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Lignocellulosic biomass is the most available renewable source 
of organic matter worldwide and it can potentially serve as 
an alternative to petroleum in the production of materi-

als, chemicals and fuels. Lignocellulose consists of cellulose (30–
50%), hemicellulose (20–35%) and lignin (15–30%)1; however, 
the main industrial pulping processes focus on the production of 
value-added products primarily from cellulose—leaving lignin and 
hemicellulose to serve as a heat and power source for the pulp mill2. 
Given the amount of lignin produced in nature (approximately 1.5 
million tonnes per year)3 and the amount of lignin generated at 
pulp mills (the most common type of biorefineries4; approximately 
70 million tonnes per year), the development of new and more effi-
cient methods to utilize all components of lignocellulose is gaining 
attention (Fig. 1).

A new approach to lignocellulose processing that has emerged 
over the past decade is the so-called lignin-first method, also known 
as early stage catalytic conversion of lignin or catalytic upgrading 
biorefinery1,5. The most reported method of this type is the reduc-
tive catalytic fractionation (RCF) of lignocellulose6–8. During this 
process, the lignin–carbohydrate complex is disassembled and lig-
nin is released into solution along with hemicellulose. The lignin 
fragments are further reacted over a catalyst to give the theoreti-
cal maximum yield of monophenolic compounds from lignin. A 
majority of current lignin-first methods rely on the use of transition 
metal (Ni, Ru, Pd) catalysts, although some transition metal-free 
methodologies have also been developed (Fig. 1)9–12.

These fractionation methods have a high retention of cellulose 
as a solid pulp, which can be further transformed by enzymatic 
hydrolysis into sugars or used in polymeric form for the production 
of fibres and other cellulose-based materials. Hemicellulose can be 
used as a hydrogen source for the fractionation process13,14, retained 
in a solid pulp or isolated from the water phase as sugars or deriva-
tives thereof.

In regard to lignin, most of the developed catalytic fraction-
ation methodologies are limited to the production of monomeric 
value-added products via the cleavage of C–O bonds (mainly 
β-O-4′ bonds) with relatively low bond dissociation energies 
(~60 kcal mol–1)15. Monomeric products are easily separated by 

distillation and can be converted to versatile synthetic precursors. 
The theoretical maximum yield is a term widely used in the cur-
rent literature to describe the yield of monomers predicted based 
on the β-O-4′ bond content in a feedstock. The theoretical maxi-
mum yield of lignin monomers is calculated as x2, where x is the 
β-O-4′ bond content in lignin. Assuming that lignin is a polymer 
of infinite length and that the bonds are distributed randomly, the 
probability that a monomeric unit is attached to both neighbouring 
units via β-O-4’ bonds is x2; therefore, given that the abundance of 
β-O-4′ bonds in lignin is approximately 60%, which is easily mea-
sured by thioacidolysis, the theoretical maximum yield of lignin 
monomers is approximately 36 wt%.

Aside from the monomeric compounds produced in a lignin-first 
process, more than half of the lignin oil remains unvalorized as an 
inseparable mixture of dimers and higher oligomers consisting of 
C–C bonds of high bond dissociation energy (80–120 kcal mol–1)15. 
Furthermore, the dimeric and oligomeric fraction is highly irregu-
lar which hampers its utilization. Lately, there has also been interest 
in valorizing the dimers and oligomers16. The difficulty in cleaving 
C–C bonds is illustrated by Wang’s group that recently reported 
the Ru/NbOPO4-catalysed cleavage of both C–C and C–O bonds 
in lignin17. To achieve the cleavage of both bonds, harsh reaction 
conditions—including high temperature (310 °C) and hydrogen 
gas—were required. Even such, the best cases still produced total 
yield of monomers of 31.9 wt%, in complex mixtures that are 
tedious to separate.

