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The role of N-containing carbohydrates in organic
catalysis: a review

Kui Zeng

The utilization of carbohydrate biomass in organic catalysis is central to the development of sustainable
chemical feedstocks and biologically active compounds, yet efforts have largely focused on oxygenated
biopolymers, leaving N-containing carbohydrates (NCCs), such as chitin, chitosan, and p-glucosamine,
relatively underexplored. Despite their abundance, biocompatibility, and inherent chirality, NCCs remain
an untapped class of renewable nitrogen-rich materials with transformative potential in green and asym-
metric catalysis. The lack of a focused, comprehensive analysis of their role in organic catalysis has limited
the integration of NCCs into mainstream organic synthesis. Here, we critically review recent progress in
the application of NCCs as (1) renewable feedstocks to produce value-added chemicals via regioselective
C-N, C-C, and C-0O bond cleavage; (2) chiral ligands in metal-catalyzed asymmetric transformations;
and (3) organocatalysts for enantioselective organic chemical reactions. These developments reveal that
NCCs are versatile molecular scaffolds capable of replacing fossil-based inputs in sustainable organic cat-
alysis. We further outline emerging frontiers that could define the next decade of research. These direc-
tions represent high potential strategies to unlock new chemical reactivity, enhance stereocontrol, and
extend the utility of NCCs across synthetic, medicinal, and materials chemistry. This review positions
NCCs as key enablers in the transition toward renewable, precision-driven molecular science.

1. While previous reviews have focused primarily on oxygenated saccharides, this work fills a critical gap by systematically analyzing the role of nitrogen-con-

taining carbohydrates (NCCs) as feedstocks, ligands, and organocatalysts in organic catalysis.
2. This area of study is of broad and growing significance due to its intersection with several high priority research domains, including biomass valorization,

sustainable catalysis, and asymmetric synthesis. The unique structural attributes of NCCs, such as their dense functionality, inherent chirality, and stereoche-

mical diversity, position them as ideal building blocks for sustainable chemical transformations.
2. These insights are expected to inspire the development of novel catalytic methodologies, stimulate cross-disciplinary collaboration, and promote the re-

placement of fossil-derived reagents with sustainable alternatives. This review helps position NCCs at the core of green chemistry innovation, driving both

fundamental discovery and practical application in catalysis, synthetic chemistry, and biomaterials science.

1. Introduction

tionally rich."®'® This underutilized class of NCCs holds great
promise, especially in the context of the global shift away from

Biomass, a renewable organic resource derived from plants,
microorganisms, and animals, stores solar energy in the form
of chemical bonds." Over the past decade, extensive research
has focused on the (bio)chemical valorization of the carbon-,
hydrogen-, and oxygen-containing components of biomass,
such as carbohydrates, lignin, triglycerides, proteins, DNA,
and RNA, into biofuels, materials, and fine chemicals.'™®
In stark contrast, NCCs, notably chitin, chitosan, and
p-glucosamine, have received significantly less attention,
despite being widely available, structurally unique, and func-
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fossil resources. As fossil feedstock becomes increasingly
scarce and environmentally unsustainable, the development of
sustainable, nitrogen-rich alternatives is imperative. Chitin,
the second most abundant natural polysaccharide after cell-
ulose, is primarily obtained from the exoskeletons of crus-
taceans and fungal cell walls.">®*° It consists of N-acetyl-p-
glucosamine and p-glucosamine units linked by p-(1 — 4) gly-
cosidic bonds, with a degree of acetylation greater than 50%.
Chitosan, derived from chitin by deacetylation, contains less
than 50% N-acetylated units and exhibits distinct solubility
and reactivity properties.”’>* Hydrolyzed monomers such as
p-glucosamine (GleN) and N-acetyl-p-glucosamine (GleNAc)
further expand the chemical utility of this family.

This journal is © The Royal Society of Chemistry 2025
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Beyond their biological relevance and wide use in biome-
dicine, food chemistry, and environmental science due to
their biocompatibility, biodegradability, and antimicrobial
activity,>**' NCCs offer unique opportunities for application
in organic catalysis. Their molecular structures feature mul-
tiple modifiable functional groups (e.g., amino and hydroxyl
groups at the C2, C3, and C6 positions) and, crucially, an
inherently chiral backbone, a feature that is highly desirable
for asymmetric synthesis. In the pharmaceutical and fine
chemical industries, the efficient synthesis of chiral mole-
cules is of critical importance. Asymmetric catalysis, a key
strategy in this context, often relies on synthetic chiral
ligands or catalysts, which are typically expensive and
derived from non-renewable sources. In contrast, NCCs
provide a sustainable and cost-effective alternative, serving
either as chiral auxiliaries or as organocatalysts in stereo-
selective reactions. Their natural abundance, chemical versa-
tility, and built-in chirality make them ideal candidates to
support sustainable and green asymmetric catalysis.
Although carbohydrate-based catalysis has been reviewed in
recent years, the focus has largely been on oxygenated sac-
charides. To date, there exists no comprehensive review
dedicated to NCCs in organic catalysis, leaving an important
gap in the literature. This review seeks to fill that void by
systematically summarizing the emerging roles of chitin,
chitosan, and p-glucosamine derivatives in catalytic organic
transformations. In section 2, we highlight the use of these
N-carbohydrates as feedstocks, emphasizing regioselective
activation strategies to cleave C-N, C-C, C-O bonds to trans-
form them into valuable small molecules. In section 3, we
discuss their application as ligands in metal-catalyzed asym-
metric transformations, focusing on how both natural and
chemically tailored chiral centers influence stereoselectivity
and catalytic performance. In section 4, we review their use
as organocatalysts, particularly aminocatalysts and bifunc-
tional thiourea/urea—amine derivatives, evaluating their
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impact on enantioselectivity (ee values) and reaction yields.
By bringing together these three perspectives, this review
aims to inspire broader interest in this underdeveloped area
and stimulate future research. We hope to demonstrate that
NCCs are not only sustainable alternatives to fossil-based
catalysts and ligands but also powerful enablers of green
and asymmetric synthesis. Finally, we provide a critical
outlook on the future directions and potential break-
throughs in the field.

2. N-Containing carbohydrates as
feedstocks for N-containing chemicals

Despite chitin being one of the most abundant biopolymers
on Earth, human utilization of chitin-containing raw
materials, such as crustacean shells, represents only a small
fraction of the total chitin produced annually in nature.>*7”
The vast majority of natural chitin remains unutilized and
decomposes in the environment.*® In contrast, low molecular
weight nitrogen-containing compounds play an essential role
in pharmaceuticals, agriculture, food, and materials
science.'®**™*! Industrially, the nitrogen source for the syn-
thesis of nitrogen-containing compounds is predominantly
derived from ammonia (NH;), nitrate (NO;~), and nitrite
(NO,7), which are themselves produced through energy-inten-
sive nitrogen fixation processes, primarily the Haber-Bosch
process.*>*® Remarkably, the amount of nitrogen naturally
fixed into chitin via biological processes is estimated to be sig-
nificantly greater than the nitrogen fixed by the Haber-Bosch
process on an annual basis.”> This striking contrast has
sparked growing interest in valorizing renewable, nitrogen-rich
chitin biomass as a sustainable feedstock for the production
of value-added chemicals."® Such strategies not only enable
the circular use of bio-based nitrogen resources, but also offer
a greener alternative to conventional fossil-based and energy-
intensive pathways.

To date, few strategies are currently known for the acti-
vation of chitin/chitosan.*”° The strategy that involves direct
modifications of amines on the chitosan/chitin backbones to
prepare bio-based functional materials is one of the main
routes toward activation of these biomass.®> Another strategy
relies on strong oxidants or strong acidic conditions to cleave
C-N bonds in chitin/chitosan, simultaneously releasing N, or
limited types of organic and primarily inorganic low-value
chemicals, such as acetamide and ammonium salts.>’ These
two strategies cannot generate value-added small molecular
chemicals, in particular more complex organic compounds,
which are highly desired in modern life. For the utilization of
N-containing carbohydrates, such as chitin and chitosan, as
feedstocks for value-added small molecular compounds, the
process mainly involves hydrolysis to first produce the mono-
mers GlecNH, and GleNAc.** ¢ On the other hand, GlcNH,
and its derivatives, such as glucosamine hydrochloride, glucos-
amine sulfate, and GlcNAc, are widely used as nutraceuticals
for osteoarthritis relief. Traditional production methods often
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rely on seafood waste and toxic chemicals, raising environ-
mental and allergen concerns. Recent advances focus on eco-
friendly bio-based approaches, including enzymatic chitin
hydrolysis, fungal biotransformation, and engineered
microbial systems for sustainable GIcN and GIcNAc pro-
duction.”” Here, we have not discussed oligosaccharides of
chitin and chitosan.’®*® These monomers are further modi-
fied into value-added products (Table 1), such as hydrogen-
ation to prepare alcohols (2-acetamido-2-deoxysorbitol,
2-amino-1,3,4,5,6-hexanepentaol, 2-acetamido-1,4,5,6-hexane-
tetrol, and N-acetyl ethanolamine),®*®> dehydration to syn-
thesize nitrogen-containing cyclic compounds (3AF, 3A5AF,
3A5FF, fructosazine, deoxyfructosazine, chromogen III, chro-
mogen I, ADGF, and ADMF),**”7? oxidation to obtain carboxylic
acid compounds (glucosaminic acid, acetic acid, and
pyrrole),>"”*7> dehydration-deamidation to prepare nitrogen-
free aromatics (5-HMF, FMF, and 5-chloromethylfurfural),”®®°
enzymatic/fermentative methods for the preparation of amino
acid derivatives (.-DOPA and tyrosine),” hydrogenation/selec-
tive deoxygenation for the preparation of nitrogen-containing
chemicals (piperidine, pyrrolidine, and pentan-1-amine),®
and selective C-N bond cleavage for the preparation of
imidazo[1,5-a]pyridines®*®* (Table 1). The mechanism of each

