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Multicomponent reactions enable the simultaneous formation of multiple chemical bonds in a single syn-
thetic operation, efficiently combining three or more reactants to access structurally complex molecules.
The integration of chiral catalysts into such processes establishes a well-defined asymmetric environment,
facilitating precise stereochemical control and delivering enantioenriched products containing stereo-
genic elements. In recent years, environmentally benign organocatalytic strategies have emerged as a
powerful platform for asymmetric multicomponent reactions, demonstrating remarkable versatility in
constructing diverse molecular architectures with high enantioselectivity. This review systematically cat-
egorizes recent advances in this field based on organocatalyst types, with a focus on their roles in distinct
reaction mechanisms, key intermediates, and substrate activation modes. Representative transformations
are discussed to illustrate design principles and challenges in achieving stereocontrol within multicompo-
nent systems.

Received 19th February 2025,
Accepted 25th March 2025

DOI: 10.1039/d5qo00347d

rsc.li/frontiers-organic

10th anniversary statement

As an organic chemistry researcher, I feel deeply honored to contribute a review on advances in organocatalytic asymmetric multicomponent reactions to the
10th anniversary collection of Organic Chemistry Frontiers (OCF). In early 2016, my collaborators and I published our first paper in OCF, and five years later,
it was instrumental as one of the five representative works we presented in our successful application for the Guangdong Provincial Natural Science Award.
Undoubtedly, this emerging journal has played an important role in the growth of many young domestic researchers like me. Over the past decade, OCF has
become an indispensable force in disseminating the development of organic chemistry in China. On this momentous occasion, I wish that this journal will
continue to provide a timely window for many researchers to showcase original research results and also provide an excellent platform for young people to
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learn and exchange ideas.

1. Introduction

Multicomponent reactions (MCRs) offer a unique opportunity
to combine simple, readily available raw materials into intri-
cate, structurally complex molecules through a single, stream-
lined process." These transformations exhibit remarkable
potential across a broad spectrum of fields, including drug dis-
covery and natural product synthesis,”® due to their high con-
vergence, atom economy, and skeletal diversity.”™* In fact,
with the prevalence of chiral molecules in the current drug
market, the development of enantioselective multicomponent
reactions has garnered significant attention in recent years.
However, the complexity of these reactions, which often
involve three or more components simultaneously, makes the
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system extremely intricate. The challenge lies in the inherent
side reactions and background reactions that make chemo-,
regio-, and stereoselectivity control in asymmetric multicom-
ponent reactions (AMCRs) a substantial obstacle to overcome.

Asymmetric catalysis stands as the most effective method
for obtaining a single stereoisomer. By introducing a chiral
catalytic system, it not only creates an asymmetric environ-
ment for enantioinduction but also enables the amplification
of the desired reactivity, ultimately providing an efficient
means to control stereoselective MCRs (Fig. 1).

The past decades have witnessed asymmetric catalysis at
the forefront of the synthetic chemistry area, driven by the
exploitation of diverse catalytic systems and activation
modes,*® especially enantioselective organocatalysis. In
comparison with transition metal catalysis, this emerging cata-
Iytic platform features relatively high catalyst stability, excellent
functional group tolerance, and environmental sustainability,
along with the crucial advantage of avoiding metal residues in
the products, making it highly appealing in chiral drug
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Fig. 1 Asymmetric multicomponent reactions.

research and development.'®*! Asymmetric organocatalysis

has exhibited great potential in AMCRs, successfully revitaliz-
ing a wide range of time-honoured yet highly valuable MCRs,
including the Biginelli reaction, the Passerini reaction, the Ugi
reaction, etc. In the early years, several elegant reviews had
been published, which summarized the research status in this
field in great detail.>*>* This review mainly focuses on sum-
marizing and analysing the significant achievements within
the last ten years, specifically examining the utilization of
different chiral organocatalysts such as amines, thioureas and
Bronsted acids. The representative substrate coverage under
different chiral catalytic systems will be pointed out in detail,
and discussions will be carried out around the mechanisms,
activation and stereocontrol modes and proposed transition
states.

2. Chiral Bronsted acid catalysis
2.1 Asymmetric three-component reaction

The Biginelli reaction is one of the earliest discovered multi-
component reactions, dating back to 1893. It typically involves
the reaction of an aldehyde (1), a (thio)urea (2), and a
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f-ketoester (3) in the presence of an acidic catalyst to form a
dihydropyrimidinone (DHPM, 4) product. In recent decades,
chiral Brensted acids®*>® have emerged as powerful organo-
catalysts for asymmetric imine activation.>*' Mechanistic
studies of the Biginelli reaction have suggested that chiral
phosphoric acids (CPAs)**™* hold great promise as catalysts
for controlling enantioselectivity. This hypothesis was vali-
dated in 2006 when the Gong group reported the first asym-
metric Biginelli reaction, using an Hg-BINOL-derived (R)-C1
catalyst. This pioneering work enabled the synthesis of a broad
range of DHPMs with high enantiopurity (88-97% ee).*® In
2009, they expanded the range of substrates through the regu-
lation of (R)-C2, enabling the accommodation of cyclic and
linear alkyl ketones (5) with inferior reactivity (Biginelli-like
reaction). However, both the yield and enantiocontrol were
visibly decreased when aromatic ketones were employed. The
effect of the 3,3"-substituents of CPAs on the stereochemical
control was also theoretically rationalized.*® In 2017 and 2020,
Hu and co-workers disclosed the applicability of another class
of CPAs (C3, C4) in the asymmetric Biginelli reaction. These
chiral catalysts with tetraaryl-1,3-dioxolane-4,5-dimethanol
(TADDOL) as the core skeleton had previously been reported to
facilitate the asymmetric Mannich reaction.?” Control experi-
ments verified that the hydrogen atoms of both hydroxyl
groups on the catalyst are of crucial importance.’®*° However,
centrally chiral catalysts exhibited lower enantiocontrol and
narrower substrate generality compared to those with axially
chiral skeletons (Fig. 2). After that, Zou,*® Xiao*' and Silvani**
independently made certain contributions to this transform-
ation, paving a convenient avenue towards several pharma-
ceutical intermediates.

