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Recent advances in radical-mediated asymmetric organocatalysis are changing the way
modern organic chemistry is done, opening up new possibilities where radical reactions
and chiral molecule design meet. This review brings together the main developments
in catalyst structures, including chiral amines, N-heterocyclic carbenes, photo-redox
asymmetric organocatalysts, and complex systems that help control the stereochemistry
of short-lived radical intermediates. The key point of this review is to bring together
these different innovations from various fields, showing both the latest strategies for
controlling stereochemistry and the ongoing challenges that researchers face. The
methods covered include photochemical, electrochemical, and cooperative catalytic
approaches, all of which rely on well-designed catalysts and a deeper understanding of
how radical reactions choose their paths. Together, these advances point to a bright
future for organocatalysis as a tool for innovation in asymmetric radical chemistry.
Likewise, this review will explore their practical uses, the limitations they face, and the
progress made between 2018 and 2025.

over the stereochemistry of the products, which
made them less useful for creating
enantiomerically pure compounds. However,
recent advancements in catalyst design and
activation methods have overcome these issues,
making radical-mediated asymmetric

INTRODUCTION

The combination of radical chemistry and
asymmetric organocatalysis has opened up a new
phase in molecular synthesis. This approach
allows scientists to build complex, chiral
molecules with a level of efficiency and selectivity
that was not possible before using traditional

organocatalysis a rapidly growing and exciting
area of study.[3][4] The key to these advances is
the thoughtful design of organocatalysts that can

methods.[1][2] In the past, radical reactions were stabilize, guide, and control highly reactive radical

known for their high reactivity but lacked control
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species. The development of chiral amines, N-
heterocyclic carbenes, and advanced bifunctional
catalysts has provided chemists with powerful
tools to accurately control the stereochemistry of
molecules, even in the short-lived environments of
radical reactions.[2][5] Modern methods use a
variety of non-covalent interactions, steric effects,
and electronic influences to create a well-defined
chiral environment where radicals can form bonds
selectively. At the same time, the field has adopted
a range of activation techniques, such as
photoredox and electrochemical methods, as well
as cooperative systems that work alongside metals
or light-sensitive agents. These approaches not
only allow for the mild and selective creation of
radical species from simple starting materials but
also align with the growing trend towards greener,
metal-free chemistry. As a result, there is now a
much wider variety of enantioselective reactions
available, making it easier to
medicinally useful compounds, natural products,

synthesize

and complex molecules.[1][5] The progress in
catalyst design and our understanding of reaction
mechanisms now supports a wide range of new
strategies for creating enantioselective C—C and
C—X bonds. This has set the stage for even more
ambitious developments. Recent research shows
that the field is not only growing intellectually but
also making a significant impact on both academic
research and industrial applications. By combining
clever molecular designs with bold reactivity

concepts, radical-mediated asymmetric
organocatalysis is set to change the way we
approach chiral synthesis, promoting
sustainability,  efficiency, and  molecular
diversity.[1][4][5] Beyond its practical
applications, radical-mediated asymmetric

organocatalysis highlights the innovative spirit
that drives modern organic chemistry. It brings
together traditionally conflicting reactivity models
to explore new chemical possibilities. The
integration of open-shell, radical-based activation
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with precisely controlled chiral environments
made possible by today's organocatalysts has
shown that radical intermediates are not inherently
uncontrollable. This has led to the production of a
wide range of enantiomerically enriched products
with high selectivity and the ability to tolerate
various functional groups.One of the defining
features of this emerging field is the variety of
catalytic  strategies  improved
aminocatalysis and carbene catalysis but have also
created bifunctional and cooperative methods.
These approaches use multiple catalytic functions
within a single control  the

traditional

system  to
stereochemistry at crucial steps, such as radical
capture  or This
innovation has expanded the range of substrates
that can be wused, leveraging visible-light,
electrochemical, and dual catalytic systems to
initiate and regulate radical reactivity under mild
and sustainable conditions.Importantly, the field's
rapid growth is supported by deeper mechanistic

combination. continuous

understanding, which has come from advanced
experimental ~methods and computational
modelling. These insights have revealed the
intricate  relationships between non-covalent
interactions, steric guidance, and electronic effects
that influence radical behaviour within chiral
catalytic environments. This knowledge helps in
the development of more effective and selective
catalysts. As aresult, radical-mediated asymmetric
organocatalysis is increasingly used as a platform
for both new methods conceptual
advancements, inspiring the next generation of
chemists to rethink the boundaries of selectivity,
reactivity, and sustainable chemical synthesis.

[1102][31(5]

2. ASYMMETRIC ORGANOCATALYSIS

and

Asymmetric organocatalysis has grown a lot over
the past few decades and its significance was
recently recognized with the 2021 Nobel Prize in
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Chemistry. Asymmetric synthesis has become a
major area in organic chemistry, largely because
of the need for pharmaceuticals and other societal
needs. These reactions are made possible by
molecules known as chiral catalysts which help
direct the reaction to produce a higher amount of
one enantiomer and a good yield. Organocatalysis
is a type of catalysis that is strong, eco-friendly and
economically viable aligning with
industrial needs for sustainability. Using small
organic molecules for catalysis allows for gentle
reaction conditions and easy separation of the
catalyst from the reaction mixture, solving some of

today’s

the problems faced with other types of catalysts.
Organocatalysts form temporary bonds or non-
covalent interactions with reactants to create
reactive intermediates, helping to form chiral
products. Common catalysts include amino-acids
like proline, cinchona alkaloids, and synthetic
chiral molecules that work through hydrogen
bonding, enamine and iminium formation, or other
methods. This method avoids the problems of
metal catalysts, like toxicity, sensitivity to air and
moisture and disposal difficulties, as well as the
issues with enzymes such as high cost and limited
substrate specificity. [5][6][7][11] The main ways
that organocatalysts activate reactions include dif
ferent strategies that help control and promote
chemical reactions often allowing for high
selectivity and reactivity.

