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Amino acids are an important class of fine chemicals that contain both amine groups and carboxyl
groups, which are commonly used in food, medicine, and cosmetics. The conventional methods for
amino acid synthesis, including the Strecker synthesis, enzymatic synthesis, and fermentation, suffer from
highly toxic cyanides, non-renewable resources, enzyme instability, and high energy consumption. The
development of environmentally friendly technologies for amino acid synthesis remains a formidable
challenge. Biomass is the most abundant renewable resource on Earth and serves as an ideal candidate
for the production of valuable chemicals and liquid fuels. This perspective highlights the potential of
amino acid synthesis from biomass through the chemocatalytic method, including the catalytic conver-
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sion of biomass-derived oxygen-containing feedstocks to amino acids by introducing N-functional
groups, as well as the catalytic synthesis of amino acids with chitin-derived nitrogen-containing feed-
stocks as starting materials. Finally, a perspective on critical challenges and future opportunities for amino

rsc.li/greenchem acid synthesis through the chemocatalytic method is presented.

1 Introduction

Amino acids are the building blocks of proteins, which are
widely used in the food and pharmaceutical industries." The
global market for amino acids is $26.55 billion in 2022 and is
expected to reach $57.58 billion by 2032.> This increasing
demand necessitates low carbon and highly efficient techno-
logies for amino acid synthesis to meet increasingly stringent
environmental quality standards in the chemical industry. The
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current methods for the production of amino acids mainly
include chemical and biological processes. The Strecker syn-
thesis is a well-known chemical method for the production of
a-amino acids. However, it utilizes highly toxic cyanides as
nitrogen sources and non-renewable aldehydes as substrates.
Moreover, an additional step for optical resolution of DL-
amino acids is inevitable.>* The industrial production of
amino acids mainly depends on the biological fermentation
process, but it suffers from low efficiency, high costs, and
enzyme instability, as well as high energy consumption.”®
Given the aforementioned challenges in amino acid synthesis,
it is highly desirable to develop efficient and green methods
for the production of amino acids from renewable feedstocks.

Biomass is a renewable organic carbon resource, and is a
potential alternative to the dwindling fossil fuel reserves.
Lignocellulose is the most abundant biomass on Earth, which
can be easily converted into various oxygen-containing plat-
form molecules, such as lactic acid and furfural.”** Chitin is
the second most abundant biopolymer with an annual pro-
duction of 100 Gt, consisting of N-acetylglucosamine (NAG)
and glucosamine units linked by f-1,4-glycosidic bonds.'® In
the past few decades, great advances have been achieved in the
catalytic conversion of biomass to valued chemicals and liquid
fuels.*'”>® However, the “functional group gap” between
amino acids and biomass constituents has made the pro-
duction of amino acids from biomass notoriously difficult, as
amino acids simultaneously contain amine groups and car-
boxyl groups, which are absent in biomass constituents.

In 2018, Yan’s group pioneered a novel chemocatalytic
method for synthesizing a-amino acids through the amination
of lignocellulose-derived a-hydroxyl acids using NH; over Ru-
based heterogeneous catalysts.'’ A series of a-amino acids,
including alanine, leucine, valine, aspartic acid, and phenyl-
alanine, were efficiently obtained."*™** Apart from a-hydroxyl
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acids, glycerol and furfural were also reported recently as start-
ing substrates for preparing alanine and proline, respectively.'*
Meanwhile, the production of amino acids, such as glucosami-
nic acid and tyrosine, from the natural nitrogen-containing
polymer chitin has also been demonstrated through the che-
mocatalytic method.*>?°

The chemocatalytic method with biomass as a renewable
feedstock has great potential to improve the synthesis
efficiency and reduce carbon footprint in amino acid
synthesis.>”’3® Currently, the number of review articles on
renewable production of nitrogen-containing chemicals from
biomass is vast. However, the literature lacks an overview on
the production of amino acids from biomass. While this
method is still in its infancy, it is highly desirable to give a
comprehensive overview of amino acid synthesis, which is the
subject of this perspective article. This perspective starts with
a brief introduction on existing methods for amino acid syn-
thesis. Then, we mainly focus on two categories for the pro-
duction of amino acids from biomass through the chemocata-
Iytic method (Fig. 1). The first is to catalytically convert
biomass-derived oxygen-containing feedstocks to amino acids
by introducing N-functional groups. The second section
involves utilizing chitin-derived nitrogen-containing feedstocks
as starting materials for the catalytic synthesis of amino acids.
In the end, a number of challenges and opportunities are
highlighted for the chemocatalytic amino acid synthesis from
biomass.

