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Abstract
Cleavage of aromatic ether bonds through hydrogenolysis is one of the most promising routes for depolymerisation and transformation of
lignin into value-added chemicals. Instead of using pressurized hydrogen gas as hydrogen source, some reductive organic molecules, such as
methanol, ethanol, isopropanol as well as formates and formic acid, can serve as hydrogen donor is the process called catalytic transfer
hydrogenolysis. This is an emerging and promising research field but there are very few reports. In this paper, a comprehensive review of the
works is presented on catalytic transfer hydrogenolysis of lignin and lignin model compounds aiming to breakdown the aromatic ethers including
a-O-4, b-O-4 and 4-O-5 linkages, with focus on reaction mechanisms. The works are organised regarding to different hydrogen donors used, to
gain an in-depth understanding of the special role of various hydrogen donors in this process. Perspectives on current challenges and opportunities of future research to develop catalytic transfer hydrogenolysis as a competitive and unique strategy for lignin valorisation are also
provided.
© 2018, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Lignin is a main component of lignocellulosic biomass,
which accounts for 15–30% by weight and 40% by energy [1].
Valorisation of lignin and its derived compounds by transformation into value-added chemicals and fuels is important
for a sustainable future [2–6]. Unlike cellulose [7] and chitin
[8], the top two biopolymers in naturedthat contain only one
monomer linking together primarily by 1,4-glycosidic bond in
a liner form, lignin is composed of three types of substituted
phenols connected by a number of C–O and C–C bonds,
forming a three-dimensional amorphous, irregular polymer.
Lignin and its derived compounds contain various kinds of
aromatic ether bonds in their molecular structures. Therefore,
efficient cleavage of aromatic ether bonds is a key step for the
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valorisation of lignin and its derived compounds. However,
cleavage of these aromatic ether bonds is difficult due to their
high strength and stability.
Lignin depolymerisation via hydrogenolysis [9–26], oxidation [27–32], hydrolysis [33–39], thermal [40–43], photo[44,45] and electro-chemical [46] transformations have been
intensively and extensively studied in the past decade. Among
various strategies, hydrogenolysis is one of the most promising
routes because of its high atom-economy of the overall reaction.
In particular, some homogeneous or heterogeneous catalytic
systems have been developed for hydrogenolysis cleavage of
aromatic ether bonds in the presence of H2, including Ni(COD)2
complex [47,48], Ni/SiO2 [49], Cu-based porous metal
oxide [50], and Ni-based bimetallic catalysts [19–21,51–54],
etc. However, the high pressure H2 in the reaction system does
not only cause more energy input and higher equipment
requirement, but also lead to the competitive undesired hydrogenation of aromatic rings. Thus, exploration of efficient
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catalytic routes for hydrogenolysis cleavage of aromatic ether
bonds under milder condition is highly desirable.
Reductive organic molecules, such as alcohols, formic acid
and formates, can serve as hydrogen source in biomass conversion. If the reaction involved is saturation of C]C or C]O
bonds, the process is called catalytic transfer hydrogenation. If
the target reaction is cleavage of C–C or C–O bonds, the
process is called catalytic transfer hydrogenolysis (Scheme 1).
Both processes can be shortened as CTH process. Although
CTH was firstly reported more than a century ago, when
Knoevenagel employed Pd black as catalyst for the disproportionation of methyl terephthalate [55], it has been largely
overshadowed by the success of hydrogenation and hydrogenolysis directly using H2 as hydrogen source. In the last few
decades, the development of novel and more efficient catalytic
systems has significantly broadened the scope of CTH chemistry. A recent review has highlighted the application of CTH
in biomass conversion as an attractive alternative pathway to
the conventional high pressure H2 processes [56]. In this
paper, the particular applications of catalytic transfer hydrogenolysis in lignin depolymerisation are reviewed (Table 1), to
get a more close view into this specific reaction.
2. Alcohols as hydrogen source
Alcohols such as methanol, ethanol and isopropanol are
widely used as (co-)solvent in the extraction of organosolv
lignin from raw lignocellulosic biomass [75]. Although in
general alcohols are reductive organic molecules, their performance as hydrogen donors in the transfer hydrogenolysis of
lignin is quite different due to their different reactivity. In
general, methanol and ethanol dehydrogenated at high temperature (in most case supercritical conditions) and the
dehydrated products are not clear, while isopropanol is normally selectively dehydrogenated into acetone under much
milder reaction conditions.
Ford and co-workers studied the conversion of a lignin
model compound dihydrobenzofuran (DHBF) in supercritical
methanol using Cu-doped porous metal oxide (Cu-PMO) as
catalyst (Scheme 2) [57]. They were inspired by a noncatalytic process for degradation of lignin and lignin model
compounds in the presence of stoichiometric excess amount of
KOH [76]. Transition metal doped PMOs, which were

