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On the use of propylene carbonate and dimethyl
carbonate as green solvents in organic
electrosynthesist
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Electroorganic syntheses are often carried out in polar aprotic solvents such as DMF, acetonitrile, or di-
chloromethane, which exhibit excellent electrochemical properties, but are highly problematic in terms of
sustainability. The propylene carbonate—dimethyl carbonate (PC-DMC) system is a promising alternative
with enhanced environmental, health, and safety parameters, and has already found numerous appli-
cations in electrochemical energy storage systems. Herein, we present a systematic study on the PC-
DMC system as reaction medium for organic electrosyntheses, spanning from the characterization of
electrolyte properties to representative test reactions on a preparative scale. Anodic synthesis of diarylio-
donium salts, cathodic reduction of ketones, and TEMPO-mediated alcohol oxidations serve as use cases,
showing that yields are comparable to the ones obtained in conventional solvents. An interesting feature
is the possibility for tuning the physicochemical properties of the reaction medium by varying the PC—
DMC ratio, which was shown to impact the catalytic rate of TEMPO-mediated alcohol oxidations and the
yield of diaryl iodonium synthesis.

1. Organic electrosynthesis frequently involves harmful and problematic solvents, which does not do justice to the ‘green potential’ of the method. Our work

adds a binary solvent system with excellent electrochemical properties and good sustainability ratings to the synthetic electrochemist’s solvent portfolio.

2. Our approach includes a detailed analysis of physico- and electrochemical electrolyte properties as well as synthetic studies, including the development of

strategies for convenient product isolation. Evaluation in three representative electrochemical applications showed similar or improved yields compared to

the literature, along with further improvements of reaction control and process mass intensity.

3. Further progress is expected upon studying the PC-DMC system under process-relevant conditions including a life cycle analysis. Our conceptual approach

may serve as a blueprint for future studies into sustainable solvents for organic electrochemistry and thereby lead to further innovations.

1 Introduction

ing atom economy, lowering energy consumption, or develop-
ing less hazardous syntheses. By using electric current, danger-

Organic electrochemistry has frequently been referred to as
inherently “green”, since it offers the opportunity to address
most of the 12 principles of green chemistry," such as optimiz-
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ous and expensive redox agents can be avoided, thereby
improving atom economy, and reducing waste generation as
well as energy consumption.” Through the electrode potential
as the continuously variable driving force, reactions can be
carried out under mild conditions, leading to reactive inter-
mediates that are not (or hardly) accessible by conventional
means.””® Although the use of organic electrochemistry can
indeed lead to “greener” conversions, it is not possible to gen-
eralize this assessment, since the actual sustainability
depends very much on how the method is applied.”® The
abovementioned benefits are offset by inherent features that
can have a detrimental effect on sustainability and therefore
require particular attention, one being the necessity of using a
supporting electrolyte additive, which requires additional sep-
aration steps and represents a potential source of waste.” ™!

This journal is © The Royal Society of Chemistry 2025
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A further separation issue is introduced by mediators, which
are often necessary to control the selectivity.'>'* A possible
solution for reducing waste originating from mediators and
supporting electrolytes is simplifying the recycling, which can
be achieved by attaching the components to suspended par-
ticles' or soluble polymers,"'>'® and in the case of
mediators by immobilization on the electrode surface.'”

In contrast to the extensive work on sustainable solutions for
the supporting electrolyte and mediator issues, there has been
little research into alternative and more sustainable solvents for
electrosynthesis. Consequently, problematic solvents are used
frequently, especially when aprotic reaction media are needed.”
A possible explanation is that solvents must fulfil a broader
array of criteria in electrosynthesis, rendering the establishment
of new candidates more challenging. Thus, the solvent is not
only one of the key parameters influencing all (electro)chemical
steps of the desired conversions in the electrolysis cell, but
must also provide a high electrochemical stability, the ability to
dissolve supporting electrolytes, and sufficient conductivity.

