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Abstract

Sections

Lignin, the heterogeneous aromatic macromolecule foundin the cell
walls of vascular plants, is an abundant feedstock for the production
of biochemicals and biofuels. Many valorization schemes rely on lignin
depolymerization, with decades of research focused on accessing
monomers through C-O bond cleavage, given the abundance of
-O-4bondsinlignin and the large number of available C-O bond
cleavage strategies. Monomer yields are, however, invariably lower
than desired, owing to the presence of recalcitrant C-C bonds whose
selective cleavage remains a major challenge in catalysis. In this
Review, we highlight lignin C-C cleavage reactions, including those of
linkages arising from biosynthesis (-1, -5, - and 5-5) and industrial
processing (5-CH,-5 and a-5). We examine multiple approaches to
C-Ccleavage, including homogeneous and heterogeneous catalysis,
photocatalysis and biocatalysis, to identify promising strategies for
further research and provide guidelines for definitive measurements
of lignin C-Cbond cleavage.
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Introduction

Lignin is a heterogeneous macromolecule found in the cell walls of
vascular plants that comprises methoxylated phenyl propane units
linked through various carbon-carbon (C-C) and carbon-oxygen
(C-0) bonds. It makes up 15-35% of lignocellulosic biomass' and is
produced by enzyme-mediated oxidative polymerization of monol-
ignol building blocks from the shikimate pathway, including the three
canonical hydroxycinnamyl monolignols — that s, p-coumaryl (H-type),
p-coniferyl (G-type) and p-sinapyl (S-type) alcohols (Supplementary
Fig.1a) —along with intermediates from the monolignol biosynthesis
pathway and numerous derivatives®. Lignin structure can be further
modified by the incorporation of flavonoids and stilbenoids**. The
structure and quantity of lignin depend on factors including the spe-
cies, season and environmental stressors*”. This inherent variability,
combined with its propensity for condensation reactions forming
recalcitrant C-Cbonds during biomass processing, complicates lignin
valorization — particularly its conversion to useful monomers. Of the
more than 50 million tons of lignin extracted annually from the pulp
and paper industry, only 2% is used for commercial applications, largely
as polymeric lignosulfonates®, whereas the rest is burned for energy
reclamation or consumed for process chemicals regeneration. Burning
ligninis a highly polluting process, and it causes numerous air quality
issues in the vicinity of the biorefinery’.

Rigorous process analyses have shown that lignin valorization —
beyond heat and power generation — is critical for abioeconomy based
on the use of lignocellulose for biofuels and biochemicals’’. Today,
lignin depolymerization to phenolic monomers represents one of the
most sought-after approaches to derive value fromlignin'®¢, and many
strategies have been developed to cleave the abundant 3-O-4 linkage.
Considerable progress has resulted in processes able to selectively
cleave ether linkages through reduction%, oxidation'?, stabiliza-
tion chemistry'®??? and many other strategies'°'°. At present, achiev-
ing near-theoretical ether bond cleavage in lignin to monomers is
tractable"”,

Despite the abundance of ether bonds in lignin, achieving high
phenolic monomer yields through most deconstruction strategies
is inherently limited owing to the presence of C-C bonds'>?. This
challenge has garnered increased attention®*, with developments in
homogeneous thermal catalysis®, photocatalysis®**” and cracking
reactionsin heterogeneous systems**?’, To date, however, there remain
limited options for this transformation, prompting the development
of newand robust approaches for lignin C-Cbond cleavage. Although
C-C bond activation in general has been reviewed extensively**™,
thereare only afew examples that arerelevant to cleaving C-Cbondsin
lignin?**%*° Furthermore, mostlignin-related studies are performed
on model compounds, leaving it unclear how the process compares
with that of a true-lignin substrate.

Here, we review lignin C-C bond cleavage research, highlighting
studies that systematically target C-Cbonds, paying special attention
to those that utilize monomer-free substrates and benchmark yields
against those of established C-O cleavage methods. We start by iden-
tifying the types of C-C bonds present in both native and processed
lignins, providing perspective into the challenges of C-C cleavage
and the dependence of the lignin source. We then highlight recent
reports of C-Cbond cleavage of lignin substrates or model compounds
for monomer production, classifying these approaches into specific
strategies. Finally, we discuss the effectiveness of various state-of-
the-art C-C bond cleavage methods and provide insight into future
opportunitiesin thisarea.

Lignin C-C bonds formed during biosynthesis
Besides aryl-ether linkages, there are several C-C bonds produced
when lignin is formed in planta that contribute to its recalcitrance.
During lignin biosynthesis, three primary monolignols (coumaryl
alcohol (H), coniferyl alcohol (G) and sinapyl alcohol (S); Supplemen-
tary Fig. 1a) are synthesized from aromatic amino acid intermediates
beforebeingtransportedto the cell wall, where they deposit at nuclea-
tionsites, largely after deposition of cellulose and hemicellulosein the
inner layer of the secondary wall**. Lignification occurs with the aid
of laccases and peroxidases, which abstract hydrogen from phenolic
hydroxyl groups of the monolignols to generate resonance-stabilized
phenoxylradicals. The unpaired electrons, localized at the ‘B’ the ‘04’
and the ‘5’ positions of each aromatic unit (Supplementary Fig. 1b),
coupleinacombinatorial fashion to form the lignin polymer (Fig. 1a).
Common C-Olinkagesinclude the -0O-4 and 4-O-5bonds (Fig.1aand
SupplementaryFig.1c), whereascommon C-Clinkages are -1, 3-5, -
and 5-5bonds (Fig. 1a and Supplementary Fig. 1d).

The 3-0-4 linkage is by far the most common of native lignin
linkages, and it is found in large percentages in all lignin feedstocks
(-30-36% in softwoods and -55-60% in hardwoods). Given the preva-
lence of B-O-4 bonds and the historical focus on cleavage of these rela-
tively labile ether bonds, the theoretical maximummonomer yield from
lignin has commonly been represented throughout the literature as x?,
inwhich x is the percentage of f—-0-4 bonds present; therefore, theo-
reticalmonomer yields from softwoods and hardwoods, respectively,
are ~10-15% and -36% through ether bond cleavage alone****, By con-
trast, C-Clinkages are found inlower percentages and their distribution
depends on numerous factors, including the ratio of S/G units, elec-
tronic effects arising from ring substitution**® and monolignol
concentrations during lignification**. Studies on in vitro lignin bio-
synthesis and computational analyses have examined the impact of
these parameters on C-C bond quantity and distribution®>*'. The S/G
ratio is an important factor in C-C bond formation given that S units
lack an open ‘5’ position, thus preventing the formation of
B-5-type or5-5-typelinkagesinfavour of f-1and - bonds (inaddition
to3-0-4).GiventhattheS/Gratiois feedstock-dependent —for exam-
ple, softwoods primarily contain G-type units®* whereas the S/G ratios
innatural poplar populations vary between <1 and >3, and genetically
modified variants can display evengreater S/G ratios®® — the feedstock
greatly influences the relative distributions of C-C bonds**. Monolignol
concentrations during lignification also impact the formation of
C-Clinkagesrelative to others. For example, in vitro lignification using
p-hydroxycinnamyl alcohol precursors demonstrated that high mon-
olignol concentrations favour rapid C-C bond formation, predomi-
nantly viaradical —p and B-5 coupling**¢, whereas gradual monolignol
introduction produced lignin with 50% 3—0O-4-linked dimers.

