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\for electro-organic synthesis.

Abstract: Over the past two decades, electro-organic synthesis has gained significant interest, both in technical and\
academic research as well as in terms of applications. The omission of stoichiometric oxidizers or reducing agents enables
a more sustainable route for redox reactions in organic chemistry. Even if it is well-known that every electrochemical
oxidation is only viable with an associated reduction reaction and vice versa, the relevance of the counter reaction is
often less addressed. In this Review, the importance of the corresponding counter reaction in electro-organic synthesis is
highlighted and how it can affect the performance and selectivity of the electrolytic conversion. A selection of common
strategies and unique concepts to tackle this issue are surveyed to provide a guide to select appropriate counter reactions

J

1. Introduction

As a result of climate change, future chemical processes will
not only be validated by yield and costs, but also with regard
to safety issues and environmental impact. As part of the
development of more sustainable routes for the preparation
of organic compounds, electro-organic synthesis has experi-
enced a renaissance in academia and technical synthesis.™!
The use of toxic and/or hazardous oxidants or reducing
agents can often be omitted by using an electric current as a
reagent. This lowers dramatically the amount of reagent
waste generated. Since the electric power can be obtained
by renewable sources, this opens the door to sustainable
chemistry.?

1.1. Basic Concepts

Within an electro-organic synthesis, electric power is con-
verted into chemical and thermal energy. Organic redox
reactions which would not occur spontaneously can be
enforced. However, for a good working process, electrolytic
conversion at both the cathode (reduction) and anode
(oxidation) should happen smoothly (Scheme 1).

Thereby, the reaction with the lowest Gibbs free energy
AG Dbetween the oxidation and reduction is favored to
proceed. The Gibbs free energy can, from an electro-
chemists viewpoint, often be expressed by the difference in
the electrode potentials [Eq. (1), where n is the number of
electrons transferred and F is the Faraday constant]. The
potential of an electron-transfer reaction is defined by the
standard potential, but is affected by a voltage drop that
results from many parameters, for example, various over-
potentials (gas evolution, interaction of the electrode surface
and substrate, etc.) as well as resistivity of the electrolyte
and separator.”™
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AG = _nF(Eanode - Ecathode) (1)

The transformation can be initiated by a single-electron
transfer (SET) directly at the electrode, via an electro-
chemical redox mediator, or with an electrochemically
activated electrode surface. The reaction can be controlled
by constant potential (CPE) or constant current (CCE)
conditions, for which either direct current (DC) or alternat-
ing current (AC) can be applied.!! Those techniques to
ensure a selective reaction are well-known and are not
discussed within this Review. The selection of a suitable
system and a set of conditions for electrolysis to allow a
selective chemical reaction is the main objective of synthetic
electrochemists.

The oxidation and the reduction can be carried out in an
undivided cell or they can be divided in two half-cells by a
separator (semipermeable ceramic, glass frits, ionic polymer
matrices). An undivided setup is simpler in operation, but
the oxidation and reduction have to be chosen to be
selective for each other to ensure product formation and
prevent side reactions. In a divided set-up, the oxidation and
reduction are performed spatially separated and no compet-
ing reactions decrease the selectivity. This also ensures that
starting materials, products, or intermediates do not migrate
to the counter electrode and undergo undesired reactions.
In particular, electrochemically reversible transformations
can be conducted in this way. Since separators cause

anode

/ Sub1red

anode —ne Ecathode

Sub,°* Sub,red

cations —

Scheme 1. Basic concepts of an electrochemical redox reaction.
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substantial ohmic resistivity, more electric power for such
electro-conversions is required.

1.2. Working and Counter Electrode Potential

In general, the operation mode of an electrochemical
reaction differs if the reaction is performed under constant
current conditions in a two-electrode set-up or at a constant
potential within a three-electrode set-up. The two-electrode
cell is most frequently found in the literature, as the
operation of the electrolysis is quite simple (Figure 1, left).
By using a power supply, a constant current is applied
through electrodes into the electrolyte. The electrode where
the synthetically valuable reaction occurs is called the
working electrode (WE) and the other one the counter
electrode (CE). The operating potential of the electrolysis
cell is a result of the current passing through the electrolyte.
As the amount of substrate converted at the electrodes
decreases, the cell voltage increases over time, whereas
undesired side reactions, at both the WE and CE, might
become dominant. Within a three-electrode cell, an addi-
tional electrode, the reference electrode (RE), is added
(Figure 1, right). Within these kinds of cells, the power
supply determines the voltage between the WE and RE and
regulates the current between the WE and CE in such a
manner that the potential at the WE is kept constant.
Therefore, when the concentration of the reactants de-
creases in the course of the electrolysis, the current flow is
regulated down. This allows a selective electron transfer and
represses side reactions, such as overoxidations. Even if the
three-electrode cell often has higher selectivity for product
formation, the scale-up is often highly problematic. The
decreased current at the end of the electrolysis also leads to
prolonged reaction times and the full conversion of starting
materials is difficult.*

If overall an oxidation or reduction of an organic
substrate is of interest, the selection of a suitable counter
reaction is relevant to ensure a selective and productive
electrolysis. Without any reaction at the counter electrode,
no faradaic conversion is possible. Extreme potentials
should be avoided as high energy can lead to increased and
unnecessary reaction temperatures, uncontrolled side reac-
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Figure 1. Schematic presentation of a two- and three-electrode cell
used in electro-organic synthesis. The electrode potential is also
shown.

tions happening, and the loss of many benefits. To ensure a
selective reaction, the selection of an appropriate counter
reaction for an electro-organic conversion is necessary. In
this Review, we will give an overview of common and not-
so-common counter electrode reactions. Their (dis-)-
advantages and importance are also discussed.

2. Cathodic Counter Reactions
2.1. Hydrogen Evolution Reaction (HER)

When electro-organic oxidation processes are described,
hydrogen evolution is the most frequently employed counter
reaction. Hydrogen can be evolved on a variety of different
cathode materials at low energetic costs. Hydrogen is
considered to be an easy to control by-product, which does
not interfere with most anodic processes and separates out
of the electrolyte by degassing.!” The latter factor represents
a huge benefit in downstream processing. In small amounts,
hydrogen can either be liberated into the atmosphere or
further utilized as a chemical reagent.® In several studies,
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Table 1: Over-potential for hydrogen evolution at different cathode materials in an acidic aqueous solution.