2.1 Types of Core Activation Modes in
Organocatalysis:

Enamine Activation: Chiral amines react with
carbonyl compounds to form enamines, which act
as nucleophiles, allowing stereoselective bond
formation.
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Iminium Ion Activation: Amines form iminium
ions with carbonyl substrates, lowering the LUMO
(Lowest Unoccupied Molecular Orbital) of the
substrate and making it more electrophilic for
nucleophilic attack.

Bronsted Acid/Base Catalysis: Organocatalysts
can act as acids or bases, activating substrates
through proton transfer or hydrogen bonding,
helping to carry out various reactions.

Lewis Base Catalysis: Nucleophilic
organocatalysts (such as N-heterocyclic carbenes
or phosphines) activate electrophilic substrates,
enabling a variety of reactions.

Hydrogen Bonding Catalysis:

Catalysts that donate hydrogen bonds,like thioure
as organize and activate substrates through non-
covalent interactions supporting high stereo- and
regioselectivity.

Phase Transfer Catalysis (Ion Pairing):

Quaternary ammonium salts transfer anions from
aqueous to organic phases, allowing for
asymmetric transformations that are difficult to
achieve in homogenous solutions.

SOMO Activation (Radical Catalysis): Catalysts
help generate and react radical intermediates in an
enantioselective way by activating substrates
through single-electron processes.

These activation methods are sometimes used
together either in synergistic or cascade manner to
enable more complex chemical transformations.

[SIE8I[91[10][11]
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@7 possible classifications of organocatalysts —

acid/base properties

covalent activation

non-covalent activation

Lewis bases enamine Brensted acids

Lewis acids iminium Brensted bases
Brensted bases nucleophilic catalysis H-bonding
Brensted acids SOMO catalysis ion pairing (PTCs)

oxidation catalysts

halogen-bonding

catalytically relevant functional groups ———

amines (1°, 2°, 3°)  guanidines phosphoric acids guanidinium ions
NHCs iminophosphorane sulfonic acids ammonium salts
phosphines phosphazenes sulfonimides  phosphonium salts
phosphoramides isothioureas alcohols triazolium salts
thioethers  cyclopropene imines  (thio)ureas
Figure-1: A) Possible classification of organocatalysts and B) Established catalytically relevant functional
groups Ref.[11]
3. ORGANOCATALYSIS IN RADICAL and control radical reactions.This approach called

CHEMISTRY

Asymmetric organocatalysis in radical chemistry

uses small, chiral organic molecules as catalysts t

o control the structure of products formed during

reactions that involve free radicals.This method h
elps make the creation of compounds with specifi
c stereochemistry more efficient and selective.[5]

[12] Asymmetric-organocatalysis uses organic,
metal free catalysts to help create stereochemistry
in chemical reactions. While the idea comes from
older methods that rely on polar reactions like
using enamine or iminium ion catalysts), recent
years have seen big advances in using these
organocatalysts to guide radical reactions with
precision.[12] Traditional radical chemistry was
hard to use for controlling stereochemistry because
free radicals are very reactive and not very
selective. However, types  of chiral
organocatalysts like chiral phosphoric acids, N-
heterocyclic carbenes (NHCs), and thioureas—can
help control the structure of products by creating a

new

chiral environment around the starting material,
using non-covalent interactions like hydrogen
bonds or ion-pairing and working together with
photo-redox or electrochemical systems to start
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Radical organocatalysis uses organocatalysts to
make and guide reactive species with a single
electron (radicals) for targeted chemical changes.
This often leads to highly selective structures with
good enantioselectivity.[S][11][12][13]

3.1 Key Activation Modes in Radical Mediated
Organocatalysis:

SOMO (Singly Occupied Molecular Orbital)
Catalysis: Chiral amines (such as proline
derivatives) reacting with carbonyl compounds to
make enamines, which are then oxidized into
radical cations. These resulting chiral SOMO
species react selectively with other radical or
nucleophiles, to control the stereochemistry
precisely.[5][14] This type of SOMO (Singly
Occupied Molecular Orbital) catalysis is a new
way to control radical reactions next to Carbonyl
groups. The process starts with chiral amine
forming an enamine intermediate by reacting with
an aldehyde or other carbonyl compounds. This
enamine is then oxidized with an oxidizing agent
like ceric ammonium nitrate or using photoredox
methods, to create a reactive radical cation with a
single electron. This radical is held in a chiral
environment by the catalyst directing how other
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radicals or somophiles approach ensuring
structured product formation.
The radical cation made during SOMO catalysis r
eacts with other reactants depending on the
situation such as alkenes, arenes, or other
electrophiles joining carbon atoms with carbon or
other elements near the carbonyl group. After
reacting, the catalyst is made again, and the
finished product is released. This is different from
classic methods which used ionic processes. It uses
electron transfer for new chemical reactions while
keeping good structure control.[14][15][16][17]
Studies show several things affect this process,
like the presence of water, which affects how the
enamine forms and effectiveness of the catalyst,

