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Abstract

Electrosynthesis reactions have become an important field of study due to the increasing demand for sustainable
and environmentally friendly chemical processes. Using a divided cell in electrosynthesis has shown promising
results in selectivity, efficiency, and scalability. In this review, we discuss the principles and advantages of using
divided cells in electrosynthesis reactions, focusing on their application in producing organic compounds. We also
consider several factors that influence the performance of divided cells, such as the choice of electrode materials,
membrane type, and operating conditions. Furthermore, we evaluate the challenges and limitations associated with
divided cell electrosynthesis, including the need for high current densities and the management of gas evolution.

Keywords: Organic synthesis, electrochemistry, electrosynthesis, divided cell, electrolysis

INTRODUCTION

Electrosynthetic reactions have gained significant attention in recent years due to their potential for
sustainable and eco-friendly chemical production!’. The shift from redox reagents to electricity, a renewable
energy source, enables selective and efficient transformations of organic and inorganic compounds”,
reduces fossil fuel use, and minimizes waste™", though the environmental impact of manufacturing
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materials such as electrodes and membranes demands further attention®.

Electrosynthetic methods have proven to be innovative for obtaining high-value-added organic products”.
Although many of these methodologies are widely developed in undivided cells, the use of divided cells has
gained attention for offering advantageous alternatives in certain systems, particularly for controlling
selectivity and mitigating issues such as electrode passivation and reduced reaction rates'™, in addition to

11,12]

being explored in various applications such as water treatment"” and energy storage'"'?.

Assembly of divided cells for electrosynthesis
Prototypes of divided cells emerged more than a century ago as a way to prevent interference between

13,14

cathodic and anodic reactions"*'*. Divided cells employ a semipermeable membrane that allows
conductivity through the selective passage of ions, but not the starting materials or products, enabling
electrolysis without mixing the cathodic and anodic solutions [Figure 1]. The compartments can be divided

15,16)

using low-porosity ceramic frits or polymeric membranes, such as Nafion'

Although divided cells have a more complex design compared to undivided cells, they can offer a viable
alternative when the use of undivided cells becomes impractical. Divided cells provide notable advantages,
such as increased selectivity, higher current efficiency, and the prevention of undesirable side reactions.
Since the cathode and anode compartments are physically separated, side redox reactions are avoided. This
allows independent optimization of the reactions at each electrode, with precise control of reaction
conditions and efficient separation of products [Figure 2]"?. One of the key challenges in the industrial
adoption of divided cell electrosynthesis lies in achieving high current densities, which are essential for
economically viable production scales. Industrially relevant current densities typically range from 0.3 to
1 A/cm™. However, maintaining such current densities in divided cells often requires significantly higher
voltages to overcome the internal resistance introduced by the membrane and the physical separation of
compartments. This increased voltage demand leads to higher energy consumption, which can undermine
the economic feasibility of the process, particularly in large-scale applications. Addressing these limitations
through advances in cell design, such as reducing internal resistance and optimizing electrode-membrane
configurations, will be critical for enabling broader industrial use of this technology.

Paired electrode reactions represent one possible configuration involving simultaneous redox processes
where oxidation and reduction take place in tandem, connected through an electron flow. The selection of
compatible redox pairs is crucial to optimize electron transfer (ET) and minimize energy losses, thereby
enhancing system efficiency. These reactions stand out for their ability to improve selectivity, reduce
undesirable byproducts, and play a significant role in organic synthesis, particularly when renewable energy

sources are employed, aligning with sustainable practices*.

Opverall, electrolysis can be described as comprising two half-cell reactions: anodic oxidation and cathodic
reduction, which are interconnected through a paired process. As illustrated in Figure 2, due to the
separation of the two compartments, there is no contact between substrate 1 and product 1 with the
cathode. Additionally, the reaction that forms product 2 at the cathode can be productive, utilizing electrical
current at both electrodes in a paired electrolysis, and there are no issues with separating the two products.
There are some examples of paired electrolysis in divided cells described in the literature!*”, but mostly
exploring only one of the reactions. Formally, this is not so valuable as it reduces energy efticiency with only
part of the energy being used for the formation of products™'. This limitation highlights the need for further
optimization strategies, such as reaction conditions, to enhance the energy utilization in paired electrolysis
setups.
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Figure 2. Electrolysis in a divided cell.

Configuration of divided cells

Electrosynthesis involves several variables and particularities along with the cell design, such as the electrode
material, current, electric potential, solvent, and electrolytes. Electrochemical procedures are based on ET,
either from the electrode to the substrate or from the substrate to the electrode, and there are different
manners by which this transfer can occur. Direct electrolysis (non-mediated) occurs when the substrate is
oxidized or reduced directly at the electrode, whether it is inert or activated. In contrast, indirect (mediated)
electrolysis involves the use of an intermediate species, such as a mediator or redox catalyst, to transfer
electrons between the electrode and the substrate [Figure 3].
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Figure 3. Direct and indirect ET in electrosynthesis. ET: Electron transfer.

In direct electrolysis processes, inert electrodes such as those composed of platinum, graphite, or boron-
doped diamond are widely employed due to their chemical stability and ability to resist high current
densities without promoting side reactions. These materials ensure efficient and direct ET (DET) between
the electrode and the target substrate. Conversely, indirect electrolysis processes using active electrodes
require electrodes specifically designed to facilitate the generation of reactive intermediate species that
subsequently interact with the substrate. Electrodes based on metal oxides (e.g., manganese, nickel, and
iridium oxides) or surfaces functionalized with polymer or redox catalysts are commonly applied in this
context to mediate the desired transformations effectively. In particular, the modification of electrode
surfaces has proven to be a powerful approach for enhancing selectivity in electrochemical processes. For
example, functionalizing carbon-based electrodes with nitrogen-containing groups creates active sites that
facilitate the adsorption and transformation of reactive intermediates, improving the overall catalytic
activity™. Similarly, electrodes modified with conductive polymers, such as polyaniline, not only provide a
stable platform for immobilizing catalysts but also allow for precise control over the electrochemical
environment, enabling greater selectivity and reactivity”. These modifications exemplify how surface
engineering of electrodes can direct reactions toward desired products while improving both efficiency and

selectivity.

Organic synthesis via divided cells

Electrolysis reactions can be conducted under potentiostatic or galvanostatic conditions (constant potential
and constant current, respectively). In potentiostatic electrolysis, a constant potential is maintained using a
reference electrode, such as the normal hydrogen electrode (NHE), the saturated calomel electrode (SCE),
Hg/HgO or the Ag/AgCl electrode'”. A high concentration of the starting material ensures mass transport
to the electrode, generating a constant charge flow; however, as the substrate is consumed, the current
decreases. In addition to the requirement for a reference electrode, another disadvantage is that

potentiostats are typically expensive instruments.