Entry Electrodes
0.5H
(X,)Z 1 Pt (plated)
/ 2 Ni
—H,ue 3 Fe
e 4 graphite
" 5 lead™
[d
(HX) 6 BDD!

o

Over-potential®™ 77 [V] Ref.
0.25 (0.01) [9]
0.33 [9]
0.40 9]
0.47 9]
0.91 [9]
1.50-2.00 [10]

[a] Potential vs. SHE, determined in 1 m aq HCl at T mAcm . [b] Electrodeposition on Cu wire. [c] In 10% aq H,SO, at T mAcm 7 the over-

potential varies with the doping content.

the HER together with an electro-organic conversion is
described as paired electrolysis. It is noteworthy that this
specification can only be used if the hydrogen is produced in
a controlled manner and quantified. The standard reduction
potential of hydrogen is defined as 0V under standard
conditions (1 atm, pH 0).

In the HER, a proton from the solution or abstracted
from an acidic covalent bond (H") is adsorbed onto the
electrode surface (H,4) and released as molecular hydrogen
(H,). However, the effective electrode potential to generate
hydrogen also depends on the availability of protons in the
electrolyte, as well as the over-potential of the respective
cathode for hydrogen evolution (Table 1).'l Pt is the most
abundant example, as it has a very low over-potential, but it
is quite expensive. Notably, nickel can serve as an inex-
pensive substitute for platinum in many cases.? However,
readily available steel or stainless steel represent even more
attractive alternatives, since dehalogenations are avoided.!"”!
Electrodes with a high over-potential (lead or BDD) are not
suitable cathode materials if the HER is desired. The use of
an acid as a solvent or acidic additives (either mineral or
organic acids) ensure an easy formation of hydrogen. To
force hydrogen evolution, protic (co-)solvents such as
water,'¥ alcohols,"! fluorinated alcohols,'” or the addition
of protic additives such as TfOH," H,SO," or acidic
ammonium electrolytes! play an important role in the
electro-organic oxidations.

2.1.1. Impact of the Cathode

Xu and co-workers described in 2018 a TEMPO (2,2,6,6-
tetramethylpiperidinyloxyl) mediated oxidative C,N cou-
pling of Dbiaryloximes to phenanthridine-N-oxides
(Scheme 2). When a Pt cathode is used as the counter
electrode, the desired N-oxide is formed with the HER as
the counter reaction. However, if a lead cathode with a high
over-potential is used, the HER is suppressed. The N-oxide
is still formed in the course of the electrolysis, but the
potential for the HER is more negative than for the
reduction of the N-oxide. Therefore, the product undergoes
a subsequent reduction into the corresponding phenanthri-
dine, as it is energetically favored. At graphite electrodes
with a moderate over-potential for H, evolution, a mixture
of both compounds is observed.””
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RVC]||cathode
const. current

undivided
TEMPO (5 mol%)
KOH (0.5 eq.)

MeCN/H,0
at cathode, competing reactions 95% Pt 0%
| . 47% C 29%
2H,0 *N\O- + H0 0% Pb 85%

| [ E(H2)pp < E(N-Oxide)< E(Hz)pp
20H+ Hy 2N+ 20m

favored at Pt
disfavored at Pb

Scheme 2. Oxidative cyclization of oximes with different cathode
materials. RVC: reticulated vitreous carbon.

2.1.2. Proton Source

Yoshida and Suga developed the “cation pool” as an
effective means for electro-organic chemistry, whereby
reactive cations are enriched in a reservoir at a low temper-
ature in a divided electrolysis, either in batch or flow cells,!!
followed by chemical reaction with a nucleophile subsequent
to electrolysis (Scheme 3). The success of the reaction
depends not only on the stability of the cations generated,
but also on them not undergoing reactions with nucleophiles
present in the solution./

Therefore, it is necessary to add a less nucleophilic acid
such as TFOH™! or AcOH" into the catholyte. In this way,
hydrogen is evolved at a platinum cathode, with the
corresponding non-nucleophilic anions of the acid stabilizing
the cations. If the acid is omitted and, thus, the cathodic
reaction is suppressed, then the conversion fails.”” This is
caused by an increase in the counter electrode potential,
whereas undesired reactions, such as the reduction of

CreilIPt cation pool
O o | [y | aems
N + TfOH—— N* TfO" N X
! 0.3 M NBuyBF4 ] !
CO,Me CH,Cl,, at -72°C CO,Me CO,Me
-Hy 82%

Scheme 3. Synthesis of 2-allylpyrrrolidines by the cation pool method.
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solvent or supporting electrolyte, will lead to highly reactive
intermediates that react with the stabilized cations.

Lou and co-workers developed a method for the chiral
coupling of tertiary amines and ketones (Scheme 4). Even
though some acidic protons were present in the mixture, an
efficient conversion could only be achieved by adding protic
additives to balance the cathodic hydrogen evolution.”

2.1.3. The Relevance of the Counter lon

The addition of acids or acidic alcohols also plays an
important role in the synthesis of bench-stable hypervalent
iodine(I1T) reagents. These are often prepared in undivided
cells by the anodic oxidation of iodoarenes, with the HER as
a counter reaction. AcOH,? TFE,?" HFIP,*l NEt,*nHF
or H,SO,™ have been reported to act as proton sources for
hydrogen evolution at the cathode. The choice of proton
source plays a central role here, as the generated Lewis base
often represents a ligand for the iodine reagent (Scheme 5).
Different ligands result in different chemical performances
of the reagents. When a non-nucleophilic proton source
(H,SO,) is used, the formation of diaryliodonium species is
observed.

2.2. Electrogenerated Bases (EGB)
2.2.1. Protic Electrolytes
Many examples of dehydrogenative coupling reactions®” or

halide-mediated oxidation reactions® are based on the use
of alcohols as a (co-)solvent in neutral media. The proton

Cel|Pt

o const. potential
@Q« + undivided
“Ph 10 mol% lITfOH

0.1 M LiCIO4
MeCN

Reviews

0.5 vol% TFE 88%
Ol 0.5 vol% Hy0 75%
wtihout protic additive 38%

Scheme 4. Catalytic asymmetric coupling of tertiary amines and
ketones. TFE: 1,1,1-trifluoroethanol.

AcOH

| undivided L—I—L
NEt3*nHF
H,SO4

2 HL
R -H R
HFIP/TFE

(RF/Ac)O—!—O(Ac/RF) F*!*F
Ar Ar

strong oxidizers  flourinating agent

arylation agent

Scheme 5. Examples of iodine(lIl) reagents obtained by the electrolysis
of iodoarenes. HFIP: 1,1,1,3,3,3-hexafluoro-2-propanol.
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can be abstracted very easily, generating the corresponding
alkoxide at the cathode. The alkoxide plays a crucial role as
base and ensures that the necessary deprotonation occurs in
solution and not at the cathode surface. This prevents
reactive intermediates from migrating to the cathode.
Another advantage of this approach is that the amount of
alkoxide corresponds to the amount of oxidized species,
which allows selective control over the base added. This
effect is often seen to be significant when the electrolysis is
carried out in an undivided cell.??