In view of the specific demands of electrochemical reac-
tions, alcohols and occasionally water are the solvents of
choice when a protic medium is desired. On the other hand,
acetonitrile (AN), dimethyl formamide (DMF), or dichloro-
methane (DCM) are the go-to aprotic solvents for organic
electrochemistry. Particularly these aprotic representatives
have drawbacks in terms of sustainability.”*>* This is illus-
trated, for example, by their comprehensive assessment in
GSK’s solvent selection guide (see Table 1).>' The color coding
corresponds to the traffic light system and is derived by a com-
prehensive evaluation of waste potential as well as environ-
mental, health, and safety aspects.

Substitutes for the abovementioned solvents should be
used to reduce the environmental impact of current processes
and the ones under development. In this context, a study has
been recently published on the use of Cyrene™,*® a bio-renew-
able aprotic solvent and potential replacement to DMF,**%*
highlighting the possibility for improved sustainability of
electrochemical conversions through alternative solvents.
Electrochemical ketone reduction was investigated as a test
reaction, with good performance reported in combination with
specific salts and co-solvents. However, the work also identi-
fied challenges, such as the relatively easy decomposition and

Table 1 Overview of the key solvent properties of PC and DMC in com-
parison to AN, DMF, and DCM

Solvent Rating® (ref. 21) Bp.” [°C] &? #? [mPa s]
AN 82 36 0.35
DMF 153 37 0.80
DCM 40 9 0.38
e SN o 65 25
DMC [ %0 3 059

“The color key represents an overall categorization of the holistic sus-
tainability of the solvent, taking waste potential as well as various
environmental, health, and safety aspects into account. ”Data taken
from ref. 25-32 (T = 25 °C).
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high viscosity, in addition to the limited availability of
Cyrene™., Not least for these reasons, research into further
aprotic solvent alternatives for electrosynthesis appears essential.

A look outside the box of electrosynthesis shows that alkyl
carbonates such as propylene carbonate (PC), ethylene carbon-
ate (EC), or dimethyl carbonate (DMC) are frequently used as
solvents in electrochemical energy storage media.’*° They
provide high electrochemical stability as well as good solubility
and dissociation of supporting electrolytes. For example,
binary mixtures of cyclic and linear carbonates are employed
in lithium-ion batteries to overcome drawbacks of the individ-
ual solvent components such as high viscosity or low polarity,
enabling a tuning of the electrolyte properties via the compo-
sition of the binary mixture. Furthermore, alkyl carbonate sol-
vents have been frequently used in organic chemistry, includ-
ing reactions promoted by homogeneous -catalysts or
enzymes.’*** Due to the advantageous properties of organic
carbonates as sustainable solvents,>"*”**** exploring their
potential for organic electrosynthesis appears particularly
promising. However, the use of alkyl carbonates in electro-
synthesis has not yet been systematically investigated. To the
best of our knowledge, there are only a few scattered examples
in which tests have been carried out as part of solvent screen-
ings. For example, the electrochemical synthesis of a-hydroxy
acids from benzaldehyde and CO, was reported to proceed
more efficiently in PC than in AN or DMF.*

Herein, we present a systematic study on the use of carbon-
ates as solvents in organic electrochemistry. For this purpose,
we have selected the binary PC-DMC solvent system due to its
promising performance in energy storage electrolytes and the
possibility for tuning the properties with a low-viscosity (DMC)
and a high-polarity (PC) component (compare values for vis-
cosity, , and dielectric permittivity, &, in Table 1). A major
argument in favor of PC and DMC is the significantly improved
sustainability compared to standard solvents (see Table 1). On
the one hand, the high boiling point of PC poses a challenge
for product separation. On the other hand, high boiling points
are usually associated with inferior flammability (higher flash
points), which is why PC has received excellent ratings with
respect to process safety and environmental impact in GSK’s
solvent selection guide (for details, see Table S91). Taking
these and other criteria together, PC and DMC receive a favor-
able sustainability rating, which is why a study on their use in
electrosynthesis appears promising.

