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Abstract: Lignin, a complex aromatic polymer with different types of methoxylated phenylpropanoid
connections, enables the sustainable supply of value-added chemicals and biofuels through its
use as a feedstock. Despite the development of numerous methodologies that upgrade lignin to
high-value chemicals such as drugs and organic synthesis intermediates, the variety of valuable
products obtained from lignin is still very limited, mainly delivering hydrocarbons and oxygenates.
Using selective oxidation and activation cleavage of lignin, we can obtain value-added aromatics,
including phenols, aldehydes, ketones, and carboxylic acid. However, biorefineries will demand
a broad spectrum of fine chemicals in the future, not just simple chemicals like aldehydes and
ketones containing simple C = O groups. In particular, most n-containing aromatics, which have
found important applications in materials science, agro-chemistry, and medicinal chemistry, such as
amide, aniline, and nitrogen heterocyclic compounds, are obtained through n-containing reagents
mediating the oxidation cleavage in lignin. This tutorial review provides updates on recent advances
in different classes of chemicals from the catalytic oxidation system in lignin depolymerization,
which also introduces those functionalized products through a conventional synthesis method. A
comparison with traditional synthetic strategies reveals the feasibility of the lignin model and real
lignin utilization. Promising applications of functionalized compounds in synthetic transformation,
drugs, dyes, and textiles are also discussed.

Keywords: lignin; oxidation depolymerization; catalytic oxidation system; functional chemicals

1. Introduction

Lignin is a complex aromatic polymer with a three-dimensional amorphous structure
consisting of a benzene ring and different types of methoxylated phenylpropanoid con-
nections [1,2]. Due to its abundant organic carbon composition and inactive property [3],
lignin has been burned to produce heat and power in biorefinery processes or treated as a
side waste in the pulp and paper industry [4]. Several researchers have examined various
strategies for the production of value-added chemicals, biofuels, and other platform chem-
icals from biorefinery of lignin. These depolymerization and upgrade strategies can be
broadly classified into catalyzed depolymerization, including hydrolysis, hydrotreatment,
and chemical oxidation, and other depolymerization methods (biodegradation, pyrolysis,
liquid-phase reforming, and gasification), through which lignin can be transformed to
aromatics to alleviate the dependency on petrochemicals [5]. Over the past few decades,
several researchers have developed state-of-the-art methodologies to upgrade lignin to
high-value chemicals such as drugs and organic synthesis intermediates. Among these
methodologies, selective oxidation and activation cleavage of lignin to functionalized

ChemEngineering 2021, 5, 74. https:/ /doi.org/10.3390/ chemengineering5040074

https://www.mdpi.com/journal /chemengineering


https://www.mdpi.com/journal/chemengineering
https://www.mdpi.com
https://orcid.org/0000-0002-6326-4842
https://doi.org/10.3390/chemengineering5040074
https://doi.org/10.3390/chemengineering5040074
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/chemengineering5040074
https://www.mdpi.com/journal/chemengineering
https://www.mdpi.com/article/10.3390/chemengineering5040074?type=check_update&version=1

ChemEngineering 2021, 5, 74

2 of 26

compounds seem to be highly efficient choices. Several reviews [6-9], have summarized
the oxidation depolymerization of lignin in either one-step or multi-step reactions involv-
ing oxidation. In particular, the selective oxidation of a multi-step reaction provides a
basis for the streamlined conversion of intermediates into high-value chemicals [8,10,11].
Among the different basic classes of reactions in organic chemistry, oxidative reactions are
attractive because they often generate various rich O-containing /unsaturated functional
products, and using the same substrates, we can obtain different chemicals under different
oxidative conditions [12]. Carboxylic acids and aromatic aldehydes are the main oxidation
products of lignin and its model compounds [13]. In particular, oxidative depolymerization
of lignin is a widely used valorization technique and an efficient strategy that focuses on
producing even more species of high-value-added chemicals, mainly including synthetic
intermediates for drugs and cosmetics.

The relevant reviews on oxidized lignin are written from the perspective of oxidation
methods and oxidation substrates (lignin and its model compounds). There has been no
overview focusing on the products. For example, how many platform compounds have
been obtained in recent years from lignin oxidation methods? What valuable platform
compounds can be obtained by oxidative depolymerization of lignin? Herein, we sum-
marize promising strategies for the generation of functionalized monomer compounds
based on the selective oxidation and activation cleavage of lignin: aromatic amides, aniline
compounds, esters, phenols, aldehydes, ketones, and carboxylic acid.

2. Nitrogen-Containing Functionalized Aromatics

Nitrogen-containing compounds are frequently used in the textile, agricultural, phar-
maceutical, and chemical industries to produce amines, dyes, and pesticides. Among them,
the most commonly used nitrogen-containing compounds in organic synthesis are aromatic
amines and their derivatives, which are usually used as feedstocks or solvents. In addition,
ammonia and azo compounds are also used as raw materials in the production of dyes and
pesticides [14].

As for nitrogen heterocyclic compounds, in most cases, the synthesis method uses
alcohols [15-18] as the reaction substrate to produce carbonyl compounds in situ, where
they are then reacted with nitrogen-containing reagents to transform them into nitrogen
heterocyclic compounds such as pyridines, pyrroles, pyrimidines, quinolines, pyrazines,
and quinoxalines, as well as other heterocyclic compounds, isoxazole, and imidazole
heterocycles [19]. Lignin, a complex polymer consisting of a large number of hydroxyl
groups, can be regarded as having alcohol unit connections of various types. Similarly,
using n-containing reagents, the subsequent organic condensation reactions cleave oxidized
lignin to generate the corresponding nitrogen heterocyclic compounds.

3. Aromatic Amides

The amide bond, as one of the essential functional groups, is the main chemical bond
of proteins, and it also appears in some pharmaceutical molecular textile polymers [20-24]
Methods using carboxylic acids and amines are the most common and direct methods
to generate amides. However, the simple condensation reaction must happen in harsh
conditions because the constructed ammonium salts need to be heated to transform into
amides [20].

