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Direct electrochemical deoxygenation reaction
of ketones using leaded bronze cathode in formic
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Sebastian Kissel, †a Marcel Nicolas Perner, †a Rok Narobe,a Kyra Hochadel,a

Martin Klein, b Bertram Cezanne, b Philipp Schnieders,c Volker Derdau d and
Siegfried R. Waldvogel *a,e

We report a mild and resource efficient electrochemical method for the deoxygenation reaction of

ketones using a leaded bronze CuSn7Pb15 cathode in a very simple two-electrode undivided setup under

galvanostatic conditions. The method is easy to conduct and applicable to a variety of ketones leading to

deoxygenated products in yields up to 82% using a simple isolation protocol. The use of formic acid as a

solvent and source of protons turned out to be crucial for the deoxygenation reaction. The scale-up

experiments up to 100 mmol scale proved the practical relevance of the method and the potential use for

industrial large-scale synthesis. Noteworthy, this method is sustainable in terms of process safety and re-

usability of the components including the electrodes and solvent-supporting electrolyte mixture.

Green foundation
1. Conventionally, the reductive deoxygenation requires harsh reaction conditions, stoichiometric amounts or even larger amounts of reducing agents and
the use of toxic heavy metals which lead to a significant environmental impact. By using electricity as renewable reducing agent in combination with reusable
electrodes and electrolyte system we present a much more sustainable alternative method for the deoxygenation of ketones.
2. In this study, we report a mild and resource efficient electrochemical deoxygenation reaction of ketones using a leaded bronze cathode in a very simple
two-electrode undivided setup. A simple workup by phase separation and the reusability of both electrolyte and electrodes provide all pre-requisites for a
potential technical application.
3. In the future, the method can be further developed using metal free carbon-based electrodes and applying to other conversions as well.

Introduction

Deoxygenation reactions of ketones forming hydrocarbon
species are fundamental reactions in organic chemistry having
an important application in the valorisation of waste biomass
to platform chemicals as well as in the synthesis of bioactive
molecules.1–4 In literature, there are only a few approaches
known forming methylene groups from carbonyl compounds
in a direct deoxygenation reaction.5,6 The first approaches in
classical chemistry were reported in the early 20th century in

the well-known Clemmensen and Wolff–Kishner reactions for
the deoxygenation of carbonyl compounds.7,8 The reported
conditions in these pioneering works were rather harsh requir-
ing high temperatures and strongly acidic or basic conditions
which makes them unsuitable for a broad range of substrates
(Scheme 1A). Nevertheless, hydrazone intermediates became
frequently used in cross-coupling reactions.9–15 Later advances
were made by using metal hydride reagents in combination
with Lewis acids which enabled broader functional group tol-
erance. However, the use of stoichiometric amounts of redu-
cing agents still represents a limitation.16–20

More recent approaches are reported using transition-metal
catalysts either in homogeneous or heterogeneous catalysis
typically in combination with molecular hydrogen.21–25

Although hydrogen is a very atom-efficient reagent the use of
hydrogen is related to significant safety risks considering
working with compressed flammable and potentially explosive
gas mixtures especially in industrial production plants.26 In
this context, electrochemistry offers a neat solution circum-
venting the use of reducing agents, high temperatures and†Equal contribution.
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high hydrogen pressures.27–31 Some early electrochemical
approaches were reported by Cheng et al. using ammonia as a
carbon-free and sustainable fuel, although the use of gaseous
ammonia is highly challenging due to its toxicity and more
complex reaction setup. Furthermore, the use of perchlorates
as supporting electrolyte in a potentiostatic electrolysis is not
favoured for a potential technical application.32 Later, Wang
et al. reported an electrochemical approach in an undivided
cell using an excess of triphenylphosphane (5 eq.) to facilitate
the deoxygenation of aromatic benzylic ketones (Scheme 1B),
correlating with the formation of large amounts of reagent
waste in the form of triphenylphosphine oxide.33 The use of
sacrificial reducing agents like diisopropylethylamine (DIPEA)
is also known in literature, negatively impacting the atom
economy of the reaction.34 Choi et al. published an electro-
chemical Clemmensen reduction using a zinc cathode in a
divided cell, although perchlorates are associated with safety
risks in electrosynthesis (Scheme 1C).35 Wang et al. reported a
tuneable system for the electrochemical reduction of ketones
using formic acid and sodium azide as the supporting electro-
lyte. However, the use of NaN3 in acidic media is dangerous