Here we present a protocol to overcome the theoretical maxi-
mum yield limitation by the production of further commercially 
valuable monomers from the high-molecular-weight fraction of 
lignin oil, yielding solely 2,6-dimethoxybenzoquinone (DMBQ) 
with high selectivity (Fig. 1). This protocol involves the oxidative 
cleavage of C–C bonds with (2,2,6,6-tetramethylpiperidin-1-yl)
oxyl (TEMPO)-based oxidants (oxoammonium salts). We have 
performed a detailed mechanistic study to understand the funda-
mental steps in this transformation. Biological activity of benzoqui-
nones makes them valuable compounds for medicinal chemistry 
and biochemistry. Benzoquinones are known to be involved in cru-
cial biological processes such as respiration and photosynthesis on 
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a cellular level18. They are used as building blocks for the synthesis 
of antitumour compounds chaloxone and Streptomyces metabolite 
LL‐C10037α19–21. Studies on hydroxylated derivatives of DMBQ 
revealed their high stability under physiological conditions and 
strong radical scavenging properties22. Thus, examples of possible 
application of DMBQ include antifungal, antitumor or antioxidant 
agents. Furthermore, DMBQ was found to be an excellent biomi-
metic electron-transfer mediator for ruthenium-catalysed aerobic 
oxidation of alcohols due to the low oxidation potential of the cor-
responding dimethoxyhydroquinone23,24; however, benzoquinones 
are currently produced via the oxidation of petroleum-derived 
aromatic compounds with metal-based oxidants, presenting envi-
ronmental concerns. Our greener pathway to the production of 
benzoquinones is thus expected to be of interest to the chemical 
industry.

Results and discussion
Selection of model compounds. We commenced our studies with 
the isolation and characterization of the fraction of lignin dimers 
and oligomers (DO) obtained during the RCF of birch wood. 
Lignin oil (consisting of value-added monophenolic products and 
a high-molecular-weight fraction) was isolated by dichlorometh-
ane (DCM)/water extraction and distilled to remove the mono-
phenolic products (the mass balance and the pulping conditions 
are presented in Supplementary Table 1). The size-exclusion chro-
matogram of the residue revealed the presence of only dimers, tri-
mers and higher oligomers, indicating the successful removal of 
monophenolic compounds (see Supplementary Appendix 3). Gas 
chromatography–mass spectroscopy analysis of the DO fraction 

showed that the main observed dimer is a β-β′ structure formed 
between two syringol units. This dimer constituted 3.9 wt% of the 
DO fraction, indicative of a high percentage of higher oligomers in 
the mixture (Supplementary Table 3). Other dimers with β-1′ and 
β-5′ structures were also observed. Notably, the reductive condi-
tions used during the fractionation process led to hydrogenolysis at 
the benzylic positions in the β-1’ and β-5’ dimers (Supplementary 
Appendix 1). Thus, the generated dimers are different from those 
present in native lignin, which governed our choice of the model 
compound representing β‐1′ dimer (where the benzylic position is 
reduced). The structures of the obtained dimers are in agreement 
with those previously reported25. The S/G ratio of phenolic units 
(that is, the ratio between syringyl and guaiacyl units) in the DO 
fraction was measured by quantitative 31P NMR (Supplementary 
Table 4 and Supplementary Fig. 1)26, and a value of 5/1 was deter-
mined, indicating a high prevalence of S units in the DO fraction; 
thus, for initial optimization, we synthesized model compounds 1 
and 2, which represent β-β′ and β-1′ dimers, respectively (Fig. 2a). 
To use model compounds is a general practice in lignin chemistry to 
study the mechanism of specific bond cleavage in the complex lig-
nin structure. Although the G unit is less representative of the sub-
strate used in the current study (birch wood), it might be relevant 
for other types of biomass; thus, model compound 3, which repre-
sents the β-β′ G–G dimer, was also prepared and studied (Fig. 2a).

Optimization of reaction conditions. Oxidative cleavage of lignin 
has a long history. For example, vanillin is industrially produced 
by oxidative cleavage of lignosulfonates27, and the oxidative deg-
radation of residual lignin is known to occur in bleaching and has 
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been applied to pulp to improve its brightness. These processes, 
although generating benzoquinones as products of lignin degra-
dation, are generally focused on the degradation of lignin rather 
than valorization and thus lack selectivity28–30. More recently, 
metal-catalysed oxidation reactions of lignin model compounds 
have been reported31–35; however, these studies are related to β-O-
4′ lignin models. In addition to model studies, cobalt-catalysed 
aerobic oxidation of poplar lignin was reported where DMBQ was 
obtained in 1.7 wt% yield34. Wang’s group has expanded the oxida-
tive approach to native β-1′ motifs via photocatalytic cleavage of 
lignin model compounds36,37. The reactivity of a β-β′ motif without 
free phenolic groups under oxidative conditions (2,3-dichloro-5,6-
dicyano-1,4-benzoquinone oxidation) was investigated by 
Westwood’s group and resulted in the formation of pyran-4-one 
without cleavage of the C–C bonds38.

