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1. This study introduces a green electrochemical method for synthesizing adipic acid (AA) from 
biomass-derived 2-methoxycyclohexanone (MCH). Using molecular oxygen (O₂) and water 
as oxidants, this flavin-catalyzed process operates under mild, metal-free conditions, offering 
an environmentally friendly alternative to conventional petrochemical synthesis.  

2. The method achieves high atom and electron economy, producing only water as a byproduct 
while avoiding the use of hazardous oxidants or metals. Under optimized conditions, it 
delivered a sustainable 76% yield of AA, demonstrating both efficiency and practicality.  

3. Future work could focus on improving catalyst recyclability, scaling up for industrial 
applications, and exploring alternative feedstocks to expand the method’s applicability and 
further enhance its environmental and economic impact.  
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Here, we present an efficient electrochemical synthesis of adipic 
acid (AA) from 2-methoxycyclohexanone (MCH), which is derived 
from lignin, a major component of woody biomass. The tandem 
Bayer–Villiger reaction and oxygenation of MCH are promoted to 
produce AA using a metal-free flavin catalyst under mild, low-
voltage electrolytic conditions. By the biomimetic flavin catalysis, 
the entire process is conducted using ambient air (1 atm) and 
water, which are readily available and sustainable resources. It 
offers a renewable alternative to petroleum-based AA synthesis, 
advancing green electrochemical biomass conversion methods. 

Adipic acid (AA) is a critical commodity chemical, with annual 
production exceeding 3 million tons, primarily for use in polymers 
such as Nylon-6,6.1 Currently, AA is synthesized in the chemical 
industry from petroleum-derived benzene (Scheme 1A). In this 
process, KA-oil, a mixture of cyclohexanol and cyclohexanone, is first 
obtained by hydrogenating benzene, followed by the oxygenation of 
cyclohexane. The conversion of KA-oil to AA relies on oxygenation 
using nitric acid, but this traditional process presents major 
sustainability concerns: (i) it depends on fossil-based resources, (ii) it 
has a low conversion efficiency (4–8%) for cyclohexanone 
oxygenation, and (iii) it releases N₂O, which is a potent greenhouse 
gas with a global warming potential approximately 300 times that of 
CO₂.2 As a result, there is an increasing demand for a greener, more 
sustainable method of AA production that utilizes renewable 
resources.3 For example, the microbial conversion of glucose into 
cis,cis-muconic acid, followed by its catalytic hydrogenation, has 
emerged as a promising renewable route to AA (Scheme 1B).3a,b

Scheme 1. Synthetic routes to adipic acid (AA): (A) Industrial process from 

petroleum. (B) Sustainable AA synthesis from glucose and (C) sustainable AA 

synthesis from lignin via MCH. Sustainable AA production from 2-

methoxycyclohexanone (MCH) using (D) tungstic acid-catalyzed aerobic 

oxygenation and (E) flavin-catalyzed electrochemical aerobic oxidation.

a.Department of Chemistry, Graduate School of Natural Science and Technology, 
Shimane University, 1060 Nishikawatsu, Matsue, Shimane 690-8504, Japan

Supplementary Information available: [details of any supplementary information 
available should be included here]. See DOI: 10.1039/x0xx00000x

Page 2 of 9Green Chemistry



ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Lignin, a major component of woody biomass, remains 
underutilized compared with cellulose and hemicellulose. This has 
driven the demand for innovative processes to convert lignin into 
value-added products.4 The pyrolysis of soft wood lignin produces 
guaiacol as the main product, making it a promising natural organic 
resource (Scheme 1C).5 Guaiacol can be selectively converted to 2-
methoxycyclohexanone (MCH) in good yields through catalytic 
hydrogenation; for example, a 98% yield was reported using a 
heterogeneous Pd catalyst.6 If a green and selective oxidation 
process for converting MCH to AA is developed, it could serve as an 
appealing renewable approach for AA production. In 2020, 
Nakagawa, Tomishige and coworkers presented an example of the 
catalytic aerobic oxidation of MCH using phosphotungstic acid 
(H3PW12O40) as a catalyst, introducing a novel route for sustainable 
AA production (Scheme 1D).7 Molecular oxygen (O₂) is an attractive 
oxygen atom source because of its sustainability, safety, atom 
economy, cost-effectiveness, and minimal environmental impact.8 
However, this system has limitations, including the need for high-
pressure O₂ (8 atm), elevated temperatures (80 °C), and an extended 
reaction time of 5 days. Therefore, an alternative environment-
friendly and sustainable approach is needed.

