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Electrochemical water activation for the oxidative
cleavage of alkenes
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Oxidative cleavage of alkenes allows rapid access to valuable products, starting from simple petrochem-

icals. Water is an ideal carrier of oxygen. Here, we report a novel electrochemical water activation for the

oxidative cleavage of alkenes. Water was used as an abundant and economical oxygen source, with no
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Introduction

Alkenes'™ are feedstock materials that are obtained on the ton
scale from petroleum and vegetable biomass and are exploited
by the bulk chemical industry to access oxygen-enriched syn-
thetic intermediates. Oxidative cleavage of olefinic double
bonds to aldehydes or ketones is one of the important reac-
tions, as ketones and aldehydes are one of the few most often
used functionalities in organic synthesis. One of the most
popular methods for this transformation is ozonolysis,” which
requires an ozone generator and displays serious safety issues
owing to the toxicity and explosiveness of high concentrations
of ozone and ozonides (Fig. 1a). Alternative metal or nonmetal
oxidants, such as KMnO,, RuO,, 0OsO,, H,O, and NalO,, are
either toxic or strongly oxidizing, and also generate waste®
(Fig. 1b). Oxidative cleavages using O, and a suitable photo-
catalyst have also been developed, but they are limited to acti-
vated alkenes”® (Fig. 1c). Recently, a purple light-induced oxi-
dative cleavage of alkenes using nitroarenes has been reported,
which has greatly expanded the range of olefins. However, this
method requires low temperature and complex workups.°
Electrochemical methods for promoting the oxidative cleavage
of olefins have also been reported;'™"* however, their substrate
scope is limited to styrene derivatives and requires O, or other
specialized redox catalysts™? (Fig. 1d).

Electrolysis is a powerful and sustainable approach for
redox transformations, allows straightforward and mild chemi-
cal conversions that are metal- and oxidant-free.">™® The
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additional oxidants or complex workups. A wide range of alkenes such as activated alkenes and unacti-
vated alkenes were tolerated. Additionally, we observed oxidative cleavage of the allylic C-C(vinyl) o-
bond and a unique linear paired electrolysis mode, which are not observed in existing methods for the

chemical activation of water would allow this earth-abundant
resource to be transferred into value-added compounds, and is
a topic of keen interest in energy research.’”® Water is an
ideal carrier of oxygen.’’>* Developing renewable energy-
powered electrochemical technologies to drive water splitting
under ambient conditions for organic oxidation reactions is
highly desired.>*>* Here, we demonstrate electrochemical
water activation for the oxidative cleavage of all types of
alkenes, including both activated and unactivated alkenes,
under mild conditions. By avoiding transition metals and
chemical oxidizers, this protocol offers an environmentally
sustainable method for the oxidative cleavage of alkenes,
leading to a valuable contribution to the sustainable conver-
sion of petrochemical feedstocks into synthetically usable fine
chemicals and commodities (Fig. 1, bottom).

Results and discussion

Because unactivated aliphatic alkenes have higher oxidation
potentials (>2.0 V vs. SCE)*® and are more difficult to oxidize
than activated alkenes, we chose the unactivated alkene 1-allyl-
naphthalene 1a as a model substrate for our electrochemical
oxidation studies (Table 1). The electrolysis was conducted
with an undivided cell (a schlenk tube) with a simple two-elec-
trode configuration. The electrode, serving as a support for a
heterogeneous catalyst, is an essential component of an
electrochemical reactor and plays a decisive role in the
outcome of the transformation.>® Consequently, we first per-
formed a screening of electrode materials (entries 1-5). Using
PbO,/Ti electrode as the anode, the lead dioxide lattice is par-
tially hydrated, forming gel zones. These zones slow the
diffusion of anodically generated molecular oxygen and
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Previous methods:

4 Oxidative cleavage
_— >:o + 0

a. Ozonolysis

b. Stoichiometric metal or non-metal oxidants (KMnO4, RuQ,,
0504, HzOz, NalOg4 etc.)

