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Abstract: Lignin is the most abundant aromatic polymer in nature and as such is an attractive source of aromatic
molecules. Efficient lignin utilization will also likely play a key role in the economic success and sustainability
of biomass valorization schemes. However, traditional strategies for lignin isolation and depolymerization suffer
from repolymerization issues, which result in low yield of low molecular weight fragments. This review summa-
rizes the recent progress in lignin isolation and depolymerization methods that are able to limit lignin conden-
sation and facilitate the high yield production of monomers and oligomers. A general trend in these methods
is that condensation and repolymerization is prevented by trapping reactive intermediates during extraction or
depolymerization by chemically stabilizing the β–O–4 structure and/or its derivatives, or physically removing the
separated lignin fragments from the reactor. We highlight the challenges and opportunities that these methods
will face as they are further developed.
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1. Introduction
Biomass is the second largest renewable carbon feedstock after

atmospheric CO
2
. Depletion of fossil resources and the search for

renewable alternatives in both the energy and chemical sectors has

led to extensive research and development programs in biomass
transformation. Lignocellulosic materials are the most abundant
source of biomass and contain mainly cellulose, hemicellulose,
and lignin. Unlike cellulose and hemicelluloses, which are carbo-
hydrate polymers of 5- or 6-carbon sugars, lignin is an aromatic
polymer of methoxylated phenylpropanoid units, accounting
15–30% by weight and 40% by energy of lignocellulose.[1] Due
to its high energy content and aromaticity, lignin has attracted a
lot of attention in the context of producing sustainable fuels and
aromatic chemicals. Its biosynthesis occurs via oxidative radical
coupling of p-coumaryl, coniferyl, and sinapyl alcohol (and tricin
in the case of grass[2]), which are so-called ‘monolignols’, gen-
erating different types of C–C and C–O linkages between each
phenyl propanoid sub-unit (Scheme 1).[3]

Depolymerization of lignin to aromatic molecules for use as
an alternative to petrochemical feedstocks is an attractive route
towards developing a sustainable chemical industry. However, the
content of C–C linkages within the lignin to be depolymerized
significantly influences the yield of aromatic monomers. These
C–C linkages exist in native lignin, and can form during lignin
isolation/fractionation and depolymerization. During the biosyn-
thesis process known as lignification, the radical located at Cβ
of a monolignol (IV, Scheme 1A) reacts most favorably with the
radical at the phenolic OH position of another monolignol (I in
Scheme 1A) to form the β–O–4 linkage, which ends up being the
most prominent linkage in lignin. However, the Cβ position can
also react with radicals generated at the C1, C5, or Cβ positions
(III, II or IV respectively, Scheme 1A) to form the so-called β–β,
β–1 and β–5 linkages. Finally, two radicals at the C5 positions can
react together to form 5–5 linkages (II in Scheme 1A) (See the
hypothetical hardwood lignin structure model in Scheme 1B).[4]
Overall, this leads to anywhere from 20 to 50% C–C linkages
in the native structure of lignin for hardwoods and softwoods,
respectively.[1c] Assuming the number of C–C and ether linkages
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by reacting with the aforementioned nucleophiles like lignin’s
aromatic ring positions (Scheme 2E).

Lignin repolymerization systematically occurs in biorefiner-
ies as well as pulp and paper processes. This irreversible pro-
cess significantly reduces possible applications and, thus, lignin’s
value. Despite this, and because of the difficulty of preventing this
condensation, millions of tons of repolymerized and low value
lignin are produced each year. In this context, developingmethods
that can prevent/limit condensation would greatly improve lig-
nin utilization efficiency and increase the economic viability and
environmental sustainability of biomass conversion processes. In
recent years, significant efforts have been devoted to suppress the
undesired formation of C–C linkages. Successful methods can be
split into two general categories: (1) those that have focused on
the in situ trapping of the reactive intermediates to convert them
into stable molecules or (2) those focused on directly stabilizing
the β–O–4 ether linkages (either physically or chemically). Here,
we provide a concise overview on the different methods that have
successfully reduced C–C bond formation within these two cat-
egories as well as discuss the challenges facing these methods and
prospects for future development.