and the balance between oxidation and phase-

transfer keeps the right concentration of reactive
species. The ability of SOMO catalysis to
combine radical action with structure control has
expanded organocatalysis to include reactions like
a-allylation, a-arylation, vinylation, and complex
cycloadditions, thereby allowing the making of
enantioenriched molecules that are hard to create
with traditional methods.This approach brings
together radical chemistry and chiral control
opening new paths for creating asymmetric
molecules beyond old methods. [14][15][16][17]
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Figure-2: Reaction and proposed catalytic cycle for SOMO activation Ref.[15]
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Photoredox-Organocatalysis Merging:
Photocatalysts like iridium or ruthenium based
complexes and organic dyes are used together with
organocatalysts to generate reactive
through light-driven single-electron transfer. The
chiral surroundings from the organocatalyst guide
the enantioselective radical addition or coupling
process. This method combines photoredox
catalysis with organocatalysis to enable new and
enantioselective radical changes. The process

radicals

involves a catalyst often a transition metal
complex like Ir(ppy)3 or an organic dye absorbing
visible light to reach an excited state that can
transfer a single-electron. This excited state can
change substrates or intermediates into reactive
radical species under gentle conditions. At the
same time, the organocatalytic process starts with
the creation of a chiral enamine by combining a

secondary amine catalyst with an aldehyde or
ketone.

In this setup, the excited photocatalyst makes a
radical from a suitable starting material like an
alkyl halide. This radical then reacts selectively
with the chiral enamine to form a radical product
that is guided by the organocatalyst’s chiral
environment. The produced electron-rich a-amino
radical is then oxidized by the photocatalyst in it,s
excited or ground state to form an iminium ion.
The ion breaks down to release the enantioriched
molecule and regenerate the organocatalyst. This
close connection between light generating radicals
and structure controlled catalysts makes highly
selective  o-functionalizations  and  other
asymmetric reactions possible which are hard to

achieve with traditional methods.[18]
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Figure-3: Iridium polypropyridyl complexes: simplified molecular orbital of Ir(ppy)3 Photochemistry
Ref.[18]
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An important thing that sets  photoredox
organocatalysis apart is how it makes the radical
intermediates. Instead of using direct chemical
oxidants, it uses light to drive electron transfer
which leads to milder reaction conditions and

works well with a variety of functional groups.

Representative

Transformations Organo-

Catalysis

H,0

Aldol
Friedel-Crafts
Vinylation
Allylation
Enolation

Enal Reduction

Diels-Alder

Asymmetric One-Electron Mediated
Organic Transformations

This approach has been used in many kinds of
enantioselective  reactions like alkylations,
trifluoromethylations, and aminations, often with
very good stereocontrol.

Representative

Photoredox Utility

Catalysis

Ho Production

O, Production

CH, Production

Energy Storage

Enantioselective Catalytic Carbonyl a-Alkylation

(e}

H/Lk‘ B FaG
R
aldehyde alkyl bromide

organocatalysis

photoredox catalysis R
photon source

enantioenriched
a-alkylated aldehyde

Figure-4: Merging amine catalysis and organometallic photoredox catalysis Ref.[19]

Mechanistic studies have shown that two catalytic
cycles work together in a co-ordinated way. The
photoredox part is responsible for generating and
managing the radicals while the organocatalyst
controls the stereochemistry of bond formation.
Both covalent and non-covalent interactions help
control how the catalyst interacts with the

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

substrate. This method has greatly expanded the
tools available for asymmetric synthesis using
radical chemistry under sustainable and flexible
conditions.[18][19][20]
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Figure-5: Merging photoredox catalysis with organocatalysis. Proposed mechanism Ref.[19]

This image shows that Dual catalysis system that
combines organocatalysis and photoredox
catalysis to achieve enantioselective a-alkylation
of aldehydes.

In simple terms, the process works like this:

Organocatalytic Cycle: A chiral organocatalyst
(catalyst 6) reacts with an aldehyde (7) to form an
intermediate (8). This creates a chiral environment
that determines the stereochemistry. The
intermediate then reacts with a radical species on
its open Si-face, allowing selective addition to
form a new chiral center.

Photoredox Catalytic Cycle: The photoredox
catalyst Ru(bpy)3”2+ (1) absorbs light from a
photon source, and becomes an excited form
(*Ru(bpy)3”2+). This enables it to transfer a
single electron to an alkyl halide (4) creating an
electron deficient radical(5). The Ru catalyst

IR
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switches between it’s oxidized (*Ru(bpy)3/2+)
and 1t’s reduced form (Ru(bpy)3”+) as it cycles.

Synergy of the Two Cycles: The radical produced
by the photoredox cycle (radical 5) reacts with the
organocatalyst-activated intermediate (9), forming
an intermediate (10) that undergoes further
electron transfer to regenerate the catalyst and
release the enantioenriched a-alkylated aldehyde
product. This dual catalysis combines the light-
driven radical generation from photoredox
catalysis with the stereocontrol from
organocatalysis enabling efficient and selective
asymmetric radical transformations under mild
conditions.This method involves dual or
multicatalytic systems, where organocatalysts
work alongside other catalysts like photoredox,
Lewis acids, or transition metals to activate
reactants or control radical intermediates for bond-
formation with high enantioselectivity. Synergistic
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catalysis is when two or more distinct catalysts
work together in a coordinated way to achieve a
chemical transformation that would be difficult or
inefficient with just one catalyst. In the Image, this
is shown by the combination of photoredox
catalysis and organocatalysis, where each does a
specific role that complements the other enhancing
overall reactivity and selectivity.In this case, the
photoredox catalyst (Ru(bpy)3°2+)
visible light to become an excited state, and
performs single electron transfer generating
reactive radical species from inert substances like
alkyl halides. This allows radical generation under

absorbs

mild conditions offering a broad range of
substrates and controlled radical chemistry.At the
same time, the organocatalyst (a chiral secondary
amine) reacts with the aldehyde substrate to form
a chiral enamine intermediate, that serves as a
controlled  platform  for intercepting
photochemically  generated radicals.  This
organocatalytic cycle provides the stereochemical
control, aligning the reactive intermediates in a
chiral environment to create enantioenriched
products.The synergy here comes from the
photoredox cycle generating reactive radicals that
the organocatalyst can selectively trap in a
stereocontrolled manner. After radical addition,
the intermediate undergoes electron transfer steps
that regenerate both catalysts, completing their
cycles in sequence to enable efficient and
enantioselective o-alkylation of aldehydes. This
dual catalyst system shows how combining
different catalytic approaches radical generation
and stereocontrol can open new synthetic routes
that are not accessible with single catalysts,
offering improved reaction efficiency, selectivity,
and mild conditions. [16][19][20][21][22][23]