Besides the canonical Biginelli reaction, CPA catalysts also
displayed remarkable enantiocontrol ability in the trapping of
imines with other substrates via hydrogen-bonding activation.
In 2008, an asymmetric three-component reaction of
a,p-unsaturated aromatic aldehydes (6), amines (7) and
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Fig. 2 Asymmetric Biginelli reaction catalyzed by CPA catalysts.

B-ketoesters with (R)-C5 was developed by Gong’s group, pro-
ducing dihydropyridines (8) with high enantioselectivities. In

this reaction, o,p-unsaturated iminium is generated from
o,p-unsaturated aldehyde and primary amine under CPA cata-

lysis. Subsequent asymmetric conjugate addition and cycliza-

C3 (Hu's work in 2017)
0-99% ee

C4 (Hu's work in 2020)

20-95% ee

tion lead to the target product (Fig. 3a).** Similarly, Sun
reported an asymmetric aza-Diels-Alder reaction between
in situ-formed imines and indoles (10) in the presence of 1,1-
spirobiindane-7,7’-diol-based (R)-C6. The subsequent intra-
molecular ring-opening of oxetanes oriented at the ortho-posi-
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Fig. 3 Other variants of the asymmetric Biginelli reaction catalyzed by CPA.

tion of aromatic aldehydes (9) from the cyclized amines
afforded structurally complex molecules (11) containing indo-
line, tetrahydroquinoline, and tetrahydroisoquinoline moi-
eties. These products exhibited excellent diastereomeric ratios
(dr) and ee values (Fig. 3b).** Additionally, nucleophilic
TMSCN was amenable and the CPA-promoted asymmetric
three-component Strecker reaction provided a-aminonitriles
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with excellent efficiency but low enantiocontrol.*> In 2013, the
enantioselective interruption of imines with (2-ethynylphenyl)
methanol and its analogs (12) was realized by Gong. The relay
three-component reaction enabled by the synergistic Au(1)/(R)-
C2 catalysis offered an expeditious route towards the synthesis
of highly enantioenriched spiroacetals (Fig. 3c).*® In the same
year, Lin and co-workers disclosed an asymmetric three-com-
ponent Povarov reaction to generate benzo[e]indolizidines with
excellent yield and stereocontrol.*”

The Passerini reaction is a classic isocyanide-based three-
component reaction. It offers a rapid route for the assembly of
a-acyloxyamides (17) via a one-pot reaction of a carboxylic acid
(15), an aldehyde (1) and an isocyanide (16). Since one stereo-
genic center is generated, great efforts have been devoted to
control the stereochemistry to expand the synthetic utility of
this reaction. Attempts have primarily focused on chiral Lewis
acid systems until Tan’s work in 2015. In this reaction, the
organocatalyst (R)-C7 and carboxylic acid 15 form a heterodi-
mer, which serves as a bifunctional catalyst to activate both
the aldehyde (1) and isocyanide (16). The CPA dictates the
stereochemical information to the nitrilium intermediate. The
formation of the heterodimer may simultaneously enhance the
acidity of the CPA and the nucleophilicity of the carboxylic
acid, rendering the addition of the carboxylic acid to the nitri-
lium intermediate easier. This strategy not only delivered
a-acyloxyamides with excellent enantiocontrol, but also
demonstrated remarkable substrate generality, particularly for
the aldehyde component. Both aryl and alkyl aldehydes, even
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Fig. 4 Asymmetric Passerini reaction catalyzed by CPA.

sterically hindered pivalaldehyde, could be efficiently con-
verted to the corresponding a-acyloxyamides (Fig. 4).*®

In 1959, Ugi and co-workers subtly included another com-
ponent, amine, in the Passerini reaction, and the resulting Ugi
four-component reaction gave o-acylamino amides as the
product with water as the only by-product. The introduction of
an additional component notably enhances the flexibility of
this reaction and greatly expands the structural diversity of the
products. As a result, it has been widely employed in the con-
struction of a vast array of heterocyclic and macrocyclic struc-
tures.” However, the increased complexity of the reaction
system also presents a significant challenge in achieving
effective stereoinduction.”® Considering that the introduction
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of carboxylic acid not only adds complexity to the reaction but
also leads to undesired background reactions, Zhu and co-
workers conducted pioneering research on the catalytic asym-
metric three-component reactions of aldehydes, anilines, and
a-isocyanoacetamides (18). Through the facilitation of the CPA
(R)-C8, this reaction successfully afforded 5-(1-aminoalkyl)-5-
aminooxazoles 19 in excellent yields with moderate to good
enantioselectivities (Fig. 5a).>' This work laid the foundation
for their development of a streamlined variant of the catalytic
asymmetric Ugi four-component reaction, in which the car-
boxylic acid and aldehyde components were ingeniously inte-
grated into a single compound 20. Nonetheless, this Ugi four-
center three-component reaction only accommodated six sub-

(a) Zhu's work in 2009
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Initial attempts on enantioselective Ugi-type three-component reactions.
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strates and necessitated 30-40 mol% loading of (R)-C9 to give
satisfactory ee values for the 3-oxo-2-arylisoindoline-1-carboxa-
mide products 21 (Fig. 5b).>> Mechanistic investigations indi-
cate that the enantiocontrol is contributed to the dynamic
kinetic resolution of achiral Int-III generated from imine-
enamine isomerization of chiral Int-I rather than the C-C
bond-forming process. It should be mentioned that the utiliz-
ation of secondary amides instead of primary amines in a one-
pot reductive Ugi-type three-component reaction was estab-
lished by the Huang group via direct activation and transform-
ation of amides. This reaction provided rapid access to a series
of a-acetamidoamides with carboxylic acid and isocyanide as
the other two components.>?

