
doi.org/10.1002/hlca.202500068 RESEARCH ARTICLE

A Simplified Approach for Electrochemical Allylic Oxidation of
Olefins

Kamil Hofman,a Johannes Schneider,a Roman Goy,b Jan Schütz,b Werner Bonrath,b

and Siegfried R. Waldvogel*c, d

a Department of Chemistry, Johannes Gutenberg University (JGU), Duesbergweg 10-14, Mainz 55128, Germany
b dsm-firmenich AG, Wurmisweg 576, Kaiseraugst CH-4303, Switzerland

c Institute of Biological and Chemical Systems – Functional Molecular Systems (IBCS–FMS), Karlsruhe Institute of
Technology (KIT), Kaiserstraße 12, Karlsruhe 76131, Germany, e-mail: siegfried.waldvogel@cec.mpg.de

d Max-Planck-Institute for Chemical Energy Conversion (MPI CEC), Stiftstraße 34-36, Mülheim an der Ruhr 45470,
Germany

© 2025 The Author(s). Helvetica Chimica Acta published by Wiley-VHCA AG. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work
is properly cited.

A simple method for the electrochemical allylic oxidation of olefins to enones based on peroxide-mediated C–
H activation is presented. t-Butyl hydroperoxide serves a dual role as mediator and oxygen source, avoiding the
utilization of expensive transition metal catalysts, potentially explosive supporting electrolytes such as perchlorates,
or additional environmentally harmful mediators. This elegant methodology allows for an operationally simple
and sustainable late-stage transformation of delicate natural compounds such as terpenes or steroids into highly
value-added building blocks. Such an approach provides a greener alternative to conventional oxidation methods
used for industrial applications. In total, 25 examples are demonstrated with isolated yields up to 80%. The robust
scalability of the method was also demonstrated, and chromatography could be avoided in scale-up simply by using
recrystallization, which decreases the cost of downstream processing.
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1. Introduction

Thedirect allylic oxidationof olefinsbyC–Hactivation is a
principalmethod to access value-addedα,β-unsaturated
ketone motifs in fine chemicals,[1] highly interesting
building blocks (e.g., 7-ketocholesterol),[2] flavor com-
pounds and fragrances,[3] as well as pharmaceuticals.[4–5]

The conventional methods[6–7] feature the use of toxic
or expensive transitionmetals,[8–16] excess oxidizers,[17–18]

(photo-)catalysts,[19–21] or enzymes.[22–25] However, these
approaches are often less attractive for industrial appli-
cations because of complicated reaction setups, unfavor-
able atom economy, and overall low efficiency. Organic

Supporting information for this article is available on the
WWW under https://doi.org/10.1002/hlca.202500068

electrosynthesis provides a more sustainable method-
ology to achieve these transformations.[26] One of the
many advantages of electrochemistry is the direct use
of electricity as a comparably inexpensive and universal
redox agent – which can originate from renewable
energy sources – avoiding additional oxidizers, and
minimizing costs, CO2 footprint, and reagent waste.[27–28]

Despite the fact that electro-organic synthesis is
currently experiencing an ongoing renaissance,[34–41]

electrochemical approaches for allylic oxidations to pro-
videα,β-unsaturatedketoneshavebeen rarelydescribed
in the literature until recently (Scheme 1). The first
method was reported in 1985 by Ozaki et al. using N-
hydroxyphthalimide (NHPI) as mediator in the presence
of molecular oxygen and NaClO4 as supporting elec-
trolyte in a potentiostatic electrolysis setup.[29] In this
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Scheme 1. Overview of electrochemical allylic oxidation
reactions.[29–33]

work, only a limited number of 10 substrates were tested
with isolated yields up to 60%. Another method was
subsequently established by Utley et al. for the allylic
oxidation of β-ionone.[30] By using platinum anodes
and water as a nucleophile, the corresponding 4-oxo-β-
ionone was obtained in 15% yield. In addition to their
limited scope and rather sophisticated setups, these
methodsutilize variousperchlorates aspotentially explo-
sive supporting electrolytes, and brittle or expensive
electrode materials, making them unsuitable for larger
technical applications. Based on this groundwork, Baran
et al. reported an improved method in 2016.[31] Despite
the usefulness of their work, it requires brittle reticu-
lated vitreous carbon (RVC) electrodes,[42] tetrachloro-N-
hydroxylphthalimide (Cl4NHPI) as a rather unusual and
environmentally critical mediator,[43–44] and NaClO4 as a
potentially explosive supporting electrolyte as well.[45]