2. Trapping Reactive Intermediates

2.1 Reductive Catalytic Fractionation of Lignocellulose
Since many condensation reactions happen via nucleophilic

additions on reactive intermediates (Scheme 2), one solution is
to provide a nucleophile that will trap these reactive intermedi-
ates without impeding their depolymerization. This can be done
by performing a direct hydrogenolysis on the native lignin in the

are more or less randomly distributed throughout the lignin, this
limits the theoretical monomer yield to about 25% for softwoods
and 50% for hardwoods based on ether cleavage.

The situation is more complex for C–C linkage formation
during extraction and depolymerization. Scheme 2 shows the
possible depolymerization and condensation mechanism of the
β–O–4 structure.[5]Under solvolysis (temperatures above 80 °C in
an organic solvent) or acidic conditions, the α-OH of the β–O–4
linkage can dehydrate to form an unsaturated C=C bond, which
can readily repolymerize with other unsaturated bonds through
a radical oligomerization (Scheme 2A). Under basic conditions,
the β–O–4 ether can be cleaved, followed by formaldehyde
elimination to produce phenylacetaldehyde, which is an unstable
product that readily condenses with nucleophiles (Scheme 2B).
Lignin contains many such nucleophiles that can participate in
this condensation, including the free positions on the aromatic
rings. Furthermore, the free phenolic units can be deprotonated
and generate even more nucleophilic sites on the aromatic ring
at the positions that are ortho and para to the phenol group. A
quinone methide intermediate can be formed through a similar
mechanism (Scheme 2C). Then, the Cγ–OH can be eliminated
as formaldehyde to form an enol ether, which can readily react
with a nucleophile to form a C–C linkage.[6] Under acidic con-
ditions, a possible lignin condensation mechanism involves the
formation of a highly reactive benzylic carbocation by elimination
of a protonated α-OH, similar to what occurs during solvolysis
(Scheme 2D). This carbocation can react with the aforementioned
nucleophilic carbanions (i.e. carbons on aromatic rings) to form
C–C linkages. Moreover, acidolysis of β–O–4 ether linkages pro-
duces phenylacetaldehyde that can also lead to repolymerization

β–O–4, β aryl ether
β–5, phenylcoumaran
β–β, resinol
5–5/β–O–4/α–O–4, dibenzodioxocin
5–O–4, biphenyl ether
β–1, spirodienone Syringyl unit Guaiacyl unit
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Scheme 1. Lignification process (A) and hypothetical hardwood lignin model (B). This model contains 21 monomers (both syringyl and guaiacyl units)
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the monomer selectivity. For instance, reactions catalyzed by
Ru/C in methanol produced methoxylated propylphenols with
more than 90% selectivity whereas reactions with Pd/C gave
methoxylated phenylpropanols as the major products (~90%)
because the metal’s reduced oxophilicity reduced its ability to
cleave the primary alcohol.[10a] Propylphenols were also the
major product that was achieved when using Ni catalysts.[8b]
Interestingly, the support that was employed also affected the
product yields and distribution. Active carbon has been the most
widely tested support and has been the most successful at facili-
tating the production of high yields (40–50% from birch, which
is close to theoretical yield) of aromatic monomers. A small
number of studies used metal oxide supports (Al

2
O

3
, Cu-PMO)

and were able to achieve somewhat comparable yields (36–38%)
to those attained using activated carbon supports.[12] The solvent
also played an important role during hydrogenolysis. Protic sol-
vents (methanol, ethanol, isopropanol, butanol, ethylene glycol)
were able to dissolve and solvolyze lignin under the high tem-
peratures that are used for these reactions, but in some studies,
also served as the H-donor.[8b,13] Polar aprotic solvents such as
dioxane, which are well known for their ability to solubilize lig-
nin even at room temperature, have also been used in these direct
hydrogenolysis processes and have been equally successful at
producing high monomer yields (40–50%).[8b,9b] However, the