c. Photochemical methods with O, as oxidant (generally only
applicable to styrene derivatives)

d. Electrochemical methods (only applicable to styrene
derivatives and require O, or other specialized redox catalysts)
X Safety risk X Multiple steps X Additional reagent waste
due to external oxidizer

Our work:

nl
Q f Q
.0 B s

Water

+ O

Electrochemical water activation for the oxidative cleavage of
alkenes

V Mild electrochemical reaction conditions
V Green oxidant: water, no need for additional oxidants
V Oxidative cleavage of non-activated and activated alkenes

V Oxidative cleavage of the allylic C-C(vinyl) o-bond and a unique
linear paired electrolysis mode have been observed in some
examples

Fig. 1 Previous methods and our work. (a) PbO,/Ti as anode, Sudan Il
before electrolysis; (b) PbO,/Ti as anode, Sudan Il after electrolysis; (c)
Pt as anode, Sudan Il before electrolysis; (d) Pt as anode, Sudan Il after
electrolysis.

promote its combination with atomic oxygen to produce
ozone.”” This process potentially enables the electrochemical
water activation for alkene cleavage. This electrochemical strat-
egy is advantageous due to the lower stationary concentrations
of hazardous ozone and ozonides, resulting from their in situ
reaction, which reduces safety risks compared to traditional
ozonolysis, avoids the problems of over-oxidation and excessive
waste production. Furthermore, we observed oxidative cleavage
of the allylic C-C(vinyl) o-bond and a unique linear paired
electrolysis mode, which are not observed in existing methods
for the oxidative cleavage of olefins. Glassy carbon and boron-
doped diamond, both materials possessing high O, evolution
overpotentials, which are presumed conducive to ozone gene-
ration, were therefore also screened as anode materials.?® The
desired product was exclusively obtained utilizing a PbO,/Ti
electrode (entries 1-3). The cathode electrode screening
included nickel foam and graphite felt; however, their per-
formance was inferior to that of the platinum electrode
(entries 4 and 5). The optimal conditions for the electro-
chemical water activation for 1a cleavage were identified as
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Table 1 Optimization of reaction conditions?
| 1t o]
10 .

PbO,/Ti anode, Pt cathode
O Et4NBF,4, EtOAc/phosphate buffer OO
50 mA, 18 h, RT, 112 F/mol
1a 2a

"standard conditions"?

Entry Deviation from standard condition Yield” (%)
1 None 44

2 Glassy carbon as anode ND

3 Boron-doped diamond as anode ND

4 Nickel foam as cathode 6

5 Graphite felt as cathode 11

6 70 mA 24

7 20 mA 17

8 60 °C ND

9 10 °C 13

10 0.15 mmol 1a Trace
11 0.6 mmol 1a 9

12 LiBF, instead of Et,NBF,, 20 mA 14

13 Et,NCl instead of Et,NBF,, 20 mA 11

14 Et,NBF, (0.24 mmol) 40

15 Et,NBF, (0.96 mmol) 43

16 No EtOAc ND
17 CH;CN instead of EtOAc Trace

“Standard conditions: undivided cell, PbO,/Ti anode (1 cm x 2 cm), Pt
cathode (1 cm x 1.5 cm), 1a (0.3 mmol), Et,NBF, (0.48 mmol), EtOAc
(1.8 mL), phosphate buffer (Na,HPO,: 90 mg mL™', NaH,PO,: 30 mg
mL~", NaF: 0.12 mg mL™", H,0: 3 mL), 50 mA, RT, 18 h. Voltage
4.1-4.3 V. P Isolated yield. RT, room temperature; ND, not detected.