On the other hand, while potentiostatic electrolysis typically requires a reference electrode, it is important to
note that some systems can operate with only two electrodes (galvanic electrolysis), maintaining a constant
potential. In these cases, the potential difference is controlled between the working and counter electrodes,
which can technically be considered as potentiostatic control.
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In galvanostatic electrolysis, only the anode and cathode are required to perform the reaction under
continuous current conditions. In this case, the potential is not controlled, and the substrate with the lowest
redox potential is transformed. However, as the starting material is consumed, byproducts can form due to
over-electrolysis of products, solvents, or additives. Most electrochemical organic reactions are conducted
under galvanostatic conditions, and as a reference electrode is not necessary, simple and inexpensive power
sources (DC-Type) can be used, making the systems more practical and feasible for scale-up.

Solvents and electrolytes are responsible for increasing conductivity and reducing the resistance of the
medium in electrochemical cells. The most used organic solvents are polar aprotic, such as acetonitrile
(MeCN) and dimethyl sulfoxide (DMSO), which need to dissolve and dissociate ionic salts and the organic
substrates. Other solvent properties, such as polarity, electrophilicity, nucleophilicity, acidity, basicity, and
oxidation/reduction potentials, must be considered since the solvent is exposed to high redox potentials at
the electrodes. The use of supporting electrolytes is frequently necessary to maintain charge neutrality in the
cell and improve medium conductivity. Electrolytes can include inert (high redox potential) salts, ionic
liquids and organic salts, such as n-Bu,NBF,. Another significant advancement involves dual-function
electrolytes, which not only support ion transport but also actively engage in the reaction mechanism. For
example, certain ionic liquids have been reported to stabilize radical intermediates, thereby enhancing
selectivity and preventing unwanted side reactions”. This dual role transforms the electrolyte from a
passive component into an active player in optimizing the overall efficiency and selectivity of the
electrosynthesis process. The design and selection of electrolytes must, therefore, consider not only their
inertness and conductivity but also their potential interaction with reactive species and substrates. By
tailoring these interactions, it is possible to fine-tune reaction conditions, optimize energy demands, and
improve yields, making the electrolyte a crucial element in the development of innovative electrosynthesis
methodologies"™.

Additionally, the formal redox potential determines the equilibrium between the oxidized and reduced
forms of a chemical species and is influenced by variables such as solvents, temperatures, and supporting
electrolytes, and its control is essential to avoid side reactions and ensure selectivity in electrosynthesis*.
Overpotential, defined as the difference between the applied potential and the formal potential, reflects
system resistance and affects charge transfer kinetics and mass transport limitations, directly impacting
process efficiency®. Similarly, Faradaic efficiency, which measures the conversion of electrical current into
desired products, is fundamental for process optimization, minimizing energy losses in non-productive
reactions™®. Notably, in specific applications such as drug production, controlling these variables is crucial,
especially to achieve enantioselectivity. This enantioselectivity can be enhanced using modified electrodes or
chiral mediators, favoring the formation of a specific enantiomer and ensuring the desired selectivity™'.

Additionally, the control of selectivity in electrochemical transformations can be achieved through
innovative approaches, such as the redox-tag approach®™, the cation-pool method”'”*, and bio-

[7,16]

electrochemistry''*.

Selection of membranes

The selection of membranes significantly influences system performance, efficiency, and longevity.
Perfluorosulfonic acid (PFSA)-based membranes, such as Nafion, are the benchmark due to their high
proton conductivity (~0.07-0.08 S/cm, Siemens per centimeter), chemical stability, and mechanical
durability, though their high cost and reliance on fluorinated polymers raise economic and environmental
concerns. Alternative materials, such as sulfonated poly(ether-ether-ketone) (SPEEK) and sulfonated
poly(aryl ether sulfone) (SPAES), offer lower costs and similar ionic conductivity in hydrated conditions but
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face limitations in durability and water swelling. Hybrid membranes, incorporating nanofillers such as silica
or metal-organic frameworks (MOFs), enhance mechanical and thermal properties while boosting
conductivity, with examples such as silica-blended SPEEK achieving 0.22 S/cm at 70 °C. However,
challenges remain in processing complexity and long-term compatibility. Advanced composite membranes
reinforced with inorganic fillers or crosslinked structures improve conductivity and stability at elevated
temperatures but require balancing performance, durability, and cost. Continued innovation is essential to
develop sustainable, cost-effective alternatives that rival or surpass Nafion’s performance while addressing
scalability and environmental impact"**/.

Furthermore, operational stability plays a crucial role in the economic efficiency of electrosynthetic
reactions, complementing advances in selectivity and efficiency. Factors such as the durability of electrodes
and membranes, resistance to contamination by byproducts, and the maintenance of Faradaic efficiency
over time are critical for reducing operational costs. In large-scale applications, the stability of cell
components directly influences productivity and economic competitiveness, making its optimization
indispensable®**”. These systems, despite presenting challenges such as scalability for large-scale
production and the implementation of selective membrane filtration technologies, hold immense promise.
Divided cells have the potential to drive the development of sustainable and highly efficient chemical
processes, addressing key limitations in modern electrosynthesis.

Scope of this review

This review discusses the principles, advantages, and challenges of using divided cells in electrosynthesis
reactions. The fundamentals of electrosynthesis and the types of cells applied for these reactions will be
introduced, emphasizing the benefits and drawbacks of divided cells. Recent advances in employing divided
cells for organic compound synthesis are highlighted, focusing on their potential for sustainable and
efficient chemical processes. Factors influencing the performance of divided cells, such as electrode
materials, membrane types, and operating conditions, are considered. This review concludes by analyzing
the challenges associated with divided cell electrosynthesis and provides future perspectives.

DIRECT ELECTROLYSIS

In direct electrolysis, ET occurs directly between the organic substrate and the electrode, characterizing a
heterogeneous process. The reaction mechanism involves the interaction of species at the electrode surface,
where their transport can result from migration (for charged species under the influence of an electric field),
diffusion (due to concentration gradients), or convection (caused by fluid motion). Neutral species do not
undergo migration, as their transport is primarily governed by diffusion. Migration, on the other hand,
predominantly influences charged species, including ions from the supporting electrolyte and ionic
reactants or intermediates, ensuring electrical conductivity in the system*.

