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Advances of the past 12 years in decarboxylation
of biomass carboxylic acids to biofuels and high-
value chemicals via photo- or electrocatalysis

Chen-Qiang Deng and Jin Deng & *

The utilization of renewable platform molecules as feedstocks for manufacturing high-value-added fine
chemicals and liquid fuels has become crucial for green and sustainable chemistry and represents a
rewarding challenge for today’'s society. Photochemistry and electrochemistry are effective and powerful
tools for the transformation of biomass molecules through free radical intermediates under mild reaction
conditions. Numerous direct decarboxylative reactions, without the need for prefunctionalization of car-
boxylic acids, by photocatalysis or electrocatalysis have been developed during the last few years, with
more efficient, step-economical, and low energy consumption processes. In this review, we summarize
recent advances in photochemical and electrochemical decarboxylative reactions for the synthesis of
alkane fuels and high-value chemicals by utilizing biomass-derived free carboxylic acids as a sustainable
source. These transformations can be categorized into four main types as follows: (1) decarboxylative
reduction, (2) decarboxylative elimination, (3) decarboxylative coupling, and (4) decarboxylative oxidation.
The scope and limitations of these conversions and mechanisms are discussed in detail. Finally, the chal-
lenges and perspectives for light or electrically driven decarboxylative transformation of renewable car-
boxylic acid feedstocks are proposed.

1. Introduction

In the past few decades, environmental pollution problems
and energy crises caused by the excessive consumption of
fossil resources have aroused widespread concern in the scien-
tific community. Due to the non-renewable nature of fossil
resources, the exploration of green and sustainable routes has
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become an ongoing endeavor for chemists. Lignocellulosic
biomass is a non-edible and renewable starting material with
an estimated amount of about 180 billion tonnes produced
annually," which mainly consists of cellulose (40-60%), hemi-
cellulose (20-40%) and lignin (10-25 wt%), along with other
minor components such as minerals, pectins, and extractives.”
Lignocellulose, as the only renewable and sustainable organic
carbon resource in nature, is an ideal alternative to fossil
resources and can be used to manufacture bio-based chemi-
cals and fuels.>® Numerous studies have been devoted to the
direct conversion of lignocellulosic biomass through chemical
and biological catalysis.”*> However, the recalcitrance and
structure complexity of lignocellulose bring huge challenges
over its efficient utilization. An important transformation
route is first to obtain carbohydrate substances from various
biomass raw materials through enzymes or acids, and then
further conversion into biomass-derived platform compounds
such as levulinic acid,**'* furfural,”® and lactic acids.'®'”
Utilizing furfural as a pivotal platform compound, a broad
range of biomass-based molecules, such as tetrahydrofuroic
acid,'® 5-hydroxyvaleric acid,'® and succinic acid,® have been
manufactured through state-of-the-art technologies.
Additionally, medium-long chain fatty acids and
a,o-dicarboxylic acids can be obtained by aldol condensation
of biomass platform molecules such as furfural and levulinic
acid, followed by the hydrodeoxygenation reaction.*' In
addition to biomass resources, lipid-rich wastes are an impor-
tant renewable resource with low-value by-products produced
in fat and oil processing and the pulp industry.>*** Bio-based
long-chain fatty acids can be generated by saponification reac-
tions from triglycerides, accompanied by the formation of gly-
cerol. Moreover, many catalytic systems have been developed
for the selective conversion of bio-based glycerol to obtain
functionalized carboxylic acids, including glyceric acid,>* lactic
acids,? and alanine.*®?”

As summarized in Fig. 1, biomass and lipids can supply a
wide variety of alkyl carboxylic acids by state-of-the-art techno-
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logies, and their further conversion into useful molecules is
essential. Utilizing bio-based aliphatic carboxylic acids as the
starting material to undergo decarboxylative transformation
has attracted considerable attention from chemists over the
past few decades. Traditional thermal catalytic systems for
C(sp®)-COOH bond scission often require harsh conditions,
typically involving high temperatures that are achieved
through an energy-intensive process, leading to unwanted
cracking and coke deposition.?*° Due to the direct decarboxy-
lative inertness of aliphatic carboxylic acids, a detour approach
is pre-activation, for instance, to form their redox-active
esters.®® However, this approach involves the downsides of
requiring an additional synthetic step, fabrication of excessive
waste, and diminished atom economy. Therefore, the pursuit
of a direct decarboxylative process under milder conditions
has become the key to the transformation of bio-based
carboxylic acids into high-value chemicals and biofuels. In the
past decade, photochemistry and electrochemistry have
attracted extensive attention as efficient and powerful tools for
sustainable chemical production from renewable biomass
feedstocks.>*7® Visible light has been recognized as a cost-
effective and environmentally benign source of energy that
promotes chemoselective molecular substrate activation,
opening up broad horizons for the design and discovery of
novel chemical transformations.*® Photocatalytic decarboxyl-
ation is emerging as an effective approach that can make new
carbon-carbon and carbon-heteroatom bonds in molecular
substrates through radical chemistry processes under mild
reaction conditions. In the past decades, considerable efforts
have been devoted toward visible light-mediated direct de-
carboxylation of biomass-derived aliphatic carboxylic acids
without additional pre-activation to generate carbon-centered
radicals for achieving valuable transformation. Based on these
important published works, we summarized that the general
mechanism of photocatalytic radical decarboxylation can be
roughly divided into the following four modes, as shown in
Scheme 1. In the first mode, carboxylates (the conjugate bases
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Fig. 1 Representative bio-based alkyl carboxylic acids in this review.
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Scheme 1 General mechanism of the photocatalytic decarboxylative reaction. A, electron acceptor. SET, single electron transfer. LMCT, ligand—

metal charge transfer. PCET, proton-coupled electron transfer.

of carboxylic acids) are oxidized by the excited state photo-
catalyst to generate carboxyl radicals through a single electron
transfer (SET) event, which spontaneously extrude carbon
dioxide and concomitantly generate carbon-centered radicals
(Scheme 1a). Due to the high oxidation potential of the carbox-
ylate, especially the non-a-heteroatom or benzyl-substituted
aliphatic carboxylic acids, such photocatalysts (e.g., organic
acridinium and noble iridium-based complexes) with strong
oxidation ability are often required.**™** In addition, adding a
base is necessary for the deprotonation of carboxylic acids in
this reaction. Another mode is the ligand exchange between
carboxylic acids and metal salts for the generation of the
ground-state carboxylate species, which is then excited upon
light irradiation and undergoes homolysis through a ligand-
metal charge transfer (LMCT) event to generate a carboxyl
radical and low-valent metal center (Scheme 1b). In this type
of transformation, such metal salt catalysts are typically a first
transition metal center such as iron(m),** copper(u)** or the
like. In the third mode, the hydrogen bonding complexes are
formed between the carboxylic acid and the photocatalyst (e.g.,
acridine), which generate the photoexcited states under visible
light irradiation and undergo homolysis via a proton-coupled
electron transfer (PCET) event to afford a carboxyl radical
(Scheme 1c¢).*>™* The advantage of this system can circumvent
the high oxidation potential of free alkyl carboxylic acids and
the use of bases in the reaction. Compared with the above
three catalytic modes, semiconductor heterogeneous photoca-
talysis is completely different in the reaction mechanism. In
heterogeneous photocatalysts such as TiO,, when photons
with energy higher than the semiconductor’s band gap are
absorbed, an electron is excited to the conduction band, sim-
ultaneously creating a hole in the valence band. The generated

This journal is © The Royal Society of Chemistry 2025

holes at the valence band have a strong oxidation ability that
oxidizes the carboxylates, giving carboxyl radicals, which spon-
taneously extrude CO, and concomitantly generate carbon-cen-
tered radicals (Scheme 1d).*'