Scheme 2. The standard reaction conditions of the test reaction
used for optimization. Note that no care must be taken to exclude
moisture because t-BuOOH is added as an aqueous solution
anyways. More information about the experimental setup can be
found in the Supporting Information.

Also recently, an interesting approach was published in
2024 by Jensen et al., which uses machine learning to
optimize the reaction conditions alreadypublished in the
literature.[32] Another method was recently developed in
2025 by Liu et al.,[33] which further develops the approach
by the group of Ozaki, utilizing air as an inexpensive
oxidizer. While this protocol is interesting, and it does
not rely on perchlorates, it requires many equivalents
of supporting electrolyte and NHPI as a mediator
as well.

Here, we present a simplified method for electro-
chemical allylic oxidation using t-BuOOH in a dual
role as mediator and oxygen source.[46] Acetonitrile or
butanone can be chosen as the solvent, and pyridine
is used as an (electro)chemically stable base. Glassy
carbon, boron-doped diamond (BDD), or graphite can
be employed as metal-free electrode materials. NaBF4
is used as a safe, inexpensive, and inert supporting
electrolyte, which is required in only very small con-
centrations. This approach simplifies downstream pro-
cessing and provides a more attractive and greener
protocol compared with the previously mentioned ones.
Moreover, the method established here also features
the valorization of biogenic substrates such as ter-
penes and biologically active steroid derivatives to
the desired enones, which makes this approach par-
ticularly attractive for industrial and interdisciplinary
applications.

2. Results and Discussion

For reaction optimization, β-isophorone 1a was cho-
sen as test substrate due to its established role in
the synthesis of 4-oxoisophorone 2a, which serves as
a building block in the production of tocopherols
and carotenoids like astaxanthin.[47–48] The reactions
were performed in small Teflon cells,[49–52] which have
proven to be very successful in our group (see Sup-
porting Information).[53–56] The standard reaction con-
ditions are depicted in Scheme 2. The yield and selec-
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Table 1.Optimization of the test reaction.

# Deviation from Standard Reaction
Conditions[a]

Yield%
(Selectivity%)[b]

1 None 35 (55)
2 NEt4BF4 instead of NaBF4 39 (60)
3 NBu4PF6 instead of NaBF4 33 (50)
4 NBu4HSO4 instead of NaBF4 29 (62)
5 ethyl acetate instead of MeCN[c] 44 (58)
6 ethanol instead of MeCN 20 (30)
7 acetone instead of MeCN (1.8 F)[d] 37 (50)
8 butanone instead of MeCN 39 (59)
9 5 equiv pyridine, 10 equiv t-BuOOH,

10 mA cm−2, 4 F
36 (51)

10 5 equiv pyridine, 10 equiv t-BuOOH,
10 mA cm−2, 4 F, c(1a) = 0.2 mol L−1

51 (70)

11 10 equiv pyridine, 10 equiv t-BuOOH,
10 mA cm−2, 4 F, c(1a) = 0.2 mol L−1

62 (84)

12 10 equiv pyridine, 10 equiv t-BuOOH,
10 mA cm−2, 4 F, c(1a) = 0.2 mol L−1,
BDD electrodes

45 (62)

13 10 equiv pyridine, 10 equiv t-BuOOH,
10 mA cm−2, 4 F, c(1a) = 0.2 mol L−1,

butanone instead of MeCN

62 (90)

14 10 equiv pyridine, 10 equiv t-BuOOH,
10 mA cm−2, 4 F, c(1a) = 0.3 mol L−1,
butanone instead of MeCN