To evaluate the potential of the PC-DMC solvent system, we
have selected representative model reactions, i.e., a mediated
process (TEMPO-catalyzed alcohol oxidation), a direct
reduction (cathodic conversion of benzophenone), and a direct
oxidation (anodic synthesis of diaryliodonium salts).

2. Results and discussion
2.1 Electrochemical properties of PC-DMC electrolyte systems

For applications in electrosynthesis, electrolyte properties such
as electrochemical stability and conductivity are of the utmost

Green Chem., 2025, 27, 4280-4288 | 4281
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importance. We therefore initiated our study by investigating
the key-properties of the binary solvent system in combination
with a supporting electrolyte frequently used in organic
electrochemistry, ie., Bu,NBF,. First, the electrochemical
stability window was determined by cyclic voltammetry (CV)
for a PC-DMC mixture (1:4) at 10 mV s~' and compared to
pure PC, DMF, DCM, and AN (Fig. 1, for experimental details
see the ESIt). As threshold current density, 0.1 mA cm™> was
defined, and the potentials read out at this position form the
outer edges of the bars in the diagram.

The measurements show for PC-DMC, pure PC, and AN
comparable electrochemical windows, reaching from around
—3.0 V to approx. 2.5 V vs. Ag/AgNO;. Interestingly, the PC-
DMC mixture shows a slightly broader window than pure PC.
DMF is most stable towards negative potentials, but much
easier to oxidize, while DCM renders the lowest stability
toward both anodic oxidation and cathodic reduction. Taken
together, PC and DMC provide a window comparable to AN
and superior to DMF and DCM, which should enable selective
oxidation and reduction of a broad array of organic molecules
even at strongly positive or negative potentials.

As another critical parameter influencing not only the
ionic conductivity of the electrolyte, but also the diffusion

S
(1:4)
ro | N
oom - -
1 L I L 1 L
-4 -3 -2 -1 0 1 2 3

E/V (vs. Ag/AgNO,)

Fig. 1 Electrochemical windows of PC and a PC/DMC mixture (1:4,
w/w) compared to common solvents used in organic electrosynthesis.
Determined using cyclic voltammetry at v = 10 mV s™* using a glassy
carbon working electrode (threshold current density: 0.1 mA cm™).
Supporting electrolyte: 0.1 M BusNBF,4.1*
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rate of the substrate in the boundary layer between electrode
and solution, we examined the dynamic viscosity () of PC-
DMC mixtures as a function of the mass fraction of PC
(Fig. 2a) with and without supporting electrolyte. As shown in
Table 1, the viscosity of pure PC is significantly higher than
AN, DMF, and DCM, while DMC is comparable to DCM. As
expected, the viscosity of PC-DMC increases with increasing
PC content, whereby below approx. 40% w/w, the » values are
in the same range as DMF and DCM. Not surprisingly,
addition of Buy,NBF, (0.1 M) leads to slightly increasing z
values.

For the determination of the polarity (ES, Fig. 2b) on an
empirical scale from 0 to 1, we applied a well-established spec-
troscopic method using Betaine 30 as solvatochromic dye.*®*
Generally, a high polarity is desirable, as it ensures good solu-
bility and dissociation of supporting electrolytes. Since PC is
the more polar solvent, an increase of its content leads to
rising ES values,*® just as the addition of Bu,NBF,. The EY
values of salt-free mixtures range from 0.24 to 0.49, which is
comparable to DCM (0.31) and AN (0.46).>°