2 Existing methods for amino acid
synthesis
2.1 Chemical synthesis

The Strecker synthesis is the oldest known chemical synthesis
of a-amino acids, as reported by Adolph Strecker in 1850
(Fig. 2).>? It begins with the condensation of NH; to an alde-
hyde, forming an imine. Afterwards, the addition of a cyanide
ion to an imine produces an a-aminonitrile. This is then
hydrolyzed to yield racemic a-amino acid under acidic con-
ditions. By varying the R group on the aldehyde, a series of
a-amino acids are synthesized through the Strecker
synthesis.’>** To address the issue of chirality, the asymmetric
Strecker synthesis has been developed.”>™° For example,
Zuend et al.® utilized a chiral amino-thiourea catalyst that was
compatible with aqueous cyanide salts to achieve the asym-
metric Strecker synthesis of wunnatural o-amino acids.
Although the Strecker synthesis has been well studied, the util-
ization of highly toxic cyanide sources inevitably limits its
practical application.® So far, only a limited number of amino
acids have been commercially produced through this method.
For example, methionine, used as feed additives in industrial
livestock farming, can be produced by the Strecker synthesis
using methyl mercaptan, acrolein and hydrogen cyanide. The
entire process has been ongoing at Evonik Degussa in
Germany for 50 years and contributed to 60% of the world’s
methionine capacity in 2014.°
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Fig. 2 The Strecker synthesis of a-amino acids.

2.2 Biological synthesis

Biological synthesis can be divided into two categories: enzy-
matic synthesis and fermentation process. Enzymatic synthesis
means the utilization of enzymes to facilitate the production
of specific amino acids from proteins. For example, the
efficient production of alanine, leucine, and glutamic acid
from dried fish protein has been achieved with the combi-
nation of alcalase and neutrase enzymes.*' One notable advan-
tage of enzymatic synthesis is the production of optically pure
p- or r-amino acids at high substrate concentrations while
minimizing the by-product formation.> Nonetheless, enzymes
are costly and lack stability, rendering them unsuitable for the
large-scale industrial production of amino acids. To date, the
commercial applications of enzymatic synthesis for the pro-
duction of amino acids, such as r-aspartic acid and r-alanine,
have had only limited success.*

Currently, the industrial production of amino acids mainly
depends on the fermentation process (Fig. 3). Corynebacterium
glutamicum (C. glutamicum) and Escherichia coli (E. coli) are two
of the most commonly used bacteria in this process.*® These
two bacteria have the ability to generate a wide range of amino
acids, and various metabolic engineering modifications have
also been implemented to enhance their efficiency in amino

acid synthesis. For example, the genetically modified
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Fig. 3 The fermentation process for amino acid synthesis.

C. glutamicum was successfully employed for high-yield pro-
duction of r-lysine and r-glutamic acid.***> The modified
E. coli has been developed to facilitate the production of valu-
able aromatic amino acids such as r-tryptophan,
i-phenylalanine, and i-tyrosine.”® Notably, the fermentation
process exclusively produces i-form amino acids, thus obviat-
ing additional purification steps. Furthermore, it can be oper-
ated under mild conditions to prevent product degradation.
However, the fermentation process necessitates sterile con-
ditions, and suffers from high energy consumption, low pro-
duction efficiency, as well as high capital and operational
costs.’

3 Amino acid synthesis through the
chemocatalytic method
3.1 Lignocellulose

3.1.1 o-Hydroxyl acids. a-Hydroxyl acids, containing
hydroxyl and carboxyl groups, are readily available from
various lignocellulose constituents. For example, lactic acid
was quantitatively obtained from glucose in the presence of Ba
(OH), at room temperature."' Heteropolyacid catalysts could

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Thermocatalytic, photocatalytic, and electrocatalytic conversion of a-hydroxyl acids into a-amino acids.

afford 49% glycolic acid directly from cellulose through selec-
tive oxidation.*® In principle, it seems to be a promising strat-
egy for the production of a-amino acids from a-hydroxyl acids,
in which the key chemistry is to construct an amine group
-NH, via amination with the carboxyl group -COOH remaining
intact. In the following section, we will introduce the recent
progress in the thermocatalytic, photocatalytic, and electro-
catalytic conversion of a-hydroxyl acids to o-amino acids
(Fig. 4).

