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Abstract: In Earth matter evolution, the deoxygenation process plays a central role as plant and animal
remains, which are composed by highly oxygenated molecules, were gradually deoxygenated into hydro-
carbons to give fossil fuels deep in the Earth crust. The understanding of this process is becoming crucial to the
entire world and to the sustainable development of mankind. This review provides a brief summary of the
extensive deoxygenation research under mild, potentially sustainable conditions. We also summarize some
challenges and opportunities for potential deoxygenation reactions in the future.
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Introduction

After the first industrial revolution [1], the invention of steam enginesmarks the beginning of “fossil era”where
the use of fossil energy [2–4] greatly accelerates economic development [5–7]. Serving as the industrial
foundation for modern human prosperity [8–12], fossil energy reservoir has enabled many countries and
regimes to become superpowers [13–17]. As fossil fuel generation is naturally achieved by burying the remains
of ancient animals and plants, which are composed of highly oxygenated molecules [18–24] and essentially
transformed into hydrocarbons in the Earth crust [25–32], the transformation from animal and plant remains to
fossil energy in Earth crust is technically a chemical process where oxygenated organic molecules are deox-
ygenated and recombined into hydrocarbons [33]. Therefore, the deoxygenation process plays a critical role in
the preservation of Earth energy resources [34]. To further understand the detailed mechanism of this process,
and to reproduce this process in relatively short period of time, is of great significance to the entire human
society [35–41].

Generally speaking, the deoxygenation reaction involves the decrease in chemical valence for atoms in
the organic molecule [42, 43]. Therefore, reductive reaction conditions are usually required [44, 45].
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Although this type of reaction generally falls in the larger research area of C-O bond activation or reductive
coupling/rearrangement, which have been reviewed thoroughly by many excellent literatures [46–50],
many of these reactions require relatively harsh reaction conditions such as stoichiometric amount of
metallic or phosphine/boron reagents [51–56]. To the best of our knowledge, reviews on specific deoxy-
genation processes, which target inactivated substrates and earth-abundant conditions, is rarely found. In
this review, we highlighted the recent progress in deoxygenation reactions of inactivated alcohols and their
derivatives, which involves the use of earth-abundant reagents. Reactions involving certain organometallic
reagents or reagents that are not stable in the Earth crust will not be covered. In general, we have char-
acterized the desired deoxygenation reactions into: (1) Direct deoxygenation strategies for alcohols [57–65];
(2) The study of lignin model compounds derived from the degradation and transformation of lignin
[66–72].

Deoxygenation of alcohols with potentially earth-abundant
reagents

As a relatively stable class of compoundswhich can bewidely found in nature [73], alcohols, known to be inert
to many reductive conditions thanks to their generally saturated bond structure and hard-to-leave –OH group
[74–76], can now be readily deoxygenated by many mild reduction conditions using potentially Earth-
abundant reagents, generating the corresponding deoxygenated alkanes. Those impressive research have also
broadened our knowledge regarding deoxygenation processes, offering us new tools for the facile trans-
formations of oxygenated compounds.

Since phenols are oxygen-containing derivatives as important as alcohols, their wide practicability and
structural diversity make them the most extensive substrates in transition metal catalysis. In 2012, Han’s
group developed a highly stable PyBrop-NiCl2(dppp) catalytic system to build a one-pot construction of C–P
bonds from electron-deficient phenols via the in situ aryl C–O activation. The method shows a wide range of
feasibility, not only for various phenol derivatives, but also for different types of phosphorus nucleophiles,
opening a new avenue for the C–P bond forming reaction and more efficient protocols for C–P coupling of
phenols (Scheme 1) [77].

In 2014, Ollivier and coworkers reported that a novel photocatalyzed deoxygenation method based on the
activation of Ir(ppy)3 under reduced conditions by visible light. The method realizes the photocatalytic redox
deoxygenation reactionwith the thiocarbamate precursor under activation of visible light to convert secondary
and tertiary aliphatic and benzyl alcohols into corresponding alkanes. This approach features high efficiency
and good functional group tolerance, it will open new perspectives to transformations in the fields of organic
synthesis and polymer sciences (Scheme 2) [78].