due to the formation of hydrazoic acid.36 Waldvogel et al.
reported a method for the reductive deoxygenation of amides
under acidic conditions using lead cathodes.37 Lead cathodes
are well known for its high overpotential for hydrogen evol-
ution which is necessary especially when working under acidic
conditions.38 In this work (Scheme 1D), we report a mild
method for an electrochemical deoxygenation reaction of non-
benzylic ketones in an undivided cell using a simple two-elec-
trode setup under galvanostatic conditions in acidic media.
Leaded bronze cathode (CuSn7Pb15) was used as a sustainable
alternative for elemental lead electrodes.38–43 The features and
surface studies of CuSn7Pb15 are reported in literature, high-
lighting the great potential for the deoxygenation reactions of
ketones.44,45 As the only solvent and source of protons, formic
acid has excellent properties regarding the solubility of sub-
strates and the acidity necessary for the chemical transform-
ation.46 Beside this, it acts like a sacrificial reducing agent on
the anode forming CO2, preventing the energy- and cost con-
suming separation of by-products after electrolysis and there-
fore enabling a simple isolation and purification
procedure.47–50 Insights in the mechanistic studies for the
cathodic reduction are based on results from Choi et al. with a
proposed mechanism shown in the SI (chapter 6, S23 and
S24).35

Beside the addition of tetraethylammonium tetrafluoro-
borate (0.25 eq.) as a supporting electrolyte, no additives are
needed in this reaction. Furthermore, alkylammonium salts
are accumulating at the cathode minimizing the cathodic evol-
ution of hydrogen.51

Results and discussion
Reaction development

Inspired by previous reports in literature, the electrochemical
reductive deoxygenation of ketones was optimized using 1,3-
diphenylpropan-2-one (1a) as a test substrate in formic acid
both as a solvent and source of protons in a simple undivided
batch-type cell.52 Formic acid is considered as green solvent
since it can be directly made from CO2. Initial screening indi-
cated leaded bronze CuSn7Pb15 and lead as the most promis-
ing cathodes, likely due to their high hydrogen evolution over-
potential, affording the desired deoxygenated product 1,3-
diphenylpropane (1b) in good yield (76% and 80%, Table 1,
entries 1 and 2).38 Interestingly, switching to different leaded
bronze electrodes with higher (CuSn5Pb20) or lower
(CuSn10Pb10) lead content resulted in significantly lower
yields of product (<41%), highlighting the excellent features of
this specific leaded bronze material CuSn7Pb15 (entry 3,
Table S3).

Moreover, surface studies of the leaded bronze cathode
CuSn7Pb15 used in this work were done using SEM-EDX. The
electrode is composed of a copper matrix with lead clusters
(yellow) on the surface. After electrolysis, the lead clusters are
still preserved and additionally a thin layer of lead is distribu-
ted over the electrode surface (Fig. 1). This observation is in

Scheme 1 Approaches for the deoxygenation reactions of ketones in
classical and electrochemical ways.
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accordance with literature, observing a redeposition of
lead on the electrode surface during electrolysis, making the
electrodes reusable.43 The presence of lead clusters on
the surface is advantageous and indicate the redeposition of
lead. With CuSn5Pb20 the overall lead content may be
higher but no clusters of lead are formed which is important
for a low lead contamination.45 Therefore, the reactivity of the
substrate on the electrode surface is inferior, known from
literature.44,45

As an anode material glassy carbon was used although
dimensionally stable anodes (DSA) IrO2 at Ta gave similar but
slightly lower yields (entry 4, Table S4). The choice of solvent
turned out to be significant for the deoxygenation reaction,
since pure acetic acid and different non-protic solvents in com-
bination with sulfuric acid or formic acid in over-stoichio-
metric amount, did not lead to any product formation or only
traces of the desired product (entries 5 and 6, Table S5).