Thermocatalytic system. In 2018, Deng et al. first reported the
production of a-amino acids from a-hydroxyl acids and NH;
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Fig. 5 Thermocatalytic conversion of lactic acid and NH3z into alanine

using a Ru-based catalyst.*>*%-52
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over a thermocatalytic system."" Using 3 wt% Ru/CNT catalyst
in NH; aqueous solution at 220 °C and 10 bar H,, alanine was
efficiently obtained via the amination of lactic acid with the
maximum yield of 62% (Fig. 5). Moreover, a two-step strategy
was developed for the conversion of glucose to alanine in 43%
yield. Afterwards, extensive research efforts were devoted to
develop highly efficient thermocatalytic systems for amino acid
synthesis from o-hydroxyl acids.**™* For example, Xie et al.
reported that N-doped carbon nanotube-supported Ru nano-
particles (Ru/N-CNTs) exhibited a remarkable performance in
the amination of lactic acid, in which the maximum alanine
yield of 70% was obtained at 180 °C and 10 bar H, for 2 h.>?
The outstanding activity of the Ru/N-CNT catalyst was mainly
attributed to the highly dispersed Ru nanoparticles, the strong
electronic interaction between Ru nanoparticles and N-CNTs,
and the enhanced adsorption of lactic acid through basic
sites. Xin et al. prepared a magnetic catalyst Ru/Ni@C by ethyl-
ene glycol reduction of metal Ru supported on encapsulated
Ni@C.”" The best catalytic performance was obtained with a
lactic acid conversion of 70% and an alanine yield of 64% at
200 °C and 15 bar H, for 2 h. The formed RuO, species, acting
as Lewis acid sites, could improve the activation of the
hydroxyl group of lactic acid as well as the adsorption ability of
NH;, accordingly facilitating the amination of lactic acid to
alanine. In addition, Wang et al. reported a one-step protocol
to convert glycerol into alanine with lactic acid as an inter-
mediate over a Ru;Ni,/MgO catalyst in the presence of
NaOH." Alanine with a yield of 43% was obtained, which is
comparable with the yield of alanine (41%) produced from
microbial cultivation processes.>® The formation of Ru-Ni
alloys in the Ru;Ni,/MgO catalyst promoted C-H activation in
the conversion of glycerol to lactic acid and the amination of
lactic acid.

Green Chem., 2024, 26, 4468-4476 | 4471
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A series of o-amino acids, including alanine,
a-aminobutyric acid, valine, leucine, aspartic acid, and phenyl-
alanine, have been successfully obtained through the thermo-
catalytic amination of a-hydroxyl acids. However, high reaction
temperature (>180 °C) is necessary to overcome the energy
barrier for the dehydrogenation of hydroxyl groups of
o-hydroxyl acids, which will in turn induce the formation of
side products, such as ethanol, propionic acid, and
propenamide.’”*® Therefore, developing high-efficient and
selective catalysts for amino acid synthesis at low temperatures
is highly desirable for future research.

Photocatalytic system. In the 1990s, attempts were made to
synthesize amino acids under light irradiation. However, only
commercially available semiconductors in the bulk form were
investigated and their photocatalytic activities were extremely
low without synthetic interest.>> In 2020, Song et al. pre-
pared a series of CdS semiconductors with different mor-
phologies and successfully applied them to the photocatalytic
amino acid synthesis from a-hydroxyl acids under visible light
irradiation."® The highest alanine productivity (10.5 mmol h™*
2o ') was obtained over ultrathin CdS nanosheets at 50 °C
and 1 bar N,, higher than that obtained in the thermocatalytic
system (3.1 mmol h™" g, ', 3 wt% Ru/CNT). The reaction
mechanism for the photocatalytic conversion of lactic acid to
alanine is shown in Fig. 6. First, the dehydrogenation of lactic
acid to pyruvic acid was triggered by photogenerated holes.
Then, the self-addition of pyruvic acid with NH; to imino acid
occurred. Finally, photogenerated electrons reduced imino
acid to alanine.®®® In addition, the production of H, was
regarded as a major side reaction, which would consume
photogenerated electrons. Also, alanine could be further con-
verted into alaninamide upon increasing the reaction time,
resulting in low selectivity.'* Afterwards, Fu et al.’® prepared a
highly fused CdS/Tiz;C, MXene Schottky junction photo-
catalyst, which significantly enhanced the alanine productivity
(33.7 mmol g~ h™"). The formation of the CdS/Ti;C, Schottky
junction not only enhanced the separation efficiency of photo-
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0. . CB o
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NH, al B :
/SrNH2 NHs: o
o I
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Fig. 6 Photocatalytic conversion of lactic acid and NH3 into alanine.*®
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generated charges, but also inhibited the recombination of
photoexcited electrons-holes, accordingly facilitating the
photocatalytic activity.