The oxidative cross-coupling of aromatic carbon-hydrogen (C-H)/C-H bonds has gained significant
interest among synthetic chemists, as it avoids the need for pre-functionalization of starting materials and
provides a direct, step-efficient method to form a single C-C bond between two aromatic rings“>*.
Morofuji et al. developed an efficient and regioselective method for the cross-coupling of C(sp*)-H/C(sp*)—
H bonds in two deactivated aromatic compounds using the methodology of radical-cations pools in
electrochemical systems [Scheme 1] A divided cell was applied with a carbon felt (CF) electrode at the

anode and platinum at the cathode.

The radical cations pools are intended to prevent the formation of homo-coupling reactions. It was
observed and confirmed that only 1-substituted naphthalene derivatives were obtained, and the



Magalhaes et al. Chem. Synth. 2025, 5, 41 | https://dx.doi.org/10.20517/cs.2024.177 Page 7 of 39

©,0
CF i__i Pt r
= | N

R—\ | 8 mA
n-Bu,NB(CeFs)s DME
CH,Cl, -90°C,3h
78°C. 1 h 10 examples, up to 92%
Representative examples Proposed mechanism

SO,Ph

Me Me i
oy <
Poome AL T
Me Me Me Me = anodic
Br Br | oxidation 7
O Co ot iy
i s+

so% 84%

(1.7:1)

Scheme 1. Cross-coupling of C(sp®)—H/C(sp”)-H bonds in two deactivated aromatic compounds.

corresponding 2-substituted product was not detected, demonstrating the total regioselectivity of the
reaction. The authors performed density functional theory (DFT) calculations that suggested a favored
reaction at the 1-position. This was consistent with the high regioselectivity reported for the reaction of
naphthalene radical cations with other nucleophiles. Furthermore, the bromo-substituted naphthalene
already had the ortho-position product formed in lower amounts, which agreed with the DFT calculations.
After undergoing anodic oxidation, naphthalene radical cations, or their derivatives, form at low
temperatures. Subsequently, they react with the second aromatic compound to yield the respective cross-
coupling product. The method proved to be advantageous as it is selective for performing C-H/C-H cross-
coupling of aromatic compounds and does not require the use of metal complexes or chemical oxidants.

The nucleophilic aromatic substitution of hydrogen (SyH reactions)* through electrochemical
methodologies offers a pathway for the direct functionalization of C(sp?)-H bonds in aromatic compounds
without the use of stoichiometric amounts of oxidants. Successful applications of electrochemical S\H
reactions for the functionalization of nitroarenes by the addition of C-, N-, O-, and P-based nucleophiles are
described". Additionally, Chupakhin et al. demonstrated the modification of aza-aromatic compounds
[Scheme 2]". Potentiostatic electrolysis was performed in a divided cell containing tracing paper as the
membrane, platinum wire electrodes, and 0.1 M Et,NBF, in MeOH:MeCN (1:5) electrolyte solution at
20 °C.

The acridinium cation and aza-aromatic compounds undergo efficient arylation and heteroarylation with
phenols, indoles, pyrroles, and anilines. The method utilizes electrical energy without relying on external
oxidants and eliminates the need for intermediate isolation and purification. S H reactions proceed in two
stages: during the formation of the new C-C or C-X bond, the reversible addition of the nucleophilic species
to the aromatic ring forms an intermediate known as the cH-adduct. The anodic oxidation of the cH-
adduct (elimination of H* + 2¢") yields the coupling product, with potential control being crucial for the
success of these reactions.
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Scheme 2. C(sp*)—H functionalization of aza-aromatic compounds.

In 2023, Sun et al. investigated the regioselectivity of N-heteroarene electrocarboxylations, emphasizing the
distinctions between divided and undivided electrochemical cells [Scheme 3]“”. The authors highlight the
importance of site-selective C-H functionalization in organic synthesis, particularly through the
carboxylation of N-heteroarenes using carbon dioxide. The study demonstrates that the type of electrolytic
cell applied can significantly influence the regioselectivity of the carboxylation process. Specifically, Cs
carboxylation is favored in divided cells, while C4 carboxylation occurs in undivided cells. The mechanistic
study suggests that Cs carboxylation on a pyridine ring begins with a single-electron reduction, forming a
radical anion. This radical then reacts with CO, at the C5 position due to higher electron density. The
intermediate product is further reduced, followed by oxidative rearomatization, resulting in the
carboxylated product. However, DFT calculations show that this nucleophilic addition of CO, is reversible
and can occur at either the Cs or C4 positions, with regioselectivity depending on the conditions. In an
undivided cell, the hydrogen acceptor generated at the anode favors C4 carboxylation via hydrogen transfer
or proton-coupled ET™,

Fluorinated substrates, particularly molecules containing the trifluoromethyl group, are of significant
pharmaceutical interest. To obtain these compounds, trifluoromethanesulfinates act as a source of
trifluoromethyl radicals under oxidative conditions, such as in the presence of tert-butyl hydroperoxide
(TBHP), and are utilized for the trifluoromethylation of aromatic compounds and heterocyclic
substrates**”". However, this process typically requires a large excess of oxidant and sulfinate, and low yields
are frequently observed. O’Brien et al. described a C-H functionalization of heteroarenes using
electrochemical initiation of radicals. The reactions were conducted in a divided cell setup with a carbon
cloth anode as the working electrode and a carbon cathode in an auxiliary compartment, fitted with a
polytetrafluoroethylene (PTFE) frit [Scheme 4]"'. Constant current electrolysis provides direct control over
the oxidation rate of the sulfinate and enables the controlled generation of radicals. In the reaction
mechanism, the rate-determining step involves ET from the anion to form the sulfinate radical, followed by
rapid cleavage to produce the fluoroalkyl radical, which then couples with the substrate to generate the
desired product”™”.
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Since several 4-aminonaphthalen-1-ols have been reported as inhibitors of enzymes and protein-protein
interactions"”*”, 4-aminonaphthalen-1-ols substituted at positions 2- and 3- hold potential for application
as bioactive molecules. In light of this, Kise et al. proposed their synthesis involving the electro-reductive
coupling of phthalimides with a,B-unsaturated carbonyl compounds in the presence of trimethylsilyl
chloride (TMSCI) [Scheme 5]"%. The electrolysis was carried out in a divided cell, equipped with a ceramic
cylindrical diaphragm and platinum electrodes, using Et, NOTSs as the supporting electrolyte. The authors
applied DFT calculations to suggest that the substituent R on the nitrogen of the phthalimides affects
product formation. Bulky substituents favor O-protonation, leading to 3-substituted products, while less
bulky groups promote faster N-protonation, resulting in substitution at the 2-position. The reduced
phthalimide couples with the carbonyl compound to form an enolate, which undergoes O-silylation to yield
the silyl ketene acetal®. The acid-catalyzed rearrangement then occurs through intramolecular electrophilic
addition, ring expansion, desilylation, protonation, and dehydration, resulting in the rearranged products.