One example is the dehydrogenative cyanimination of
sulfides (Scheme 6). The electrogenerated base plays a
central role in the outcome of the reaction. When MeOH is
used with the addition of one equivalent of H,SO,,
sulfoxides are formed predominantly, as no crucial deproto-
nation of the cyanamide is possible. In anhydrous
acetonitrile, proton abstraction is possible, but as quite a
negative potential is required for this, the formation of
sulfilimine is not selective. The combination of MeCN with
low amounts of MeOH to generate a base leads to desirable
yields.!

Another promising tool for a controlled proton concen-
tration in the dehydrogenative coupling is the combination
of HFIP and an amine base. This combination has been
shown to be successful, since HFIP acts as a proton source,
but its acidity is tamed by the amine base to readily generate
a conductive solution.’"! Nevertheless, besides having basic
properties, the alkoxide can also act as a nucleophile. An
example of this is the electrochemical Hofmann rearrange-
ment described by Xu, Zhang, and co-workers (Scheme 7).
The formation of the carbamate from the amide in alcohol is
only viable in the presence of the alkoxide formed at the
cathode, as a strong base is required for the bromination of
the amide as well as for the nitrene formation step.

If a divided cell is used, the product formation is
completely suppressed by the absence of the EGB. This was
proven by the addition of NaOMe into the anolyte leading
to product formation in a divided cell.®™

Cal|Pt
const. current N 9
undivided

H,NCN (1.5 eq)
25 mm NMe4OAc

©/S\

solvent
at cathode
HZN/CN MeOH MeOH (1eqHySO4) 0%  70%
MeCN (anhydrous)  38% 8%
_HN,CN MeO" MeCN (5 v% MeOH) 99% 0%
at anode
_CN
s z 1NN N
Ph o PN T eSS

Scheme 6. Synthesis of N-cyanosulfilimines by dehydrogenative cou-
pling.
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const. current
i cell H undivided - 88%
Ph” > | divided - 0%
NaBr (0. . .
Ph™ "NH, Miéh(l?hllse%qH) \g divided NaOMe (1 equiv.) 62%
anode T
2Br _
-2€
o \ o o C’”O
L BraMeo] )LN,B meol M.~ N
Ph™ "NH, g H -Aer . Ph" N Ph
lMeOH
cathode
N_o
2 MeOH 2 MeO" PR
H, 5

Scheme 7. Electrochemical Hofmann rearrangement.

2.2.2. Aprotic Electrolytes

If aprotic solvents are used without protic additives, the
HER is strongly suppressed and reduction can usually only
occur in a more negative potential range. However, if
cathodes with low over-potentials are used for hydrogen
evolution, the HER can still occur. Proton abstraction can
then occur either directly from less acidic substrates, such as
benzotriazoles,’™ or proton transport can also occur via
hydrogen atom transfer mediators. These carry the ab-
stracted proton to the cathode upon oxidation of a
substrate.”” If no functional group is present that can be
easily reduced or deprotonated, even weakly acidic solvents
such as nitromethane,’® DMSO,™! acetonitrile,* or imida-
zolium-based ionic liquids™! can be deprotonated to gen-
erate very strong EGBs (Scheme 8). The stability of those
anionic bases is determined by the choice of a suitable
counter ion.

A specific role played by those bases generated at the
cathode is the deprotonation of acetonitrile. Although this
cathodic process has a high energetic potential barrier, the
cyanomethyl anion (pK,=31.3) has unique chemical fea-
tures as a base.[*!

The formation of cyanomethyl anions can be achieved
by ex-cell electrolysis®! or directly insitu as a cathodic
reaction.”**! When no compound for deprotonation or any
electrophile is available, it will condensate with itself.[*!
Despite the possible use of this strong base or nucleophile as
a co-reagent in electrochemical synthesis, only a few
examples have been reported in which this direct synthesis
serves as a counter reaction to an anodic process. It is used
in the dehydogenative coupling of indoles and ethers by Du
and Huang." The Onomura group used MeCN as a solvent
in the electrochemical diastereoselective synthesis of f-

o c
-+, ~-NO> _CN I N’ o
H,C H,C H,C S K/N
pKa 17.2 31.3 35 211
from [dmim]

Scheme 8. Strong electrogenerated bases from weak acidic solvents.
The pKa data refer to the protonated form in DMSO at 25°C*4 and for
[dmim].**! [dmim]: N,N-dimethylimidazolium.
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lactams by iodide-mediated oxidation (Scheme9). The
formation of cyanomethyl anions at the cathode was
described as a counter reaction. This was crucial for the
deprotonation of the reaction intermediate. They compared
the electrochemical method with a conventional approach,
where iodine was used as the oxidizer with sodium ethoxide
as a base. It was shown that the electrochemical route with
the stronger base gave significantly better yields of lactam.
If the electrochemical method was performed in EtOH
instead, the cathodic formation of ethoxide also provided
poor yields, similar to the conventional method."*”!

If electrodes with moderate or high over-potential for
hydrogen evolution are used as cathodes, quaternary
ammonium ions, which are often used as supporting electro-
lytes, might be reduced at the cathode.”*! This leads to
tertiary amines and C-centered radicals, which either
recombine (benzylic substrates)®! or undergo a second
reduction into carbanions (Scheme 10). Aliphatic carbanions
can then deprotonate weakly acidic solvents such as
acetonitrile,® or in less acidic solvents, such as DMF, the
amine undergoes a Hofmann elimination.*! Tt is noteworthy
that the reduction products of ammonium salts are problem-
atic as they contribute to the corrosion of metallic
cathodes.P!

If halogenated organic solvents or halogenated additives
are used without protic additives, the cathodic dehalogena-
tion becomes the dominant reaction at the counter elec-
trode. The cathodic cleavage follows a similar mechanism as
the degradation of ammonium salts. The carbanions formed
in this way then react as the EGB.P?