Stahl’s group has contributed to the research field by performing 
extensive studies to develop metal-free oxidation reactions of alcohol 
functionalities in lignin, which facilitate the subsequent cleavage of 
β-O-4′ bonds to form monomeric products39,40; however, C–C bond 
cleavage of β-β′, β-1′ or other motifs from the oligomeric fractions 
obtained by RCF was not a focus in these studies. Furthermore, the 
oxidation of phenolic compounds by oxoammonium salts was stud-
ied in the early period of the development of oxoammonium salt 
oxidation reactions. The main products of the reaction of phenolic 
compounds were dimeric quinone structures41,42.

Inspired by the previous efforts, we sought to develop a benign 
and selective oxidation procedure to cleave lignin C–C bonds in the 
low-value DO fraction and convert a portion of the compounds in 
this fraction to DMBQ with high selectivity. The above-mentioned 
reactions using oxoammonium salts (Fig. 2b) were conducted in a 
MeCN or DCM solvent41,42. We expected that the addition of a suit-
able nucleophile would help prevent the formation of undesirable 

dimeric products due to attack by a nucleophilic arene on the elec-
trophilic intermediate after initial oxidation. Indeed, when the reac-
tion was performed in a MeCN/H2O mixture, DMBQ 4 was isolated 
in 22% yield along with unidentified by-products (Fig. 2c, entry 1). 
Replacing MeCN with MeOH and optimizing the amount of added 
water led to facile formation of DMBQ. Under the optimized reac-
tion conditions, DMBQ was isolated in 91% yield (Fig. 2c, entry 4). 
No other products were detected in the crude mixture. The reac-
tion with an oxidant in its radical form (4-acetamido-TEMPO) 
resulted in no conversion of the starting material, indicating that 
an oxidized form (Bobbitt’s salt) is required (Fig. 2c, entry 6). 
Tetrafluoroborate salts of 4-hydroxy-TEMPO and TEMPO were 
also tested (Fig. 2c, entries 7 and 8). It is worth mentioning that 
4-substituted derivatives of TEMPO (for example, Bobbitt’s salt, 
TEMPOL) are less expensive alternatives to TEMPO-derived oxi-
dants as they can be prepared from triacetonamine, which is avail-
able at a low price (US$3 per kilogram)43. Because Bobbitt’s salt 
is commercially available and gave good results, this oxidant was 
chosen for further optimization.

Another common motif found in the DO mixture is a reduced 
β-1′ dimer with two bridging carbon atoms, represented by model 
compound 2. To convert model 2 to DMBQ 4, an increased amount 
of oxidant and a higher temperature (100 °C) were required (see 
the ‘Mechanistic studies’ section for further explanation). The final 
product 4 was generated in 79% isolated yield (Fig. 2c, entry 9).

The reaction with model compound 3—under the same con-
ditions used for model 2—resulted in a more complex mixture of 
cleaved products, due to the free 5-position of the aryl of the G unit. 
Methoxybenzoquinone 5 was isolated in 53% yield (relative to 1 
equiv. of product formed) along with trace amounts of compound 
12 (Fig. 2a and entry 10 of Fig. 2c; see Supplementary Section 8.5 
for more details).
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Mechanistic studies. We performed mechanistic studies to explain 
the differences in the reactivity of model compounds 1 and 2, and to 
obtain a better understanding of the amount of oxidant required for 
the transformation. We initiated our studies using model compound 
1. Performing the reaction with a lower oxidant/substrate molar 
ratio (2.5) allowed us to isolate intermediate 7 (Supplementary 
Section 8.3 and Fig. 3a). When the reaction was performed with an 
oxidant/substrate molar ratio of 6, bicyclic product 8 (Fig. 3b) was 

isolated. The reaction in dry methanol with the addition of isotopi-
cally labelled water (H2O; ref. 18) resulted in the formation of mainly 
DMBQ with an incorporated 18O atom (high-resolution mass spec-
troscopy: 18O:16O = 87:13; Fig. 3b), showing that water is the source 
of one of the oxygen atoms in compound 4. To further elucidate 
the reaction mechanism, the reaction was performed in a CD3OD/
D2O mixture. Gas chromatography–mass spectroscopy analysis of 
the reaction mixture revealed the formation of product A (Fig. 3c). 
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As the deuterium atom was not incorporated at positions 5 and 6 in 
the resulting product A, we conclude that no deprotonation of the 
benzylic position of 1 occurred (Fig. 3c); the mechanism thus does 
not involve the formation of a quinone methide intermediate.