Primary aromatic amines with specific functional groups are crucial for producing various organic
materials, including dyes, pigments, medicinal compounds, and agrochemicals'*. Several synthetic
methods have been developed from corresponding aromatic compounds, with the most common involving
nitration followed by the reduction of nitro groups. However, this process requires aggressive chemicals,
and frequently, transition metals"®”. Morofuji et al. reported an approach using an electrochemical oxidation
of aromatic compounds in the presence of equimolar pyridine and piperidine, in several reactions to
produce the primary aromatic amines [Scheme 6]*”. A divided cell with a CF electrode at the anode and
platinum at the cathode was used. The choice of pyridine as the nitrogen source was based on its ability to
enable the selective oxidation of aromatic compounds, by the formation of N-arylpyridinium ions
preventing overoxidation, making it an option for various synthetic applications'***”. Anisole was selected as
the basic substrate due to its lower oxidation potential compared to pyridine. The method yielded products
for both substituted anisoles and n-extended aromatic compounds, with the regioselectivity predicted by
DFT calculations. The reaction begins with the one-electron oxidation of anisole, forming a radical cation,
followed by the attack of pyridine, leading to the N-arylpyridinium ion. The reaction with piperidine occurs
via addition to the 2-position of the N-arylpyridinium ion, followed by ring opening and imine hydrolysis.

S[6U,61

Benzoxazoles and benzothiazoles are key cores of natural products and bioactive compounds, including
antiviral and antitumor agents**”\. Their synthesis via electrochemical amination of C-H bonds was
developed by Morofuji et al. using a divided cell with a CF anode, a platinum cathode, and a porous glass
membrane [Scheme 7]'*Y. The primary motivation behind the development of this methodology by the
authors was to eliminate the need for transition metals, which were typically used to synthesize these
compounds, despite their involvement in the preparation of the starting materials®”.

An aspect of this approach is that the amination reaction of 2-pyrimidinyloxybenzenes and 2-
pyrimidinylthiobenzenes occur intramolecularly. The method included halogenated substituents, and was
compatible with carbonyl and carboxyl groups, achieving yields of up to 99%. In the proposed mechanism
[Scheme 7], the process began with a single-electron oxidation followed by an intramolecular attack by the
nitrogen atom of the pyrimidine ring. This was succeeded by another single-electron oxidation and proton
removal, leading to the formation of a cyclic cationic intermediate. Finally, the addition of piperidine
resulted in the generation of the desired products.

In 2017, Wesenberg et al. reported an electrochemical synthesis of 1,4-benzoxazin-3-one derivatives from
phenoxyacetates using pyridine as the nitrogen source, without the use of transition metal catalysts
[Scheme 8] This core has gained interest as it is found in natural products and bioactive compounds”. A
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divided cell with an isostatic graphite anode, a platinum cathode, and a porous glass membrane was
employed. The optimization of reaction conditions included testing various electrodes, such as CF and
carbon fleece. While electrodes with high surface area are typically beneficial for electrochemical reactions,
porous materials can hinder the migration of reactive intermediates to the bulk solution. The authors also
employed boron-doped diamond for the synthesis. Halogen substituents on the aromatic ring of
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phenoxyacetate derivatives were well-tolerated, yielding products at 78%, while derivatives with p-
substituted alkyl groups gave yields of up to 62%. The proposed mechanism involves electrochemical
amination via Zincke intermediates, followed by the release of the aniline functionality, leading to ring
closure through a condensation reaction.

The amide bond is the essential linkage that forms the backbone of proteins, peptides, and many other
biologically significant compounds. Furthermore, they are present in agrochemicals with herbicidal and
antifungal activities and in marketed pharmaceuticals. Kononov et al. developed a sustainable
electrochemical approach for the direct amidation of aromatic C-H bonds [Scheme 9]" eliminating the
need for sulfuric acid commonly used in previous protocols”™. The method employs a divided cylindrical
cell using a ceramic plate with a pore size of 900 nm as a membrane and nitrile solvents as sources of amide
and amine groups, with Pt/Pt electrodes, allowing the synthesis of 60 N-phenylamides and 12 benzoxazoles
under mild, metal- and oxidant-free conditions.

Mechanistic studies revealed that the reaction begins with the formation of hydroxyl radicals from residual
water at the anode, which then reacts with nitriles to generate amide radicals that are subsequently added to
the arenes. This methodology achieved high yields (up to 89%) and enhanced selectivity, demonstrating its
applicability to gram-scale synthesis and paired electrosynthesis. This advancement underscores the
potential of electrochemistry for C-H functionalization reactions as a sustainable alternative to more
traditional methodologies.

Aryl iodides are important building blocks, as they react in homo- and cross-couplings, in reactions
catalyzed by transition metals”*’ and are precursors of organometallic reagents such as organolithium and
Grignard reagents””. Traditional methods for obtaining these compounds are based on electrophilic
aromatic substitution with iodine”™” or hypervalent iodine®’, which are methods that require the use of an
excess of halogens and oxidants. In 2018, Sano et al. reported the iodination of N-(8-quinolinyl)benzamide
derivatives using I, under electrochemical conditions, conducted in an H-type divided cell equipped with
two platinum electrodes and an anion exchange membrane at a temperature of 90 °C [Scheme 10]®".
Initially, ortho-substituted compounds were evaluated under electrochemical and non-electrochemical
conditions, yielding similar results. For meta- and para-substituted benzamides, both mono- and
diiodinated products were formed, with higher yields of the diiodinated product under electrochemical
conditions, indicating that anodic oxidation effectively promotes iodination at sterically hindered positions.
The Pd(II) catalyst reacts with benzamide to form a chelate by breaking the C-H bond, which then reacts
with I generated from the anodic oxidation of I,. This method enables the iodination of benzamide
derivatives with both electron-withdrawing (EWG) and electron-donating groups (EDG) in non-
electrochemical and electrochemical conditions, the latter enhancing diiodination in meta-substituted
benzamides.