Pt||Pt
const. current, 4 F
OH undivided
Nal (0.5 eq.) QH CcoR
CO,R' in MeCN CO,R' | electro-
O ™N"co 2R or chemical 56%
ﬁ 2 I, (1 eq.) o N\R conventional 30%
NaOEt (3 eq.)
InEtOH _____________________________________________
OR OR O OR
d
CO R' anode CO R cathode COZR'

Scheme 9. The electrochemical synthesis of -lactams, promoted by the
deprotonation of MeCN at the cathode.

supporting electrolytes dimerization
R~N+’\ R\/\R
R” €
- R3N .
HZC\R
.
A~ / \ "HaCl
X" "R X R

X=CI,Br,(l

elimination,
protonation,
nucleophile

halogenated solvents/
additives

Scheme 10. Pathways for the electrochemical degradation of quaternary
ammonium salts or halogenated solvents.
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An example where the dehalogenation of halogenated
solvents is reported as the counter reaction is the synthesis
of a,a-dihaloketones from alkynes (Scheme 11). The oxida-
tion process at the anode is initiated by chloride oxidation
and addition to an alkyne. The chloride was generated by
the reduction of chloroform at the cathode, which also
captured released protons from water during oxygenation.
As both reactions lead in combination to the desired
product, this synthesis can be regarded as paired
electrolysis.™!

2.3. Sacrificial Additives

If the generation of a base is undesirable and/or the reaction
still requires a quite negative cathodic potential, sacrificial
additives have been added into the electrolyte or at least
into the catholyte. A sacrificial additive, sometimes called an
indirect oxidizer, is an additive to enforce counter reactions.
It is added in at least equimolar amounts with respect to
electron uptake. This additive should be easily reduced at
the cathode, but not oxidized at the anode. It is important to
prove that the additive does not interfere with the
intermediates/products or act as a direct oxidizer of the
starting material. It is beneficial to choose inexpensive,
stable, and nontoxic compounds as additives, as otherwise
the benefits of electro-organic synthesis get lost. The most
prominent example of those is the addition of strong mineral
or organic acids, as described previously. Another additive
is, for example, sulfur dioxide: In the multicomponent
reactions for the synthesis of sulfonates, sulfamides, and
sulfonamides, the smooth reduction of SO, at the cathode is
observed as a counter reaction. SO, has a lower reduction
potential than the HER in HFIP. To prevent the loss of
reactant, the reaction must be carried out in divided cells.’

2.4. CO, Reduction

The reduction of carbon dioxide is an important field of
electrochemistry. The reduction of CO, takes place in a CO,
atmosphere,™! in scCO, (supercritical),* dissolved,”” or by
using gas diffusion electrodes (GDEs).’® The electrochem-
ical reduction of CO, leads to various synthetically valuable

Pt||Pt alternative
conS;.‘ C_lérl'gnt halide sources
Ar—=—R + CHCl, _unavieed . ar CH,CI
24 mM NBugNI cl’ cl 2H 2'H
30 mu LiCIO, 25.86% C':B 2C éC'
MeCN/H,0 CHBrs, CBry
cathode ) H
+2 e, +H*
CHCl, CH,Cl, + CI
anode
e Ar——=—R Oi R __Cl i =
Cl > -Cl
P e S
Cl Cl CI

Scheme 11. Oxydihalogenation of alkynes using halogenated solvents
as the halide source.
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C, and C, building blocks such as formic acid,” carbon
monoxide,® methanol,*" and ethylene.®? As a consequence
of the wide application of these components as synthetic
gases or biofuels, the reduction of CO, has gained huge
interest in recent years.® Various processes have been
developed to obtain specific and selective products. In large-
scale processes, the oxygen evolution reaction (OER) is a
frequently listed process at the anode./*! However, as result
of the high over-potential in the OER, organic oxidation
reactions can be used as an energetically favorable counter
reaction.”*®! In this regard, various organic reactions
involving CO, reduction as a counter reaction have been
investigated and developed in recent years.

Kenis and co-workers have performed techno-economic
studies on CO, reduction as a counter reaction for the
oxidation of glycerol. They found that CO, reduction has a
lower energy consumption when coupled with glycerol
oxidation than with oxygen evolution. The required cell
voltage drops from —2.1 V to —1.2V, when formate is the
desired reduction product.”” In addition to the energy
studies, there is also growing interest in CO, reduction as a
counter reaction in preparative synthesis. Moeller and co-
workers described the reduction of CO, to carbon monoxide
in a divided cell as a counter reaction in the synthesis of
benzimidazoles (Scheme 12). The CO, reduction was per-
formed at a rhenium electrocatalyst with excellent faradaic
efficiency.! Berlinguette and co-workers described the
reduction of CO, to carbon monoxide as a counter reaction
to the TEMPO-mediated oxidation of alcohols to aldehydes
and ketones in an aqueous electrolyte.[*

3. Anodic Counter Reactions

In the development of cathodic processes, the correct choice
of a suitable oxidative counter reaction is more challenging,
since compatibility with the desired products is often
lacking.

3.1. Sacrificial Anodes

The most prominent example of a counter reaction, which is
mostly used during initial screening, is sacrificial anodes.
Non-noble and readily available metals such as Mg, Zn, Fe,

gCligC
const. potential
divided cell

O -1, s
CAN (12.5 mol%
NH, kAr ( )

0.8 M NEt,BF,

H
N
)—Ar + H0
N 2H*

MeCN/THF/MeOH 65%
cathode cl
N, .CO 100% FE for
-0 +2e,2H" 0 Re :
_C” : 2 M CO production
o vaRe] & * MO <N ¢ot© P
(12.5 mol%) [Re]

Scheme 12. Oxidative formation of benzimidazole paired with the
reduction of CO,. Ar: 4-hydroxy-3,5-dimethoxybenzene. gC: glassy
carbon. CAN: ceric ammonium nitrate.
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Table 2: Standard oxidation potential for common sacrificial anodes.
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Entry Metal oxidation Potential® E° [V] Ref.
M) 1 Mg — Mg?* + 2e” —2.37 [70]
2 Al — AP" +3e” -1.66 [70]
3 Zn — Zn*" +2e” —-0.76 [70]
4 Fe — Fe*t + 3¢~ —0.48 [70]
5 Ni — Ni*" 4 2e~ —0.26 [70]
6 Cu— Cu'+e” 0.52 [70]

M

[a] Potential vs. SHE at 25°C and 1 atm.

or Al are used as the anode.'” During operation, the anode
material dissolves into the corresponding stable cations,
which might aggregate and, therefore, stabilize the anodi-
cally formed anions. This oxidation usually takes place at a
quite low potential, which efficiently suppresses other side
reactions (Table 2).