Electrochemistry is regarded as an environmentally friendly
and efficient synthesis tool with many unique advantages. The
anode and cathode can continuously offer clean electrons as
green redox agents, which avoids over-reliance or the use of
dangerous or toxic oxidants and reducing agents, minimizing
the production of reagent waste.*® In addition, electrochemical
reactions are simple to operate, generally carried out at room
temperature and under atmospheric pressure, and can selec-
tively oxidize functional groups.*® Hence, the utilization of
electrochemical strategies for the conversion of biomass-
derived carboxylic acids to valuable chemicals holds great
promise. In 1848, Kolbe discovered electrolysis of carboxylic
acids in aqueous solution to afford symmetrical alkanes.’®
This classic electrochemical process involved the dimerization
of free radical intermediates for the construction of C-C
bonds. However, in some cases, the free radicals formed on
the anode surface could be further oxidized into carbocations
to generate by-products such as alkenes, inhibiting the Kolbe
electrolysis reaction. The general mechanism for the anodic
oxidative decarboxylation of alkyl carboxylic acids can be cate-
gorized into two types: (a) in the presence of a platinum elec-
trode and high current density, the carboxylate lost one elec-
tron at the anode to generate free radical intermediates that
dimerize to make C-C bonds, known as the Kolbe coupling
reaction, and (b) the carboxylate lost two electrons at the anode
to form carbocation intermediates which were subsequently
captured using nucleophiles to provide the functionalized
product, known as the Hofer-Moest reaction (Scheme 2).

Green Chem., 2025, 27,275-292 | 277
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Scheme 2 General mechanism of electrochemical decarboxylation.

Despite numerous reviews on decarboxylative transform-
ations found in the published studies,”>* this review mainly
focuses on bio-based free alkyl carboxylic acids as feedstocks
for sustainable conversion into high-value fine chemicals and
liquid fuels through photocatalytic and electrocatalytic direct
decarboxylation. With our continued interest in the green and
efficient conversion of biomass alkyl carboxylic acids, our
intention is to classify different reaction types and summarize
the recent progress in various electrochemical and photoche-
mical decarboxylative reactions based on utilizing bio-derived
carboxylic acids as a sustainable source.

2. Photochemical decarboxylative
reduction
2.1 Synthesis of biofuels

Decarboxylative reduction driven by light is an attractive strat-
egy for the synthesis of liquid hydrocarbon fuels from renew-
able fatty acids because it can avoid the harsh reaction con-
ditions of thermal catalysis such as high temperature and
pressure. In 2015, the Nicewicz group developed a Fukuzumi-
derived acridinium photoredox catalyst in combination with a
phenyldisulfide to achieve the decarboxylative reduction of ali-
phatic carboxylic acids.* Trifluoroethanol (TFE) as the solvent
was found to be essential for the decarboxylation. Under the
optimized reaction conditions, long-chain tridecanoic acid was
decarboxylated to afford dodecane using a TFE/EtOAc mixed
solvent, with a moderate yield of 49%. Based on mechanistic
experiments, the authors proposed a catalytic cycle for the
photoredox decarboxylation (Scheme 3A). First, alkyl carboxylic
acids were deprotonated by bases to form carboxylates. They
then underwent single electron oxidation by the photoexcited
Mes-Acr-Ph* to generate carboxyl radicals with subsequent
extrusion of CO, furnishing the alkyl radical G. Hydrogen
atom abstraction from thiophenol D via the alkyl radical
afforded the corresponding products. Finally, the thiyl radical
E reoxidized the species C to regenerate the photocatalyst and
thiophenol, completing the catalytic cycle. In 2022, the Li
group adopted a similar catalytic system to further expand the
scope of fatty acids (Scheme 3B).** In the presence of a modi-
fied acridinium Mes-1,3,6,8-tetramethoxy-Acr-3",5"-dimethoxy-
Ph (PC) as the photocatalyst and p-tolyl disulfide as the hydro-
gen transfer catalyst, a series of fatty acids could be smoothly
converted to C,,_; alkanes in high yields. This protocol utilized
the inexpensive and green ethyl acetate/H,O as the solvent.
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Scheme 3 Photoredox catalyzed decarboxylative reduction.*4*

The addition of n-Bu,NOAc was essential for this decarboxyla-
tive reduction to occur.

In 2022, the Pospech group utilized pyrimidopteridine
(PrPPT) as the photoredox catalyst to accomplish decarboxyla-
tive reduction of aliphatic carboxylic acids under visible light
irradiation.” This reaction did not require external thiols as
the hydrogen transfer catalyst. Regrettably, this protocol was
relatively inefficient for the decarboxylative reduction of long-
chain fatty acids, affording only 15-20% yields of alkane pro-
ducts. Mechanistic studies revealed that pyrimidopteridine
plays the dual roles of a photoredox catalyst and a hydrogen
atom transfer catalyst in this reaction. A catalytic cycle was pro-
posed, as shown in Scheme 4. The deprotonation of carboxylic
acids with K3;PO, formed aliphatic carboxylates, which then
were oxidatively decarboxylated by photoexcited PrPPT* to
generate the alkyl radical and radical anionic catalyst PrPPT .
Next, PrPPT"~ was protonated by another molecule of car-
boxylic acid to give the PrPPTH" species. Finally, the hydrogen
atom transfer (HAT) process from PrPPTH’ to the alkyl radical
afforded alkane products and regenerated the photocatalyst.
Later, a base-free procedure was reported by Cavalcanti et al. to
achieve the decarboxylative reduction of long-chain fatty acids
with 9-(2-chlorophenyl)acridine as the photocatalyst and thio-
phenol as the co-catalyst.’” Using dichloromethane as the
solvent, a range of C,_; alkanes could be obtained in high
yields with excellent selectivity under 400 nm light irradiation.

This journal is © The Royal Society of Chemistry 2025
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Scheme 4 Proposed mechanism of photocatalytic decarboxylative
reduction.>® PT: proton transfer. HAT: hydrogen atom transfer.

It is worth mentioning that licuri oil could be also transformed
into a mixture of Co—-C;, hydrocarbons via a two-step procedure
involving hydrolysis and decarboxylation.

In 2022, the West group developed a cooperative iron/thiol
catalyst system to achieve the decarboxylative reduction of free
alkyl carboxylic acids upon irradiation with visible light.*’
Under the optimized conditions, tridecanoic acid and oleic
acid could be efficiently decarboxylated with a yield of 99%.
Moreover, various complex molecules bearing carboxylic acid
moieties were also tolerated. This protocol features good func-
tional group tolerance and mild reaction conditions.
Moreover, this decarboxylative reaction would also proceed in
the absence of di(2-picolyl)amine as the ligand, but a slightly
reduced yield was observed. According to mechanistic experi-
ments and previous reports, the authors proposed a dual cata-
lytic cycle (Scheme 5). The reaction of alkyl carboxylic acids
with iron(m) salts formed iron(m) carboxylates A. They gener-
ated photoexcited iron(m) carboxylate B upon irradiation with
visible light, which was then homolyzed to afford Fe(u) species

Fe(NO3)3:9H,0 (5 mol%)
di(2-picolyl)amine (5 mol%)

TRIP disulfide (5 mol%), Na;CO3 (10 mol%)

DCE/H,0, 390 nm LED 99% yield
Proposed mechanism:
-CO;
R— coo R '
R—COOH
el ArS* ~=_ (
LMCT X HAT
R Fell ArSH
O TRIP disulfide

Scheme 5 Proposed mechanism for photoinduced iron/thiol dual-
catalyzed decarboxylative reduction.*® TRIP: bis(2,4,6-triisopropyl-
phenyl). Ar: 2,4,6-triisopropylphenyl.
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C and carboxyl radicals D via a ligand-metal charge transfer
(LMCT) process. Next, the carboxyl radical quickly extruded
carbon dioxide to generate alkyl radical E. Hydrogen atom
abstraction from thiol G via the alkyl radical afforded the
corresponding products. Finally, the thiyl radical F reoxidized
Fe(u) species and combined with another molecule of the acid
to close the cycle.