Mockel et al. reported an electrochemical method for iodinating aromatic compounds employing the
trimethylsilyl group to direct the iododesilylation reaction [Scheme 11]"”. In addition to enhancing
selectivity, the use of a directing group increased reactivity and reduced reaction time. However, this
approach presented a lower atom economy compared to the method described in Scheme 10. Potassium
iodide (KI) was utilized as the iodine source, which eliminated the need for a supporting electrolyte in the
anodic compartment. The reactions were carried out at room temperature using an H-type divided cell,
platinum electrodes, and a solvent mixture of MeCN and methanol (9:1), with sulfuric acid acting as the
supporting electrolyte in the cathodic compartment. A design of experiments (DoE) was applied to develop
an optimal model for o-, m-, and p-substituted arenes®™*, yielding excellent results for both EDG and
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EWG. The methodology showed compatibility with various functional groups™/, including aromatic
halides, nitro, nitrile, amides, esters, and ketones. However, it was unsuitable for heteroaromatic
compounds, alcohols, primary amines, alkenes, and alkynes. Notably, this method facilitated the synthesis
of isotopically labeled molecules, exemplified by the successful synthesis of Boc-protected 3-
iodobenzylguanidine, which was obtained in 88% yield without purification.

Although some methodologies use a platinum working electrode™**”, Yan et al. report that the release of
Pt ions into the reaction medium can affect the regioselectivity of aromatic electrophilic substitution (S Ar)
[Scheme 12]". The studies were conducted using an H-type divided cell separated by a 4G glass sand core,
and constant current electrolysis was conducted using a Pt cathode and anode. Glassy carbon, Pt and
graphite electrodes were applied, and the regioselective iodination of anisole was evaluated, which provided
4-iodoanisole in 97%, 16% and 60% yield, respectively. Contamination by Pt ions was confirmed by
inductively coupled plasma mass spectrometry (ICP-MS) analysis, detecting traces of Pt (~1 pg/mL) in the
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Scheme 11. Anodic iododesilylation reaction.

solution, which may justify the low yield of the product when the Pt anode was used. Therefore, the
iodination of aromatic substrates was performed using a glassy carbon anode, providing excellent yields.
The cathodic reduction of H' to H, occurs concurrently with the anodic oxidation of I, at the glassy carbon
anode in this process, generating the I' species that reacts with aromatic substrates, resulting in selective

iodination at the para position.
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Aryl bromides, similar to aryl iodides, are essential intermediates in the synthesis of organometallic reagents
and in coupling reactions®*”. Consequently, C-H bromination through electrochemical methods is highly
valuable, making it significant for synthetic applications. Yang et al. developed a palladium-catalyzed
method for the C(sp*)-H bromination of benzamide derivatives [Scheme 13]". Applying an H-type divided
cell equipped with an anion-exchange membrane, a platinum plate cathode, and a reticulated vitreous
carbon (RVC) anode, the bromination of benzamide was performed under constant current electrolysis in
the presence of NH,Br, which acts as both an electrolyte and a source of Br ions. The proposed mechanism
involves palladium coordinating with the benzamide via oxidative addition to form a Pd(II) complex, which
then reacts with Br, or Br, generated by anodic oxidation to produce high-valent Pd(III) or Pd(IV) species.
Reductive elimination regenerates a Pd(II) complex that exchanges ligands to yield the final product. The
divided electrochemical cell with an anion exchange membrane is essential, as the oxidation of NH Br
provides a source of bromine while preventing parallel reduction reactions.

An approach to maximize both Faradaic and synthetic efficiency, along with atom economy in electrolysis
reactions, is to couple the reduction and oxidation reactions that occur simultaneously at the electrodes to
produce the desired products®**’. Benzyl halides are widely utilized building blocks in the fine chemical
industry, and a green approach to obtain these organic halides is through electrophotocatalytic radical
bromination. This electrooxidation reaction can be paired with the electrochemical reductive coupling of
carbonyl compounds, enabling the synthesis of vicinal 1,2-diols without the need for sacrificial electrodes.
Chen et al. developed a photoelectrochemical approach for the benzylic bromination of various

alkylbenzenes paired with the reductive pinacol coupling of carbonyl compounds [Scheme 14]"*..

The reactions were carried out in an H-type divided cell, employing distinct cathodic and anodic electrolyte
solutions separated by a Nafion 117 membrane. The reaction mixture was irradiated with 405 nm blue light
(20 W) at 25 °C under a constant current of 40 mA. Carbon rod and silver flake electrodes were used as the
anode and cathode, respectively. All reactions were conducted on a gram scale, and their application to
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Scheme 13. Pd-catalyzed C(sp®)-H bromination of benzamide derivatives.

various substrates, including EDG and EWG, resulted in moderate-to-good product yields with high
Faradaic efficiencies. Voltammetry analyses indicated that the presence of water in the cathodic
compartment could accelerate the reduction of carbonyl compounds, generating a radical intermediate that
facilitates dimerization. Nevertheless, a drawback of using a divided cell is that only a portion of the applied
voltage drives the electrochemical reaction, with the remainder compensating for Ohmic drops. These
losses stem from the low conductivity of the organic electrolyte, the compartmental separation imposed by
the Nafion membrane, and mass transfer limitations.

A key intermediate for the synthesis of Ledipasvir, an NS5A inhibitor used in the treatment of hepatitis C,
can be obtained through the double dehalogenation of a dibromo-spirocyclopropane-proline derivative.
Electrochemical dehalogenation is already a promising approach; however, the methodologies described

employ lead or mercury as the cathode!**

, which results in metal salt contamination in the product,
making them incompatible with the production of pharmaceutical intermediates. Giitz et al. developed an
efficient electrochemical dehalogenation protocol utilizing leaded bronze as the cathode [Scheme 15]"".
The electrolysis was conducted using a divided cell, featuring a porous ceramic separator and a platinum
grid anode. The electrolyte used consisted of dimethylformamide (DMF) and [Et,NMe]O,SOMe. The
dibrominated substrate was reduced at the cathode, while methanol was oxidized at the anode as a sacrificial
compound. A leaded bronze cathode provided high selectivity, reactivity, and stability. This method permits
clean conversion to a single product and enables recycling of the solvent and supporting electrolytes. A flow
electrolysis device, separated by a Nafion membrane, gives precise control over reaction conditions and
enhances scalability. Key factors influencing the process include current density and flow rate, with optimal
dehalogenation conditions being 20 F, 15 mA/cm? and 0.6 mL/min.
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Chloroarenes are an important scaffold, found in pharmaceuticals and natural products, and are widely
used in various organic reactions' . Their synthesis employed transition metal catalysis and external
oxidizing agents. Konishi ef al. reported the use of benzamide derivatives with palladium catalysis to achieve
ortho-selective chlorination reactions using hydrochloric acid under anodic oxidation conditions
[Scheme 16]"*. A divided cell with palladium electrodes and an anion-exchange membrane was used for

102,103]
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the ortho chlorination of meta- or para-substituted benzamide derivatives. EDG increased reactivity, leading
to mixtures of mono- and dichlorinated products, while EWG produced highly selective monochlorinated
products. The palladium-catalyzed C-H chlorination occurs via directed cleavage of the ortho C-H bond.
Compared to conventional methods such as N-chlorosuccinimide (NCS) and chloramine-T, which gave low
yields of monochlorinated products, the electrochemical method demonstrated significantly higher
reactivity and yields.