Unlike the thermocatalytic process, photocatalysis could
utilize photogenerated charge carriers to activate substrates,
easily generating active radical species as key intermediates,
which enables the conversion of a-hydroxyl acids to be efficien-
tly conducted under mild conditions. Thus, amino acid syn-
thesis through the photocatalytic system is a very green
method. However, the overall yields of amino acids currently
are limited (<30%) in the photocatalytic system, possibly
resulting from the further photocatalytic conversion of alanine
to by-products, such as alaninamide and pyruvic acid."®*? It is
highly desirable to develop highly efficient photocatalytic
systems to inhibit undesired side reactions, such as H,
production.

Electrocatalytic system. In 2022, Sun et al. reported an electro-
chemical strategy for synthesizing a-amino acids with high
yields from a-hydroxyl acids and NH,OH or NH;."? The electro-
catalytic system mainly consists of two steps: (1) selective oxi-
dation of a-hydroxyl acids to a-keto acids at the anode; (2)
reduction of oxime (or imine) intermediates obtained from
a-keto acids at the cathode. Also, a flow cell was successfully
developed for the continuous conversion of a-hydroxyl acids to
a-amino acids. More recently, wasted nitrogen resources (NO
and NO;™) are adopted in the electrocatalytic system for
synthesizing a-amino acids from o-keto acids, which are key
intermediates in the amination of a-hydroxyl acids to a-amino
acids. For example, Zhang et al.®” reported an electrocatalytic
system for synthesizing alanine from NO and pyruvic acid.
They designed a spatially decoupled two-pot electrocatalytic
system that utilized flow reactors loaded with oxide-derived Ag
for the production of alanine. 3.85 g of alanine with a total far-
adaic efficiency of 70% and a purity of >98% was obtained at a
current density of 100 mA cm 2. Wang et al.’® reported the
electrosynthesis of alanine with a maximum yield of 55% from
pyruvic acid and NO;~ catalyzed by PdCu nanobead wire
(Fig. 7). The conversion of pyruvic acid and NO;~ to alanine is

%o
$
%

OH

o
o
o

Nafion
membrane

Pyruvic acid

Fig. 7 Electrocatalytic conversion of pyruvic acid and nitrate into
alanine. Adapted and modified with permission from ref. 58. Copyright
2023 John Wiley and Sons.
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a tandem process: NO;~ was first electroreduced to the
*NH,OH intermediate, which could interact with pyruvic acid
to form pyruvic oxime, and then the pyruvic oxime was electro-
reduced to yield alanine.

The electrocatalytic system can separate the production of
a-amino acids into two half-reactions: dehydrogenation and
reductive amination, which are conducted at the anode and
cathode, respectively. The main advantage of the
electrocatalytic system is to prevent the further conversion of
a-amino acids, which is inevitable in the reported thermocata-
Iytic and photocatalytic systems.’* > However, complex elec-
trolytes, organic solvents, and a large number of organic bases
are normally used in the electrocatalytic system. Also, the util-
ization of expensive a-keto acids as substrates is not cost-
effective.

Finally, we have summarized the merits and limitations of
the thermocatalytic, photocatalytic, and electrocatalytic conver-
sion of a-hydroxyl acids to a-amino acids in Table 1.

