
Cleavage of Organosolv Lignin to Phenols Using Nitrogen Monoxide
and Hydrazine
Laura Elena Hofmann, Lisa-Marie Altmann, Oliver Fischer, Lea Prusko, Ganyuan Xiao,
Nicholas J. Westwood, and Markus R. Heinrich*

Cite This: https://doi.org/10.1021/acsomega.1c00996 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: From the variety of methods known for the depolymerization of organosolv lignin, a broad range of diversely
substituted aromatic compounds are available today. In the present work, a novel two-step reaction sequence is reported, which is
focused on the formation of phenols. While the first step of the depolymerization strategy comprises the 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ)-catalyzed oxidation of organosolv lignin with nitrogen monoxide so that two waste materials are
combined, cleavage to the phenolic target compounds is achieved in the second step employing hydrazine and potassium hydroxide
under Wolff−Kishner-type conditions. Besides the fact that the novel strategy proceeds via an untypical form of oxidized organosolv
lignin, the two-step sequence is further able to provide phenols as cleavage products, which bear no substituent at the 4-position.

■ INTRODUCTION
As a plant-derived biopolymer, lignin represents one of the
major constituents of biomass besides cellulose and hemi-
cellulose. Its main task is to provide sufficient rigidity to the
cell walls of plants. In native lignin, which is largely colorless,
the molecular weight of the oligomers and polymers may range
from 1000 to 20 000 g/mol.1 After acidic or alkaline treatment,
which may be applied prior to a depolymerization process, the
color of lignin typically changes to dark brown.2 In 2014, the
overall lignin market in the world amounted to around U.S.
$775 million and estimations foresee an increase to U.S. $900
million by the year 2020.1 As the major side product in the
pulp and paper industry,3 lignin represents one of the most
readily available natural polymers,4 although only around 2% of
the 50 million tons of lignin were used for the production of
chemicals in 2010. The remaining amount, and thus the vast
majority, is transferred to power and heat generation.5

Against this background, the valorization of lignin, although
being a challenging task due to its complex molecular structure,
is an important objective in the field of sustainable chemistry,6

and many strategies are known today to promote lignin
depolymerization. Such strategies include oxidative treatment,7

solid-acid-catalyzed methods,8 as well as high-temperature-
based methods.9 Furthermore, two-step procedures have
become increasingly prominent, such as transition-metal-
catalyzed10 or biocatalytic methods.11 The most intensively
investigated two-step lignin depolymerization procedures
typically consist of a first oxidation step, which in most cases

oxidizes the benzylic alcohol in the β−O−4 linkage to an aryl
ketone, followed by a second, reductive cleavage step of the
adjacent ether bridge. Such procedures usually lead to
compounds of the general structures 1−11 (Figure 1), when
oxidants such as 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ)/tBuONO, DDQ/HNO3, or (2,2,6,6-tetramethylpiper-
idin-1-yl)oxyl (TEMPO)/HNO3 and reductants such as
formic acid or zinc are employed.12 Depending on the
selection of the reductant (e.g., TiN−Cu nanoparticles,
Bi2MoO6/CdS composites), the formation of additional or
exclusive compounds of the general structure 1313 or 15 and
1614 is observed. Compounds of structures 12 and 14, in
contrast, are rarely obtained by two-step oxidation−reduction
procedures.15 Procedures which produce 4-methyl substituted
phenols 17 and especially 4-unsubstituted phenols 17′ in
significant amounts do exist; however, they follow different
lignin valorization strategies such as alkaline depolymerization
of Kraft lignin16 or gas-phase hydroprocessing of lignin oil.17

Our approach to the cleavage of lignin is based on
employing nitrogen monoxide18,19 in the oxidation step,
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since this would allow us to combine the use of two waste
materials, lignin and nitrogen monoxide, in a unique
valorization process. In particular due to their acute toxicity,
nitrogen monoxide18a and dioxide20 range among the most
dangerous waste gases resulting from large-scale combustion as
well as several other industrial processes.21 The variety of these
processes, which include nitric acid manufacturing, preparation
of fertilizers and explosives, as well as metallurgical processes,
glass manufacturing and cement kilns, however, also shows that
nitrogen oxides are quite well controllable. The required
removal of the waste gases, which is commonly termed
denitrification, is currently achieved through two main
strategies known as selective catalytic reduction (SCR)22 and
selective noncatalytic reduction (SNCR).23 If applicable for
the depolymerization of lignin, nitrogen monoxide would thus
not only serve as a cheap reagent but also as an oxidant, which
would be favorable to be used as an alternative to the above-
mentioned established methods for denitrification.
After a first successful application of our nitrogen monoxide-

based two-step strategy to established lignin systems 18
(Scheme 1),24 where the redox-neutral cleavage of the oxidized
ketone intermediate 19 was performed with hydrazine under
Wolff−Kishner conditions, we now turned to an application of
this protocol to organosolv lignin and further lignin variants.
In the present work, we show that the two-step combination

of nitrogen monoxide and hydrazine, when applied to
organosolv lignin, does not lead to phenols 17 and pyrazoles
20, as observed before for the lignin systems 18, but only to
phenols 17 as major cleavage products. Combined with the
fact that the reactions proceed via an untypical form of
oxidized organosolv lignin, and a yet unknown C−C bond
cleavage is required for product formation, these results shed

light on promising but so far unexploited opportunities in
lignin depolymerization.