Finally, the ionic conductivity (6, Fig. 2c) of the binary
mixture was determined in the presence of 0.1 M Bu,NBF,.
The ionic conductivity depends on the ion mobility and the
degree of salt dissociation, whereby the former is influenced
by the viscosity and the latter by the polarity of the medium.*®
Consequently, only poor conductivity is observed in pure
DMC, whereby o strongly increases with increasing PC
content. With 2.84 mS cm ™", the highest o value was found at
60% w/w, followed by a decrease that is caused by the high vis-
cosity of PC. Reference values of 0.1 M Bu,NBF, solutions are
10.25 mS cm™! in AN, 5.15 mS cm™* in DMF, and 1.33 mS
em™' in DCM. For electro-synthetic applications, ¢ of the PC-
DMC system is in an acceptable regime at a PC content of
approx. 20% w/w or higher. It should be noted that different
supporting electrolytes will render different results and the
concentration of the salt can also be varied to achieve better
conductivity. Overall, pure DMC and mixtures with a high
DMC content (>90%) seem to be unsuitable due to low con-
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Fig. 2 Physical properties of PC—DMC-based electrolyte systems at 25 °C. (a) Dynamic viscosity (7). (b) Polarity (E?) determined photometrically
using Reichhardt’s dye. (c) lonic conductivity () of a 0.1 M solution of BusNBF,. Reference values of 0.1 M solutions of BusNBF, are 10.25 + 0.02 mS
cm™in AN, 5.15 + 0.03 mS cm™ in DMF, and 1.33 + 0.03 mS cm™'in DCM.1
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(a) Diffusion coefficient D of TEMPO determined by CV of a 2.5 mM solution in varying PC-DMC compositions (top). Exemplary CVs

recorded at 100 mV s~* are shown at the bottom. (b) Maximum current densities ( jmax. top) obtained from the catalytic responses in the presence of
4-MBA and 1-NMI under pure kinetic conditions (no substrate consumption) and of TEMPO in the presence of 0.1 M 4-MBA and 0.45 M 1-NMI
(exemplary catalytic CVs recorded at 100 mV s™! are shown at the bottom). (c) Shift of the equilibrium redox potential of TEMPO (Eo, top) with
varying composition of the PC—DMC (exemplary CVs are shown at the bottom).;§*

ductivity, whereas pure PC or PC-rich mixtures provide accep-
table values.

In general, the results shown in Fig. 1 and 2 are promising
with respect to applications in electrochemical synthesis. The
PC-DMC system should be suitable for anodic oxidations and
cathodic reductions, both with respect to electrochemical
stability and ionic conductivity. An interesting aspect is that
the key-features are tunable via the composition of the binary
solvent mixture, overcoming the drawbacks of the individual
components.

2.2 TEMPO-mediated oxidation of alcohols

With encouraging electrochemical properties at hand, we
investigated the behavior in applications using representative
model cases starting with a mediated process. As an example
for a mediated reaction, we chose the TEMPO-catalyzed
alcohol oxidation (TEMPO = 2,2,6,6-tetramethylpiperidinyl-1-
oxyl).>° In this reaction, TEMPO is anodically oxidized to the
corresponding oxoammonium cation, followed by reaction
with an alcohol to the corresponding carbonyl compound and

i Shown results in Fig. 1-3 are average values of at least 2 measurements. Since
the statistic error in the determination of the potential window (Fig. 1) is <0.025
V in all cases, error bars have been omitted. In the case of viscosity determi-
nations (Fig. 2), the measurements were automatically repeated until the results
are within a fixed error limit.

This journal is © The Royal Society of Chemistry 2025

the hydroxylamine. This hydroxylamine is then converted back
to TEMPO by reaction with a second oxoammonium cation to
close the catalytic cycle.”*

Prior to the synthetic work, CV studies were carried out
with TEMPO in different mixtures of PC and DMC using 0.1 M
Bu,NBF, as a supporting electrolyte (Fig. 3). The latter was
selected due to its good solubility at all PC-DMC ratios. It
should be noted that although experiments were in principle
feasible in pure DMC under non-catalytic conditions applying
Ohmic drop compensation, the high electrolyte resistance led
to unreliable results and made the detection of catalytic
responses impossible. The test range was therefore limited to
20-100% PC w/w.

Initially, it was of interest to measure the diffusion coeffi-
cient of TEMPO depending on the solvent composition, as this
plays an important role in determining the rate of the catalytic
reaction.>® The diffusion rate of TEMPO should be governed by
the viscosity of the medium. Indeed, as Fig. 3a shows, D
decreases with increasing PC content and thereby with increas-
ing viscosity (compare Fig. 2a). A similar behavior was also
observed for ferrocene (see Fig. S20-5267).