Based on the aforementioned experiments and literature reports, 
we propose the following reaction mechanism (Fig. 3d): the reac-
tion begins with the oxidation of the phenolic moiety of 1 to form 
dearomatized carbo-cation B, which is probably stabilized by a 
neighbouring oxygen atom from an ether group. Based on isotopic 
labelling experiments (Fig. 3b), we propose that nucleophilic attack 

by methanol followed by an ipso-substitution by water leads to B′. 
Oxidation of B′ furnishes the final product DMBQ 4, along with 
bicyclic acetal 8. The overall transformation of 1 mol of compound 
1 thus requires 4 mol of oxidant.

When the reaction of model 2 was studied in a similar manner 
(with lower amounts of oxidant), intermediates 9, 10 (with an oxi-
dant/substrate molar ratio of 2.5) and 11 (with an oxidant/substrate 
molar ratio of 4) were isolated (Supplementary Section 8.4 and  
Fig. 4a). Products 9 and 10 indicate the initial formation of a qui-
none methide from 2, followed by nucleophilic attack by methanol. 
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We propose that methoxylation of the benzylic position in model 2 
plays an important role in the stabilization of carbo-cation C and 
thus facilitates the ipso attack of methanol and then water and sub-
sequent cleavage of the model compound. The oxidation of 10 is 
similar to that of model compound 1. When both phenolic groups 
of dimer 2 were methylated, no reaction occurred (Fig. 4b), indi-
cating the necessity of a phenolic group for the transformation. 
According to the proposed mechanism, the oxidation of 1 mol of 
model 2 requires 6 mol of the oxidant, which explains why a higher 
oxidant loading was needed for model compound 2 (Fig. 4c).

Although methanol can be oxidized by Bobbitt’s salt, only a slight 
excess of the oxidant (1.5 equiv. and 1.7 equiv. for models 1 and 2, 
respectively) was required to obtain quantitative yields of products 
in both cases.

Regeneration of an oxidant. Oxoammonium salts are known to 
be easily recovered following completion of a reaction and can be 

regenerated via reoxidation with a terminal oxidant (for example, 
bleach) or electrochemically44–46. Electrochemical regeneration of 
a reduced form of an oxidant is a benign and sustainable method. 
The reduced form of Bobbitt’s salt was collected as a white solid 
(Supplementary Section 11), which consisted of a hydroxylamine 
tetrafluoroborate salt and was redissolved in an aqueous solution of 
NaBF4 as an electrolyte and subjected to an electrochemical oxida-
tion process (Table 1). See Supplementary Section 11 for details on 
the electrochemical regeneration. We performed five consecutive 
reaction cycles with model compound 1 to demonstrate that the 
regenerated oxidant was active and can be reused (Table 1). The oxi-
dant was active for five consecutive reactions and the DMBQ 4 could 
be isolated in 79–94% yield. It is worth mentioning that separating 
the oxidant from NaBF4 was not required, and NaBF4 can be col-
lected together with reduced form of Bobbitt’s salt from the solution 
of crude reaction mixture in DCM via extraction with water. The 
collected mixture can be subjected directly to the electrochemical  
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regeneration (Supplementary Appendix 6). Likewise, following 
completion of the electrochemical reaction and removal of water, 
the mixture of the oxidant and electrolyte can be directly used in 
the next reaction cycle.

Reaction of the DO fraction obtained during catalytic fraction-
ation of birch wood. Finally, the reactivity of the DO fraction 
obtained from catalytic fractionation of birch wood was probed 
using the optimized procedure (Fig. 5a; see Supplementary Section 
5 for the catalytic fractionation conditions). Figure 5b shows the 
gel permeation chromatograms of the lignin oil obtained from the 
catalytic fractionation of birch wood, the DO fraction obtained after 
removal of the monomeric products by distillation, and the mixture 
obtained after oxidative treatment of the DO fraction. The figure 
clearly illustrates the formation of a further yield of monomeric 
products from the high-molecular-weight lignin fraction beyond 
the theoretical maximum yield.