Optically active aziridines hold significant potential across
diverse research fields, particularly as versatile synthons in
synthetic chemistry. The pioneering achievement of asym-
metric multicomponent reactions in the synthesis of such
compounds (24) was realized in 2009 by the Akiyama group
through CPA-catalyzed asymmetric cycloaddition of imines
and diazoacetate 23a. However, this enantioselective aza-
Darzens reaction was confined to benzoyl-substituted alde-
hydes (22), limiting its further application (Fig. 6a).>*

In 2017, Bew and co-workers established a relatively broad
asymmetric three-component aza-Darzens reaction. The key to
this transformation was the judicious choice of a CPA-derived
Bronsted acid catalyst (S)-11, which possesses stronger acidity.
This enabled the reaction to accommodate a wide range of
commonly used (hetero)aryl aldehydes. Additionally, the pres-
ence of a tert-butoxy group at the ortho-position of the aro-
matic amines played a crucial role in achieving high stereoche-
mical induction of aziridines (25). This effect was facilitated
through both hydrogen bonding interactions and steric influ-
ences (Fig. 6b).>

In 2019, Studer and co-workers reported an enantioselective
three-component Minisci reaction, providing a valuable synthetic

View Article Online
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route to pharmaceutically relevant y-amino acid derivatives (29).
This cascade reaction, initiated from a-bromocarbonyl com-
pounds (26), enamides (27), and quinolines or pyridines (28),
proceeded with high levels of chemoselectivity, regioselectivity,
and enantioselectivity under mild conditions. The dual catalysis
by photoredox and CPA was crucial to achieving these selective
outcomes. The mechanism involves the initial single-electron
transfer in a-bromocarbonyls (26), which generates an alkyl
radical. This radical subsequently reacts with the electron-rich
enamine, resulting in the formation of a nucleophilic radical.
Driven by the bifunctional activation of the catalyst (R)-12, which
involves both quinoline/pyridine and the resulting radical
species, the enantioselective nucleophilic addition of iminium
takes place, ultimately yielding the desired y-amino acid deriva-
tives (29). Chiral 1,2-diamine (30) derivatives could also be
achieved with the same strategy (Fig. 7).>°

Aside from central chirality, AMCRs have also been success-
fully applied in the construction of axially and helically chiral
architectures. In 2015, Doyle reported a three-component
cascade reaction of in situ-formed enamines with 2,3-diketoe-
sters (31) under Bronsted acid catalysis to afford 5-vinyl-pyrrole
and 4-hydroxy-indole derivatives in generally moderate to good
yields via successive aldol/cyclization/aromatization.”” Inspired
by this pioneering work, an asymmetric variant was realized by
Lin and co-workers using aryl amines bearing sterically hin-
dered groups at the ortho-position. This reaction furnished
various atropisomeric N-arylindole compounds (33) in good
yields with excellent enantioselectivities. Experimental results
revealed that the catalyst (R)-13 derived from the 3,3,3',3'-tetra-
methyl-1,1"-spirobiindane-7,7"-diol =~ (TM-SPINOL)  skeleton
exhibited better stereoinduction ability than those derived
from commonly used cores, including BINOL and SPINOL
(Fig. 8a).”®

In 2023, AMCR was effectively harnessed by Yang and co-
workers in the synthesis of chiral azahelicenes (36) via a one-

(a) Akiyama's work in 2009
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pot reaction involving polycyclic aryl amines (34), aldehydes tion, where imines are intercepted by electron-rich olefins in
(1), and amides (35a). This transformation comprises two the presence of (R)-14. Subsequently, the resulting chiral tetra-
sequential processes. The first is the asymmetric Povarov reac- hydroquinolines are oxidized to yield the final azahelicene pro-
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ducts (36a) through an aromatization-enabled central-to-
helical chirality conversion. When diene substrates 35b were
utilized, the asymmetric cyclization of the terminal alkene
with the imine takes place to give 36b as products. These com-
pounds were found to possess unique acid/base-triggered
switching of photophysical properties (Fig. 8b).*° More
recently, the same group realized the enantioselective
Groebke-Blackburn-Bienaymé reaction by means of organoca-
talysis. Using the catalyst (R)-15, various 6-aryl-2-aminopyri-
dines (37), aldehydes (1), and isocyanides (16) were efficiently
converted to structurally diverse imidazo[1,2-a]pyridine atropi-
somers (38) in high to excellent yields with excellent enantio-
purities. Control experiments demonstrated that the remote
hydrogen bonding donor on the substrate plays a crucial role
in achieving high stereoselectivity in the reaction (Fig. 8c).®
Besides CPA, other chiral Brgnsted acid catalysts have also
been used in AMCRs. In 2012, Maruoka reported an asym-
metric Ugi-type reaction using hydrazides (39) instead of tra-
ditional amines. In this reaction, the BINOL-embedded axially
chiral dicarboxylic acid catalyst (R)-16 was utilized to facilitate
the asymmetric addition of isocyanides (16) to the in situ gen-
erated acyclic azomethine imines. The intramolecular trapping
of the resulting nitrilium ion intermediates with the oxygen
atoms of hydrazides generates a series of chiral heterocyclic
compounds (40). Notably, the 2-benzoyl group of the isocya-
nides can be efficiently removed to afford benzoxazole deriva-
tives (41) with excellent efficiency and enantiocontrol. This
transformation is achieved through a one-pot treatment of the
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Ugi-type reaction mixture with K,CO; in CF;CH,OH (Fig. 9a).**
In 2016, axially chiral disulfonimide (R)-17 was elegantly
adopted by Rodriguez and co-workers to promote the enantio-
selective three-component reaction of aldehydes (1), aromatic
amines (7) and enol ethers (42). Compared with the traditional
CPAs, this type of Bronsted acid catalyst harbors one more
basic site. It was found that the installation of substituents at
the 3,3"-positions of (R)-17 gave rise to the configurational
inversion of pyrrolo[1,2-alindole derivatives (43) and compu-
tational studies were performed to explain this unusual enan-
tioinversion phenomenon (Fig. 9b).%*