In recent years, some heterogeneous semiconductor TiO,-
based photocatalysts have been studied for the decarboxylative
reduction of bio-derived carboxylic acids.’®®' In 2019, Wang
and co-workers found that the Pt/TiO, catalyst was highly
active and selective for the decarboxylative reduction of bio-
derived C;,-Cyg fatty acids.’® A series of various long-chain
C,—, alkanes could be obtained with >90% yields in the pres-
ence of 0.1-0.2 MPa H, with acetonitrile as the solvent under
365 nm LED irradiation. The authors adopted a tandem hydro-
genation-decarboxylation procedure to convert industrial low-
value fatty acid mixtures (such as soybean and tall oil) into
C,—, alkanes in high yields under mild conditions. Detailed
mechanistic experimental studies revealed that the interaction
between the Pt/TiO, photocatalyst and H, generated a hydro-
gen-rich surface that enhanced the rapid termination of
alkyl radicals with the surface hydrogen species, inhibiting
the formation of oligomers to improve alkane selectivity
(Scheme 6).

In 2023, Garcia, Hu, and co-workers reported that Au(core)-
Pd(shell)/TiO, as the heterogeneous photocatalyst was found
to be effective for the decarboxylative reduction of hexanoic
acid.®® This conversion showed nearly 100% selectivity toward
pentane in the presence of 0.5 bar H,, with dodecane as the
solvent under 300 W Xe lamp irradiation. This catalyst system
also exhibited a wide scope converting multiple long-chain
fatty acids into hydrocarbons under mild conditions. After per-
forming the reusability test five times, no obvious catalytic
activity loss was observed. In addition, it could directly catalyze
the transformation of raw bio-oils into C,_; alkanes. The
synergistic effect between Au and Pd within the nano-
structured Au(core)-Pd(shell) alloy enhanced charge-separ-
ation efficiency upon visible light excitation. Based on
mechanistic studies and DFT calculations, the authors pro-
posed a reaction mechanism for decarboxylative reduction
(Scheme 7). The P25 TiO, photocatalyst was first excited to
generate photogenerated electrons and holes upon irradiation
with light. Then, the carboxylate from the dissociation of the
carboxylic acid was strongly adsorbed on the TiO, surface.

PY/TiO, Hydrogen-rich surface
R-CH,COOH ——— > R~ CHz
Fatty acid  -CO2 -H*  Alkyl radical

—> R-CH;
C,.1 alkane

Oligomers

I:I H-spillover and diffusion D H, dissociation El Proton reduction

Scheme 6 Plausible reaction pathways for the photocatalytic decar-
boxylative reduction of fatty acids over Pt/TiO,.>®
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Scheme 7 The proposed mechanism for the photocatalytic decarboxy-
lative reduction of fatty acids over a 1.5Au-0.8Pd/TiO catalyst.®°

Photogenerated holes would be quenched by the carboxyl
groups to generate carboxyl radicals, which underwent rapid
decarboxylation on the TiO, surface to generate alkyl radical
species. At the same time, the protons would migrate to Au-Pd
nanoparticles, combining with photogenerated electrons to
form hydrogen radical species. Finally, the alkyl radical
bonded with the hydrogen radical to afford C,_, alkanes.

2.2 Synthesis of aliphatic amines

Aliphatic amines are versatile building blocks in a wide variety
of pharmaceuticals, agrochemicals, and materials.®® Back in
2007, Hatanaka and co-workers achieved the decarboxylative
reduction of N-Boc amino acids with photogenerated cationic
radicals of phenanthrene in the presence of thiols to afford
N-Boc aliphatic amines.®® However, this transformation
requires stoichiometric reagents and uses high-energy UV
lamps. In 2014, the Wallentin group reported a photoredox
catalytic system for the decarboxylative reduction of biomass-
derived o-amino and o-hydroxy acids under visible light
irradiation (Scheme 8).°> Using 1 mol% Mes-Acr-Me as the
photocatalyst in combination with 10 mol% bis(4-chlorophe-
nyl) disulfide as the co-catalyst, a wide range of aliphatic
amine scaffolds could be synthesized in 1,2-dichloroethane in
the presence of 20 mol% 2,6-lutidine as a base. This protocol
exhibited a mild and energy-efficient system without stoichio-
metric additives and at low temperatures. Interestingly, regio-
selective decarboxylation could be achieved using differently
substituted dicarboxylic acid as the substrate. In addition, the
application of this approach to the decarboxylative reduction

o Mes-Acr-Me (1 mol%)
Bis(4-chlorophenyl)disulfide (10 mol%) H
R
OH
NHPG

2,6-lutidine (20 mol%), DCE (0.025M)  R” "NHPG

Blue LEDs, r.t., 14 h
Selected examples

o Me
o OJJ\/\rNHBoc e Ss N NHBoe Me)\rNHFmoc
H H H
84% 90% 99%
NHBz NHCbz
H H BnO
91% 98% 70%

Scheme 8 Photocatalytic decarboxylative reduction of a-amino
acids.®?

280 | Green Chem., 2025, 27, 275-292

View Article Online

Green Chemistry

of enantioenriched N-(1-aryl-2,2,2-trifluoroethyl) a-amino acids
could give access to high value-added chiral aliphatic amines.

2.3 Synthesis of deuterated compounds

Deuterium-labeled compounds have important applications in
pharmaceuticals, synthetic chemistry, and quantitative mass
spectrometry.®**® In 2010, Yoshimi, Itou, and co-workers
reported a metal-free method for decarboxylative deuteration
under UV lamp irradiation.®” In the presence of stoichiometric
phenanthrene, 1,4-dicyanobenzene, and tert-dodecanethiol,
N-Boc a-amino acids, N-protected peptides, and sugar acids
were successfully decarboxylated in MeCN/D,O mixed solvents
to provide deuterated compounds in good yields with >95%
D-incorporation. In 2021, Zhu, Li, Xie, and co-workers reported
the catalytic decarboxylative deuteration of alkyl carboxylic
acids by using Mes-Acr-MeClO, as the photocatalyst in combi-
nation with 2,4,6-triisopropylbenzenethiol as the co-catalyst in
the presence of D,O and a stoichiometric amount of 2,4,6-col-
lidine.®® various a-amino and a-oxy carboxylic acids worked
well to afford the deuterated products in good yields with high
D-incorporation levels under blue LED irradiation. Moreover,
the authors used a circulating reactor to achieve the gram-level
synthesis of more than 10 deuterated molecules. Later, the Li
group adopted a similar system to accomplish the decarboxyla-
tive deuteration of long-chain fatty acids for the synthesis of
deuterated alkanes.*® In 2024, Fu, Deng, and co-workers devel-
oped a light-induced synergistic catalytic strategy to achieve
direct decarboxylative deuteration of aliphatic carboxylic acids
using acridine as the photocatalyst and 4-methylthiophenol as
the co-catalyst in the presence of D,O and dichloromethane.*®
This transformation was carried out under mild conditions
and required no base as additives. Biomass carboxylic acids
such as levulinic acid and long-chain fatty acids worked well to
afford the corresponding D-labeled products. This protocol
exhibits excellent functional group tolerance. A broad range of
drug molecules and natural products bearing carboxylic acid
moieties were also tolerated, with a high level of
D-incorporation. More importantly, a 50 mmol scale-up syn-
thesis was achieved by using a microchannel continuous flow
photoreactor that significantly improved the reaction
efficiency.