Notably, involving water in the system as a co-solvent resulted
in only a bit lower yield, indicating the robustness of this pro-
tocol against moisture (entry 7, Table S5). Beside tetraethyl-
ammonium tetrafluoroborate as a supporting electrolyte in low
quantities (0.25 eq.) no additives are needed, allowing the for-
mation of 1b at ambient reaction conditions. Supporting elec-
trolytes involving halides revealed no product formation at all,
whereas alkylammonium salts with higher alkyl chains
(propyl, butyl, octyl) gave significantly lower yields (entry 8,
Table S6). Higher concentrations of supporting electrolyte were
linked to lower product formation while observing traces of
remaining starting material (Table S7). Similarly, as observed
in our previous work,37 the coating layer consisting of alkylam-
monium ions is necessary to prevent the evolution of hydrogen
as a major product, although at higher concentrations the
accessibility of the substrate to the cathode may be hindered
resulting in no full conversion of the starting material.53,54 The
current density proved to be rather insignificant for the deoxy-
genation reaction although the highest yields were observed at
current densities of 20 mA cm−2 used in our case (Table S8).
For 1,3-diphenylpropan-2-one as our test substrate, current
densities up to 100 mA cm−2 could be used while still achiev-
ing yields up to 70%. Especially, industrial applications favor
high current densities and short reaction times, proving the
practical relevance of the developed method. However, because
of the heat generated by electricity, current densities higher
than 100 mA cm−2 were not tested. For the substrate scope
and molecules containing different functional groups, a
current density of 20 mA cm−2 was used, since higher current
densities along with associated large overpotentials may result
in lower functional group tolerance. The screening of the
amount of applied charge indicated a rather linear trend,
reaching full conversion of the starting material at 8 F
(Table S9). The excess of applied charge is required because of
hydrogen evolution as a parasitic side reaction. Nevertheless,
since 4 F as the theoretical amount of applied charge is
needed for the deoxygenation, the faradaic efficiency of about
40% still provides acceptable results. The concentration of the
starting material had some effect on the product yield, since
lower concentration (0.08 M) did not lead to full conversion of
the starting material (Table S10). The concentration of starting
material could be increased up to 0.83 M in batch-type screen-
ing cells while still achieving yields up to 46%. Running the
reaction at lower temperatures (0 °C) gave slightly higher yields
(78%) compared to room temperature although the additional
energy consumption for cooling makes is less attractive for
further optimization (Table S11). The result obtained in a
divided Teflon™ batch-type cell equipped with a glass frit
(porosity 4) gave moderate yields (16%) proving the impor-
tance of the undivided cell setup including the short electrode
distances and cell geometry (entry 9).55 The control reaction
without electricity did not lead to any product formation (entry
10). With the optimized conditions for the electrochemical
deoxygenation reaction of ketones under galvanostatic con-
dition we isolated 1b in 74% yield (entry 1). Beside the desired
deoxygenated product, up to 15% of the corresponding ester

Table 1 Optimized conditions for the electrochemical deoxygenation
reaction of ketonesa

Entry Deviation from standard conditions Yield [%]

1 None 76 (74)b

2 Pb cathode 80
3 CuSn5Pb20 or CuSn10Pb10 cathode <41
4 DSA anode (IrO2 at Ta) 70
5 Pure HOAc (1 eq. NEt4BF4) Traces
6 Propylencarbonate : HCOOH (9 : 1) Traces
7 HCOOH : H2O (9 : 1) 60
8 NBu4BF4 (0.5 eq.) 57
9 Divided cell (glass frit) 16
10 No electricity 0

a Reaction conditions: undivided Teflon™ batch-type screening cell
with 6 mL formic acid, 0.25 mmol NEt4BF4 and 1 mmol 1,3-diphenyl-
propan-2-one. Reactions performed using glassy carbon anode and
CuSn7Pb15 cathode, 20 mA cm−2, 8 F at ambient reaction conditions.
Reported current density is calculated based on the geometric area of
the electrode immersed into the reaction mixture. b Isolated yield.