type reaction has been reviewed.'®®* More importantly, several

Table 1 Synthesis of diverse value-added chemicals from chitin, chito-
san and p-glucosamine
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ADGF = 2-acetamido-3,6-anhydro-2-deoxyglucofuranose; ADMF =
2-acetamido-3,6-anhydro-2-deoxymannofuranose; 3-3A5FF = acetamido-5-
formylfuran; 3A5AF = 3-acetamido-5-acetylfuran; 3AF = 3-acetamidofuran;
5HMF = 5-hydroxymethylfurfural; FMF = 5-(formyloxymethyl)furfural;
-DOPA = 1-3,4-dihydroxyphenylalanine. R': aryl, alkyl, alkenyl; R*: aryl,
alkyl; R*: alky, aryl. Reproduced from ref. 52 with permission from the
PhD thesis available in eDiss (open access), copyright 2022.
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representative reviews have so far summarized the methods for
preparing value-added nitrogen-containing chemicals.*”*%°%85789
Biorefinery strategies have emerged involving the conversion
of chitin/chitosan into a preliminary C6 backbone via depoly-
merization (e.¢. monomeric and oligomeric molecules) fol-
lowed by the conversion of the C6 backbone into diverse pro-
ducts via cleavage and rearrangement.>'® For example, in
2020, Yan and Zhou et al. reported a biorefinery process to
upgrade shell waste-derived chitin to tyrosine and 1-DOPA
through an integrated process.” The process includes pretreat-
ment of chitin-containing shell waste and an enzymatic/
fermentative bioprocess using metabolically engineered
Escherichia coli. Although various protocols have been estab-
lished through enzymatic, catalytic and/or hydrothermal treat-
ments pathways, only about 17 examples (including sugar
derivatives, amino alcohols, nitrogen-containing cyclic com-
pounds, amino acid derivatives, and furanic amides) have
been obtained under complicated conditions and with low
efficiency. In 2016, a strategy involving the cleavage of the C-N
bond of chitin for the assembly of pyrrole with a low yield of
4% was reported. It was realized in an alkali aqueous solution
at 300 °C.”® Nikahd et al. exploited chitin as a source of bio-
logically fixed nitrogen for the preparation of a group of small-
molecule hetero- and carbocyclic pyrolysis products at
150-350 °C.°° They developed diverse pathways to obtain
specific value-added compounds, including 2-methylbenzo[d]
oxazol-6-ol, 2-acetamidocyclopent-2-en-1-one, 3-acetamido-6-
methyl-2H-pyran-2-one, 3-acetamido-2H-pyran-2-one, and (E)-
and (Z)-3-acetamido-5-ethylidenefuran-2(5H)-one. In particu-
lar, it should be stressed that the synthesis of N-heterocycles
from chitin/chitosan biomass is challenging and introducing
an external nitrogen source is the main pathway for the con-
struction of N-heterocycles from biomass.’™**> The C-N bond
of chitin/chitosan that offers a potential reactive site for
various versatile chemical diversifications generally remains
underutilized. Therefore, the development of one-pot protocols
enabling the targeted efficient incorporation of nitrogen from
chitin/chitosan into diverse valuable chemicals like
N-heterocycles is highly attractive, which will advance the exist-
ing methodologies while expanding the library of N-containing
chemicals derived from renewable sources.
Imidazo[1,5-a]pyridines are an important class of nitrogen-
containing heterocycles with wide-ranging applications in
pharmaceutical chemistry, coordination chemistry, and materials
science.”*®® They serve as precursors of N-heterocyclic
carbenes,”® % ligands in transition metal complexes,”°® and
inhibitors of biologically active targets.”>** However, prior to
recent developments, there were no efficient methods to syn-
thesize imidazo[1,5-a]pyridines from NCCs via regioselective
C-N bond cleavage, limiting the utilization of renewable
carbohydrate-based biomass in this area. Carbohydrates have
garnered increasing attention as chiral auxiliaries in stereo-
selective synthesis'®”'®" and for their role in stereocontrol
of transition-metal complexes via the metallo-anomeric
effect.'®® In aqueous solution, p-glucosamine exists in equili-
brium between a- and f-anomers, with their relative abun-

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Anomeric stereoauxiliary cleavage of the C—N bond of
p-glucosamine for the preparation of imidazo [1,5-a] pyridines.
Reproduced from ref. 82 with permission from Wiley-VCH GmbH, copy-
right 2022.

O\H O:C

Seven-membered ring TSp

dance modulated by pH and other factors.*®'°® Inspired by

this anomeric behavior, Zeng et al. developed a novel method
to exploit the a-anomer of p-glucosamine for C-N bond clea-
vage, enabling the direct construction of imidazo[1,5-a]pyri-
dine derivatives (Scheme 1).3* This transformation proceeds
through the formation of a seven-membered ring transition
state, a non-covalent interaction unique to the o«-anomer
(Scheme 1b), that facilitates selective C-N bond cleavage
under acidic aqueous conditions at 120 °C, without requiring
any metal catalysts or external nitrogen sources. This
mechanistic pathway was supported by ESI-MS analysis,
density functional theory (DFT) calculations, and control
experiments. Using this innovative strategy, the authors syn-
thesized over 83 examples of imidazo[1,5-a]pyridine deriva-
tives from a broad range of pyridine ketones (including para-
disubstituted dipyridine ketones) and aldehydes (including
para-dialdehydes). Notably, this protocol also enabled the
efficient preparation of deuterium-labeled imidazo[1,5-a]pyri-
dines, incorporating both C(sp®)-D and C(sp’)-D bonds,
which are of significant value in drug metabolism studies
and isotope labeling applications. This work highlights the
potential of carbohydrate-based stereoauxiliaries in control-
ling reactivity and selectivity, offering a novel and practical
approach for the construction of complex nitrogen-contain-
ing heterocycles. Beyond p-glucosamine, Zeng et al. further
extended this approach to polysaccharide feedstocks, includ-

This journal is © The Royal Society of Chemistry 2025

View Article Online

Tutorial Review

2
i 3R\ ]
Py~ “R2 2 Y
N7
140 °C, one-pot
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CH3 Targeted C-N bond cleavage

Chitosan (DD: 97.6%)
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R': Aryl, alkyl, alkenyl; R2: Aryl, alkyl; R3: alky, aryl
DD: degree of deacetylation

Selected examples

CcD,
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Scheme 2 Direct nitrogen interception from chitin/chitosan for
imidazo [1,5-a] pyridines. Reproduced from ref. 83 with permission from
the Royal Society of Chemistry, copyright 2022.

ing chitosan and chitin, developing a catalyst-free, one-
pot method for the synthesis of imidazo[1,5-a]pyridines
directly from these renewable nitrogen-rich biomaterials
(Scheme 2).** This protocol enabled the preparation of 52
examples of imidazo[1,5-a]pyridines under mild conditions,
achieving yields of up to 92%. The products include 1-alkyl-
substituted derivatives (39 examples) and 1-aryl-substituted
derivatives (13 examples), many of which were inaccessible
using traditional methods. This work represents a significant
advancement in the valorization of NCCs, establishing a
general, metal-free route to access value-added N-heterocycles
from abundant, renewable biomass with high functional
group tolerance and a broad substrate scope.

In addition to the synthesis of nitrogen-containing com-
pounds, NCCs can also serve as sustainable feedstocks for
the production of commercially important bulk chemicals,
which are typically derived from fossil resources. Li et al
developed an electrocatalytic strategy for the efficient con-
version of chitin into acetic acid and green hydrogen.”!
This process involves the initial depolymerization of chitin
to N-acetyl-p-glucosamine (GlcNAc), followed by its electro-
oxidation. The hybrid electrolysis system achieved over 90%
yield of acetate, while simultaneously generating H, gas as
a valuable byproduct. This approach offers a clean and
energy-efficient alternative for producing both acetic acid
and hydrogen from biomass. In the same year, Chen et al.
reported a switchable and selective oxidation method for
converting GlcNAc into various organic acids under ambient
conditions.'®® Using molecular oxygen (O,) as the oxidant
in dilute NaOH, the reaction selectively yielded acetic acid
and glyceric acid. When hydrogen peroxide (H,O,) was
employed as the oxidant instead, the major product was
formic acid. Compared to traditional methods that typically
require high temperatures and pressures, this room-temp-
erature approach is safer, more economical, and environ-
mentally friendly, demonstrating the potential of carbo-
hydrate-based biomass for the green production of platform
chemicals.