3.1.2 Furfural. Furfural is a low-cost (1.0-1.2 € per kg) and
widely available lignocellulose-derived platform molecule with
an annual production of over 600 kT.® It serves as a suitable
substrate for the production of cyclic amino acids. In 2020,
Song et al. reported the production of p-proline from furfural
through a procedure combining chemical and biological pro-
cesses (Fig. 8).°* First, a dual-layer catalytic system (Pd@S-1 +
H-Beta) was designed to achieve one-step conversion of fur-
fural to pyrrole via a tandem decarbonylation-amination reac-
tion, obtaining an overall yield of 75% under optimal con-
ditions. Pyrrole was then converted to pr-proline through a
two-step process, involving carboxylation with CO, and sub-
sequent hydrogenation. After treating with E. coli, p-proline
was obtained in a theoretically maximum yield of 50% with
excellent ee (>99%).

3.2 Chitin and its derivatives

Chitin contains naturally fixed nitrogen in the form of amide
functionality, which renders it as an ideal resource for produ-

Table 1 The merits and limitations of the thermocatalytic, photo-
catalytic, and electrocatalytic conversions of a-hydroxyl acids into
a-amino acids

Catalytic systems Merits Limitations
Thermocatalysis High efficiency Harsh conditions
Large scale Noble metal catalysts
Photocatalysis Mild conditions Limited yields
Semiconductors Poor stability
Electrocatalysis Mild conditions Complex electrolytes

Continuous production Noble metal catalysts

o o o

o - H H H i H
° Pd@s-1 & Hbeta I  K;COy N RhiC M Ecoi | P
NH, co, OH OH OH
Furfural Pyrrole Pyrrole-2-carboxylic acid DL-Proline D-Proline

Fig. 8 Chemocatalytic conversion of furfural into p-proline.®*
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cing various N-containing chemicals without the addition of
nitrogen sources.®> Since the concept of “shell biorefinery”
was proposed by Yan et al in 2015, various N-containing
chemicals, such as amino acids, have been efficiently pro-
duced from chitin and its derivaties.'®""3

As the monomer of chitin, NAG serves as an ideal sub-
strate for the production of amino acids. For example,
Ebitani et al. successfully achieved the aerobic oxidation of
NAG to the corresponding amino acid over supported Au cat-
alysts in water under mild conditions.”* Fukuoka et al’’
reported a two-step chemocatalytic method for the pro-
duction of a commonly used amino acid in a protected
form, acetylglycine, from NAG. In the first step, the catalytic
conversion of NAG to N-acetyl monoethanolamine was
achieved over Ru/C catalysts in NaHCO; aqueous solution
under H, pressure.”®”” In the second step, the same combi-
nation of Ru/C- and NaHCO;-catalyzed oxidation of N-acetyl
monoethanolamine to acetylglycine was achieved under an
O, atmosphere. The Ru species in Ru/C were present as
small hydrous RuO, clusters, which were identified as cataly-
tically active sites for the oxidation of N-acetyl monoethanola-
mine. In addition, Dai et al. reported the tandem production
of glucosaminic acid from chitosan, a partially deacetylated
chitin (Fig. 9)."°

Chitin is also directly utilized for the production of amino
acids. Yan and Zhou et al. reported the production of two aro-
matic amino acids (tyrosine and levodopa (.-DOPA)) directly
from shell waste-derived chitin via an integrated biorefinery
process, which involved a chemical pretreatment of chitin-con-
taining shell waste and an enzymatic/fermentative bioprocess
using metabolically engineered E. coli (Fig. 10).>® The engin-
eered E. coli strains produced 0.91 g L™" tyrosine or 0.41 g L ™"
1-DOPA from 22.5 g L™ unpurified shell waste-derived chitin
hydrolysates.

OH
NH . o OH NH
H-lg— ,\rc HO-_ /72 o4 Hydrolysis OW MH:  petoxication .
oSl o L= Ton TVTTOWRR Ho! o 7/ o OH
NH { Oxidation
0%e. et OH OH e
n m

Chitosan (m>n)

OH OH O

Glucosamine Glucosaminicacid

Fig. 9 Chemocatalytic conversion of chitosan into glucosaminic acid.
Adapted and modified with permission from ref. 15. Copyright 2019
American Chemical Society.
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Fig. 10 Conversion of shrimp shell waste-derived chitin into aromatic
amino acids.?®
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4 Conclusions and outlook