After addition of 0.45 M 1-methylimidazole (1-NMI) as a
base and 0.1 M 4-methoxybenzylalcohol (4-MBA) as a sub-
strate, the catalytic response of TEMPO was analyzed (Fig. 3b).
The catalytic rate decreases with increasing PC content, as
reflected by the representative CVs (bottom) and the maximum

Green Chem., 2025, 27, 4280-4288 | 4283
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current densities (jmax, top) obtained under pure kinetic con-
ditions (no substrate consumption, for details see the ESIT).>?
Three explanations for this trend appear plausible: First, the
decrease of the diffusion rate of TEMPO with increasing PC
content affects the rate of the catalytic process, which would
align well with the theory of homogeneous electrocatalysis.>>
Second, a change of the polarity may have an impact on the
activation barrier of the rate-limiting step of the homogeneous
process. Third, a changing composition of the binary mixture
alters the equilibrium redox potential (E;) of TEMPO and
thereby the driving force for alcohol oxidation. The effect of
the polarity of liquid media on E, of redox couples is well
known and described elsewhere.**>> Indeed, a decrease of E,
at higher PC content is observed (Fig. 3c), suggesting that the
equilibrium redox potential may also contribute to the
observed kinetic trend. A similar shift of E, can also be
observed for the ferrocene/ferrocenium redox couple (see
Fig. $20-526%).

The effect of the composition of the PC-DMC mixture on
the catalytic rate shown in Fig. 3b has implications for the con-
version of alcohols in preparative-scale electrolysis, although
other factors also play a role here and the situation is much
more complex than in the CV experiment. The standard
method for TEMPO oxidations in aprotic media involves an
H-type divided cell and potentiostatic reaction control.>® To
investigate the performance of the PC-DMC system, we aimed
to develop a straightforward protocol that is easy to adopt by
others and as resource-efficient as possible. The reaction was
therefore optimized in a commercially available setup (IKA
ElectraSyn 2.0) using an undivided cell, graphite electrodes,
and NaClO, as a cheap supporting electrolyte (for details of
the optimization, see the ESIT). 4-MBA was chosen as the sub-
strate and 1-NMI as the base. During these studies, it was poss-
ible to reduce the salt loading to 40 mM while maintaining
sufficient conductivity. The optimized conditions further com-
prise a PC-DMC ratio of 1:4 w/w, a current density of 6 mA
em™>, and application of three charge equivalents (see
Scheme 1).

Under optimized conditions, a 74% yield of 2a was
obtained. A comparative experiment conducted with a fivefold
enhanced salt loading (0.2 M NaClO,) showed that the yield
can be slightly improved to 82%, albeit at the expense of
resource efficiency. Further experiments carried out in
different standard solvents (DMF, AN, DCM) under otherwise
identical conditions showed significantly lower yields in 2a
(see Scheme S37).

For a brief exploration of the substrate scope, 4-bromo
benzyl alcohol, citronellol, and geraniol were converted to the
corresponding aldehydes 2b-d under optimized conditions in

§ Deviations may be caused by liquid junction potentials (LJPs) occurring at the
interface between main cell compartment and reference electrode (PC-DMC]|
AN). Since for analyte and reference electrode solutions, the same supporting
electrolyte has been used in the same concentration, the effect is expected to be
minor. Under these circumstances, LJPs between polar aprotic solvents are typi-
cally <20 mV (ref. 67).

4284 | Green Chem., 2025, 27, 4280-4288
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\=o

1 0.04 M NaClO,4 in PC/DMC (1:4) 2
0.1 eq. TEMPO, 4.5 eq. 1-NMI

i i

X
Q) J©) - -
CI) 2a B 2b 2¢ 2d
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) 67%
(82%)? (75%)

71%

Scheme 1 Preparative-scale TEMPO-mediated oxidation of different
alcohols. Yields determined with *H NMR spectroscopy using mesitylene
as an internal standard. ? 0.2 M NaClOj,. ? Isolated yield.

