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Abstract: Electrosynthesis is frequently presented as an intrinsically sustainable, safe and efficient method. While 
this is indeed often the case, this assessment cannot be easily generalized, as a number of challenges need 
to be addressed on the way to more efficient and truly sustainable processes. These challenges comprise the 
necessity for employing large amounts of supporting electrolyte additives along with the concomitant separation 
and waste issues. A further problem is the kinetic inhibition of the heterogeneous electron exchange, which in 
many instances leads to a decreased selectivity and an increased energy consumption (‘overpotential’). Another 
challenge is the apparent restriction of electrosynthesis to redox reactions, which seems to exclude important 
redox-neutral processes such as rearrangements, cycloadditions and substitutions from the scope of applica-
tions. Herein, catalytic approaches and electrolyte concepts are presented, which can help to overcome the 
abovementioned issues. For illustration of the principles, examples from our recent research activities are used.
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1. Introduction
Compared to conventional methods for the oxidation and re-

duction of chemical compounds, electrosynthesis offers several 
economic, ecological and practical advantages.[1–3] On the one 
hand, the use of electricity instead of redox reagents reduces the 
waste generation of a process and can thereby help to improve 
the sustainability and cost-efficiency. On the other hand, the elec-
trode potential as the driving force of the reaction is continuously 
variable and can be precisely adjusted to the redox potential of 
a specific chemical compound in solution. Furthermore, electro-
synthesis is typically carried out under mild conditions (room 
temperature and atmospheric pressure) and can be considered as 
inherently safe (controlled in situ generation of highly reactive 
intermediates or reagents). 

All these advantages were recognized long ago and have been 
used for a variety of laboratory-scale applications, including the 
synthesis of complex organic scaffolds[4] or the electrochemical 
valorization of CO

2
.[5] However, in contrast to the technically 

mature chlor-alkali and metal deposition processes,[6] the elec-
trochemical conversion of carbon-based compounds such as CO

2
 

and organic molecules has not yet been established on a broad 
basis in industry.[7–11] Despite all the advantages of the method 
discussed above, the possibilities are therefore still far from being 
exhausted. Apart from economic and engineering issues, further 
challenges along with the possible solutions have been identified:

1)	 Kinetic inhibition of the heterogeneous electron transfer. This 
step is often associated with a high activation barrier, which 
leads to a low selectivity with respect to the desired product 
and increased energy consumption (‘overpotential’). In such 
cases, homogeneous electrocatalysts (‘redox mediators’) can 
help to improve the kinetics of the process (‘indirect electro-
synthesis’, see Section 2).[12] A part of our current work there-
fore focuses on the development of efficient catalytic systems 
with regard to both the utilization of CO

2
 and the conversion 

of organic compounds.
2)	 Restriction of the scope to redox reactions. Since the electroly-

sis of chemical compounds inevitably leads to oxidation or 
reduction processes, it appears that the scope of the method is 
limited to redox reactions. However, a few examples from the 
literature which have received little attention so far show that 
the method can in principle also be applied to redox-neutral 
reactions such as isomerizations, rearrangements, substitu-
tions and cycloadditions.[13] Here, the use of sub-stoichiomet-
ric charge quantities leads under certain circumstances to the 
catalysis of these reactions. The approach is also referred to 
as ‘electrochemical catalysis’ and constitutes a part of our re-
search program (see Section 3).

3)	 Necessity for supporting electrolytes. The need to use large 
quantities of salt additives represents a further challenge. Once 
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and requires stoichiometric amounts of the mediator, it can be use-
ful if it is able to induce a specific reaction mechanism and when 
the desired selectivity is not achieved otherwise. Both the ex-cell 
and the in-cell mediated approach are summarized under the term 
‘indirect electrosynthesis’.[12] Several examples which illustrate 
the concept are discussed in Sections 2.2 and 2.3.