Fig. 1 Leaded bronze CuSn7Pb15 cathode prior electrolysis (left) and
after electrolysis (right). Upon electrolysis, redeposited lead is visible on
the surface.
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(formate) are observed as a minor by-product indicating at a
clean electrochemical reaction.

Scale-up in batch cells

To show the general applicability of the method and the poss-
ible use in technical production plants, scale-up experiments
were conducted for the test substrate 1a. The developed opti-
mized reaction conditions were applied and transferred into
larger scale. The reactions were carried out in batch-type glass
cells carrying up to 200 mL volume on 5–100 mmol scale while
maintaining a concentration of 0.5 M in all cases at 20 mA
cm−2 (Fig. 2, Fig. S7). On large scale, using the possibly
highest concentration is favored, since less solvent is needed
per run and more product can be obtained in shorter time.
Higher concentrations of 1a than 0.5 M leads to a decrease in
yield (Table S10).

The following table shows the isolated yield of 1b after
column chromatography (Table 2). Detailed information about
the cells, the general procedure and isolation method can be
found in the SI.

Regarding the test substrate 1a, the electrolysis is scalable
to a 100 mmol scale while still achieving isolated yields above
70% proving the robustness for larger scale synthesis. The
obtained product 1b is not soluble in formic acid, forming a
layer of product on top of the formic acid-based electrolyte
(Fig. 3, Fig. S8).

By phase separation, the purity of the crude product is
already about 90% determined by 1H NMR (Fig. S8), which

could be even increased on larger scale. Removing the product
over time by phase separation from the cell while adding new
starting material could be a possible application for technical
process enabling continuous generation of product. Moreover,
the electrolyte mixture is well recycled.

Synthetic application in batch

With the optimized conditions in hand, we started exploring
the general applicability of the electrochemical transformation
by testing different carbonyl compounds including electron-
releasing, electron-withdrawing groups as well as halo contain-
ing substrates (Scheme 2). Noteworthy, substrates containing
carbonyl groups in benzylic positions, like acetophenone or
benzophenone, are generally not deoxygenated, instead the
esters (formate) are formed (Scheme S2). Beside dibenzylke-
tones, phenylacetones as well as longer carbon chain contain-
ing carbonyl compounds can be successfully deoxygenated.
For substrates beside dibenzylketones, the amount of applied
charge had to be doubled (16 F), since with 8 F there was still
unreacted starting material left. To keep the reaction time the
same, the current density was doubled to 40 mA cm−2 in these
cases. Screening experiments indicated no significant decrease
in yield at higher current densities (Table S8).

Evaluation of sustainability

Replacing lead with leaded bronze CuSn7Pb15 as a cathode
material already improves the green aspects of a chemical reac-
tion. Beside the electrode material, the atom economy, as well
as necessary additives are from importance. In our method,
only small amounts of NEt4BF4 (0.25 eq.) as a supporting elec-
trolyte are needed while working in pure formic acid as a
solvent and source of protons. Noteworthy, after electrolysis,
the formic acid can be re-distilled and reused (Fig. S13). Due
to phase separation the complete electrolyte can even be
directly reused without any further purification (Fig. S12). All
pre-requisites for continuous process are laid out enabling a
cost-efficient downstream processing. The addition of new sup-
porting electrolyte and fresh formic acid can be avoided and
the waste formation is therefore minimized.

The minor by-product is the corresponding ester (formate)
which is present in small quantities being dissolved in the
formic acid upon electrolysis (Fig. S12). In 4 consecutive runs
of electrolysis the formic acid can be reused while still achiev-

Fig. 2 Scale-up experiments in batch-type cells up to 100 mmol scale.