■ RESULTS AND DISCUSSION
In the previous study on the cleavage of lignin systems
(Scheme 1),24 only low amounts of nitrogen monoxide (0.1−
0.2 equiv) in combination with catalytic 2,3-dichloro-5,6-
dicyano-para-benzoquin-one (DDQ) (0.05 equiv) had been
sufficient for the oxidation step. While the degree of oxidation
of the lignin systems could be readily monitored by 1H NMR
spectroscopy, the oxidation of the biopolymer is more difficult
to follow and two-dimensional (2D) NMR techniques such as
heteronuclear single quantum coherence (HSQC) NMR
spectra are typically applied.11,12d,15,25

To investigate the applicability of our reaction conditions
comprising nitrogen monoxide and catalytic DDQ, a short
series of optimization experiments was carried out (Figure 2),
whereby the amounts (and equiv) of nitrogen monoxide and

Figure 1. Overview of major products 1−17 obtained from one- and two-step cleavage processes of lignin.

Scheme 1. Two-Step Strategy for the Cleavage of Lignin
Systems Using Nitrogen Monoxide in the Oxidation and
Hydrazine in the Reduction Step
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DDQ were calculated based on a rounded average mass of 200
g/mol for one lignin monomer. This average value was
obtained from the weighted average of the molecular weights
of coniferyl (180 g/mol) and sinapyl (210 g/mol) alcohols
present as lignin monomers, where an analysis of the starting
material led to a ratio of sinapyl to coniferyl monomers of
2.73:1. This ratio corresponds to a precise average mass of 202
g/mol. Further analysis of the starting material showed that the

content of β−O−4 linkages is around 24% (see the Supporting
Information).
Upon variation of the amounts of nitrogen monoxide, DDQ,

and the reaction time, the 2D HSQC NMR spectra depicted in
Figure 2 were obtained. All oxidation reactions were carried
out under otherwise identical conditions, using 1 g of
organosolv birch lignin 21 in acetonitrile at a reaction
temperature of 80 °C in a closed vessel under air. For
assignment of the cross-peaks appearing in the HSQC NMR
spectra, characteristic fragments from organosolv lignin are
shown in Figure 3, where the abbreviations G and S refer to
coniferyl- and sinapyl-alcohol-derived units, respectively.
Particularly useful NMR signals to investigate the degree of

oxidation are the protons in the α, β, and γ positions of the
fragments A−C (Figure 3), which are typically shifted or
disappear upon oxidation. The relevant cross-peaks in the
HSQC NMR spectrum are mainly located δ = 3.5−5.5 ppm in
the 1H dimension and δ = 70−90 ppm in the 13C dimension
(Figure 2).
While an attempt with 0.2 equiv of nitrogen monoxide and

0.1 equiv of DDQ left a considerable amount of the native β−
O−4 units intact after 18 h (cf. spectra I and II, Figure 2), a
comparably strong oxidation of organosolv lignin 21 was
observed using 0.4 equiv of nitrogen monoxide and 0.2 equiv
of DDQ (cf. spectra I and III, Figure 2). At a prolonged
reaction time of 24 h, these conditions led to the complete
disappearance of the cross-peaks assigned to the benzylic α
positions (Aα, Bα, Cα) and also of the signals related with the
more distant Aβ and Cγ positions. However, characteristic
signals previously assigned to the β positions of the oxidized
lignin fragments A′ and A″12d could not be detected in
spectrum III. These cross-peaks for the Aβ′ and Aβ″ positions
should appear at δ = 5.2−5.7 ppm (1H) and δ = 85 ppm (13C).
As a consequence, the reaction conditions including nitrogen
monoxide and DDQ apparently lead to an oxidized form 22 of
organosolv lignin, which is different from that resulting from an
oxidation by tert-butyl nitrite in the presence of DDQ, as the
latter method has been confirmed to provide oxidized
fragments such as A′ and A″.12d Notably, these results also
differ from the previous oxidation of the lignin systems 18
(Scheme 1), where a comparably selective oxidation of the
benzylic alcohol unit to the corresponding ketone was
observed. The full spectra, from which the sections I−III

Figure 2. Partial 2D HSQC NMR spectra before (I) and after (II, III)
oxidation of organosolv birch lignin 21 by nitrogen monoxide in the
presence of DDQ under air.

Figure 3. Representative nonoxidized (A−C) and oxidized (A′, A″) fragments of the organosolv lignin structure.9c,12d
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depicted in Figure 2 were cut, are shown in the Supporting
Information. These confirm that the characteristic cross-peaks
labeled in sections I and II (Figure 2) do not move to another
area of the spectrum but disappear, which in turn indicates a
strong oxidative impact on the aliphatic subunits.
Due to the complete absence of signals in the characteristic

region of the HSQC NMR spectrum (see spectrum III, Figure
2), it was unclear at this point whether the untypical oxidation
by nitrogen monoxide and DDQ had already led to a partial
depolymerization of organosolv lignin. To investigate this
aspect, the oxidized organosolv lignin 22 was submitted to
column chromatography. While the significant difficulties
encountered with solubilization point to the fact that the
oxidized lignin 22 has remained largely polymeric, two
aldehydes, vanillin (23a) and syringaldehyde (23b), could be
separated and identified.7a,b,9a,b,12b,26 The oxidation step can
thus be described as shown in Scheme 2, where the yields of
23a and 23b were calculated on the basis of the estimated
average mass of 200 g/mol per lignin monomer (see above).
As an example, the yields from an oxidation experiment with 1
g of organosolv lignin 21 refer to 5 mmol of starting material.