56 (81)

15 10 equiv pyridine, 10 equiv t-BuOOH,
10 mA cm−2, 4 F, c(1a) = 0.2 mol L−1,
butanone instead of MeCN, BDD
electrodes

44 (58)

16 10 equiv pyridine, 10 equiv t-BuOOH,
10 mA cm−2, 4 F, c(1a) = 0.2 mol L−1,
butanone instead of MeCN,
graphite electrodes

49 (71)

17 no electricity 0 (–)

a) The standard reaction conditions are depicted in Scheme 2.
b) The yield and selectivity (= yield / conversion) were determined
using 1H NMR spectroscopy with 1,3,5-trimethoxybenzene as
internal standard.
c) The upper terminal voltage limit of the power supply was
reached during electrolysis, but the desired amount of charge
could be fully applied.
d) The upper terminal voltage limit of the power supply was
reached during electrolysis, and only the specified amount of
charge could be applied.

tivity (= yield / conversion) was determined using
1H NMR spectroscopy with 1,3,5-trimethoxybenzene as
the internal standard.[57] The standard reaction condi-
tions (Scheme 2 and Table 1, entry 1) gave 2a in 35%
yield and 55% selectivity. To our delight, all subsequent
optimization reactions could be carried out with such
a small concentration of supporting electrolyte (only
0.02 mol L−1), which simplifies downstream processing.

Testingother supporting electrolytes such asNEt4BF4,
NBu4PF6, or NBu4HSO4 (Table 1, entries 2–4) gave no
noteworthy increase in yield or selectivity. To simplify
downstream processing, and to decrease cost, sub-
sequent optimization reactions were continued using
NaBF4. Next, different solvents were tested. For ethyl
acetate, ethanol, and acetone, yields of 44%, 20%, and
37% were obtained, respectively (entries 5–7). For ethyl
acetate and acetone however, the upper terminal volt-
age limit was reached during electrolysis. In the case of
ethyl acetate, the full 2 F could be applied, while the
electrolysis came to an end after 1.8 F when acetone
was used as the solvent. In general, high cell voltages
cause high power consumption, meaning ethyl acetate
and acetone were not further tested in optimization
reactions. Since the yield was low as well when using
ethanol as solvent, it was not tested further either.
Butanone was also tested and gave 39% yield (entry
8). The objective of the optimization was not only to
improve the yield and to investigate the selectivity,
but also to increase the productivity by increasing the
current density, which shortens the electrolysis time.
Therefore, a current density of 10 mA cm−2 was tested in
combination with an increase of equivalents of pyridine
and t-BuOOH and an increase of applied charge to
4 F, which did not result in a significant increase in
yield or selectivity (entry 9). Using the same reaction
conditions as entry 9 but increasing the concentration
of the starting material to 0.2 mol L−1 gave an increase
in yield to 51% with a selectivity of 70% (entry 10).
Repeating the experiment from entry 10 with more
pyridine (entry 11) gave 62% yield with a selectivity
of 84%. While these reaction conditions require more
equivalents of pyridine and t-BuOOH and more applied
charge, they allow for an increased productivity by
using a higher current density and a higher concen-
tration of starting material. The reaction conditions of
entry 11 were used again with boron-doped diamond
electrodes instead of glassy carbon,[58] which gave 45%
yield (entry 12). Next, optimization was refined using
butanone as solvent, because the scope of our work also
includes steroids, for which butanone is a better solvent
than MeCN. The use of butanone instead of acetonitrile
does not complicate downstream processing, because
both solvents can easily be removed by distillation
after electrolysis. Using 10 equivalents of pyridine and t-
BuOOH, 4 F, and 10 mA cm−2, the product was obtained
in 62% yield with 90% selectivity (entry 13). Using these
reaction conditions from entry 13 but increasing the
current density to 10 mA cm−2 and increasing the
concentration of the starting material to 0.3 mol L−1

resulted in a yield of 56% with 81% selectivity (entry 14).
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Based on these results, two optimization experiments
using BDD electrodes (entry 15) and graphite elec-
trodes (entry 16) were carried out, which gave 44%
and 49% yield, respectively. This demonstrates that
boron-doped diamond or graphite can be employed
as an alternative to glassy carbon electrodes. Since all
electrode materials which were tested are metal-free,
this method is interesting for applications in medicinal
chemistry, which is very reluctant about traces of transi-
tion metals.[59] Without electricity, no product could be
found (entry 17).