Scheme 1: Ni-catalyzed one-pot
deoxygenation of phenols via
the C–O activations.
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In the past, most of the methods for reducing C–O bonds to C–C bonds not only require harsh reaction
conditions but also add a large amount of reducing agents, which leads to a decrease in the selectivity of the
reaction and the accompanying production of large amount of toxic waste. Therefore, catalytic transfer
hydrogenolysis is an attractive alternative. In 2018, Fleischer’s group first achieved the homogeneous palla-
dium catalyzed transfer hydrogenolysis of benzylic alcohols, using formic acid as a sustainable reductant
agent. The method has broad applicability for primary, secondary, and tertiary benzylic alcohols, at the same
time, a more selective and active homogeneous catalyst system has been developed (Scheme 3) [79].

Since palladium heterogeneous catalysis is simple to recycle in multiple reaction cycles, it has economic
and environmental advantages. In this context, Córdova and co-workers developed an asymmetric carbo-
cyclizations reaction. In other cascade reactions, simple chiral amine co-catalysts are used to achieve het-
erogeneous palladium catalysts. Proposed an effective palladium catalysis transfer hydrogenolysis of primary,
secondary, and tertiary benzylic alcohols by formic acid as a hydrogen source. The reaction obtains the
corresponding products with high yield and chemical selectivity. It is worth noting that the palladium catalyst
can be effectively continuously recycled without loss of catalytic activity. The future research and industrial
application of these heterogeneous catalyst systems are of great significance (Scheme 4) [80].

The previously reported methods include transition metal-catalyzed hydrogenation and acid-catalyzed
reduction or mediated reduction of hydride species. The site selectivity of deoxygenation will vary with
conditions and reagents. Although based on oxidative dehydrogenation and subsequent Wolff–Kishner
reduction catalyzed by iridium, ruthenium and manganese, the deoxygenation of primary alcohols was
selectively achieved. But the scope and site selectivity of the hydroxyl group constitute the main problem
that has not yet been completely resolved. In the same year, Xu’s group reported that a highly efficient,
and site-selective deoxygenation of alcohols method based on iridium-catalyzed, under the assistance of an
N-substituted (amino)aryl DG. The process was in mild conditions, has good functional tolerance, to provide a
new route for the deoxygenation of alcohols (Scheme 5) [81].

Scheme 2: Visible light
photocatalytic reduction of
O-thiocarbamates.

Scheme 3: Palladium-catalyzed transfer hydrogenolysis
of benzylic alcohols by formic acids.

Scheme 4: Palladium-catalyzed transfer hydrogenolysis
of benzylic alcohols.
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In 2020, Schafer and co-worker reported the catalytic oxidation/reductive coupling of alcohols with
vanadium pyridonate complexes. The involvement of bimetallic species, coupled with ligand hemil-
ability and metal-ligand cooperativity enables deoxygenated transformations of renewable feedstocks,
this work provides additional evidence for early mechanical proposals for alcohol reduction coupling
(Scheme 6) [82].

The deoxygenation of lignin under more sustainable conditions

Ever since the realization of fossil fuel depletion crisis, the great social demand of aromatic compounds,
which is historically produced from petroleum exclusively [83, 84], is constantly calling for sustainable
alternative source. It is important that in the pursuit of the most promising alternative aromatic source,
scientist have been extensively targeting lignin, which is mainly composed by polymerized alcohol
(tonquinol, synapol, coniferol, etc.) and is where petroleum can be originated from in Earth matter
evolution after all [85–87]. With significant development in alcohol deoxygenation methodology under
more and more sustainable conditions, many excellent studies on lignin deoxygenation have been con-
ducted and the utilization of lignin as a promising fossil fuel replacement has been fast advancing in the
sustainable avenue.