Table 2 Scale-up experiments in batch of 1a on 0.5 M concentration
up to 100 mmol scale at 20 mA cm−2. The active surface of the cathode
was determined based on the area of the cathode immersed into the
electrolyte

n(1a)
[mmol]

Volume
HCOOH [mL]

Active surface of
cathode [cm2]

Isolated yield
(1b)

1 6 2 0.13 g (74%)
5 10 3.5 0.72 g (75%)
15 30 4 2.0 g (70%)
40 80 7 5.6 g (72%)
75 150 7 11.0 g (75%)
100 200 7 13.9 g (71%)

Fig. 3 Separated top layer of deoxygenated product 1b on top of the
formic acid on 100 mmol scale (left) and 5 mmol scale (right).
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ing yields >65% (Fig. S11). Additionally, the electrodes can be
reused multiple times (monitored up to 5 times) while observ-
ing minor fluctuations in yield (Table 3, entry 4, Fig. S9). A
better evaluation of green chemistry aspects56 of the developed
method can be achieved in a spider plot comparing our

method with a classical approach like Wolff–Kishner
reduction57 and an electrochemical approach already known
from literature by Wang et al.33 The Wolff–Kishner reduction
as well as already known electrochemical approaches in
literature32–35 are valuable reactions having an outstanding
importance for chemical industry and scientific applications.

Noticeable from the spider plot (Fig. 4), our developed
method is a superior addition to what is known from literature

Scheme 2 Synthetic scope of the developed electrochemical deoxygenation reaction of carbonyl compounds. Reaction conditions: undivided
Teflon™ batch-type screening cell with 6 mL formic acid, 0.25 mmol NEt4BF4 and 1 mmol substrate. Reactions performed using glassy carbon
anode and CuSn7Pb15 cathode, 20 mA cm−2, 8 F at ambient reaction conditions. Reported current density is calculated based on the geometric
area of the electrode immersed into the reaction mixture. aGC yield, b 16 F, 40 mA cm−2.

Table 3 Experiments emphasizing the sustainability and reusability
aspects of the developed methoda

Entry Deviation from standard conditions
Yield
[%]

1 None 76b (74)c

2 5 mmol scale (0.5 M) & re-distilled HCOOH 74c

3 5 mmol scale (0.5 M) & reused HCOOH without
purification

65–72c

4 Reused electrodes (up to 5 reactions) 66–77c

a Reaction conditions: undivided Teflon™ batch-type screening cell
with 6 mL formic acid, 0.25 eq. NEt4BF4 and 1 mmol 1,3-diphenylpro-
pan-2-one. Reactions performed using glassy carbon anode and
CuSn7Pb15 cathode, 20 mA cm−2, 8 F at ambient reaction conditions.
Reported current density is calculated based on the geometric area of
the electrode immersed into the reaction mixture. bGC yield. c Isolated
yield.

Fig. 4 Spider plot for the better comparison of green chemistry
aspects. In blue is shown our developed method, in orange the classical
chemistry Wolff–Kishner reduction57 and in green the electrochemical
approach from literature by Wang et al.33
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highlighting the sustainability, efficiency and practical rele-
vance of this method (for more details: SI chapter 7, S25–S31).

Conclusions

A simple galvanostatic electrochemical method was estab-
lished for the deoxygenation reaction of ketones in the sim-
plest undivided batch-type cell set-up under constant current
electrolysis. The method is based on formic acid, acting as a
solvent and source of protons. Leaded bronze CuSn7Pb15 was
used as cathode material preventing hydrogen formation as a
major product especially when working under acidic con-
ditions. Noteworthy, formic acid can be directly made from
CO2 and is considered as green reagent. The method is appli-
cable to a broad range of substrates including electron-releas-
ing, electron-withdrawing as well as halo compounds.
Dehalogenation reaction was not observed. Beside this, all
materials can be reused including the electrodes and formic
acid. Scale-up experiments up to a 100 mmol scale proved the
robustness of the method. The apolar nature of the product
leads to phase separation upon electrolysis enabling a cost-
efficient downstream processing and continuous use of the
electrolyte for technical applications. Calculations for green
chemistry aspects emphasizes the sustainability of the devel-
oped electrochemical method.