In summary, the advancement of decarboxylative reduction
under visible light irradiation has provided a promising space
for the efficient conversion of biomass-derived carboxylic acid
into biofuels and valuable chemicals, paving the way for sus-
tainable chemical production. Although these photocatalytic
systems could effectively catalyze decarboxylative reduction of
carboxylic acid, there are still some problems. The production
of alkane biofuels needs to consider the cost and separation
energy consumption. More research should focus on the
design and synthesis of photocatalysts with high catalytic de-
carboxylation performance and the use of green solvents such
as H,0. Given the lower tube reaction efficiency, developing
continuous flow photoreactors might be a promising strategy
to reduce photocatalyst usage and improve photon utilization
efficiency.

This journal is © The Royal Society of Chemistry 2025
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3. Photochemical decarboxylative
elimination

3.1 Synthesis of olefins

Olefins are one of the most versatile building blocks and are
widely applied for the synthesis of polymers, surfactants, and
lubricants.®® In 2018, the Ritter group developed a synergistic
catalysis strategy to accomplish the decarboxylative elimin-
ation of abundant and renewable bio-derived fatty acids to
a-olefins, using 1 mol% Ir[dF(CF;)ppy],(dtbbpy)PFs as the
photocatalyst combined with 5 mol% Co(dmgH),(4-OMe-py)Cl
as the proton reduction catalyst.”> This transformation was
carried out under mild conditions and did not require stoi-
chiometric additives. This approach could be used for structu-
rally more complex carboxylic acids as well, affording versatile
olefin intermediates. A broad scope of functional groups
including triazoles, phenols, carbonyl groups, pyridines,
hydroxyl groups, and alkynyl substituents were well tolerated.
It was noteworthy that the CO, build-up in the catalytic system
has a detrimental effect on the reaction yield. A dual catalytic
cycle of decarboxylative elimination was proposed, as shown in
Scheme 9. Upon irradiation with visible light, photocatalyst
[1Ir'™] A was easily accessible to generate the photoexcited [*Ir™]
species B (E;e/‘; (V™) = —0.89 V versus SCE in MeCN).
Subsequently, it would reduce the [Co™] catalyst D (E}5] (Co™/
Co™ = —0.68 V versus SCE in MeCN) to [Co"] species E. The
alkyl carboxylate H underwent single electron oxidation by the
[1r"Y] species C (£ (Ir'/Ir'™) = +1.69 V versus SCE in MeCN)
followed by decarboxylation to give alkyl radical species I, com-
pleting the photoredox catalyst cycle. The generated alkyl
radical was then captured by the reduced [Co"] species E to
furnish alkyl{Co™] species F, which underwent photolysis to
afford the corresponding olefins and [Co™]-H species G. It
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should be noted that the formation of olefins through light-
induced homolysis of the [Co™]-C bond followed by
B-hydrogen atom abstraction from the resulting [Co"] species
is also a plausible process. Finally, the [Co™]-H species reacted
with alkyl carboxylic acid to liberate a molecule of hydrogen
and regenerate the [Co™] catalyst.

Then in 2019, the Larionov group adopted acridine as the
organophotocatalyst in combination with a cobaloxime catalyst
to achieve a similar transformation.*> The reaction was carried
out in a DCM/MeCN mixed solvent under 400 nm LED
irradiation for 36 hours. The advantage of this protocol was
that it did not require external additives and precious metal
photocatalysts. A wide variety of bio-derived carboxylic acids,
pharmaceuticals, and natural products worked well to afford
the corresponding functionalized terminal alkenes. This
approach exhibited a cost-efficient, operationally simple, and
mild system. In addition, plant oils and biomass could be
directly converted into long-chain terminal alkenes via a triple
collaboration of the chemoenzymatic lipase-acridine-cobalox-
ime processes. Based on detailed mechanistic experiments
and DFT calculations, the authors proposed a dual acridine/
cobaloxime catalytic cycle, as depicted in Scheme 10. The acri-
dine-carboxylic acid hydrogen bonding complex B was formed
between acridine A and alkyl carboxylic acids, followed by
irradiation with visible light to form alkyl radicals and acridi-
nyl radical C through a proton-coupled electron transfer
(PCET) process. Cobaloxime catalyst F was reduced to the Co™
species G by the acridinyl radical C or photoexcited E* from
disproportionation of the acridinyl radical, accompanied by
the generation of acridinium D. The reaction of the alkyl
radical with G formed alkyl-Co™ species I, and the following
photoinduced homolysis afforded alkene products and Co™H
species H. Finally, the Co™H species would react with acridi-
nium D to regenerate acridine catalyst A and cobaloxime cata-

COOH Ir[dF(CF3)ppyl2(dtbbpy)PFg (1 mol%) =
| Co(dmgH),(4-OMe-py)CI (5 mol%) |
~ Me Cs,CO; (20 mol%), DME:H,0 (0.1 M, 18:1) = Me
Blue LEDs, 35°C, 60 h
Linoleic acid 76% yield
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Scheme 9 Photoredox/cobalt catalyzed decarboxylative elimination of bio-derived fatty acids.*?
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Scheme 10 Photoinduced acridine/cobalt catalyzed decarboxylative elimination of bio-derived fatty acids.*> HER: hydrogen evolution reaction.

lyst F, along with the liberation of hydrogen gas, completing
dual catalytic cycles. In addition, the reaction of E with F could
also regenerate the acridine catalyst under visible light
irradiation. It is worth noting that compared with the previous
use of acridinium as the photocatalyst to oxidize aliphatic car-
boxylates for the formation of carboxyl radicals through single-
electron transfer (SET) events, the high oxidation potential of
carboxylic acids can be avoided by using the hydrogen
bonding complex from acridine and the acid under light
irradiation via proton-coupled electron transfer (PCET) in this
system.

3.2 Synthesis of enamides and enecarbamates

Enamides and enecarbamates are versatile building blocks in
organic synthesis that give access to complex nitrogen-contain-
ing compounds.”® In 2018, the Tunge group reported a dual-
catalytic strategy for the decarboxylative elimination of
a-amino acids (Scheme 11A).”" In the presence of 5 mol% Mes-
2,7-Me,-Acr-PhBF, as the organophotocatalyst and 3 mol% Co
(dmgH),ClPy, a variety of N-acyl amino acids bearing alkyl or
aryl substituents were successfully decarboxylated to afford the
corresponding enamides and enecarbamates in MeOH/H,0O
under blue LED irradiation. This transformation avoided the
use of stoichiometric oxidants, toxic and expensive reagents,
and harsh reaction conditions. This protocol exhibited broad
functional group compatibility. In this process, sodium triace-
toxyborohydride (STAB) and Na,CO; served as the reductant
and additive for the initial reduction of [Co™] to [Co'] species.
Adding a small amount of water to the system could increase
the product yield. It was noteworthy that the E/Z selectivity of
these products was uncontrolled under these conditions. The
proposed catalytic cycle is presented in Scheme 11A. The
[Co™] catalyst was first reduced to [Co'] species A in the pres-
ence of STAB and Na,COs. The protonation of the [Co'] species
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Scheme 11 Photoredox/cobalt catalyzed decarboxylative elimination
of N-acyl a-amino acids.”*”?

by a-amino acids formed [Co™]-H species B and o-amino car-
boxylate E. The carbon-centered radical I was then generated
by oxidative decarboxylation of a-amino carboxylate by photo-
excited acridinium G. The reduced photocatalyst H would
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reduce the [Co™]-H to [Co"]-H species C through single elec-
tron transfer events, accompanied by the regeneration of
photoredox catalyst F. p-Hydrogen abstraction from the
a-amino radical I by the [Co"]-H species C provided the corres-
ponding products and generated [Co™]-H, species D, followed
by hydrogen evolution to complete the cobalt catalytic cycle.
Subsequently, the same group utilized 2.5 mol% Mes-2,7-Me,-
Acr-PhBF, combined with stoichiometric copper acetate to
achieve the same transformation in MeCN under blue LED
irradiation for 14 hours (Scheme 11B).”> Copper acetate plays
two roles in the reaction. One is to oxidize alkyl radicals to
alkenes, and the other is to mediate the oxidation of acridi-
nium to achieve a photoredox catalytic cycle.