For lignocellulosic biofuels to be sustainable, lignin depolymerization to easy-to-handle aromatic
monomers is of great importance. Lignin depolymerization has become one of the biggest obstacles to
making full use of lignocellulosic biofuels as alternatives to fossil fuels. In 2010, Ellman’s group devel-
oped a redox neutral approach for tandem catalytic dehydrogenation/C–O bond cleavage to depolymerize
lignin. In this method, the secondary alcohol is selectively pre-oxidized, and then the reductive C–O ether
bond is broken to cleave the most abundant β-O-4 unit, thereby realizing effective lignin depolymerization
(Scheme 7) [88].

Scheme 5: Iridium-catalyzed highly efficient and site-
selective deoxygenation of alcohols.

Scheme 6: Vanadium pyridonate catalyzed reductive
coupling of alcohols.

Entry R Time (h) Product yield (%) Product yield (%)

 Ph  > 

 Me   

 H   
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Although the conversion of lignin has great potential, the direct dehydroxylation of phenols is still a
very challenging chemical conversion process. The most typical method of phenol dehydration requires
the derivatization of the Ar–OH group with an electron-withdrawing group (EWG) to weaken the C–O bond with
forming the corresponding arenes, but these methods usually produce stoichiometric amounts of non-recyclable
waste. Rinaldi and a co-worker reported the first nonderivative method for phenol dehydroxylation to yield
aromatics byusingRaneyNiwith isopropanol andH-BEA-35 as thehydrogendonor solvent undermild conditions.
The process provided a new route for the conversion of lignin to arenes (Scheme 8) [89].

The removal of covalentlybondedoxygen in ligninbyhydrodeoxygenationnot onlyprovidesanopportunity
to decompose the complex structure of lignin, but also increases the total energy density and the value of the
resulting product. The difficulty with this type of reaction is that the strength of the C–O and C–C bonds are
similar, which makes selective hydrodeoxygenation challenging relative to aromatic hydrogenation. In 2013,
Omar’s and co-workers reported a bimetallic catalytic systembased onmetallic Pd nanoparticles (NP) on carbon
and Zn(II) Lewis acid for the cleavage of β-O-4 lignin molecules. Under relatively mild conditions, the catalyst
selectively cleaves the stubborn ether bonds of lignin dimers and polymers, removes alcohol oxygen atoms on
the alkyl chain, and maintains the precious aromaticity of the raw materials (Scheme 9) [90].

The β-O-4′ bondswas themost abundant structural unit in lignin, accounting for about 50–60%of natural
lignin. Different pathways andmechanisms to catalyze the C–O bond cleavage of β-O-4′-ether bond have been
proposed. In 2014, Samec’s group used formic acid as a reducing agent in the air to develope a selective
palladium-on-carbon (Pd/C) catalyzed C–O bond cleavage of the β-O-4′-ether bond of lignin model com-
pounds. the reaction was robust, mild, and efficient. The lignin-derived dimer model was efficiently trans-
formed to the corresponding aryl ketone and phenolic compounds (Scheme 10) [91].

In 2014, Stahl’s group developed a method to depolymerize oxidized lignin in an aqueous solution of
formic acid under mild conditions, which achieved the depolymerization of lignin very effectively. Before
depolymerization, poplar lignin was subjected to aerobic oxidation, then sodium formate was added to formic
acid and reacted at 110 °C for 24 h. Obtained over 60 wt% of lowmolecular weight aromatic hydrocarbons, and

Scheme 7: Catalytic C–O bond cleavage of 2-aryloxy-1-arylethanols.

Scheme 8: Dehydroxylation of phenols into arenes via catalytic tandem reactions.

Scheme 9: Cleavage of C–O bonds relevant to lignin by Pd/Zn synergistic catalysis.
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did not consume formic acid during the depolymerization process. Obviously, the reaction pathway is different
from hydrogenolysis mediated bymetal catalysts. The work has further draws attention to biomass separation
methods (Scheme 11) [92].