In the next step, we turned to evaluate the cleavage of the
oxidized organosolv lignin 22 using hydrazine as a reductant
under Wolff−Kishner conditions. The first attempt was carried
out under the cleavage conditions previously optimized for the
lignin systems (Scheme 1) applying hydrazine hydrate (20
equiv) and potassium hydroxide (0.5 equiv) in ethylene glycol
at 150 °C for a reaction time of 24 h. An analysis of the
product mixture revealed the formation of four phenols 17a−d
(Scheme 3) in a total yield of 4.1% (17a: 1.1% 17b: 1.2% 17c:
1.4% 17d: 0.4%) based on the initially used amount of
nonoxidized organosolv lignin 21 (yields over two steps).
Further investigation of the remaining polymeric material by
NMR however showed no defined or assignable substructures.
Aryl pyrazoles 20, which had been identified as cleavage

products from lignin systems 18 in our previous study
(Scheme 1), were not detected in the crude product mixture
resulting from the treatment of oxidized lignin 22 with
hydrazine (Scheme 3). Together with the untypical oxidation
to 22 discussed above, this shows that lignin systems such as
18, although well established, are not necessarily capable of
predicting the outcome with structurally more complex, natural
polymers.

Scheme 2. Oxidation of Organosolv Lignin 21 with Nitrogen Monoxide in the Presence of DDQ under Air

Scheme 3. Variation of Conditions during Optimization of the Hydrazine-Mediated Cleavage of Oxidized Organosolv Lignin
22

Figure 4. Hydrazine-mediated cleavage of oxidized organosolv lignin 22 further containing aldehydes 23a and 23b. Yields determined after
purification by column chromatography using maleic acid as internal standard. Yields based on organosolv lignin 21 (yields over two steps).
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The results from selected experiments aimed at the
optimization of the cleavage step are summarized in Figure
4. The variation of parameters was thereby focused on the
amounts of hydrazine and potassium hydroxide as well as the
effect of access to open air. Reactions designated as “open”
were carried out with an open reflux condenser, reactions
labeled as “closed” were also performed under air, but only
equipped with a balloon for pressure equilibration. Otherwise,
all experiments shown in Figure 4 were run at 150 °C with a
reaction time of 16 h (see the Supporting Information). Note
that all entries in Figure 4 result from a two-step sequence,
meaning that the oxidation step was carried out individually
before the hydrazine-mediated cleavage. This approach was
chosen to evaluate the reproducibility of the whole sequence.
In the series of optimization, where the 1 and 2 g scales refer

to the initial amount of organosolv lignin 21 used for the two-
step sequence, the “closed” reaction conditions turned out as
the more favorable for the reduction step (Figure 4). Within
the 1 g series, the change from “open” to “closed” at 20 equiv
of hydrazine and 2 equiv of potassium hydroxide (entries 5−8)
led to a strong increase of phenol 17b, which can also be
identified, but not as significant, on the 2 g scale (entries 11−
13). The most selective reaction was observed on the 2 g scale
with 20 equiv of hydrazine and in the absence of potassium
hydroxide (entry 9), as this reaction gave almost only phenol
17c (2.4%), while under similar conditions on the 1 g scale, a
mixture of 17a (1.7%) and 17c (1.8−2.0%) was obtained
(entries 1 and 2).
In general, reactions conducted under identical conditions

(four pairs, entries 1, 2, 5−8, 12, 13) turned out as reasonably
reproducible, but they still show deviations. More surprising
are, however, the strong deviations when changing from the 1 g
scale to the larger 2 g scale. Besides the points discussed above,
and the fact the yields were roughly halved when doubling the
scale (cf. entries 7 and 8 with 12 and 13), also the product

distribution pattern under the so far optimal conditions was
almost reversed. While at the 1 g scale “closed”, the highest
yield was obtained for 17b (followed by 17a, 17c, and 17d; see
entries 7 and 8), the identical conditions on the 2 g scale
provided 17c as the most abundant phenol followed by 17d,
17b, and 17a (entries 12 and 13).
To get further insights into which one of the two steps in the

sequence would be responsible for the decrease in yield, two
mixed experiments were conducted. On the one hand,
oxidation on the 1 g scale (performed twice) was combined
with reduction on the 2 g scale (entry 14), and vice versa
(entry 15). The slight increase in overall yield observed for
these two mixed experiments (entries 14 and 15), compared
with the best 2 g experiments (entries 12 and 13), supports the
assumption that a smaller reaction scale is more favorable,
whereby the performance of both steps on the 1 g scale gives
the highest yield (entries 7 and 8). Regarding the product
distribution for phenols 17a−d, the two “mixed” experiments
are in between the patterns observed for the sequences
conducted on a “pure” 1 and 2 g scale. On this experimental
basis, and as no variations in the used chemicals are obvious,
we currently assign the deviations between the reaction
scalesconcerning both yield and product distributionto
technical differences associated with the reaction scale, e.g., the
slightly slower heating of a reaction conducted on a larger
scale. Although such deviations in the product pattern might,
on the one hand, appear as a negative aspect, they can
ultimately also turn out as useful, since depending on the
conditions, one could possibly target the sequence at one or
two phenols as preferred products.
Taking into account the results from Figures 2 and 4, the so

far available optimized conditions for the two-step sequence
are as shown in Scheme 4. A calculation of the E factor and the
process mass intensity (PMI) for the currently optimized
conditions (see the Methods section for precise amounts and