2.2 Homogeneous Electrocatalysis
To illustrate the principle of homogeneous electrocatalysis, 

the example of electrochemical conversion of CO
2
 to CO will first 

be used. The activation of the relatively inert CO
2
 molecules by 

molecular electrocatalysts has received much attention during the 
last decade.[5] While considerable progress has been achieved with 
respect to the efficiency and the mechanistic understanding, many 
of the reported catalysts are dependent on difficult-to-synthesize 
ligand structures (e.g. macrocycles or pincer ligands) and/or on 
costly transition metals such as Re, Pd or Ru.[5] Consequently, 
the development of inexpensive, effective and robust systems 
still represents one of the major challenges in the field. A part of 
our research program is therefore devoted to the investigation of 
such catalytic systems.[16–18] Due to its abundance in earth’s crust, 
iron is a particularly interesting candidate for the metal center. 
However, only few iron-based systems have been reported to date 
for the electroreduction of CO

2
,[19–21] whereby iron porphyrins 

carrying trimethylanilinium groups currently constitute the state 
of the art with respect to the catalytic rate.[22] The tedious syn-
thesis of these catalysts, however, constitutes a significant draw-
back. In this context, we have recently reported on the use of 
iron(0)-cyclopentadienones (Fe-Cat, see Scheme 2) as efficient 
and robust catalysts for the electrochemical conversion of CO

2
 

to CO.[17,18] An interesting aspect with regard to synthetic access 
is that both the cyclopentadienone ligand and the entire catalyst 
unit are generated in a single step from Fe

2
(CO)

9
 and a diyne via 

a [2+2+1] cycloaddition.[23,24]

Cyclic voltammetry represents a particularly useful technique 
to study the feasibility of electrocatalytic processes and to inves-
tigate the reaction mechanisms. The typical procedure is illus-
trated by the case of the Fe-catalyzed CO

2
 electroreduction (see 

Fig. 1). First, Fe-Cat is examined in the absence of CO
2
 (under 

argon atmosphere, black solid line) to measure the potential of 
the catalyst activation, whereby an irreversible peak at approx. 
–1.4 V and a quasi-reversible redox couple at approx. –1.5 V are 
detected. Upon repetition of the measurement under CO

2
 atmo-

sphere, a dramatic increase of the current is observed, which is 
caused by the turnover of CO

2
 by Fe-Cat (‘catalytic current’, red 

dashed line). The electrogenerated catalytically active Fe species 
is thus continuously reoxidized by the chemical reaction, whereby 
the catalytic current increases with higher rates of the homoge-
neous reaction. The measurement under CO

2
 atmosphere without 

catalyst (blue dotted line) shows that in the investigated potential 
range no conversion is possible without the catalyst.

Controlled potential electrolysis experiments revealed that 
useful current densities (3–4.3 mA cm–2 at [Fe-Cat] = 0.5 mM, 
corresponds to a turnover frequency of 354 and 728 s–1, respec-
tively) can be achieved while good catalyst lifetimes (>24 h) were 
observed.[17,25] With a Faradaic efficiency (FE) of 96%, almost 
exclusive selectivity for CO generation is maintained throughout 
the entire course of the electrolysis. Since in general, the electro-
catalytic CO

2
 reduction requires addition of Lewis or Bronsted 

acids, one of the unusual features of the Fe-cyclopentadienone 

the reaction is complete, the salt must be isolated from the re-
action mixture in an additional separation step. Since the sup-
porting electrolyte additive is both a potential source of waste 
and a significant cost factor, its recycling in industrial applica-
tions is highly desirable.[8] A part of our research is therefore 
devoted to the development of strategies for the facilitation of 
separation and recycling of salt additives and electrocatalysts.

The intent of this review is to discuss these three challenges 
along with possible solutions using recent examples from our 
group. Readers interested in comprehensive reviews on the out-
lined topics are referred to refs. [5], [12] and [13].

2. Indirect Electrosynthesis

2.1 Fundamentals
The electrochemical conversion of a compound consists of 

two different types of elementary reactions (electrochemical and 
chemical steps) and is exemplified in the following for an anodic 
oxidation. In the case of a direct conversion at the anode, the re-
action sequence is initiated by an electron exchange between the 
polarized electrode and the substrate A dissolved in the electrolyte 
(see Fig. 1, left). This initial electrochemical step leads to the for-
mation of a reactive intermediate B (typically a radical ion), which 
further reacts in one or several chemical reactions. In general, a 
product is thus obtained after a more or less complicated sequence 
of electrochemical and chemical steps (EC, ECEC, EECC, etc.). 
In most cases, however, it is precisely the initial electron transfer 
that represents the bottleneck of the sequence, which is explained 
with a high activation barrier and the unfavorable energetic posi-
tion of the reactive intermediate. In electrochemical terms, the 
activation barrier is expressed as the overpotential (η), which has 
to be applied in addition to the thermodynamic redox potential 
of the A/B couple to induce the electron exchange. Since high 
overpotentials lead to an increased energy consumption and a 
reduced product selectivity, the use of electrocatalysts is often 
necessary. While heterogeneous electrocatalysts (catalytically ac-
tive electrodes) are frequently used for the conversion of small 
molecules,[14] homogeneous electrocatalysts (often referred to as 
‘redox mediators’) are more common for the conversion of or-
ganic compounds.[12] In the latter case, a catalyst couple Med

ox
/

Med
red

 is interposed between the electrode and the substrate in 
solution (see Scheme 1, middle) and lowers the reaction barrier 
via formation of a transient adduct between the active form of the 
catalyst (Med

ox
) and A.[15]