lignocellulosic biomass matrix and/or performing this hydroge-
nation as lignin is being extracted, which is also known as reduc-
tive catalytic fractionation (RCF). RCF is a reaction that is per-
formed at high temperature (180–250 °C) with a hydrogen donor
(hydrogen, methanol, ethanol, or others) and a metal catalyst
(homogenous or heterogeneous) all in the presence of untreated
biomass. Ether bonds are easily cleaved under such conditions
while the reactive intermediates (compound 2, Scheme 2A) are
also generated. However, under RCF conditions, these reactive
intermediates react more favorably with molecular hydrogen
activated by the catalyst than with the typical nucleophiles in-
volved in condensation. In 1948, Hibbert pioneered the use of
hydrogenolysis using Raney® nickel as catalyst on lignin related
model compounds and woody biomass material and successfully
isolated 27 wt% aromatic monomers based on Klason lignin.[7]
In later studies, different supported metal catalysts including
Ni,[8] Pt,[9] Pd,[10]Ru,[9b,11] and Rh[9b]were tested and proved to be
highly effective at performing this direct lignin hydrogenolysis
in batch conditions, producing aromatic monomers close to the
theoretical yield based on ether cleavage. Commonly produced
monomers included phenylpropanol, propylphenol, and ethyl-
phenol. In some cases, methylphenol, propenylphenol, and me-
thoxylpropylphenol were also formed, depending on the reaction
conditions.[1b] The choice of metal catalyst significantly affected
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unwanted side reactions, were captured by adding ethylene gly-
col to form relatively stable 5-membered ring acetals (Scheme
4).[17]A study of a reaction with a simple β–O–4model compound
(Scheme 4A) led to an approximate yield of 90% and a similar
selectivity toward the acetal product. However, using a model
compound with a three-carbon side chain (Scheme 4B) reduced
the acetal yield to 35%, which was probably because with the
simpler model compound (shown in Scheme 4A), phenylacetalde-
hyde (compound 5 in Scheme 2E) was the major product, whereas
with the veratrylglycerol-β-guaiacyl ether (compound 18), sub-
stantial quantities of Hibbert’s ketone (compound 21, which is
less likely to form cyclic acetals with diol due to its lower reactiv-
ity) was generated as well (Scheme 2D). When applying this ap-
proach to walnut dioxosolv lignin, only 9 wt% of monomers and
oligomers were obtained. Using a Lewis acid (iron (iii) triflate)
instead of a Brønsted acid improved the overall yield of acetal
products to 35 wt% from methanosolv lignin.[18] 2-Naphthol has
also been studied as a successful carbocation scavenger for lignin
released during biomass pretreatment. In this case, the authors
did not focus on lignin depolymerization but enzymatic hydroly-
sis of the polysaccharides, for which they observed a significant
improvement (65%) after saccharification after adding 2-naph-
thol. This improvement indicated the carbocations generated on
lignin during acid pretreatment (compounds 9 and 10 in Scheme
2D) reacted with 2-naphthol, which avoided repolymerization of
the lignin on cellulose and, thus, reduced enzyme deactivation.[19]
However, the effect was to create C–C linkages with lignin and so
it was unlikely to facilitate improved lignin monomer production.

Importantly, the acid-catalyzed depolymerization of lignin is
not limited to one cleavage mechanism but leads to several deg-
radation and condensation mechanisms (Scheme 2A, D, and E).
However, targeting only species such as aldehyde intermediates or
enol ether intermediates (as discussed above) cannot prevent all of
these pathways. Therefore, the targeting of only a select number
of intermediates by these trapping strategies inherently limits the
yields that are attainable, which is what has been observed in their
corresponding studies.

3. Preventing the Formation of Reactive Intermediates

3.1 Physically Preventing Reactive Intermediate
Formation by Rapid Extraction in Flow-through
Conditions

As demonstrated above, trapping reactive intermediates
during lignin depolymerization can significantly improve the
yield of lignin derived oligomers and monomers. However, such

structure of these solvents precludes their dual use as a solvent
and source of hydrogen.