In addition, a chiral task-specific ionic liquid, merging a
chiral phosphate anion and a nonchiral Bregnsted acid-
appended imidazolium cation, was effectively employed to cat-
alyze the asymmetric three-component Biginelli reaction by
the Neto group in 2018.°> On the other hand, Peng and co-
workers combined CPA and silver carbonate to catalyze a cycli-
zation/Mannich tandem reaction of 2-alkynylbenzaldehydes,
aromatic amines, and dimethylphosphonate in 2020. Good
stereoinduction was observed in the desired
a-aminophosphonate products.®*

cyclic

2.2 Asymmetric four-component reaction

As previously stated, the typical Ugi reaction involves four dis-
tinct components: a carbonyl compound, an amine, an acid,
and an isocyanide. Due to the complexity of its reaction
mechanism, research on asymmetric variations of this well-
established reaction has primarily focused on three-com-

(a) Maruoka's work in 2012

N7 \\r
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"
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up to 99% vyield, 93% ee

(R)-C16 (5 mol%) N Vg,
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(b) Rodriguez's work in 2016
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88% yield, -84% ee

Fig. 9 AMCRs catalyzed by other chiral Brensted acids.
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ponent reactions with simplified systems. Despite numerous
attempts, the four-component Ugi reaction remained elusive
until Tan’s groundbreaking work in 2018. In this study, CPAs
were utilized as the most effective catalysts. It was hypoth-
esized that the greater acidity of CPA compared to carboxylic
acid facilitates the acceleration of the target reaction’s kinetics
and surpasses the background reactions. Furthermore, the
self-assembled heterodimerization between CPA and car-
boxylic acid results in an enhancement of acidity of the catalyst
and an increase in the nucleophilicity of the carboxylic acid,
effectively  realizing  catalytic asymmetric  control.
Simultaneously, the rapid formation of imines and the prefer-
ential activation of carbonyl groups under CPA catalysis can
effectively suppress the Passerini reaction and other undesired
side reactions. The developed reaction exhibited broad sub-
strate generality. Both aliphatic and aromatic aldehydes were
accommodated through slight modification of the CPA cata-
lyst, offering a library of more than 80 a-acylamino amides (44)
in generally good yields with excellent enantioselectivities.
Further elaboration of the highly enantioenriched products via
post-condensation enabled a rapid approach for synthesizing
pharmaceutically relevant molecules. DFT calculations were
performed by Houk and co-workers to demonstrate the reac-
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tion mechanism and origins of stereoselectivity (Fig. 10a).®> In
2020, the Tan group applied this catalytic system to the asym-
metric Ugi reaction with H,O in situ generated along with the
formation of imines instead of carboxylic acids to provide the
a-amino amides with high enantiocontrol.®®

Three years later, access to p-amino acids and their deriva-
tives (46) was achieved through the re-design of the catalytic
asymmetric four-component Ugi reaction. In this work, the C1-
synthon isocyanide component was replaced with the ambiphi-
lic C2-synthon ynamide (45). The employment of CPA-derived
N-triflylphosphoramide derivatives with stronger acidity as cat-
alysts is crucial to facilitate this transformation. Three classes
of f-amino amides bearing one or two contiguous carbon
stereocenters, totaling over one hundred, were accessible
through altering ynamides or oxygen nucleophiles. Notably,
this approach can be utilized in the late-stage modification of
drugs (Fig. 10b),%” demonstrating its practicality and flexibility
in synthetic chemistry.

Besides the classic examples shown above, chiral Brgnsted
acids have also been used in some other AMCRs in the syn-
thesis of chiral heterocyclic compounds.®® In these reactions,
the initial step is usually the formation of imines or their
derivatives. Through hydrogen-bonding activation of chiral

(a) Tan's work in 2018

&

i @ i=c )Ok
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(b) Tan's work in 2023
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Fig. 10 Asymmetric four-component Ugi-type reactions.
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Brgnsted acids, imines or their tautomers undergo asymmetric
cycloaddition with the other component to afford the desired
products. As for the construction of spiro structures, which
was comprehensively summarized by Franz and co-workers®
in 2021, we will not delve into further details here.

3. Chiral amine catalysis

Amines react with carbonyl compounds to form imines or
enamines as transient intermediates. These reactive species
can undergo subsequent transformations with diverse coup-
ling partners, while the amine catalyst is regenerated under
mild work-up conditions. To harness this reactivity for asym-
metric synthesis, chiral amine catalysts, particularly secondary
amines, have been strategically designed to activate carbonyl
substrates and orchestrate enantioselective bond-forming pro-
cesses. The structural tunability of these chiral catalysts,
achieved through modular substitution patterns on their
frameworks, enables precise stereochemical induction across a
broad spectrum of transformations.”® Notably, such amine-
based catalytic systems have been successfully implemented in
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AMCRs, demonstrating their versatility in constructing
complex molecular architectures with high stereocontrol.

As early as 2000, List reported the first example of the asym-
metric three-component Mannich reaction of aldehydes,
acetone and p-anisidine employing proline C23 as the catalyst,
providing a rapid access towards chiral f-amino ketones 47
through the nucleophilic addition of enamine which was gen-
erated by activating acetone to form imine intermediates.
Generally, relatively high enantioselectivities and poor yields
were obtained for aromatic aldehydes, while aliphatic aldehyde
substrates resulted in compromised enantiocontrol but
improved efficiency (Fig. 11a).”" Subsequently, in 2005,
Jorgensen and co-workers reported the discovery of a chiral
amine C24-catalyzed AMCR of a,f-unsaturated aldehydes. This
reaction combines iminium and enamine activation to gene-
rate active iminium ion intermediates, which then lead to a
highly enantioselective addition of thiols (48) at the p-carbon
center. The resulting enamines are trapped by azodicarboxy-
lates (49), acting as the electrophiles. Upon treatment with
NaBH,, cyclization products 50 bearing two stereogenic
centers were formed with generally good to high diastereocon-
trol and remarkable enantiocontrol (Fig. 11b).”> Apart from
thiols, succinimide was also an amenable nucleophile for this

(a) List's work in 2000
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Fig. 11 Pioneering AMCRs catalyzed by chiral secondary amines.
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protocol to give the corresponding products stereoselectively.”?
Utilizing the same tactic, Macmillan and co-workers realized
the asymmetric chlorofunctionalization of a,f-unsaturated
aldehydes with chlorinated quinone 51 as the electrophilic
chlorine source (Fig. 11c).”* Notably, structurally novel bridged
benzoxazocines could be formed through a y-selective
Mannich-initiated one-pot cascade reaction when electron-rich
aromatic amines and electron-deficient salicylaldehydes were
incorporated into this type of transformation.””