As we all know, the cleavage of high content C–O–C bonds is a key step to promote the depolymerization of
lignin. The reduction and depolymerization of lignin using reducing agents such as hydrogen has shown the
prospect of converting lignin into high-value aromatic compounds and liquid fuels. Then this process leads to very
high infrastructure costs. In 2017, Xu’s group reported that reductive de-polymerization of kraft lignin with formic
acid at low temperatures by inexpensive supportedNi-based catalysts. It is possible to use formic acid as an internal
hydrogen sourcewithoutusinghigh-pressurehydrogen,whichproves that catalytic reductionde-polymerization in
ethanol/formic acid solution may be a promising method for producing liquid oil products (Scheme 12) [93].

Formic acid as an efficient hydrogen donor molecule has been widely used to improve the depolymer-
ization process of lignin. Dai’s group reported a novel method to achieve low-temperature hydrogenolysis of
lignin by carbon-supported ruthenium and formic acid as reducing agent, at the same time, the effects of
formic acid, Ru/C catalyst and aerobic oxidation conditions on the yield and quality of bio-oil were studied in
detail. The method provided a possibility to depolymerize lignin under a low temperature (Scheme 13) [94].

Oxidation is one of the chemical reactions of lignin depolymerization. Catalysts including organometallic and
metal oxides have been developed for depolymerization of oxidized lignin. Lu and co-workers developed a

Scheme 11: Depolymerization of oxidized lignin to aromatics by formic acids.

Scheme 12: Ni-based catalyzed reductive de-polymerization of kraft lignin with formic acids.

Scheme 10: Palladium-catalyzed cleavage of β-O-4′-ether linkages of lignin.
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composite photocatalyst, CuFe2O4@rGO, to performa sun-light assisted heterogeneous Fenton process to cleavage
the β-O-4 bonds of lignin model compounds for the production of value-added at room temperature and envi-
ronment pressure in the short reaction time of aromatic chemicals. The process was developed to produce high-
value aromatic chemicals and important intermediates in the chemical industry (Scheme 14) [95].

Compared with traditional transition metals, Rhenium has lower electronegativity. The lignin contains a
large number of hydroxyl groups, and rhenium has an outstanding ability to remove hydroxyl groups through
deoxygenationanddehydration. Because of its special ability to coordinatewithdiols to formesters, it found that
rhenium can promote the deoxygenation and dehydration of polyols and alcohols to form olefins. In 2019, Li’s
groupusedaheterogeneous rheniumcatalyst to cleavageof ligninC-Obondswithhydrogen transfer reactions. It
was shown that thepotential applicationswithRe-based catalysts for the conversionof biomass (Scheme 15) [96].

In previous studies, although various functionalization and depolymerization methods of lignin have
been reported, however, achieving high yield and selectivity under environmental conditions remains a
challenge. In 2020, Stephenson’s group developed an organocatalytic method for photochemical C–O bond
cleavage of lignin model compounds. The strategy of using organic photocatalysts to decompose oxidized
lignin undermild conditions is of great value for the conversion of renewable biomass rawmaterials into useful
chemicals for lignin research (Scheme 16) [97].

Scheme 14: Selective and efficient cleavage of lignin model compounds.

Scheme 15: Cleavage of lignin C–O bonds over heterogeneous rhenium catalysts.

Scheme 13: Ruthenium catalyzed hydrogenolysis of lignin by formic acids as reducing agents.

Scheme 16: Photochemical lignin fragmentation by an organocatalytic approach.
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In order to more effectively utilize the lignin produce valuable aromatic derivatives, Han’s group find that
4-ethyltoluene is a very valuable chemical, currently produced from fossil raw feedstocks. In 2020, they
developed a one-pot catalytic process to produce 4-ethyltoluene from lignin or lignocellulose. This processwas
using an RhCl3-LiI-LiBF4 catalytic system through demethoxylation, depolymerization, and transmethylation
to produce high value-added chemicals, it provides a new strategy for utilizing renewable resources to produce
valuable aromatic compounds (Scheme 17) [98].