Scheme 4. Optimized Conditions for the Two-Step Sequence Converting Organosolv Lignin (21) into Phenols 17a−d

Table 1. Comparison of Reaction Conditions in the Two-Step Sequence

entry oxidation reduction 17a (%) 17b (%) 17c (%) 17d (%) 17a−d (%)

1 tBuONO/DDQ Zn/NH4Cl
a 0.0 0.0 0.0 0.0 0.0

2 tBuONO/DDQ H2NNH2/KOH 0.1 0.09 0.4 0.52 1.11
3 NO/DDQ Zn/NH4Cl 0.0 0.0 0.0 0.0 0.0
4 NO/DDQ H2NNH2/KOH 2.08 2.36 1.67 0.79 6.9

1.51 2.05 1.07 0.74 5.4
aReactions performed on a 1 g scale. Yields determined after purification by column chromatography using maleic acid as internal standard. Yields
over two steps based on organosolv lignin 21.
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the Supporting Information for calculation) led to a value of E
= 102 (PMI = 103).27 This value is not as good, but still
compares reasonably well with the E factor of 70 (PMI = 71)
determined for the two-step process by Westwood,12d which
serves as a reference point for the present study.
In the next part, we turned to a further comparison of the

newly established reaction conditions with those previously
reported by the Westwood group,12d as it appeared possible
that the formation of phenols 17a−d was also caused by the
particular nature of the used organosolv lignin. If that was true,
conditions such as those reported by the Westwood group,12d

might then also produce phenols of type 17, although these
conditions had originally been reported to give ketones 8 and
11 (Figure 1). The results obtained from the comparison and
partial replacement of the conditions for the two reaction steps
are summarized in Table 1, whereby all reactions were carried
out on a 1 g scale.12d

The observation that the Westwood sequence12d involving
tert-butyl nitrite and zinc (entry 1) does not lead to phenols
17a−d suggests that phenol formation is probably due to the
particular cleavage conditions and not by the type of lignin that
is used. Instead, the formation of the originally reported
ketones 8 and 1112d could be confirmed by the analysis of the
crude reaction mixture (entry 1).
Regarding entries 2 and 3, the decisive step to direct the

two-step sequence toward phenolic products appears to be the
hydrazine-mediated reduction, as no detectable yields of 17a−
d were observed when the oxidation by nitrogen monoxide was
combined with a zinc-mediated reduction. From all entries 1−
4, one can conclude that the so far best sequence to obtain
phenols 17 is that reported herein, namely, the combination of
nitrogen monoxide with hydrazine. Pyrazoles 20, as they were
found as cleavage products in the reactions with the lignin
systems 18 (Scheme 1), were not detected in any of the four
experiments summarized in Table 1. Support for the diverse
experimental results in Table 1 could be obtained from 2D
NMR spectra, which show that the DDQ-catalyzed oxidation
of organosolv lignin 21 with tert-butyl nitrite indeed leads to a
differently oxidized lignin 22′ compared to 22 obtained with
nitrogen monoxide (Figure 5).
The most striking difference are the cross-peaks for Aβ′ and

Aβ″, which can unambiguously be assigned to precise structural
fragments A′ and A″ depicted in Figure 3. These signals are
present in the HSQC spectrum of oxidized lignin 22′, but not
in the one of 22.
The four combinations of reaction conditions shown in

Table 1 were also applied to air-dried Birch lignin (see the
Supporting Information). This type of lignin gave a
comparable result under the conditions combining tert-butyl
nitrite and hydrazine (Table 1, entry 2), and provided phenols
17a−d in 1.08% total yield, but turned out as far less well
suited under the optimal conditions comprising nitrogen
monoxide and hydrazine (Table 1, entry 4), as only 0.87%
total yield was reached. Good results were achieved with an
advanced model for birch lignin prepared according to a
procedure previously established by the Westwood group,28 as
this sample led to phenols 17a (1.67%), 17b (1.75%) 17c
(1.25%), and 17d (0.5%) with a comparably good total yield of
5.17% after treatment under the optimized conditions of
Scheme 4 comprising nitrogen monoxide and hydrazine.
Although the overall yield may benefit to some extent from
the smaller scale (0.5 g), this experiment represents an
important connection between the lignin systems 1824

(Scheme 1) and the organosolv lignin 21 mainly used as
starting material in the present work. Regarding the results
obtained with the advanced model, it becomes obvious that the
major changes in outcome occur when turning from the simple
lignin systems 18 (Scheme 1) to the advanced model, and by
far not as much deviation is observed between the advanced
model and the organosolv lignin 21. In turn, it is the further
functionalization of the aromatic residues in the simple lignin
systems 18 by alkyl residues, as present in fragment A (Figure
3), that not only leads to a far lower yield of phenols as
cleavage products but also to the suppression of pyrazole
formation.
Regarding plausible pathways leading to the formation of

phenols 17a−d from organosolv lignin (Scheme 5), the
intermediates vanillin (23a) and syringaldehyde (23b) are well
known as possible cleavage products resulting from lignin
under oxidative conditions (Figure 1).7a,b,9a,b,12b,26