Lignin C-C bonds through processing

Thereis more thanacentury’sworth of literature describing methods
to extract lignin from plants, and the conditions used therein sub-
stantially alter lignin’s structure. Lignin-first methods, which solubi-
lize lignin directly from native lignocellulosic biomass, are notable
for minimizing condensation reactions. These methods use active
stabilization strategies, such as hydrogenolysis and hydrogenation,
thereby targeting reactive functional groups that would otherwise lead
to new C-C linkages®. After work-up, a soluble lignin oil is obtained
with a structure resembling that in Fig. 1b, which contains 35-50 wt%
monomers. These monomers are mainly produced through reductive
cleavage of C-0O bonds. The remaining lignin aromatics are found in

Nature Reviews Chemistry


http://www.nature.com/natrevchem

Review article

OMe

OMe

MeO

HO
OMe

MeO

Alkali
condensation
product

Fig.1|Lignin structures and common linkages. a, Representative lignin
structures and major linkage types in native lignin. b, ‘Lignin-first' monomers
and dimers produced via reductive catalytic fractionation®. ¢, Post-processed
lignin monomers and oligomers from alkali, acidic and/or kraft treatments,
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highlighting new C-Cbonds introduced via condensation reactions and
incorporation of sulfur via kraft treatment. C-O linkages are represented by blue
bonds, C-Clinkages by red bonds, and monomers are reported in green. Dashed
lines represent additional, unspecified linkages to the larger polymer.

dimers and oligomers primarily bound through four main C-Cbonds:
B-5,B-B,5-5and -1 (ref. 52) (Fig. 1b).

Other fractionation methods afford highly degraded and structur-
ally complex lignin products. The widely used kraft process® producesa
nearly pure holocellulose pulp and a highly degraded lignin coproduct.

This is achieved by heating biomass with sodium sulfide and sodium
hydroxide, leading to the dissolution of lignin and hemicellulose, and
facilitating their separation®*, The structural complexity of kraft lignin
canbe described by the reactivity of both phenolic and non-phenolic
lignin units, which are subject to condensationreactivity under alkaline
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Fig.2| Oxidative C-C cleavage through phenol activation. Illustration of the
work by Subbotina et al. demonstrating oxidative cleavage of G-type (guaiacyl)
and S-type (syringyl) B—B model dimers (part a), electrochemical regeneration of
the oxidant (part b) and oxidation of birch wood dimers and oligomers produced
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through reductive catalytic fractionation (RCF) and distillation** (part ¢). Bonds
represented in red highlight C-C cleavage points. Percent yields are reported as
molar yields unless specifically stated as weight percent (wt%).

conditions (see Fig.1c for representative products and Supplementary
Fig. 2a for detailed reaction pathways)®. This leads to new types of
bonds, including a-5 and 5-CH,-5 (methylene), among others. The
complexity of the lignin chemistry in kraft pulping is an active area of
investigation®*®, and it has been estimated that only up to 45% of the
kraftlignin structure is known®.

Under acidic conditions, whichincludes some sulfite pulping
organosolv processes (extractions with an organic solvent) and acid or
hydrothermal pre-treatment, the hydrolysis of ether bonds between
lignin and polysaccharides solubilizes the polysaccharides. In sulfite
pulping and organosolv processes, lignin is also solubilized, either
through addition of sulfonate groups enabling dissolution in water
(sulfite pulping) or through organosolv. By contrast, certain acid
pre-treatments can lead to lignin precipitation (to produce a resi-
due known as Klason lignin). Similar to alkaline conditions, conden-
sation reactions are observed during acidic processing but occur
through different mechanisms (see Fig. 1c for representative pro-
ducts and Supplementary Fig. 2b for detailed reaction pathways).
Both alkaline-processed and acid-processed lignins are difficult to
depolymerize owing to the myriad of new C-C bonds formed.

57,58
’

Homogeneous C-C bond cleavage of lignin

and models

Many C-Cbond cleavage reactions of non-lignin organic compounds
are driven by the alleviation of ring strain, the establishment of aro-
maticity or the formation of stable products, such as five-membered
metallocycles or strong metal-C(sp?) bonds**~2***>, However, often
these chemistries cannot be applied to lignin owing to its inherent

structural features, suchas the presence of phenolic hydroxyl groups,
which complicate many catalytic strategies. As a result, develop-
ing C-C bond cleavage strategies that also tolerate lignin’s reactive
functional groups is difficult.

In the following sections, we describe advances in C-C cleavage
reactivity, with a focus placed on lignin and lignin model substrates,
andthe strategiesimplemented to promote C-C cleavage. We begin by
discussing strategies based on homogeneous chemistry, before focus-
ing on heterogeneous catalytic methods, photocatalytic approaches
and biocatalytic cleavage reactions of lignin (admittedly, some overlap
exists among the different strategies).

Oxidative C-C cleavage in phenoliclignin

The naturally occurring phenolic moieties in lignin are subject to
oxidation and can interfere with oxidative processes. However,
Subbotina et al. leveraged the oxidative sensitivity of phenols to
promote oxidative cleavage of C-C bonds in oligomers derived from
the reductive catalytic fractionation (RCF) of birch wood* (Fig. 2a—c).
Theirmethod used Bobbitt's salt, the oxoammonium compound derived
from 4-acetamido-2,2,6,6-tetramethylpiperidine-N-oxyl, to produce
2,6-dimethoxybenzoquinone as the final product. They proposed a
mechanism that involves the initial oxidation of the phenol hydroxyl
followed by nucleophilic attack by methanol at the para position,
and subsequent ipso-substitution by water. An additional oxidation
step produces the quinone product via cleavage of the C,,,,—C, bond.
Quinoneyields of up to 94 mol% with an S-type model compound and
18 wt% with birch RCF oligomer were obtained following treatment
with super stoichiometric quantities of Bobbitt’s salt (Fig. 2a). For the
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G-type model, a substantially lower yield was observed (28 mol%),
likely owing to condensation reactions at the 5-position. The oxoam-
moniumreagent could beregenerated electrochemically and re-used
to afford similar product yields (Fig. 2b). An 11 wt% quinone yield was
obtained from C-C bond cleavage, when normalized with respect to
the RCF oil (Fig. 2c).

Although commonly used as inhibitors for oxidative processes,
the above results demonstrate that phenolic hydroxyl groups can be
targeted for selective C-C bond cleavage. By choosing suitable cata-
lysts and reaction conditions, it is also possible to activate phenolic
substrates catalytically. The next few examples illustrate how transi-
tion metals, when paired with oxygen, catalytically cleave C-C bonds
of phenolic substrates.