Scheme 17: The production of 4-ethyltoluene from lignin by the directional valorization.
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Copyright obtained from Wiley-VCH [98]

In addition, inspired by the achievements of lignin derivatives to synthesis amines, Han’s group also reported a
direct strategy to synthesize 4-cyclohexylmorpholines from morpholines and aryl ethers (including several
lignin model compounds) over Pd/C by H2 as the hydrogen resource. This method offers a new reference to
developing robust catalytic for efficient lignin transformation (Scheme 18) [99].

Photocatalytic alcohol deoxygenation with photosensitizing
semiconductor

Ever since the emergence of photo-driven reactions, photochemistry has been serving as a powerful arsenal
to overcome the activation energy barrier of reactions [100, 101] that can only be performed under less
sustainable conditions traditionally. However, alcohols, as a generally saturated compound consists ofmainly
sp3 hybridized atoms, require photons with very short wavelength to afford the cleavage of their inert C–O
bonds theoretically. Meanwhile, more options are being proposed as interdisciplinary collaborations are
constantly being promoted nowadays.With new technology being introduced [102–104], photo-driven alcohol
deoxygenation reactions can now be achieved under milder and ‘greener’ conditions.

In 2019, Liu and co-workers reported the application of photosensitizing semiconductor in the direct
conversion of methanol to ethanol catalyzed by the c-plane of GaN NWs. This process is not required solvent,
ligand, additive, heating, atmosphere, or pressurization, the mechanistic studies suggested the generation
of a methyl carbene intermediate on the polar c-plane of the GaN NWs surface in this novel catalytic process.
The direct conversion of the readily available methanol to the more user-friendly, less toxic, and broadly
applicable ethanol would greatly contribute to solving the problems that the advancement of sustainable fuels
(Scheme 19) [105].

With the research on the mechanism of methyl carbene, in 2020, Liu and co-workers reported that
methylations of simple alkanes and arenes using GaN NWs as a robust catalyst andmethanol as the solvent to
get the reaction high efficiency. Mechanistic studies suggested that the methanol is dehydrated into methyl
carbene (:CH2) intermediate via a bimolecular mechanism. Making the originally complicated C–H methyl-
ation to simpler and cleaner, and provides new ideas for the research of C–H functionalization reaction
(Scheme 20) [106].

Scheme 18: Palladium-catalyzed synthesis of
4-cyclohexylmorpholines from the reductive coupling of
lignin model compounds.

Scheme 19: Direct catalytic methanol-to-ethanol photo-
conversion via methyl carbene.
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Conclusions and outlook

In conclusion, we have summarized an overview for deoxygenation reactions of alcohols and derivatives. It
was shown that alcohol deoxygenations, whichwere known to require relatively harsh conditions historically,
can now be conducted in relatively mild reaction conditions thanks to innovative conditions or powerful
catalysts. In addition, the deoxygenation of lignin has achieved great advancement with both various lignin
model compounds and real-life lignin obtained from nature successfully deoxygenated to give value-added
compounds or readily available biofuels. The deoxygenation reaction for certain small molecules can also be
promoted with nano-semiconductor arrays under light.

The inspiring research and their promising result have left us not only enthusiasm for future sustainability
of mankind, but also sparkled further scientific curiosity for the chemist community. Firstly, what is the real
mechanism behind the Earth deoxygenation process that gave birth to billions of tons of fossil fuel reservoir?
Secondly, are we able to readily re-create the deoxygenation reactions (of, for example, biomass, polyester
waste, etc.) at industrial scale to readily produce sustainable materials and fuels? To address these remaining
challenges,we first need to create a solid-state reaction environmentwith the design of innovative catalyst that
recreate certain conditions in the Earth crust and eliminates the extensive consumption of solvent for tradi-
tional reactions. Once the reaction environment has been created, further optimization is necessary to facilitate
the scale-up process. At this stage, innovative reaction conditions such as electrochemistry or photochemistry
canbe introduced to further accelerate the deoxygenation reaction. Those exciting research proposals could be
of great interest to the chemist community. Many of them have already underway in our lab.
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