Because the result of these RCF processes was generally a
solid, cellulose-rich pulp mixed with a metal catalyst, catalyst
separation has always been a major issue. To remedy this issue,
RCF using a semi-continuous flow-through reactor was recently
studied to alleviate this issue. In this case, the biomass and catalyst
were packed in one or more separated columns and connected
by tubing and switching valves. The solvent (usually methanol)
was first pumped through the biomass bed to extract partially
deconstructed lignin oligomers from the biomass matrix, which
were then sent to the catalyst bed for hydrogenolysis.[14] Such a
method not only facilitated the separation of the cellulosic pulp
from the catalyst after reaction by avoiding their contact in the
first place, but also enabled the separate optimization of the lignin
extraction and hydrogenolysis process conditions. In such condi-
tions, reactive intermediates could still condense during extrac-
tion. However, with a fast-enough flow, these intermediates could
reach the hydrogenation reactor faster than they could condense.
The kinetic study of lignin extraction and hydrogenolysis sug-
gested that lignin extraction or solvolysis was the limiting step un-
der traditional RCF conditions and suggested that further efforts
should be focused on increasing solvolysis kinetics to optimize
the overall RCF method.[14a] In process conditions, the biomass
bed would be periodically consumed and need to be reloaded be-
tween runs, making this process semi-continuous. Furthermore,
the flow-through process typically consumes at least four times
the quantity of solvent (oftenmore) compared to batch conditions,
which increases costs.[14b,c] All processes that use whole biomass
in close proximity with a catalyst also have to face the issue of
non-lignin biomass-derived impurities poisoning the catalyst. A
notable issue involves the acetate groups on the hemicellulose,
which are easily cleaved under RCF conditions and can poison
the catalyst. Nevertheless, given the near-theoretical yields that
are attainable and the possibilities that exist to recycle the solvent,
semi-continuous flow-through processes are one of the options
being explored for commercial scale-up.[15]

2.2 Trapping Intermediates by Acetyl Formation
During the cleavage of the β–O–4 linkages, some reactive in-

termediates, such as enol ethers (compounds 10 and 13), and phen-
ylacetaldehydes (compound 5), are formed under acidic or basic
conditions, which can react with nucleophiles including lignin aro-
matic groups, which leads to condensation.A possible approach to
minimizing these condensation pathways is to add agents that will
react and trap these specific species before they can formC–C link-
ages. Watanabe et al. used methanol as a trapping agent for enol
ether intermediates (Scheme 2D and E).Methanol could react with
enol ethers followed by dehydration and hydrolysis to form a ke-
tone product (compound 14, Scheme 3A), or stable (di)methylated
acetals (compound 15) during lignin decomposition in the pres-
ence of an acid catalyst and microwave irradiation (Scheme 3B).
The resulting lignin oil was about 10 wt% of the raw biomass and
contained about 20% of monomers and 80% oligomers , which is
about one third of the lignin content.[16] The significant remaining
condensation and low monomer yield can likely be explained by
the poor lignin solubility in the solvent and the other condensation
mechanisms that are possible in acidic media and that are unaf-
fected by methanol (for the mechanism in Scheme 2A[5c]). The
nature of the reaction media had a large influence on the reac-
tion results as no monomers were obtained when the solvent was
changed from a hydrophobic solvent to a hydrophilic one.

Because some of the reactive intermediates are aldehydes (e.g.
see Scheme 2B and E), which are formed in acidolysis conditions,
Barta et al. proposed using diols to capture these intermediates.
During triflic acid-catalyzed depolymerization of organosolv lig-
nin, phenylacetaldehydes, which were important participants in
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methods are still unable to approach theoretical yield because
they often target only a fraction of the condensation mecha-
nisms. The resulting yields are generally even worse when these
methods are applied to lignin that has already been extracted
because condensation has already occurred during the isolation
process, which happens either in acidic or basic conditions that
are conducive to degradation. In contrast, theRCFmethod is able
to achieve high yield of monomers (close to theoretical yield)
by starting from native lignin and using a stabilization method
that targets nearly all condensation mechanisms. However,
RCF often causes irreversible degradation or transformation
(e.g. through hydrogenation) of the carbohydrate fractions, and
leads to major challenges in catalyst recovery (even though a
few studies were performed to address these issues by either
isolating the catalyst or recovering it magnetically[12a,13a]). With
these challenges in mind, an attractive solution would be to iso-
late biomass’s lignin fraction while preserving the β–O–4 and
other ether linkages as much as possible. The most well-known
approach to do so is to produce ‘enzymatic’ or ‘cellulolytic’ lig-
nin, which is isolated only with enzymes and is regarded as hav-
ing an essentially ‘native’ structure.[20] However, this approach
requires several extensive ball milling treatments interspersed
with several enzymatic digestion steps, which makes it almost
impossible to scale up.