In 2023, a similar transformation was achieved by Zeng and
co-workers by using 10 mol% iron(u) acetate combined with
10 mol% Cu(acac), under visible light irradiation
(Scheme 12).”* The key to successful transformation is that the
photoexcited iron carboxylates formed from a-amino acids
generate carbon-centered radicals through ligand-metal
charge transfer (LMCT) events, wherein, the Cu" species
would capture the carbon-centered radicals to generate alkyl-
Cu™ species, which then undergo p-hydride elimination to the
corresponding products. In this system, stoichiometric di-tert-
butyl peroxide (DTBP) was used to oxidize low-valent metal
species into high-valent metal species for accomplishing a
dual catalytic cycle. Deprotonation of a-amino acids by 1,8-dia-
zabicyclo [5.4.0Jundec-7-ene (DBU) formed the a-amino car-
boxylates that facilitated coordination with iron salts.

In summary, advancements in photocatalytic decarboxyla-
tive elimination have provided a sustainable and green
approach for the efficient transformation of biomass-derived
carboxylic acids to functionalized olefins, as important syn-
thesis intermediates in organic chemistry. Nevertheless, there
remains ample space for improvement in producing high-

'“\N Fe(OAc), (10 mol%), Cu(acac), (10 mol%) -
s &,N\
DTBP (2 equive), DBU (50 mol%), EtOAC R
07 OH 390 nm LEDS, Ny, rt,, 24 h
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91%, E/Z >56:44 78%, E/IZ 70:30

H
0 H
70%, E/Z 89:11 89%

Proposed mechanism:
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)
catalytic LMCT hv ult | catalytic
cycle R cycle

I e

Scheme 12 Photoinduced iron/copper catalyzed decarboxylative elim-
ination of N-acyl a-amino acids.”®
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value functionalized olefins. Regardless of whether precious or
organic photocatalysts are used, long reaction times are
required, resulting in low production efficiency. Microchannel
continuous flow reactors can enhance the photon absorption
efficiency of the reaction solution via process intensification,
thereby improving reaction efficiency. Furthermore, the cis—
trans isomerism control over the formed olefins from the
a-amino acid substrate remains under these
conditions.

elusive

4. Photochemical decarboxylative
coupling

Light-mediated decarboxylative cross-coupling reactions can
create the formation of new C-C and C-X bonds to synthesize
complex functional molecules. In 2014, the MacMillan group
first reported photoredox-catalyzed decarboxylative arylation,
with Ir[p-F(¢-Bu)-ppy]s as the photocatalyst (Scheme 13A).7* A
wide variety of benzylic amines were synthesized from renew-
able a-amino acids with arenes under visible light irradiation.
This protocol features mild conditions and broad functional
group tolerance. A photoredox catalytic cycle for direct decar-
boxylative arylation was proposed (Scheme 15A). Under the
irradiation of light, the [Ir'"™] photocatalyst A formed the
excited state [*Ir'""] B. The reduction of 1,4-dicyanobenzene D

(EY = —1.61 V versus SCE) by [*Ir"] (7] [r"/*1r"™] = ~1.73 V

A CN NHBoc
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Scheme 13 Photocatalytic decarboxylative arylation and alkylation.”*”>
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versus SCE) would generate aryl radical anion E. Subsequent
oxidation of a-amino acids by [Ir""] species C (E{55 [Ir"*/Ir'] =
+0.77 V versus SCE) furnished a-amino radical G (upon CO,
extrusion) and regenerated the [Ir'"""] photocatalyst, completing
the photoredox catalytic cycle. Finally, the aryl radical anion E
coupled with the a-amino radical G and subsequent loss of
cyanide would afford benzylic amines. Soon after that, the
same group adopted a similar catalytic system to achieve
radical Michael additions with a-amino acid as a free radical
precursor in the presence of Ir[dF(CF;)ppy].(dtbbpy)PFs as the
photocatalyst (Scheme 13B).”> A diverse array of Michael accep-
tors is amenable to this conjugate addition strategy. This
approach exhibited broad substrate scopes and mild
conditions.

In 2018, Aggarwal and co-workers adopted a similar cata-
lytic system to accomplish the decarboxylative radical addition
of o-amino acids to vinyl boronic esters.’”® With Ir
(ppy)2(dtbbpy)PFs or Ir[dF(CF;)ppyl.(dtbbpy)PFs as the photo-
catalyst, a variety of carboxylic acids and substituted alkenyl
boronic esters could be converted to afford y-amino boronic
esters with good efficiency in the presence of Cs,CO;
(Scheme 14A). This transformation proceeded under mild
photoredox catalysis and exhibited a broad scope of substrates.
The same group utilized 4CzIPN as the organic photocatalyst
to further realize the decarboxylative radical addition-polar
cyclization cascade reaction between carboxylic acids and elec-
tron-deficient chloroalkyl alkenes (Scheme 14B).”” A series of
highly functionalized cyclopropanes could be synthesized. The
mild reaction conditions were found to tolerate a wide range
of functional groups on both carboxylic acids and chloroalkyl

A o R3
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BOCHNSeLOH + R{;\ #» BOCHN%\erin
R R2 Bpin Cs,CO3;, DMF or DMA RTR2R4
Blue LEDs
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Scheme 14 Synthesis of y-amino boronic esters and functionalized
cyclopropanes from a-amino acids via photocatalysis.75'77
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alkenes, demonstrating excellent functional group compatibil-
ity. Based on mechanistic studies, the authors proposed a cata-
Iytic cycle (Scheme 14B). Upon irradiation with visible light,
the photocatalyst 4CzIPN led to the generation of the excited
state PC*. Subsequent single electron oxidation of the carboxy-
late from deprotonation of carboxylic acids resulted in the
carbon-centered radical A (upon CO, extrusion) and the
reduced radical anion PC"(E;e/“‘2 = —1.21 V versus SCE in
MeCN). The carbon-centered radical underwent addition to
chloroalkyl alkenes B to furnish the stabilized alkyl radical C.
A single electron transfer between radical C (E;e/‘; ~ —0.6 V
versus SCE in MeCN) and radical anion PC™™ would regenerate
the photocatalyst, completing the photoredox catalytic cycle,
and form the stabilized carbanion D, which then underwent a
polar 3-exo-tet cyclization to afford the cyclopropane products.
In 2020, Aggarwal and co-workers demonstrated a three-
component conjunctive cross-coupling of vinyl boronic esters
with a-amino acids and aryl iodides (Scheme 15).”® Using
4CzIPN as the photocatalyst in combination with a nickel cata-
lyst, a range of substrates including amino acids and aryl
iodides provided efficient access to highly functionalized alkyl
boronic esters under visible light irradiation. This protocol fea-
tures mild conditions and broad functional group tolerance.
However, when other Michael acceptors were used, this proto-
col failed to deliver the product. The key to the success of vinyl
boronic esters is a slower reduction rate of a-boryl radical by
the reduced photocatalyst, which allows it to be rapidly
trapped by the nickel(u) species. The proposed mechanism is
depicted in Scheme 17. The carboxylate from the deprotona-
tion of carboxylic acid with a base was oxidized by the excited
photocatalyst (PC*) to generate a-amino radical A (upon CO,

4CzIPN (2 mol%)

NiCl,-glyme (5 mol%) BOCHN
2

dtbbpy (6 mol%) R' R2B,
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Scheme 15 Photoredox/nickel catalyzed decarboxylative conjunctive
cross-coupling of vinyl boronic esters.”®
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extrusion). It would add to vinyl boronic ester B to generate
the stabilized a-boryl radical C. At that stage, the oxidative
addition of aryl halide to the Ni° species F formed aryl nickel
(1) complex G. The reaction of the aryl nickel(un) complex with
the a-boryl radical C generated nickel(m) species H, followed
by reductive elimination to provide the product. The reduced
photocatalyst (PC™™) and nickel(1) complex E underwent a SET
to complete the two catalytic cycles.