Aerobic oxidations with mid-to-late first-row

transition metals

Aerobic oxidations can be performed selectively with a catalyst that
activates oxygen directly, producing a transient metal-O, species
whose reactivity and electronic structure depend on the metal and
its surrounding environment. It has been shown that a Co-Schiff
base catalyst activates O, and phenolic hydroxyl groups to cleave the
C-Cbond of benzylicalcohol lignin models, affording benzoquinone
products®®”° (Fig. 3a—c). Both the ligand environment and the type
of substrate affect the products formed. In general, five-coordinate
complexes withan N-donor ligand transto the O, binding site, namely
[bis(2-salicylideneiminopropyl)methylamine]cobalt, Co(smdpt), and
[bis(salicyldiene)ethylenediamine](pyridine)cobalt, Co(salen)(py),
demonstrated higher reactivity thanthe four-coordinate complex with-
outatranspyridine ligand Co(salen) (Fig. 3a). The axial N-donor ligand
is believed to promote O, binding, which is needed for the reaction
with the phenolic substrates™. The S-type substrates were more readily
converted to C-C cleavage products than G-type models, an obser-
vation also made for B-0-4 models®. With tulip poplar organosolv
lignin, 3.5 wt% of total products were isolated, comprising equimolar
quantities of quinone and aldehyde/ester products® (Fig.3b). Mecha-
nistic studies by Drago et al. on the oxidation of dialkylphenols by
Co(smdpt) demonstrated a first-order dependence of the cobalt
catalyst, oxygen and the phenolic substrate® (Fig. 3c). The mecha-
nism proposed includes an initial hydrogen atom abstraction of the
phenolic hydroxyl by a cobalt-dioxygen species to generate a phe-
noxylradical that couples to another equivalent of cobalt-dioxygen to
formacobalt-peroxyquinone. This species thenreacts furthertoyield
benzoquinone through C-C cleavage and an equivalent of cobalt(lII)
hydroxyl, which ultimately regenerates the phenoxyl radical and the
Co(ll) catalyst.

Attempting to compare differences in behaviour between early
and late transition metals, Baker and Hanson studied the ability of
homogeneous vanadium and copper catalysts to cleave the C-Cbonds
in non-phenolic and phenolic -1 lignin models*’* (Fig. 3d). With
non-phenolic substrates, the most active vanadium catalyst studied,
bis(quinolate)V(0)(OPr), afforded products of alcohol oxidation and
dehydration, whereas the CuOTf/TEMPO/2,6-lutidine system afforded
C-C bond cleavage products. Kinetic and computational studies
ofthenon-phenolic B-1modelwiththe vanadium catalyst suggest that
the reaction proceeds through a two-electron, base-assisted
pathway’>”*, For copper, the authors proposed two possible radical
pathways on the basis of the observed product distributions,
including (1) primary alcohol oxidation followed by C-C cleavage
through a retro-aldol reaction’” and (2) one-electron oxidation of

the aromatic, leading to a radical cation intermediate that under-
goes C-C scission’®”’. With phenolic substrates, both catalysts
afforded C-C bond cleavage products. It was suggested that
bis(quinolate)V(0)(O'Pr) promotes radical pathways, yielding
2,6-dimethoxybenzoquinone as the major product, inasimilar fash-
ion to the aforementioned cobalt chemistry described by Bozell
and Drago. The selectivity of the CuOTf/TEMPO/2,6-lutidine system
changed with catalyst loadings. With low Cu loadings, oxidation
of the a-OH afforded only the aryl ketone product, consistent with
Cu/TEMPO-catalysed aerobic oxidations’*"*°, C-C bond cleavage
products were only observed with stoichiometric Cu/TEMPO load-
ings. Oxidation of extracted lignin with both catalysts demonstrated
ashift todecreased molecular weights, consistent with overall lignin
deconstruction, but monomer yields were not reported.

The reactivity of the Cu/O,/nucleophile system has been studied
for decades®*?, and it has recently been applied to cleave C-C bonds
in non-phenolic aryl ketone molecules. Jiao and colleagues reported
the conversion of non-phenolic aryl ketones to esters, aldehydes and
amides through oxidative C-C bond cleavage® ®. By stirring aryl
ketone substrates with 10 mol% CuBr, pyridine and butanol, C-C bond
cleavage is effected and produces ester and aldehyde products in
72-81%yields (Fig. 3e). The authors proposed two pathways that occur
simultaneously and diverge after acommon hemiketal intermediate.
In one pathway, base-promoted oxidation of the hemiketal by Cu(ll)
yields a carbon-centred radical that couples with molecular oxygen,
affording a superoxide intermediate. The superoxide intermediate is
then reduced by Cu(l) and protonated, affording the hydroperoxide
that undergoes C-C scission, ultimately affording the ester product
and an equivalent of aldehyde. In the second pathway, the hemiketal
dehydratestoformavinyl etherintermediate, which reacts further with
aCu(ll)-superoxideradical, leading to a dioxetane intermediate. This
intermediate then undergoes C-Cand C-O bond cleavage, ultimately
producing the observed ester and aldehyde products, with the ester
oxygen derived from O,.

Jiao and colleagues®® also showed that amide products are
generated when the nucleophile is azide, although at lower yields
(Supplementary Fig. 3a). Notably, this system has been used to
ring-open aromatics when the proper functional groups are avail-
able for catalyst binding® (Supplementary Fig. 3b). More examples
of copper-catalysed aerobic oxidations have beenreported, and they
displayed similar C-C bond cleavage reactivity**®".

Inadifferent Cu-based homogeneous system, Huand colleagues
demonstrated C-C cleavage in 3-0-4 and -1 model compounds
in water at pH 2 under 1 atm air at 30-50 °C with a CuCl catalyst®®
(Fig. 3f). Studies of the substrate scope demonstrated high conver-
sion (>95%) and C-C cleavage yields up to 86%. Notably, it was shown
that the reaction is effective with model compounds bearing free
phenols and more complex 3—-0-4 models. For example, 1-(4-hydroxy-
3,5-dimethoxyphenyl)-2-(2-methoxyphenyl)propane-1,3-diol under-
went cleavage to produce syringaldehyde and guaiacol in 76% and 84 %
yield, respectively. The simple 3—-1model 2-phenylacetophenone also
underwent C-Cscission to produce benzoic acid and benzaldehydein
83% and 77% yield, respectively. C-C cleavage was observed only for
substrates with an a-OH or a-ketone, suggesting an important role
for substrate activation and cleavage of the C,-Cybond. The applica-
tion of the system to biomass samples at 160 °C and 5 bar air with 50%
catalystloadings afforded C-Cbond cleavage productsin 39 wt% with
eucalyptus wood and total yields in the 20-30 wt% range with corn
stover, pine, bagasse, pennisetum and bamboo.
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Another possibility is to leverage the diradical nature of O, and
propagate radical chain processes viametal-catalysed autoxidation to
induce C-Ccleavage. Motivated by theinitial results of Partenheimer

and Clatworthy® ", who utilized the autoxidation of 3-O-4-containing
models and lignin for monomer production, Gu and Palumbo relied
on Co-catalysed and Mn-catalysed autoxidation (using chemistry
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Fig.3|Oxidative C-C cleavage using first-row transition metals.

a-c, Cobalt(salen)-mediated C-Cbond cleavage showing the effects of the
coordination number and substrate type®® (part a), cobalt(salen)-mediated
oxidation of tulip poplar lignin® (part b) and a proposed mechanism of C-C bond
cleavage® (partc).d, Results of the studies conducted on the V-mediated and
Cu-mediated oxidative C-C cleavage of non-phenolic (R =H) and phenolic

(R = OH) lignin model substrates®’* e, Copper-catalysed C-C bond cleavage via
aerobic oxidation of H-type (p-coumaryl) and S-type (syringyl) aryl ketones to
afford ester products®**.f, Cu-catalysed C-C cleavage of -O-4 and B-1 linkages
in basic media®. Bonds represented in red highlight C-C cleavage points. Percent
yields are reported as molar yields unless specifically stated as weight percent
(wt%). HQ, quinolate; RDS, rate-determining step; r.t., room temperature.
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based on the Mid-Century process to convert p-xylene to tereph-
thalic acid) to cleave the C-C bonds of acetyl-protected® (Fig. 4a—c)
and methyl-protected” (Fig. 4d-f) oligomers from poplar and pine
RCF lignin oils. C-C bond cleavage occurs through f3-scission fol-
lowing the thermolysis of radical intermediates in the radical chain
process. With modest yields of aromatic products, oxidation of
model compounds demonstrated monomer production from three
of the four types of C-C bonds studied. The resulting aryl acid pro-
ducts are bioavailable and were catabolized by engineered strains
of Pseudomonas putida (P. putida) to selectively generate a single
product, cis,cis-muconic acid”.

