 3a). The formation of R–R was not observed in all
of these reactions, and Ar-H with yields of up to 76% was obtained
instead (Scheme 2). These results along with the CV data indicate
that 3a–d reduction leads to the formation of Ar‾ species and not
radicals even at relatively low overpotentials, and these forming

reactive anions are not able to react with initial Ar–Br. Thus, the
proposed approach is not suitable for the synthesis of biaryl
structures.

Finally, we examined the electrochemical reduction of alkyl
bromides using 4b reduction to adipic acid (precursor to nylon) as a
case study. According to the CV analysis and literature data,59 the
electrochemical reduction of a primary aliphatic bromide 4b should

Figure 3. (a) A schematic of the divided cell with an organic catholyte, an aqueous anolyte and a non-sacrificial anode. (b) A schematic of the undivided cell
with a Mg sacrificial anode. (c) Stability tests of the cell potential in the course of electrolysis in both cell configurations. Electrolyses were performed with Pt-
foil (1.0 cm2) non-sacrificial anode and Mg-foil (0.5 cm2) sacrificial anode; the sizes of the anodes were adjusted such that the starting cell voltages in both
configurations were similar and the overall reaction was controlled by the anodic process. (d) The change in the cell potential for the cell configurations with and
without a Mg sacrificial anode as a function of time; 2 h correspond to 100% conversion of R–Br considering one-electron reduction and the absence of side
reactions.

Table I. Electrolysis of substituted benzyl bromides R1R2CH-Br at Ag in Ar-saturated CH3CN.*.

Entry Benzyl Bromide; R1,R2 Eapp (V vs SHE) Ep(V vs SHE)a) Yield of R–R, %

1 1a; Ph, Ph −0.4 −0.3 96
2 1b; Me, Ph −0.6 −0.4 96
3 2a; H, 4-CN-C6H4 −0.5 −0.3 46b)

4 2b; H, 4-Me-C6H4 −0.6 −0.4 100
5 2c; H, 4-Br-C6H4 −0.4 −0.4 90
6 2d; H, 4-F-C6H4 −0.9 −0.4 85

All the reactions were performed at constant potentials that correspond to 10 mA cm−2 starting geometric current density. Catholyte: 0.1 M TBABr + 0.1 M
R–Br in CH3CN; membrane: AEM; anolyte: 0.33 M urea in 1 M KOH; Q = 1 F mol−1; yields were calculated with respect to the converted substrate. a)
Ep(RBr/R

•) measured at bulk Ag cathode. b) The formation of R–H was observed with yield of 30%.
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proceed mainly through the formation of highly reactive anion
species (Alk‾). These species are very strong bases and nucleophiles
and can participate in a variety of side reactions with traces of water,
solvent, or starting R–Br via SN2 or E2 mechanisms. The target
homocoupling product R–R can still be formed via SN2 mechanism.
Indeed, the electroreduction of 4b (100 mM) at −1.3 V vs SHE
yielded dimethyl adipate, but with a yield of only 36% (Scheme 3).

To summarize the results of the performed experiments, the
proposed general mechanism for electrochemical homocoupling of
organic halides is shown in Scheme 4. The electrochemical activa-
tion of R–Br starts with its adsorption on the electocatalyst surface
followed by the one-electron cleavage of the C–Br bond with a
formation of adsorbed R• species. For the majority of benzylic
bromides, these electrogenerated radicals are stabilized by the
conjugation with the aromatic system and are relatively stable at
low potentials. After the desorption from the surface, R• undergoes a
radical coupling with the formation of dimer R–R. We note that this
radical coupling can occur either on the surface or in the solution,
although the energy barrier for this process is lower in the latter
case.36 In the case of the benzylic radicals bearing a strong EWG,
electrogenerated radicals are not stable and can undergo further
reduction to R‾ species that can ether react with the initial R–Br to
produce R–R or participate in side reactions, such as the protonation
of carbanion by proton donors (e.g., water, acetonitrile or electro-
lyte). For aromatic and primary aliphatic bromides, formed radicals
are very unstable and immediately undergo the second electron
transfer to form the corresponding Ar‾ or Alk‾ anionic species. Ar‾
anions further react with H-donors present in the solution to form
R–H as a major product. In contrast, besides reacting with H-donors
as strong bases, Alk‾ are also strong enough nucleophiles to react
with the starting R–Br by SN2 mechanism to produce R–R.

Conclusions

In conclusion, we performed simultaneous electrochemical
homocoupling of organic halides and aqueous electrooxidation of
urea in divided cells separated by an anion exchange membrane. In
contrast with the traditional one-compartment cells with sacrificial
anodes, the proposed configuration relies on a sustainable anodic
process and enables maintaining a stable cell potential in the course
of constant-current electrolysis. We studied homocoupling process
for a broad scope of organic bromides: primary and secondary
benzylic bromides, aromatic bromides and primary aliphatic bro-
mides. The electrochemical reduction of benzylic bromides proceeds
at relatively low potentials through the formation of radical species
and yields target dimers R–R with excellent yields (up to 100%)
with the exception of benzyl bromides bearing strong electron
withdrawing group. In the latter case, the reduction proceeds through
the formation of anionic species and R–R is formed with moderate
yields. Electrochemical reduction of aromatic and primary aliphatic
bromides proceeds exclusively through the anion species. For
aromatic bromides, only R–H product is formed, while for aliphatic
bromides R–R is produced with low yields (up to 36%). With further
optimization of the reaction conditions along with the transition to a
flow reactor, this approach can be scaled for sustainable
C(sp3)-C(sp3) coupling with simultaneous electrochemical treatment
of nitrogenous waste.
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