However, the anode material is consumed in this
reaction process, which creates additional reagent waste. In
addition, the loss of electrode material alters the inter-
electrode gap, which also influences the electrolysis
outcome.” Despite this, sacrificial anodes find actual use in
the cathodic coupling of prefunctionalized arenes, electro-
reductive carboxylations,””*™! and in cross-coupling reac-
tions of activated carbon radicals.” The cationic polymer-
ization of e-caprolactam, initiated by a sacrificial anode, has
also been reported.”” It is noteworthy, from the point of
view of energy efficiency, that sacrificial anodes are not
green at all, since their production consumes large amounts
of energy."

3.1.1. The Relevance of the Anode Material

When selecting the appropriate anode material, in addition
to the oxidation potential, it is important to note that the
released cation goes into solution and can participate in the
chemical reaction. Baran and co-workers described a
scalable electrochemical Birch reduction under mild con-
ditions (Scheme 13). Although the process occurs exclu-
sively at the cathode, they were able to show in their

electrodes
H const.l gurrent Mg||steelyire (1) 72%
OH undivided All|zn (-78°C)  74%
0.25 M LiBr Cul|Zn (-78°C) 0%
THF Cl||Zn (-78 °C) 0%
H DMU, TPPA
anode
Mg -2¢€ Mg?*
cathode

Scheme 13. Electrochemical Birch reduction at room temperature.
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reaction that the choice of anode material has a significant
effect on the yield and reaction conditions. By using Mg
anodes, the reaction can occur at room temperature. By
using an aluminum anode under the same conditions, the
electrolysis temperature had to be decreased to —78°C to
ensure selective product formation. However, the use of a
copper anode or a graphite anode in combination with
indirect reductants such as pyrrole, hydrazine, or formate
did not give satisfactory yields.[™

The electrochemical incorporation of carbon dioxide is a
promising tool for the reductive synthesis of carboxylic
acids. Mg and Al are often reported as sacrificial
anodes.™”! However, the unreactive Al and Mg carbox-
ylates are formed in situ, which prevents the Kolbe reaction
of the formed product as a possible side reaction at the
anode.®™ The significant impact of the dissolved cation was
demonstrated in the electrochemical Horner—-Wadsworth—
Emmons reaction for the synthesis of (E)-unsaturated esters
by Frontana-Uribe and co-workers (Scheme 14). The catho-
dic deprotonation of phosphonate promoted the reaction,
and no additional base was required. The oxidation of the
Mg sacrificial anode was described as being the anodic
counter reaction. Cyclic voltammographic measurements
showed that the reduction of phosphonate was 0.5V less
negative when Mg”*" ions were present in solution, as they
coordinate with the phosphor ylide.®"

Mgl [Pt
0 2R e 0
! ~P
R) o5 OEt 30 mm NE,BF, R/\)J\oa
DMF 84%
anode 2 >>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>> R =
-z€
Mg Mg2* Cla A
cathode
Mg2+

EReg Of phosphonatel?!
w/o M92+ Epc=-25V
w/ MgZ+ Epc =-20V

EtO P\/ko Et

Scheme 14. Electrochemical Horner—Wadsworth—-Emmons reaction.
[a] Potential vs. Ag/AgCl.
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3.1.2. Utilizing the Released lons

The ions released by the sacrificial anode can, however, be
used not only to stabilize intermediates, but also to actively
participate in the reaction. An alternative to the pure
sacrifice of the anodes is the synthesis of metal reagents
from the anode material. Both the synthesis of inorganic
metal reagents, such as FeO,/ ™ and the synthesis of
organometallic compounds as Cu'-carbenes,®™ or metal-
lasalens have been reported.®

Dunach and co-workers described a Sm" system for
catalytic coupling reactions that used a magnesium sacrificial
anode.® Even though several coupling reactions were
reported, the presence of a corresponding second metal may
favor ligand redistribution and it was not highlighted
whether the Sm" species is formed cathodically or is reduced
by Mgl Thus, Mellah and co-workers focused on enhanc-
ing the efficiency of the Sm" electrocatalyst by using inert
electrodes (Scheme 15). A RVC anode with a Sm cathode
showed similar results and had halide oxidation as a counter
reaction.’”! They combined this approach with the use of an
Sm sacrificial anode to generate Sm" species in situ by pre-
electrolysis.[*!

Navarro and co-workers reported an efficient process for
the electrocatalytic hydrogenation of alkenes using an iron
cathode and a nickel sacrificial anode. The Ni*" ions of the
anode are reduced at the cathode, where they form the
catalytically active nickel surface (Scheme 16). This enables
steady renewal of the active surface. Various alkenes could

RVC||Sm
const. potential
(o) undivided

pre-electrolysis
at Sm-anode
then pole switch

2 PhJ 10 mol% Sml, 2e
1 eq. TMSCI Sm 2%, gm?+
40 mM NBuyBF,4
THF
cathode
, 9 X,Sm-0  Ph T™Mscl TMSO  Ph
Ph™ 2smX, PH  O-SmX, 2SmXs PH  OTMS
‘&2 e
C D
anode

-2e
2X — X,

Scheme 15. Electrochemical Sm"-enabled coupling of aldehydes by
in situ preparation of the catalyst from an Sm sacrificial anode.

Ni(+) Fe(-)
alkaline acidic (neutral)
passivation sacrificial \)
+2H*

Ni2*

Scheme 16. Application of Ni anodes in either alkaline or acidic
conditions. Ni** can be applied for electroplating and the following
electrocatalytic hydrogenation.
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be hydrogenated in slightly acidic aqueous media with high
faradaic efficiencies. When neutral conditions were used
(NaCl instead of NH,CI), precipitation of Ni(OH), was
observed, as the pH value increased over the course of the
electrolysis.’”) However, if the pH value is basic before or
during the course of the electrolysis, the Ni surface is
passivated as Ni(OH),.

This passivation layer can prevent Ni anodes from
corrosion, as the hydroxide is oxidized to NiO(OH).”*!
With this active surface, the anode can act as an oxygen-
transfer electrode during the oxidation of alcohols,”™"! the
valorization of renewable feedstock chemicals,” or effective
oxygen evolution in aqueous alkaline media.”

3.2. Oxygen Evolution Reaction (OER)

An alternative anodic counter reaction to sacrificial anodes
is the oxidation of (co-)solvent or any additive. For this,
water is often used as a harmless and readily available
electron source. The oxidation of water leads to the
formation of oxygen. The over-potential depends on the
anode material and pH value.””