In the work by Gu et al.”> and Palumbo et al.”*, two aerobic oxida-
tion catalyst systems were studied: Co/Mn/Br and Mn/Zr in acetic
acid. Oxidation of acetyl-protected model dimers with the Co/Mn/Br
catalystdemonstrated C-C bond cleavage and monomer production
with yields up to 64 mol%. Application of this chemistry to poplar
oligomers afforded monomeric productsin 0.24 mmol g™ of oligomer
substrate (13 wt%). The less active Mn/Zr catalyst, conversely, does
not oxidize the acetyl-protected substrate to an appreciable extent.
However, using amore resonance-donating methyl-protecting group
afforded C-C bond cleavage products with monomer yields of up
to 45 mol%. Application of this catalytic system to methylated pine
and poplar oligomers affords total product yields of 1.0 mmol g of
oligomer substrate (20 wt%), whichis similar to theyields reported by
Subbotinaand colleagues*.

C-Ccleavage through autoxidationis convenient as the reagents
areinexpensive (air can be used as the oxidant), and the bioavailabil-
ity of the products enables simplification of the product stream via
catabolic processes™?. Despite its benefits, the potential of autoxida-
tion for lignin valorization would be improved by increasing reaction
selectivity. Full substrate conversion with low quantities of identifi-
ablearomatic products and the identification of products of aromatic
ring opening are consistent with overoxidation and lignin degrada-
tion. The chemistry also necessitates the protection of inhibiting
phenol groups.

The final example of C-C cleavage in homogeneous systems
describesamethodto cleave the 5-5bondin both model compounds
and softwood (spruce) RCF lignin oil.

Overcoming the kinetic barrier of 5-5 cleavage through
catalyst tethering

The 5-5bond of lignin is one of the most difficult to cleave, as it is
thermodynamically strong®® and kinetically difficult to access.
Dongetal. demonstrated 5-5 cleavage in various models and in spruce
lignin®>'°° by functionalizing phenolic lignin models with removable
'Pr,P metal-binding ligands (removable directing groups) (Fig. 5a).
Subsequent treatment of the 5-5 model with 0.5 mol% [Rh(C,H,),Cl],
and 3.4 bar of H,at 150 °C gave 4-alkylguaiacol productsin 56-84 mol%
yield. Alternatively, the reaction could be accomplished in asingle step,
asshownwith R = Me, to afford 4-methylguaiacolin 50 mol%yield. With
spruce RCF oil (Fig. 5b), a29 mgyield of 4-propylguaiacol was obtained
through 5-5cleavage of 40.6 mg of the dipropyl 5-5compoundinthe
lignin substrate, representing a yield of 70 mol%.

As evidenced by the variety of reports thus far, homogeneous
reactants and catalysts have shown promise for inducing C-C cleav-
age in lignin models and substrates. Notably, apart from catalyst
tethering for the cleavage of 5-5bonds, the vast majority of homoge-
neous efforts have been based on oxidative C-C cleavage. Although
the products of these oxidative strategies clearly demonstrate

carbon-carbon bond cleavage of lignin substrates, the mechanisms
involved are system-dependent and not always clearly defined or elu-
cidated. There is substantial room for improving our mechanistic
understanding of these oxidative processes, particularly as they relate
to lignin-specific substrates. Better mechanistic rationale in this area
should aid the improvement and development of new homogeneous
C-Ccleavage strategies.

Heterogeneous C-C bond cleavage in lignin

The use of heterogeneous catalysts offers promising strategies for
efficient C-C cleavage in lignin. Heterogeneous catalysis holds distinct
processing advantages, including the capability to operate under a
broader range of conditions, the facile separation of catalysts from
solvents and products, and the recyclability of the catalysts®**"1°,
In the following section, we introduce additional examples and cat-
egorize different types of heterogeneous catalysts effective for lignin
C-C cleavage, including metal oxides/sulfides, acidic zeolites and
bifunctional catalysts.

Amorphous metal oxides and oxygen vacancies

for O,activation

In contrast to the homogeneous Cu/0, systems from Huang et al.** and
Qiu et al.** (Supplementary Fig. 3a,b), He and colleagues developed a
robust heterogeneous reaction that also produces amide and nitrile
products but avoids the use of toxic and explosive N, salts. This work
implicated the importance of oxygen vacancies for direct O, activa-
tion using an amorphous manganese oxide catalyst that promotes
conversion of lignin models to amide products through C-C bond
cleavage'”* (Fig. 5c). The substrate scope included primary and sec-
ondary alcohols, vicinal diols, f—-0-4 models, and 3-1 models, and
the reaction used O, and NH; at elevated temperatures (110-160 °C).
Comparisons between amorphous and crystalline manganese oxides
indicated alower average manganese oxidation statein the amorphous
material, promoting oxygen vacancies in four-coordinate Mn*" sites
and producing a high surface area material. Density functional theory
calculations were consistent with lower O, binding energies to the
four-coordinate sites and were used to propose areaction mechanism.
By changing the solvent and temperature, C-C cleavage of the benzylic
carbon was observed to yield nitrile products.

I84

Metal sulfides for sulfur-containing technical lignins
Motivated by previous studies on FeS,-mediated coal liquefaction'®,
Shuai et al. explored the use of CoS, for C-C cleavage in kraft lignin
and a diarylmethane model compound'®®, leveraging the robust-
ness of metal sulfides in sulfur-rich environments. When a diaryl-
methane model dimer was treated with catalyst in heptane at 250 °C,
an 88 mol% yield was obtained for phenolic monomers, including
2-hydroxy-4-methylphenol and 2-methoxy-4-methylphenol. Prolonged
reaction times led to decreased aromatic yields owing to product
decomposition'® (Fig. 6a). With kraft lignin in dioxane, they observed
a13 wt% yield of monomers and a reduction in molecular weight,
whereas with heptane asasolvent, only al wt% yield of monomers was
observed (Fig. 6b). The CoS, catalyst outperformed the Ru/C catalyst
under similar conditions. The extent of methylene linkage cleavage
was suggested to depend on the chemical environment surrounding
ligninmolecules, particularly the adjacent phenolic groups that likely
interact with Co? sites on cobalt sulfide. The strong electron-donating
nature of these phenolic groupsis expected to weaken the methylene
linkage, facilitating C-C cleavage to form monomers.
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Fig. 4| Autooxidation catalysis for lignin C-C cleavage. a, Simplified scheme
ofthe reaction catalysed by the Mid-Century Co/Mn/Br catalyst and the relevant
cleavage of C-C bonds through thermolytic -scission. b,c, Co/Mn/Br-mediated
autoxidation of acetyl-protected lignin model compounds (part b) and acetyl-
protected oligomers from poplar reductive catalytic fractionation oil”* (partc).
d, Comparison of acetyl-phenol and methyl-phenol protection for Mn/Zr-mediated

autoxidation of monomers. e,f, Mn/Zr-mediated autoxidation of methyl-
protected lignin model compounds (part e) and methyl-protected pine reductive
catalytic fractionation-derived oligomers® (part f). Bonds represented in red
highlight C-C cleavage points. Percent yields are reported as molar yields unless
specifically stated as weight percent (wt%).