An alternative way to extract lignin while preventing sig-
nificant β–O–4 degradation is to use the aforementioned flow-
through methods. Such methods are typically performed at high
temperature with short retention times (i.e. high flow rates),
which, unlike a batch-based pretreatment, are able to remove the
reactive carbohydrates and lignin intermediates from the heated
zone before condensation, and thereby diminish the undesired
condensation. In other words, unlike in flow-through RCF de-
scribed above, where condensation was quenched with hydro-
genation, in simple flow-through, condensation is quenched by
rapidly dropping the temperature. The partially preserved lignin

could then be recovered by precipitation from the resulting so-
lution. The feed solution can be hot water, dilute acid aqueous
solutions, and organic solutions. Most of these studies, especially
those using water, which is a poor lignin solvent, only focused
on component fractionation and the effect of flow-through
on subsequent polysaccharides hydrolysis,[21] but did not inves-
tigate in detail the chemical structure alteration of the resulting
lignin.[9a,22]More recently, Dumesic et al. reported a flow-through
fractionation method using a mixed γ-valerolactone/H

2
O (80/20,

v/v) solvent containing dilute H
2
SO

4
(0.05 wt%) and showed that

the solvent significantly promoted the deconstruction of the bio-
mass matrix, while very effectively dissolving the lignin.[22d] The
resulting corn stover lignin could be deconstructed to up to 48%
(carbon yield) after a hydrogenolysis process using concentrated
H

3
PO

4
in methanol over Ru/C, which indicated that the β–O–4

linkages of the native lignin were well preserved.[9a] However,
the overall lignin extraction yield was around 70%, which led
to an overall yield of ~30%, which was still below theoretical
yields. The harshness of the conditions also led to a very large
array of products. A formic acid/H

2
O solution was also used for

flow-through fractionation of wheat straw at 120–140 °C with a
15 min retention time.[22a] Using Heteronuclear Single Quantum
Coherence (HSQC) NMR characterization, 84% of the β–O–4
linkages were retained in the isolated lignin (44% in milled-wood
lignin versus 38% in isolated lignin, per 100 aromatic units).
However, only 62% of the native lignin was removed, of which
only 44% could be recovered by precipitation in water (with the
remainder being water-soluble lignin), which overall led to a low
lignin recovery yield. The yield of lignin could be improved by
using harsher conditions but this led to reduction of the β–O–4
content (22%).[22a] Methanol was also used as the eluent to frac-
tionate lignin from birch at 180–220 °C with H

2
. In this case, the

lignin was solvolyzed into low molecular weight products with
a yield of around 21 wt% monomers (based on Klason lignin).
In summary, achieving high yields of lignin while preserving the
native lignin structure is still a major challenge even when flow-
through conditions are used.

3.2 Stabilization of β–O–4 Linkages by α-OH
Etherification

As we learned from the mechanism of lignin repolymeriza-
tion under acidic conditions, the α-hydroxyl group is one of
the most vulnerable functionalities in the β–O–4 linkage and
plays an important role in condensation reactions. This hydrox-
yl group is readily protonated and then dehydrated to gener-
ate a carbocation (Scheme 2D). Chemical stabilization of this
α-hydroxyl would thus be a promising approach to suppress re-
polymerization reactions. Westwood et. al. used a solution con-
taining n-butanol, 5 wt% water, and 0.2 M HCl to fractionate
lignocellulose and achieved very good separation of lignin.[23]
The resulting lignin contained large amounts of β–O–4 linkages
as characterized by HSQC NMR. Under the mild conditions
(<120 °C) they employed and with high concentrations of the
alcohol, the α-carbocations that were likely generated quickly
reacted with the alcohol to form a relatively stable α-butoxylated
structure (compound 23, Scheme 5A), instead of being attacked
by an aromatic carbanion (Scheme 2D). Depolymerization study
of this obtained lignin by acidolysis with ethylene glycol trap-
ping method (Scheme 4) generated 7–18 wt% of acetal aromat-
ic monomers depending on the wood species that was used.[23]
This lower yield of monomer compared to other methods was
probably due to the incomplete preservation of native β–O–4
linkages and/or repolymerization during acidolysis. At the same
time, hemicellulose structures were converted into butoxylated
monosaccharides which were difficult to be transformed back
into sugar molecules, which could cause issues for further utili-
zation of the hemicellulose fraction.
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study of model lignin derivatives demonstrated that barely any
free radicals were detected for the non-phenolic compounds at
pyrolysis conditions.[28] Even though phenolic methylation can
suppress lignin repolymerization under pyrolysis, any monomer
yields achieved through this approach have been limited, likely
because of the limited effect this strategy has had on alternate
degradation mechanism. However, few studies have focused on
the controlled depolymerization of methylated lignin (as opposed
to pyrolysis conditions, which are fairly harsh and lead to uncon-
trolled reaction pathways) so further study would be warranted.