Electrocatalytic Radical Generation:

Organocatalysts can be used with electrochemical
methods to generate radical species from
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substrates, where the organocatalyst directs the
stereoselective trapping or reaction of these
radicals. This approach allows reactions under
mild and sustainable conditions. Electrocatalytic
radical  generation uses electrochemical
techniques combined with organocatalysis to
produce mild,
controlled conditions avoiding the need for

chemical oxidants or reductants. Instead it uses

radical intermediates under

electron flow through an electrode to induce single
electron transfer processes that activates substrates
into radicals. In this method, a substrate such as an
alkyl halide or a carbonyl compound bound to an
organocatalyst is oxidized or reduced at the
electrode surface. The applied potential selectively
removes or donates an electron, creating an
electron-deficient radical or radical anion
intermediate. This radical can then undergo
various transformations, including coupling or
addition reactions, often within a chiral
environment  providled by a  covalent
organocatalyst like a secondary amine or an N-
heterocyclic carbene (NHC). Electrocatalytic
radical generation has several benefits. It allows
precise control over the redox environment by
adjusting the electrode potential, eliminating the
need for stoichiometric oxidants or reductants
which can produce waste. The mild conditions and
lack of additional chemicals improve functional
group tolerance and sustainability. When
combined with organocatalysts, the radicals
generated at the electrode can be wused
enantioselectively to create chiral products,
expanding the scope of asymmetric radical
chemistry.This method represents a green and
versatile approach for radical formation and
asymmetric functionalization, aligning well with
the principles of sustainable chemistry and
offering new pathways for designing efficient
catalytic radical transformations in the synthesis of
complex molecule. [5,23,24]
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These activation methods have created
pathways to form C—C and C—X bonds, making it
possible to access complex chiral molecules that
are difficult to produce using traditional ionic or

new

purely radical pathways.

4. TYPES OF CATALYST DESIGN AND ITS
IMPORTANT PRINCIPLES

Those efficient catalysts for asymmetric radical
reactions like those shown  in the image
(scheme.l) depends on connected
principles. These rules help ensure the reaction is
efficient produces a lot of product, and gives a
highly chiral result. The principles listed below are

several

especially useful for systems that use both
organocatalysts and photoredox or similar radical
reactions.[25][26]

A) Covalent Intermediate Formation for Chiral
Induction:

Studies show that a strong catalyst design usually
depends on the chiral organocatalyst forming a
covalent bond with the molecule it,s acting on like
an enamine or an iminium ion. This close contact
helps transfer the chiral information effectively,
as the radical reaction happens in a well defined
chiral space created by the catalyst and molecule
together.[2][18]

B) Chiral Environment for Stereocontrol:

A good chiral catalysts makes a rigid, structured
space that guides the radical or nucleophile to
react in a specific way. Literature suggests using a
rigid backbone, big protecting groups, or other
noncovalent interactions like hydrogen bonds or
ion-pairing to keep the reactive parts in right
position. This helps avoid unwanted reactions that
don’t give the desired chirality. [2][27]

C) Compatibility with Radical Generation
Conditions:

J7EC NN
P
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7
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Modern research points out that  the
organocatalyst and any other -catalysts like
photoredox catalysts must work well with the
conditions needed to make radicals such as light,
electricity or chemical oxidants. This means the
catalyst has to stay active and selective even when
there are open shell species around often under
mild or neutral conditions.[3][18]

D) Chemoselectivity and Functional Group
Tolerance:

Good catalysts can handle a variety of chemical
groups without causing side reactions or breaking
the chirality. Studies show that the importance of
this chemical selectivity when working with
sensitive parts of the molecule which helps in
making complex and valuable compounds.[5]

E) Turnover and Robust Regeneration Pathway:

Efficient catalysts have quick and easy ways to
convert back into their active form such as
breaking down intermediate iminium ions quickly
to free the catalyst. This allows for reuse and
makes the process more scalable and sustainable
in making chemicals.[18]

F) Tunability and Modular Optimization:

New research shows that using modular catalyst
designs  like imidazolidines, NHCs, or
primary/secondary amines is useful. These can be
easily changed in terms of size and electronic
properties. This makes it easier to tailor catalysts
for new types tough
reactions.[5][18]

of molecules or

G) Dual or Synergistic Activation:

A big part of using dual catalysis and radical
generator like photoredox or electrochemical
catalyst is that they work well with each other. The
best designs make each part better without
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stopping the other from working which improves
the speed, selectivity and usefulness of the
reaction. These principles, backed by recent
research and reviews, help in creating better chiral
catalysts for advanced  asymmetric radical
reactions leading to more efficient and flexible
methods in modern chemical synthesis.[16]