Bronsted acid sites to promote C-C cleavage

Acidic zeolites, featuring enhanced stability compared with sulfide
catalysts, are versatilein that their acidity and average pore size canbe
tailored for various applications'”’'°’, Brgnsted acid sites within zeolites
promote C-C bond cleavage through 3-scission pathways, a process
well-studied in alkane cracking"° ™. Inlignin depolymerization, these
Brgnsted acid sites activate lignin molecules by protonating functional
groups, formingreactive carbeniumions asintermediates. These ions,
stabilized by the acid sites, canundergo subsequent -scission, breaking
specific C-C bonds and yielding smaller lignin fragments?',

Kong et al. used different types of zeolites to cleave methylene
linkages in lignin model dimers, finding that commercial H[3 zeolite
delivered the best catalytic performance owing to its high Brgnsted
acid site density and high surface area that afforded the exposure of
moreacid sites to the reactant'®, Under optimal conditions, Hp cleaved
the methylene linkages in lignin model dimer compounds containing
different alkyl groups through proton-induced scissions, leading to
the formation of phenol with satisfactory yields (65-76 mol%) (Fig. 6¢).
Furthermore, by implementing a two-step strategy comprising initial
C-0 ether alcoholysis and subsequent C-C cleavage of dimers and
oligomers, additional monomer yields of 7 to 10 wt% could be obtained
from C-Cbond cleavage (Fig. 6d).

By targeting the propyl side chain of phenolic monomers result-
ing from C-0 bond cleavage, the complexity of product streams can
bereduced. Sels and co-workers demonstrated that zeolites are adept
atselectively cleaving the alkyl side chain of lignin-derived monomers
to obtain phenol through steam-assisted dealkylation'¢. HZSM-5 was
the most selective for dealkylating linear and branched propylphenols
into phenol, an activity that was attributed to pore confinement that
avoided transalkylation. This teamalso proposed anintegrated biore-
finery process to produce simultaneously 20 wt% of phenol and 9 wt%
of propylene from wood lignin, thereby achieving high carbon effi-
ciency. Thetailor-made hierarchical ZSM-5 catalyst enables the selective
dealkylation of biomass-derived crude alkylphenol streams, which can
sustainably valorize birchwood into high-value end products® (Fig. 6¢).

Thesites of many solid acid catalysts are primarily located within
micropores, which could pose challenges for large lignin-derived
molecules in terms of mass transfer to access the active sites. Conse-
quently, when using zeolitic catalysts for C-C cleavage, itis advisable to
consider catalysts with larger pores or multiple levels of porosity that
can potentially accommodate bulky lignin-derived molecules. Liet al.
addressed thisissue by using Cu catalysts supported on MFInanosheets
modified by Ce for the selective oxidative cleavage of C,—~C; bondsin
organosolv lignin'”. The hierarchical Ce-Cu/MFI catalyst enabled the
conversion of organosolv lignin under mild conditions at 150 °C for
24 hours, yielding 29 wt% of volatile products, including 18 wt% diethyl
maleate, a result attributed to the cleavage of the benzene ring.

Bifunctional catalysts for promoting C-C cleavage
Although two-step C-0 and C-Cbond cleavage processes have proven
successful in producing monomers in higher yields than processes

involving C-O cleavage alone, the additional processing steps could
increase process costs. An alternative strategy for achievingboth C-O
and C-Ccleavageisto combine these functions within asingle catalyst.
Bifunctional metal-acid catalysts have emerged as pivotal playersin
facilitating various C-C bond cleavage chemistries**"¢2°, The syn-
ergisticinterplay between the metal and acid sites within the catalyst
enhances the efficient breakdown of C-C bonds in lignin, ultimately
leading tothe production of valuable platform chemicals and aromatic
compounds.

Dong et al. reported a one-pot catalytic method for monomer
production from kraft, enzymatic, pine and birch lignins through
hydrogenolytic C-0O and C-C bond cleavage using a bifunctional
Ru/NbOPO, catalyst® (Fig. 6f). Notably, this catalyst system produced
benzene and C, cycloparaffins from biphenylinmodel compound stud-
ies (representative of 5-5 cleavagein lignin). In terms of performance,
up to153 mol% of monocyclic hydrocarbons were produced relative to
nitrobenzene oxidation yields (efficient only in C-O bond cleavage),
aresult attributed to C-C bond cleavage of lignin dimers and oligom-
ers. Theinclusion of Ruinthe catalyst system provided hydrogenation
activity, whereas the Brgnsted acidic NbOPO, support played a crucial
role in enhancing substrate adsorption and facilitating the cleavage
of C-C bonds. The unique reactivity of Ru/NbOPO, compared with
Ru/Nb,Os, Ru/TiO,, Ru/Zr0,, Ru/Al,0; and Ru/HZSM-5 was attributed
totheability of Ru/NbOPO, to strongly adsorb the phenylcyclohexane
intermediate and to its Brgnsted acidic properties, which promote sub-
sequent C-C scission”®"?, The proposed reaction sequence included
(1) adsorption of biphenyl on the catalyst surface, (2) protonation,
(3) partial hydrogenation to phenylcyclohexane and (4) C-C bond
cleavage followed by desorption of volatile products fromthe surface.

Meng and colleagues demonstrated the direct deconstruction of
C,»~0and C,,-C,,;; bondsin phenylpropanol over aRuW/HY catalyst
without saturation of the aromatic ring'* (Fig. 6g,h). This resulted in
the exclusive production of benzene, achieving a monomer yield of
19 wt% from lignin in the water system. The combination of Ru and
W was necessary for the self-supported hydrogenolysis to remove the
oxygen functional groups. The unique reactivity in this systemis attrib-
uted to the higher electronegativity of Ru, which induces electron
transfer from W to Ru. This strategy likely involves a stepwise proto-
nated dehydroxylation, y-methyl shift, and C,,-C,,; bond B-scission
pathway. Notably, with water as the reaction medium, this protocol
can be readily scaled up to produce 8.5 g of benzene product from
50.0 g of lignin.

Luo et al. reported the scission of four common C-C bonds
(B-5,3-B,5-5and -1) intechnical lignin using a bifunctional platinum
mordenite (Pt/H-MOR) catalyst via a one-pot reductive catalytic
approach®. This catalyst system achieved amonomer yield of 86 wt%
by cleaving the 5-5 linkage in a biphenol model dimer at 260 °C and
an H, pressure of 40 bar (Fig. 6i). Mechanistic investigations con-
ducted utilizing various intermediates as feedstocks, along with
density functional theory calculations, revealed that Pt/H-MOR
cleaved aryl-aryl and alky-alkyl bonds via bifunctional catalysis;
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Fig. 5|5-5 cleavage and utilization of oxygen vacancies to promote lignin
C-Ccleavage. a,b, [Rh(C,H,),Cl],-mediated 5-5 cleavage of biphenyl lignin models
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molaryields unless specifically stated as weight percent (wt%).