Based on the understanding of the structure of native lignin, 3-O-4 (3-aryl ether) is,
by far, the largest linkage in lignin [4]. In this key connection, it is important to oxidize
and break the propanediol segment. In particular, the oxidation of 3-O-4 alcohol to 3-O-4
ketone provides the possibility of amine condensation. Then, nitrogen-containing products
can be obtained through an amine-mediated reaction [25]. Chiba, Loh, and Wang et al.
developed a method for the chemical conversion of (3-O-4 lignin models through Cu-
catalyzed aerobic oxidation and amine-mediated amide bond formation [26] As a result,
intermolecular C—H oxidation and C3—O cleavage of the 3-O-4 ketone with secondary
amines generate x-keto amides as the major products and small phenol products under
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oxidative conditions, but Ca—Cf is cleaved to deliver aromatic amides as by-products
(Scheme 1, Equation (3)) [26]. Subsequently, Liu et al. developed a novel approach for
the synthesis of benzanilides via reacting (3-O-4 lignin ketone models with anilines over
a Cull catalyst in DMSO solution under an air atmosphere [27]. Comparing the above
two systems, the later approach largely preserved the phenol products and obtained
different amines because of selective C—C cleavage instead of C-O cleavage (Scheme 1,
Equation (2)). Recently, Wang et al. added novel bond cleavage pathways by introducing
amines/ammonia into lignin cracking. Similar to the mechanism proposed by Liu and
co-workers, control experiments designed by Loh and co-workers indicated that amines
act as nucleophiles attacking at the Cx or C[3 position of the oxidized (3-O-4 linkage to be
cleaved. As a result, primary and secondary aliphatic amines cleave the Cx-Cf bond on
lignin ketone models and form Cx-N bonds to generate aromatic amides. If ammonia is
present as a nucleophile, the generation of amides and x-keto amides is dependent on the
selectivity of Ca-N and Cf3-N, owing to the competition between oxygen and ammonia [28]
(Scheme 1, Equations (1)—(4)).
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Scheme 1. Different substituted amines transform oxidized lignin models to various types of aromatic amides.

4. Nitrogen Heterocyclic Compounds and Nitriles

The varied family of n-containing heterocyclic rings contains different species such as
three-membered ring aziridines, [29-31] five-membered ring pyrrole, and five-membered
ring pyridine (shown in Figure 1), many of which have found important applications in
materials science, agrochemistry, and medicinal chemistry. Therefore, there is continuing
interest in the development of convenient, efficient, and environmentally benign synthetic
methods for the construction of nitrogen-containing heterocycles [32].

The nitrile-group pharmaceuticals are widely used in clinical treatment due to the
good biocompatibility and biological activity of nitrile-containing chemicals [33] Further,
the nitriles are used in the preparation of important functional materials such as dyes
and textiles [34,35] As an intermediate raw material for organic synthesis, cyanide can be
used to construct amides, carboxylic acids, amines, aldehydes, and ketones [36]. Recent
achievements in a large number of active nitrile-containing drug molecules mainly include
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the antidepressant vilazodone; entacapone, for treating Parkinson’s disease; Lodoxamide,
an anti-inflammatory agent; and febuxostat, for treating gout [33,37-40].

Nitrogen-containing group compounds ~ Group Simple nitrogen heterocyclic compound
Nitriles —=N N N o s
©w U W Yy
Azo compounds —N=N— N .
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—¢— H H H
Piperidine Hexahydropyrimidine Tetrahydroquinoline

Figure 1. General classification of nitrogen-containing functionalized compounds in the organic
chemistry field.

In traditional synthesis methods, the synthesis of nitrogen heterocyclic compounds
requires cyclization/oxidative aromatization with n-containing reagents and hydrocar-
bons [41-43]. As for nitriles, general methods include oxime rearrangement [44] and
coupling reactions involving cyanogen reagents [45-49]. However, these typical method-
ologies for the synthesis of nitrogen heterocyclic compounds and nitriles may have only
a limited range of applications because of the toxic reagents and expensive feedstock.
Thinking about inexpensive and environmentally benign starting materials, lignin must be
one of them.

Hydroxylamine and hydrazine are generally used as nitrogen reagents and reducing
agents in classical organic synthesis. In particular, the oximes, which are formed via the
condensation of carbonyl groups with hydroxylamine, are versatile intermediates for the
generation of amides. Recently, Zhang and Wang’s group introduced NH,OH-mediated
lignin conversion to isoxazole and nitrile [50,51] (Scheme 2 Equation (3)). Both products
were obtained in one step via the same oxime intermediate, followed by condensation of
B-hydroxyl ketone with hydroxylamine and then Beckmann rearrangement to construct
isoxazole and nitrile, respectively. Moreover, based on the carbonyl condensation property
and hydrazine as the amination and reducing agent, Heinrich et al. developed an attractive
strategy through Wolff-Kishner reduction for C-O bond cleavage in lignin ketone models
and further cyclization to pyrazole. Meanwhile, the above system also obtained corre-
sponding monophenols due to the cleavage of C-O bonds (Scheme 2 Equation (2)) [52].
Zhong et al. reported a copper-catalyzed system or an efficient iodine/tert-butyl hydroper-
oxide (I2/TBHP) catalytic system for catalytic oxidative cyclization of lignin models with
2-amino azaarenes to synthesize imidazo heterocycles (Scheme 2 Equation (1)) [53,54].
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Scheme 2. Different n-containing reagents transforming oxidized lignin models to various types of n-substituted aromatics,
including nitrogen heterocyclic compounds and nitriles.