4.1 Types of Chiral HAT Catalysts

Chiral HAT catalysts for stereocontrol: Chiral
hydrogen atom transfer (HAT) catalysts are

advanced systems that help control the
stereochemistry in  radical-based chemical
reactions, leading to highly  selective

enantioselective functionalizations.[28]
Chiral Amines in Radical Organocatalysis:

Chiral amines,especially secondary amines from
proline or other chiral sources are important for
asymmetric transformations, especially useful in
the a-functionalization  of  carbonyl
compounds. Their role in radical chemistry has
been explored recently, allowing enantioselective
control over radical intermediates via enamine or
iminium ion activation.[29]. Mechanistic insights
includes Chiral amines which catalyse radical
reactions by forming enamine intermediates with
aldehydes or ketones. These intermediates can be
oxidized by single-electron transfer (SET)
reagents to create radical cation species with a
singly occupied molecular orbital (SOMO). This
SOMO-activated intermediate is then attacked by
nucleophiles or radicals in a stereocontrolled way
determined by the chiral environment from the
amine catalyst.[28][29][30]

The key features enhancing stereocontrol
includes:

e Face shielding: The catalyst’s structure
sterically blocks one side of the enamine

U
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intermediate, guiding radical addition or

coupling to the opposite face.

e Acid co-catalysts: Acid additives like
camphor-sulfonic acid influence the catalyst
activity and selectivity by affecting it,s
protonation state and intermediate stability.

e Reaction conditions: Controlling temperature,
solvent, and type of oxidant adjusts reactivity
and enantioselectivity.[28][29][30]

It has many more applications such as:

e Asymmetric o-oxyamination: Using chiral
imidazolidinone catalysts, aldehydes are
converted to a-oxyaminated products with
high enantiomeric excess through radical

intermediates.

e Visible-light induced enamine catalysis:
Combining Photoredox catalysis with
aminocatalysis  allows o-alkylation and

amination under gentle conditions, increasing
variety of radical reactions.

Hence, Chiral amines are cost-effective, eco-
friendly, and structurally adaptable, making them
broad applicable. However, challenges remain in
controlling radical side reactions and expanding
substrate range beyond carbonyl
compounds.[28][29][30]

N-Heterocyclic Carbenes (NHCs) in Radical
Organocatalysis:

NHCs are strong nucleophilic catalysts that
traditionally enable reversing the polarity of
aldehydes and related substrates. Their role in
radical organocatalysis in forming and capturing
radical intermediates through persistent radical
cation intermediates and redox-active Breslow
intermediates.[30]
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The Mechanistic Features follows formation
of Breslow intermediates from NHC and aldehyde
initiates reaction cycles, which can be oxidized in
situ to radical species. These radicals participate in
selective bond-forming events, including C—C and
C—X bond formation, under the influence of chiral
NHC frameworks. Dual catalytic systems
combining NHC catalysis with photoredox or
transition metals have been developed to use
radical reactivities efficiently.[30][31] The
Stereocontrol Factors are as follows:Chiral NHC
catalysts are designed with bulky, -chiral
substituents to control stereo controlled radical
addition. Cooperative interactions between the
NHC-bound substrates and reactive radicals lead
to effective asymmetric induction.
applications

Its main

include enantioselective radical
cross-couplings, a-functionalizations, and
heterocycle syntheses have been achieved
employing chiral NHC catalysts. Recent work
focuses on coupling NHC catalysis with
photoredox systems to expand mechanistic
versatility and substrate reach. [31] Chiral amines
and N-heterocyclic carbenes are essential for
radical-mediated asymmetric synthesis. By
creating chiral reactive intermediates like
enamines, iminium ions, or Breslow-type radicals,
they provide access to stereo-defined complex
radical pathways. Ongoing

developments aim to expand substrate range,

molecules via

enhancing stereocontrol, and integrating with
emerging activation modes like photoredox
catalysis for sustainable and flexible synthetic
applications.[31]

4.1.1 Chiral Thiol Catalysts: Recent examples
include Ca-symmetric arylthiol catalysts derived
from enantiomeric lactate esters, which have

shown high enantioselectivity in  anti-
Markovnikov  hydroamination-cyclization  of
alkenes, producing pharmaceutically relevant

piperidines.[28][29]  Chiral arylthiol HAT
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(hydrogen atom transfer) catalysts have recently
emerged as highly effective systems for imparting

enantioselectivity in radical-mediated
transformations, particularly symmetric anti-
Markovnikov  hydroaminations and related

cyclization reactions.
Catalyst Design and Mechanism

Chiral arylthiol HAT catalysts often have C.-
symmetric structures from enantiomerically pure
building blocks such as lactate esters. These
catalysts act as hydrogen atom donors in radical
processes, transferring a hydrogen atom to carbon-
centered radicals formed in-situ. The spatial
configuration of the catalyst, especially its chiral
backbone and arylthiol moieties, forces the d the
hydrogen atom from a specific face of the substrate
radical, thereby setting the stereochemistry of the
new center.

Stereocontrol Origins

e Non-covalent Interactions: Aromatic rings and
substituents on the arylthiol scaffold create a
chiral environment, reinforcing non-covalent
interactions such as n—x stacking and hydrogen
bonding which orient the substrate radical for
face-selective HAT.

e Steric Shielding: The C. symmetry provides
symmetric but chiral shielding of one
approach, minimizing byproduct formation
and
spatial discrimination.

increasing enantioselectivity through

Synthetic Applications

A major was
the asymmetric
hydroamination-cyclization of alkenes offering
direct access to enantioenriched 3-substituted
piperidine derivatives valuable scaffolds in

pharmaceutical chemistry. Computational studies

breakthrough achieving

anti-Markovnikov
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explain the role of the thiol’s spatial features in
stereocontrol and highlight their flexibility for
broader reaction scope.