PC-DMC (1:4), resulting in "H NMR yields between 67 and
78%. Noteworthy, 2b could be isolated without significant loss
of yield. For this purpose, a convenient work-up procedure was
developed that involved partitioning of the reaction mixture
followed by extraction (for details, see the ESIT).

2.3 Reduction of benzophenone

As an example for a direct (uncatalyzed) cathodic reduction,
the conversion of benzophenone (3) to diphenyl carbinol (4)
was selected (Scheme 2). Recently, two electrochemical
methods were reported for the same transformation that used
DMF and a 1:1 mixture of Cyrene™/ethanol, respectively
(entries 1 and 2 in Table 2).**°® In these cases, 4 was obtained
in 79 and 85% yield, respectively, under optimized conditions.
The protocols each comprise an undivided cell, galvanostatic
conditions, Buy,NBF, as the supporting electrolyte, and a glassy
carbon (GC) cathode. In both examples, 1,4-diazabicyclo[2.2.2]
octane (DABCO) was added as a sacrificial agent to be oxidized
at the counter electrode.

Interestingly, reduction was carried out under aerobic con-
ditions in both reports, whereby excess amount of charge was
needed. We initiated our study with the same approach, but
experienced unsatisfactory selectivity and irreproducible
results. A possible explanation is cathodic reduction of O, at
—1.2 V, which proceeds much easier than conversion of 3

OH
GC (+)11GC () O O
o undivided cell, r.t. 4
3 eq. DABCO
ot

O O 0.15 M TBABF,

3 PCIDMC (1:4)

Ar atmosphere O O
5

Scheme 2 Direct reduction of benzophenone (3) to 4 in PC-DMC with
possible by-product 5.

This journal is © The Royal Society of Chemistry 2025
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Table 2 Results of reductive electrolysis in different solvents

Entry j [mA em™?] Reaction medium Q[F] 3% %) “[%] 5% [%] Ref.

1 10 DMF 6.2 — 79¢ — 56

2 5 Cyrene™/EtOH (1:1) 3.5 — 858 — 33

3b 7.5 PC-DMC (1:4) 2.2 10 45 32 This work
4P 7.5 PC-DMC (1:4) 2.2 2 83 0 This work
5P 4 PC-DMC (1:4) 2.0 2 95 2 This work
67,0 4 PC-DMC (1:4) 2.0 12 88 (87 0 This work
7heS d PC-DMC (1:4) 2.0 8 89 (82 0 This work

Conditions: WE = GC, n(substrate) = 0.5 mmol, ¢ NBu4BF2
usmg 1,3,5- trlmethoxybenzene as an internal standard.

 potentiostatic electrolysis, E = —2.20 V vs. Ag/AgNO;. © n(substrate) =

(=2.1 V). Since variation of current density and charge equiva-
lents did not improve the results, we decided to exclude O, by
purging the electrolyte with argon prior to electrolysis. As a
result, only 2.2 F of charge were needed for nearly full conver-
sion (entry 3). However, under these conditions, monomethyl-
carbonate 5 was obtained in 32% yield. Such reductive transes-
terifications are known from conventional carbonyl reductions,
for example when using NaBH, in pure DMC.”’ The selectivity
was improved in favor of 4 by adding a small amount of water,
resulting in a yield of 83% (entry 4). Further improvement of
the yield to 95% was achieved by controlled potential electroly-
sis, whereby only 2.0 F were required per mole starting
material (entry 5). To determine the isolated yield, another
experiment was carried out with doubled batch size (entry 6),
generating 4 in 88% NMR yield with 12% unconverted starting
material. After removal of the solvent mixture by vacuum distil-
lation and purification by column chromatography, 4 was
obtained in 87% yield. To lower the process mass intensity
(PMI),>® the substrate concentration was increased fivefold
while maintaining the electrolyte volume and conditions of
entry 6. As a result, 4 was isolated in 82% yield (5 mmol scale,
entry 7).