In order to allow for a continuous regeneration of the active 
form of the catalyst in a one-pot process, the catalyst potential 
must be less positive than the oxidation potential of A (in a ca-
thodic process: less negative than the reduction potential of A), 
since otherwise the substrate would be directly converted at the 
electrode. In the realm of organic electrochemistry, this catalytic 
one-pot scenario is also referred to as ‘in-cell mediation’.[12] In 
cases where the potential of the mediator couple exceeds the sub-
strate potential, a two-step protocol has to be applied, wherein 
the mediator is used in stoichiometric quantities and the electro-
chemical activation is carried out prior to addition of substrate 
(Scheme 1, right). Such scenarios, where the mediator fulfills the 
role of an electrogenerated reagent rather than that of an elec-
trocatalyst, are often denoted as ‘ex-cell mediated processes’.[12] 
Although this approach does not reduce the reaction overpotential 

Scheme 1. Principle of direct elec-
trolysis (case 1), homogeneous 
electrocatalysis (‘in-cell mediation’, 
case 2) and electrogenerated re-
agents (‘ex-cell mediation’, case 3). 
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hols, a selective transformation in the presence of secondary 
hydroxy groups is usually unproblematic. Reasonable catalytic 
rates are only obtained upon addition of suitable bases such as  
K

2
CO

3
/KHCO

3
 in aqueous electrolytes or 2,6-lutidine in organic 

media.[29,30]

Since the introduction of the TEMPO mediator to electrosyn-
thesis in the early 1980s,[29] numerous papers on the subject have 
appeared and the advances in both mechanistic understanding and 
synthetic applications are truly remarkable (a comprehensive re-
view of the topic is provided in ref. [27]). A recently published 
contribution to the field from our laboratory is shown in Fig. 2.[31] 
Here we have investigated the use of soluble polymediators and 
polyelectrolytes in view of the simplification of separation and 
recycling. The idea was to use this polymer-based approach for 
coupling electrosynthesis with membrane-based separation pro-
cesses such as ultrafiltration or dialysis. Initially we aimed at ob-
taining fundamental insights into the mass transport, the redox 
behavior and the electrocatalytic activity of the polymediators as 
well as gaining experience in the practical implementation of a 
polymediated electrolysis. Due to the robustness and reliability 
of the TEMPO catalyst reported before by others,[27] we have se-
lected the electrocatalyzed alcohol oxidation shown in Scheme 3 
as model system. The polyelectrolyte HP-1 and the polymediator 
HP-2 (see Fig. 2, bottom) used for the study were each synthe-
sized in two scalable steps from commercially available starting 
materials.[31]

Cyclic voltammetry studies carried out in CH
3
CN/H

2
O (95:5) 

showed that despite the increased molecular weight and the con-
comitant deceleration of the diffusion of HP-2 to the electrode 
surface, reasonable catalytic current densities can be obtained in 
presence of alcohols. In fact, the slower diffusion rate is largely 
compensated by the accelerated kinetics of the homogeneous re-
action, which is explained by an anodic shift of E

0
(HP-2) with 

respect to E
0
(TEMPO) due to the electron-withdrawing acyloxy 

linker and the associated increase of the driving force.[32] Based on 
the promising electroanalytical results, a protocol was developed 
for the preparative scale. The optimized electrolysis conditions 
comprise the use of a divided cell (to prevent from discharge of the 
active form of the polymediator on the cathode, see Fig. 3, top), 
an inexpensive carbon roving bundle anode, a Ag/AgNO

3
 refer-

ence electrode (to maintain the potential of the working electrode 
close to E

0
(HP-2)) and a platinum counter electrode (to facilitate 

cathodic H
2
 evolution as cathodic half-reaction). 