Author contributions

Sebastian Kissel: Conceptualization (leading), investigation
(leading), methodology (leading), supervision (supporting),
project Administration (supporting), writing – original draft
preparation (leading). Marcel Nicolas Perner:
Conceptualization (leading), investigation (leading), method-
ology (leading), supervision (supporting), project adminis-
tration (supporting), writing – original draft preparation
(leading). Dr Rok Narobe: Conceptualization (supporting),
writing – original draft preparation (supporting). Kyra
Hochadel: Investigation (supporting), methodology (support-
ing). Dr Martin Klein: Conceptualization (supporting).
Dr Bertram Cezanne: Conceptualization (supporting), supervi-
sion (supporting). Dr Philipp Schnieders: Conceptualization
(supporting). Dr Volker Derdau: Conceptualization (support-
ing). Prof. Dr Siegfried R. Waldvogel: Conceptualization
(leading), supervision (leading), project administration
(leading), funding acquisition (leading), writing – original
draft preparation (supporting).

Conflicts of interest

There are no conflicts to declare.

Data availability

The data supporting this article have been included as part of
the SI: general procedures and analytical data. See DOI: https://
doi.org/10.1039/d5gc03495g.

Acknowledgements

The authors acknowledge financial support of the BMBF
initiative Clusters4future ETOS–Electrifying Technical Organic
Synthesis (03ZU1205AC+03ZU1205HC). Open Access funding
enabled and organized by Project DEAL (MPG) is highly
appreciated. The authors gratefully acknowledge the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation)
under Germany’s Excellence Strategy – EXC-2033-390677874 –

RESOLV, the technical support of the mechanical workshop at
MPI CEC in Mülheim an der Ruhr, the NMR Department at
MPI CEC and Judith Sabrina Schuba and Dr Walid Hetaba for
SEM-EDX surface studies of the used electrodes. Open Access
funding provided by the Max Planck Society.

References

1 R. A. Sheldon, Green Chem., 2014, 16, 950–963.
2 J. J. Bozell and G. R. Petersen, Green Chem., 2010, 12, 539–

554.
3 P. N. R. Vennestrøm, C. M. Osmundsen, C. H. Christensen

and E. Taarning, Angew. Chem., Int. Ed., 2011, 50, 10502–
10509.

4 L. T. Mika, E. Cséfalvay and Á. Németh, Chem. Rev., 2018,
118, 505–613.

5 J. Li, C.-Y. Huang and C.-J. Li, Angew. Chem., Int. Ed., 2022,
61, e202112770.

6 J. Magano and J. R. Dunetz, Org. Process Res. Dev., 2012, 16,
1156–1184.

7 L. Wolff, Liebigs Ann. Chem., 1912, 394, 86–108.
8 E. Clemmensen, Ber. Dtsch. Chem. Ges., 1913, 46, 1837–

1843.
9 X.-J. Dai, C.-C. Li and C.-J. Li, Chem. Soc. Rev., 2021, 50,

10733–10742.
10 N. Chen, X.-J. Dai, H. Wang and C.-J. Li, Angew. Chem., Int.

Ed., 2017, 56, 6260–6263.
11 L. Lv, D. Zhu and C.-J. Li, Nat. Commun., 2019, 10, 715.
12 D. Zhu, L. Lv, C.-C. Li, S. Ung, J. Gao and C.-J. Li, Angew.