Green Chem., 2025, 27,12888-12908 | 12891
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3. N-Containing carbohydrates as
ligands in organic catalysis

Enantiomerically pure compounds play crucial roles in the
pharmaceutical, agrochemical, and flavor industries."®> These
chiral molecules can be synthesized through various method-
ologies, including organometallic catalysis, enzymatic trans-
formations, and organocatalysis.
geneous metal catalysis remains one of the most attractive and
widely applied strategies. In recognition of their groundbreak-
ing contributions to this field, W. S. Knowles, R. Noyori, and
K. B. Sharpless were jointly awarded the 2001 Nobel Prize in
Chemistry. In this enantioselective catalysis, the use of chiral
ligands is fundamental. These ligands coordinate to metal
centers and create an asymmetric chiral environment that
enables the selective transformation of prochiral substrates
into chiral products. Thus, the rational design and selection of
appropriate chiral ligands is a critical factor influencing both
the reactivity and stereocontrol of the catalytic system. Over
the years, numerous chiral ligands have been developed, sig-
nificantly expanding the diversity of accessible structures and
enabling the fine-tuning of enantioselectivity in a wide range
of asymmetric transformations.**®*%”

Carbohydrates, the most abundant and renewable class
of biomolecules, possess natural chiral backbones and have
emerged as valuable scaffolds for the construction of
chiral ligands in asymmetric catalysis.'’*'°*'*® Unlike many
synthetic ligands, carbohydrate-based ligands are economical
and readily available, and do not require multistep installation
of stereocenters, making them attractive for sustainable
and cost-effective synthesis. Carbohydrate-derived ligands

have been widely employed in various enantioselective
100,108-111

Enantioselective homo-

transformations, and numerous reviews have covered
sugar-based ligands designed for phosphine, phosphinite, and
phosphite architectures,'?®1081091127114 Thege ligands have
demonstrated broad utility in asymmetric hydrogenation,
hydroformylation, allylic substitution, 1,4-addition, Heck reac-
tions, hydroboration, hydrosilylation, and cyclopropanation. In
this section, we focus on chitin, chitosan, and their mono-
meric derivatives as ligand precursors for enantioselective
transformations in organic synthesis, highlighting their struc-
tural advantages, coordination behavior, and application scope.

Natural chitin, chitosan, and amino sugars possess
inherent nucleophilicity due to the presence of amino groups,
which render them more chemically reactive than non-
nitrogenous carbohydrates. Their amino functionalities enable
facile derivatization, allowing for the design of tailored ligands
for use in asymmetric catalysis and other organic transform-
ations (Scheme 3a)."*>''® Kunz et al. were the first to utilize
p-glucosamine in the synthesis of a phosphine-oxazoline
(PHOX) ligand scaffold.""” This design was later improved by
Uemura et al., who incorporated a diphenylphosphinite group,
enhancing its performance in asymmetric allylic substitution
reactions."'®'"® The resulting ligand L5, featuring a phos-
phinite-oxazoline structure, was subsequently employed in
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Scheme 3 Representative examples of ligands derived from amino
sugars and their applications. Pd(dba), = bis(dibenzylideneacetone)palla-
dium; BSA = N,O-bis(trimethylsilyl)Jacetamide; ee = enantiomeric excess.
Reproduced from ref. 52 with permission from the PhD thesis available
in eDiss (open access), copyright 2022.

Pd-catalyzed asymmetric Heck reactions and in the enantio-
selective arylation of 2,3-dihydrofuran using aryl triflates as
electrophiles (Scheme 3b)."*°

Further contributions include the work by Boysen et al.,
who developed a C,-symmetric bis(oxazoline) ligand L7, also
derived from p-glucosamine, and successfully applied it in
copper-catalyzed cyclopropanation of styrene with diazoacetate
(Scheme 3d)."*' In a similar context, Bauer et al. designed
ligand L8, which demonstrated high enantioselectivity and
yield in the addition of diethylzinc to aldehydes
(Scheme 3e)."** In 2005, Diéguez et al. introduced a novel
family of phosphite-oxazoline ligands (L6), which were readily
accessible and effective in palladium-catalyzed asymmetric
allylic substitution reactions (Scheme 3c).'**> A set of amino
sugar-derived ligands (L1-L4) were investigated as chiral addi-
tives in the diethylzinc addition to aldehydes (Scheme 3f)."**
Ligands L1 (a-anomer) and L2 (p-anomer) both delivered excel-
lent yields and enantioselectivities, suggesting that anomeric
configuration has minimal influence on the reaction outcome.
In contrast, L3 (a-allosamine) led to low yield and ee, while L4
(a-mannosamine) gave high yield but low ee. These results
indicated that the C3-hydroxyl group plays a pivotal role in

This journal is © The Royal Society of Chemistry 2025
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achieving high yields, while the C2-amino group is key to con-
trolling enantioselectivity. Based on these observations, the
authors proposed a mechanistic model involving the for-
mation of a five-membered chelate ring through coordination
between the C2-amino group, a hydroxyl group (likely at C3),
and zinc, thereby stabilizing the chiral transition state and
enhancing stereoselectivity.

Glucosamine can be chemically modified to incorporate
phosphite functionalities, enabling the synthesis of novel
chiral ligands with high stereodifferentiating potential. For
instance, a novel enantiomerically pure ligand, 2-[2-(diphenyl-
phosphino)phenyl]-4,5-(2-deoxy-a-p-glucopyrano)-oxazoline
(L9), was synthesized from glucosamine (Scheme 4)."'” The
effectiveness of L9 was demonstrated in palladium-catalyzed
intermolecular allylic substitution reactions of both symmetri-
cally and non-symmetrically substituted allyl acetates,
affording products with high yields and excellent enantio-
selectivities (up to 98% ee). Building on this concept,
Yonehara et al. developed a series of palladium-catalyzed
asymmetric allylic substitution reactions employing novel
chiral phosphinite-oxazoline ligands (L10) derived from
p-glucosamine."'® These ligands exhibited high -catalytic
efficiency and afforded allylic alkylation and amination pro-
ducts with substantial enantiomeric excess. For example, the
allylic alkylation of 1,3-diphenyl-3-acetoxyprop-1-ene with
dimethyl malonate proceeded smoothly in the presence of
0.25 mol% of [Pd(n>-C3H;)Cl], and L10 bearing the smallest
oxazoline substituent at 0 °C within 6 hours, yielding the
product with 96% ee. Hashizume et al. reported the synthesis
of a novel water-soluble amphiphilic chiral ligand (L11)
derived from p-glucosamine, which was successfully applied in
palladium-catalyzed asymmetric allylic substitution reactions
conducted in either aqueous or organic media."*® The result-
ing catalyst complex, [Pd]/L3, specifically, [Pd(2-methyl-4,5-
[4,6-O-benzylidene-3-0O-bis[(4-((diethylmethylammonium)

Aqueous or organic medium

OPiv AN
o =0 o Ph” 52 o
PivO o ° °
PivO P /—@P/ NG
NS
NO Ph,P N iz’ EtN \ﬁ
thptb Lo
Lo L1 ELN
OAc [(PA(CsH35)Cl)] (1.2 mol%)  MeO,C._CO,Me
RN ¢ Me0,c7 COMe T azmom -
Re skl an KOAc, BSA RTNR
= alkyl, ary CH,Cl,, 25 °C Up to 94% yield
Up to 98% ee
OAc [Pd(n3-C3Hs)Cl, (0.25 mol%) Nu
N
R/\/S\R + Nu-H L0 RTYTR
- Up to 98% yield
R= alkyl, aryl Up to 96% ee
Nu
OAc [Pd)/L11 complex S
P X Npp * Nu-H Ph” " ph

Up to 95% vield
Up to 92% ee

Scheme 4 Representative examples of ligands derived from amino
sugars and phosphite functionalities and their applications in asym-

metric catalysis.
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methyl)phenyl)]phosphino-1,2-dideoxy-a-p-glucopyranosyl]-
[2,1-d]-2-oxazoline)(n*-C3H;)**-3BF,”, exhibited good water
solubility and functioned efficiently in water or aqueous/
organic biphasic systems, achieving enantioselectivities of up
to 85% ee. This catalytic system offers practical advantages,
including easy separation of the aqueous catalyst phase from
the organic product phase and the ability to recycle the catalyst
multiple times without significant loss of activity or selectivity,
highlighting its potential for sustainable and green asym-
metric catalysis.