In 2022, the Yoon group developed a metallaphotoredox
strategy for the cross-selective ketonization of two structurally
dissimilar carboxylic acids (Scheme 16).”° In the presence of
Boc,0, a broad range of structurally unsymmetric ketones were
prepared in moderate yields using 4CzIPN as the photocatalyst
in combination with a nickel catalyst. This protocol exhibited a
broad substrate scope under mild conditions. In this process,
unactivated carboxylic acids underwent in situ acylation with
di-tert-butyl decarbonate to enable a two-electron oxidative
addition with a nickel catalyst, while another molecule of the
carboxylic acid stabilized by an a-heteroatom or aryl function-
ality was oxidatively decarboxylated to give the stabilized
carbon-centered radical. Subsequently, the formation of C-C
bonds was mediated by the nickel catalyst to provide the
products.

In 2018, the MacMillan group reported a photoredox/nickel
catalyzed decarboxylative hydroalkylation of alkyl alkynes with
carboxylic acids (Scheme 17).*° A broad range of cyclic and
a-amino/oxy acids underwent efficient coupling with 1-heptyne
to afford functionalized olefins with Markovnikov regio-
selectivity. Alkynes containing various functional groups, such
as hydroxyl, cyano, and ester groups, were tolerated. This pro-
tocol exhibited mild conditions and broad substrate scope.
The authors proposed a possible dual catalytic cycle
(Scheme 17). Initially, photocatalyst [Ir'™"] A would generate the
excited state [*Ir'""] B (E}% [*Ir"/Ir"] = +1.21 V versus SCE in
MeCN) upon irradiation with visible light. The photoexcited
[*Ir'™"] species oxidized the carboxylate from deprotonation of
carboxylic acid to give alkyl radical D. A SET event from [Ir"]
species C to nickel(un) species E formed nickel(1) species F,
which captured alkyl radicals to generate alkyl-Ni(u) species G.
It would undergo migratory insertion coupling with alkyl
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Scheme 16 Photoredox/nickel dual-catalyzed selective cross-ketoni-
zation of carboxylic acids.”®
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Scheme 17 Photoredox/nickel catalyzed decarboxylative hydroalkyla-
tion of alkynes.8°

alkyne to furnish vinyl-nickel complex H. Finally, the protode-
metalation by either a protonated base or carboxylic acid gave
the final product.

In 2020, the Rueping group adopted a similar catalytic
system to achieve anti-Markovnikov-type hydroalkylation of
terminal arylalkynes with a-amino acids (Scheme 18A).%'
variety of Z-isomer-rich disubstituted alkenes could be syn-
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Scheme 18 Photoredox/nickel catalyzed decarboxylative hydroalkyla-
tion/arylalkylation of alkynes.®*
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thesized with moderate efficiency and excellent regioselectivity.
In addition, by adjusting the reaction conditions, the authors
also achieved a one-pot arylalkylation of alkynes with a-amino
acids and aryl bromides through a three-component cross-
coupling for the synthesis of highly valuable trisubstituted
alkenes in moderate to good yields with moderate to excellent
stereoselectivity (Scheme 18B). Both protocols exhibited a
broad substrate scope and excellent functional group toler-
ance. These reactions took place under mild conditions.
Mechanistic studies revealed that the conversion occurred
involving a single electron transfer (SET) with subsequent
energy-transfer (EnT) activation pathways.

In 2020, the Pericas group developed a photoredox/copper
dual catalysis to accomplish a similar transformation
(Scheme 19).%* The high-throughput experimentation (HTE)
screening of reaction conditions revealed that tuning the com-
bination of the ligand and base could lead to a switch in the
stereochemical outcome. This protocol can be applied to the
stereoselective coupling of primary, secondary, and tertiary
alkyl carboxylic acids with (hetero)aromatic terminal alkynes,
demonstrating broad functional group tolerance. The mechan-
istic experiment revealed that the E/Z selectivity of the reaction
arises from an energy transfer process mediated by the 4CzIPN
photocatalyst. A possible dual catalytic cycle was proposed, as
shown in Scheme 19. Upon visible light irradiation, the photo-
catalyst 4CzIPN generated the photoexcited PC* species, which
oxidized a-amino carboxylates from the deprotonation of car-
boxylic acids D to form carbon-centered radical species F. At
the same time, a single electron transfer between the Cu(u)
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Scheme 19 Photoredox/copper catalyzed decarboxylative hydroalkyla-
tion of alkynes.®?
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complex and PC™™ yielded the Cu(1) complex. In the presence
of CsOAc and alkynes, complex A was formed to generate the
photoexcited A* under light irradiation, which in turn acceler-
ated the attack of free radical F to form vinyl radical B. It
would be reduced by PC™™ to afford vinyl anion C and regener-
ate the photocatalyst. In the presence of AcOH, the anion
species protonation and proto-demetalation of Cu-C bonds
provided an E-isomer-rich product, which was isomerized via
energy transfer (ET (4CzIPN) = 60 kcal mol™") to produce a
Z-isomer product.

In 2022, the Yoon group developed a photoinduced copper-
mediated decarboxylative coupling of activated carboxylic
acids with diverse nucleophiles for constructing C-C, C-O,
and C-N bonds.** The reaction is suitable for a wide variety of
coupling partners, including sulfonamides, alcohols, amides,
and indoles, demonstrating broad functional group tolerance.
This protocol unlocked the intrinsic photochemical reactivity
of a first-row transition-metal coordination complex formed
in situ, without an exogenous noble-metal photoredox catalyst.
However, since Cu(u) is also the terminal oxidant in these reac-
tions, it must be used stoichiometrically. Mechanistic studies
revealed that visible light excitation to the ligand-to-metal
charge transfer (LMCT) state resulted in a radical decarboxyl-
ation process that initiated oxidative cross-coupling. One year
later, the same group achieved a similar transformation
mediated by abundant, inexpensive, non-toxic iron salts under
visible light irradiation.®? In this transformation, Fe(m) serves
as both the chromophore in this reaction as well as the term-
inal oxidant. This approach involves photochemical de-
carboxylation through LMCT events, followed by a radical-
polar crossover process. This protocol showed mild conditions
and broad functional group tolerance. Interestingly, modestly
electron-rich arene nucleophiles, which gave unsatisfactory
yields using the Cu(u) conditions, were excellent reaction part-
ners using FeCl;. Meanwhile, aliphatic tertiary carboxylic acids
undergo only oxidative elimination to olefins under Cu(u) con-
ditions, but they are adequate reaction partners using this pro-
tocol. It is worth noting that direct use of aliphatic amines as
nucleophiles is unsuccessful in this system, possibly due to
the strong binding affinity of the amines to the Lewis acidic Fe
(m) center. To accomplish this transformation, another tele-
scoped strategy by the authors is to initially obtain the chloride
intermediate from the acid in the presence of FeCl; under
visible light irradiation and then add amine into the system to
achieve formal decarboxylative amination. This iron-mediated
decarboxylative functionalization affords a blueprint for the
formation of C-C, C-O, and C-N bonds from biomass car-
boxylic acids under photocatalysis. In the same year, the West
group achieved photoinduced iron-catalyzed decarboxylative
azidation from aliphatic carboxylic acids, with TMSN; as the
azide source under 390 nm LED irradiation.®* A variety of acti-
vated carboxylic acids work well with moderate to good yields.
However, simple aliphatic carboxylic acids are relatively less
reactive in the reaction. This protocol overcomes iron turnover
and requires only catalytic amounts to achieve this transform-
ation. Mechanistic studies demonstrated that the intrinsic oxi-
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dative ability of the nitrate counterion allows the reaction to
occur catalytically without an additional external oxidant.