Pt hydrogenates aryl moieties and introduces double bonds close
to recalcitrant C-C bonds, and zeolitic Brgnsted acid sites promote
B-scission. Additionally, different dimer substrates linked by 5-5,
B-1and B-f bonds, featuring varied substituted functional groups,
were evaluated at 280 °C, resulting in monocyclic hydrocarbonyields
ranging from 83to 98 wt% (Fig. 6i). Thisresult validates reductive C-C
cleavage by bifunctional Pt/H-MOR catalysts.

Upontheinitial disruption of C-Obonds, Pt/H-MOR demonstrates
theability to depolymerize oligomers obtained by fractionation of hard-
wood at300 °C, yieldingamonomeryield up to 54.0 wt%>. The conver-
sion of the lignin oil derived from birch wood improved the monomer
yield to 76.9 wt%, nearly doubling the theoretical maximum mon-
omer yield (Fig. 6j). The broader applicability of Pt/H-MOR was
extended to the depolymerization of a range of lignins, resulting in
substantial enhancementin monomer yields ranging between 6.0 and
16.8 wt% with kraft lignin, enzymatic-hydrolysis lignin, soda lignin
and methanolysis lignin. The catalytic approach developed in this
work enabled the selective breaking of various C-C linkages without
pre-functionalization, representing a promising route for converting
recalcitrant lignin waste into gasoline-range and jet-range cyclohexane
and aromatics. Taken together, these works suggest the feasibility of
metal-acid bifunctional catalysts in producing value-added products
using lignin feedstocks.

The use of heterogeneous catalysts holds considerable promise
for C-C bond cleavage to achieve elevated monomer yields in lignin
depolymerization. Determining the ideal combination of metal and
acidicsupportsisakey factor for selectively deconstructing C-Clink-
ages. In addition, the pore geometry of the catalyst, the diffusion of
reactants and products, and the steric hindrance of molecules all play

crucial roles that must be considered for the efficient depolymerization
of lignin.

Biological C-C bond cleavage in lignin

The recalcitrance of lignin is difficult to overcome even in biologi-
cal systems, which has led to the evolution of a variety of enzymatic
approaches, especially in white-rot fungi and in some selected bacte-
ria, that contribute to lignin degradation in nature. The enzymes and
catabolic pathways involved have been studied intensively, and they are
summarized in multiple reviews*'?* !, According to the current knowl-
edge, in nature, biological lignin degradation is typically considered
to proceed viatwo primary pathways: (1) radical-mediated enzymatic
oxidation (whichis often non-selective) of lignocellulosic substrates,
and (2) selective, enzyme-mediated catabolism of lower-molecular-
weight lignin structures. These pathways are likely inter-connected,
with the radical-mediated steps partially depolymerizing bulk lignin
to smaller lignin oligomers and dimers, which are then fully catabo-
lized through enzymatic degradation, representing a ‘microbial sink’
that depolymerizes lignin completely™. Throughout these processes,
C-0and C-Cbonds are cleaved through a variety of mechanisms.

Radical-mediated, non-selective enzymatic degradation
oflignin

Initialdepolymerization of native ligninis thought to be performed most
efficiently by white-rot basidiomycetous fungi such as Phanerochaete
chrysosporium through the extracellular action of a cocktail of oxida-
tive, radical-mediated enzymes'. These include lignin peroxidases,
manganese-dependent peroxidases and superoxide dismutases™*',
versatile peroxidases, dye-decolourizing peroxidases™, and laccases'”.
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By contrast, although brown-rot fungi also perform some lignin deg-
radation, they rely more on the secretion of reactive small molecules
(thatis, veratryl alcohol, phenolates, peptides, acids and so on). These
molecules participate in oxidative deconstruction through the Fenton
process (equation 1) with iron in the environment, acting as redox
mediators to produce hydroxyl radicals that can attack lignin linkages'.

Fe?"+H,0, > Fe**+ OH+ OH M

More recently, researchers have discovered bacteria, such as
Amycolatopsis and Rhodococcus, that also participate in lignin depo-
lymerization through the secretion of similar oxidative enzymes as
seen with white-rot fungi””'**'¥, Although extensive work has been con-
ductedtostudy the variety of organisms and enzymesinvolvedin these
radical-based degradation pathways, we posit that the actual depolym-
erizationis best described as it was backin1987 byKirk and coworkers,
as “enzymatic combustion”*®, The oxidative enzymes and molecules
generally perform a host of nonspecific oxidative cleavages of lignin
and other molecules in the matrix (though there are suggestions of
certain bacterial enzymes with more specificity for lignin'*°). A semi-
nal discovery in 1983 described the observation of C,-C; cleavage of
aryl-ether linkages in non-phenolic, methyl-protected lignin model
compoundsand spruce-derived lignin by alignin peroxidase enzyme'’
(Fig.7a). Subsequent studies have also proposed C,-C,,,;bond cleav-
age pathways for certain peroxidases and dismutases>"**"’, Building
onthis evidence and additional studies**°, a general beliefhas been
fosteredintheliterature that radical-mediated enzymes degrade lignin
through these C-C cleavages of aryl-ether bonds, although there are
limitations in the original work (non-phenolic and non-polymeric
substrates). Other studies have contradicted this view, given that many
radical-mediated enzymes (such aslignin peroxidase) actually polym-
erize phenoliclignin substrates under similar conditions'*'. Regardless,
itisapparent thatradical-mediated enzymatic lignin degradationisa
complex process thatis bothnon-selective and, ataminimum, targets
B-aryl-ether linkages'**"**. Given these difficulties in understanding and
controlling radical-mediated lignin degradation, as well as the absence
of concrete evidence that radical-mediated systems effectively cleave
other common C-C linkages in lignin (such as -1, B-5 and p-)"*>'7,
we suggest that efforts to develop biological lignin deconstruc-
tion processes could focus on more selective, targeted degradation
strategies — a prime example being the enzymatic catabolism of
representative lignin dimers and monomers discussed below.

Enzymatic C-Cbond cleavage for catabolism of lignin
Catabolism of low-molecular-weight lignin compounds is much
better understood mechanistically than radical-mediated lignin deg-
radation, at least in bacteria, and there is recent evidence for similar
catabolic pathways in fungi as well"*2. The most well-studied systems —
especially Sphingobium sp.SYK-6 and, more recently, Novosphingobium
aromaticivorans DSM12444 — have helped elucidate multiple C-C
bond cleavage steps, and, with P. putida KT2440 and Rhodococcus
Jjostii RHALI, these microbes have increasingly been utilized in the
bioconversion of lignin monomers and dimers. The most prevalent
C-C cleavage mechanisms include decarboxylation, deformylation,
oxidative cleavage, activated elimination, retro-aldol cleavage and
catechol ring-opening (Fig. 7b). Here we focus on C-C cleavage reac-
tions in aromatic dimers. For a more thorough overview of these
reactions within the context of aromatic catabolic pathways by specific
bacteria®*"*¢, we direct the reader towards more exhaustive reviews
on the subject'?>2>1%,