A further notable feature of the set-up is the inexpensive size-
exclusive dialysis membrane made of regenerated cellulose which 
was used in order to separate the half-cells from each other. Under 
optimized conditions, a broad range of aliphatic, allylic and ben-
zylic alcohols was transformed into the corresponding carbonyl 
compounds with FEs between 58% and 97% (Q mol–1 = 1.8 F). 
The reusability of HP-1 and HP-2 was demonstrated in two series 
of five subsequent electrolyses (see Fig. 3, bottom). The polymers 
were recovered after each electrolysis by ultrafiltration (red bars) 
and dialysis (green bars), respectively. While the recycling studies 
using dialysis show that HP-1 and HP-2 are suitable for at least 

system is that catalysis proceeds efficiently in aprotic electrolytes 
in absence of acidic additives (electrolyte: 0.1 M NBu

4
ClO

4
 in dry 

acetonitrile). The mechanism was explored using cyclic voltam-
metry, kinetic simulations, DFT calculations, FTIR spectroelec-
trochemistry and control experiments.[18] Several catalytic inter-
mediates were directly detected (including a hitherto unknown 
Fe–Fe dimer as active species and an Fe hydride as the product of 
catalyst deactivation).

A further case which illustrates the benefit of homogeneous 
electrocatalysis is represented by the electrochemical oxidation 
of alcohols. In numerous cases, a direct anodic conversion is 
inefficient or impossible due to the high potentials required for 
the oxidation, which particularly applies to aliphatic alcohols.[26] 
Furthermore, many functional groups are not compatible with the 
potential required for oxidation of the hydroxy group. In contrast, 
the electrocatalyzed conversion not only affords superior results 
with respect to selectivity and functional group tolerance, but can 
even facilitate reactions which are not possible via direct anodic 
oxidation.[27] A popular catalytic system is based on N-oxyl com-
pounds, in particular the TEMPO radical (see Scheme 3). 

Contrary to the conventional non-electrochemical TEMPO 
oxidations, the electrochemical method does not require the use of 
stoichiometric amounts of terminal oxidant (e.g. NaClO). Using 
TEMPO as electrocatalyst enables selective transformations of 
primary and secondary alcohols to the corresponding carbonyl 
compounds at potentials around 0.3 V vs. Ag/AgNO

3
 which is 

between 0.8 V and >1.6 V below the potential required for direct 
alcohol oxidation (depending on the substituents R1 and R2).[27] 
The over-oxidation of primary alcohols to the carboxylic acids 
is generally avoided by electrolyzing in organic solvents.[28,29] 
Due to the favorable kinetics of the oxidation of primary alco-

Scheme 2. Electrochemical conversion of CO2 to CO using Fe(0)-cyclopen
tadienone catalysts.

Fig. 1. Voltammetric profiles of 0.5 mM Fe-Cat under Ar (solid black line) 
and under CO2 (dashed red line). Adapted from ref. [17] with permission 
from The Royal Society of Chemistry.

Scheme 3. Indirect anodic oxidation of alcohols using TEMPO as electro-
catalyst (simplified mechanism).
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philes, for example, the iodine(iii) unit is stabilized by homocou-
pling via electrophilic aromatic substitution, thereby rendering 
diaryl iodonium compound 2. Employing an excess of a second 
arene reactant leads to a selective cross-coupling thus generating 
unsymmetrically substituted iodonium species 2.[35] Although 2 
can in principle be used as reagents for arylation reactions,[36] 
their application as mediators in indirect electrosynthesis has 
not yet been reported. In contrast, electrochemically generated 
(difluoroiodo)arenes (3) and (dialkoxyiodo)arenes (4) have been 
extensively investigated with respect to their reactivity toward 
different classes of organic compounds and on the basis of these 
results, a number of useful indirect electrosyntheses were devel-
oped.[37] The electrogeneration of compounds 3 and 4 proceeds 
via two electron oxidation of 1 in NEt

3
∙nHF ionic liquids (with 

3 < n < 5) and in fluorinated alcohols, respectively. In both cases, 
protons are reduced at the cathode, rendering H

2
 as the only by-

product.
Since the seminal work by Fuchigami et al. in the 1990s on 

the indirect anodic partial fluorinations using compounds of type 
3 as a mediator,[38] the subfield has evolved continuously. In our 
contributions we have focused on the hitherto poorly understood 
group of dialkoxy-λ3-iodanes 4 and studied their electrochemis-
try and reactivity, while simultaneously addressing the supporting 
electrolyte issue described in the introduction. A further separa-
tion problem is constituted by the low polarity of the iodoarenes, 
which complicates the isolation of the mediator from the product 
mixture. In this context, we have developed and tested media-
tors 1a–c (see Scheme 5, bottom left), which contain ionic groups 
providing ionic conductivity and facilitating the workup of the 
reaction mixture.[39,40]