5. Aniline Compounds

The nitrogen element mainly exists in nature as nitrogen, ammonia, and bio-organic
amines. Among them, most nitrogen-containing compounds exist in the form of amines.
Many natural products with physiological activities such as anesthesia, excitement, and
anti-inflammatory properties also contain amino functional groups, which are all alkaloid
compounds. Aromatic amines are used as a synthetic raw material for dyes, and the
method of producing dyes by oxidizing aromatic amines created the dye industry [55]. The
various methods for aniline synthesis, including reduction of aromatic nitro compounds,
amino substitution of halogenated aromatic compounds, and other decoration of aromatic
hydrocarbons by NH-R groups, generally require harsh reaction conditions and toxic
substrates [56,57]. Moreover, the direct modification of aromatic hydrocarbons by NH-R
groups has three difficulties: the high C-H bond dissociation energy, the use of poisonous
aniline catalyst, and difficulty in keeping the aniline products stable in an oxidative at-
mosphere [58-65]. To date, various efficient approaches have been developed to promote
C-H primary aromatic hydrocarbon activation and amination, including electrochemical
catalysis, [66] photoredox catalysis [67,68], and novel electrophilic amination reagents [69].
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The preparation of aromatic amides and benzonitriles with pre-oxidized lignin is
described above; thus, the amides and benzonitriles produced could be further hydrolyzed
to aniline (Scheme 2, Equation (3)) and carboxylic acids, [70] respectively. Recently,
Nicewicz et al. realized the selective cleavage of aryl ether in lignin via photocatalyzed
nucleophilic aromatic substitution using amines under mild conditions. A lignin 3-O-4
ketone model was used, and selective O-4 bond cleavage occurred and generated aniline,
while other groups on the arenes were maintained (Scheme 3, Equation (2)) [71]. Besides
this, Jiao et al. recently developed amination using NaN3 and realized a transition from
alkylarenes to anilines via redox-neutral site-directed carbon—carbon amination (Scheme
3, Equation (1)) [72]. This transformation of aromatics involved the use of O2 as an en-
vironmentally benign oxidant. Subsequently, the secondary alcohol intermediates could
also be transformed into the corresponding anilines without any oxidant. Therefore, lignin
model compounds containing a propanediol segment were redox-neutrally depolymer-
ized into corresponding primary arylamines. Based on the cleavage of the (3-O-4 ketone
model, tandem selective oxidation, oximation, and acylation reactions were used, followed
by imine-participated ether cleavage via 1,4-aryl migration and a subsequent hydrolysis
reaction, to yield anilines and a-hydroxy ketones as products [73] (Scheme 3, Equation (3)).
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Scheme 3. Selective oxidation and n-reagent-participating activation cleavage of lignin linkages to yield anilines.

6. Esters

The dehydrated products of acids and alcohols are esters, which have fragrance and
are widely used as food additives [74] As a kind of carboxylic acid derivative, esters are
an important class of chemicals and are widely used in the preparation of fine chemicals,
natural products, medicines, and agrochemicals [75]. In addition to the esters traditionally
obtained by the dehydration reaction of carboxylic acid and alcohol, esters can also be
prepared from other carboxylic acid derivatives such as amides, acid anhydrides, and
acid chlorides (Scheme 4). The esterification procedure is reversible and suffers from
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inherent drawbacks, such as the fact that it is hard to increase the conversion rate and
isolate or separate the catalysts and/or products in time [76] Aldehydic compounds in an
alcohol-containing solution are also able to provide oxide esterification effectively, so they
are used as a supplement to traditional protocols [77-84]. In recent years, benzylic alcohol
and methanol as substrates for esterification have attracted more attention; they have been
used for direct, economical, and environmentally friendly conversion into esters in the
presence of catalysts and oxidants, [85-90] in which the alkali additive is usually able to
increase the yield of esters [90].

X

"
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Acid halide
(0]
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R” “NH,
Amide

O

M _r

R™ O

Esters

Carboxylic acid derivatives and nitrile

OH
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Oxidation and in situ alcoholysis
. RO
Carboxylic acid MeOH
Aldehyde

R-CN
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0 0]
R /[<
© R

Acid anhydride

Alcoholysis

Scheme 4. The general methods of synthesizing esters in organic synthesis.

There are many methods to obtain functional carbonyl compounds via the tandem
sequence oxidation reaction and functionalization of C-C bonds in lignin. However, while
some splendid achievements have been made in the oxidative depolymerization of lignin
models and real lignin to acids or aldehydes, the direct transformation of lignin to esters
through oxidative cleavages is still limited. Recent reports have described efficient protocols
for converting lignin models or lignin to aromatic esters and very few types of short-chain
non-aromatic esters using homogeneous and heterogeneous catalysts with oxidants. In
addition, those methods have only provided limited product types, including functional
aromatic esters and diethyl maleate.

7. Aromatic Esters

In the past few years, novel strategies for the oxidative depolymerization of lignin
model compounds and real lignin transformation into aromatic esters have been developed,
including the use of heterogeneous catalysts [32] or homogeneous catalysts [25] Among
these, oxidative systems for lignin depolymerization strategies to obtain functional esters in
high yield and with excellent selectivity may be designed by treating lignin as a secondary
alcohol [91]. Ideally, researchers use secondary benzyl alcohol as a model compound in
the screening reaction system and then apply the final reaction system to the conversion of
lignin model compounds or real lignin. Besides this, researchers also use model compounds
to verify the mechanism by designing a series of control experiments [91-93].