Mostaryl-alkyland aryl-ether ligninlinkages, including f-0-4, 3-5,
-1,5-5and -, are catabolized to either vanillate or syringate, depend-
ing on whether the monomer units are G-type or S-type, respectively.
Many of these catabolic steps have been studied most exhaus-
tively in SYK-6 (Fig. 7b), although C-C cleavage in the catabolism of
B-B linkages has thus far been fully elucidated only in Pseudomonas
SG-MS2 (refs.143,144) (Supplementary Fig. 7). Both -5and $-1linkages
aredegraded viaastilbeneintermediate, requiring various decarboxy-
lation and deformylation steps to reach the stilbene'. These steps can
be complicated by the diastereomeric nature of -1 dimers derived
from ring-opened spirodienone linkages, requiring stereoselective
enzymes. Recent work uncovered mechanisms and stereochemical
requirements for the conversion of both threo and erythro f—-1dimers
tostilbenes*'*%, The stilbene intermediates then undergo C-C cleav-
age by the action of lignostilbene dioxygenases, which oxidatively
break the bond to form two aldehyde products, including vanillin.
The non-vanillin aldehyde product from [3-5 cleavage still contains
functionalities at the para and ortho positions that require further
catabolism. Aninitial deformylation of the ortho-aldehyde represents
one C-Ccleavage step, followed by functionalization with coenzymeA
(CoA)and H,0toallow for a C-Ccleaving elimination of AcCoA and the
production of another molecule of vanillin. Although thereis reported
precedent for cleavage of the B-O-4 C,-C; bonds in some oxidative
enzymatic treatments of model compounds by P. chrysosporium™5"*1*,
the primary bacterial catabolism pathway instead begins with cleav-
ageofthearylether C-Obond. Another activation of a carboxylicacid
with CoA/H,0 again allows for a C-C bond-cleaving AcCoA elimina-
tionand the production of vanillate. Following production of vanillate
and/or syringate from C-C cleavage of 3-0-4, -5 and -1 linkages,
the final catabolic steps involve ring opening of these aryl carboxylic
acids to produce substrates such as pyruvate and oxaloacetate for the
tricarboxylicacid cycle. Thesering-opening reactions occur via either
extradiol or intradiol cleavage of the respective catechols, depending
onthe enzymesinvolved.

Incontrast to the alkyl and aryl ether linked structures, 5-5lignin
dimers initially require ring-opening C-C cleavage reactions for
catabolism. Ring opening is preceded by an O-demethylation step
that produces catechol substrates™°, which can then be enzymati-
cally ring-opened. In the case of 5-5-linked lignin, this is an extradiol
ring opening of one of the aryl rings, which is followed by oxidative
cleavage of the resulting C,-Cy bond. Decarboxylation of the remain-
ing intact aryl ring produces vanillate for further catabolism'’, and
the ring-opened fragment undergoes a retro-aldol C-C cleavage to
produce pyruvate™>* whichalso enters the tricarboxylic acid cycle.

Uncovering the biological mechanisms has been the culmination
of decades of research, but there are still many ongoing efforts to
elucidate specific mechanistic details of degradation processes and
todiscover awider range of involved enzymes and microorganisms.
Additionally, applying biological methods to laboratory and indus-
trial degradation is of particular interest; for example, despite the
impressive efforts to uncover enzymatic activity on various lignin
models and linkages, the direct application of enzymatic methods
towards degrading bulk lignin substrates has not yet been explored
extensively. There are a variety of challenges when translating fun-
gal and bacterial degradation methods to industrial processes,
although exploratory applications include fungal and/or bacterial
pre-treatments of lignocellulose to remove lignin prior to pulping
or biodiesel production'”. Alternatively, many efforts have also
been made to biologically valorize lignin-derived chemicals into
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Fig. 6| C-Cbond cleavage with heterogeneous catalysis. a,b, Methylene
linkage cleavage with a CoS, catalyst ina model compound (part a) and bulk
lignin'® (partb). ¢,d, Depolymerization of lignins with a solid acid catalyst'*®.

e, Acid-catalysed cleavage of side chains in lignin-derived compounds to produce
phenol with HZSM-5 zeolite"*. f, One-pot catalytic production of aromatic
monomers over abifunctional Ru/NbOPO, catalyst*®. g,h, C,.,,~C, cleavage
inmodel compounds over a bifunctional RuW/HY catalyst to yield benzene
(partg) and application of this catalyst on bulk lignin'* (part h). i,j, Reductive

C-Ccleavage of dimer substrates linked by 5-5, B-1and 3-f3 bonds over a
bifunctional Pt/H-MOR catalyst (parti), and application of this cleavage method
to technical lignins to produce monomers® (partj). Bonds represented in red
highlight C-C cleavage points. Percent yields are reported as molar yields unless
specifically stated as weight percent (wt%). Hp3, a proton-exchanged beta-type
zeolite; HY, a high-silica (Si/Al>2) faujasite-type zeolite; HZSM-5 zeolite, a proton-
exchanged Zeolite Socony Mobil-5; RCF, reductive catalytic fractionation;
H-MOR, a proton-exchanged mordenite-type zeolite.

industrially useful products, particularly through the B-ketoadipate
pathway13,92,93,95,155—160'

Inspiration for future C-Cbond cleavage efforts utilizing enzymes
may be foundin the work of Picart and coworkers, who applied enzyme
systems for the biocatalytic depolymerization of C-O bonds in poly-
meric lignin substrates'®™®, Their work systematically applied
B-etherases for the cleavage of -O-4 aryl-ether bonds, starting with
simple model dimers and progressing to polymeric lignin substrates,
including both OrganoCat™® and synthetic lignins. We suggest that
similar undertakings aimed at C-C cleavage are plausible; although
many C-C cleavage enzymes have been uncoveredin dimers and model
compounds (vide supra), there is potential to apply these enzymes to
polymericligninsubstrates, either on their own orin conjunction with
C-0O-cleaving B-etherases in multistep processes. Developing enzy-
matic systems that cleave both C-Cand C-O bonds in polymeric sub-
strates, such as OrganoCat'®, native-like'*® or ball-milled lignins, would
represent amajor step forward inbiological lignin valorization efforts.

Conclusions and future directions

Here we have reviewed the various facets of lignin C-C bond cleavage
withthe goal of enhancing monomeryields beyond historical quantities
primarily obtained through C-O bond cleavage. Given that ligninis a
complexbiopolymer withadiversity of linkages that are highly dependent
onthefeedstock and processing methods, the development of catalytic
methods for high-yield C-C bond cleavage is challenging and requires
acatalyst (or multiple catalysts) to process and tolerate a wide range of
chemical functionalities. Inany case, the research examples highlighted
in this Review demonstrate multiple strategies that achieve C-C bond
cleavage, includinghomogeneous methods, like those that directly acti-
vate O,and phenolgroups, as well as heterogeneous, photocatalyticand
biocatalyticapproaches. Webelieve that these strategies, and others yet
tobediscovered, will play anintegral role inimproving monomer produc-
tion from lignin, and we hope this summary will stimulate interest and
encourage the development of new lignin C-C cleavage methods. Aswe
look towards future breakthroughs inthis field, we believe that there are

Glossary

3-O-4 linkage

The most abundant linkage

in lignin; it comprises an
aryl-ether C-O bond that links aryl
propane units at the 3-position of
one unit and the 4-OH position

of another.

Autoxidation

Refers to oxidations with
oxygen, and it is characterized
by a free radical chain process
that is autocatalytic.

Hp zeolite

A proton-exchanged beta-type zeolite
used widely in the petrochemical
industry.

HY catalyst
A high-silica faujasite-type zeolite
with Si/Al>2.

HZSM-5

A proton-exchanged Zeolite Socony
Mobil-5, commonly abbreviated

as ZSM-5.

Lignin-first methods
Biomass fractionation methods
that make use of active stabilization
strategies to prevent lignin
degradation through condensation
reactivity.