Advantages

e Versatile and Modular: The catalysts can be
easily synthesized from natural chiral sources,
allowing for simple tuning and structural
diversification.

e High Effectiveness: These systems show
moderate to excellent enantioselectivity across
a wide range of substrates in HAT-mediated

transformations.

Chiral arylthiol HAT catalysts are expected to
play a major role in expanding asymmetric radical
chemistry. Their ease of synthesis, tunable
structure and high stereocontrol capability are
likely to inspire further progress in
enantioselective hydrogen atom transfer and
related organocatalytic reactions. This catalyst
class demonstrates how thoughtful molecular
design can transform a basic chemical process
hydrogen atom transfer into a highly selective and
synthetically valuable tool for asymmetric
synthesis.[28][29]

4.1.2 Peptide-Based Catalysts: Chiral peptide
thiols have been fused with photoredox catalysis
to achieve enantioselective radical
hydroaminations. This is made possible through
complex non-covalent interactions such as
hydrogen bonding, electrostatic effects between
the catalyst and radical intermediates. [29]

Peptide-based catalysts, especially peptide thiols,
represent a powerful and increasingly prominent
class of chiral hydrogen atom transfer (HAT)
catalysts designed to achieve high levels of
enantioselectivity in radical-mediated
transformations. These catalysts combine the
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flexibility and adjustability of synthetic peptides
with the mechanical features of thiol-based HAT
catalysis, offering a biomimetic approach that
captures essential features of enzymatic control
but in small-molecule organo-catalysts.

Design and Modular Architecture

Peptide thiol catalysts are usually made from short
amino acid sequences incorporating cysteine
residues that provide the critical thiol moiety for
HAT activity. The peptides are designed to adopt
conformations  that  create  distinct chiral
pockets and orient substrates precisely through a
network of cooperative non-covalent interactions
(NClIs), including hydrogen bonding, n-w stacking,
and van der Waals
substrate-binding environment of natural radical
enzymes but allows for synthetic tunability by
modifying amino acid residues to enhance
selectivity and reactivity.

forces. This mimics the

Catalytic Mechanism and Stereocontrol

The key step involves the chiral peptide thiol
delivering a hydrogen atom to a prochiral carbon-
centered radical, generated via photocatalytic or
other  radical initiations, to form a
stereochemically defined product. The peptide's
chiral scaffold controls the face-selectivity of this
HAT step by stabilizing the transition state with
directed NClIs and steric hindrance, selectively
favoring one enantiomer. This step is often
enantio-determining and benefits from the
modular flexibility of the peptide backbone,
enabling optimizations that enhance both
efficiency and selectivity. Significant studies have
demonstrated the utility of tetrapeptide thiols in
asymmetric hydroamination of olefins, where
peptide sequence variations drastically influence
enantioselectivity. For instance, incorporating
residues like phenylglycine enhances n-stacking
interactions that stabilize radical intermediates in
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an enantioselective fashion. Substitutions at
different positions in the peptide alter the
catalyst’s three-dimensional folding and reactive
guiding substrate binding and

atom delivery with remarkable

environment,
hydrogen
precision.

Advantages and Applications

Highly modular and tunable design enables rapid
optimization for diverse substrates and reactions.

Ability to mimic enzyme-like chiral
environments leads to exceptional stereocontrol in
radical transformations. Compatible

with photoredox and other mild radical generation

methods, enabling sustainable and selective
asymmetric synthesis of complex molecules
including  B-amino

pharmaceutically relevant motifs.[29]

alcohols and  other

4.1.3 Biocatalysts: Engineered enzymes like ene-
reductases can deliver H-atoms with exquisite
facial selectivity, inspired by natural radical
enzymes that orient radicals precisely within chiral
active sites for enantioselective HAT.[32]

Biocatalysts harness nature’s exquisite ability to
control radical reactions through hydrogen atom
transfer (HAT), offering unique opportunities to
achieve high enantioselectivity and chemo-
selectivity in free radical transformations that are
challenging to control with small-molecule
catalysts. This class of catalysts includes enzymes
and engineered proteins that perform radical
initiation or termination with remarkable
precision, often activating unactivated C—H bonds
or directing radical intermediates to specific sites.

Biological Inspiration and  Mechanistic

Foundations

Enzymes such as ribonucleotide reductases, DNA

photolyases, and non-heme iron oxygenases
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perform HAT-based radical
transformations essential for nucleotide
biosynthesis, DNA repair, and selective C—H
functionalization. These enzymes utilize highly
organized active sites featuring metal cofactors,
flavin or heme groups, and networks of amino acid
residues that coordinate substrate positioning and
fine-tune hydrogen atom donation or abstraction
processes. The
property of these biological catalysts, achieved by
precise substrate binding, transition = state
stabilization, and guided radical transfer pathways.

stereocontrol 1s an intrinsic

Recent Advances in Artificial Biocatalysis

Researchers have engineered or repurposed
enzymes to carry out radical-mediated asymmetric
transformations by exploiting their natural HAT

capabilities:

¢ Flavin-dependent
reductases): Through protein
these enzymes catalyze light-driven radical
hydrogenation reactions, delivering hydrogen
atoms with exceptional stereocontrol, enabling
enantioselective reductions of activated
alkenes and ketones.

enzymes (e.g.,ene-

engineering,

e Artificial metalloenzymes: Hybrid catalysts
combining metal centers with protein scaffolds
have been developed to exploit HAT pathways
for asymmetric radical coupling and

functionalization, achieving selective

transformations difficult to obtain through

purely synthetic catalysts.