The cleavage of the 3-O-4-type bonds of lignin to produce discrete molecular com-
pounds is frequently studied as the first step in this field for the valorization of lignin.
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Indeed, many papers have described the catalytic transformation of 3-O-4-linked dimeric
compounds to final aromatic esters. For example, the catalytic transformation of 2-phenoxy-
1-phenylethanol to methyl benzoate was successfully achieved using a single-atom Co
catalyst at low oxygen pressure in MeOH [94]. Nitrogen-doped carbon-modified cobalt
nanoparticles were also used as a catalyst in the same conversion [95]. For instance, the
covalent triazine framework (CTF) has been used as a catalyst for oxidative cleavage of
(3-O-4 ketone models to form aromatic esters [96] A strong-base-modified covalent triazine
framework (30KCTF) remarkably enhanced the cleavage of the 3-O-4 linkage [92]. Inex-
pensive copper homogeneous catalysts also promote the aerobic oxidation cleavage and
esterification of C(OH)-C bonds or -CO-C bonds [93,97] and, according to related reports,
2-phenoxy phenethyl alcohols [93] and (3-O-4 ketone models [97] are all converted to aro-
matic esters in O2 atmosphere with an inexpensive copper salts catalyst. Moreover, Zhang
etal. developed an attractive strategy based on Baeyer-Villiger (BV) oxidation for C-C bond
cleavage in lignin ketone models and further alcoholysis to esters, [98] and Meier et al. also
used BV oxidation after the mechanochemical treatment of lignin by porphyrin-catalyzed
oxidation, with further alcoholysis to esters [99].

8. Non-Aromatic Acid Esters

In addition to aromatic esters, carbonyl esters also include non-aromatic esters such
as fatty acid glycerides, essential nutrients needed by humans. Similar to the synthesis of
amides, esters can also be obtained by condensation reactions of acids and alcohols or halo-
genated hydrocarbons. The direct oxidation of aldehyde and alcohol during in situ esterifi-
cation undergoes two steps of oxidation and condensation to construct O = C-O [100,101].
The oxidation of abundant phenol units and side-chain alcohol units on lignin can form
acids and a variety of functional esters in situ in an alcohol system. Compared with the
formation of aromatic esters, the cleavage of lignin to produce non-aromatic esters may
require more severe oxidation conditions.

At present, there are not many types of non-aromatic acids prepared by oxidative
depolymerization of lignin. Diethyl maleate is another class of functionalized ester based
on carboxylic acid derivatives from lignin conversion (Scheme 5). Strategies for the selective
production of diethyl maleate via oxidative cleavage of lignin aromatic units have been
developed, including the use of heterogeneous catalysts [13] or ionic liquids [102]. Li et al.
used polyoxometalate ionic liquids to promote cleavage of a lignin aromatic unit to obtain
bulk chemical diethyl maleate, [13] and according to their report, lignin aromatic units
were converted to diethyl maleate in the intensive synergistic effect between the acidic
depolymerization, oxidative aromatic ring cleavage, and in situ esterification [13]. Besides
this, Liu’s group also designed novel hierarchical Ce-Cu/MFI nanosheets and used them
for the selective oxidative cleavage of organosolv lignin. As a result, the reaction pathway
underwent a two-step process in which the lignin was converted to monophenols by
selective cleavage of the C-C bonds, and these monophenols were then transformed to final
products of diethyl maleate and other C3-C5 esters via benzene ring-cleavage [102].

EtO\[(j\
(0]

O~ ©OE

Scheme 5. The general route from lignin oxidation (green) to DEM production (red).
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9. Quinones

In the plant kingdom, many natural products with physiological activity contain
phenolic hydroxyl or quinone structures. Flavonoids are one such representative present
in plants. However, phenolic substances are easily oxidized to produce corresponding
quinones due to the electron-donating effect of phenolic hydroxyl groups [103]. Quinones
have been used as pigments and drugs in human life and industry for a long time [104] and
may be the longest used chemical, even longer than any other kind of natural compound.
More than 4000 years ago, humans used plant-derived quinones as medicines, laxatives,
and emetics; therefore, the important position of quinones is well established.

In addition to phenols, highly active aromatic compounds such as anthracene, phenan-
threne, and anilines can be transformed to the corresponding quinones by chemical
oxidation, even directly by molecular oxygen oxidation. Lignin is a kind of abundant
polyphenolic polymer that imparts the potential to generate quinones. Recently, Parks et al.
used Co (salen) catalysis to form benzoquinones and benzaldehydes through oxidation
of lignin models belonging to the monomeric lignin models syringyl (S), vanillyl (G),
and 4-hydroxybenzyl alcohol (H) [105]. In particular, this group attempted to combine
computational and experimental approaches to investigate the mechanism of Co (salen)-
catalyzed oxidation of the monomeric lignin models. Density functional theory calculations
and experiments revealed that S oxidation occurs more easily to form dimethoxybenzo-
quinone than G and H oxidation with a pyridine-coordinated Co (salen) catalyst, but
adding bulky, noncoordinating bases enhanced the oxidation of G to form methoxy-
benzoquinone (Scheme 6, Equation (1)) [105]. Similarly, Fu’s group also reported that
a vanadium catalyst with base additive could be used in the C—C cleavage of 3-O-4
lignin phenolic model compounds to generate benzoquinone products and acrolein deriva-
tives (Scheme 6, Equation (2)) [106]. Moreover, Bolm and co-workers used a ball milling
method to treat phenolic model compounds with HO—TEMPO/KBr/Oxone (TEMPO is
2,2,6,6- tetramethyl-1-piperidinyloxy), resulting in the production of the corresponding
quinones and phenol derivatives (Scheme 6, Equation (3)) [107].

HO-TEMPO(0.2eq) R! R?
Co(salen), O, Ro O/ KBr(0.22q) I -
Base MeOH Oxone(1.5€eq)
> +
90 min, 25 Hz OH
phenolic lignin model compound R3-M N
|
=

air, 80°C vanadium catalyst with base

0]
(0]
(0] +
=
(0]

Scheme 6. Oxidation of phenolic lignin model compounds with different catalysts to produce corresponding quinones and

other compounds.
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10. Carboxylic Acids

Carboxylic acids, as a fundamental raw material, have shown promise in the con-
struction of complex small molecules [108,109]. Using transformations of carboxylic acid
derivatives, we can obtain roughly four categories of products: anhydrides, esters, amides,
and hydrocarbons [110].