For several reasons, the anodic oxidation of 1a–c into the 
corresponding dialkoxy-λ3-iodanes 4a–c as well as the sub-
sequent mediated reactions are preferentially carried out in 
1,1,1,3,3,3-hexafluoroisopropanol (HFIP). First, the solvent ex-
hibits an extraordinarily high anodic stability,[41] which allows for 
selective oxidation of the iodoarenes without solvent degradation. 
Second, the resulting hypervalent iodine species 4a–c are stable 
in solution for several days. Third, HFIP is known to have a rate-

five runs without loss of activity and conductivity, the recovery by 
means of ultrafiltration leads to a stable performance for only three 
runs. The loss of activity in the fourth run can be explained by a 
non-quantitative retention of the polymers in the pressure-driven 
ultrafiltration process, which may be improved in the future by 
a careful adaption of the pore size distribution to the molecular 
weight distribution of the polymer. While the present work has 
already shown important prerequisites for the use of polymedia-
tors and polyelectrolytes in electrosynthesis, further studies on the 
influence of the molecular weight distribution and on the general-
izability of the concept are underway.

2.3 Electrogenerated Reagents
As described in Section 2.1, mediators are sometimes used in 

stoichiometric quantities and are electrochemically activated be-
fore the substrate is added. This so-called ex-cell process becomes 
necessary when the mediator is more difficult to oxidize (or to 
reduce) than the starting material. Iodoarenes and the correspond-
ing anodically generated hypervalent iodine(iii) compounds are a 
typical example. Since iodoarenes exhibit high redox potentials 
(typically >1.5 V vs. Ag/AgNO

3
), their oxidation in presence of 

organic compounds carrying redox-active functional groups is 
usually not possible. Consequently, the iodine(i)/iodine(iii) cou-
ple is preferably employed in ex-cell processes while only very 
few electrocatalytic applications have been reported.[33]

In principle, the electrosynthesis of three different classes of 
iodine(iii) compounds is known (see Scheme 4).[34] In all of the 
reported cases, the electrogeneration of the iodine(iii) species is 
achieved via two electron oxidation of the iodoarene precursor 
1, whereby the structure of the hypervalent species depends on 
the composition of the electrolyte solution. In absence of nucleo-

Fig. 2. Top: Electrolysis and recycling scheme. Bottom: Indirect anodic 
oxidation of alcohols using a polyelectrolyte (HP-1) and a polymediator 
(HP-2). Adapted from ref. [31] with permission from John Wiley & Sons.

Fig. 3. Top: Divided cell used for the anodic alcohol oxidation accord-
ing to Fig. 2. Bottom: Results of the recycling studies using 1-octanol as 
test substrate. Reprinted from ref. [31] with permission from John Wiley 
& Sons. 
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enhancing effect on iodine(iii)-mediated transformations and is 
therefore often employed as additive or solvent.[42] Finally, the 
low pK

a
 value of 9.3 enables H

2
 evolution as a benign cathodic 

half-reaction.[43]

Exploring the reactivity of electrogenerated species 4a and 
4b, we found that direct oxidative intra- and intermolecular C–N 
coupling between arenes and amide groups can be induced, en-
abling the synthesis of substituted carbazoles 6 and amide-arene 
cross-coupling products 7 in a two-step one-pot protocol (see 
Scheme 6).[39,40] In addition, we have shown that 4a enables the 
intramolecular cyclization of phenolic imines 8 to benzoxazoles 
9 as well as of allylamide 10 to oxazolidine 11.[40,44] A compari-
son between the oxidation potentials of species 4a–c (1.9–2.2 
V vs. Ag/AgNO

3
) and the potential of the substrates (e.g. 1.6 V 

for species 5 with R1 = Ac and R2 = H) highlights the necessity 
to apply the ex-cell procedure.[40] In all cases, the ionic tags on 
4 enabled electrolysis without supporting electrolyte additives, 
while the separation of 1a/1b from the crude products turned 
out to be remarkably straightforward (after removal of HFIP 
by distillation, a simple trituration of the remaining solid with 
non-polar solvents rendered 1a/1b with recovery rates of typi-
cally >95%). 