2.1. Scope

Several substrates have been tested, as depicted in
the following Scheme 3. The allylic oxidation product
4-oxoisophorone 2a can be obtained from different
starting materials, as will be later explained in the
mechanism section. The numbering of startingmaterials
andproducts is explained in the Supporting Information.
In all schemes, the newly installed oxo functions are
indicated in blue. Using β-isophorone or α-isophorone,
product 2a is obtained in 56%and 27%, respectively.With
2,6,6-trimethyl-2-cyclohexen-1-one as starting material,
2a is isolated in 18% yield. Using (+)-α-pinene as starting
material, product 2b could be isolated in 15% yield, and
for limonene, 2c was obtained in 19% yield. One reason
for the low yield of 2c could be oxidation reactions at
the exocyclic double bond. The Starting materials α-
ionone, vinyl-α-ionol, and ethynyl-α-ionol gave products
2d, 2e, and 2f in 47%, 38%, and 43% isolated yield,
respectively. For β-ionone 2g, vinyl-β-ionol 2h, and
ethynyl-β-ionol 2i, overall lower yields of only 18%, 16%,
and 16% were obtained. Higher yields than those were
obtained for β-damascone and α-cetone, which gave
the corresponding allylic oxidation products 2j and 2k
in 46% and 52%. Using (+)-valencene, a yield of 22%
was found for nootkatone 2l. Myrtenyl acetate gave 2m
in 21% yield. From α-cedrene, 2n was obtained in 20%
yield. The low yield of product 2b, 2m, and 2n could be
due to the steric hindrance of the bridging CH2 group,
or its influence on the stability of the allylic radical
intermediate.

The allylic oxidation of some substrates was
unsuccessful. For example, while myrtenyl acetate
could undergo allylic oxidation to product 2m
successfully, the corresponding unprotected starting
material myrtenol u1 could not be oxidized, as no
reaction product could be found. When using gamma-
terpinene u2, no conversion was observed, and the
starting material was partially recovered upon workup.

O

O

O

O

O

O

2j, 46%

from -damascone

H
H

O
2n, 20%

from -cedrene

O

O
2d, 47%
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OH

O
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OH

O
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from -ionone

O
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O
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[a]

[a]

[a]

Scheme 3. Scope of transformation. Reaction conditions: starting
material (0.5 mmol, 0.1 mol L−1), butanone (5.0 mL), NaBF4
(0.02 mol L−1), amount of applied charge Q = 4 F (= 193 C for
0.5 mmol starting material), current density j = 1 mA cm−2, t-
BuOOH (3.5 equiv, 70% in aqueous solution), pyridine (5 equiv),
glassy carbon electrodes, room temperature, undivided cell, under
air, galvanostatic electrolysis (constant current). Note that no
care must be taken to exclude moisture because t-BuOOH is an
aqueous solution anyways. More details about the experimental
setup can be found in the Supporting Information. [a] Using
the aforementioned reaction conditions gave no product but
using the following deviations from the reaction conditions was
successful: MeCN instead of butanone, 2 equiv pyridine.

Using carvone u3, which is the product of the allylic
oxidation of limonene, no further allylic oxidation
could be observed either. Similarly, for piperitone u4,
which is also already an enone, no conversion was
found.