Control experiments revealed that 23a and 23b are even
present in small amounts in the organosolv lignin 21 used as
starting material (23a: 1.11%, 23b: 0.53%), but when treated
separately under the oxidative conditions comprising nitrogen
monoxide and DDQ, they turned out to be unstable, and full
decomposition to a complex product mixture was observed.
Accordingly, the aldehydes 23a and 23b are formed as well as
partially decomposed in the oxidation step, leading from 21 to
oxidized lignin 22, which is a plausible background for
deviations in yields even in identical experiments.
Concerning the reductive step, and regarding literature,

vanillin (23a) has been successfully converted to 17b using
hydrazine and potassium hydroxide at elevated temperatures,29

Figure 5. Comparison of the oxidation of organosolv lignin 21 by
nitrogen monoxide/DDQ and tert-butyl nitrite/DDQ on the 1 g scale.
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which would also explain the occurrence of the second ring-
methylated phenol 17d. The assumption that the aldehydes
23a and 23b are direct precursors of the 4-methylphenols 17b
and 17d was confirmed by reacting both aldehydes with
hydrazine under the optimized reductive conditions to give
17b and 17d in yields of 57 and 41%, respectively. In
agreement with this is also the observation that when the
reduction step is carried out under “open” instead of “closed”
conditions so that the reductant hydrazine is likely to be
consumed faster to nitrogen due to its facilitated access to
oxygen,30 the yield of phenol 17b, and in most cases also that
of 17d, decreases (Figure 4).
The fact that phenols 17a and 17c were not obtained in the

hydrazine-mediated reductions of 23a and 23b necessitates
their formation from the oxidized organosolv lignin 22. On the
other hand, we can currently not exclude that additional
amounts of 17b and 17d arise from 22 upon reduction.
Finally, it was shown that the direct submission of

organosolv lignin 21 to the reductive cleavage conditions
comprising hydrazine and potassium hydroxide does not lead
to detectable amounts of phenols 17a−d, thereby indicating
that the small amounts of 23a and 23b being present in the
starting material 21 are insufficient to enable a direct access to
17b and 17d through reduction.
Besides these considerations, the pathway for the formation

of phenols 17a and 17c is yet difficult to explain. A known
reaction leading to the cleavage of an aryl−alkyl C−C bond
located at electron-rich aromatics is the ipso-nitration reported
by Bozell,31 where under the conditions comprising nitrous
acid in the presence of oxygen would be very well comparable
with the oxidative conditions employed in this work. However,
we were unable to detect the related nitrophenols along with
the oxidized lignin 22 and the aldehydes 23a and 23b, which
could have pointed to this pathway.

■ CONCLUSIONS

In summary, it has been shown that phenols can be obtained
from organosolv lignin by a two-step sequence comprising
DDQ-catalyzed oxidation with nitrogen monoxide followed by
hydrazine-mediated cleavage and reduction. Under the so far
optimized conditions, the phenols 17a−d were formed in a
total yield of up to 6.9% (4.9 wt %) over the two reaction
steps. In addition, the reaction scale was shown to have an
influence on both yield and product distribution. While the
formation of the two 4-methylphenols 17b and 17d can be
explained by the intermediate occurrence of vanillin (23a) and
syringaldehyde (23b) after the oxidation step, the mechanistic
pathways leading to 2-methoxyphenol (17a) and 2,6-
dimethoxyphenol (17c) remain to be investigated. For the
formation of these compounds, a C−C bond adjacent to an

electron-rich aromatic system has to be reductively cleaved to
an aryl C−H bond, which hasto the best of our
knowledgenot yet been reported in the context of lignin
depolymerization. Phenols that are unsubstituted in the 4-
position or bear a 4-methyl group, such as compounds 17a−d,
do typically not occur as major products in known strategies
comprising an oxidative and a reductive substep.12c−e,13

However, such phenols can be obtained by mechanochemical
oxidation15 and high-temperature alkaline depolymerization.16

Herein, and besides the fact that two waste materialsnamely,
nitrogen monoxide and ligninwere combined in a metal-free
valorization process, we have further shown that untypical
forms of oxidized organosolv lignin such as 22 may be a key to
further broaden the spectrum of depolymerization products.

■ METHODS

Oxidation. To a solution of organosolv lignin (1.0 g, 5.0
mmol, 1.0 equiv) in acetonitrile (60 mL) in a round-bottom
flask with a reflux condenser and a balloon for pressure
compensation on top, DDQ (227 mg, 1.0 mmol, 0.20 equiv)
was added and the mixture was heated up to 80 °C. In the
meantime, nitrogen monoxide was synthesized according to
the general procedure for nitrogen monoxide production. At
80 °C, nitrogen monoxide (44.8 mL, 2.0 mmol, 0.40 equiv)
was added to the reaction via a syringe. The reaction mixture
was stirred for 24 h at 80 °C. Afterward, the solvent was
removed under reduced pressure and the oxidized lignin was
further used without processing.