follows: constant current electrolysis (50 mA) in EtOAc
(1.8 mL), phosphate buffer (3 mL, prepared using Na,HPO,:
90 mg mL™', NaH,PO,: 30 mg mL™", NaF: 0.12 mg mL™" in
water) at room temperature for 18 h, PbO,/Ti as anode, Pt as
cathode, Et,NBF, as the electrolyte. Under these conditions,
the desired alkene oxidative cleavage product 2a was isolated
in 44% yield (entry 1). The role of the phosphate buffer is to
protect the lead dioxide electrode from corrosion by the gener-
ated H', which facilitates electrode recycling.® The function of
NaF is to block the O, evolution and, thereby, increase the
efficiency for O; evolution.® The phosphate buffer and NaF
also serve as supporting electrolytes. Increasing the current to
70 mA or decreasing it to 20 mA both resulted in a reduced
yield (entries 6 and 7). Increasing reaction temperature to
60 °C resulted in no product formation (entry 8), while
decreasing reaction temperature to 10 °C led to a significant
reduction in yield (entry 9). Lowering the concentration of sub-
strate 1a resulted in trace amounts of product (entry 10), while
increasing the concentration of substrate 1a led to a decreased
yield (entry 11). Screening of supporting electrolytes revealed
Et,NBF, as the most efficient (entries 12 and 13). Neither an
increase nor a decrease in the amount of Et,NBF, electrolyte
resulted in a higher yield (entries 14 and 15). During solvent
screening, no product was observed when ethyl acetate was not
used (entry 16). Furthermore, when acetonitrile was used

This journal is © the Partner Organisations 2025
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instead of ethyl acetate, only trace amounts of product were
obtained (entry 17).

With the optimized conditions in hand, we investigated the
scope of the olefin cleavage (Table 2). First, a series of unacti-
vated aliphatic alkenes, including terminal alkenes and
internal di- and trisubstituted alkenes, were examined. In
most cases, aldehydes or ketones were obtained in moderate
to good yields. To demonstrate the applicability of our method
in chiral synthesis, we examined the reactions of the natural
products dihydrocarvone and vitamin K1. Gratifyingly, both
reacted smoothly, yielding the valuable, synthetically challen-
ging chiral products (2R,5R)-5-acetyl-2-methylcyclohexan-1-one
6b and hexahydrofarnesyl acetone 7b, respectively.
Interestingly, unlike the model substrate 1-allylnaphthalene
(1a), allylic benzene derivatives exhibited different reactivity.
The para-bromo-substituted allylbenzene (9a) and the (S)-
naproxen-derived analogue (8a) produced benzaldehyde
derivatives as products (9b and 8b, respectively) via allylic C-C
(vinyl) o-bond oxidative cleavage. This oxidative cleavage of the
allylic C-C(vinyl) o-bond®' is difficult to achieve with existing
olefin oxidative cleavage methods. Additionally, the major pro-
ducts from the reaction of long-chain aliphatic terminal
alkene 1-heptene 10a, internal alkene 2-octene 11a, and a
cyclohexyl-substituted terminal alkene 12a were carboxylic
acids. More surprisingly, cyclic alkenes 13a and 14a both
underwent oxidative double bond cleavage, with the ketone
carbonyl group remaining intact and the aldehyde group
further reduced to an alcohol. We hypothesize that the gener-
ated aldehyde group, upon double bond cleavage of these
cyclic alkenes, is further reduced to the alcohol by hydrogen
gas produced at the cathode. This linear paired electrolysis
mode,*” involving sequential anodic oxidation and cathodic
reduction of the same starting material, has rarely been
reported in the literature. Using this linear paired electrolysis
approach, we achieved one-step synthesis of the sequential oxi-
dation-reduction products 13b and 14b, containing both
ketone and hydroxyl groups, with a 40% yield. In contrast, pre-
vious literature®*>3* needs a two-step sequence of 0sO, or Os
oxidation followed by NaBH, reduction, giving only 17%
yields. This linear paired electrolysis approach offers a promis-
ing platform for exploring further sequential oxidative double
bond cleavage and cathodic reduction reactions.