In summary, photocatalytic decarboxylative cross-coupling
of biomass-derived carboxylic acids with various coupling part-
ners, such as aromatic halides, alkenes and terminal alkynes,
have provided an efficient and sustainable protocol for con-
structing the C-C bond. In these photoredox systems, the
photocatalyst has two functions: (1) oxidation of the carboxy-
late to produce free radicals and (2) reduction of electron-
deficient acceptors or reduction of transition metal complexes
to form low-valent active species. These photoredox/transition
metal catalytic systems open up a broad space for two-com-
ponent and three-component reactions to construct multiple
C-C bonds. However, for the light-induced transition metal-
mediated decarboxylative reaction, superstoichiometric
amounts of metal salts (e.g, Cu(u) and Fe(u)) are often
required.**®* These transition metal-mediated decarboxylative
functionalization offers a blueprint showing how C-N and C-O
bonds might be formed from biomass carboxylic acids under
photocatalysis; however, the transition metal turnover has not
been demonstrated, representing a remaining opportunity for
photocatalysis design.

5. Electrochemical decarboxylative
coupling

In 2012, Schroder et al. adopted electrochemical reduction
combined with oxidative Kolbe electrolysis for the conversion
of biomass-derived levulinic acid into octane biofuel via two
steps (Scheme 20A).%° This reaction featured mild conditions
and high selectivity (up to 97.2%) and used H,O as the
solvent. In this transformation, levulinic acid was reduced to
generate valeric acid intermediates in sulfuric acid aqueous
solution at a current density of 20-40 mA cm™2. The valeric

0 1. PPt J = 20-40 mA-cm2, H,S0,4/H,0
) Hyon e P e

0 2. Pt/Pt J = 15-25 mA-cm, MeOH/KOH
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Q Pt-Pt J = 178 mA-cm? Q
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© M KOH/MeOH, 22 °C, 16 h Me
] undivided cell (0]
0 oy  PEPtJ=178mAcm? 9 e
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Ve O KOH/MeOH, 0°C, 1 h e I

undivided cell

Scheme 20 Electrochemical homocoupling of biomass carboxylic
acids.8>~%7
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acid underwent oxidative decarboxylation on the anode surface
to generate alkyl radicals in methanolic KOH solution at a
current density of 15-20 mA cm™?, which further would
undergo radical-radical homocoupling to obtain the octane
product. Since the reaction takes place in the aqueous phase,
the alkane products can be easily separated from the reaction
system. Owing to the inconsistency of the two-step conditions,
the intermediate valeric acid needs to be separated in this
system. Further research is needed to unify the composition of
the electrolytes for the anode and cathode reactions to elimin-
ate the intermediate isolation steps. In the same year, Yuan
et al. reported the electrochemical reformation of biomass-
derived levulinic acid in a MeOH/H,0 system into 5-acetyl-2,9-
decanedione at a current density of 25-40 mA cm™2 in an undi-
vided cell (Scheme 20B).*® The addition of H,O into the reac-
tion system is crucial for the formation of the product. The
authors proposed that the formation of 5-acetyl-2,9-decane-
dione was via a side reaction of Kolbe electrolysis. In 2017,
Mascal and co-workers adopted Kolbe electrolysis to achieve
homocoupling of biomass-derived acids in a methanolic KOH
solution (Scheme 20C and D).*” Using platinum plate electro-
des in an undivided cell at a current density of 178 mA cm™2,
levulinic acid could be directly converted into 2,7-octanedione
in 65% yield at 90% conversion. Using 2,7-octanedione as a
precursor, acid-catalyzed intramolecular aldol condensation
was performed followed by a hydrodeoxygenation reaction to
obtain branched cycloalkane fuels. Analogous electrolysis of
2-methylsuccinic acid 1-methyl ester from biomass-derived ita-
conic acid could obtain 2,5-dimethyladipic acid diester in 60%
yield with 85% conversion at a current density of 180 mA cm™>
across platinum electrodes in an undivided cell
(Scheme 20D).%”

In 2023, Baran and co-workers developed a waveform-con-
trolled electrolysis that addressed the limitations of the Kolbe
coupling reaction due to its poor chemoselectivity and reliance
on noble metal electrodes (Scheme 21).%% In this transform-
ation, employing a square wave with an optimal frequency of
50 ms for the alternating current was essential. Using
10 mol% Me,N-OH as the additive and acetone as the solvent

e e
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Scheme 21 rAP-Kolbe coupling reaction of biomass carboxylic acids.®®
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at a current of 60 mA, a broad range of biomass-derived ali-
phatic carboxylic acids could be efficiently decarboxylated to
obtain the homodimerization products in good yields. The use
of rapid alternating polarity (rAP) imparts good functional
group tolerance, including esters, carbamates, hydroxyls,
ketones, electron-deficient and electron-rich aromatics, and
terminal and internal olefins. This approach is also amenable
to heterocoupling to synthesize valuable unnatural amino
acids from inexpensive natural amino acids with another ali-
phatic carboxylic acid. Using biomass-derived levulinic acid as
the feedstock, a 300 mmol scale-up reaction occurred smoothly
to provide the 2,7-octanedione product in 43% isolated yield,
without the need to completely isolate air and moisture,
demonstrating excellent industrial application potential. This
protocol allows the use of cheap and sustainable carbon-based
electrodes (amorphous carbon) to replace expensive platinum
electrodes used in traditional Kolbe electrolysis. Mechanistic
studies revealed that the waveform plays an important role in
regulating the local pH around the electrode, and acetone, as
an unconventional solvent, acts as an electron donor and
proton acceptor in the reaction.

In summary, electrocatalytic decarboxylative homo-coupling
or cross-coupling of biomass-derived carboxylic acids has
afforded an efficient and sustainable strategy for manufactur-
ing biofuels and bio-based material monomers. Although
some progress has been made, there is still much to explore.
Currently, these electrodes require the use of precious metal Pt
electrodes. Since the reserves of precious metals are limited,
the development of cheap and sustainable electrodes is a good
alternative. In addition, the carboxylate is prone to over-oxi-
dation on platinum electrodes for the formation of carbocation
intermediates (Hofer-Moest reactivity), resulting in poor
selectivity. More research focusing on electrode materials and
electrode surface environment may become the key to solving
over-oxidation. For biomass-derived levulinic acid, the one-pot
two-step conversion to alkane remains difficult due to the
need to consider the compatibility of the two-step process
between electroreduction and homo-coupling.

6. Electrochemical decarboxylative
oxidation

In 2012, Fu and co-workers developed an electrochemical
route for the production of adiponitrile from biomass-derived
glutamic acid under mild conditions.*® This conversion
includes (1) mono-esterification of glutamic acid, (2) electro-
oxidative decarboxylation to 3-cyanopropanoic acid methyl
ester, and (3) Kolbe-coupling reactions of 3-cyanopropanoic
acid methyl ester (Scheme 22). In the presence of sodium
bromide, electrolysis of glutamic acid 5-methylester led to dec-
arboxylative oxidation in MeOH/H,O at a current density of
80 mA cm ™ across platinum electrodes, giving 3-cyanopropa-
noic acid methyl ester in 91% yield. Sodium bromide acts as
both supporting electrolytes and mediators in anodic oxi-
dations. Treatment of 3-cyanopropanoic acid methyl ester with

288 | Green Chem., 2025, 27, 275-292

View Article Online

Green Chemistry

i i MeOH, HCI i 2
IS N SIS N W
NH; NH,
Glutamic acid

NaBr, MeOH/H,O
Pt-Pt, 80 mA-cm™

5.2 F-mol”
KOH, MeOH/Acetone o
AACN ~A
N
SN then Pt-Pt, 180 mA-cm?  NC OMe
Adiponitrile

6.7 F-mol”!

Scheme 22 Electrochemical routes for the synthesis of adiponitrile
from biomass-derived glutamic acid.®®

KOH in methanol obtained potassium 3-cyanopropanoate, and
then addition of acetone as the co-solvent for Kolbe electrolysis
at a current density of 180 mA cm™> was performed to furnish
adiponitrile in 78% yield. The authors conducted a 20 mmol
scale-up reaction to provide adiponitrile from biomass-derived
glutamic acid in 58% overall yield, further demonstrating the
practicality of this protocol.