Directed evolution and computational design have
played key roles in optimizing enzyme active sites
for improved activity and selectivity in radical
HAT transformations, expanding substrate scope
and operational robustness.

Advantages of Biocatalysts in Radical HAT
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e High selectivity: Enzymatic can
differentiate between virtually identical C—H
bonds and prochiral radical intermediates,

systems

affording unparalleled regio- and
enantioselectivity.
e Mild reaction conditions: Biocatalysts

function under ambient temperature, aqueous
or benign media,
chemistry principles.

aligning with green

e Potential for cascade reactions: Enzymes can
be integrated into multi-step biosynthetic
pathways, allowing seamless generation and
selective trapping of radicals.

Despite remarkable progress, challenges remain in
broadening substrate scope, improving catalyst
stability, and achieving efficient radical initiation
compatible with biocatalytic settings. Ongoing
interdisciplinary efforts combining biochemistry,
protein engineering, and synthetic chemistry aim
to fully harness and extend nature’s strategies for
hydrogen atom transfer in stereoselective radical
synthesis. In summary, biocatalysts offer an
invigorating approach to asymmetric radical
chemistry via hydrogen atom transfer, merging
intricate natural design with emerging synthetic
needs. Their unique capabilities inspire new
catalytic paradigms and hold promise for
sustainable, selective synthesis of complex chiral
molecules [32]

4.1.4 Small-Molecule Organocatalysts: Other
types include chiral Bronsted bases and N-
heterocyclic carbenes, but these typically work
through two-electron reactions; special versions
are being studied for using radical HAT-based
stereocontrol.[33] Small-molecule organocatalysts
that help with hydrogen atom transfer (HAT) are
an important class of catalysts. They can control
the stereochemistry of radical reactions under
mild and sustainable conditions. These catalysts
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usually work by carefully taking or giving a
hydrogen atom which includes a proton and an
electron to make or achieve radical intermediates
in a controlled way.

Key Features and Types of Small-Molecule HAT
Organocatalysts

e Thiols and Thiyl Radicals: Small-molecule
thiols are among the most widely used HAT
organocatalysts. They can form thiyl radicals
that efficiently abstract hydrogen atoms from
substrates and transfer them stereoselectively
under (e.g.
peptide thiols).

suitable chiral environments

e Phosphoric Acids and Chiral Brensted Acids:
These catalysts can organize substrates and
radical intermediates via hydrogen bonding,
exerting stereocontrol while facilitating HAT
steps indirectly.

e Nitroxyl Radicals (e.g TEMPO): Stable
aminoxyl radicals can act as oxidants or
hydrogen atom acceptors. They can also be a
part of catalytic radical processes and may help
in controlling stereochemistry when used in
chiral environments.

e Electron-Deficient Alkenes and Aromatics:
Some small molecules with electron-poor -
systems can take part in radical relay making it
possible to control HAT reactions through the
stabilization of radical intermediates.

Mechanistic Principles

The HAT process involves the movement of a
proton and electron either by direct abstraction or
donation of hydrogen atoms to or from C—H, N-H,
or other X—H bonds. Catalysts are designed to
have bond dissociation energies (BDE) optimized
to favor efficient HAT, with lower BDEs
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facilitating hydrogen donation and higher BDEs
favoring abstraction. Stereocontrol arises through
the formation of chiral environments around the
substrate or radical intermediate, often promoted
by steric shielding, hydrogen bonding, or ion
pairing.

Applications and Advantages

Small-molecule  organocatalysts enable mild,
highly selective transformations without requiring
metals, in line with green chemistry principles.
They are compatible with a variety of activation
modes, including photochemical, electrochemical,
and thermal HAT processes, broadening substrate
scope and synthetic utility. These catalysts provide
an accessible platform to
conduct enantioselective radical transformations,
facilitating complex molecular
relevant to pharmaceuticals and materials science.
Improving enantioselectivity and catalytic
turnover remains a challenge, particularly for less
activated substrates. Rational design combining

and tunable

architectures

mechanistic insights with computational tools will
enable new catalysts that precisely control radical
reactivity and selectivity. Expanding catalyst
subclasses to include novel hydrogen atom
donors/acceptors that operate under even milder or
more sustainable conditions is an active area of
research.[33] In small-molecule
organocatalysts for HAT offer a versatile and
green  approach  for radical

summary,

asymmetric
transformations. Their modular structures and
compatibility with diverse reaction conditions
make them promising tools for expanding the
utility of radical-mediated chemistry.[31][32][33]

5. STEREOCONTROL STRATEGIES

Stereocontrol strategies in radical mediated
asymmetric organocatalysis are complex methods
aimed at overcoming the challenge of s controlling
the stereochemistry of highly reactive, planar
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radical intermediates in reactions that produce
chiral products. Because radical species react very
quickly with a single electron, It’s hard to control
their stereochemistry precisely. However recent
developments have uncovered several effective
strategies that have greatly improved  this
area.These main approaches are based on when
stereocontrol is introduced and how the catalyst
interacts with the substrate.[1]

1. Stereochemical Incorporation on the Radical
or Substrate

Controlling the stereochemistry directly on the
radical or substrate is difficult since the unpaired
electron in the radical typically resides in a p
orbital, making the radical planar and often
lacking chirality. Though rare, some methods aim
to create chirality by selectively generating
radicals through steps like hydrogen atom transfer
(HAT) or halogen atom transfer (XAT),
introducing chirality early in the
mechanism. More often, stereocontrol is applied
later when radicals interact with chiral catalysts or
substrates in reactions like stereoselective addition
or coupling.[1][5][34]