reported as strong solid bases finding applications in CO2
adsorption or catalysing the transesterification for bio-diesel
production [77], were employed as catalysts to promote the
transfer of hydrogen from methanol to DHBF. A Cu-PMO
prepared by calcining Cu-doped hydrotalcites was effective
and reusable catalysts for the reaction. The Cu-PMOs turned
from green to red after reaction, accompanied by reduction of
Cu(II) to Cu(I) and/or Cu(0). The low-valent red Cu-PMO
showed a lower activity, and the reactivity could be recovered by calcination which brought Cu to high valent again.
The reaction was conducted at 300  C, where hydrogenolysis
product 2-ethylphenol was dominant at the initial 1 h, and then
the aromatic ring was slowly hydrogenated to 2ethylcyclohexanol and methylethylcyclohexanols [57]. The
same group then further evaluated the system for the reductive
depolymerisation of organosolv lignin. After reaction in supercritical methanol at 300  C, Cu-PMO could catalyse the
depolymerisation of lignin, hydrogenation of aromatic rings,
and hydrodeoxygenation of the monomeric products, resulting
in a mixture of monomeric products with virtually no aromatics and greatly reduced oxygen content [58].
Chmely et al. reported the use of earth-abundant FeNiB
alloy as catalyst for the transfer hydrogenolysis of organosolv
lignin using supercritical ethanol as the hydrogen donor and
reaction solvent. The system also possesses the ability of the
hydrogenation of ketones to alcohols as well as the hydrogenolysis removal of hydroxyl groups, resulting alkylphenols
as product [59]. Singh reported the catalytic transfer hydrogenolysis of the lignin-rich residue obtained from an ionic
liquid process. The yield of low molecular weight products in
the liquid fraction was 65.5 wt% with isopropanol as the
hydrogen donor and with Ru/C as the catalyst [60].
Rinaldi et al. developed a Raney-Ni þ isopropanol system
for lignin and bio-oil conversion [61–63]. The reactions were
conducted under very mild reaction conditions, at 60–160  C
in isopropanol using Raney-Ni as catalyst. 32 model compounds, including substituted phenols as well as ones representing 4-O-5, a-O-4 and b-O-4 linkages, were tested in the
system. At lower temperatures around 60–80  C, the transfer
hydrogenation of ketone, aldehyde groups and C]C bonds
took place, while the aromatic rings remained untouched. The
cleavage of the aryl ether linkages also happened at around
80  C via transfer hydrogenolysis. The conversion of a

[H]
CO2
Scheme 1. Transfer hydrogenolysis of lignin ether bonds with alcohols or formic acid as hydrogen donor.
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Table 1
Catalytic transfer hydrogenolysis of various lignin/lignin model compounds reported in literatures.
Substrate

Catalyst

Dihydrobenzofuran
Organosolv lignin
Organosolv lignin
Lignin-rich residue
Model compounds
Bio-oil
Bio-oil or organosolv lignin
Woody biomass
Benzyl phenyl ether
Diphenyl ether
b-O-4 ketone
b-O-4 alcohol or organosolv lignin
b-O-4 alcohol or organosolv lignin
Bark
Lignin
b-O-4 model compounds or organosolv lignin
Pine or birch
b-O-4 model compounds