Ashikari et al. reported an electrolysis-based oxidation of diarylmethanes and substituted alkenes containing
aryl groups to their corresponding carbonyl compounds using a divided cell equipped with a CF electrode at
the anode and a platinum electrode at the cathode [Scheme 17]". An alternative method was developed for
oxidizing certain substrates to carbonyl compounds, addressing the limitation posed by the lower or equal
oxidation potential of DMSO (1.76 V vs. SCE) compared to some substrates. This method follows a cation
formation at very low temperatures (-78 °C), with DMSO added in a separate step. Cyclic voltammetry was
conducted, and the reaction demonstrated yields of up to 91% on several substrates. Mechanistic studies,
including tests with deuterated DMSO, indicated that the substrate is first oxidized at the anode to form a
carbocation, which is then attacked by DMSO to yield a more stable alkoxysulfonium ion. The final
carbonyl compound is produced by treatment with a base (NR,). The authors referenced findings by Thanh
et al., who observed that diarylcarbenium ions generated from Sy1 reactions reacted with DMSO, and then
with triethylamine treatment producing diaryl ketones"*.

The production of furfural is well-established, but recent concepts in circular economy have driven research
towards improving production methods and diversifying applications"”. Furfural is recognized as one of
the top 30 biomass-derived platform molecules, presenting a promising alternative to fossil fuel-derived
materials and contributing to the reduction of greenhouse gas emissions"*. In 2021, Cao et al. reported the
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paired electrochemical conversion of furfural to produce 2(5H)-furanone via anodic oxidation to generate
furfuryl alcohol and/or hydrofuroin via cathodic reduction [Scheme 18]"*. A continuous flow divided cell
with graphite as the anode, lead as the cathode, and an anion exchange membrane was utilized. The
electrolysis was conducted in an aqueous mixture of furfural and NaBr, which served as a mediator for
anodic oxidation. An anion exchange membrane was essential for reaction efficiency, with its absence
significantly decreasing yields. Alternative electrode materials such as nickel and stainless steel were less
effective in affording the desired compounds. In the anodic chamber, furfural is oxidized to 2(5H)-furanone
through a hydroxyl radical-induced C-C bond cleavage, leading to the formation of 2-hydroxyfuran and
formic acid"*. The 2-hydroxyfuran subsequently isomerizes to 2(5H)-furanone. In the cathodic chamber,
furfural is reduced to generate radicals"""!, which can dimerize to form hydrofuroin or be further reduced to
produce furfuryl alcohol.

Wu et al. presented a selective semi-hydrogenation and deuteration of several terminal and internal alkynes
using H,O and D,O as hydrogen and deuterium sources, employing a Pd-P as cathode electrode
[Scheme 19]""?. DFT calculations showed that P doping enhanced the specific adsorption of alkynes and
increased the intrinsic activity in the production of adsorbed atomic hydrogen during water electrolysis.
Furthermore, the presence of P decreased the hydrogen concentration on the surface, reducing the
occurrence of double-hydrogenation. Consequently, the Pd-P nanostructures enabled a more selective and
efficient semi-hydrogenation at lower potentials compared to pure Pd nanostructures. Cyclic voltammetry
and adsorbed atomic hydrogen capture tests indicated that the mechanism of the process involved the
addition of adsorbed atomic hydrogen to the triple bond, rather than a proton-coupled ET. The mono-, di-
and tri-deuterated alkenes with specific deuteration and > 99% deuterium incorporation were obtained. The
gram-scale of tri-deuterated alkenes with high deuterium incorporation in a two-electrode system showed
practical feasibility. Furthermore, the reactor was applied in the deuteration step during the synthesis of the
drug cinacalcet, achieving 90% deuterium incorporation.
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INDIRECT ELECTROLYSIS

Indirect electrolysis enhances the efficiency and selectivity of organic transformations by using mediators or
sacrificial electrodes to facilitate selective oxidation or reduction reactions. This method is particularly
advantageous for complex transformations, where precise control over reaction conditions can improve
yields and minimize side reactions. By carefully selecting mediators, chemists can direct reaction pathways
to achieve desired products with high specificity, establishing indirect electrolysis as an essential tool in
organic electrosynthesis.

The formation of C-C bonds is crucial in synthetic organic chemistry, especially for the synthesis of natural
products and active pharmaceutical ingredients (APIs). However, many methods described in the literature
for forming C-C bonds through the functionalization of aromatic C-H bonds rely on reactive groups and
metal catalysis"””. On the other hand, Saito et al. described a Pd-catalyzed homo-coupling method for
arylpyridines under anodic oxidation conditions. This method employed an H-type divided cell with an
anion-exchange membrane and two platinum electrodes, with reactions performed at a continuous current
at 90 °C [Scheme 20]""*. During the optimization of reaction conditions, selective dimerization occurred at

115

the less sterically hindered ortho position, unlike Pd-catalyzed dimerization with oxone!""”. Increasing
substrate concentration improved yields while allowing the use of catalytic amounts of I, as a redox
mediator. Without electrical current, the reaction yielded only 31% after five hours, compared to 85% with a
current of 20 mA. The proposed mechanism involves the cleavage of ortho C-H bonds, forming a doubly

chelated Pd(II) species, which is oxidized by I' generated from the anodic oxidation of L,.

Palladium-catalyzed C-H cross-coupling reactions have become an important tool for constructing new
C-C bonds"'”. In 2017, Ma et al. reported a Pd-catalyzed C(sp’)-H coupling of ketoxime ether derivatives
with organoboron reagents or a-keto acids through anodic oxidation, applying electric current in place of
stoichiometric oxidants, using a divided cell with two platinum electrodes and a Nafion 117 membrane
[Scheme 21]™7.

Parameter variation tests were performed, yielding two scopes for methylation and acylation reactions.
Methylation results indicated that Cl and Br led to lower yields, suggesting limited tolerance for these
substituents. To understand the reaction mechanism, cyclic voltammetry, kinetic tests, and X-ray analysis of
the in situ catalyst were conducted. Two proposed mechanisms for C(sp’)-H methylation via
electrochemical oxidation involve the palladium catalyst coordinating with the substrate nitrogen to form a
palladacycle, which can react through transmetallation to yield Pd(II) or form Pd(III) or Pd(IV)
intermediates. Reductive elimination then generates the product and Pd(0), which can be oxidized to
regenerate high-valence species. This method shows advantages over other methods since it replaces
stoichiometric Cu or Ag salts by electric current to oxidize Pd(0) to Pd(I[)!"**.