After two years, De Vos and co-workers reported a bromide-
assisted electrochemical decarboxylation for the extension of
the scope of amino acids (Scheme 23).°° With the Pt electrode
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as the anode and the Ni electrode as the cathode at a current
density of 10 mA cm™2, various nitriles could be synthesized in
MeOH/H,0, affording high yields with excellent regio-
selectivity. In this reaction, bromide salts serve as both redox
mediators and supporting electrolytes. This protocol features
mild conditions and good functional group compatibility. A
wide range of functional groups such as phenyl, hydroxyl and
amide are tolerated. Interestingly, lysine monohydrochloride
could be selectively decarboxylated in the reaction. Depending
on the cathode material, the selectivity could be shifted
towards nitrile 1a or amine 2a. For nickel anode materials,
nitrile hydrogenation was preferred in this system. Moreover,
after full conversion of the amino acid, the reaction mixture
with 2-propanol dilution and further electrolysis could be
almost quantitatively converted into 5-aminopentanamide
monohydrochloride 3a.

In 2019, Wang, Echavarren, and co-workers developed an
electrochemical oxidation for the construction of C-N bonds
(Scheme 24).°* With benzimidazole as the nucleophile, various
a-amino acids could be converted into N-containing com-
pounds in the presence of "Bu,NPFg at a current of 7 mA in an
undivided cell. This protocol avoided the preactivation of car-
boxylic acids and the use of external oxidants. In addition to
benzimidazole, a range of N-nucleophiles including pyrazole,
1,2,3- and 1,2,4-triazole, benzotriazole, and tetrazole deriva-
tives were found to be efficient, affording the corresponding
products in good yields with excellent regioselectivity. Adding
BF;-Et,0 to the system, Boc-i-glutamine underwent intra-
molecular reaction through electrolysis to give the cyclized
product in 60% yield. This transformation proceeds via anodic
oxidative decarboxylation for the generation of stable carbo-
cation, which is then trapped by N-nucleophiles to provide
cross-coupling products.

In the same year, Wang and co-workers developed a tandem
electrosynthesis of ethyl 2-(quinolin-2-yl) acetate with a-amino
acids (Scheme 25).°> In the presence of n-Bu,NI and NaHCO;
in MeCN, a variety of 1,3-disubstituted imidazo[1,5-a]-quino-
lines could be synthesized with two Pt electrodes in an undi-
vided cell. Based on mechanistic experiments and previous
reports, the authors proposed a possible reaction mechanism
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Scheme 24 Electrochemical decarboxylation of a-amino acids for the
formation of C—N bonds.*
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(Scheme 25). The iodine anion was oxidized at the anode to
produce molecular iodine. It reacted with ethyl 2-(quinolin-2-
yl)acetate to generate iodinated intermediate A. The reaction
of intermediate A with phenylglycine produced intermediate B,
which was oxidized by molecular iodine to yield intermediate
C and release a molecule of HI. In the presence of I, and
NaHCO;, it would be converted into intermediate D, which
then further underwent a tandem cyclization process to form
the final products.

In 2023, Baran and co-workers developed an electro-
chemical decarboxylative olefination from free carboxylic acids
without preactivation under alternating polarity.”® The authors
achieved chemoselective Hofer-Moest reactivity (oxidative de-
carboxylation to generate carbocations) on conventionally
difficult carboxylic acid substrates by modulating electrode
surface quality and local acidity. This protocol avoided the
need for expensive catalysts, ligands, metals, and additives.
The facile execution of the kilogram scale reaction was accom-
plished, demonstrating the application potential of this
electrochemical reaction. However, this electrochemical reac-
tion has certain limitations for substrates with reductively
labile functionality. For example, alkyl halides, aryl sulfona-
mides, electron-poor heterocycles, or enones were not amen-
able to the presented conditions. In addition, tertiary alkyl
amines or electron-rich heterocycles could also interfere with
oxidative decarboxylation.

Overall, advancements in electrocatalytic decarboxylative
oxidation have furnished a green and efficient method for pro-
ducing high value-added nitriles, amines and heterocyclic
compounds from bio-derived amino acids. The application
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value of these carboxylic acids is greatly improved via an elec-
trocatalysis strategy. Electrochemical decarboxylative oxidation
can avoid the use of stoichiometric oxidants and make the
reaction process cleaner and greener. However, compounds
containing functional groups that are susceptible to oxidation
often have poor tolerance under these conditions. Therefore,
milder electrochemical reaction conditions need to be devel-
oped. These electrocatalysis protocols afford a good way to
achieve high-value utilization of biomass in the sustainable
chemical transformation.

7. Conclusions and outlook

In this review, we have summarized the recent progress in the
photochemical and electrochemical direct decarboxylative con-
version of biomass-derived alkyl carboxylic acids for the pro-
duction of biofuels and high-value chemicals in a sustainable
manner. Compared to traditional thermocatalysis, these
photo- and electrochemical reactions exhibited mild con-
ditions and broad functional group tolerance. A broad range of
valuable compounds such as alkanes, alkenes, amides, enam-
ines, borate esters, ketones, nitriles, and heterocycles were pre-
pared. These successful examples provide broad potential for
the green, efficient, and sustainable transformation of renew-
able resources. Additionally, the discussions encompassed the
mechanistic aspects of these transformations.

Despite significant progress being made in the conversion
of bio-based aliphatic carboxylic acids through photochemical
or electrochemical strategies, there are still challenges that
need to be addressed.

In terms of photocatalytic decarboxylation, the synthesis of
alkanes predominantly operates on a laboratory scale and still
has a long way to achieve industrial production. The design
and utilization of a continuous-flow photocatalytic reactor can
help accelerate photochemical reactions to achieve this goal.
For the production of biofuels, the use of a greener single
solvent system (such as H,O) can effectively reduce separation
energy consumption of products and simplify post-treatment
processes. Given the high cost and large usage of current
photocatalysts, developing inexpensive, efficient and recyclable
photocatalysts is essential for sustainable chemistry. Furthermore,
most photocatalytic systems require the deprotonation of car-
boxylic acids with bases to form the carboxylate, resulting in the
generation of large amounts of wastes. Further research can focus
on developing new activation modes of carboxylic acids.

In terms of electrocatalytic decarboxylation, the current use
of electrodes still mainly relies on the precious metal Pt. Since
precious metals are expensive and have limited reserves, future
research should focus more on the development of cheap and
sustainable electrodes such as carbon electrodes. In addition,
these catalytic systems use direct current in the reaction, and
attempts to perform these reactions using alternating current
may provide new reaction pathways.

For photo- or electrocatalysis, whether the reaction process
is green and whether it reduces carbon emissions cannot be
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simply used as a single indicator. Instead, a more systematic
and comprehensive assessment method for this process is
needed, such as life cycle assessment (LCA).>* Starting from
bio-based aliphatic carboxylic acids as key building blocks,
asymmetric decarboxylative reactions mediated by light or elec-
tricity for constructing high value-added chiral molecules are
relatively underdeveloped. Future work can focus on develop-
ing chiral catalysts that are applicable under these photoche-
mical and electrochemical conditions and understanding the
mechanism of stereoselectivity control. The selective decarbox-
ylative cross-coupling between two free alkyl carboxylic acids
has not yet been achieved, and further development of the
combination of photochemistry and electrochemistry might be
a good solution.
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