In 2006, a chiral amine C26 catalytic enamine-iminium-
enamine triple activation sequence was realized by the Enders
group, employing aldehydes, o,p-unsaturated aldehydes and
nitroolefins (53) as starting materials. This AMCR furnished
tetra-substituted cyclohexene derivatives (54) possessing four
contiguous stereogenic centers with complete enantiocontrol
via successive Michael, Michael, and aldol reactions. Despite
modest chemical yields and only moderate dr values in most
cases, this three-component multistep reaction demonstrated
exceptional versatility in constructing a broad array of multi-
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functionalized cyclohexene derivatives. These derivatives are
highly valuable as versatile chiral building blocks in organic
synthesis (Fig. 12a).”® Afterwards, the same group further
expanded the range of the developed AMCR and a variety of
complex chiral molecules 55-60 were readily accessed
(Fig. 12b).”7"%" Additionally, the Jorgensen group disclosed an
enantioselective three-component reaction involving two
different o,B-unsaturated aldehydes and malononitrile in 2007,
utilizing a similar strategy. Through consecutive iminium-
iminium-enamine activation, two stereogenic centers were
formed in the cyclohexene products 61 under the catalysis of
C24 (Fig. 12¢).%?

Aside from Michael-type addition, chiral amine catalysts
were also engaged in asymmetric 1,3-dipolar cycloaddition
reactions. In 2007, inspired by the two-component reaction
between nitrones and a,f-unsaturated aldehydes for the syn-
thesis of isoxazolidines reported by MacMillan and co-
workers,® and by virtue of chiral amine-enabled iminium
activation, Cérdova’s group proposed an asymmetric three-

(a) Ender's work in 2006
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Fig. 12 Chiral amine-catalyzed AMCRs involving multiple activation sequences.
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component variant through the in situ generation of nitrones
(63) from hydroxylamines (62) and aldehydes (1).
Considering the slight epimerization of the resulting alde-
hyde products (65) upon silica-gel column chromatography,
reduction with NaBH, was performed to give the chiral alco-
hols (64) as the final products (Fig. 13a).** In the same year,
they performed a similar reaction by substituting hydroxyl-
amine with 2-aminomalonate. Through the 1,3-dipolar cyclo-
addition of in situ-generated imines with chiral amine-acti-
vated iminium intermediates, highly functionalized pyrroli-
dine derivatives were readily obtained with enantioselectivi-
ties exceeding 90%.% In 2020, Liu and co-workers reported a
chiral amine-catalyzed asymmetric multicomponent reaction
(AMCR) involving hydroxylamine, acrylaldehyde, and acetal-
containing enones (66). The reaction began with the for-
mation of cyclic hemiacetals (67) through an aza-Michael
reaction, facilitated by iminium activation. Subsequent
enamine activation of these cyclic hemiacetals enabled a
Michael addition with the acetal-containing enones, yielding
highly functionalized hemiacetals (68). To simplify the reac-
tion system, (t)-camphorsulfonic acid (CSA) was added to
give bisacetal-containing bicyclic isoxazolidines with four
continuous stereocenters (69) as the final products for ana-
lysis (Fig. 13b).%°
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Chiral amines have also participated in the asymmetric
Biginelli reaction as co-catalysts. In 2008, Feng and co-workers
reported their success through the combination of a chiral
amine (C27) and an achiral Brgnsted acid. Two independent
activation modes were involved in this reaction. Imines were
in situ generated from aldehydes and urea under Brensted acid
catalysis, while the chiral amine catalyst promoted the formation
of enamine intermediates from p-ketoesters. Aromatic, hetero-
aromatic, and fused-ring aldehydes were all found to be suitable
substrates for this transformation and afforded dihydropyrimi-
dines with good to excellent enantiocontrol but poor yields
(Fig. 14a).*” Given the specific activation ability and unique acti-
vation mode of chiral secondary amine catalysts towards alde-
hydes or ketones, structurally novel molecules may be readily
accessed through rational introduction of other components. In
2021, harnessing the high reactivity of aromatic isobenzopyry-
lium ions, Jorgensen and co-workers realized the asymmetric
synthesis of chiral tetrahydronaphthols (72) containing four con-
tiguous stereocenters from the reaction of isochromenes (71),
a,f-unsaturated aldehydes and H,O via dienamine catalysis. In
this transformation, a catalytic amount of Brgnsted acid HCI was
added to release the reactive isobenzopyrylium intermediates.
Notably, the resulting product was efficiently utilized in the con-

(a) Cérdova's work in 2007
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Fig. 13 Chiral amine-catalyzed AMCRs involving a hydroxylamine component.
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(a) Feng's work in 2008
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Fig. 14 AMCRs with chiral secondary amines as co-catalysts.

struction of octahydrobenzo[i]isoquinoline and [2.2.2]octane
skeletons (Fig. 14b).%®