In addition to constructing carbon-carbon bonds, the use of palladium to catalyze C-H activation has
emerged as an interesting method to perform carbon-heteroatom bond formation"". In 2017, Li et al.
reported a Pd-catalyzed C(sp®)-H acetoxylation of ketoxime ethers using electric current instead of a
stoichiometric amount of oxidants, following the same principles as before [Scheme 22]"*. A divided cell
with two platinum electrodes and an anion exchange membrane was used at 40 °C.

Several experiments were conducted to obtain the best reaction conditions, and a relatively large scope was
explored. The authors achieved yields of up to 80%, but a low result (30%) was obtained when the substrate
was substituted in the ortho-position, due to low conversion. Kinetic evaluations were performed, and a
mechanism for C(sp*)-H acetoxylation was proposed. The nitrogen of the ketoxime coordinates with Pd(II)
followed by C-H activation (the rate-determining step) to generate the palladacycle. Next, the Pd(II)



Magalhaes et al. Chem. Synth. 2025, 5, 41 | https://dx.doi.org/10.20517/cs.2024.177 Page 23 of 39

10 - 20 mA

Anode: |,, Pd(OAc),, MeCN
Cathode: HySOy4 (2 M)yq
90°C,1-4h

10 examples, up to 82%

Representative examples Proposed mechanism

anodic
oxidation

I2

Scheme 20. Palladium-catalyzed homo-coupling of arylpyridines under anodic oxidation conditions.

complex is directly oxidized at the anode to form the Pd(IV) complex and undergoes reductive elimination,
giving the desired product and closing the catalytic cycle. In the first report of Pd-catalyzed C(sp*)-H
acetoxylation using pyridines, Dick et al. applied stoichiometric amounts of oxidants to promote the
oxidation of the Pd(II) complex and a high temperature of 100 °C""*"\. Using electric current in a divided cell
presents an interesting advantage.

Li et al. developed a method for Friedel-Crafts alkylation of electron-rich aromatics with N-vinylamides
using an electrochemically generated tris(p-bromophenyl)amine (TBPA) radical cation, achieving yields of
up to 93% [Scheme 23]"*. During electrolysis, TBPA is oxidized and functions as an ET catalyst, initiating a
cationic chain reaction. A polymeric ionic liquid-carbon black (PIL-CB) composite was employed as the
supporting electrolyte, which is both recoverable and reusable, retaining its efficiency and stability over four
electrolysis cycles. After TBPA electrolysis, the electrodes were removed, and the substrates were quickly
added to the anode compartment, where they were stirred until the starting materials were completely
consumed. Cyclic voltammetry and control experiments suggested that the reaction mechanism involves
oxidative activation of the C-H bond in electron-rich aromatics.

The conversion of aliphatic C-H bonds to carbon-oxygen (C-O) bonds using selective catalytic methods
remains a significant challenge in organic synthesis"*”. In 2017, Yang et al. reported a Pd-catalyzed C(sp’)-
H oxygenation using different oxyanions of ketoxime ethers under electrosynthetic conditions
[Scheme 24]"*. A divided cell with platinum electrodes and a Nafion 117 membrane at 70 °C was applied.
The yield dropped considerably when nucleophilic oxyanions such as OCOFC,, OTs, OMe were tested.
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The formation of a diacetoxylated byproduct (5% yield) was also observed during the optimization. Cyclic
voltammetry and kinetic tests were conducted to propose a mechanism for this C(sp’)-H oxygenation.
Pd(II) coordinates with nitrogen to activate the C-H bond, forming a palladacycle. This complex is oxidized
at the anode to generate PA(IV) [or Pd(III)], which undergoes reductive elimination to yield the product
with PA(II). This can then exchange ligands with a new substrate, completing the catalytic cycle.

Robinson et al. developed an electrochemical method for Ru-catalyzed C-H hydroxylation of amine
derivatives at tertiary C-H bonds [Scheme 25]"*. By applying electric current, the need for a stoichiometric
chemical oxidant was eliminated without compromising catalyst efficiency. The cis-[Ru(dtbpy),CL] catalyst
demonstrated stability in aqueous acidic media, and the use of a divided cell provided proton reduction as a
cathodic reaction without interference and eliminated the need for supporting electrolytes. The results were
comparable to those previously reported by the same authors, which relied on stoichiometric H,IO, as the
oxidant"*". Despite their limited solubility, various functional groups such as amides, imides, benzoyl-
protected alcohols, and electron-deficient arenes have been effectively oxidized electrochemically.
Mechanistic studies involving a Ru complex revealed redox processes between Ru(IV)/(V) and Ru(V)/(VI),
indicating that catalytically active species such as oxo- or dioxo-Ru(V) or Ru(VI) intermediates can be
generated through electrochemical oxidation. Cyclic voltammetry of the Ru(II) catalyst showed that five
distinct oxidation states [Ru(II)-Ru(VI)] are accessible electrochemically within 800 mV in acidic aqueous
solutions.

Ethylene oxide is one of the most highly produced chemicals globally, widely utilized in the manufacture of
plastics, detergents, solvents, and other products, with annual production surpassing millions of tons"*”. In
2020, Leow et al. developed an electrochemical methodology for the synthesis of epoxides from the
corresponding olefins [Scheme 26]"”. A continuous flow divided cell was applied, featuring a platinum
anode, nickel cathode, and an anion exchange membrane. Using a 1.0 M potassium chloride (KCI) solution
as the electrolyte and varying current densities from 0.3 to 1.0 A/cm’, yields reached up to 71%. This
method avoids CO, emissions, as the chloride electrolyte mediates the reaction by converting to chlorine gas
(Cl,), forming hypochlorous acid (HOCI) and hydrochloric acid (HCI). Ethylene reacts with HOCI to
produce chlorohydrin, while water reduction at the cathode generates H, and hydroxide anions, which
further react with chlorohydrin and HCl to yield the desired product.

Rafiee et al. reported a benzylic C-H iodination of several methylarenes, driven by the electrochemical
oxidation of N-hydroxyphthalimide (NHPI) to phthalimido-N-oxyl (PINO), which mediates hydrogen
atom transfer (HAT) to generate benzylic radicals [Scheme 27]"*¥. The reaction was conducted in an H-type
divided cell with a vitreous carbon (VC) anode and platinum wire cathode. Imidoxyl mediators, such as
Ph,NHPI and CI,NHPI, did not improve the results. The oxidation of NHPI involves proton-coupled
oxidation to form PINO, which removes H from weak C-H bonds through HAT, generating radicals that
react with iodine. The divided cell configuration is necessary to prevent the reduction of I, at the cathode.