Recently, electrochemical synthesis has emerged as a green 
alternative to traditional synthetic methods, as it offers a mild and 
selective approach to both oxidative and reductive transformations.9 
Moreover, using electrons as redox agents eliminates the need for 
harsh and often toxic chemical oxidants and reductants, thereby 
improving atom economy and reducing chemical waste. In this study, 
we present a novel green method for AA synthesis via the biomimetic 
organocatalyzed electrochemical oxygenation of MCH at 25 °C, using 
ambient air (1 atm) and water as oxygen sources (Scheme 1E). The 
cationic flavin-based organocatalyst, which was designed to mimic 
the enzymatic function of flavin-containing monooxygenases,10 
activates O₂ mildly by supplying electrons at a controlled low cathode 
potential (–0.6 V versus Ag/Ag+), thereby facilitating the 
chemoselective aerobic Baeyer–Villiger reaction of MCH and its 
subsequent oxygenation to AA. Electrochemical oxidation, 
particularly with ambient air and water, offers a green approach 
because it avoids the use of toxic reagents and promotes atomic 
economy. Recently, we developed low-voltage-driven 
electrochemical aerobic oxygenation of sulfides mediated by a flavin 
catalyst.11 This process operates under mild conditions without high 
voltages or reactive radical intermediates, which could lead to 
undesirable side reactions. This electrochemical system enabled the 
chemoselective oxygenation of sulfides containing alkene and alkyne 
groups, which are typically vulnerable to oxidation and degradation. 
In this study, we anticipate that this flavin-catalyzed, mild 
electrochemical method will be suitable for the sustainable synthesis 
of AA via the tandem aerobic oxygenation of MCH.

Initially, we explored the effects of various flavin catalysts, 
including 5-ethylalloxazinium 1, 5-ethylisoalloxazinium 2, 1,10-
ethylene-bridged alloxazinium 3, and neutral tetraacetyl riboflavin 
(4), because of the significant impact of the flavin structure on both 
redox and catalytic activities (Table 1). Table 1 presents the redox 
potentials of the first single-electron reduction (E1) which was 
determined by cyclic voltammetry in a CH3CN solution, for these 
flavin catalysts (1.0 mM),11-12 enabling a comparison of their catalytic 
and redox activities. Aerobic electrochemical oxygenation of MCH 

was conducted in air (1 atm, balloon) at 25 °C for 3 h in a CH3CN/H2O 
solution (9:1, v/v) containing LiOTf as the electrolyte. The electrolysis 
was maintained at a constant potential (–0.60 V versus Ag/Ag+) in an 
undivided cell with Pt working, Pt counter, and Ag/Ag+ reference 
electrodes. The oxygenation of MCH, catalyzed by alloxaziniums 1a–c, 
yielded AA and its precursor, 6-oxohexanoic acid (5), in a combined 
yield of up to 17% (entries 1–3, Table 1). We observed a linear 
correlation between the redox potential and catalytic activity. The 
highest yield was achieved with 8-trifluoromethyl isoalloxazinium 1a, 
as opposed to the more electron-rich 7,8-non-substituted 1b and 
7,8-dimethyl 1c. In contrast, the catalytic activities of isoalloxazinium 
2, ethylene-bridged alloxazinium 3, and a neutral flavin 4 were low 
(entries 4–8). Notably, in the absence of a flavin catalyst, the 
formation of AA and 5 was negligible (entry 9).

Table 1 Catalytic activity of flavins for the electrochemical oxidation of MCHa 

Entry Flavin E1

[V vs Fc/Fc+]b

Conv.
(%)

Total yield of
5 and AA (%)c

1 1a•TfO –0.168 65 17

2 1b•TfO –0.326 53 14

3 1c•TfO –0.425 50 11

4 2a•TfO –0.136 55 <5

5 3a•Cl –0.426 43 <5

6 3b•Cl –0.564 46 <5

7 3c•Cl –0.650 65 <5

8 4 –1.18 44 <5

9 – – 48 <5

a Conditions: MCH (0.5 mmol, 0.1 M), flavin (5 mol%), LiOTf (0.1 M), and 

CH3CN/H2O (9:1, v/v) were placed in an undivided cell. Electrolysis was performed 

under a constant voltage (–0.60 V versus Ag/Ag+) with air bubbling (1.2 mL/min via 

peristaltic pump) at 25 °C for 3 h. The conversion and yield were determined by 

GC, using biphenyl as an internal standard. b Data from Refs. 11 and 12. c Detected 

as the corresponding methyl ester after esterification with TMSCHN2.