Solvent

Cu-PMO
Cu-PMO
FeNiB
Ru/C
Raney-Ni
Raney-Ni
Raney-Ni þ H-BEA-35
Raney-Ni
Pd/Fe3O4
Ru/C
TiO2
ZnIn2S4
Pd1Ni4/MIL-100(Fe)
Pd/C
Ni-SBA-15
Pd/C
Pd/C
Pd/C

Supercritical methanol
Supercritical methanol
Supercritical ethanol
Isopropanol
Isopropanol
Isopropanol
Isopropanol
Isopropanol/water
Isopropanol
Isopropanol
Ethanol
Acetone or acetonitrile
Water
Methanol/water
Formic acid
Ethanol/water
Ethanol/water
Ethyl acetate/water

Hydrogen donor
Methanol
Methanol
Ethanol
Isopropanol
Isopropanol
Isopropanol
Isopropanol
Isopropanol
Isopropanol
Isopropanol
Ethanol
Intramolecular hydroxyl group
Intramolecular hydroxyl group
Carbohydrates
Formic acid
Ammonium formate
Ethanol or formic acid
Intramolecular hydroxyl group

Temperature


300 C
300  C
320  C
300  C
60e80  C
120e160  C
160e240  C
160e220  C
240  C
120  C
Photocatalytic
Photocatalytic
130  C
200  C
Microwave
80  C
195  C
80  C

Ref.
[57]
[58]
[59]
[60]
[61]
[61]
[62]
[63]
[64]
[65]
[66,67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]

Scheme 2. Cu-PMO catalysed transfer hydrogenolysis and hydrogenation of DHBF in supercritical methanol.

lignocellulose derived bio-oil was carried out in this system at
120–160  C under autogenous pressure, with substituted
phenols and cyclohexanols as products [61]. By incorporating
of a solid acid H-BEA-35, the reactivity of the system was
altered to the production of arenes. The proposed reaction
pathways of phenol conversion in this system are shown in
Scheme 3. The initial step is the transfer hydrogenation of
phenol to cyclohexanol/cyclohexanone. Then H-BEA-35 catalyses the dehydration of cyclohexanol to cyclohexene.

OH

OH

H-transfer
initiator
OH

A

D

O

OH
C

-H2O
+
O

B

O

H-transfer
propagator

Scheme 3. Proposed pathways of phenol conversion in the Raney-Ni/H-BEA-35/
isopropanol system. Arrows in blue indicate the reactions catalysed by Raney-Ni,
and arrow in green indicates the dehydration step catalysed by H-BEA-35.
Reproduced with permission [62]. Copyright 2013, John Wiley and Sons.