In the past few years, many types of carboxylic acid products have been obtained
from the oxidative depolymerization of lignin or lignin model compounds, including
aromatic acids such as vanillic acid, [111] veratric acid, [112] and benzoic acids, [113] and
non-aromatic acids such as muconic acid, muconolactones,114 and C4 dicarboxylic acids
(succinic, mulic, maleic, fumaric, and tartaric) [111-115]. Particularly, the oxidation of
either phenolic or non-phenolic lignin model compounds is capable of producing aromatic
acids or non-aromatic acids [116]. Among these, several acids have been obtained in high
yield or selectivity from lignin-derived monomers through novel strategies of oxidative
depolymerization of lignin model compounds, including a strong oxidant continuous
oxidation process [111,115] a synergistic process of strong base and oxidant, [111,113-118]
a catalyst/laccase oxidative process, [114-121] photocatalysis, [122] and ionic liquids [123].

11. Aromatic Acids

Earlier, we mentioned that esters can be obtained by BV reaction of 3-O-4 ketone-
structured lignin model compounds. A kind of lignin model compound, 3-O-4 alcohol
undergoes a two-step oxidation strategy, resulting in Cx-Cf3 cleavage; then, pre-oxidation
of the 3-O-4 alcohol dehydrogenates the substrate to b-O-4 ketone, and an atom is then
inserted into the medium ketone to form an ester. As we mentioned, BV products can
generate aromatic esters by the alcoholysis step. However, Zhang et al. used formic acid
instead of alcohol to hydrolyze the products after BV reaction, and corresponding aromatic
acids and phenols were generated; [124] according to this report, aromatic acids were
obtained via H,O, oxidative C-C bond cleavage of a lignin model compound in a formic
acid system under metal-catalyst-free conditions (Scheme 7a). Similarly, Yang, Stahl, and
Su’s group developed a successful protocol that using the synergistic effect of strong base
and oxidant without a transition-metal catalyst to convert lignin model compounds to
high-value aromatic acids (Scheme 7b) [113,118,125,126]. One of the reasons why lignin
transformation to monoaromatic chemicals and fine chemicals is difficult is that the lignin
structure is highly complex and heterogeneous, depending on both the natural lignin
structure and the biomass fractionation method [127,128]. The use of a homogeneous
catalysis system may be a good alternative for the conversion of lignin.

455 nm, mpg-CsHy o COOH OH
’ CH3CN, 05, 10h @

Scheme 7. Oxidation of lignin or lignin model compounds by different oxidative strategies to obtain corresponding aromatic

acids and other compounds.
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Copper, vanadium, and rhenium catalysts116,129 are used for the oxidative cleavage
of lignin for the generation of acids and aldehydes. In recent years, a series of vanadium-
and copper-based catalysts were prepared to act on the oxidation of lignin model com-
pounds (Scheme 7c) [129-133]. Corma et al. used a dioxygen V(acac);/Cu(NO3), 3H,O
catalyst system with high catalytic activity in the cleavage of the lignin model compound
erythro-1-(3,4-dimethoxyphenyl)-2-(2-methoxyphe-noxy)-1,3-propanediol; with molecular
oxygen as the oxidant, the main conversion product was veratric acid [112]. Vanadium-
based complexes mainly act on the C—H bond of (3-O-4 model compounds to cause cleav-
age of the hydroxy carbon and form an intermediate ketone or aldehyde. The result is
that the C—C bond connecting the hydroxyl group is broken [134]. By contrast, copper-
based catalysts can break Cax—C aryl bonds, even Cax—-Cf3 bonds, in lignin phenolic 3-O-4
model compounds without limitation of hydroxyl carbons [97,135]. Wang et al. used a
VOSO4/TEMPO [(2,2,6,6-tetramethylpiperidin-1-yl)oxyl)] catalyst to form (3-O-4 ketone
and followed this with cleavage of the C-C bond of 3-O-4 linkages to acid and phenols
by oxidation over a Cu/1,10-phenanthroline catalyst [136]. Zheng et al. achieved a high
conversion rate of 83% after 2 h at room temperature when using CuCl2/polybenzoxazine
catalysts to oxidize the cleavage of C-C and C-O bonds of lignin selectively to oxidize
lignin 3-O-4 model compounds to aromatic acids, monophenolics, and aromatic alde-
hydes [137,138]. Riisager prepared a homogeneous vanadium—copper catalyst for the
oxidation depolymerization of Kraft lignin to high-value aromatics (vanillin, vanillic acid,
and acetovanillone) [139]. Saladino et al. reported methylrhenium trioxide (MTO)/H,O,
systems for application to the selective oxidation of lignin model compounds and lignins to
generate aromatic acids and other compounds [116]. Besides this, Bruijnincx et al. reported
a novel method using Cp*Ir-bipyridonate as a catalyst to promote the depolymerization
and isolation of lignin model compounds and real lignin without any oxidants; accord-
ing to this report, the conversion undergoes selective primary alcohol dehydrogenation,
retro-aldol (Ca—Cf3) bond cleavage, and in situ transformation of the aldehyde products
to alcohols and carboxylic acids by similar Cannizzaro reaction [121]. The above homoge-
neous metal complexes, both V-based catalysts and Cu-based catalysts, were able to achieve
excellent results in oxidative lignin valorization. However, it is difficult to realize organic
product separation and recycling of homogeneous catalysts. Researchers have attempted
to find generally highly efficient heterogeneous catalysts for lignin conversion. Wang’s
group introduced a one-step oxidative method that used mesoporous and heterogeneous
graphitic carbon nitrides (mpg-C3Ny) to cleave the 3-O-4 or 3-1 linkages in lignin models
(Scheme 7d). Because of the mesoporous graphitic carbon nitride photocatalyst, lignin
models with 3-O-4 and 3-1 linkages were aerobically oxidized into aromatic aldehydes
(acids) and phenolic esters even at room temperature [122]. Recently, a two-step process
was developed for selective oxidation of 3-O-4 lignin model compounds in which 3-O-4
lignin model compounds are first converted to 3-O-4 ketone models and then proceed to
the next step (shown in Table 1).
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Table 1. Transformation of lignin or its model compounds to aromatic esters.
Reaction Conditions Main Product
ain Products
Entry Substrate Catalyst o Oxidation Distribution (%) Ref.
Sovent T(C) A
tmosphere
o]
OH o
i 30KCTF (strong-base-modified O 6-57% 2-33%
o, - - 2
1 Rl L\OH@}R’ covalent triazine framework) Methanol 180 (0.5 MPa) 9 0 [92]
RO/ROH
14-78% 1-12%
- Mechanochemical treatment in KOH and toluene. o, 1 o :;©Y
2 Kraft Lignin TPPFeCl/t-BuOOH subsequent Baeyer-Villiger oxidation. No:©)\ - o o 199
0
OH OH R _
o : 5 ot
3 R¢ \© VB12@C-900, K,COs MeOH 80 (0.1 MPa) v [95]
R 58-96% 6-73%
o
OH o o 00 X o/
0. 3 R2-
4 w {D)T e K,CO3, Co-NC-900 MeOH 150 (06 MPa) P [91]
72-80%
OH 2
9 ~
5 ° Cu(OAc),, BF;-OEt MeOH 100 0> O [134]
@ I 2, Bl OEt (0.4 MPa) :
0-99% 43-98%
Sy O
e} BV oxidation: (PhCH,Se),, H>O,, THF (0.5 mL) J( Ar20H
6 1&0 (PhCH2Se),, K,CO3 Alcoholysis: Substrate (0.1 mmol, 1.0 Equation), K,CO3 AT N7 [98]
Ar SAr2 (0.2 Equation), 0.5 mL CH30H, 45 °C, 1.5 h. ~85% >85%
i CTF (covalent o T
oo covalen )
7 "Q)k[o]@’” triazine framework) Methanol 160 (0.5 MPa) @(‘L/ g‘% o6l
8 Co-N-C, NaOH MeOH 200 0, (1 MPa) O [94]
o]
OH
. 0, ©)‘\O/
9 ©)v 0 Cu salt DMSO 116 (05 MPa) 193]
87%
1. BV oxidation strategy for lignin oxidative cleavage.
(0]
OH
OH 0
0 TEMPO/O, (0]
Formic acid OH