The results in Table 2 show that harmful DMF can easily be
replaced by PC-DMC while slightly increasing the efficiency
and considerably reducing the required charge equivalents. To
make further assertions on the sustainability of the reaction,
the PMI was calculated and compared to literature examples
(Table 3; for details, see the ESIT). The parameter describes
the ratio between the mass of all components used (reactants,

Table 3 Summary of PMI values for selected electrochemical and non-
electrochemical conversions of 3 to 4 (for details of the calculations,
see the ESIT)

This work® Ref. 56 ¢ Ref. 59

(cathodic (cathodic (reduction

reduction reduction with NaBH,
Metric in PC-DMC) in DMF) in EtOH)
PMI 17.9 114.2 40.2
PMI,op 14.5 108.8 39.1
PMIggc 3.4 5.4 1.1

“Data for calculations taken from the examples shown in Table 2,
entries 1 and 7, respectively.

This journal is © The Royal Society of Chemistry 2025

0.12 M, n(DABCO) = 1.5 mmol (3 eq)
EXCluSlOn of O, by purging with Ar.
1 mmol./

“Yields determined by "H NMR spectroscopy
¢5 uL H,O added per mL electrolyte solution.

n(substrate) = 5 mmol. ¥ Isolated yield.

reagents, catalysts, and solvent) and the mass of the isolated
product. Further metrics summarized in Table 3 are PMIg,,
(mass of solvent vs. mass of isolated product) and PMIggc
(total mass of reactants, reagents and catalysts vs. mass of
product). Compared to cathodic reduction of 3 in DMF,*® the
values obtained in PC-DMC are significantly better, which can
be ascribed to a higher concentration of 3. In comparison to a
reported chemical reduction using NaBH,,>® our PMI is con-
siderably lower, again resulting from a higher concentration of
starting material. However, our PMIrgrc value is considerably
worse, which can be attributed to the use of DABCO as depo-
larizer and Bu,NBF, as supporting electrolyte.

Comparing the PMI,, and PMlIggc values of the two
electrochemical examples highlights the importance of sub-
strate concentration and supporting electrolyte loading for
optimizing organic electrosyntheses. Processes at the counter
electrode, in our case the anodic conversion of depolarizer,
must also be included in the overall assessment. The data in
Table 3 puts into question the often postulated “inherent
greenness” of electrosynthesis, and clearly shows how much
sustainability and effectiveness depend on the way the method
is used.

2.4 Synthesis of a diaryl iodonium salt

As a test scenario for probing the suitability of the PC-DMC
system in a direct anodic process, we selected the anodic syn-
thesis of diaryl iodonium compound 7 (Scheme 3). In general,
diaryliodonium salts have gained a growing interest as metal-
free, easy-to-handle, and highly selective arylation reagents.’*~%*
Since many existing conventional procedures for their syn-
thesis are waste-intensive, time-consuming, and involve hazar-
dous reagents, electrochemical approaches have been devel-

Pt (+) || GC () CIO4@
| divided cell, r.t. |
-0 ISR S
Br 4F, 5mAcm? Br
6 5 equiv. 1 M LiCIO, 7
PC/DMC (4:1) 89%

Scheme 3 Electrochemical synthesis of diaryliodonium salt 7 (isolated
yield).
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Fig. 4 Anodic synthesis of 7 from 6 and benzene: relationship between
yield, conversion, and the composition of the PC-DMC system. Except
for the current density, the conditions are the same as in Scheme 3
(here: j = 10 mA cm™3).

oped that are based on anodic coupling between aryl iodide
and a second arene.®®® However, these methods involve
either the use of strong acids and/or fluorinated solvents. In
this context, we have recently developed a low-cost and safe
method, in which an acid-free solution of a lithium salt in AN
was used as the electrolyte, enabling the introduction of
various counter ions to the product by choice of the appropri-
ate Li salt.®® This protocol served as the starting point for our
studies on anodic oxidation in the PC-DMC system. We chose
4-bromo-iodobenzene (6) as a test substrate, as it rendered
excellent results in AN with an isolated yield of 97%.%¢ The
reactions were carried out in a divided cell using a Pt anode
and 1 M LiClO, as the supporting electrolyte. After optimizing
the PC-DMC ratio, current density, and number of charge
equivalents, 7 was obtained in 89% isolated yield. The opti-
mized conditions comprise a PC-DMC ratio of 4:1, a current
density of 5 mA cm™2, and the application of 4 F per mole pre-
cursor 6.