The reductive cleavage to generate aryl radicals can be achieved through direct electrolysis at high potentials
or by employing alkali metals"”"*”. However, both methods have limitations regarding yield and
chemoselectivity. Electrochemical stimulation via single ET (SET) processes in organic molecules offers
electron-primed photoredox catalysts, which can efficiently and safely cleave strong bonds, such as C(sp*)-
N and C(sp?)-O, with high potentials while maintaining chemoselectivity. In this context, Chernowsky et al.
reported a defunctionalization reaction utilizing 2,4,5,6-Tetrakis(diphenylamino)isophthalonitrile (4-
DPAIPN) as an electron-primed photoredox catalyst in electrolysis using a divided cell with a glass frit,
employing an RVC cathode and anode [Scheme 28]"*". A broad substrate scope was evaluated, revealing
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that several functional groups are well-tolerated, allowing for the cleavage of C(sp*>)-N bonds from
anilinium salts and even higher energy C(sp?)-O bonds from phosphate ester substrates and phenols.
Studies on cathodic potentials and cyclic voltammetry demonstrate that the reaction proceeds only when
the applied potential is sufficient to reduce the photoredox catalyst 4-DPAIPN, indicating that cathodic
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Scheme 28. Electrochemical generation of electron-primed photoredox catalyst for cleavage of C(sp®)-N and C(sp>)-O bonds.
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reduction catalysis is essential for the reaction. In this process, the catalyst is reduced at the cathode,
forming a radical anion species that is subsequently excited by visible light. This excitation leads to a highly
reduced state, termed “electron-primed”, which is capable of cleaving C(sp*)-N and C(sp*)-O bonds,
generating aryl radicals that can be effectively trapped. The cathodic reduction is highly reversible, and the
use of a divided cell electrolysis setup prevents interference from oxidized byproducts.

In 2020, Siewert and Fokin introduced an electrochemical method for the chemoselective reduction of
ketones and aldehydes using a manganese catalyst [Scheme 29]"*?. This method uses protons and electric
current to convert carbonyl groups into alcohols with high efficiency and selectivity. The setup involved
carbon foam as the working electrode, a platinum wire as the counter electrode, and an Ag/AgNO,
reference electrode. All experiments were carried out in a glovebox within a divided cell. Manganese centers
enhance proton transfer during the reduction, improving reaction performance. Under optimized
conditions, the process delivers high conversion rates and selectivity. Hydride species (Mn-H) are generated
in situ via the electrochemical reduction and protonation of the manganese complex, enabling selective
reduction of ketones and aldehydes.

Hoque et al. present an innovative approach to the activation of molecular oxygen (O,) through coupled
electrochemical reactions that combine O, reduction at the cathode and water oxidation at the anode,
utilizing a manganese-porphyrin catalyst and VC electrodes [Scheme 30]"*. This process facilitates the
formation of reactive manganese-oxo species at both electrodes, enabling oxygen atom transfer (OAT) to
organic compounds, such as sulfides, which are converted selectively into sulfoxides with high Faradaic
efficiency.

The use of an H-type divided cell was crucial to optimize the process, ensuring effective separation of
anodic and cathodic reactions, preventing competitive side reactions, and increasing Faradaic efficiency up
to 200%. This methodology represents a sustainable and efficient strategy to overcome kinetic barriers in
OAT reactions without net electron consumption, demonstrating applicability to a wide range of organic
oxidation reactions, including epoxidations and C-H hydroxylations. These advancements underscore the
potential of electrochemical energy in organic synthesis and energy conversion technologies.

ENZYMATIC AND MICROBIAL ELECTROCHEMICAL PROCESSES

In recent decades, significant efforts have been dedicated to studying enzymatic systems for applications in
biosensors, energy conversion, biofuel cells, and biocapacitors**. In enzymatic biocatalysis, DET between

[135]

redox enzymes and electrodes'**, enabled by functionalized surfaces with conductive materials such as
metallic nanoparticles and redox polymers, is a critical mechanism [Figure 4]"”. The electrochemical
regeneration of redox cofactors, such as NAD(P)H, and strategies based on mediated ET (MET) using

redox mediators enhance efficiency and overcome kinetic limitations"**.

In microbial systems, extracellular ET (EET) is mediated by structures such as cytochromes and conductive
nanowires, which connect intracellular metabolic machinery to electrodes"””. Electroactive microorganisms,
such as Geobacter sulfurreducens and Shewanella oneidensis, have been widely explored for the
bioelectrochemical conversion of CO, and organic compounds into high-value products, including

138]

carboxylic acids and biofuels"*".

Although integrating biocatalysts with electrochemical systems poses challenges*”, such as mass transport
limitations, side reactions, and biocatalyst stability, advances in high-surface-area electrodes and divided
cells have significantly improved the efficiency and feasibility of these processes"*'*.
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CONCLUSIONS AND OUTLOOK

Electrosynthesis reactions have demonstrated substantial advantages for several organic transformations. By
using electricity as a clean reagent, divided cells enable controlled redox transformations with high
selectivity, minimizing undesired byproducts and providing distinct benefits for complex organic reactions,
such as selective C-H functionalization, oxidative dehydrogenation, and cross-coupling. These
methodologies address challenges often encountered with traditional methods, including cross-
contamination and side reactions.

Divided cell setups offer unique capabilities, allowing independent optimization of anodic and cathodic
reactions. This design enhances both reaction specificity and product isolation while confining reactive
intermediates to their respective compartments, preventing undesired recombination and improving overall
efficiency. However, the implementation of divided cells also introduces limitations, such as higher costs
and complexities associated with membrane use, particularly Nafion membranes, which are crucial for their
selectivity and stability. Overcoming these economic and technical barriers through the development of
cost-effective and durable alternatives will be essential for wider adoption. Additionally, challenges such as
increased internal resistance and difficulties in industrial scaling must be addressed to optimize the energy
demands and operational feasibility of these systems.

Looking ahead, innovations in electrode materials, particularly those that are sustainable and robust, will be
critical for enhancing the performance and reliability of divided cell electrosynthesis. Advances in
membrane technology, including fouling prevention, improved ion selectivity, and cost reductions, could
transform the scalability and affordability of these systems. Furthermore, the development of commercial
cells adaptable to various scales, including continuous flow reactors, holds great potential to expand the
applicability of this technology to diverse and challenging reactions.

In conclusion, divided cell electrosynthesis embodies a promising approach aligned with the principles of
green chemistry, offering versatile applications in organic synthesis. By addressing current limitations and
focusing on technological advancements, this method has the potential to become a cornerstone of
sustainable chemistry, driving innovation across both academic and industrial domains.
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