3.5 Stabilization of the β–O–4 Linkage’s Diol Structure
by Acetal Formation

More recently, our group has become interested in strategies to
prevent β–O–4 linkage condensation mechanisms.We discovered
that adding formaldehyde during lignin extraction under acid con-
dition could significantly suppress this condensation by reacting
with the 1,3-diol structures of β–O–4 linkages to form acetals
while simultaneously reacting aromatic rings to trap any gener-
ated carbanions (Scheme 2D and E, Scheme 6). Hydrogenolysis
of isolated stabilized lignin from beech gave 45% monomer yield
by hydrogenolysis. This yield was close to the yield obtained by
RCF of the untreated wood, and almost an order of magnitude
higher than the control experiment performed without adding
formaldehyde.[25c] Further study showed that the product selectiv-
ity can be significantly improved by simply tuning the function-
alization. When using longer aldehydes like propionaldehyde or
acetaldehyde, while optimizing the extraction and hydrogenoly-
sis conditions, a selectivity to just two products (propanolsyrin-
gol and guaiacol) exceeded 90%, while yields remained close to
50%. Furthermore, when using a transgenic poplar (where the
Ferulate 5-Hydroxylase had been overexpressed), the selectiv-
ity to a single product (propanolsyringol) reached 80%.[25b] The
longer aldehydes did not react with the aromatic ring and hence
did not prevent carbanion formation but significantly increased
product selectivity by avoiding the production of any alkylated
monomers. The absence of any significant drop in yield when
using propionaldehyde indicated that the formation of the acetal
was likely the most important contributing factor to preventing
repolymerization.

Another advantage of this approach was that it allowed effi-
cient fractionation of the lignocellulosic substrate.[25a] The stabi-
lized lignin was solubilized and easily separated. The hemicellu-
loses were depolymerized into monosaccharides (mainly xylose)
that reacted with the aldehydes to form di-acetal functionalized
sugars, which could be easily separated and defunctionalized with
acid hydrolysis to recover more than 80% of the xylose,[25b,c] or di-
rectly converted to furfural using Brønsted acid catalysis.[29] This
fractionation left behind a highly purified cellulose that could be
easily enzymatically hydrolyzed (over 90% of the glucan was re-
covered as glucose) when propionaldehyde was used.[25a]

Considering the remarkable ability of aldehydes to stabilize
lignin’s β–O–4 linkages and produce an isolated and purified form
of lignin, the propylidene-acetal-stabilized lignin represented an
attractive substrate for exploring lignin depolymerization via an
oxidative route. We developed a tailored catalytic oxidation sys-
tem, which included DDQ/HNO

3
/O

2
in a wet organic solution,

to selectively remove the acetal protection and oxidize the α-OH
(Scheme 6).[30]As the oxidation rate appeared to be faster than that
of acetal removal at the optimal conditions, the released α-OH
was rapidly oxidized into an α-ketone, which prevented further
side reactions in the same way as the aforementioned oxidation
strategies. The oxidized lignin was then cleaved using a HCOOH/
NaOOCH system to generate phenyl propane diones at a yield
of 31–35% yield (compared to a hydrogenolysis yield of 45%)
with >90% selectivity. This yield and selectivity of diketones was
significantly higher than those achieved in previous studies,[31]