Compared to hydrogen evolution, oxygen evolution
usually requires a higher over-potential.’”! Anode materials
having a high over-potential, such as boron-doped diamond
(BDD) or Pt, are prone to the formation of hydroxyl radials
and hydrogen peroxide.” So, BDD anodes in the presence
of water are used for the mineralization of organic
pollutants, but are not a good choice if the OER is a desired
counter reaction.””! To enforce the OER in water splitting
processes or as a counter reaction in electro-organic syn-
thesis, anodes with a moderate over-potential such as metal
oxides or graphite are used.” Electrocatalytic electrodes
with a low over-potential have been developed. Anodes
consisting of a mixed metal oxide (MMO) such as
Ru,Ti, O, or Ir,Ti,_,O, supported on Ti or Ta fulfill this
criterium. "

A process for the electrocatalytic hydrogenation of
cyanamide in aqueous acetic acid has been described
(Scheme 17). Replacing the graphite anode by a MMO
anode in a flow cell led to the yield of formamidine acetate
being increased, while the cell voltage decreased at same

anode||Nigoam

const. current
o divided
H,O

graphite  43% (3.2 V)
IrO;, (Ta) 61% (2.4 V)

postulated anode reaction
- 2¢”

7(0,)E graphite 0.53 V

H,0 —— 2H* + 050, 7(0,) Iro, 0.50 V
at cathode T‘H2+
2H H2N/CN + HZN)
+2§(|;|ads|;iads Wadst'ads/r ) o
Ni

Scheme 17. Supporting-electrolyte-free electrocatalytic hydrogenation of
cyanamide at Ni-foam cathodes with the OER as the counter reaction.
[a] 0.5 M H,SO, at j=10 mAcm 2 obtained from Ref. [101].
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time. This offered a significant increase in energy gC||CuSn7Pb15

efficiency.'™ The over-potential for the OER at graphite is
only slightly higher than that of IrO, at 10 mAcm 21l
However, the potential for the C-oxidation of a graphite
surface into CO or CO, is very low. Therefore, decom-
position of the anode surface and modification at graphite
proceeds during electrolysis, while the efficiency of the
OER decreases during the course of electrolysis.!'™

In addition to oxygen evolution, dimensionally stable
anodes (DSAs) also play an important role in the evolution
of chlorine gas from chloride, as in chlorine-alkali
electrolysis.'””! However, this plays only a minor role as a
counter reaction in electro-organic synthesis. The oxidation
of water is also described in the Baizer process for the
electrochemical hydrodimerization of acrylonitrile at a
platinum anode in a divided cell.l'

As water is often not suitable as a solvent for organic
reactions, because of the poor solubility of most organic
substrates in water, the addition of only equimolar amounts
of water or its use as a co-solvent in the electrolyte is often
used to ensure oxygen formation in a predominantly organic
solvent. In such a case, water can also act as a proton source
as many reductions occur with the uptake of stoichiometric
amounts of protons. An often-described method is the
combination of MeCN or alcohols with water at a glassy
carbon anode."™ With this method, even nitrones and
amines can be synthesized in an undivided cell without re-
oxidation, as the OER is favored. This counter reaction was
also described in the reduction of prochiral ketones by
Yadav and Singh, who used DMF/water 9:1 as the
anolyte.[1%!

3.3. The Oxidation of Alcohols

In addition to the oxidation of water, the oxidation of short
alcohols also plays an important role as a counter reaction.
Of particular interest here is the oxidation of methanol. In
the case of complete oxidation, MeOH is converted via
formaldehyde, formic acid, or formate ultimately into
carbon dioxide. The oxidation potential of alcohols depends
on the anode material as well as the pH value of the
solution.!'"”

Our group described the electrochemical synthesis of
benzo[d|triazoles (Scheme 18). The initial reduction was
carried out in an acetonitrile/water mixture, thereby enforc-
ing oxygen evolution. However, the yield was indeed
significantly increased when switching the solvent to meth-
anol. It was assumed that the benefit arose from the
enhanced solubility of starting materials as well as the
preferred counter reaction. The oxidation of MeOH was
confirmed by the detection of sodium formate in the crude
NMR spectrum. The use of NaOH as a supporting electro-
lyte had a beneficial influence on the formation of formate,
as it stabilizes the formate as well as decreasing the
oxidation potential of MeOH.!'"

A process for the reductive coupling of styrene deriva-
tives and aliphatic carbonyl compounds in an undivided cell
was developed at BASF (Scheme 19). The oxidation of
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const. current
undivided

25 mm NaOH
solvent

/N\
©:\ INOF
N

MeCN/H,O 62%
MeOH 87%

postulated anode reaction

confirmed

-2 Nat (0]
OH + NaOH ——
- 'OJ\H by "H NMR

cathode
Ar Ar
N=N N=N UA _A
+ 26" NN NN
— — N r2e =1
NO, NO o O
Scheme 18. Cathodic synthesis of benzotriazoles, with the oxidation of
MeOH as the counter reaction.

Crenl|GDL yield (selectivity)
const. current
undivided 0.5% OH-TEMPO
o - e 58% (67%)
X+ 2 wt% MTBS AX
Ph )]\ M;OH Ph OH no TEMPO
additive 38% (45%)
anode T
x‘< }R -2e, -H* - MeOH (0] -2¢, - 2H*
NS ’&N A — MeOH
OH \—% -H H H
indirect E%empo << E’\eon direct

Scheme 19. Reductive addition of styrenes and aliphatic carbonyl
compounds. GDL: gas diffusion layer. MTBS: methyltributylammonium
methyl sulfate.

methanol as a solvent is described as the counter reaction.
The selectivity and the yield of the reductive coupling
depend strongly on the efficiency of the counter reaction.
Thus, adding catalytic amounts of 4-hydoxy-TEMPO led to
the necessary potential of the counter reaction being
lowered and the product yield increasing. The lowering of
the anode potential also has the benefit that the anodic
oxidation of aromatic vinyl compound is suppressed.!'”

3.4. Anodic Additives

If the addition of water, alcohols, or the use of a sacrificial
anode is undesirable or leads to unwanted by-products in
the reaction setup, additives are inevitably incorporated to
support the oxidation process. The most prominent exam-
ples are formates or oxalates. These are both subject to
oxidation to CO, at a less positive potential. In this process,
different equivalents of protons are released. In both cases,
the carboxylates serve as indirect reducing agents. In such
cases, it is always necessary to check whether the actual
reduction occurs via the cathode or the additive itself. Wang
et al. reported the electrochemical formation of pinacols
from ketones (Scheme 20). Formic acid was added as the
sacrificial additive for the anode. When it was omitted, the
yield of pinacol drastically decreased. Sodium azide, used as
a supporting electrolyte, was shown to have a positive effect
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MeCN PhPh
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H” “OH indirect "SoH 70%
e-transfer
cathode HO OH
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over-reduction

Scheme 20. Electrochemical reduction of ketones to pinacols and
alcohols.

on the oxidation of formic acid, as the electron transfer was
enforced. When acetic acid was used instead of formic acid,
diphenylmethanol was found as the main product from the
hydrogenation of benzophenone.!''”