Highly efficient and green production of amino acids is of
great significance in pursuit of a sustainable future. The che-
mocatalytic method has emerged as a promising strategy for
the renewable production of amino acids from biomass, which
has great potential to improve the amino acid synthesis
efficiency and reduce carbon footprint. In this perspective, we
introduce the significant advances that have been made in the
chemocatalytic amino acid synthesis from various biomass
constituents, including a-hydroxyl acids, furfural, glycerol, and
chitin and its derivatives. With the remarkable progress, the
chemocatalytic method will play a more important role in the
field of amino acid synthesis in the future. We believe that this
perspective can inspire many future studies using this
method. Hence, we hope to share our perspective on the
opportunities and challenges in amino acid synthesis through
the chemocatalytic method.

4.1 New reaction routes

There exist many opportunities for discovering new reaction
routes for producing amino acids from biomass. For example,
glycine is the simplest amino acid composed of only two
carbons and one amino group, which can be obtained from
the oxidation of ethanolamine. Since the production of
ethanolamine from cellulose has been reported,’® it has great
potential to directly produce glycine from cellulose.
Hemicellulose, mainly composed of 5-carbon sugars, serves as
a suitable substrate for the production of 5-carbon amino
acids, such as glutamic acid. Lignin, as one of the main com-
ponents of lignocellulose, is the most abundant renewable aro-
matic source on Earth and is an ideal resource for the pro-
duction of aromatic amino acids. For example, tyrosine may be
synthesized from lignin with p-coumaric acid as a key building
block.

Several amino acids have been successfully obtained from
biomass via multi-step reactions. For example, glucosaminic
acid has been obtained from chitosan via consecutive hydro-
lysis, deacetylation, and oxidation.'®> Also, the production of
proline from furfural via decarbonylation, amination, carboxy-
lation, and hydrogenation has been demonstrated.®* However,
the complex reaction procedure would inevitably induce high
energy consumption, excessive carbon emissions, and expen-
sive investment. Thus, designing novel chemocatalytic systems
that enable combining the existing multiple reaction steps
into a single reactor is highly desirable.

4.2 Chirality

Chirality is crucial for amino acids, especially for their appli-
cation in the pharmaceutical field. However, it is still challen-
ging to synthesize chiral amino acids through the chemocata-
lytic method. Developing hybrid catalytic systems seems to be
a promising strategy for synthesizing chiral amino acids
through the chemocatalytic method. For example, the photo-
thermal catalytic system consisting of semiconductors as light
harvesters grafted with homogeneous asymmetric catalysts has

4474 | Green Chem., 2024, 26, 4468-4476
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great potential to achieve the production of chiral amino acids
from biomass.

The chiral resolution has been demonstrated as an effective
method for separating two racemic amino acids, which
includes kinetic resolution, chromatographic resolution, crys-
tallization resolution, and membrane-based resolution.*”®
Thus, integrating this process with the chemocatalytic method
can also achieve the conversion of biomass into chiral amino
acids, but they have been rarely reported so far.

4.3 New catalytic systems

The key to the chemocatalytic method is the rational design
and preparation of novel catalysts. Take the example of
a-amino acids discussed in Fig. 4. Ru-based catalysts have
been demonstrated to be effective for the thermocatalytic
amination of a-hydroxyl acids to a-amino acids. Currently, the
majority of existing research mainly focuses on the develop-
ment of robust Ru-based catalysts via the trial-and-error
method. Limited attention has been paid to explore the active
sites and the related reaction mechanisms. In situ characteriz-
ation studies are highly recommended to observe structural
changes of catalysts under reaction conditions and provide
insights into surface-adsorbed species and reaction
intermediates.

CdS-based photocatalysts exhibit unique catalytic perform-
ance in the photocatalytic amination of a-hydroxyl acids to
a-amino acids. However, they suffer from photocorrosion
under light irradiation. Suitable strategies for improving their
resistance to photocorrosion are highly desirable. Additionally,
the practical application of the CdS-based photocatalytic
system is impeded by the intrinsic toxicity of cadmium ions.
Future research should focus on developing more robust and
eco-friendly materials. For example, transition-metal (oxy)
nitride photocatalysts, such as TiO,N,, which are promising
materials for a wide range of redox reactions such as overall
water splitting,®® may hold great potential for amino acid
synthesis.
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