3.3 Stabilization of β–O–4 Linkages by α-OH Oxidation
Selective oxidation of the same α-OH in the β–O–4 linkage

to form a ketone is another approach to prevent the formation
of α-carbocation and therefore suppress the re-condensation in
a later decomposition process. With this in mind, an oxidation-
hydrogenation two-step strategy to depolymerize lignin was in-
vestigated by Wang et al. The benzylic alcohol of native lignin
still embedded in biomass was first oxidized to carbonyl groups
using a DDQ/NHPI/NaNO

2
catalytic oxidation system (Scheme

5B). Then the newly formed ketone group within the β–O–4 ether
linkages were cleaved using a specifically tailored NiMO sulfite
catalyst to produce aromatic monomers at an interesting yield (3.2
mg out of 50 mg of birch powders containing 20 wt% lignin).[24]
However, this yield was lower than the yield obtained by other
methods[25] (which are described in detail below). Such oxida-
tion processes are generally slow and thus rarely outpace deg-
radation mechanisms, which likely explains the limited yields.
Furthermore, this strategy suffers from similar catalyst recovery
issue as most of the RCF procedures as it involves the physical
mixing of biomasswith homogenous and heterogeneous catalysts.

3.4 Preventing Quinone Methide Formation by
Methylation of the Phenolic Hydroxyl

Quinone methides are not involved in primary degradation
pathways but are critical reactants in secondary repolymeriza-
tion reactions.[26] Previous reports have suggested that these in-
termediates likely play a more important role than vinyl ethers in
terms of repolymerization activity.[27]This is likely due to quinone
methides’ extreme instability, which leads to them being read-
ily attacked by nucleophiles at the double bond position, which
generates high molecular weight products (Scheme 2C). Quinone
methides (compound 7) are formed under neutral and basic con-
ditions from the free-phenolic units. Selective stabilization of the
phenolic units, notably by methylation, can avoid the formation
of quinone methide and reduce the repolymerization reaction
(Scheme 5C). Pyrolysis of phenol-methylated milled wood lig-
nin (MWL) in isopropanol at 300 °C resulted in reduced char
formation and higher oil yield, compared to the case using non-
derivatized MWL. An electron paramagnetic resonance (EPR)
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Scheme 5. Reactions used to suppress the formation of reactive inter-
mediates. A Trapping the α-carbocation by reaction with n-butanol un-
der acidic conditions to prevent repolymerization. B Selective oxidation
of the α-OH to prevent dehydration and the subsequent carbocation
formation. C Selective methylation of the phenolic hydroxyl to prevent
the formation of quinone methides. Adapted from refs [23,24,28].
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guaiacol (27), might have a potential limited market as a food-
grade flavor) lack an actual market, i.e. there is often no direct
application of these molecules. Therefore, further transformative
steps will likely need to be developed to reach molecules that have
an actual market.

Importantly, more than 50% of the lignin still results in less
well-defined derivatives (e.g. oligomers) and further transforma-
tion and/or developments of these fractions will need to be ex-
plored. This large fraction of oligomers remains because all of
the methods reviewed here have successfully focused on ether
bond cleavage. However, a huge valorization opportunity re-
mains if C–C bond cleavage could be achieved selectively as this
would facilitate extracting even more value from lignin. Some
groups have already worked on this aspect and achieved certain
success.[32] Such methods could potentially also target technical
lignins (which are significantly condensed) and thus could be
rapidly integrated into existing industrial pulp and paper or bio-
refining processes. The successful implementation of such C–C
cleavage approaches would be a hugely important achievement.
However, because most C–C bonds result from random condensa-
tion processes, their cleavage will never yield products with the
same selectivity as ether cleavage. Therefore, such developments,
if they were to occur, would likely become complements, rather
than replacements, to the ether cleavage methods reviewed here.

From a more general perspective, due to its status as the ma-
jor natural reservoir of aromatic functionality, and due to the im-
portance of such functionality in fine and bulk chemicals, lignin
is unlikely to be bypassed in the development of a sustainable
carbon economy. However, competing with the highly optimized
and integrated petrochemical industry will be very challenging. In
this context, processes involving chemical production from lignin
must continue to become more efficient, to maximize its chances
of being cost-effective and sustainable, and to ensure that there are
societal incentives to drive the development of these technologies.
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