Another non-green but practical laboratory solution is
the oxidation of sterically hindered amines. Xiang and co-
workers reported the reduction of cyclic imides to hydrox-
ylactams (Scheme 21). If the sterically hindered amine is not
used, a significant loss in yield is observed. The oxidation of
the amine results in the formation of an aminyl radical. This
species is very acidic and will form neutral radicals after
proton exchange with the solvent. After further oxidation
and H-abstraction, those radicals undergo imine formation
with the intermediate formed at the cathode.!""")

However, especially sterically demanding sec-amines or
tertiary  with  a-protons such as  piperidine,"?
diisopropylethylamine,['**! trimethylamine,™! or
triethanolamine!"” are often used. Less-hindered amines
also undergo a slight anodic oxidation, but the resulting
radical can covalently bind to several anodes and chemically
modify them.'® Amines without a-H atoms undergo either
decomposition''” or form stable radical cations (triaryl-
amine mediators).['®!

CallRVC
const. current
und|V|ded

0 1 M NBuyBF,
EtOH
sacrifical
additive

6 eq. iProNH 94%
no /PerH 9%

©iN Ph

postulated anode reaction

Ay gl L AL L

at cathode

0 0
.
@{(N-Ph M.l @i((NPh
0 OH

Scheme 21. Electrochemical reduction of phthalimides using a sterically
demanding amine as the electron source.
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Baran and co-workers described a similar deoxygenation
procedure for phthalimides by using rapidly alternating
polarity (rAP, Scheme 22). By applying rAP, better yields
and unusually high selectivity were obtained. To achieve a
desired counter reaction, pivaloic acid was used as an
additive. This undergoes non-Kolbe electrolysis and is
converted into MTBE (methyl fert-butyl ether) after reac-
tion with MeOH. In various mechanistic studies, it could be
shown that the Shono oxidation, which occurs as a by-
product at the counter electrode, could be suppressed and,
thus, the desired anodic counter reaction could be driven
more selectively.!”

3.5. The Oxidation of Halides

If halides are released during a reaction or if halides are
used as supporting electrolytes, oxidation to form an
oxidized halogen species (X*, X*, or X,) can occur. The
oxidation usually takes place at a low potential, which allows
an easy reduction on the other hand. However, the released
active halogen species is a strong oxidant, which can either
have a positive effect on the desired reaction performance if
oxidation/halogenation is desired or must be removed from
the reaction solution as an undesired by-product. The group
of Manthiram developed a procedure for the reductive
electrocarboxylation of alkyl halides (Scheme 23). In con-
trast to other synthetic approaches, which are often limited

Boc RVC||RVC Boc
N const. current o N
undivided
MeO
Q 0.08 M NMe,BF, @EléN‘CNBOC *
MeOH

Pht additive H X Pht

O Pht

current additive X=OH X=H Shono-Ox.

DC PivOH 0 0 yes N_§
DC Zn anode 67 0 no

rAP PivOH 1 79 no 0

desired counter reaction unwanted side reaction

-2e7, -H* -
X -CO, )\ R _-2¢,-H' ‘R
~ X
COOH % Slow 'Y

Scheme 22. Electrochemical deoxygenation of phtalimides by rAP. Boc:
tert-butoxycarbonyl. Piv: Pivalyol.

anode||Ag
const. current

undivided
MgBr; (1 eq.)
0.1 M NBu4Br o

non-sacrifical method sacrifical method Pt (w/ MgBr,) 63%

-2 -2e M /o MgB 9
2Br Br, Mg Mg2* g (w/o MgBrp) 61%
Pt Mg
cathode
+2¢” R CcO o
_CH 2 g
R™Br — -. - R Oy ——— R/\f M2+
-Br o---Mg

Scheme 23. Carboxylation of halides with CO, as well as bromide
oxidation.
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by the use of a sacrificial anode, they were able to avoid
this. The addition of MgBr, achieved a stabilization of the
carboxylate, coordinating the Mg** ion which is otherwise
released during sacrificial anode methods. The reaction can
be performed in an undivided flow cell. The oxidation of
bromide to bromine is described as the counter reaction.
When chlorides were present at electrolysis, it was necessary
to add an increased amount of bromide in the form of
NBu,Br to prevent Cl, formation, as otherwise undesired
by-products would be formed by chlorination.*”

The electroreductive carboxylation of imines at an Al
anode has been described by Li et al. (Scheme 24). How-
ever, the anode only undergoes partial sacrifice. Bromide
from the supporting electrolyte is also oxidized at the anode
into bromine. This acts, after the reductive carboxylation, as
a brominating agent to form an N-bromoamino acid.[!

4. Paired Electrolysis
4.1. Organic Synthesis as a Counter Reaction

In recent years, the term “paired electrolysis” has become
widely established in the design of sustainable and efficient
processes.'™ Paired electrolysis is when both the cathode
and the anode reactions merge to generate synthetically
valuable product(s). Such electrolysis is energetically useful

Al[[Ni 3
const. current OIO
o SyPh ¢+ CO, __ undivided o P
NBu,Br (1.25 equiv.) )

DMF Br
________________________________________________________________ 68% .
anodic reactions, competing

-2e -3¢
2Br ——— Br, Al ARt
cathode
o O
_ raeco 704%, R *Br EGB 'o—/& R
- s ) -t - N
R/_ N, - Br EGBH K B
R H

Scheme 24. Electrochemical synthesis of N-bromoamino acids.

parallel B consecutive
[K Ared E ox
Aox H Bred
convergent divergent
ﬁ red ox C
Cox Cred

Scheme 25. Common types of paired electrolyses. Parallel (A), consec-
utive (B), convergent (C), and divergent (D).
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and a sustainable approach in electrochemistry, since even
the otherwise harmless side streams of oxidation or reduc-
tions can be further avoided. However, paired electrolysis is
often not easy to perform, since both the anode and cathode
reactions must be coordinated precisely, and the resulting
products must be able to be separated from each other.
There are four types of paired electrolysis: parallel, consec-
utive, convergent, and divergent (Scheme 25).