Acetonitrile/H,O
HNO3/HCI
45°C, 24 h
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2. Synergistic strategy of strong base and oxidant for lignin oxidative cleavage.

T

t .
NaO'Bu (4equiv), O, (1 atm) {Oxidation and depolymerization}

'BuOH (0.25M), 30 C, 16h

DDQ (0.15 equiv)| | ACNH-TEMPO (5 mol%)

; HNO (10 mol%
NaNO, (0.5 equiv ol (1(0 o )0) LMS/IL/Buffer.air —
Na,SO,4 0 it 3d Oxidation
CHCN:HO (19:1) » 9 days

90 min, 25 Hz
1atm O,,45°C, 24 h

2M NaOH (0.5 mL)

Base aq.NaOH, air
H20, (0.88 mmol) ) Depolymerization
Ballmilling THF:MeOH (1:1) 37 C, overnight
50°C, 10 h
0]
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3.  Copper, vanadium, rhenium, or Ir homogeneous catalysis strategies for lignin oxida-

tive cleavage.

OH o

ﬁ X
OH

OH HO™ H

Dipicolinate vanadium(V)
complexes _ 0]
- (0}

O CH3O0OH

el oal®h

HO_ O OH
H
o 0
0 MTO/ H,0, - ~ —
0 -~ HO
> - 0
oH | o” °
OH

AcOH
O/
OH
HO
HO O/Q [ 0 | 0]
o HTc-Cu-V _ 0 H 0] OH
~ 0, (6 bar)
o pyridine, 135 °C, 16 h <|3 ?
o
o
OH @ OH
0 VOSO/TEMPO w \© _ Cu(OA)L
@ MeCN, 0.4 MPa O, MeOH, 0.4 MPa OH
100 °C, 12 h 0,,80°C, 3 h
HO._O
R \O
HO 0 CuCl,/PBOZ (18 mol%) ©/OH
> -
O\ H202 (19 eq) O
o MeCN, 25 °C, 2h O
o~ HO._O Ox 0 OLOH o
Cu(OAc),/VO(acac),
Kraft lignin 2 M NaOH, O, (5 bar) o o o
150 °C, 10 min on T | |
OH OH OH OH

OH o~ N
0 Ir cat. H/OH (0] o Q
N \/u\
~ dioxane-water (1:1) 0 OH
O OH O
o<

base (NaCOj3), 130 °C, 1h

4.  Heterogeneous catalysis strategy for lignin oxidative cleavage.

12. Non-Aromatic Acids

Lignin is composed of three phenylpropane units on the aromatic rings, named
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units [140]. These units are abundant
in methoxy substituents on aromatic rings. The use of a strong oxidation system to break