Reduction. Oxidized organosolv lignin 22 (further
containing 23a and 23b) (1.0 g, 5.0 mmol, 1.0 equiv),
hydrazine monohydrate (4.9 mL, 100 mmol, 20 equiv), and
potassium hydroxide (0.56 g, 10 mmol, 2.0 equiv) were
dissolved in ethylene glycol (10 mL), and the mixture was
stirred for 16 h at 150 °C under air in a closed reaction vessel
with a balloon on top for pressure equilibration. Afterward, the
reaction mixture was diluted with water (10 mL) and extracted
with ethyl acetate at neutral (pH = 7) and acidic (pH = 3−4)
pH. The pH value was adjusted with 5 M HCl. The combined
organic phases were washed with saturated sodium chloride
solution, dried over sodium sulfate, and the solvent was
removed under reduced pressure not lower than 200 mbar due
to the volatility of the phenolic products. After flash column
chromatography (hexane/ethyl acetate = 4:1), the yields of the
products 17a (2.08%), 17b (2.36%), 17c (1.67%), and 17d
(0.79%) were determined by 1H NMR spectroscopy using
maleic acid as internal standard.

Scheme 5. Formation of Phenols 17a−d from Organosolv Lignin 21

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00996
ACS Omega XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acsomega.1c00996?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00996?fig=sch5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00996?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.1c00996.

Further experimental procedures, characterization of
compounds, and NMR spectra (PDF)

■ AUTHOR INFORMATION
Corresponding Author
Markus R. Heinrich − Department of Chemistry and
Pharmacy, Pharmaceutical Chemistry, Friedrich-Alexander-
Universität Erlangen-Nürnberg, 91058 Erlangen, Germany;
orcid.org/0000-0001-7113-2025; Phone: +49 9131-

8565670; Email: markus.heinrich@fau.de

Authors
Laura Elena Hofmann − Department of Chemistry and
Pharmacy, Pharmaceutical Chemistry, Friedrich-Alexander-
Universität Erlangen-Nürnberg, 91058 Erlangen, Germany;
Present Address: Cheplapharm Arzneimittel GmbH,
Ziegelhof 24, 17489 Greifswald, Germany

Lisa-Marie Altmann − Department of Chemistry and
Pharmacy, Pharmaceutical Chemistry, Friedrich-Alexander-
Universität Erlangen-Nürnberg, 91058 Erlangen, Germany;
Present Address: betapharm Arzneimittel GmbH,
Kobelweg 95, 86156 Augsburg, Germany.

Oliver Fischer − Department of Chemistry and Pharmacy,
Pharmaceutical Chemistry, Friedrich-Alexander-Universität
Erlangen-Nürnberg, 91058 Erlangen, Germany; Present
Address: B. Braun Melsungen, Pfieffewiesen, 34212
Melsungen, Germany; orcid.org/0000-0002-2101-6939

Lea Prusko − Department of Chemistry and Pharmacy,
Pharmaceutical Chemistry, Friedrich-Alexander-Universität
Erlangen-Nürnberg, 91058 Erlangen, Germany; Present
Address: Excella GmbH & Co KG, Nürnberger Straße 12,
90537 Feucht, Germany

Ganyuan Xiao − School of Chemistry and Biomedical Sciences
Research Complex, University of St. Andrews and
EaStCHEM North Haugh, St Andrews KY16 9ST Fife,
United Kingdom

Nicholas J. Westwood − School of Chemistry and Biomedical
Sciences Research Complex, University of St. Andrews and
EaStCHEM North Haugh, St Andrews KY16 9ST Fife,
United Kingdom; orcid.org/0000-0003-0630-0138

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.1c00996

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Funding
The authors are grateful to the support by the Deutsche
Bundesstiftung Umwelt (DBU).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Organosolv lignin was generously provided by the Fraunhofer-
Zentrum für Chemisch-Biotechnologische Prozesse (CBP),
Leuna, and the raw material to prepare air-dried Birch lignin

was provided by Helmut Heim. The experimental assistance by
Viviane Zantop is gratefully acknowledged. The authors thank
Dr. James Montgomery for carrying out preliminary 2D HSQC
analysis of native and oxidized birch lignin during these studies.
We further thank Mark Moloney for a helpful discussion
relating to NMR analysis of the lignin sample.

■ ABBREVIATIONS

DDQ, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone; HSQC,
heteronuclear single quantum coherence spectroscopy; NMR,
nuclear magnetic resonance; TEMPO, 2,2,6,6-tetramethylpi-
peridin-1-yl)oxyl