Cyclohexene then acts as H-transfer propagator, yielding
benzene as dehydrogenation product. The addition of solid
acid also affected the products of the aryl ether model compounds. With tandem transfer hydrogenolysis, transfer hydrogenation, and dehydration reactions, the cleavage of aryl
ethers yielded arenes as main products, with very few oxygen
containing or saturated products. By slightly increase the reaction temperature, the Raney-Ni þ H-BEA-35 catalysed
conversion of bio-oil or organosolv lignin was carried out in npentane at 160–240  C, using isopropanol as hydrogen source,
which also successfully afforded mixed arenes as products [62]. Later on, the system was tested with raw lignocellulosic biomass as starting material, where the reactions were
conducted in a 7:3 isopropanol/water mixture at 160–220  C
in the presence of Raney-Ni. This biorefining method is able to
convert lignin into a phenolic bio-oil while providing pulp
susceptible to enzymatic hydrolysis [63].
Mauriello and co-workers reported the use of Pd/Fe3O4 as
catalyst for transfer hydrogenolysis cleavage of benzyl phenyl
ether (a-O-4 model compound) using isopropanol as the
hydrogen donor. The reactions were carried out under 10 bar
N2 at 240  C for 90 min, achieving 100% yield of phenol and
toluene. The unwanted hydrogenation reactions of the aromatic rings were totally avoided over this catalyst. Different
alcohols including C1 to C4 primary and secondary alcohols
were evaluated as the hydrogen donor, where isopropanol
delivered the best performance, in terms of H-donor ability
(0.120 mol L1) and benzyl phenyl ether conversion. In the
proposed reaction mechanism shown in Scheme 4, the Fe–Pd
interface formed during the co-precipitation preparation of the
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catalyst was believed to be responsible for the adsorption and
activation of the phenyl ether, while the H-donor alcohol was
dehydrogenated over the adjacent Pd surface and the a-H and
hydroxyl-H were transferred into toluene and phenol,
respectively [64].
For 4-O-5 linkage possessing higher bonding energy than
a-O-4 and b-O-4 linkages, there are very few reports on
cleavage of 4-O-5 model compounds through transfer hydrogenolysis. Han's group recently found that commercial Ru/C
could efficiently catalyse the cleavage of 4-O-5 compounds
via transfer hydrogenolysis using isopropanol as hydrogen
donor. However, due to the high hydrogenation activity of the
Ru/C catalyst, aromatic ring saturation was also observed in
the reaction system [65].
Wang et al. reported a tandem method for cleaving the b-O4 linkages by photocatalytic oxidation-hydrogenolysis. For the
first step the Pd/ZnIn2S4 catalyst catalyses the aerobic oxidation of the hydroxyl group to a carbonyl group on the a position with 455 nm light, which is known to reduce the bond
energy of the adjacent b-O-4 C–O bond; In the second step, a
TiO2–NaOAc system is used for cleaving the b-O-4 C–O bond
neighbouring the a carbonyl group through a transfer hydrogenolysis reaction using ethanol as the hydrogen source by
switching to 365 nm light. The tandem reaction can be carried
out in a one pot manner with a dual light wavelength switching
(DLWS) strategy, yielding acetophenones and phenols as
product with up to 90% selectivity (Fig. 1). In-depth investigations elucidate that the in situ formed Ti3þ is responsible for the photocatalytic transfer hydrogenolysis, activating
the oxidised b-O-4 bonds by electron transfer from Ti3þ to the
b-O-4 ketones [66]. Similar to the second step, Li et al. reported the transfer hydrogenolysis of the b-O-4 ketones in
ethanol under UV irradiation employing TiO2 as catalyst. Pd/
TiO2 and Cu/TiO2 were also investigated in their system,
where hydrogenation of ketone groups in the starting material
and the acetophenone product, resulting the formation of
corresponding alcohols [67].
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depolymerisation. Wang's group recently reported another
transfer hydrogenolysis system for b-O-4 cleavage using
ZnIn2S4 driven by visible light. In this system, hydroxyl
groups of lignin act as hydrogen donors. 71–91% yields of
phenols in the conversion of lignin b-O-4 model compounds
are achieved, and dioxanesolv poplar lignin is photocatalytically converted to p-hydroxyl acetophenone derivatives with
10% yield. In this process, the hydrogen of CaH-OH is
transferred to ZnIn2S4 surface to form a “hydrogen pool”, and
then the hydrogen species in the “hydrogen pool” is used to
breakdown the b-O-4 C–O– bond. The dehydration and
hydrogenolysis reactions undergo in one-pot manner over a
single photocatalyst with lignin itself as the hydrogen
donor [68].
The intramolecular transfer hydrogenolysis is also achievable with thermal catalysis. Cai et al. reported a MIL-100(Fe)
supported PdNi bimetallic nanoparticles catalyst catalysed
intramolecular transfer hydrogenolysis of lignin b-O-4 model
compounds as well as organosolv lignin. The reaction was
conducted in water at 130  C under Ar for 6 h, and Pd1Ni4/
MIL-100(Fe) demonstrated the best performance. The synergistic effects between the two active metals as well as between
the bimetallic nanoparticles and the MOFs support include (a)
MIL-100(Fe) can serve as co-catalyst to promote the Ca-OH
bond cleavage and dehydration to form the “hydrogen pool”;
(b) the electron transfer between Pd and Ni in bimetallic
nanoparticles together with the interfacial electron transfer
effect between the bimetallic nanoparticles and MIL-100(Fe)
result in more electron-enriched metal centre, which may

H 2C

Ph

OH

Fig. 1. Oxidation-hydrogenolysis tandem reaction strategy via DLWS for
cleaving b-O-4 linkages. Reproduced with permission [66]. Copyright 2016,
American Chemistry Society.