In addition to its well-established role as ligands in asym-
metric catalytic organic synthesis, p-glucosamine has also
proven effective as a ligand in metal-catalyzed transformations
that do not involve the creation of chiral centers, such as
various cross-coupling reactions.'*® Bao et al. reported the use
of p-glucosamine as a ligand in Ullmann-type copper-catalyzed
N-arylation of imidazoles with both aryl and heteroaryl bro-
mides (Scheme 5a)."*® This work demonstrated the potential
of naturally derived carbohydrate ligands in promoting C-N
bond formation. Building upon this foundation, Zhou et al.
significantly improved the method in 2016 by employing
N-acetylglucosamine (GlcNAc) as the ligand under aerobic con-
ditions, and further expanded the substrate scope from imid-
azoles to aromatic amines (Scheme 5b)."*” Theoretical studies
suggested that the hydroxyl groups at the C3, C4, and C6 posi-
tions of GlcNAc played a key role in the coordination with the

C-N bond formations
N Cul (20 mol%), GIcNH, (40 mol%; ==
a  A—Br + [ D ¢ ) 2 ) Ar—N\/] 18 examples
N Cs,CO3, DMSO, N, 55-95%
H
N <, 11 examples
[ \> ANy s7es%
N Cul (10 mol%), GIcNAC (5%)
b Ar—Br/l + H - or
or Cs,C0O3, DMSO/H,0, air /Ph 2 examples
Ph—NH;, Ar—NH 71-99%
Cul (10 mol%), GlcNH; (5 mol%
¢ A—Bil + NaNg ( ) 2 (5 mol%) U zigxasr:ples
KOH, KI, DMF/H,0 -98%
C-S bond formations
o
Cul (10 1%), GIcNH, (20 mol%
d  Ar—Brl +Ar—SOsNa ul (10 mol%), GlcNH; (20 mol%) Ar—S//— 14 examples
KOAc, DMF/H,0, air % 72:97%
e A—l + PhSSPh Cul (10 mal%), GIcNH, QOmol%) 7 examples
CsCOj3, DMF/H,0, air 77-95%
C-C bond formations
Pd(OAG); (0.5 mol%), GIcNH, (1 mol%)
f Ar—X + —\R Ar —— 18 examples
KCOg3, iPrOH/H,0 X
X=CIL,Br,|  R=Aryl, ester 3 2 5-95%
R Ar/Bn
; _— 5 examples
R Br 70-92%
Ar—MgBr __/  Fe(acac), (5 mol%), GIcNH, (5 mol%) 2R R3 0-62%
or + or
Bn—MgBr %R R3 Et3N (5 mol%), THF r AB
/Bn
. > 5 >=(_ 7 examples
R'=H, methyl; R°= H, alkyl, aryl; R®= H, alkyl 2 3 37-84%
R R

Scheme 5 Construction of C-N, C-S and C-C bonds via metal-cata-
lyzed reactions with the ligand p-glucosamine. Fe(acac), = iron(i) acetyl-
acetonate. Reproduced from ref. 52 with permission from the PhD thesis
available in eDiss (open access), copyright 2022.
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copper catalyst and in modulating the catalytic cycle. However,
the specific influence of the C1-hydroxyl group and C2-amino
group remains unexplored and warrants further investigation.
In 2011, Sekar et al. utilized p-glucosamine as a ligand in the
copper-catalyzed azidation of aryl halides, enabling the selec-
tive synthesis of anilines from aryl halides and sodium azide
(NaN;) (Scheme 5c)."?® Subsequently, in 2014, Zhang et al.
reported that p-glucosamine served as an efficient ligand in
the copper-catalyzed synthesis of aryl sulfones from aryl
halides and sodium sulfinates (Scheme 5d)."*® They further
extended this strategy to the cross-coupling of diphenyl disul-
fides with aryl iodides using Cul in the presence of glucos-
amine as a ligand (Scheme 5e)."*° Beyond copper catalysis,
p-glucosamine has also proven effective in other metal-cata-
lyzed systems. It has been employed in palladium-catalyzed
Mizoroki-Heck reactions involving aryl halides (Scheme 5f)"**
and in iron-catalyzed Grignard-type cross-coupling reactions
with vinylic and allylic bromides (Scheme 5g)."*> These
examples collectively highlight the versatility and utility of
p-glucosamine and its derivatives as environmentally friendly,
readily available chiral ligands for a broad spectrum of tran-
sition-metal-catalyzed cross-coupling reactions.

4. N-Containing carbohydrates as
organocatalysts in organic catalysis

Organic catalysis represents a transformative strategy in
modern chemical synthesis, playing an essential role in
numerous global chemical production processes. Within this
domain, asymmetric catalysis has garnered significant atten-
tion due to its ability to selectively generate specific enantio-
mers, an outcome of particular importance in drug discovery
and development. The enantioselective synthesis of complex
molecules not only improves therapeutic efficacy but also
reduces off-target effects. Traditional approaches for asym-
metric catalysis primarily involve metal complexes with chiral
ligands. While effective, these methods often require strictly
anhydrous or anaerobic reaction conditions and rely on expen-
sive and sometimes toxic metal catalysts. Such limitations sig-
nificantly hinder their scalability and industrial application.
Alternatively, enzymatic catalysis offers high stereoselectivity
under mild conditions, but its broader utility is restricted by
substrate specificity, high cost, and the need for delicate reac-
tion environments. In response to these challenges, research-
ers have pursued catalytic systems that combine wide substrate
tolerance, high selectivity, and environmental compatibility.
This pursuit culminated in the emergence of organocatalysis,
a concept popularized by David W. C. MacMillan and
Benjamin List in the early 2000s. For instance, MacMillan
demonstrated enantioselective Diels-Alder reactions via
iminium activation,'*® while List utilized proline to promote
asymmetric aldol reactions through enamine catalysis."**
Although aldehydes are inherently more electrophilic and gen-
erally react faster than ketones with aminocatalysts like proline
to form iminium intermediates, the aldol reaction is intention-
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ally designed so that the aminocatalyst first reacts with the
ketone. In this catalytic cycle, the ketone serves as the nucleo-
phile precursor, condensing with the aminocatalyst to generate
an enamine intermediate, while the aldehyde is reserved as
the electrophile. This selectivity is achieved by reaction design,
typically using an excess of ketone, controlling the order of
addition, and relying on the aldehyde’s higher electrophilicity
to ensure it reacts preferentially with the enamine rather than
competing for aminocatalyst binding. As a result, even though
aldehydes might outcompete ketones under unbiased con-
ditions, the aldol reaction conditions channel the aminocata-
lyst’s reactivity toward the ketone first, enabling efficient C-C
bond formation with the aldehyde. These covalent activation
strategies, particularly enamine and iminium catalysis, have
since evolved into powerful tools in synthetic chemistry, inspir-
ing a wave of innovation across diverse reaction types.'*> %!

Today, organocatalysis is a thriving area of research,'**™*>
with a broad array of catalyst classes expanding its scope from
fine chemicals to pharmaceuticals and natural product
synthesis.'*>%¢1%¢  Representative organocatalysts include
cinchona alkaloids,'®” proline,'** imidazolidinones,'** diaryl-
prolinol silyl ethers,"”® and notably, carbohydrates."”® Among
these, carbohydrates, owing to their abundance, biocompat-
ibility, and innate chirality, have emerged as attractive
scaffolds for the development of novel organocatalysts. In par-
ticular, NCCs such as chitin, chitosan, and bp-glucosamine
have drawn increasing interest. These compounds share a
common glucosamine backbone and offer versatile points for
functionalization, enabling the creation of structurally diverse
and catalytically active materials. Chitin, the second most
abundant natural polymer, is widely found in crustacean
shells and fungal cell walls. Its deacetylated derivative, chito-
san, and its monomeric unit, p-glucosamine, are not only bio-
degradable and non-toxic but also exhibit excellent solubility
and reactivity, making them ideal candidates for organo-
catalyst design. This section focuses on recent advancements
in the use of NCCs as organocatalysts, particularly emphasiz-
ing three major classes (Table 2): (a) aminocatalysts, (b) carbo-
hydrate-derived urea/thiourea—amine catalysts, and (c) other
types of organocatalysts. Through this lens, we aim to high-
light how these naturally occurring molecules are being lever-
aged to address longstanding challenges in asymmetric syn-
thesis while aligning with the principles of green chemistry
and sustainability.

4.1. N-Containing carbohydrate-derived aminocatalyst

Representative aminocatalysts such as cinchona alkaloids,
t-proline, imidazolidinones, and diarylprolinol silyl ethers
have played a pivotal role in the development of asymmetric
aminocatalysis. These well-established organocatalysts have
demonstrated broad utility across a variety of enantioselective
transformations. Recently, the incorporation of NCCs as chiral
aminocatalysts has further enriched the field, offering a sus-
tainable and structurally diverse alternative to traditional,
often synthetically demanding, aminocatalyst systems. In a
notable example, K. Rajender Reddy et al. developed a chito-

This journal is © The Royal Society of Chemistry 2025
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Table 2 Summary of the reaction type and mechanism based on N-containing carbohydrates as organocatalysts

Organocatalysts Reaction type Key mechanisms Ref.
o Aldol reaction Via enamine 160-162
§ Michael addition Via enamine 163
RO/\—/\ NH, Mannich reaction Via enamine 164
Baylis-Hillman reaction Via iminium ion/enamine tandem 165
Aminocatalysis sequence and anomeric stereoauxiliary
R=H, alkyl, Bn
O Michael addition Via enamines or enol 166-169
> Biginelli reaction Via enamine 170
X A,...H Aldol reaction Via enamine 171
'RO— N Oxa-Michael-Michael cascade Via enol 172
%\ Mannich reaction Via enol 173-175
o/s N~ H Nucleophilic addition Via exo-anomeric effect 110, 168 and 176
2R

Urea/Thiourea-amines
Bifunctional Catalyst

R'= Ac, H
R2= alkyl amine
Q Morita Baylis-Hillman reaction
RO - Aldol reaction
O™ >cata.
Other type of Organocatalysis
Cata.= phosphinyl, carboxyl etc.
R=H, Ac

san-based hydrogel as a green and recyclable biopolymer cata-
lyst for aldol and Knoevenagel reactions.'”® These transform-
ations proceeded efficiently under biphasic conditions,
affording products in excellent yields and with high chemo-
selectivity. Importantly, the hydrogel catalyst could be recov-
ered by simple filtration and reused multiple times with
minimal loss of catalytic activity, demonstrating its robustness
and practical applicability. In another significant contribution,
Alfredo Ricci and colleagues introduced chitosan aerogel
microspheres as recyclable, heterogeneous organocatalysts for
the asymmetric direct aldol reaction in water (Scheme 6)."%
The system provided aldol products in high yields, with
enantioselectivities reaching up to 93% ee, and retained its
activity over four successive catalytic cycles. Mechanistically,

a. Optimization of catalyst O

/©)Ammoca!alyst 0.2 equiv. ) O/ﬁ

HO, r.t.

o ool

NH2 HCI Chitosan

Cat. 1
Yield: 38%, ee: 50%
anti-aldol

mﬁ /{%‘EW%

fm k%»w

Hoerﬁ

Yield: 88%, ee: 93%

b. Proposed mechanism

Chitosan

é syn-aldol

Scheme 6 (a) Optimization of aminocatalysts for direct aldol reaction
of cyclohexanone with p-nitrobenzaldehyde. (b) The proposed
mechanism.