In order to further expand the range of olefins, the oxidative
cleavage of mono-, di-, and trisubstituted styrenes derivatives
was also examined. It was found that styrenes containing both
electron-donating and electron-withdrawing substituents per-
formed well under the reaction conditions, resulting in the
corresponding aldehydes or ketone in moderate to good
yields. The reaction also demonstrated excellent functional
group compatibility, tolerating halogen, nitro, ester, cyano,
and methoxy substituents. Heterocycle-substituted alkene,
including 2-vinylpyridine 21a, and electron-deficient alkene,
such as (2-nitrovinyl)benzene 25a, were also tolerated.
Diphenylethylene was also tolerated, providing product 23b in
good yield. Cyclic alkene also reacted smoothly to give a
product 32b containing both aldehyde and ketone functional-

This journal is © the Partner Organisations 2025
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Table 2 Scope of the oxidative cleavage of alkenes?

I ’ﬁ
PbOz/Tl anode, Pt cathode }
) Ety,NBF 4, EtOAc/phosphate buffer
unactivated aliphatic alkenes

50 mA, 18 h, RT, 112 F/mol
Substrate Product and Yield® Substrate

Product and Yield®
o
©/0\)I\ O/O\)I\
oo OO .
1b, 44%
B Bt o
©/\A\ ©M0 sa 5b, 61%L1

2a 2b, 50%!
o ()
o o
6a 6b, 51%
dihydrocarvone

3a 3b, 66%

O‘ OW
N —

o 7b, 42%°!

~ T

oxidative cleavage ofa//yllc C-C(vinyl) -bond

7a
Vitamin K1

8a
(S)-naproxen

/©/\/ Dﬂ NN /\/\/?LOH

10a 10b, 52%
oxidative Cieavage ofa//yllc f C(wny/) o-bond °
e OO
P e g OH
1a 11b, 59% 12a 12b, 66 %

,—|\
B0 o
M ~_on  NaHy KdOSOAOH)]
linear paired electrolysis —t

g NMO, NalO,
132 one step 13b, 40% Previous 2 steps

ref. 33, 17% yield

| ’ﬁ Q
(CH3C00);BHNa_ozone
linear paired electrolysis HQ'
one step Previous 2 steps

14a 14b, 40% ref. 34

mono-, di-, and trisubstituted activated alkenes

Substrate Product and Yield® Substrate Product and Yield!”!
i o NOz N

N [ j 0

©A ©)J\H ©/V
Rt R 25 25b, 53%
a
153, R'=H, 15b, R'= H, 69% el
16a, R'= Me 16b, R'= Me, 60%

o
17a, R'= 0COMel! 17b, R'= OCOMe, 60% I
18a, R'= CN 18b, R'= CN, 57%
19a, R'= NO,¥! 19b, R'= NO,, 46% 2
26b, R'=Cl, 75%
27b, R'=Br, 71%
28b, R'= CF, 43%
29b, R'= OMe, 60%°!

20a, R'= CH,Cl 20b, R'= CH,CI, 75%
28a, R'= CF3
21b, 41% 293, R'= OMe

22b, 42%

30b 65%

N 26a, R'= Cl

@v/ L1 o 27a,R'=8
N

: i : :CI

23b, s1%l°l 1a 31b, 62%
24b, 60% 32b, 45%
)@( i @~ﬁ QS
o
P e o~
33a 33b, 54%

Gemfibrozil

¢Standard conditions: undivided cell, PbO,/Ti anode (1 cm x 2 ¢cm), Pt
cathode (1 cm x 1.5 cm), 1a (0.3 mmol), Et,NBF, (0.48 mmol), EtOAc
(1.8 mL), phosphate buffer (Na,HPO4: 90 mg mL™", NaH,PO,: 30 mg
mL™* NaF 0.12 mg mL™" HZO 3 mL), 50 mA, RT, 18 h. Voltage
4.1-4. 3 V. ?1solated yield. © 21 h. %24 h.
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ities. The tetrasubstituted alkene tetraphenylethylene did not
yield the target product due to its insolubility in ethyl acetate.
A styrene derivative of the drug molecule gemfibrozil also
smoothly yielded the aldehyde product 33b.