It is a good strategy to use the intramolecular CaH-OH as
hydrogen donor for at least two reasons: (a) reducing the b-O4 bonding energy to facilitate the cleavage; and (b) no need
for additional hydrogen source so that offering a more
economical choice for the large-scale operations of lignin

Ph

TiO2

MeO

MeO

3. Lignin or carbohydrates as hydrogen source
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Scheme 4. Proposed reaction mechanism for transfer hydrogenolysis of benzyl phenyl ether over Pd/Fe3O4 catalyst. Reproduced with permission [64]. Copyright
2016, Royal Society of Chemistry.
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spur the conversion from Hþ to H in the “hydrogen pool”; (c)
MIL-100(Fe) can enrich the hydrogen molecules around the
active sites, speeding up the hydrogenolysis reaction; and (d)
the nanoparticles are encapsulated in the micropores of MIL100(Fe), preventing the potential agglomeration and
enhancing the recyclability [69].
In principle, carbohydrates are also reductive which may
serve as hydrogen donor in the transfer hydrogenolysis.
Kumaniaev and Samec developed a reductive fractionation
process for the valorisation of bark. In the first step, transfer
hydrogenolysis of lignin takes place where the carbohydrates
serve as an inherent hydrogen donor using Pd/C as catalyst.
After distillation, 4-ethylguaiacol is isolated with 90% purity
and 2.6% yield [70].
4. Formic acid/formates as hydrogen source
Formic acid has been regarded as a good candidate for
chemically hydrogen storage, since the formation and
decomposition is reversible and very easily achieved. Luque
et al. have studied lignin depolymerisation in a series of
hydrogen-donating solvents under microwave irradiation with
10% Ni-SBA-15 as catalyst. Among the selected solvents
(tetralin, isopropanol, glycerol and formic acid), formic acid
showed the best performance, yielding around 30 wt%
phenolic bio-oil and no biochar under microwave irradiation
for 30 min [71].
Samec et al. developed a Pd/C catalysed redox neutral
cleavage of lignin b-O-4 type ether bonds via transfer
hydrogenolysis [72–74]. The reactions were conducted at
80  C in ethanol/water in the presence of 1 equivalent of
ammonium formate. Different b-O-4 model compounds were
tested, and it was found that both the hydroxyl group and