2.2. Steroids

Several steroids were also employed as substrates,
as depicted in Scheme 4. From cholesterol,
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4b: 67% from cholesterol acetate (R: OAc)
4c: 26% from cholesterol benzoate (R: OBz)
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67% from
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O

Scheme 4. Scope of steroids. Reaction conditions: starting mate-
rial (0.5mmol, 0.1 mol L−1), butanone (5.0mL), NaBF4 (0.02mol L−1),
amount of applied charge Q = 6 F (= 289 C for 0.5 mmol starting
material), current density j = 10 mA cm−2, t-BuOOH (10 equiv,
70% in aqueous solution), pyridine (10 equiv), glassy carbon
electrodes, room temperature, undivided cell, under air, medium
stirring, galvanostatic electrolysis (constant current). Note that no
care must be taken to exclude moisture because t-BuOOH is an
aqueous solution anyways. More details about the experimental
setup can be found in the Supporting Information.

cholesteryl acetate, and cholesteryl benzoate, allylic
oxidation products 4a, 4b, and 4c were obtained
in 63%, 67%, and 26%, respectively. For diosgenin
acetate and β-sitosterol, the corresponding enones
4d and 4e were both obtained in 45% yield.
Stigmasteryl acetate gave the highest yield of all
substrates, as 4f was obtained in 80% isolated
yield. To compare this with methods reported in
the literature: 4f can be prepared by oxidation
of stigmasteryl acetate with an excess of highly
carcinogenic pyridinium chlorochromate (PCC) in
71% isolated yield.[60] From pregnenolone acetate,
product 4g was obtained in 67% yield, and from
dehydroepiandrosterone acetate (DHEA acetate),
4h was obtained in 67% as well. Methandriol
(methylandrostenediol) and lynestrenol gave products
4i and 4j in lower yields of only 32% and 17%,
respectively.

Scheme 5. Scale-up reaction of cholesteryl acetate (20-fold
scale-up from 0.5 mmol to 10.0 mmol). [a] Electrolysis reaction
conditions: c(starting material) = 0.1 mol L−1, t-BuOOH (10 equiv),
pyridine (10 equiv), NaBF4 (0.02 mol L−1), j = 10 mA cm−2, Q = 6 F,
glassy carbon electrodes, butanone (100 mL), room temperature,
undivided cell, galvanostatic electrolysis. More details about the
experimental setup can be found in the Supporting Information.

2.3. Scale-up

Demonstrating the robust scalability of an electrosyn-
thetic method is important, because this paves the way
for an application on technical scale.[61–62] Furthermore,
scale-up reactions must avoid expensive and sophisti-
cated purification techniques such as chromatography
in order to be operationally simple and economically
feasible. This is important because cost-efficientwork-up
is usually the key for the translation of electrosynthetic
conversions.[63–64] Therefore, a gram-scale electrolysis
of cholesteryl acetate was carried out as depicted in
Scheme 5. The product 7-ketocholesteryl acetate 4a
was obtained in 54% yield. According to the 1H NMR
spectrum, it is 92% pure and contains 8% of the starting
material cholesteryl acetate. After recrystallization, the
rest of the remaining starting material stays dissolved in
acetonitrile.

2.4. ReactionMechanism

The proposed reaction mechanism is depicted in
Scheme 6. Deprotonation of t-BuOOH by pyridine gives
intermediate I, and its subsequent anodic oxidation
results in the formation of radical II. This radical species
undergoes hydrogen atom abstraction with olefin III,
which results in the formationof a stabilized allylic radical
IV. Another radical of type II recombines with IV to form
intermediate V. Deprotonation of V by pyridine induces
the elimination of t-BuO–, forming the allylic oxidation
product VI. At the cathode, hydrogen evolution is the
counter reaction.[65] Pyridine proved to be essential for
the success of this reaction.

In the presence of pyridine, the reduction potential
of the starting material increases dramatically, and the
reduction potential of t-BuOOH decreases, making I
more susceptible tooxidation anddecreasing the chance
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Scheme 6. The proposed reaction mechanism. Py is pyridine.

of a possible direct oxidation of olefin III (see CV
measurements in Supporting Information). In addition
to that, the direct oxidation of either β-isophorone or
α-isophorone via a carbocation species would lead to
different isomers, proving that t-BuOOH serves both
as a mediator and the oxygen source in the reaction.
The formation of 4-oxoisophorone 2a starting from
either β-isophorone, α-isophorone, or 2,6,6-trimethyl-2-
cyclohexen-1-one indicates an allylic intermediate IV.