This journal is © The Royal Society of Chemistry 2025

177
178

Via enol
Via enamine

the authors proposed that chitosan’s primary amine con-
denses with cyclohexanone to form the E-configured enamine
intermediate A, whereas hydroxyacetone preferentially forms
the Z-enamine intermediate B, stabilized through intra-
molecular hydrogen bonding. These enamines subsequently
react with aldehydes, which are likely activated by hydrogen
bonding with the 3-hydroxyl group of the carbohydrate
scaffold, forming intermediates C and D. These pathways lead
predominantly to the anti- and syn-aldol adducts, respectively.
Notably, the authors also suggest the involvement of
additional hydrogen-bonding interactions between the sub-
strate and hydroxyl groups from the same or neighboring sac-
charide units, potentially enhancing stereoselectivity. These
studies highlight the growing utility of N-containing carbo-
hydrate-based aminocatalysts in asymmetric catalysis, show-
casing their potential as renewable, recyclable, and environ-

(e}

A

Aminocatalyst (0.1 equiv.)
acetone/H,0 (9/1), 0 °C

[¢)
©j‘g:0
N
H

HO  NH,
Cat. 3

HO  NHy-HCI
Cat. 1
Yield: 99%, ee: 10%

Yield: 95%, ee: 15%

Yield: 99%, ee: 55%

Scheme 7 Enantioselective aldol reaction of isatin with acetone cata-
lyzed by carbohydrate-derived catalysts.
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mentally benign alternatives to conventional small-molecule
organocatalysts.

Inspired by the success of chitosan-based aminocatalysts,
Shen et al. developed a series of carbohydrate-derived alcohols
for use in enantioselective aldol reactions between isatins and
ketones (Scheme 7).'°" Their investigation began with glucos-
amine hydrochloride (Cat. 1), which yielded aldol products
with low enantioselectivity (10% ee). Protection at the anome-
ric position significantly improved performance, with methyl
(Cat. 2) and benzyl (Cat. 3) groups increasing the ee up to
55%, with the benzyl group delivering superior stereocontrol.
This enhancement was attributed to the increased steric hin-
drance conferred by the bulkier substituent at the anomeric
position. Upon further optimization, a wide variety of isatins
were successfully employed, affording aldol products in high
yields (up to 99%) and with moderate enantioselectivities (up
to 75% ee), underscoring the potential of protected amino
sugars in asymmetric synthesis.

Building on these findings, Li et al. reported a novel cata-
lytic system based on p-fructose-derived p-amino alcohols for
direct asymmetric aldol reactions of aromatic aldehydes with
cyclic ketones, utilizing p-nitrophenol as a co-catalyst
(Scheme 8).°> Using 20 mol% of the p-amino alcohol (Cat. 4)
and 15 mol% of p-nitrophenol, the team achieved aldol pro-
ducts in excellent yields (up to 98%) and with good enantio-
selectivities (up to 87% ee). 'H NMR spectroscopy was
employed to probe the reaction mechanism, which is believed
to involve initial enamine formation followed by C-C bond for-
mation. Hydrogen bonding between the aldehyde’s carbonyl
and both p-nitrophenol and the hydroxyl group at C-3 of the
sugar likely activates the electrophile and stabilizes the tran-
sition state, enhancing the reaction’s stereocontrol and cata-
Iytic efficiency. The catalyst demonstrated good reusability
with 77-84% recovery across multiple cycles.

While enamine intermediates from secondary amines are
commonly employed as nucleophiles in Michael additions,
reactions involving primary amines typically proceed via
imines, which are less nucleophilic. Vanlaldinpuia et al. com-
putationally investigated the feasibility of using primary ami-
nosugars as catalysts for this transformation (Scheme 9a and

) o OH y\ *
0 o B o
Y CAr 0O, |
BnO™ (Cat.4, 20 mol%) syn ? NO.
itrophenol (15 mol%), -20 °C .
p-nitrophenol (15 mol%), ij/iv'\Ar N ;jL‘H—O
anti Via A H
ee (%)
Cycle Recovery of aminocat. (%) Time (h) Yield (%) dr syn:anti syn anti
1 84 24 93 1:2.39 48 81
81 24 88 1:2.68 46 78
3 80 24 90 1:2.41 48 80
4 77 24 91 1277 48 79
5 79 24 89 1:2.62 45 80
Scheme 8 Dp-Fructose-derived B-amino alcohols for direct asymmetric

aldol reactions of aromatic aldehydes with cyclic ketones.
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Scheme 9 Michael addition of unactivated ketones to nitroolefins cata-
lyzed by p-fructose-derived monofunctional primary amine.

d).'®® Density Functional Theory (DFT) calculations revealed
that the enamine intermediate (—711641.875 kcal mol™") is
more stable than the imine form (—711641.498 kcal mol™"),
supporting its viability as a Michael donor. Subsequently, they
reported the first use of a monofunctional primary amine
derived from b-fructose, specifically 1,2:4,5-di-O-isopropyl-
idene-3-amino-3-deoxy-a-p-fructopyranose (Cat. 5), as a highly
effective catalyst for asymmetric Michael addition of ketones
to nitroolefins (Scheme 9b). The reaction delivered up to 96%
yield, 88:12 dr, and 89% ee, while the opposite stereoisomer
(Cat. 6) exhibited inferior reactivity and selectivity.
Modifications to generate secondary amines from the fructose
framework (via methylation or benzylation) led to diminished
activity, likely due to steric hindrance. The addition of benzoic
acid as an additive significantly improved the performance,
presumably by facilitating enamine formation (Scheme 9c).
Under optimized solvent-free conditions with 15 mol% catalyst
and 15 mol% benzoic acid, the model reaction between cyclo-
hexanone and 4-methoxy-f-nitrostyrene gave the desired
product in 86% yield, with 88:12 dr and 89% ee favoring the
syn-product. The mechanism (Scheme 9e) involves hydrogen
bonding between the NH of the enamine and the nitro group
of the nitroalkene, orienting the Si-face of the olefin below the
enamine plane to direct syn-selective bond formation.

In a related study, Sharma et al. developed the first direct
asymmetric Mannich reaction catalyzed by a p-glucosamine-
derived f-amino alcohol (Scheme 10).'®* Optimization using
cyclohexanone, aniline, and 4-nitrobenzaldehyde as substrates
led to excellent outcomes: 77% yield, 12:1 diastereomeric
ratio (syn:anti), and 98% ee using 20 mol% Cat. 2 and
20 mol% benzoic acid in CH,Cl, at room temperature. Control
experiments demonstrated that the hydroxyl group at the C-3

This journal is © The Royal Society of Chemistry 2025
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Scheme 10 Direct asymmetric Mannich
p-glucosamine-derived p-amino alcohol.

reaction catalyzed by a

position of glucosamine is critical for both yield and stereo-
control, activating the imine via hydrogen bonding and
enabling Re-face attack by the enamine, consistent with a syn-
selective mechanism.

Recent advances in N-containing carbohydrate-based ami-
nocatalysis have revealed powerful strategies that leverage
tandem catalysis and stereochemical control via carbohydrate
structural elements. Among these, stereoauxiliary catalysis
from the anomeric position and tandem iminium ion/
enamine sequences represent two emerging approaches that
dramatically expand the utility of carbohydrate-derived
scaffolds in asymmetric transformations. Zeng et al. first intro-
duced a novel a-anomeric stereoauxiliary strategy, utilizing
p-glucosamine as a chiral reagent to promote C-N bond clea-
vage and the synthesis of diverse imidazo[1,5-a]pyridines
through a seven-membered-ring transition state.®* This
approach was further extended to a catalyst-free, one-pot meth-
odology, enabling the direct incorporation of nitrogen atoms
from chitin or chitosan into target heterocycles, thereby
enhancing the sustainability of the protocol.®® These studies
highlighted the potential of the anomeric center as a stereo-
auxiliary control element, complementing the more commonly
exploited amino and hydroxyl groups on the sugar backbone.
Building on this concept, in 2023, Zeng et al. reported a
glucosamine-based f-anomeric stereoauxiliary aminocatalytic
system that enabled the efficient one-pot synthesis of 1,2,3-tri-
substituted indolizine-2-carbaldehydes via a [3 + 2] annu-
lation of acyl pyridines and «,p-unsaturated aldehydes
(Scheme 11).'°> The p-anomeric catalyst (Cat. 7) exhibited
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Scheme 11 A recyclable stereoauxiliary amino-catalyzed strategy for
the one-pot synthesis of indolizine-2-carbaldehydes. Reproduced from
ref. 165 with permission from Springer Nature, copyright 2023.