Chem., Int. Ed., 2018, 57, 16520–16524.
13 J. Yao, Z. Chen, L. Yu, L. Lv, D. Cao and C.-J. Li, Chem. Sci.,

2020, 11, 10759–10763.
14 S. Wang and B. König, Angew. Chem., Int. Ed., 2021, 60,

21624–21634.
15 R. Gui and C.-J. Li, Chem. Commun., 2022, 58, 10572–

10575.
16 D. M. Ketcha, B. A. Lieurance, D. F. J. Homan and

G. W. Gribble, J. Org. Chem., 1989, 54, 4350–4356.

Paper Green Chemistry

10806 | Green Chem., 2025, 27, 10801–10807 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 5
/9

/2
02

6 
11

:4
9:

07
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1039/d5gc03495g
https://doi.org/10.1039/d5gc03495g
https://doi.org/10.1039/d5gc03495g
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc03495g


17 M. Mehta, M. H. Holthausen, I. Mallov, M. Pérez, Z.-W. Qu,
S. Grimme and D. W. Stephan, Angew. Chem., Int. Ed., 2015,
54, 8250–8254.

18 S. Xu, T. Toyama, J. Nakamura and H. Arimoto, Tetrahedron
Lett., 2010, 51, 4534–4537.

19 R. J. Andrews, S. S. Chitnis and D. W. Stephan, Chem.
Commun., 2019, 55, 5599–5602.

20 Y. Zang, Y. Ma, Q. Xu, G. Li, N. Chen, X. Li and F. Zhu, Org.
Biomol. Chem., 2024, 22, 932–939.

21 J. Hermannsdörfer and R. Kempe, Chem. – Eur. J., 2011, 17,
8071–8077.

22 Z. Yang, X. Zhu, S. Yang, W. Cheng, X. Zhang and Z. Yang,
Adv. Synth. Catal., 2020, 362, 5496–5505.

23 C. Schäfer, C. J. Ellstrom, H. Cho and B. Török, Green
Chem., 2017, 19, 1230–1234.

24 M. Oestreich, H. F. T. Klare and B. Wolff, Synfacts, 2022, 18,
0765.

25 B. Zhang, X. Guo, L. Tao, R. Li, Z. Lin and W. Zhao, ACS
Catal., 2022, 12, 4640–4647.

26 M. Calabrese, M. Portarapillo, A. Di Nardo, V. Venezia,
M. Turco, G. Luciani and A. Di Benedetto, Energies, 2024,
17, 1350–1376.

27 A. Wiebe, T. Gieshoff, S. Möhle, E. Rodrigo, M. Zirbes and
S. R. Waldvogel, Angew. Chem., Int. Ed., 2018, 57, 5594–
5619.

28 R. Narobe, M. N. Perner, M. D. J. Gálvez-Vázquez,
C. Kuhwald, M. Klein, P. Broekmann, S. Rösler, B. Cezanne
and S. R. Waldvogel, Green Chem., 2024, 26, 10567–
10574.

29 J. Seidler, J. Strugatchi, T. Gärtner and S. R. Waldvogel,
MRS Energy Sustainability, 2020, 7, E42.

30 B. A. Frontana-Uribe, R. D. Little, J. G. Ibanez, A. Palma
and R. Vasquez-Medrano, Green Chem., 2010, 12, 2099–
2119.

31 S. Möhle, M. Zirbes, E. Rodrigo, T. Gieshoff, A. Wiebe and
S. R. Waldvogel, Angew. Chem., Int. Ed., 2018, 57, 6018–
6041.

32 J. Li, L. He, X. Liu, X. Cheng and G. Li, Angew. Chem., Int.
Ed., 2019, 58, 1759–1763.

33 K. Sun, Z. Xu, V. Ramadoss, L. Tian and Y. Wang, Chem.
Commun., 2022, 58, 11155–11158.

34 C. Bi, X. Zhao, Z. Jia, Y. Chang, H. Yang, M. Song,
X. Zhang, Y. Zhang and G. Qing, ChemCatChem, 2023, 15,
e202300258.