With regard to the effort required to synthesize the redox-ac-
tive salts, 1b is the species of choice, as it can be generated in only 
one step from commercially available precursors (in contrast, 1a 
must be synthesized in three steps). However, our studies on the 

applications have shown that in some instances, the anionic tag of 
1b can cause problems. For example, in the oxazolidine synthesis 
shown in Scheme 6, the sulfonate group acted as a nucleophile, 
intercepting a cationic intermediate and thus inhibiting the for-
mation of the desired product 11. In contrast, reagent 4a with 
its cationic tag induced the desired reaction in good selectivity. 
Species 1a can therefore be considered as the mediator of choice 
whenever the nucleophilic interception of intermediates would 
alter the course of the reaction.

3. Electrochemical Catalysis and Redox-neutral 
Reactions

The vast majority of catalytic reactions in electrosynthesis are 
based on the use of electrocatalysts to reduce the overpotential 
and/or to adjust the desired selectivity as described in Sections 
2.1 and 2.2. A much less explored possibility to combine cataly-
sis with electrosynthesis is the use of sub-stoichiometric amounts 
of charge to induce redox-neutral reactions. Instead of a catalyst 
facilitating an electrochemical reaction, this scenario is based 
on a heterogeneous electron exchange that catalyzes a chemical 
transformation A→P which in total does not require any charge 
transfer.[13] Such cases are generally referred to as ‘electrocataly-
sis’ or ‘electrochemical catalysis’, whereby the latter term will be 
used here to avoid confusion with the mediated processes shown 
in Section 2.2. 

In principle, electrochemical catalysis can be useful when a 
concerted redox-neutral reaction A→P is thermodynamically fa-
vorable but kinetically hindered (e.g. due to bond dissociation/
formation, stereoisomerization, etc.). The principle is shown in 
Scheme 7 using the example of an anodic hole-induced process. 
The initial electron exchange between the electrode and A leads to 
the formation of A•+ (left). After spontaneous transformation into 
P•+, the hole can be returned either to the electrode (ECEb mecha-
nism) or passed to another molecule A (radical chain mechanism). 
Aside from this stepwise mechanism, a process where the initial 
electron transfer and the chemical step proceed in a concerted 
fashion is also conceivable (right). For both scenarios, the injected 
holes can be regarded as catalysts, as it was previously suggested 

Scheme 4. Top: Anodic conversion of iodoarenes 1 into hypervalent iodine 
compounds 2–4.

Scheme 5. Supporting electrolyte-free indirect electrosynthesis using ioni-
cally tagged iodoarenes 1a–c.

Scheme 6. Synthetic applications of electrogenerated λ3-iodanes 4a and 
4b.
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sheet with a rectangular notch (3.0 × 0.3 cm) that defines the reac-
tion channel (see Fig. 4). 

Interestingly, we found that with interelectrode gaps up to 0.5 
mm, the NKR proceeds efficiently without supporting electrolyte 
additive. Under these conditions, the anodically generated cat-
ion radicals seem to render sufficient conductivity for closing the 
electric circuit. Under optimized flow conditions, the conversion 
of 12a led to quantitative yields in 13a with a product forming rate 
(PFR) of 0.89 g h–1, a turnover number per transferred electron 
(TON

e
) of 6.3, a flow rate (𝑉𝑉 Symb a) of 1.0 mL min−1 and a current density 

(j) of 19.9 mA cm–2 (see Table 1, entry 1). It is worth noting that 
after removal of the solvent by distillation, the product was ob-
tained in analytical purity without further purification. Additional 
experiments showed that the PFR can be further improved by in-
creasing the feed concentration and the current density, albeit with 
a decrease in conversion and TON

e
 (entries 2 and 3).

4. Conclusion 
Although electrosynthesis is one of the more practical and sus-

tainable preparative methods, the final breakthrough of the tech-
nology with respect to the conversion of carbon-based compounds 
still faces major challenges. Three of these challenges have been 
discussed in this review using examples from our laboratory. The 

for conventional radical and ion chain reactions.[45] Of course, 
the same principle also applies to cathodically induced electron 
catalysis.