The monomeric products formed during the catalytic fraction-
ation of wood are derived from the quantitative cleavage of β-O-
4′ bonds; thereby, DOs are almost fully composed of C–C bonds 
and DMBQ is generated via oxidative cleavage of these bonds. The 
optimization of the reaction conditions is presented in Table 2. We 
found that a higher reaction temperature is beneficial for the oxida-
tion of the DO mixture, presumably due to better solubility (100 °C; 
compare entries 1 and 4 in Table 2). By varying the amount of the 
oxidant, we have determined the optimal oxidant to substrate (w/w) 
ratio of 4. As we discovered during our mechanistic investigation 
(Fig. 4b), the presence of phenolic groups is essential for the trans-
formation. Taking into account the total amount of S phenolic units 
in DO estimated by 31P NMR (Supplementary Fig. 1), the yield of 
18 wt% DMBQ 4 corresponds to a 73 mol% yield (based on S units’s 

phenolic group content in DO mixture used in the reaction). When 
the reaction mixture was subjected to 31P NMR analysis, almost 
no phenolic groups were detected in the remaining crude mixture 
(Supplementary Fig. 2), which indicates substantial conversion of 
phenolic units into DMBQ 4. Furthermore, we have performed the 
oxidation of birch lignin oil (containing lignin-derived monomers 
in addition to dimers and oligomers) and isolated DMBQ in 32 wt% 
yield (Supplementary Table 5; DMBQ was formed along with other 
monomeric products). The oxidant was isolated and regenerated 
via electrochemical oxidation. No considerable drop in yield of 
DMBQ 4 was observed, and the product was isolated in 31 wt% 
yield (Supplementary Table 5).

In conclusion, the presented protocol can be considered an 
extension of the lignin-first approach and addresses the main limi-
tation of the majority of lignin-first methods, namely, the limitation 
of the theoretical maximum yield of monomers. We were able to 
produce an additional low-molecular-weight product (DMBQ 4, 
18 wt% yield) via the oxidative cleavage of C–C bonds within the 
DO fraction generated during the catalytic fractionation of wood. 
Thus, the total yield of monomers from the RCF and oxidation of 
DO constitutes 132% relative to the theoretical maximum yield.

132%Monomer yield (relative to theoreticalmaximumyield)

=
18wt%× 0.64 (DO) + 36wt%(monomers)

36wt%(theoreticalmaximim)

(1)

Performing the reaction in a green solvent (MeOH) under mild 
reaction conditions and using an inexpensive and benign oxidant 
(Bobbitt’s salt, which was readily regenerated via electrochemical 
oxidation) contribute to the sustainability of the overall process. 
Previous lignin-first methodologies—developed over a century 
with a resurrected interest the past decade—enabled us to produce 
monophenolic compounds from quantitative C–O bond cleavage in 
lignin. This study makes progress in the research field by demon-
strating the near-quantitive cleavage of C–C bonds in lignin frag-
ments containing free phenolic groups. We hope that this inspires 
researchers to further development of the cleavage of C–C bonds 
within the residual lignin.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41557-021-00783-2.

Table 2 | Optimization of reaction conditions for the mixture of 
lignin DOs

Entry Temperature 
(°C)

Time 
(h)

Oxidant/
substrate 
(wt/wt)

4 Yield 
(mol%)a

4 Yield 
(wt%)b

1 100 0.5 4 73 18

2 100 0.5 2.2 60 15

3 100 0.5 6.7 71 17

4 r.t. 1 6.7 54 13

Reaction conditions: 50 mg substrate (mixture of dimers and oligomers obtained following 
distillation of lignin oil to remove monomers), 7 ml MeOH (0.4 wt% H2O), Bobbitt’s salt as the 
oxidant. aThe mol% yield calculated based on the amount of phenolic syringyl (S) units in the 
mixture of DO. The mol% yield represents amount of product formed per aromatic unit bearing 
phenolic group. As according to mechanistic studies (Fig. 4b), the oxidative cleavage of dimeric 
and oligomeric lignin fragments requires a presence of free phenolic moiety the maximum possible 
mol% yield of 4 equals to amount of phenolic syringyl (S) units in the DO mixture. bIsolation yield.