O

1

proton on the a-position play a critical role, substrates without
either of which cannot undergo any reactions in this system.
The presence of at least of one proton on the b-position is
necessary too, because the substrate with two methyl substitution on the b-position also cannot be converted. Based on
these findings and results from isotope kinetic experiments, a
reaction mechanism was proposed as shown in Scheme 5. The
substrate 1 is dehydrogenated to ketone 9 in the initial step,
which is a slow step. After desorption of hydride facilitated by
molecular oxygen in air, ketone 9 adsorbs to Pd surface to
form intermediate A. A formate ion adsorbs on the surface and
provides hydride for the formation and desorption of products
aryl ketone 3 and phenol 4. Encouraged by the results, organosolv lignin from Pinus sylverstris was also depolymerised in
this system. However, after 24 h reaction with ammonium
formate and 12 h reaction with formic acid, there was no
significant monomer production, although 73% b-O-4 linkages
were cleaved [72]. This should be due to the formation of
additional C–C linkages during the organosolv process [10].
The conversion of raw woody biomass including pine and
birch gave better results. By a tandem organosolv-transfer
hydrogenolysis process, 10% of aryl propene and aryl propane monomers were obtained in ethanol/water solution at
195  C for 1 h with 5 mol% Pd/C as catalyst, where ethanol
acted as the hydrogen source. Addition of 2 equivalent of
formic acid in the reaction system led to the increase of
monomer yield to 30% [73]. It was also found that by
changing the solvent to ethyl acetate/water, the transfer
hydrogenolysis cleavage of b-O-4 model compounds would
undergo well in the presence of less amount (0.1 equivalent) of
hydrogen donor such as formic acid or NaBH4. It was proposed that the hydrogen donors were used for remove the
surface oxygen on the Pd catalyst, and the hydrogen for the
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Scheme 5. Proposed mechanism for the transformation of 1 to 3 and 4. Reproduced with permission [72]. Copyright 2013, John Wiley and Sons.
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hydrogenolysis of the linkage was from the model compound
by dehydrogenation of the a-hydroxyl group [74].
Samec et al. has recently further developed the system into
a flow-through system in which pulping and transfer hydrogenolysis steps were separated in time and space. This
approach results in a high yield of phenolic monomers at 37 wt
%, which is 83% of the maximum theoretical yield based on
the empirical estimation [78] method. This flow through system has shown advantage in preserve the cellulose fraction as
it has not been contaminated by the catalyst and thereby is
easily enzymatically hydrolysed to glucose (87 wt% yield)
without prior purification, which is usually not possible in the
direct catalytic conversion of woody biomass. On the other
hand, although the pulping and transfer hydrogenolysis steps
are separated in time and space, the distance in time and space
is well controlled so that the extracted lignin would not undergo major re-condensation reactions, leading to a high
phenolic monomers yield [79].
5. Perspectives
The various reactions and catalytic systems discussed in
Sections 2–4 have revealed the emerging applications of catalytic transfer hydrogenolysis in lignin depolymerisation. The
different hydrogen donors, e.g., methanol, ethanol, isopropanol,
formates/formic acid, and intramolecular hydrogen donors,
require different catalyst and reaction conditions, and realise the
transformation through different reaction pathways and with
different performances. The works, which are not only using
organic molecules as alternative hydrogen source but also taking advantages from the unique reaction mechanism where the
hydrogen donors react directly with substrate to afford new
reaction pathways, are particularly interesting. This type of
work is making full use of the nature of transfer hydrogenolysis,
and it is the future trend in application of transfer hydrogenolysis in lignin depolymerisation. The versatility of
hydrogen donors, catalysts, and reaction realisation manners
afford the possibility of developing highly efficient process; on
the other hand, a better understanding of the following aspects
in future research is crucial to push forward the application of
transfer hydrogenolysis in lignin depolymerisation.
5.1. Reaction mechanism at molecular level
In transfer hydrogenolysis of aromatic ether bonds, the
reaction mechanisms are typically the fusion of two catalytic
cycles, which are the dehydrogenation or activation of the
hydrogen donors and the reaction on the aromatic ether bonds.
In some cases, the two cycles are even merging into one new
cycle where an intermediate is formed between the hydrogen
donor and the substrate. In situ characterisations, isotopic
labelling and theoretical calculation should be combined
together with conventional kinetics study and substrate scope
study, to get a clearer reaction mechanism at molecular level,
which is helpful to achieve an in-depth understanding of the
reaction pathway and the role of the catalyst and hydrogen
donor.

5.2. Other role of hydrogen donors in the reaction
Alcohols as hydrogen donors are normally also used as
(part of) reaction solvent. As a solvent, its properties of
acidity, polarity, and hydrogen bonding ability also play vital
roles in the reactivity of the whole catalytic system. These
solvent properties should also be taken into consideration as
additional aspect when selecting the hydrogen donors.
Moreover, formic acid as reaction mediate is offering
strong acidity and can react with the hydroxyl groups through
esterification reaction, which offers unique reaction pathways
for deoxygenation and dehydrogenation [80]. It can be anticipated that use of formic acid as reaction solvent in the transfer
hydrogenolysis may lead to new and efficient depolymerisation mechanism.
5.3. Catalyst design
As mentioned above, the transfer hydrogenolysis typically
involves two catalytic cycles. Either a single catalytic centre
compatible for the two cycles or bifunctional catalyst is
desired for the process. However, in the published papers, very
limited works are focused on the catalyst design. Thus, it is
important to intentionally design catalyst suitable for the
transfer hydrogenolysis of lignin aromatic ether bonds with a
certain hydrogen donor.
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