In addition to secondary amines, chiral primary amines
derived from enantiopure cinchona alkaloids have also demon-
strated remarkable capabilities in catalyzing organic reactions.
Unlike secondary amines, primary amine catalysis provides
unique opportunities to address substrates with significant steric
hindrance, such as ketones and o,o-disubstituted aldehydes. For
its application in AMCR, a pioneering work was reported by the
Melchiorre group in 2009. They demonstrated the activation of
o,B-disubstituted enals by C29 through a well-defined iminium/
enamine tandem sequence. This approach enabled the stereo-
selective synthesis of various valuable precursors of a-amino acids
(73), which feature two adjacent stereogenic centers.
Azodicarboxylates (49) were employed as electrophiles, while
indoles and thiols served as nucleophiles (Fig. 15a).%° In 2018,
Chen and co-workers developed an AMCR involving aldehydes,
isoxazol-5(4H)-ones (74), and 3-substituted 2-cyclopentenones (75).
This reaction, catalyzed by primary amine C30, enabled the rapid
construction of highly enantioenriched spirocyclic frameworks
(76) through the presented mechanistic pathway (Fig. 15b).>

4. Chiral thiourea-derived
organocatalysts

Bifunctional chiral thiourea-amine organocatalysts have gar-
nered significant attention in asymmetric synthesis due to

4138 | Org. Chem. Front, 2025, 12, 4126-4150
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their unique ability to simultaneously activate both electrophi-
lic and nucleophilic reactants. This dual activation mode is
highly advantageous for enhancing reaction rates and achiev-
ing superior enantiocontrol. The application of such catalysts
in AMCRs has been extensively explored.’® In this context, we
will highlight several representative research findings.

The asymmetric Strecker reaction is a powerful strategy for
the enantioselective synthesis of a-amino acid derivatives.
However, one major limitation of the traditional Strecker reac-
tion is the use of toxic hydrogen cyanide (HCN). To address
this challenge, a modified three-component acyl-Strecker reac-
tion has been developed, employing acyl cyanides as an
alternative source of cyanide ions (CN™). In 2007, the first orga-
nocatalytic asymmetric variant of this AMCR was realized by
the List group where various a-aminonitriles (78) were
assembled with excellent yields and enantioselectivities from
aldehydes, amines and acyl cyanides (77) in the presence of
the chiral thiourea-based organocatalyst C31. Both aryl and ali-
phatic aldehydes were amenable for this reaction; however,
compromised enantiocontrol was obtained when simple alkyl-
amines were evaluated (Fig. 16).>

The Petasis reaction is also a very famous multicomponent
reaction and has a lot of applications in organic synthesis. In
2007, the Takemoto group reported that a newly designed
chiral thiourea catalyst C32 could activate organoboric acids
and facilitate the enantioselective variant of the Petasis-type
transformation of quinoline compounds even at low tempera-
tures. A high degree of enantiocontrol was achieved in the

This journal is © the Partner Organisations 2025
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Fig. 15 AMCRs catalyzed by chiral primary amines.
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Fig. 16 Asymmetric multi-component Strecker reaction catalyzed by chiral thiourea.

reaction of various quinoline compounds (79) and alkenyl
boronic acids (80). It was proposed that the 1,2-amino alcohol
moiety on the catalyst activated the boronate nucleophile while
thiourea activated the electrophilic N-acylated quinolinium
salt via hydrogen bonds (Fig. 17a).* In 2012, Yuan and co-
workers realized a catalytic enantioselective three-component
Petasis reaction among salicylaldehydes, amines, and organo-
boronic acids with a chiral thiourea catalyst C33 bearing both
central and axial chirality elements. This reaction gave a wide
range of alkylaminophenols (81) with generally good yields
and high enantioselectivities. It should be mentioned that a
cyclic binaphthyl-derived boronate ester fragment is proposed
through the diol exchange of the BINOL moiety in the catalyst
with the boronic acid reactant (Fig. 17b).>*

The application of chiral thiourea-amine bifunctional cata-
lysts in the asymmetric Biginelli reaction was introduced in
2011 by the Chen group. The identification of a sugar-glycosy-

This journal is © the Partner Organisations 2025

lated chiral phase-transfer catalyst C34-TfOH is essential for
high enantiocontrol. It is suggested that the thiourea entity
activates the condensed a,f-unsaturated imine through hydro-
gen bonding interaction, and the primary amine functionality
enables the generation of an active enamine from f-ketoester
for the subsequent nucleophilic addition event (Fig. 18a).”®
Soon after, Bolm and co-workers attempted this reaction with
chiral sulfoximine-derived bifunctional thiourea catalysts.
However, none of the evaluated chiral catalysts provided satis-
factory stereoinduction in the desired DHPM products.’® In
2016, Han and co-workers developed an organocatalyst C35
which was self-assembled from a cinchona alkaloid-based
thiourea and an r-proline derivative for promoting the asym-
metric Biginelli reaction with excellent efficiency and enantio-
control. When the two catalysts were used separately, both the
yield and enantioselectivity were significantly decreased
(Fig. 18b).°” Moreover, diverse variants of the asymmetric
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(a) Takemoto's work in 2007
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(b) Yuan's work in 2012
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Fig. 17 Asymmetric multi-component Petasis-type reaction catalyzed by chiral thiourea.

(a) Chen's work in 2011

o OAc
C34 (15 mol%) Rl
+ + *
ACO Y
H H,N™ “NH, OEt tBUNH*TFA (10 mol%) — < onc |
brine, 25 °C, 36 h CO,Et /O
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62-93% yield, 44->99% ee
(b) Han's work in 2016
CF3
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H HNT “NH, iPr OR €35 (5 mol%) —
toluene, 50 °C, 15 h iPr CO,R
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90-96% yield, 91-99% ee

Fig. 18 Asymmetric multi-component Biginelli reaction catalyzed by chiral thiourea.