aromatic rings to produce low-carbon acids is promising.
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Non-aromatic acids can be generated via oxidation of lignin monomers connected
to various hydroxyl [115] or carbonyl-containing compounds [141]. Depending on the
oxidants and catalyst, the formation and species of these compounds vary (shown in
Scheme 8). In Rodrigues’s work, using H,O, as an oxidant, lignin model compounds
(p-hydroxybenzoic acid, vanillic acid, and syringic acid) and hardwood and softwood
lignin samples were oxidized to obtain dicarboxylic acids [115]. In addition, C4 dicarboxylic
acids (DCA) were also obtained from lignin oxidation with transition metal oxide (Fe, Co,
Cu) modified catalysts [142-144]. For instance, recent reports developed methods for
the generation of carboxylic acids from the oxidation of lignin by a Fenton oxidation
process, with a Fenton reagent consisting of an iron catalyst [145]. However, because lignin
depolymerization to dicarboxylic acids by the Fenton oxidation process suffers from poor
yield and raw material utilization, Doherty et al. introduced a process based on the use of
sodium percarbonate in bagasse lignin depolymerization [111]. Using Doherty’s strategy;,
higher DCA yields (predominantly oxalic, malonic, and succinic acids) were obtained,
without residual solids. Besides this, some other low carbonic acids (lactic acid, formic
acid acetic acid, acrylic acid, and malonic acid) were also obtained from oxidation isolation
of lignin using vanadium-modified catalysts and oxidants [146,147]. At last, researchers
have gradually deepened their understanding of the structure of lignin and promoted
the greater potential of lignin. For example, using oxidative cleavage of catechols for the
synthesis of muconic acid and muconolactones opens a new route to lignin upgrading [114].
Besides this, Yuan et al. developed a novel catalytic oxidation system consisting of a copper
catalyst in MeOH-ChCl/O, DES capable of acetic acid and acetovanillone synthesis via the
selective oxidative cleavage of C—C bonds in lignin side chains [148]. Furthermore, the wet
oxidation of lignin and phenolic lignin model compounds easily forms carboxylic acids,
including formic acid, acetic acid, and unsaturated dicarboxylic acids with four carbon
atoms [149].

Cu(OAc),/1,10-phenanthroline N Acetovanillone
MeOH-ChCI/O, DES Acetic acid
(NH4)2Fe(SO4)296H20 .| Muconic acids
HCO,H:H,0, 5:1 ”| Muconolactones
H,0, Succinic
Fenton's reagent Malic
Lignin & Lignin mode H,0, and transition metal Maleicl
compounds oxides catalyst Fumaric
. Tartaric
Sodium percarbonate

Formic acid
O, and VPP/HZSM-5 catalyst
2an caralys N Acetic acid
O, and Al-V-Mo catalyst Malonic acid
Wet oxidation Acetic acid

Scheme 8. Oxidation of lignin or lignin model compounds by different oxidative strategies to obtain
corresponding non-aromatic acids.
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13. Phenols, Aldehydes, and Ketones

Recently, phenolic derivatives have attracted people’s attention owing to their anti-
microbial, anti-cancer, anti-viral, anti-inflammatory, hypolipidemic, and hypoglycemic
effects. Soybeans, flaxseed, and olives are particularly rich in phenolic compounds [150].
Traditional industrial production processes of phenols mainly include the sulfonation
method and cumene method. Other substituted phenols are usually constructed by nucle-
ophilic substitution reactions or diazonium hydrolysis.

In aldehydes and ketones, the carbonyl (C = O) carbon in the aldehyde and ketone
structure is vulnerable to attack by nucleophiles such as S-containing and n-containing
reagents to construct corresponding C-S and C-N bonds; therefore, aromatic ketones
and benzaldehyde as chemical feedstocks are often used in the synthesis of complex
natural compounds and as intermediate raw materials in pharmaceuticals and agricul-
ture [151-153]. These aldehydes and ketones are generated from corresponding alcohols
via organic transformation reactions [154]. Among those reactions are many classic organic
name reactions, including Swern oxidation [155-161] and DesseMartin periodinane oxida-
tion [162-164]. Therefore, those oxidation methods can also be applied to lignin oxidation
and depolymerization into aldehydes and ketones. Lignin oxidation cleavage can be used
to produce phenolic products [165] such as vanillin and syringaldehyde, which, connected
with the carbonyl group, can also be classified as aldehydes or ketones.

In this section, we summarize the novel strategies using oxidative depolymerization of
lignin or lignin model compounds to obtain lignin-derived aromatic compounds (phenols,
aldehydes, and ketones). Besides this, we mentioned earlier that phenols can be obtained
in several systems of oxidative depolymerization of lignin, including those systems used
to produce acids, esters, or amides, so we will not repeat it here. The oxidation cleavage of
different lignin model compounds in different catalytic systems produces all, one, or two
of the product kinds of phenols, aldehydes, and ketones. In the past few years, researchers
have developed main methods, including lignin catalytic oxidation and simultaneous
depolymerization, catalytic oxidation then depolymerization, and lignin pre-oxidation
then redox catalytic depolymerization, to achieve the above transformation [166].

14. Phenols and Aldehydes or Ketones

The oxidation of Kraft lignin is a potential method to generate functionalized phenols.
Using catalytic oxidation with a simultaneous depolymerization process mainly produces
phenolics containing a carbonyl functional group (shown in Scheme 9). Firstly, lignin
can be depolymerized with a system containing transition metal catalysts and oxidants.
For example, Sakdaronnarong et al. exploited microwave-assisted lignin oxidative de-
polymerization to produce high-value phenolic compounds such as syringol, vanillin,
acetovanillone, syringaldehyde, and acetosyringone using bimetallic Cu (OH), and Fe,O3
catalysts in NaOH solution with 2.5% (w/w) hydrogen peroxide [167]. Qiu’s group applied
hydrothermal oxidation and depolymerization of lignin via a CuO/Fey(SO4)3/NaOH
catalysis system with H,O, as the oxidant to generate monophenolic compounds [168].
Phenolic products were obtained from lignin depolymerization via a CuSO4/H;0O; system
catalyzed under microwave irradiation [169]. Besides this, Bhaskar’s group also introduced
the generation of phenolics by oxidative depolymerization of prot lignin and alkali lignin
in the presence of cobalt-supported TiO,, CeO,, and ZrO, catalysts at 140 °C for 1 h [170].
Additionally, Welton et al. exploited ionic liquids under oxidant conditions to oxidize and
depolymerize lignin in a one-pot process resulting in an array of phenols and functional-
ized aromatics, vanillin, and syringaldehyde as the main products [166]. Secondly, lignin
can be depolymerized without a transition metal catalyst. For instance, Qi’s group demon-
strated oxidative cleaving with molecular oxygen (O;) to depolymerize native lignin into
oxygenated phenolic monomers [171]. Thirdly, lignin was depolymerized with Mo catalyst,
ionic liquids promoted the aerobic oxidation of lignin, and lignin was converted to func-
tionalized phenols containing vanillin and methyl vanillate in the presence of H3PMo012049
catalyst in an alcohol system [172]. Natte et al. reported molybdenum pyrophosphate