Page 3 of 9 Green Chemistry



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

The electrodes, electrolytes, solvents, and other reaction 
conditions were further optimized (Table S1). As a result, the 
electrochemical aerobic oxidation of MCH was successfully 
performed, yielding AA in 76% and 5 in 12% when 1a•TfO (5 mol%) 
was used in CH3CN/H2O (4:1, v/v) containing LiOTf (0.1 M) under 
constant potential electrolysis (–0.60 V versus Ag/Ag+) with air 
bubbling at 25 °C (Table 2). Notably, the reaction proceeded 
efficiently in atmospheric air at a mild temperature of 25 °C, 
achieving a total yield of AA and 5 up to 88%. In this reaction, the 
terminal voltage was kept at a low level of 3.1 V. The formation of 5 
suggested that the Baeyer–Villiger reaction of MCH occurred, 
producing oxygen-inserted 5, which then underwent further 
oxygenation to form AA. Similarly, 2-hydroxycyclohexanone (HCH), 
also derived from lignin,13 was efficiently converted to AA and 5 in 
yields of 85% and 5%, respectively. This electrochemical method was 
applicable to similar cyclic and linear alpha-hydroxyketones. A 2-
hydroxycyclooctanone (6) with an eight-membered ring was also 
converted to the corresponding suberic acid (7) in 80% yield. Using a 
linear 4-hydroxyhexan-3-one (8) as the substrate, two equivalents of 
propanoic acid (9) was obtained in 88% yield, which is formed via the 
Baeyer–Villiger reaction of 8 and the oxygenation of propanal 
obtained by the hydrolysis of the Baeyer–Villiger product. In contrast, 
guaiacol (10), which did not undergo oxygenation, did not yield any 
detectable AA under these conditions.

Table 2. Flavin-catalyzed electrochemical aerobic oxidation of ketones a 

Substrate Time
(h)

Conversion
(%) Product Equiv. of 

e– (F/mol)

5.5 >99
5

12%b
AA

76%c

5.54

8 >99 5
5%b

AA
85%c 5.87

12 >99
7

80%c

4.88

11 >99
9

88%

6.15

5.5 >99 5
noneb

AA
noneb 16.3

6.5 22

12
trace

13
traceb

2.49

a Conditions: Substrate (0.5 mmol, 0.1 M), 1a•TfO (5 mol%), LiOTf (0.1 M), and 

CH3CN/H2O (4:1, v/v) were placed in an undivided cell under constant-voltage 

electrolysis (–0.60 V versus Ag/Ag+) with air bubbling via a peristaltic pump (1.2 

mL/min) at 25 °C. Conversion and yield were determined by GC using biphenyl as 

an internal standard. b Detected as the corresponding methyl ester after 

esterification with TMSCHN2. c Isolated yield.

Based on the experimental results and literature, we proposed the 
reaction mechanism shown in Scheme 2. The flavin-catalyzed aerobic 
Baeyer–Villiger reaction of MCH initially produced lactone 14a by 
supplying electrons under low-voltage electric conditions (Scheme 
2A). This process was supported by the formation of the Baeyer–
Villiger reaction product 14b (14b+Na+, m/z = 153.0516), as 
confirmed by electrospray ionization mass spectrometry of the 
reaction mixture of HCH obtained after 2 h of stirring (Scheme 3A 
and Fig. S1). Subsequent ring cleavage via hydrolysis of 14a and 
elimination of methanol to give 5 with an aldehyde moiety (Scheme 
2A). The aliphatic aldehyde was further converted to carboxylic acid 
through aerobic oxygenation under the current reaction conditions. 
Indeed, under the standard conditions, 1a•TfO facilitated the 
conversion of hexanal (15) to the corresponding hexanoic acid (16) 
(Scheme 3B). Although the oxygenation of 15 also occurred in the 
absence of 1a•TfO, the yield and selectivity were relatively low. 
These results indicated that flavin catalysis effectively promoted 
both the Baeyer–Villiger reaction of MCH and aerobic oxygenation of 
aldehyde 5, thereby producing the desired AA through the tandem 
aerobic Baeyer–Villiger reaction and oxygenation. In this system, the 
flavin catalyst Fl was reduced to yield the flavin radical Flrad by 
accepting an electron from the cathode at potential of –0.6 V 
(Scheme 2B).14 The formation of Flrad was confirmed by the electron 
spin resonance (ESR) analysis of the reaction mixture obtained after 
1a•TfO underwent electrolysis for 10 min, showing a characteristic 
radical signal of the flavin molecule with a g-value of 2.00104 (Fig. 
1A).14 Stabilized by the π-conjugated system, Flrad did not undergo 
side reactions.11 Through disproportionation, two Flred molecules 
were partially converted to Fl and reduced flavin FlH, which activated 
O2 to form the oxidatively active 4a–hydroperoxyflavin FlOOH.16 
FlOOH attacked the carbonyl functionality, enabling the Baeyer–
Villiger reaction of MCH and oxygenation of 5 to produce oxygenated 
products 14a and AA, respectively. The generated FlOH was 
converted back to the initial Fl through dehydration, completing the 
catalytic cycle. To facilitate the aerobic oxygenation of the substrate 
(Sub), the flavin catalyst required two electrons and one O2 molecule 
to produce an oxygenated product (Sub=O) and water. Electricity of 
5.54 and 5.87 F/mol was consumed in the reaction of MCH and HCH, 
respectively, both of which underwent two-step oxygenation (Table 
2). Given that the theoretical requirement for this two-step 
transformation is 4 F/mol, these results indicate relatively high 
electron efficiency and selectivity in this electrochemical process.
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Fig. 1 (A) Electron spin resonance measurements of a Flrad solution in CH3CN (5 