Biginelli reaction with aldehydes and amines as substrates
were achieved using this type of catalyst by means of hydrogen
bonding interaction between thiourea and imine, which
directed enantioselective Mannich-type reactions.’® %
Besides, chiral thiourea-based bifunctional catalysis has
also been applied in some other types of transformations. For
instance, Xu, Dixon and co-workers reported a highly enantio-
selective protocol for the preparation of cyclohexanes (83) with

4140 | Org. Chem. Front, 2025, 12, 4126-4150

multiple stereogenic centers via synergistic catalysis of a
thiourea-amine and a cyclic secondary amine using asym-
metric Michael addition as one of the key steps. In the reaction
pathway, the thiourea-amine promotes the Michael addition
between malonate esters (82) and nitroalkenes via bifunctional
activation. After that, secondary Michael addition occurs from
the resulting chiral adducts to iminiums generated from the

cyclic secondary amine and o,f-unsaturated aldehydes.
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Subsequent cyclization gives chiral cyclohexanes as the final
products. By altering the stereochemical configurations of the
proline catalysts used in this reaction, different diastereomers
could be rapidly accessed with high enantiocontrol
(Fig. 19a)."®* In 2010, they expanded this chemistry to AMCRs

View Article Online

Review

was involved in this reaction, and fully substituted cyclic hemi-
aminals (85) were synthesized with nearly complete enantio-
control (Fig. 19b).'*> Apart from synergistic catalysis, the intro-
duction of a chiral amine into chiral thiourea catalysts also
demonstrated good stereoinduction ability in the construction

of aldehydes, nitroalkenes and imines (84). In contrast, of cyclic structures involving enantioselective Michael
enamine activation of aldehydes by the chiral amine catalyst addition.'*®"%°
(a) Dixon and Xu's work in 2009
€35 (15 mol%) RO,C._ GCOR RO,C._ CO,R
O €36 (15 mol% He Hs
/\)k XX N% 4 Ro,ccoR (15 mol%)
H ?
NaOAc (2.0 equiv) y 'NO, - NO,
6 53 82 toluene, 15 °C : :
16 examples 83
c35 26-87% yield, 88->99% ee 83 o
l major diastereomer
RO,C. CO,R
RO,C. CO,R o
36 \:\7 N Ph
—N+ | — _— ) N OTES
< N0, H
NO, H Ph
o s C36
iminium activation
(b) Dixon and Xu's work in 2010
€37 (15 mol%)
o €36 (15 mol%) wNOz
\)J\ * /\/NOZ * AN ~Tos -
H toluene, 12 °C, 28-54 h HO“" N
1 53 84 12 examples 'I'os
47-71% yield, 98->99% ee 85 85'
C36
‘ CF3
o) (0]
N I ‘ - S
I/ —— NHTos J\
C37 iPr N N CF;
NO, NO, H H
. L C37
enamine activation
Fig. 19 AMCRs towards substituted six-membered cycles catalyzed by chiral thiourea.
(a) Constantieux and Bugaut's work in 2013
O NHR €38 (10 mol%) CF3
16} NH, NH
NN o L
H OH toluene, -10 °C, 24 h g o] J\
FsC NT N
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86 N
87 53-92% yield 88 - NS
up to >20:1 dr, 96% ee
(b) Tan and Liu's work in 2015
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€39 (20 mol%) 8 .8
0 + X No2 —NO >—NH HN
N toluene, r.t.,, 6 d —1 —
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Fig. 20 AMCRs for the construction of other complex structures catalyzed by chiral thiourea.
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Ar = 3,56-(CF3),-CgH3
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Furthermore, AMCRs under bifunctional chiral thiourea
catalysis have also provided efficient synthetic routes towards
more complex structures. For instance, in 2013, functionalized
2,6-diazabicyclo-[2.2.2]octanone  structures  (88)  were
assembled by Constantieux, Bugaut and co-workers from ami-
nophenols (86), p-ketoamides (87), and acrolein using catalyst
C38. Generally, moderate to good stereocontrol could be
obtained for the probed substrates (Fig. 20a)."*° On the other
hand, Tan, Liu and co-workers realized the construction of
highly enantioenriched spirocycles employing chiral thiourea
catalytic AMCR in 2015. With diazooxindoles (89), nitroalkenes
and nitrosoarenes (90) as starting materials, a series of spir-
ooxindole derivatives were synthesized in a highly diastereo-

View Article Online
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selective and enantioselective manner by using bis-thiourea
catalyst C39. They proposed that the nitroalkene and nitroso
components were successively activated by the catalyst for
nucleophilic additions (Fig. 20b)."*" This strategy was also
effectively utilized in forging other novel spirocyclic frame-
works with multiple stereogenic centers.''>™'® Noteworthily,
when the thiourea moiety was substituted by a squaramide
bearing two hydrogen-bonding sites, the resulting squara-
mide-amine catalysts were also able to catalyze various AMCRs
with similar catalytic modes.'**™*?*

Additionally, an asymmetric three-component reductive
coupling reaction facilitated by a chiral thiourea catalyst was
developed by Johnson’s group in 2016, starting from dimethyl

Johnson's work in 2016

F3C
(0]
(0]
/H\ " \///\H/COzMe + )-L C40 (10 mol%) -
MeO r-|| OMe o Ar H THF, -60 °C > NH
18 examples FsC S tBu
= 1 43-87% yield 93 o P,/N a0
cao 4:1->20:1 dr, 64-97% ee T 3
m
Y 5 H
9 o |
WSt TSome . | OPO(OMe), 1, c40
(I)Me Pudovik addition s OMe Phospha-Brook ‘ - stereoselective
MeO™ ~O rearrangement MeO~ O

Fig. 21 Asymmetric reductive coupling reactions catalyzed by chiral thiourea.