ChemEngineering 2021, 5, 74

17 of 26

HO

/ /
o] /
0 0

HO
HO
: o HOM HO‘Q_\\ HO
6! Q g © o)

\ \ O\ o
\

4

supported on CeO, (MoPO/CeO;) catalyst for the oxidative depolymerization of alkali
lignin to generate vanillin [173]. Lastly, for the same transformation producing aromatic
aldehydes, aerobic oxidation of lignin in alkali conditions facilitated efficient production of
vanillin/syringaldehyde [174-176].

Catalytic oxidation followed by depolymerization of lignin also mainly produces phe-
nolics containing a carbonyl functional group [177]. Luterbacher et al. used 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) as an oxidant/catalyst to oxidize the a-OH of lignin
into a ketone; then, the oxidized lignin was depolymerized using a formic acid/sodium
formate system to a single product reaching 80% yield (syringyl propane dione) and
10-13% guaiacyl propane dione [178]. Similar to Luterbacher’s work, Stahl and Bhaskar
et.al. used a catalytic aerobic oxidation process, followed by formic-acid-induced [179] or
water/ethanol-water co-solvent [180] hydrolytic depolymerization resulting in monomeric
phenolics containing carbonyl groups. Besides this, Wang et al. used catalytic oxidation
with the O, /NaNO,/DDQ/NHPI system followed by a hydrogenation depolymeriza-
tion process with NiMo sulfide catalyst to produce phenol monomers in 32% yield from
birch powder [181]. Westwood et al. also put an organosolv lignin through a two-step
depolymerization process similar to the above to generate phenolic monomers [182].
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LIGNIN & LIGNIN MODE COMPOUNDS
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Scheme 9. Distribution and composition of main products after catalytic oxidation simultaneous to/followed by depoly-
merization of kinds of lignins.
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15. Phenols and Ketones

In recent years, the two-step conversion strategy of lignin via pre-oxidation followed
by redox catalytic depolymerization has been popular in the valorization of lignin, with
the ability to obtain corresponding phenols and ketones as shown in Scheme 10. According
to recent reports, the redox step involves photoredox [117,119,141,143,183] and biomimetic
redox [70,135].

Scheme 10. Oxidation of 3-O-4 lignin model compounds by pre-oxidation followed by redox strategies to obtain corre-

sponding phenols and ketones.

Prof. J. Zhang elaborated on the conversion of lignin model compounds via pho-
toredox catalysis in detail [133]. For biomimetic redox, using nucleophilic thiolates and
reductive thiols as redox mediators entails reductive cleavage of keto aryl ether bonds
by an SN, mechanism with the thiol redox mediator glutathione to form phenol and
acetophenone products [70,135].

The hydrogenolysis of oxidized lignin using a catalyst with a hydrogenation function
can also achieve a similar conversion to redox catalysis. For instance, Wang et al. introduced
a nickel catalyst for the depolymerization of oxidized lignin to phenols and aromatic
ketones. This group also developed a method of photocatalytic oxidation-hydrogenolysis
of lignin 3-O-4 models in one pot to offer ketones and phenols. According to Wang’s report,
the Pd/ZnIn,S, catalyst is used in aerobic oxidation, and TiO,- NaOAc/Ethanol was used
in the hydrogenolysis system [137]. Similarly, He et al. obtained corresponding aromatic
ketones and phenols via visible-light photocatalytic oxidation and in situ carbonic-acid-
facilitated hydrogenolysis [140].

16. Conclusions

In this review, we summarized recent advances in the conversion of lignin via se-
lective oxidation to functionalized lignin monomers, including aromatic amides, aniline
compounds, esters, phenols, aldehydes, ketones, carboxylic acids, and quinones, since
lignin-derived functional chemicals generated via oxidation are of higher value than lignin
used for other traditional applications, such as for heat and fuels. The use of differ-
ent catalytic oxidation systems and types of oxidants in the solvent can achieve diverse
lignin products.

For oxidative depolymerization to multiple monomers, lignin needs to undergo a
series of tandem chemical reactions, including the cracking of C-O bonds, C—C bonds,
or other linkages within the lignin. The catalytic oxidation systems of lignin and types
of chemicals used in the solvent have been comprehensively overviewed. Through un-
remitting exploration and attempts by scientific researchers, more types of products have
also been obtained from the oxidation depolymerization of lignin. In addition to acids
and aldehydes, other high value-added chemicals have been obtained, such as maleic acid
esters, aromatic acid esters, and aromatic amines. Furthermore, O, and H,O, are the most
popular oxidants for lignin.

Catalytic oxidation systems of lignin and the types of products obtained after the
oxidation process were introduced herein in detail, including summaries of which reaction
systems produce a certain chemical and how to achieve the conversion of a certain chemical.
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This has further certain reference significance for emphasizing the value of lignin in the
preparation of chemicals and expanding the application range of lignin.

Despite the many depolymerization strategies that have been employed for lignin
valorization, not many species of functional chemicals have been obtained. Lignin is
the only renewable aromatic chemical source in nature, so it is often used as a feedstock
for derived chemicals. The selective oxidation processes in lignin valorization are still
challenging because they often exhibit poor selectivity and generate several types of
products. Isolating a pure product is difficult when obtaining several chemicals from
lignin. It is suggested that selective oxidation strategies for lignin transformation be further
improved to obtain pure fine chemicals. Lastly, new functional chemicals from lignin
should be explored to exploit natural lignin to its greatest potential.
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