superior activity and selectivity compared to its a-anomeric
counterpart (Cat. 8), due to reduced steric hindrance and
favorable stereoelectronic alignment. This work also intro-
duced the first example of a tandem iminium ion/enamine
catalytic sequence using an N-containing carbohydrate
scaffold. The sequential Michael-aldol cascade proceeds
through a conformationally adaptive enamine intermediate,
overcoming steric barriers and enabling streamlined C-C bond
formation. Furthermore, polymeric chitosan, composed of p-p-
anhydroglucosamine units, was demonstrated as a practical,
recyclable organocatalyst under aqueous conditions, support-
ing sustainable, scalable synthesis of indolizine derivatives.
The proposed mechanism is shown in Scheme 12. After the
formation of the iminium ion/enamine tandem sequence (D
to E), enamine F can be simply formed from E via rotation,
which will overcome the bulky steric hindrance between R'
and R?. This new approach largely expands the scope of readily
accessible indolizine-2-carbaldehydes relative to existing state-
of-the-art methods. Despite the successful preparation of indo-
lizine-2-carbaldehydes by the activation of o,f-unsaturated
aldehydes, due to the electronically less active and more steri-
cally demanding nature of o,f-unsaturated ketones toward
iminium formation with an aminocatalyst, the efficient one-
pot transformation of a,p-unsaturated ketones for distinct
2-acylindolizines bearing sensitive groups remains a challenge
for synthetic chemists. Inspired by the stereoauxiliary strategy,
in 2024, Zeng and co-workers reported a weak-coordination-
auxiliary amino-catalyzed approach that enables directed
[3 + 2] cyclization of a,p-unsaturated ketones and N-heteroaryl
ketones to afford the desired 2-acylindolizines via an iminium

Green Chem., 2025, 27,12888-12908 | 12897
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Scheme 12 Control experiments and the proposed mechanism. R%:
aryl, alkyl; R%: aryl, alkyl. Reproduced from ref. 165 with permission from
Springer Nature, copyright 2023.

ion/enamine tandem sequence.*®*° Control experiments and
in-depth DFT calculations highlight the importance of the
weakly coordinating glycine’s carboxylic group in promoting
the intramolecular cyclization and 1,5-proton transfer pro-
cesses. These studies illustrate how stereoauxiliary design at
the anomeric position and tandem catalysis mechanisms can
be synergistically integrated into carbohydrate-based aminoca-
talysis. This line of work significantly enriches the synthetic
toolbox for constructing nitrogen-rich heterocycles while align-
ing with the principles of green and sustainable chemistry.

4.2. N-Containing carbohydrate-derived urea/thiourea-amine
bifunctional catalyst

Chiral thiourea and urea derivatives have proven to be extra-
ordinarily useful as catalysts for the enantio-selective acti-
vation of carbonyl and imine derivatives toward nucleophilic
addition."®"'®> NCCs are particularly attractive scaffolds due to
their chiral richness, abundance, sustainability, and biocom-
patibility. This section discusses the development of bifunc-
tional catalysts combining carbohydrate-derived urea/thiourea
motifs with various amine functionalities (primary, secondary,
and tertiary) (Scheme 13).
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Scheme 14 The Michael addition catalyzed by a N-containing carbo-
hydrate-derived thiourea—primary amine bifunctional catalyst.

4.2.1. N-Containing carbohydrate-derived urea/thiourea-
primary amine bifunctional catalyst. Liu et al. reported a series
of simple, yet highly effective, bifunctional thiourea-primary
amine catalysts derived from saccharides for the enantio-
selective Michael addition of aromatic ketones to nitroolefins
(Scheme 14)."°° These catalysts (Cat. 10) demonstrated excel-
lent catalytic efficiency, delivering products with up to 99%
yield and 98% ee. The primary amine forms an enamine inter-
mediate with the ketone, while the thiourea moiety activates
the nitroolefin through dual hydrogen bonding, stabilizing the
transition state and directing stereoselectivity via Si-face
attack. Building on this platform, the same group extended the
substrate scope to o,p-y,5-unsaturated nitro compounds by uti-
lizing nitrodienes as Michael acceptors.'®® This expansion
emphasized the catalyst’s broad applicability and the effective-
ness of its bifunctional design in handling more challenging
substrates.

Lu et al advanced this concept to an intramolecular
setting, using a glucosyl-based thiourea-primary amine cata-
lyst (Cat. 11) for the enantioselective synthesis of trans-dihy-
drobenzofurans via Michael addition (Scheme 15).'°” Yields
reached 99% and enantioselectivities exceeded 99% ee,
demonstrating that rigid carbohydrate scaffolds can enforce
high stereocontrol even in cyclic transition states. Wang et al.

This journal is © The Royal Society of Chemistry 2025
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Scheme 16 Enantioselective synthesis of dihydropyrimidines via the
Biginelli reaction.
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applied a similar catalytic framework (Cat. 10) to the Biginelli
reaction, achieving dihydropyrimidines with up to 99% ee and
moderate to high yields (Scheme 16)."”° The inclusion of a
Brgnsted acid additive, tert-butylammonium trifluoroacetate
(+-BuNH,-TFA) in dichloromethane at room temperature,
improved the turnover, underscoring the role of hydrogen
bonding environments in modulating catalyst activity.

4.2.2. N-Containing carbohydrate-derived urea/thiourea—-
secondary amine bifunctional catalyst. In contrast to primary
amines, secondary amine-thiourea systems enable reactions
proceeding via classical enamine catalysis. Lu et al. reported a
highly enantio- and diastereoselective Michael addition of
cyclohexanone to nitroolefins, catalyzed by a chiral glucose-
derived bifunctional secondary amine-thiourea organocatalyst
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Scheme 17 The Michael addition catalyzed by a N-containing carbo-
hydrate-derived thiourea—secondary amine bifunctional catalyst.
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(Cat. 12) (Scheme 17).'°® To ensure the stability of Cat. 12
during storage, 20 mol% trifluoroacetic acid (TFA) was
required to suppress its slow decomposition, while 20 mol%
triethylamine (Et;N) was added in situ to liberate the active sec-
ondary amine species. Through extensive optimization, the
best conditions were identified as 20 mol% Cat. 12, 10 mol%
propionic acid (PrCO,H), and 20 mol% Et;N, in toluene at
—15 °C. Under these optimized conditions, a broad range of
Michael adducts were obtained in excellent yields, with
diastereoselectivities up to >99:1 dr and enantioselectivities
up to 97% ee. Notably, the presence of electron-donating or
electron-withdrawing groups on the nitroolefins had minimal
influence on the yield or stereoselectivity. A transition state
model was proposed to rationalize the observed selectivity. The
free base form of Cat. 12 acts as a bifunctional catalyst: the
pyrrolidine unit forms an enamine intermediate with the
ketone substrate, aided by the Brensted acid co-catalyst
(PrCO,H), while the thiourea moiety, along with the acid addi-
tive, activates the nitroolefin via hydrogen bonding. The sub-
sequent Re-face nucleophilic attack of the enamine on the acti-
vated nitroolefin leads to the formation of the stereodefined
Michael adduct, consistent with the experimental outcomes.

Liu et al. reported a direct asymmetric aldol reaction in
aqueous media catalyzed by a p-cyclodextrin-proline conjugate
linked via a urea moiety (Scheme 18)."”" Covalent attachment
of proline to p-cyclodextrin through a urea linkage afforded the
water-soluble chiral organocatalyst Cat. 13 in high yield. Using
5 mol% of Cat. 13 under aqueous conditions, asymmetric
aldol condensations between acetone and a broad range of
aldehydes were successfully carried out, delivering the corres-
ponding products in moderate to high yields (up to 96%) with
excellent enantioselectivities (up to 99% ee). The study also
evaluated substrate selectivity, confirming the catalyst’s versati-
lity across different aldehyde structures. Importantly, recycling
experiments demonstrated the excellent recyclability and re-
usability of Cat. 13 without significant loss of catalytic per-
formance over multiple cycles. This work highlights the modu-
larity, aqueous compatibility, and environmental sustainability
of carbohydrate-derived organocatalysts, reinforcing their
value in green asymmetric synthesis.