As depicted in Fig. 2(A), this system can be scaled up to
gram level easily. It indicats that this method might be applied
in chemical and pharmaceutical industry. To investigate the
oxidation reaction mechanism, '®0-labeling experiments were
conducted to probe the source of oxygen in the product Fig. 2
(B). The successful detection of '®0-labeled ketone 11b-'*0
demonstrated that the product’s oxygen atom was derived
from water. This '®0-labeling experiment also validated the
potential of our method to use inexpensive H,'®0 for '°0O-
labeling of drug molecules. To investigate whether water is

A. Gram-scale reaction

23a
9.8 mmol, 1.76 g

i :

PbO,/Ti anode, Pt cathode

23b
1.035 g, 58%

Et4,NBF,, EtOAc/phosphate buffer
250 mA, RT

B. Isotope labeling experiment

Wi
O O EtOAc/phosphate buffer (H,'20)

PbO,/Ti anode, Pt cathode
23a Et4NBF,4, 50 mA, 18 h, RT

180

detected by LC-MS

[M+H]* 185.1; Found 184.9

Fig. 2 (A) Gram-scale reaction; (B) isotope labeling experiment; (C)
investigation on the formation of Os.
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converted to ozone at the PbO,/Ti anode, we conducted ozone
detection experiments Fig. 2(C). Sudan III indicator® was
added to the reaction system, and before electrolysis, it
showed a red color when dissolved in ethyl acetate. After elec-
trolysis, the solution turned yellow, indicating Sudan III oxi-
dation and ozone generation. When the PbO,/Ti anode was
replaced with platinum, the Sudan III remained red before and
after electrolysis, indicating no oxidation, thus confirming that
the PbO,/Ti electrode indeed converted water to ozone.

Based on the above mechanism studies and related litera-
ture reports,>” we proposed a possible mechanism for the
electrochemical oxidative cleavage of alkenes, as shown in
Fig. 3. The PbO,/Ti anode lattice is partially hydrated, forming
gel zones. These zones slow the diffusion of molecular oxygen
produced by the anodic electrolysis of water and promote its
combination with atomic oxygen, resulting in ozone for-
mation. The ozone then immediately facilitates the oxidative
cleavage of alkenes in water phase.>® Protons, also generated

anode I | cathode
| |'
A
gel H,
zones >
3
et H,O +
= 04, HyO
o, « ——— >0+ 0
o/ C
f“)o&’ N
‘j 0y ‘ 00 H,0
\
o/
/ o _
o % o &0
—_— \))1\ \
o oo
“ primary ozonide carbonyl oxide

Fig. 3 A plausible mechanism for electrochemical oxidative cleavage of
alkenes.

1 cathode

2H“
F gel %

linear paired electrolysis
zones )J\/\/\/OH +o"
) _H0 36b
®) @ Ha
J 0
20, + Rt
j C O/ L )J\/\/\WH
7 o
10
D) o, 36a
I +
4 O - H,0
! v) 0~ 0
-0,
[l (0]
o]
_ /U\/\/\(/O‘0—
H

primary ozonide

Fig. 4 A plausible mechanism for linear paired electrolysis.
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by the anodic electrolysis of water, are reduced at the cathode,
producing hydrogen gas. As for linear paired electrolysis,
alkenes are first oxidatively cleaved by ozone generated from
the anodic electrolysis of water, and then the resulting alde-
hyde groups are reduced to hydroxyl groups by hydrogen pro-
duced at the cathode (Fig. 4).

Conclusions

In conclusion, we established a novel electrochemical water
activation for the oxidative cleavage of alkenes. Water was used
as an abundant and economical oxygen source, with no
additional oxidants or complex workups. A wide range of
alkenes such as activated alkenes and unactivated alkenes
were tolerated. Additionally, our method enables the synthesis
of challenging chiral products from natural chiral sources.
This electrochemical strategy is advantageous due to the lower
stationary concentrations of hazardous ozone and ozonides,
resulting from their in situ reaction, which reduces safety risks
compared to traditional ozonolysis, avoids the problems of
over-oxidation and excessive waste production. Intriguingly, we
observed oxidative cleavage of the allylic C-C (vinyl) o-bond
and a unique linear paired electrolysis mode, which are not
observed in existing methods for the oxidative cleavage of
olefins.
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