Table 1 | Oxidation of model compound 1 with the regenerated 
oxidant
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Following completion of the reaction, the oxidant was isolated from the reaction mixture and 
subjected to electrochemical regeneration. The regenerated Bobbitt’s salt was used to perform 
the reaction again with a new portion of substrate. Five consecutive cycles were performed with a 
minimal drop in the yield of the product.

NaTuRE ChEMiSTRY | www.nature.com/naturechemistry

https://doi.org/10.1038/s41557-021-00783-2
https://doi.org/10.1038/s41557-021-00783-2
http://www.nature.com/naturechemistry


Articles Nature Chemistry

Received: 29 August 2020; Accepted: 4 August 2021;  
Published: xx xx xxxx

References
 1. Rinaldi, R. et al. Paving the way for lignin valorisation: recent advances in 

bioengineering, biorefining and catalysis. Angew. Chem. Int. Ed. 55, 
8164–8215 (2016).

 2. Zakzeski, J., Bruijnincx, P. C. A., Jongerius, A. L. & Weckhuysen, B. M. The 
catalytic valorization of lignin for the production of renewable chemicals. 
Chem. Rev. 110, 3552–3599 (2010).

 3. Abdelaziz, O. Y. et al. Biological valorization of low molecular weight lignin. 
Biotechnol. Adv. 34, 1318–1346 (2016).

 4. Bajwa, D. S., Pourhashem, G., Ullah, A. H. & Bajwa, S. G. A concise review 
of current lignin production, applications, products and their environmental 
impact. Ind. Crops Prod. 139, 111526 (2019).

 5. Sun, Z., Fridrich, B., de Santi, A., Elangovan, S. & Barta, K. Bright side of 
lignin depolymerization: toward new platform chemicals. Chem. Rev. 118, 
614–678 (2018).

 6. Schutyser, W. et al. Chemicals from lignin: an interplay of lignocellulose 
fractionation, depolymerisation, and upgrading. Chem. Soc. Rev. 47,  
852–908 (2018).

 7. Renders, T., Van den Bosch, S., Koelewijn, S. F., Schutyser, W. & Sels, B. F. 
Lignin-first biomass fractionation: the advent of active stabilisation strategies. 
Energy Environ. Sci. 10, 1551–1557 (2017).

 8. Galkin, M. V. & Samec, J. S. Lignin valorization through catalytic 
lignocellulose fractionation: a fundamental platform for the future biorefinery. 
ChemSusChem 9, 1544–1558 (2016).

 9. Rahimi, A., Ulbrich, A., Stahl, S. S. & Coon, J. J. Formic-acid-induced 
depolymerization of oxidized lignin to aromatics. Nature 515, 249–252 (2014).

 10. Lahive, C. W. et al. Advanced model compounds for understanding 
acid-catalyzed lignin depolymerization: identification of renewable aromatics 
and a lignin-derived solvent. JACS 138, 8900–8911 (2016).

 11. Deuss, P. J. et al. Aromatic monomers by in situ conversion of reactive 
intermediates in the acid-catalyzed depolymerization of lignin. JACS 137, 
7456–7467 (2015).

 12. Subbotina, E., Velty, A., Samec, J. S. M. & Corma, A. Zeolite-assisted 
lignin-first fractionation of lignocellulose: overcoming lignin recondensation 
through shape-selective catalysis. ChemSusChem 13, 4528–4536 (2020).

 13. Galkin, M. V. et al. Hydrogen-free catalytic fractionation of woody biomass. 
ChemSusChem 9, 3280–3287 (2016).

 14. Kumaniaev, I. et al. Lignin depolymerization to monophenolic compounds in 
a flow-through system. Green Chem. 19, 5767–5771 (2017).

 15. Guadix-Montero, S. & Sankar, M. Review on catalytic cleavage of C–C 
inter-unit linkages in lignin model compounds: towards lignin 
depolymerisation. Top. Catal. 61, 183–198 (2018).

 16. Liao, Y. et al. A sustainable wood biorefinery for low-carbon footprint 
chemicals production. Science 367, 1385–1390 (2020).

 17. Dong, L. et al. Breaking the limit of lignin monomer production via cleavage 
of interunit carbon–carbon linkages. Chem 5, 1521–1536 (2019).