■ REFERENCES
(1) Khan, A.; Nair, V.; Colmenares, J. C.; Gläser, R. Lignin-based
composite materials for photocatalysis and photovoltaics. Top. Curr.
Chem. 2018, 376, No. 20.
(2) Agrawal, A.; Kaushik, N.; Biswas, S. Derivatives and applications
of lignin−an insight. SciTech J. 2014, 1, 30−36.
(3) Calvo-Flores, F. G.; Dobado, J. A.; Isac-García, J.; Martín-
Martínez, F. J. Lignin and Lignans as Renewable Raw Materials:
Chemistry, Technology and Applications; John Wiley & Sons, 2015.
(4) Hu, J.; Zhang, Q.; Lee, D.-J. Kraft lignin biorefinery: A
perspective. Bioresour. Technol. 2018, 247, 1181−1183.
(5) Upton, B. M.; Kasko, A. M. Strategies for the conversion of
lignin to high-value polymeric materials: review and perspective.
Chem. Rev. 2016, 116, 2275−2306.
(6) (a) Guadix-Montero, S.; Sankar, M. Review on catalytic cleavage
of C−C inter-unit linkages in lignin model compounds: towards lignin
depolymerisation. Top Catal. 2018, 61, 183−198. (b) Ma, R.; Guo,
M.; Zhang, X. Recent advances in oxidative valorization of lignin.
Catal. Today 2018, 302, 50−60. (c) Chio, C.; Sain, M.; Qin, W.
Lignin utilization: a review of lignin depolymerization from various
aspects. Renewable Sustainable Energy Rev. 2019, 107, 232−249.
(d) Gillet, S.; Aguedo, M.; Petitjean, L.; Morais, A. R. C.; da Costa
Lopes, A. R.; Łukasik, R. M.; Anastas, P. T. Lignin transformations for
high value applications: towards targeted modifications using green
chemistry. Green Chem. 2017, 19, 4200−4233. (e) Sun, Z.; Fridrich,
B.; de Santi, A.; Elangovan, S.; Barta, K. Bright side of lignin
depolymerization: Toward new platform chemicals. Chem. Rev. 2018,
118, 614−678. (f) Zhang, J. Conversion of Lignin Models by
Photoredox Catalysis. ChemSusChem 2018, 11, 3071−3080.
(7) (a) Hafezisefat, P.; Lindstrom, J. K.; Brown, R. C.; Qi, L. Non-
catalytic oxidative depolymerization of lignin in perfluorodecalin to
produce phenolic monomers. Green Chem. 2020, 22, 6567−6578.
(b) Liu, S.; Das, L.; Blauch, D. N.; Veronee, C.; Dou, C.; Gladden, J.;
Sun, N.; Socha, A. M. Statistical design of experiments for production
and purification of vanillin and aminophenols from commercial lignin.
Green Chem. 2020, 22, 3917−3926. (c) Rahimi, A.; Azarpira, A.; Kim,
H.; Ralph, J.; Stahl, S. S. Chemoselective metal-free aerobic alcohol
oxidation in lignin. J. Am. Chem. Soc. 2013, 135, 6415−6418.
(8) Deepa, A. K.; Dhepe, P. L. Lignin depolymerization into
aromatic monomers over solid acid catalysts. ACS Catal. 2015, 5,
365−379.
(9) (a) Rana, M.; Taki, G.; Islam, M. N.; Agarwal, A.; Jo, Y.-T.; Park,
J.-H. Effects of Temperature and Salt Catalysts on Depolymerization
of Kraft Lignin to Aromatic Phenolic Compounds. Energy Fuels 2019,
33, 6390−6404. (b) Zirbes, M.; Quadri, L. L.; Breiner, M.; Stenglein,
A.; Bomm, A.; Schade, W.; Waldvogel, S. R. High-Temperature
Electrolysis of Kraft Lignin for Selective Vanillin Formation. ACS
Sustainable Chem. Eng. 2020, 8, 7300−7307. (c) Barta, K.; Matson, T.
D.; Fettig, M. L.; Scott, S. L.; Iretskii, A. V.; Ford, P. C. Catalytic
disassembly of an organosolv lignin via hydrogen transfer from
supercritical methanol. Green Chem. 2010, 12, 1640−1647.
(10) Chen, J.; Lu, F.; Si, X.; Nie, X.; Chen, J.; Lu, R.; Xu, J. High
yield production of natural phenolic alcohols from woody biomass
using a nickel-based catalyst. ChemSusChem 2016, 9, 3353−3360.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00996
ACS Omega XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acsomega.1c00996?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c00996/suppl_file/ao1c00996_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Markus+R.+Heinrich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7113-2025
https://orcid.org/0000-0001-7113-2025
mailto:markus.heinrich@fau.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+Elena+Hofmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lisa-Marie+Altmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oliver+Fischer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2101-6939
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lea+Prusko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ganyuan+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicholas+J.+Westwood"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0630-0138
https://pubs.acs.org/doi/10.1021/acsomega.1c00996?ref=pdf
https://doi.org/10.1007/s41061-018-0198-z
https://doi.org/10.1007/s41061-018-0198-z
https://doi.org/10.1016/j.biortech.2017.08.169
https://doi.org/10.1016/j.biortech.2017.08.169
https://doi.org/10.1021/acs.chemrev.5b00345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11244-018-0909-2
https://doi.org/10.1007/s11244-018-0909-2
https://doi.org/10.1007/s11244-018-0909-2
https://doi.org/10.1016/j.cattod.2017.05.101
https://doi.org/10.1016/j.rser.2019.03.008
https://doi.org/10.1016/j.rser.2019.03.008
https://doi.org/10.1039/C7GC01479A
https://doi.org/10.1039/C7GC01479A