4.2.3. N-Containing carbohydrate-derived urea/thiourea-
tertiary amine bifunctional catalyst. Tertiary amines, though
incapable of enamine formation, serve as an effective base or
hydrogen bond acceptors in bifunctional systems. Puglisi et al.
reported carbohydrate-based urea-tertiary amine catalyst
bifunctional organocatalysts (Cat. 14) for the stereoselective

Green Chem., 2025, 27,12888-12908 | 12899
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Scheme 19 The proposed stereoselection model for acetylacetone
addition to p-nitrostyrene.

nucleophilic addition of acetylacetone to f-nitrostyrene in
DCM at room temperature for 18 h, under the best conditions,
obtaining enantioselectivities up to 83% (Scheme 19)."* In
the transition state, the hydroxyl group of acetylacetone inter-
acts with the tertiary amino of the catalyst by hydrogen
bonding. At the same time, the hydrogen bonding between
urea as the HB donor and the nitro group as the HB acceptor
also takes place. The bifunctional organocatalyst system
proved that a new family of chiral bifunctional organocatalysts
was successfully realized, starting from a readily available,
cheap, enantiomerically pure material such as p-glucosamine.
Zheng et al. developed an efficient strategy for the asym-
metric synthesis of spiro[chroman-3,3"-pyrazol] scaffolds
bearing an all-carbon quaternary stereocenter via an oxa-
Michael-Michael cascade reaction catalyzed by bifunctional
amine-thiourea organocatalysts (Cat. 15) (Scheme 20)."”> This
transformation proceeds under low catalyst loading (15 mol%
of Cat. 15) and affords the desired products in high to excel-
lent yields (up to 98%), with moderate to high enantioselectivi-
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Scheme 20 Asymmetric synthesis of spiro[chroman-3,3'-pyrazol]
scaffolds bearing an all-carbon quaternary stereocenter via an oxa-
Michael—-Michael cascade reaction.
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ties (up to 99%) and diastereoselectivities (up to 20:1). The
methodology offers a streamlined and stereocontrolled route
to access chiral spiro[chroman-3,3'-pyrazol] derivatives featur-
ing three contiguous stereocenters, which are of potential
pharmaceutical relevance.

Mechanistically, in the proposed transition state I (TS I),
(E)-2-(2-nitrovinyl)phenol is activated through dual hydrogen
bonding between its nitro group and the thiourea moiety of
the bifunctional catalyst Cat. 15. Simultaneously, the adjacent
tertiary amine activates 4-benzylidene-5-methyl-2-phenylpyra-
zolone through enolate formation. The hydroxyl group of (E)-2-
(2-nitrovinyl)phenol initiates the cascade by undergoing an
intermolecular oxa-Michael addition to the pyrazolone via Re-
face attack, yielding the intermediate transition state II (TS II).
This is followed by an intramolecular Michael addition, also
occurring on the Re-face, and the subsequent tautomerization
furnishes the final spirocyclic product with the regeneration of
the catalyst. The stereochemical outcome is largely dictated by
the cooperative effect of the thiourea unit and the cyclohexyl
backbone of the catalyst, which together govern both activation
and stereoselectivity throughout the cascade. Yuan et al
reported the first hydrogen-bond-directed enantioselective dec-
arboxylative Mannich reaction of p-ketoacids with ketimines,
representing a significant advancement in organocatalytic
asymmetric synthesis (Scheme 21a)."”® Their initial investi-
gation focused on the reaction between 3-oxo-3-phenylpropa-
noic acid and a model ketimine substrate, catalyzed by a
bifunctional thiourea-tertiary amine organocatalyst derived

a. Optimization of catalysts
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Scheme 21 First example of hydrogen-bond-directed enantioselective
decarboxylative Mannich reaction of p-ketoacids with ketimines. PMB =
para-methoxybenzyl. Reproduced from ref. 175 with permission from
John Wiley and Sons, copyright 2013.
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from NCCs. Using the p-glucose-derived catalyst Cat. 17 in THF
at —20 °C for 48 hours, the desired Mannich product was
obtained in 99% yield and 99% enantiomeric excess (ee, +).
Remarkably, under identical conditions, the r-glucose-derived
diastereomer Cat. 16 afforded the same yield but with the
opposite enantiomer in 96% ee (—), clearly demonstrating the
enantiocontrol capability of the carbohydrate-derived scaffold.
This methodology enabled the synthesis of a wide range of
enantioenriched 3,4-dihydroquinazolin-2(1H)-one derivatives
bearing a quaternary stereocenter with excellent yields
(92-99%) and high enantioselectivities (90-99% ee). The utility
of this approach was further exemplified in the asymmetric
total synthesis of the anti-HIV drug DPC 083, highlighting its
potential in drug discovery and development. Mechanistic
studies, supported by computational analysis (Scheme 21b),
revealed that the cyclic N-acyl ketimine is activated and pre-
cisely oriented by dual hydrogen bonding interactions with the
thiourea moiety of Cat. 17. In addition, a stabilizing H-r inter-
action was identified between the aromatic protecting group
on the ketimine substrate and the carbohydrate framework of
Cat. 17. This interaction was shown to be critical for enantio-
selectivity, as substrates lacking an aromatic protecting
group exhibited significantly diminished stereoselectivity.
Furthermore, the tertiary amine unit of Cat. 17 engages in
electrostatic interactions with the p-ketoacid, facilitating
nucleophilic activation. Collectively, these interactions
promote a Si-face-selective nucleophilic addition to the C=N
bond, ultimately leading to the formation of the R-enantiomer
of the Mannich product upon decarboxylation. This work ele-
gantly demonstrates how strategic hydrogen bonding and sec-
ondary interactions in organocatalysts can be harnessed to
control complex stereoselective transformations.

Qiao et al developed an organocatalytic asymmetric
Mannich reaction between allylic ketones and cyclic
N-sulfonyl a-iminoesters, providing access to highly functio-
nalized tetrasubstituted a-amino esters (Scheme 22).'”*
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Utilizing a carbohydrate-derived chiral tertiary amine-
thiourea catalyst, a broad range of substrates underwent
smooth transformations to afford the desired products in
high yields with excellent regio-, diastereo-, and enantio-
selectivities. This reaction shares mechanistic and catalytic
similarities with the oxa-Michael-Michael cascade strategy
shown in Scheme 21, as both employ bifunctional organo-
catalysts featuring a thiourea moiety and a chiral tertiary
amine framework. To probe the role of the tertiary amine
group in the catalytic system, the reaction was performed
under the standard conditions using catalyst Cat. 18, which
furnished the Mannich product in 93% yield, with 94% enan-
tiomeric excess (ee) and a diastereomeric ratio (dr) of 20: 1.
In stark contrast, the use of Cat. 19, lacking the tertiary
amine functionality, failed to deliver any product. These find-
ings clearly demonstrate that the tertiary amine group plays a
crucial role in the activation of the allylic ketone, likely by
facilitating enolate formation and stabilizing the transition
state via bifunctional activation. The study highlights the
importance of precise catalyst design in achieving high levels
of stereoselectivity in organocatalytic asymmetric Mannich
reactions.

Inspired by bifunctional urea-Schiff base organocata-
lysts,'®'%* enantioselective Strecker and Mannich reactions
catalyzed by glucosamine-derived urea-amine organo-
catalysts have been reported (Scheme 23).'”® In the Strecker
reaction, catalyst Cat. 20 delivered the desired product with
excellent enantioselectivity (95% ee), whereas its diastereo-
mer Cat. 21 resulted in only 15% ee. These results clearly
demonstrate that the carbohydrate moiety serves not merely
as a rigid cyclohexane scaffold but plays a more active stereo-
electronic role in catalysis. Specifically, the superior perform-
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ance of Cat. 20 can be attributed to the exo-anomeric effect,
which influences the electronic environment at the anomeric
position. This effect enhances the delocalization of p-elec-
trons from the nitrogen substituent on the urea moiety,
thereby increasing the NH-acidity of the urea. The result is a
stronger hydrogen bond donating ability, which is crucial for
substrate activation in both the Strecker and Mannich reac-
tions. In contrast, Cat. 21 exhibits a different configuration
that diminishes the electron density at the imine nitrogen,
reducing its effectiveness as a hydrogen bond acceptor. This
weakened interaction compromises the stabilization of the
phenolic OH group via hydrogen bonding, which is necess-
ary for maintaining the conformational rigidity of the salen-
type structure. Overall, this study underscores the critical
role of stereoelectronic effects originating from the carbo-
hydrate backbone in modulating catalyst performance and
selectivity.

Kong et al. pioneered the development of a bifunctional
sugar-derived thiourea-tertiary amine organocatalyst for the
catalytic asymmetric addition of a-ketophosphonates to tri-
methylsilyl cyanide (TMSCN), achieving high yields and excel-
lent enantioselectivities (Scheme 24)."'%'°®'7¢ ynder stan-
dard conditions, catalyst Cat. 22, which lacks a carbohydrate
moiety, afforded product 1a in 81% yield but with only 45%
enantiomeric excess (ee). In contrast, the sugar-derived Cat.
23 delivered a significantly improved 81% ee with a 90%
yield, highlighting the synergistic effect of incorporating both
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Cat. 22

Cat. 23 Cat. 24

81% yield of 1a, 45% ee 90% yield of 1a, 81% ee 80% yield of 1a, 69% ee
N J \ J

Chiral auxiliary from carbohydrate
Exo-anomeric effect enhanced HB

Chiral auxiliary from methoxyl group

b The proposed mechanism =

™SQ CN
'ore AQ

// OR2
[

/Ej p-nitrophenol

Scheme 24 Catalytic asymmetric addition of a-ketophosphonates to
trimethylsilyl cyanide.
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a cinchona alkaloid and a carbohydrate moiety within a
single chiral organocatalyst. These findings confirm that the
carbohydrate moiety plays an essential role as a chiral auxili-
ary and contributes stereoelectronic effects—most notably,
the exo-anomeric effect, which enhances the hydrogen-
bonding (HB) ability of the thiourea unit. Further comparison
with Cat. 24 demonstrated that the presence of a methoxy
group, acting as a steric hindrance element, can also fine-
tune the enantioselectivity of the reaction. Control experi-
ments, including *'P NMR monitoring under standard reac-
tion conditions, supported the proposed mechanism. The
thiourea moiety of the catalyst engages in hydrogen bonding
with the a-ketophosphonate substrate, forming a stable inter-
mediate (A). The p-nitrophenol additive is presumed to facili-
tate the in situ generation of hydrogen cyanide (HCN), the
active nucleophile in the addition step. Nucleophilic attack
by cyanide on the Si face of the a-ketophosphonate yields the
S-configured enantiomer as the major product (C). In this
process, the Re face is sterically shielded by the cinchona
alkaloid scaffold, while the carbohydrate unit reinforces
facial selectivity through its chiral auxiliary effect. This work
elegantly illustrates how carefully designed bifunctional
organocatalysts incorporating both sugar and alkaloid motifs

can enable highly efficient and selective asymmetric
transformations.
4.3. N-containing carbohydrate derived other type of

organocatalyst

Porwanski developed a series of chiral urea-based organo-
catalysts incorporating both glycosyl and diphenylphosphi-
nyl scaffolds, synthesized via a one-pot tandem Staudinger/
aza-Wittig coupling reaction (Scheme 25).'® The novel
catalyst Cat. 25 was applied for the first time in the asym-
metric Morita-Baylis-Hillman (MBH) reaction. Although
the reaction proceeded with moderate yields, it delivered
promising enantioselectivities, achieving up to 80% ee.