 18. Crane, F. L. Biochemical functions of coenzyme Q10. J. Am. Coll. Nutr. 20, 
591–Q598 (2001).

 19. Higuchi, T., Satake, C. & Hirobe, M. Selective quinone formation by 
oxidation of aromatics with heteroaromatic N-oxides catalyzed by ruthenium 
porphyrins. JACS 117, 8879–8880 (1995).

 20. Zhang, J.-L. & Che, C.-M. Dichlororuthenium(iv) complex of 
meso-tetrakis(2,6-dichlorophenyl)porphyrin: active and robust catalyst for 
highly selective oxidation of arenes, unsaturated steroids, and 
electron-deficient alkenes by using 2,6-dichloropyridine N-oxide. Chem. Eur. 
J. 11, 3899–3914 (2005).

 21. Liu, P., Liu, Y., Wong, E. L.-M., Xiang, S. & Che, C.-M. Iron oligopyridine 
complexes as efficient catalysts for practical oxidation of arenes, alkanes, 
tertiary amines and N-acyl cyclic amines with oxone. Chem. Sci. 2, 
2187–2195 (2011).

 22. Gulaboski, R. et al. Hydroxylated derivatives of dimethoxy-1,4-benzoquinone 
as redox switchable earth-alkaline metal ligands and radical scavengers. Sci. 
Rep. 3, 1865 (2013).

 23. Csjernyik, G., Éll, A. H., Fadini, L., Pugin, B. & Bäckvall, J.-E. Efficient 
ruthenium-catalyzed aerobic oxidation of alcohols using a biomimetic 
coupled catalytic system. J. Organic Chem. 67, 1657–1662 (2002).

 24. Samec, J. S. M., Éll, A. H. & Bäckvall, J.-E. Efficient ruthenium-catalyzed 
aerobic oxidation of amines by using a biomimetic coupled catalytic system. 
Chem. Eur. J. 11, 2327–2334 (2005).

 25. Renders, T. et al. Influence of acidic (H3PO4) and alkaline (NaOH) additives 
on the catalytic reductive fractionation of lignocellulose. ACS Catal. 6, 
2055–2066 (2016).

 26. Meng, X. et al. Determination of hydroxyl groups in biorefinery resources via 
quantitative 31P NMR spectroscopy. Nat. Protoc. 14, 2627–2647 (2019).

 27. Fache, M., Boutevin, B. & Caillol, S. Vanillin production from  
lignin and its use as a renewable chemical. ACS Sustain. Chem. Eng. 4,  
35–46 (2016).

 28. Canevali, C. et al. Oxidative degradation of monomeric and dimeric 
phenylpropanoids: reactivity and mechanistic investigation. J. Chem. Soc. 
Dalton Trans. 15, 3007–3014 (2002).

 29. Cui, F., Wijesekera, T., Dolphin, D., Farrell, R. & Skerker, P. Biomimetic 
degradation of lignin. J. Biotechnol. 30, 15–26 (1993).

 30. Crestini, C., Pastorini, A. & Tagliatesta, P. Metalloporphyrins immobilized on 
motmorillonite as biomimetic catalysts in the oxidation of lignin model 
compounds. J. Mol. Catal. A 208, 195–202 (2004).

 31. Bozell, J. J., Hames, B. R. & Dimmel, D. R. Cobalt-Schiff base complex 
catalyzed oxidation of para-substituted phenolics. Preparation of 
benzoquinones. J. Organic Chem. 60, 2398–2404 (1995).

 32. Key, R. E., Elder, T. & Bozell, J. J. Steric effects of bulky tethered 
arylpiperazines on the reactivity of Co-Schiff base oxidation catalysts—a 
synthetic and computational study. Tetrahedron 75, 3118–3127 (2019).

 33. Biannic, B., Bozell, J. J. & Elder, T. Steric effects in the design of Co-Schiff 
base complexes for the catalytic oxidation of lignin models to 
para-benzoquinones. Green Chem. 16, 3635–3642 (2014).

 34. Biannic, B. & Bozell, J. J. Efficient cobalt-catalyzed oxidative conversion of 
lignin models to benzoquinones. Org. Lett. 15, 2730–2733 (2013).

 35. Hanson, S. K., Wu, R. & Silks, L. A. P. C–C or C–O Bond cleavage in a 
phenolic lignin model compound: selectivity depends on vanadium catalyst. 
Angew. Chem. Int. Ed. 51, 3410–3413 (2012).