35 X. Yuan, K. Lee, J. B. Eisenberg, J. R. Schmidt and
K.-S. Choi, Nat. Catal., 2024, 7, 43–54.

36 Y. Wang, J. Zhao, T. Qiao, J. Zhang and G. Chen,
Chin. J. Chem., 2021, 39, 3297–3302.

37 C. Edinger and S. R. Waldvogel, Eur. J. Org. Chem., 2014,
5144–5148.

38 D. M. Heard and A. J. J. Lennox, Angew. Chem., Int. Ed.,
2020, 59, 18866–18884.

39 C. Gütz, V. Grimaudo, M. Holtkamp, M. Hartmer, J. Werra,
L. Frensemeier, A. Kehl, U. Karst, P. Broekmann and
S. R. Waldvogel, ChemElectroChem, 2018, 5, 247–252.

40 T. Wirtanen, T. Prenzel, J.-P. Tessonnier and
S. R. Waldvogel, Chem. Rev., 2021, 121, 10241–10270.

41 C. Gütz, M. Bänziger, C. Bucher, T. R. Galvão and
S. R. Waldvogel, Org. Process Res. Dev., 2015, 19, 1428–1433.

42 C. Gütz, M. Selt, M. Bänziger, C. Bucher, C. Römelt,
N. Hecken, F. Gallou, T. R. Galvão and S. R. Waldvogel,
Chem. – Eur. J., 2015, 21, 13878–13882.

43 P. Moreno-García, M. D. J. Gálvez-Vázquez, T. Prenzel,
J. Winter, L. Gálvez-Vázquez, P. Broekmann and
S. R. Waldvogel, Adv. Mater., 2024, 36, 2307461.

44 M. D. J. Gálvez-Vázquez, P. Moreno-García, H. Guo, Y. Hou,
A. Dutta, S. R. Waldvogel and P. Broekmann,
ChemElectroChem, 2019, 6, 2324–2330.

45 V. Grimaudo, P. Moreno-García, A. Riedo, S. Meyer,
M. Tulej, M. B. Neuland, M. Mohos, C. Gütz,
S. R. Waldvogel, P. Wurz and P. Broekmann, Anal. Chem.,
2017, 89, 1632–1641.

46 T. Kashiwagi, B. Elsler, S. R. Waldvogel, T. Fuchigami and
M. Atobe, J. Electrochem. Soc., 2013, 160, G3058.

47 H. Okamoto, T. Gojuki, N. Okano, T. Kuge, M. Morita,
A. Maruyama and Y. Mukouyama, Electrochim. Acta, 2014,
136, 385–395.

48 K. A. Schwarz, R. Sundararaman, T. P. Moffat and
T. C. Allison, Phys. Chem. Chem. Phys., 2015, 17, 20805–
20813.

49 Z. Fang and W. Chen, Nanoscale Adv., 2021, 3, 94–105.
50 M. Klein and S. R. Waldvogel, Angew. Chem., Int. Ed., 2022,

61, e202204140.
51 C. Edinger, V. Grimaudo, P. Broekmann and

S. R. Waldvogel, ChemElectroChem, 2014, 1, 1018–1022.
52 C. Gütz, B. Klöckner and S. R. Waldvogel, Org. Process Res.

Dev., 2016, 20, 26–32.
53 F. Mast, M. M. Hielscher, T. Wirtanen, M. Erichsen,

J. Gauss, G. Diezemann and S. R. Waldvogel, J. Am. Chem.
Soc., 2024, 146, 15119–15129.

54 F. Mast, M. M. Hielscher, E. Plut, J. Gauss, G. Diezemann
and S. R. Waldvogel, J. Phys. Chem. B, 2025, 129, 6241–
6252.

55 S. B. Beil, D. Pollok and S. R. Waldvogel, Angew. Chem., Int.
Ed., 2021, 60, 14750–14759.

56 P. T. Anastas and J. C. Warner, Green Chemistry: Theory and
Practice, Oxford University Press, 1998.

57 B. Becker, A. Bohnen, M. Ehrenfreund, W. Wohlfarth,
Y. Sakata, W. Huber and K. Muellen, J. Am. Chem. Soc.,
1991, 113, 1121–1127.

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2025 Green Chem., 2025, 27, 10801–10807 | 10807

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 5
/9

/2
02

6 
11

:4
9:

07
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc03495g

	Button 1: 