The Newman-Kwart rearrangement (NKR) of O-aryl thiocar-
bamates 12 to the corresponding S-aryl compounds 13 recently re-
ported by us is a typical example for electrochemical catalysis.[46] 
Generally, the NKR constitutes the key-step in the synthesis of 
thiophenols from phenols and involves the energy-rich zwitter-
ionic transition state TS-1 (see Scheme 8).[47] Due to the high acti-
vation barrier, temperatures between 200 and 300 °C are required, 
depending on the aryl substitution (electron-deficient arenes react 
much faster than electron-rich ones). We have shown that electro-
chemical catalysis, however, enables the NKR to proceed at room 
temperature. From the practical point of view, it is important to 
note that the reactions can be carried out with the simplest equip-
ment (undivided cell, galvanostatic conditions, carbon anode). 
As for the electrogeneration of hypervalent iodine compounds 
(Section 2.3), the use of fluorinated alcohols (preferentially HFIP 
in combination with NBu

4
ClO

4
 as supporting electrolyte) turned 

out to be crucial for the conversion. The optimized conditions 
were successfully applied to the NKR of 21 different O-aryl thio-
carbamates carrying various substituents in ortho, meta and para 
position, whereby the yields ranged from 32% (13h) to 95% (13a) 
and the turnover number per transferred electron (TON

e
) from 0.3 

(13e) to 7.2 (13f). To demonstrate the practicality for more com-
plex scaffolds, the O-aryl thiocarbamate of estradiol (an estrogen 
steroid hormone) was successfully converted into the correspond-
ing S-aryl derivative 13i. The scope is limited by electron-defi-
cient substrates (e.g. with halo or nitro substituents in ortho and/or 
para position). In these cases, no conversion was observed upon 
application of the standard electrolysis conditions. The reactiv-
ity for the electrochemical reaction is thus complementary to the 
thermally induced version, where electron-deficient arenes react 
much faster than electron-rich ones. These and other observations 
led to formulation of the mechanism depicted in Scheme 6. Here, 
electrogenerated 12•+ rearranges to 13•+ via the spirocyclic transi-
tion state TS-2, followed by reduction to 13 either via an ECEb 
pathway and/or via a radical chain process. 

While the low reaction temperature and the complementary 
reactivity with respect to the thermal NKR constitute attractive 
features, the necessity for a supporting electrolyte additive is not 
ideal. For example, 3.4 g of NBu

4
ClO

4
 are required for the conver-

sion of 2.1 g of 12a under optimized batch conditions. Therefore, 
we were interested in lowering the supporting electrolyte load 
and decided to test the reaction in a microflow reactor. Compared 
to typical batch cells, a decrease of the required salt concentra-
tion and an improved mass transport can be expected when a mi-
croflow cell with a parallel plate design is employed.[48,49] For 
our studies we used a simple custom-made sandwich-type cell 
consisting of a glassy carbon working electrode and a platinum 
counter electrode, which are separated from each other by a PTFE 

Scheme 7. Principle of electrochemical catalysis using the example of a 
hole-induced transformation. Adapted from ref. [13] with permission from 
John Wiley & Sons.

Scheme 8. Electrochemically catalyzed Newman-Kwart rearrangement 
and selected products. Isolated yields with TONe in parenthesis. aElec-
trolysis under reflux conditions (bp of HFIP: 58 °C).
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as a way to overcome these issues. 
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the future. 
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salt additives and that the separation and reuse of the mediator is 
significantly facilitated (see Section 2.3). 
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Fig. 4. Schematic illustration of the microflow cell used for the electro-
chemical NKR. Adapted with permission from ref. [46]. Copyright 2018 
American Chemical Society.

Table 1. Electrochemical NKR of 12a under optimized microflow conditions: Optimized product yield, TONe, and product forming rate (PFR) along 
with the corresponding process parameters. Adapted with permission from ref. [46]. Copyright 2018 American Chemical Society.

Entry cfeed
 [mM] 𝑉𝑉 Symb a [mL min-1] j [mA cm–2] 12a [%]b 13a [%]b TONe PFR

 

[g h–1]

1c 70 1.0 19.9 <1 >99 6.3 0.89

2d 100 1.1 31.3 2 98 6.2 1.37

3d 150 1.2 51.1 11 89 5.6 2.03

aConditions: no supporting electrolyte, r. t., single pass, undivided cell, Q mol−1 = 0.16 F, WE = glassy carbon, CE = Pt, Aelectrode = 0.9 cm2, interelectrode distance: 110 µm. 
bIsolated yields. cBatch size: 2.0 g. dBatch size: 1.0 g. 
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