(a) Schaus's work in 2008
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(b) Schaus and Thomson's work in 2017
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% : OH \ /\/
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Fig. 22 Asymmetric Petasis and traceless Petasis reactions catalyzed by chiral diols.
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27-98% yield, >96% ee
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phosphite, benzylidene pyruvates (92) and aldehydes. The
triaryliminophosphorane functionality on C40 is essential for
the high stereoinduction of the vicinal polyfunctionalized
stereocenters in product 93. In the proposed mechanistic
pathway, the reaction is initiated by a Pudovik addition, in
which the deprotonated dimethyl phosphite reacts with com-
pound 92. This step is followed by a phospha-Brook rearrange-
ment, generating an enolate intermediate that can be stereose-
lectively trapped by aldehydes to yield the desired products
(Fig. 21).**

5. Other chiral catalysts

CPA and its derivatives have emerged as a privileged class of
Brgnsted acids in catalytic asymmetric synthesis. Their chiral
diol cores have consistently demonstrated remarkable per-
formance in a variety of enantioselective transformations. In a
previous study, it was shown that incorporating an alcohol
moiety into the chiral catalyst can lead to interaction with
boronic acids, thereby directing stereochemical induction
during the addition to activated quinolines.”® Meanwhile,
chiral diols can activate achiral boronates via transesterifica-
tion, thereby generating chiral boronates that subsequently
enable asymmetric alkynylation'** and allylation'** reactions.
Motivated by these achievements, the Schaus group realized
the enantioselective three-component Petasis reaction of

View Article Online

Review

alkenyl boronates (94), secondary amines, and ethyl glyoxylate
to synthesize chiral a-amino acid esters (95) under the catalysis
of chiral biphenol C41 (Fig. 22a)."*> Subsequently, several var-
iants of this reaction were reported, successively exploiting a
similar strategy.'**™**® In 2012, Thomson and co-workers pro-
posed that by utilizing sulfonylhydrazide as the initiator, a
Petasis-type coupling reaction could occur between
a-hydroxyaldehydes and alkynyl trifluoroborate salts to afford
allene structures in the presence of a Lewis acid. This reaction
is also known as the traceless Petasis reaction.'*® In 2017, a
catalytic asymmetric version of the traceless Petasis reaction
was reported by the groups of Schaus and Thomson with 1,1'-
bi-2-naphthol (BINOL)-derived chiral diols as catalysts.
Starting from the glycolaldehyde dimer, the hydrazone species
is formed through the reaction with sulfonylhydrazide (96).
This intermediate can react with chiral alkynyl boronates
which are generated in situ from catalyst C42 with achiral
alkynyl boronates (97) to afford propargyl hydrazides. After the
loss of sulfinic acid and the extrusion of nitrogen, chiral
allenes 98a were delivered. This protocol was also applicable to
the synthesis of chiral allenes 98b utilizing alkynyl aldehydes
and allyl boronates as reactants (Fig. 22b)."*° Moreover, by uti-
lizing the interaction between the hydroxyl group and boron,
in 2014, Wulff and co-workers synthesized a group of chiral
catalysts with boroxine as the core skeleton by subjecting
various chiral biaryl ligands to an amine, water, BH;-SMe, and
a phenol. The in situ-formed catalysts possess compelling

Tan's work in 2016
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Fig. 23 NHC-catalyzed AMCR for the synthesis of chiral benztropines.
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Cramer's work in 2024
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Fig. 24 NHC-catalyzed AMCR involving a radical course.

potential to enhance the asymmetric three-component Ugi
reaction, involving an aldehyde, a secondary amine, and an
isonitrile.”>* To gain a comprehensive understanding of the
recent advancements in the Petasis reaction, it is advisable to
refer recent reviews'*>'** for additional details.

As is well known, o,p-unsaturated aldehydes can act as
nucleophiles bearing two nucleophilic centers and undergo
enantioselective cyclization reactions through polarity inversion
under the catalysis of chiral N-heterocyclic carbenes (NHCs).
Exploiting this unique reactivity, Tan’s group accomplished an
NHC C43-catalyzed AMCR of an a,f-unsaturated aldehyde, an
isoquinolinium (99) and an alcohol. Substituted benztropines
(100) with four contiguous stereocenters were produced in a
highly diastereo- and enantioselective manner through a double
Mannich reaction of isoquinolines that were activated by benzyl-
type bromide. Notably, a four-component reaction was also
viable under the developed catalytic system (Fig. 23)."**

More recently, Cramer et al. designed a class of chiral thia-
zole-based carbenes with three highly tunable sites. Through
subtle elaboration of the NHC catalyst, an asymmetric three-
component radical dicarbofunctionalization reaction was
developed. Unlike the classic NHC catalysis, the Breslow inter-
mediate formed by the reaction of C44 with an aldehyde
undergoes a single-electron transfer with difluoroalkyl bro-
mides (101), generating a reactive difluoroalkyl radical and a
persistent ketyl radical intermediate via a Breslow enolate.
After that, a radical addition of the difluoroalkyl radical to
olefins (102) occurs to give a new radical species. Subsequent
radical coupling of the adduct to the olefins (102) affords the
highly enantioenriched f-difluoroalkylated o-chiral ketones
(103), and the control of enantioselectivity is achieved during
this process (Fig. 24).13>737

6. Conclusions

In this review, we present a concise summary of recent advances
in organocatalytic AMCRs. Undoubtedly, the rapid evolution of

4144 | Org. Chem. Front., 2025, 12, 4126-4150
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Radical coupling
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rate-determining step
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asymmetric organocatalysis has led to the emergence of diverse
catalytic systems and novel activation modes, enabling precise
stereochemical control over challenging multicomponent trans-
formations. These breakthroughs have created unprecedented
opportunities for the efficient and divergent assembly of structu-
rally complex frameworks containing multiple stereogenic
centers, thereby establishing valuable platforms for developing
chiral pharmaceutical candidates. However, current method-
ologies predominantly rely on stereoselective additions to imines
or employ odorous isocyanide components, resulting in limited
substrate generality and mechanistically constrained pathways.
Furthermore, practical implementations remain underdeve-
loped. To address these challenges, future research could exploit
photochemical or electrochemical strategies to activate inert sub-
strates, design innovative organocatalysts with tailored activation
modes, and develop customized AMCR protocols targeting privi-
leged chiral scaffolds in medicinal chemistry. Particular empha-
sis should be placed on expanding reaction diversity while main-
taining stereochemical fidelity, ultimately bridging the gap
between methodological innovation and practical synthetic
applications.
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