mM): (i) before and (ii) after electrolysis (g=2.00104). Asterisks indicate signals 

from the standard marker Mn2+/MgO. (B) Mass spectra of (i) air and (ii) gas 

generated at the anode during the electrolysis of MCH for 11 h in CH3CN/H2
18O 

(49:1, v/v).

 Scheme 2. Proposed mechanism for the (A) aerobic oxidative formation of AA and 

(B) catalytic cycle of flavin.

The peroxy anion FlOO– was identified as the active oxidative 
species in the enzymatic Baeyer–Villiger reaction catalyzed by 
Baeyer–Villiger monooxygenase.17 To confirm the active oxidative 
species in the present electrochemical system, we conducted the 
reaction of MCH in the presence of sulfide 17, which is highly reactive 
toward electrophilic oxygenation by peroxy species such as the 
hydroperoxy flavin FlOOH but less reactive to nucleophilic peroxy 
anions such as FlOO–

 (Scheme 3C).17,18 Sulfoxidation occurred 
preferentially over the reaction of MCH, which is consistent with the 
involvement of hydroperoxyflavin FlOOH as the active oxidative 
species in this electrochemical system. In a previous study, 
experiments using 18O-isotope-labeled water indicated that both O2 
and water served as oxygen sources in electrochemical flavin-
catalyzed oxygenation.11 Although it was challenging to completely 
exclude the possibility that water partially acted as a direct oxygen 
source, the electrolysis of water likely occurred at the anode, 
generating H+ and O2 as proton and oxygen sources, respectively. 
When MCH was reacted, gas evolution from the anode was observed, 
and the pH of the reaction mixture after 6.5 h was 2.1. Under acidic 
conditions, FlOOH acted as the active oxidative species rather than 
FlOO–. To analyze the gas generated at the anode, we conducted a 
mass spectrometry analysis of the gas when the reaction of MCH was 
conducted in the presence of 18O-isotope-labeled water (11 
equivalents of MCH, Fig. 1B). Mass analysis of the gas in the bubbles 
attached to the anode revealed the formation of 18O2 (m/z = 36) 
despite the absence of any detectable amount of 18O2 in the ambient 
air used for bubbling. Quantitative analysis of 18O2 was challenging 
because of the presence of H2

16O from the bubbled air (16O2), which 
was involved in the flavin-catalyzed cycle, as well as the exchange 
between the H2

18O and 16O atoms of 5 and AA. Nevertheless, this 
outcome corroborated the hypothesis that water underwent anodic 
electrolysis. 

Since the cationic flavin catalyst is known to function as an 
organocatalyst for the electrochemical water oxidation to produce 
O2,19 1a•TfO might catalyze the electrolysis of water at anode in the 
present system, in addition to facilitating the oxygenation at cathode. 
Indeed, when using a divided cell and omitting the flavin catalyst 
from the anodic compartment, the yield of AA dropped to less than 
1% and no oxygen evolution was detected. This difference indicates 
that the presence of the flavin catalyst in the anodic chamber is 
essential for efficient product formation in the present condition. 
Furthermore, when 1a·TfO was added to both the cathode and 
anode chambers of the divided cell, the yield remained similarly low, 
suggesting that chemical species and/or intermediates generated 
from 1a·TfO at each electrode may need to interact for the reaction 
to proceed. Since similar flavin-catalyzed electrochemical reactions 
have been shown to promote oxygenation of sulfides,¹¹ it is unlikely 
that the observed phenomenon is due to interference from 
intermediates derived from the present substrate (MCH). We 
proposed the reaction mechanism shown in Scheme 2B based on 
previously reported redox behavior of flavin catalysts and known 
mechanisms of aerobic oxidation. However, the actual reaction 
pathway may involve more complex processes, particularly on the 
anodic side, where the reactions appear to be intricate and not yet 
fully understood. Although elucidating the detailed mechanism 
remains a considerable challenge, this intriguing phenomenon 
warrants further investigation in future studies.
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In a single step of the oxygen-atom transfer process to the substrate, 
it is proposed that 1 equivalent of water undergoes electrolysis via a 
two-electron transfer, producing 0.5 equivalents of O2 and 1 
equivalent of the oxidized product (Sub=O, Scheme 2B). Therefore, it 
was estimated that approximately half of the oxygen atoms 
incorporated into MCH were derived from water. This finding was 
corroborated by the observation that approximately half of the 
oxygen inserted during the previously-reported sulfoxidation in the 
presence of H2