Methanolysis lignin

Lignin obtained by methanolysis
of biomass. Methanolysis
cleaves primarily the ester
linkages binding lignin and
hemi-cellulose.

Bobbitt's salt

An oxoammonium compound
derived from 4-acetamido-
2,2,6,6-tetramethylpiperidine-N-oxyl
and the tetrafuoroborate anion.

Enzymatic-hydrolysis lignin
A lignin-rich substrate obtained
from the enzymatic hydrolysis

of lignocellulose with cellulolytic
enzymes.

Kraft lignin

A highly degraded lignin co-product of
the kraft process utilized in the pulp and
paper industry.

Kraft process

A widely used process that produces
nearly pure holocellulose pulp.

The process comprises heating

biomass with sodium sulfide and sodium
hydroxide, thereby dissolving lignin

and facilitating its separation.

MFI
The zeolite framework type code
of Zeolite Socony Mobil-5.

MOR
The zeolite framework type code
of mordenite.

Organosolv lignin

A pulping technique that relies

on an organic solvent to solubilize
lignin, enabling its extraction and
separation.

Reductive catalytic
fractionation

(RCF). A lignin-first method that
makes use of reduction with hydrogen
to hydrogenolyse 3-O-4 linkages

and quench reactive unsaturated
intermediates that could lead to
condensation reactivity.

Soda lignin

Lignin obtained from soda pulping.
The name of this pulping process
comes from the use of caustic soda,
or sodium hydroxide.
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Fig.7|Biological degradation of lignin. a, Selected example of radical-
mediated enzymatic oxidation of a non-phenolic lignin substructure by alignin
peroxidase, highlighting the proposed C,-Cg cleavage mechanism. Dashed

lines represent additional, unspecified linkages to larger oligomers/polymers.
Adapted from previous review'*. b, Selected examples of C-C cleavage reactions
inthe bacterial catabolic funnelling of lignin dimers by Sphingobium sp. SYK-6 to

vanillate. Simplified by only representing G-type (guaiacyl) lignin units, though
full catabolism also funnels S-type (syringyl) units into syringate. Adapted
from previous reviews'?*'*, Bonds represented in red highlight C-C cleavage
points and bonds represented in blue highlight C-O cleavage. AcCoA, acetyl
coenzyme A; TCA, tricarboxylic acid.

several outstanding areas of research worthy of pursuing, which we out-
linebriefly below. Importantly, we also remark that it is first necessary to
establish general guidelines for definitively studying and quantifying C-C
bond cleavageinligninto benchmark and compare catalyticapproaches.

Guidelines for definitive C-C bond cleavage quantification
inlignin

Asevidencedinthe C-C cleavage approaches discussedin this Review
andinthevastligninvalorization literature not covered herein, research
groups often take quite different approaches to experimentation,
depending on the lignin source, catalytic methods, products quan-
tification and reporting of yields. Some reports focus on only model
compounds, from simple dimers and oligomers (non-phenolic and
others) to more ‘lignin-like’ examples, whereas others incorporate
polymericlignin substrates fromavariety of feedstocks and processing
methods. This makes it difficult to rationally compare many catalytic
approaches, anissue that is particularly present when researchers
depolymerizelignin substrates that containboth C-O and C-Clinkages.
Inthese cases, whenboth bond types are targeted, it can be difficult to
distinguish definitively between the two bond cleavage mechanisms
and to accurately report C-C cleavage yields.

To definitively study C-C bond cleavage in lignin, investigations
involving polymeric lignin substrates (in which the substrate is
not strictly monomer-free and solely C-C linked) should include
conducting control reactions to quantify the number of aryl ether
(C-0) linkages first. To do this, anumber of experimental approaches
are appropriate, including thioacidolysis, direct functionalization
through reductive cleavage and RCF, among others. Additionally,
when possible, efforts should be made to separate monomers
prior to catalysis (either through distillation**°*??, liquid/liquid
chromatography'® or other means). By first determining the quantity
ofaryl-ether linkages and monomer contentinalignin substrate, one
canthennormalize the measured catalyticyields withrespect to those
obtained from C-O cleavage alone with established methods. This is
particularly relevantin the context of non-selective reactions that lead
todeleterious product degradation, in whichyields between C-C and
C-0 cleavage pathways are further confounded. Only then can one
analyse the efficacy of particular catalyst systems relative to another.

Finally,acommon occurrence throughout the C-Cbond cleavage
literature is the result that lignin model compound monomer yields
are typically higher than monomer yields from polymeric lignin sub-
strates (even for ‘ideal’ lignin substrates such as RCF oil). Generally, the
simpler the ligninmodel/substrate, the higher the yield, and, because
ofthe variety in model compounds and lignin substrates studied, this
further confounds the comparison of catalytic systems. Accordingly,
we suggest that, when possible, catalytic systems that show promise on
model compounds should also be tested on lignin substrates to deter-
mine definitively their efficacy. By following these general guidelines,
we believe that future C-C cleavage research will be more effectively
reported and its results will be more comparable, leading to a faster
identification of the most promising catalytic pathways.

Areas for future exploration

Although the number of strategies for C-C cleavage is increasing, the
field would benefit fromimproved fractionation methods. New types of
ligninsubstrates with divergent functional groups would further broaden
the chemistry available for subsequent C-C cleavage. For example,
C-Ccleavage of RCF lignin oils is hampered by the saturated propyl side
chain, whichisdifficulttoactivate without highly reactive reagents, whose
use can lead to over-reactivity and decreased monomer yields. There-
fore, we advocate for the development of new lignin isolation methods
that produce lignins functionalized for subsequent C-C cleavage.

Another avenue for explorationis to apply flow chemistry to over-
comeselectivity issuesin batch reactors, which should lead to greater
product yields. Additionally, efforts should be directed towards pro-
ducingsingle products. The heterogeneity of lignin-derived aromatics
can yield complex product mixtures upon deconstruction, compli-
cating valorization. C-C cleavage has the potential to simplify these
streams by eliminating variability through cleavage of the propyl
side chain.

Finally, photocatalysis provides anumber of potential advantages
inthe valorization of lignin, particularly given that it provides a delig-
nification process that can utilize a sustainable energy source such as
visible light (see Supplementary Information for specific examples).
Additionally, photocatalysis can often be conducted under mild reac-
tion conditions or with non-toxic reagents, and it also has the potential
todrive otherwise forbidden reactions”°. However, to date, the major-
ity of lignin-related photocatalysis studies have focused on aryl-ether
bonds in model compounds'. Although promising conversions and
yields have beenreported for these linkages (such as -0-4), and the
said conversions often proceed through a C-C cleavage pathway,
the overall substrate scopes are lacking in terms of model compounds
withnon-ethereal linkages (such as -1, 3-5, - and 5-5). Some recent
studies have started to investigate some of these other linkagesin more
depth'?, but the majority of fB-~O-4 and B-1model compounds studied
thusfarare non-phenolicand/or require an a-OH/a-ketone group. That
means that many of these models are not particularly representative of
the linkages in alarge percentage of polymeric lignin substrates, and
webelieve thereis substantial space forincreased effortsin thisareain
terms of moving towards more ‘lignin-like’ models. Indeed, uncovering
the effectiveness of photocatalysis for cleaving C-C-based linkages
in these more complex substrates will be important to determine
the true potential of photocatalysis in the context of overall lignin
valorization efforts.

Published online: 04 October 2024
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