 36. Zhang, C. & Wang, F. Catalytic lignin depolymerization to aromatic 
chemicals. Acc. Chem. Res. 53, 470–484 (2020).

 37. Wang, M. & Wang, F. Catalytic scissoring of lignin into aryl monomers. Adv. 
Mater. 31, 1901866 (2019).

 38. Tran, F., Lancefield, C. S., Kamer, P. C. J., Lebl, T. & Westwood, N. J. Selective 
modification of the β–β linkage in DDQ-treated Kraft lignin analysed by 2D 
NMR spectroscopy. Green Chem. 17, 244–249 (2015).

 39. Rahimi, A., Azarpira, A., Kim, H., Ralph, J. & Stahl, S. S. Chemoselective 
metal-free aerobic alcohol oxidation in lignin. JACS 135, 6415–6418 (2013).

 40. Rafiee, M., Alherech, M., Karlen, S. D. & Stahl, S. S. Electrochemical 
aminoxyl-mediated oxidation of primary alcohols in lignin to  
carboxylic acids: polymer modification and depolymerization. JACS 141, 
15266–15276 (2019).

 41. Hunter, D. H., Barton, D. H. R. & Motherwell, W. J. Oxoammonium salts as 
oxidizing agents: 2,2,6,6-tetramethyl-1-oxopiperidinium chloride. Tetrahedron 
Lett. 25, 603–606 (1984).

 42. Guo, H. X., Liu, Y. C., Liu, Z. L. & Li, C. L. 1-oxo-2,2,6,6-Tetramethyl-
4-chloropiperidinium perchlorate. A new facile oxidant for phenol coupling. 
Res. Chem. Intermed. 17, 137–143 (1992).

 43. Ciriminna, R. & Pagliaro, M. Industrial oxidations with organocatalyst 
TEMPO and its derivatives. Org. Process Res. Dev. 14, 245–251 (2010).

 44. Mercadante, M. A., Kelly, C. B., Bobbitt, J. M., Tilley, L. J. & Leadbeater, N. E. 
Synthesis of 4-acetamido-2,2,6,6-tetramethylpiperidine-1-oxoammonium 
tetrafluoroborate and 4-acetamido-(2,2,6,6-tetramethyl-piperidin-1-yl)oxyl 
and their use in oxidative reactions. Nat. Protoc. 8, 666–676 (2013).

 45. Cardiel, A. C., Taitt, B. J. & Choi, K.-S. Stabilities, regeneration pathways, and 
electrocatalytic properties of nitroxyl radicals for the electrochemical 
oxidation of 5-hydroxymethylfurfural. ACS Sustain. Chem. Eng. 7, 
11138–11149 (2019).

 46. Miller, S. A., Nandi, J., Leadbeater, N. E. & Eddy, N. A. Probing the effect of 
counterions on the oxidation of alcohols using oxoammonium salts. Eur. J. 
Org. Chem. 2020, 108–112 (2020).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2021

NaTuRE ChEMiSTRY | www.nature.com/naturechemistry

http://www.nature.com/naturechemistry


ArticlesNature Chemistry

Methods
Oxidative cleavage of lignin model compounds. Lignin model (30 mg) and an 
oxidant were placed into a reaction flask, followed by addition of solvent (4 ml). 
The reaction mixture was stirred at room temperature. Following the completion of 
the reaction, the solvent was removed by rotary evaporator to give a crude product. 
The oxidant was separated via a DCM/water extraction. The organic phases were 
combined and evaporated by rotary evaporator. Crude product was purified by 
column chromatography (0.1–0.3% MeOH/DCM). The water phase was dried by 
air to recover a reduced form of an oxidant.

Oxidative cleavage of lignin DO. The reaction with DO mixture was performed 
in a similar fashion as with model compounds; 50 mg of mixture of DO obtained 
after the removal of monomeric products from the lignin oil was placed in a vial, 
corresponding amount of oxidant and solvent were added into a vial and the vial 
was capped. Following the completion of the reaction, the vial was cooled down 
to room temperature, opened, and solvent was removed by rotary evaporator. The 
reaction mixture was extracted with DCM/water, organic fractions were combined, 
dried over Na2SO4 and the solvents were evaporated under reduced pressure. The 
product was purified by column chromatography (DCM and MeOH) to yield 
16 mg (0.095 mmol) of DMBQ.
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