18O was 18O.11 The current conditions allowed the 
tandem Baeyer–Villiger reaction and oxygenation to proceed via the 
consumption of O₂ and water, thereby enabling the green synthesis 
of AA from MCH.

Scheme 3. Control experiments: (A) Detection of the Baeyer–Villiger product 10b 

in the reaction mixture of HCH, (B) the oxygenation of aldehyde 15, (C) comparison 

of reactivity between sulfide and MCH, and (D) direct electrochemical reaction of 

MCH without the flavin catalyst. 

Flavin compounds are known to catalyze the aerobic Baeyer–
Villiger reaction using additional reductants, such as zinc dust 
and NADH.18,20 The regulated oxidizing power of flavin catalysts 
enables selective oxygenation,21 which has typically restricted 
the substrate scope to relatively reactive ketones, such as 
strained cyclobutanones.18,20 Indeed, the current system hardly 
achieved the Baeyer–Villiger reaction of less-strained 
cyclohexanones lacking methoxy and hydroxy substituents (12, 
Table 2). However, the electron-donating 2-methoxy and 
hydroxy groups on MCH and HCH, respectively, facilitated 
carbon migration in the transition state, known as the “Criegee 
intermediate,” required for the rearrangement.22 As a result, 

the flavin-catalyzed reaction selectively inserted an oxygen 
atom into the C1–C2 bond between the carbonyl- and 2-
methoxy-substituted carbons of MCH rather than into the C1–
C6 bond. Recently, electrochemical methods for Baeyer–
Villiger-type reactions using pure O2

23, water24, and H2O2
25 as 

the oxygen source have emerged as promising alternatives to 
conventional methods employing peracids. For example, Hu 
and co-workers demonstrated aerobic Baeyer-Villiger oxidation 
using activated carbon electrodes in ionic liquid.23 When 
fluorinated tin oxide24a, iron oxide,24b and CeO2@PbO2@Ti 
electrode24c were employed as an anode, electrochemical 
Baeyer–Villiger reaction took place using water as the oxygen 
source. Manthiram and colleagues also demonstrated the 
appealing electrochemical lactonization of ketones, such as 
cyclohexanone, using water.26 However, the direct 
electrochemical conditions without flavin catalysts were 
unsuitable for AA synthesis from MCH (Scheme 3D). Therefore, 
flavin catalysis played a crucial role in AA synthesis. To the best 
of our knowledge, this is the first electrochemical method for 
the Baeyer–Villiger reaction that uses both atmospheric air and 
water as the oxygen source, and offers significant 
environmental and economic advantages. By directly utilizing 
electrical energy, the present electrochemical method 
represents a preliminary example contributing to greener 
synthetic strategies. To ensure that this approach offers a truly 
sustainable alternative to conventional chemical methods, 
future efforts should focus on developing work-up procedures 
that allow for the recovery and reuse of the electrolyte, solvent, 
and catalyst27. Although the platinum electrodes used in this 
system are expensive, they offer the advantage of being 
reusable.

Conclusions

We successfully achieved an efficient electrochemical synthesis 
of AA from sustainable MCH using ambient air and water. This 
flavin-catalyzed process effectively activated O2 and enabled 
selective tandem oxygenation, specifically the aerobic Baeyer–
Villiger reaction of MCH and subsequent aerobic oxidation of 
the in-situ-generated aldehyde, all under mild, metal-free, and 
low-voltage electrolytic conditions. This approach has the 
potential to not only facilitate the sustainable synthesis of AA 
but also to pave the way for developing green electrochemical 
methods for multi-step oxidative transformations of biomass-
derived α-hydroxy ketones using atmospheric air and water, 
which are simple, highly accessible sustainable resources. This 
study demonstrates the potential of renewable resources to 
reduce the dependency on petrochemical sources. 
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