Interestingly, it turned out during the optimization that
conversion and yield strongly depend on the PC-DMC ratio
(see Fig. 4). While conversion of 6 decreases continuously
from 92 to 75%, yields varied between 66% and 82%, with a
maximum at a PC-DMC ratio of 4:1 w/w. These trends high-
light the flexibility and possibilities for tuning the electrolyte
properties for synthetic applications that arise when using the
PC-DMC system.

3 Conclusions

In summary, the present study shows that the PC-DMC
system can be a sustainable replacement for problematic
aprotic solvents frequently used in electrosynthesis, ie.,
DMF, AN, and DCM. Both PC and DMC are highly stable to
both anodic oxidation and cathodic reduction, which makes
them versatile for a wide range of transformations. Using the
examples of cathodic ketone reduction and anodic diaryl
iodonium synthesis, it has been demonstrated that conver-
sions requiring very negative or positive potentials can

4286 | Green Chem., 2025, 27, 4280-4288
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proceed selectively in PC-DMC on a preparative scale. The
obtained yields are comparable to those reported in the litera-
ture for DMF and AN, respectively.

An interesting feature of the binary solvent system is the
possibility of modifying the physicochemical properties such
as viscosity, polarity, and conductivity by simply changing the
PC-DMC ratio. Electroanalytical studies on TEMPO-catalyzed
alcohol oxidation showed how this ratio affects the diffusion
rate of the catalyst and its redox potential. As a result of these
influences, a clear dependence of the current density on the
PC-DMC composition was observed, whereby the rate of
alcohol oxidation decreases continuously with increasing PC
content. Based on these results, a new protocol for TEMPO-
catalyzed alcohol oxidation was developed, which stands out
due to its simplicity and resource efficiency (i.e., undivided
cell, galvanostatic mode, low supporting electrolyte loading),
and is applicable to benzylic, allylic, and even aliphatic
alcohols.

The remaining challenge is the high boiling point of PC,
which may complicate the workup of the reaction mixture.
Therefore, three strategies were developed for convenient iso-
lation of the products from PC-DMC electrolyte mixtures
without significant losses in yield. The first strategy, applied
in the TEMPO-catalyzed alcohol oxidation, is based on parti-
tioning of the product mixture, followed by extraction. The
second strategy, applied to the ketone reduction, features
vacuum distillation for removing the solvent mixture. The
third strategy was developed for our synthesis of the diaryl
iodonium salt and includes separation of the product from
the PC-DMC electrolyte by adsorption on silica gel. Thus, at
least in our three test cases, the high boiling point of PC does
not pose a particular problem when separating the product
mixture on the laboratory scale. However, it should be noted
that the three presented approaches are challenging with
respect to upscaling. While the partitioning/extraction
approach requires considerable amounts of extractant, distil-
lation in vacuum exhibits an increased energy demand for
removal of PC-DMC. The third approach, product adsorption
on silica gel, depends on the use of a high quantity of adsor-
bent. Consequently, developing new separation strategies
(and improving existing ones) is an important area for future
research, as many green solvents struggle with separation due
to higher boiling points.

Moreover, in view of possible developments of new electro-
chemical processes on an industrial scale, it should be noted
that PC receives excellent ratings in terms of process safety
and environmental compatibility precisely because of its low
volatility (high flash point).**

In summary, our study reveals promising properties and
performance of the PC-DMC system in electrosynthesis appli-
cations. Consequently, we encourage readers with a focus on
organic electrochemistry to include the PC-DMC system in
solvent screenings for future reaction developments. Likewise,
physical and theoretical chemists are urged to support with a
better understanding of solvation properties of the PC-DMC
system.

This journal is © The Royal Society of Chemistry 2025
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