ﬁwﬁ

P Ph cat. 25
CHO OH O
OEt Cat. 25 (10 mol%) Moa
A]/ +
o THF, 48 h O,N
NO, 60% yield
80% ee

HW Al OEt :F
7 ~0

Acﬁco%rw &,\y PER Cph
(o]

Scheme 25 Example of asymmetric Morita—Baylis—Hillman (MBH)

reaction.
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O NH,
O OH (HO o
Y Cat. 26 (20 mol%) 0 : Y
*  Ar—CHO )K/\
(¢} 30°C, 12-48 h Ar )
Cat. 26

Scheme 26 Glycosyl-B-amino acids promote the enantioselective aldol
reaction.

This work represents an important step in the design
of multifunctional carbohydrate-derived organocatalysts
and highlights the potential of combining glycosyl and
phosphinyl frameworks to induce chirality in asymmetric
transformations.

Dwivedi et al. developed an asymmetric organocatalytic
method employing glycosyl-B-amino acids to promote the
enantioselective aldol reaction of acetone with various alde-
hydes (Scheme 26)."”® Using 5-amino-5-deoxy-p-r-ido-(o-n-
gluco)-heptofuranuronic acid (Cat. 26) as a novel class of
organocatalyst, the reaction proceeded smoothly, affording
the aldol products in good yields and with high enantio-
selectivities. This study highlights the potential of carbo-
hydrate-derived p-amino acids as efficient and environmen-
tally benign organocatalysts for stereoselective carbon-
carbon bond formation. Wong et al. demonstrated that the
sugar moiety of a glycopeptide, modified with a thiol handle
at the C2 position, can facilitate the ligation of cysteine-free
glycopeptides to peptide thioesters."®* % In this study, they
proposed that the sugar moiety enhances the proximity
between the N-terminal amine of the glycopeptide and the
thioester functionality, thereby promoting acyl transfer and
formation of the ligated product. However, the authors did
not address the stereochemical configuration of the anome-
ric center or the nature of the N-linked sugars, nor did they
explore how these factors might influence the efficiency
or outcome of the ligation process. The same group
expanded their approach to include more structurally elab-
orate sugars, broadening the scope of glycopeptide ligation
strategies.'®” Building on this foundation, Liu et al. sub-
sequently reported a practical method for synthesizing
N-glycopeptides via an auxiliary-mediated dual
chemical ligation approach, providing a robust and versatile
platform for the assembly of complex glycoprotein
structures.'®®

native
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5. Conclusions and perspectives

In recent years, NCCs, such as chitin, chitosan, glucosamine,
and their derivatives, have emerged as highly promising, nitro-
gen-rich renewable feedstocks for the development of value-
added chemicals, chiral ligands, and asymmetric catalysts.
Their intrinsic structural features, including natural chirality,
anomeric configurations, and dense hydrogen-bonding sites,
offer compelling advantages in green and enantioselective syn-
thesis, while providing a sustainable alternative to fossil-
derived resources. This review has highlighted the role of
NCCs as feedstocks, ligands, and organocatalysts in organic
catalysis. However, the field is still in its early stages, and criti-
cal scientific challenges remain. Addressing these will not only
deepen our mechanistic understanding but will also open
entirely new avenues of research. Below, we outline several
promising directions that could shape the next decade of inno-
vation in carbohydrate-based synthesis and catalysis.

5.1. Novel catalytic strategies for regioselective bond cleavage
in NCCs

Existing methods for transforming nitrogen-containing carbo-
hydrates (NCCs) often suffer from poor selectivity toward the
desired products, largely due to harsh reaction conditions that
indiscriminately cleave multiple chemical bonds. The develop-
ment of milder catalytic approaches, such as photocatalysis
and electrocatalysis, with high regioselectivity offers a promis-
ing route to overcome these limitations. Furthermore, there is
a compelling need for methodologies that can directly convert
chitin, chitosan, or even raw biomass such as crustacean exos-
keletons into value-added products. However, the efficiency of
obtaining target molecules from chitin is significantly lower
than from monomeric precursors like glucosamine, owing to
its highly crystalline structure and extensive intra- and inter-
molecular hydrogen bonding. Future research should therefore
focus on strategies to enhance chitin’s accessibility and reactiv-
ity, for example by disrupting its crystalline domains and weak-
ening hydrogen-bond networks, thereby enabling more efficient
catalytic conversion under mild and selective conditions.

5.2. Merging NCCs with emerging catalysis platforms

The integration of NCC-derived chiral frameworks with photo-
redox catalysis and enzymatic catalysis systems offers fertile
ground for discovering new asymmetric transformations. For
example, combining carbohydrate-derived ligands/organo-
catalysts with light-driven or enzyme-mediated pathways may
unlock stereoselective reactions that are inaccessible via tra-
ditional strategies. These hybrid approaches could signifi-
cantly enhance both the reactivity and selectivity of complex
molecule construction.

5.3. Mechanistic exploration of carbohydrate stereochemistry

Despite their widespread availability and structural diversity,
the stereoelectronic effects and three-dimensional chiral
environments of NCCs remain underexplored. Recent break-
throughs such as anomeric stereoauxiliary catalysis®® and
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glycan foldamers based on carbohydrate-aromatic inter-
actions'®' have demonstrated new modes of asymmetric induc-
tion. A more detailed mechanistic understanding will enable
the rational design of next generation carbohydrate-based cata-
lysts, beyond empirical screening.

5.4. Rare sugar synthesis via site-selective epimerization

The site-selective photocatalytic epimerization of common
sugars has recently emerged as a powerful tool to access rare
sugar isomers.'”> These sugars greatly expand the chemical
diversity of NCCs and serve as precursors for novel glyco-based
therapeutics and catalysts. Continued exploration in this area
is expected to produce high-value targets from low-cost
biomass, accelerating drug discovery and molecular editing.

5.5. Reviving and redesigning NCC-based ligands

Although carbohydrate-derived ligands have a historical foot-
print in asymmetric metal catalysis, innovation in their design
has slowed in recent years due to synthetic complexity and
limited substrate scope. However, the development of modular
ligand platforms, such as phosphite-oxazolines and C,-sym-
metric bis(oxazoline) frameworks, offers a renewed opportu-
nity. Future work should focus on designing ligands with
tunable stereoelectronic properties, broader applicability, and
compatibility with low-loading and scalable processes.

5.6. Catalytic glycosylation and site-selective chitosan
modification

The recent paradigm shifts in glycosylation chemistry, where
minimally protected donors and acceptors can undergo
efficient catalytic coupling, has dramatically simplified carbo-
hydrate functionalization.'®*"** In parallel, site-selective modi-
fication of chitosan is gaining momentum as a strategy for
crafting functional biomaterials for tissue engineering, biosen-
sing, and drug delivery.>®'®*™"%” These advances in organic
synthesis reinforce the unique role of NCCs in bridging mole-
cular synthesis and biomedical applications.

5.7. Chemical biology and protein degradation

The application of NCCs in chemical biology is expanding. A
striking example is the development of LYTACs (lysosome-tar-
geting chimeras) utilizing NCCs ligands (e.g., GalNAc) to
engage the asialoglycoprotein receptor (ASGPR) for cell-specific
extracellular protein degradation.'® This represents a powerful
new interface between carbohydrate chemistry and precision
medicine, and we expect this strategy to be extended to other
carbohydrate-receptor systems in the near future.

The strategic valorization of NCCs represents a fundamen-
tal shift in synthetic chemistry, from a reliance on fossil feed-
stocks to the use of renewable, multifunctional molecular plat-
forms. By linking organic catalysis, glycoscience, and materials
engineering, NCCs offer a solution to challenges in sustainable
chemical synthesis. We envision that cross-disciplinary efforts,
spanning synthetic organic chemistry, enzymology, photo-
chemistry, and polymer science, will be essential to fully
unlock the potential of NCCs. The next decade is likely to
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witness transformative advances in carbohydrate-based cataly-
sis and material design, positioning NCCs at the center of
green, asymmetric, and precision-oriented molecular science.
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