https://doi.org/10.1039/C7GC01479A
https://doi.org/10.1021/acs.chemrev.7b00588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.201801370
https://doi.org/10.1002/cssc.201801370
https://doi.org/10.1039/D0GC02505D
https://doi.org/10.1039/D0GC02505D
https://doi.org/10.1039/D0GC02505D
https://doi.org/10.1039/D0GC01234C
https://doi.org/10.1039/D0GC01234C
https://doi.org/10.1021/ja401793n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja401793n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs501371q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs501371q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.9b00808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.9b00808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c00162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c00162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c0gc00181c
https://doi.org/10.1039/c0gc00181c
https://doi.org/10.1039/c0gc00181c
https://doi.org/10.1002/cssc.201601273
https://doi.org/10.1002/cssc.201601273
https://doi.org/10.1002/cssc.201601273
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00996?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(11) Picart, P.; Liu, H.; Grande, P. M.; Anders, N.; Zhu, L.;
Klankermayer, J.; Leitner, W.; de María, P. D.; Schwaneberg, U.;
Schallmey, A. Multi-step biocatalytic depolymerization of lignin. Appl.
Microbiol. Biotechnol. 2017, 101, 6277−6287.
(12) (a) Bosque, I.; Magallanes, G.; Rigoulet, M.; Kärkäs, M. D.;
Stephenson, C. R. J. Redox catalysis facilitates lignin depolymeriza-
tion. ACS Cent. Sci. 2017, 3, 621−628. (b) Lan, W.; de Bueren, J. B.;
Luterbacher, J. S. Highly Selective Oxidation and Depolymerization of
α,γ-Diol-Protected Lignin. Angew. Chem., Int. Ed. 2019, 58, 2649−
2654. (c) Rahimi, A.; Ulbrich, A.; Coon, J. J.; Stahl, S. S. Formic-acid-
induced depolymerization of oxidized lignin to aromatics. Nature
2014, 515, 249−252. (d) Lancefield, C. S.; Ojo, O. S.; Tran, F.;
Westwood, N. J. Isolation of functionalized phenolic monomers
through selective oxidation and C-O bond cleavage of the β-O-4
linkages in lignin. Angew. Chem., Int. Ed. 2015, 54, 258−262.
(e) Magallanes, G.; Kärkäs, M. D.; Bosque, I.; Lee, S.; Maldonado, S.;
Stephenson, C. R. J. Selective C−O Bond Cleavage of Lignin Systems
and Polymers Enabled by Sequential Palladium-Catalyzed Aerobic
Oxidation and Visible-Light Photoredox Catalysis. ACS Catal. 2019,
9, 2252−2260.
(13) Rashidi, M.; Konarova, M.; Aslam, W.; Beltramini, J. N. TiN-
Cu Heterogeneous Nanocatalysts for Effective Depolymerisation of
Oxidised Lignin. ChemistrySelect 2018, 3, 3379−3385.
(14) Lv, J.; Zhang, J.; Liu, J.; Li, Z.; Dai, K.; Liang, C. Bi SPR-
promoted Z-scheme Bi2MoO6/CdS-diethylenetriamine composite
with effectively enhanced visible light photocatalytic hydrogen
evolution activity and stability. ACS Sustainable Chem. Eng. 2018, 6,
696−706.
(15) Dabral, S.; Wotruba, H.; Hernández, J. G.; Bolm, C.
Mechanochemical Oxidation and Cleavage of Lignin β-O-4 Model
Compounds and Lignin. ACS Sustainable Chem. Eng. 2018, 6, 3242−
3254.
(16) Zhou, H.; Wang, H.; Perras, F. A.; Naik, P.; Pruski, M.; Sadow,
A. D.; Slowing, I. I. Two-step conversion of Kraft lignin to nylon
precursors under mild conditions. Green Chem. 2020, 22, 4676−4682.
(17) Liao, Y.; Koelewijn, S.-F.; van den Bossche, G.; van Aelst, J.;
van den Bosch, S.; Renders, T.; Navare, K.; Nicolaï, T.; van Aelst, K.;
Maesen, M.; Matsushima, H.; Thevelein, J. M.; van Acker, K.; Lagrain,
B.; Verboekend, D.; Sels, B. F. A sustainable wood biorefinery for
low−carbon footprint chemicals production. Science 2020, 367,
1385−1390.
(18) (a) Hartung, J. Organic radical reactions associated with
nitrogen monoxide. Chem. Rev. 2009, 109, 4500−4517. (b) Murad, F.
Discovery of some of the biological effects of nitric oxide and its role
in cell signaling. Angew. Chem., Int. Ed. 1999, 38, 1856−1868.
(c) Furchgott, R. F. Endothelium-derived relaxing factor: discovery,
early studies, and identification as nitric oxide. Angew. Chem., Int. Ed.
1999, 38, 1870−1880. (d) Ford, P. C.; Miranda, K. M. The solution
chemistry of nitric oxide and other reactive nitrogen species. Nitric
Oxide 2020, 31−46. (e) Ford, P. C.; Pereira, J. C. M.; Miranda, K. M.
Mechanisms of Nitric Oxide Reactions Mediated by Biologically
Relevant Metal Centers. In Nitrosyl Complexes in Inorganic Chemistry,
Biochemistry and Medicine II; Mingos, D. M. P., Ed.; Springer, 2013;
pp 99−135. (f) Pichat, P. An overview on the use of adsorption and
reactions of NO to probe (photocatalytic) TiO2. Catal. Today 2020,
340, 26−33.
(19) (a) Hofmann, D.; Hofmann, J.; Hofmann, L.-E.; Hofmann, L.;
Heinrich, M. R. Denitrification combined with diazotization of
anilines and the synthesis of 4′-chlorobiphenyl-2, 5-diamine and 1-
chloro-4-iodobenzene. Org. Process Res. Dev. 2015, 19, 2075−2084.
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