When choosing the reaction, it must be considered that
both reactions take place in the same base electrolyte. The
required voltage must be matched in both cases and care
must be taken above all to ensure that the typical counter
reactions mentioned above do not occur as competing
reactions.

The simplest example is parallel paired electrolysis.
Here, two independent organic reactions are run in the
same electrolyte. The synthesis can be divided, which has
the advantage that the half cells can be processed independ-
ently and side reactions can be suppressed, but ion exchange
has to be allowed. However, the use of a separator leads to
an ohmic drop. Of particular interest is, therefore, parallel
paired electrolysis in an undivided cell. Such a process is
used at BASF, among others. The anodic methoxylation of
tert-butyltoluene into a protected aldehyde is coupled with
the reduction of phthalic acid into phthalide (Scheme 26).
Both electrochemical reactions can be carried out in MeOH
and the protons are balanced.'*!!

A recently formulated example of how counter reactions
can be paired was given by Waldvogel, Morandi, and co-
workers. In electron-shuttle electrolysis, the cathodic deha-
logenation of vicinal dihalides is combined with the
dihalogenation of alkenes (Scheme 27). In this method, the
reversible transport of vicinal dihalides is used for selective
synthesis. Both the generation of dihalides as products

0 CorlICor MeO.__OMe
const. current o)
OH undivided

+ - - +
OH 1 wt% NBu,BF, ©;<(O +2H,0
tBu 0 MeOH
DMF (20%) Bu HH

up to 90%

-4e, - 4H* + 46, + 4H

Scheme 26. Anodic methoxylation of tert-butyltoluene paired with the
reductive synthesis of phthalide.

CGr”CGr
const. current
L X
X undivided
R + N - - +  z
X 0.2 M NE4,BF, R)\/X
_______________________________________ MeCN_ .
cathode
+ 2e’
X\/\X — 'HZC/\X — =
-X -X
anode o~ .
+ 26 R X ex
N R/Q il X

R

Scheme 27. Consecutive paired synthesis for the electron-shuttle trans-
fer of halo substituents.
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without the use of hazardous oxidants (replacing chlorine by
CICH,CH,CI) and the preparative degradation of persistent
pollutants were shown.['?

Consecutive electrolysis is, as a principle, also known for
the synthesis of nitriles from the oxidation of aldoximes into
nitrile oxides and their reduction,'*! the preparation of
nitrosobenzenes by the oxidation of hydroxylamines from
the reduction of nitrobenzene during the preparation of
heterocycles,!'” and the arylation of heteroarenes with
aryldiazonium salts."*!

In a convergent synthesis, the anodic and cathodic
reactions form reactive intermediates. Those migrate into
solution and undergo a merging reaction. Lei and co-
workers describe a method for the S,N coupling of thiols
and (sulfon)amides to sulfenamides (Scheme 28). In an
upstream reaction, the thiol is oxidized to the disulfide. In
this process, the HER occurs as a counter reaction. In the
second phase of the electrolysis, the disulfide is reduced to
the S-centered radical. This occurs with N oxidation of the
(sulfone)amidyl radical in the anodic phase. The success of
the reaction is coupled to the non-necessity for mass
transfer. To suppress secondary or side reactions resulting
from slow mass transfer, both the anode and cathode
reactions can be performed by applying an alternating
current (AC) to the same electrode. The basis for this is that
both the anode and cathode materials are the same. If the
reaction is carried out under direct current (DC) electrolysis
conditions, the S,N product is not detected.!'*

Another method for a convergent synthesis has been
described by the Hilt group. They reported a method for the
dibromination of alkenes by anodic oxidation of bromide
paired with oxygen reduction as a counter reaction. The
hydrogen peroxide formed from the reduction also acted as
an oxidizer for the oxidation of bromide into bromine. This
method allows the formation of bromine at both the cathode
and anode.?")

4.2. Electromediated Ni Catalysis

The combination of transition-metal catalysis and electro-
organic synthesis has gained importance in recent years.!'*!
Through this combined approach, electrochemical reactions
can be driven mildly and stereoselectively. In the case of

Pt||Pt
const. potential _Ar
a-SH 4 H undivided $ DC 0%
N . N.

AT T0S 18 M NBuBF, Ar” “Tos (AC (0H2) 93%
_______________________________ A =L
postulated mechanism physical close

. formation of radicals
_S.-R + .S + N
RS r-Nge R r-N-ge
( +e” i S )
cathodic anodic
phase phase

Scheme 28. Convergent synthesis of sulfenamides using alternating
current.
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oxidative or reductive coupling reactions, either the catalyst
is (re)activated or the organic substrate is (re)activated at
the corresponding electrode. In this case, easy-to-perform
counter reactions such as the HER, sacrificial anodes, or
halide oxidation are usually carried out.'”! Special attention
is paid to paired transition-metal-catalyzed coupling reac-
tions. Baran and co-workers described a method for the
amination of aryl halides (Scheme 29). Herein, the electro-
reductive activation of the Ni" catalyst to Ni' is the initial
step. The active nickel species inserts into the aryl halide
and the arene complex is reduced at the cathode. After
ligand exchange with the amine, the complex is oxidized at
the anode. After oxidation, reductive elimination of the C,N
coupled product occurs. When the RVC anode was replaced
by a Zn sacrificial anode, the yield drastically decreased and
large amounts of biaryl were generated as the product.®” A
similar mechanism is found in the arylation of NH-
sulfoximines,™®" the thiolation of aryl halides,™ and the
oxygenation of sulfides.['*!

5. Conclusions

In the execution and development of new electrochemical
routes, the choice of the counter reaction is an important
means of enabling targeted reaction control. The proper
operation of the counter reaction not only serves to enable a
faradic conversion, but often also actively contributes to the
outcome of the reaction. Therefore, when carrying out an
electrosynthesis, it is important to think about possible
counter reactions and to investigate their influence on the
reaction. The development of paired electrolysis is of
particular interest for further investigations, since organic
reactions are run as counter reactions. Here, reagent wastes
and side-stream products are largely omitted. Nevertheless,
the classical side streams of oxidation are one of the special
features of electrosynthesis. Hydrogen and biomethanol
from the reduction of CO, are already being considered as
sustainable fuels of the future and can, thus, be used
efficiently as storage forms of excess energy from chemical
processes.

anode||Ni
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undivided
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H,N N
+ \O 10 mol% NiBr, /©/
CE 10 mol% Ligand F3C
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N=Ni(IDAr X
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Scheme 29. Ni-catalyzed amination of aryl halides. Ligand: 4,4'-di-tert-
butyl-2,2"-dipyridyl.
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