3. Conclusion

A simplified method for the mediated electrochemical
allylic oxidation of olefins to their corresponding enones
was established. t-BuOOH serves a dual role as mediator
and source of oxygen, which avoids the use of additional
mediators such as NHPI or transition metals. Acetonitrile
or butanone can be chosen as the solvent with pyridine
as a base. Only very low concentrations of NaBF4 are
required as a safe and inexpensive supporting elec-
trolyte, which strongly simplifies downstream process-
ing. Glassy carbon, boron-doped diamond or graphite
can be used as mechanically robust and metal-free
electrode materials, making this approach predestined
for applications in medicinal chemistry. The scalability
of the electrolysis was demonstrated in a scale-up
reaction of cholesteryl acetate, which utilized a simple
recrystallization to avoid chromatography, and gave 7-

ketocholesteryl acetate in 54%yield. In total, 25 examples
are demonstrated with up to 80% isolated yield. This
method valorizes delicate terpenes and biologically
active steroidal derivatives to obtain highly value-added
synthetic intermediates.

4. Experimental Section

The starting material (0.5 mmol, 0.1 mol L−1) and the
supporting electrolyte NaBF4 (109.79 g mol−1, 11 mg,
0.01 mmol, 0.02 mol L−1) are dissolved in acetonitrile or
butanone (5.0 mL) at room temperature in a small Teflon
cell under medium stirring (500 rpm). The electrodes
(1.0 cm x 7.0 cm x 0.3 cm) are assembled and put
into the cell so that both electrodes have an immer-
sion depth of 2.0 cm into the reaction solution. To
prevent solvent evaporation, the assembled electrolysis
cell is sealed with some stretch film (Parafilm). Pyridine
(2.0 equiv, 1.0 mmol, 0.08 mL, 79.10 g mol−1) and t-
BuOOH (70% aqueous solution, 3.5 equiv, 1.75 mmol,
0.24 mL, 90.12 g mol−1) are added through the top of
the electrode holder using a syringe. Under continued
medium stirring at room temperature, the electrolysis
is started (current density j = 1.0 mA cm−2, amount
of applied charge Q = 4 F). To determine NMR yield,
1,3,5-trimethoxybenzene (168.19 g mol−1, 1.0 mL of a
stock solution of 2.1001 g in 250.0 mL MeCN, 8.4 mg,
0.05 mmol) is added after electrolysis. The reaction
solution is transferred into a round bottom flask, and the
solvents are removed by distillation at reduced pressure
using a rotary evaporator (40 °C water bath, 50 mbar,
10 min). The residue is dissolved in CDCl3 (0.5 mL),
and a 1H NMR spectrum is measured. To isolate the
product, the reaction solution is transferred into a round
bottom flask, and the solvents are removed using a
rotary evaporator under reduced pressure (40 °C water
bath, 50 mbar, 10 min). The residue is transferred into a
separatory funnel using a saturated aqueous solution of
NaHCO3 (30 mL). The round bottom flask is rinsed once
with ethyl acetate (30 mL), which is also added to the
separatory funnel. After mixing and separation of the
ethyl acetate layer, the aqueous layer is extracted with
ethyl acetate twice more (2 × 30 mL). The combined
ethyl acetate fractions are dried over MgSO4 (10 g), and
the solution is filtered. The solvent was removed from
the filtrate by distillation using a rotary evaporator at
reduced pressure (40 °Cwater bath, 50mbar, 10min). The
crude residue is dissolved in ethyl acetate again (5 mL)
and adsorbed on Celite 545 (10 g). Depending on the
substrate, either cyclohexane with ethyl acetate (normal
phase) or water and acetonitrile (reversed phase) (linear
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gradient: 100:0 → 95:5 in 10 column volumes) is used for
flash column chromatography.

Supporting Information
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Supporting Information.[66–81]
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