2. Non-Covalent Catalyst-Substrate Interactions

Creating a chiral environment is usually done
through multiple non-covalent interactions
including hydrogen bonding,
stacking, van der Waals forces, and electrostatic
interactions. These interactions help position the

ion-pairing, -

radical and other reaction components in a chiral
pocket, guiding them to approach in a way that
favors one enantiomer over the other. This strategy
is especially effective with  bifunctional
organocatalysts that use hydrogen bonding donors,
like thioureas or squaramides combined with basic
sites.[1][5][34]

3. Bifunctional and Cooperative Catalysis
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Using catalysts that perform dual roles activating
both the radical precursor and the reaction partner
simultaneously enhances stereocontrol.
Bifunctional catalysts might combine hydrogen
bond donors and Lewis basic or acidic sites to help
with both radical generation and controlled
addition. Additionally, multi-catalytic
such as photoredox catalysts paired with chiral
organocatalysts, can separate the production of
radicals via light-induced electron transfer from
stereocontrol chiral  organocatalysts,
allowing for precise enantioselectivity.[1][5][34]

systems,

using

4. Stereodetermining Radical Trapping or
Termination

The last step where a radical is captured such as
adding it to m bonds, a nucleophilic attack, or
hydrogen atom transfer (HAT) is often where
stereochemistry is determined. Chiral catalysts
control these final steps by directing the radical to
attack a specific face via steric and electronic
guidance, often done through covalent or non-
covalent interactions between the catalyst and
substrate to achieve high selectivity.[1][5][34]

5. Chiral Counterion and lon-Pair Strategies

In reactions involving radical cations or anions
pairing with chiral counterions can strongly
influence the radical’s approach and it’s
environment,helping to
enantioselectivity. This method expands the
options for controlling stereochemistry without
directly bind to the

determine

needing the catalyst
substrate.[1][5][34]

6. Catalyst Structural Features and Electronic
Effects

Catalysts are designed with precise steric features
to block one side of the radical intermediate,
directing attack from the opposite side. Electronic
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properties of catalysts can stabilize radical
intermediates through resonance or inductive
effects, increasing their lifetime in the chiral
environment so that they can form bonds
selectively.[1][5][34] Overall, these stereocontrol
strategies work together to enable enantioselective
with high fidelity. The
combination of covalent bonding, non-covalent
interactions, cooperative catalysis, and radical
trapping creates an environment where these
short-lived radical species can be used effectively
I synthesis. ~ This  growing
understanding of mechanisms and catalyst design

radical reactions

in  asymmetric
is expanding the efficiency, and
applications of radical mediated asymmetric
organocatalysis in modern chemistry.

scope,

6. APPLICATIONS: INDUSTRIAL AND
MEDICAL RELEVANCE

Radical mediated asymmetric organocatalysis has
changed the way scientists build C-C, C—N, and
C—O bonds, offering mild, metal-free, and highly
stereoselective routes to create complex molecules
that are important in pharmacy. Below are recent
examples from literature for each type of bond,
along with their importance in industry and
medicine.

6.1 C-C Bond Formation: Case Studies and
Relevance

The enantioselective formation of carbon—carbon
bonds via radical intermediates is a cornerstone of
modern synthesis, essential for making complex
structures found in drugs and materials. Recent
progress includes combining of photoredox and
organocatalytic activation. This involves using
visible light and chiral organic catalysts to direct
selective radical addition to alkenes, arenes, or
carbonyls.[2]
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A notable example is the enantioselective a-
alkylation of aldehydes, where in chiral amine
catalysts form enamines with  carbonyl
compounds. Upon photoredox activation, the
enamine intermediate catches a carbon-based
radical generated from an alkyl halide, forming
new C-C bonds with excellent stereocontrol.
Recent studies have expanded this method to build
quaternary centers,
tetrasubstituted stereocenters, and late-stage
diversification of complex molecules all without
transition metals. For instance, highly tunable
thiazolium carbene catalysts allow for fine

create the formation of

electronic and steric modulation, enabling
enantiodetermining radical-radical recombination
in the presence of natural product-derived
substrates, including

radicals.[35]

cholesterol-ester-based

Industrial and medical significance:

These radical processes have been used in large
scale synthesis of active pharmaceutical
ingredients (APIs) and advanced intermediates
reducing cost, environmental burden, and
regulatory risk associated to metal
contamination. Radical C—C couplings are being
developed as reliable steps in drug discovery and
flow chemistry settings for

production.[36]

continuous

6.2 C-N Bond Formation: Case Studies and
Relevance

Building C-N bonds is especially important in
synthesis of chiral amine and heterocycles. These
are crucial in pharmaceutical chemistry, as amines
are part of more than half of all drug molecules.
Recent radical-mediated methods use visible-light

photoredox  catalysts along  with  chiral
organocatalysts to create C—N bonds by enabling
amination, hydroamination, and
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aminofunctionalization
radicals.[37]

using prochiral

A strong example is the asymmetric amination of
alkenes. A temporory carbon-centered radical is
generated and then paired with a chiral thiol or
peptide organocatalyst. The resulting hydrogen
atom transfer not only creates the C—N bond but
also introduces chirality with high precision. New

approaches include radical-polar crossover,
reductive  elimination, and amino group
substitution enabling the direct and

enantioselective synthesis of bioactive nitrogen-
containing heterocycles, such as B-amino acids
pyrrolidines. Notably,
organocatalytic strategies enable the cleavage and
functionalization of inert amide C—N bonds a key
step in producing axially chiral biaryl frameworks
that are part of several medicinal agents and
advanced ligands.[37]

and innovative

Industrial and medical relevance:

Methods described have direct application in the
efficient synthesis of chiral amines without
traditional ~ chiral  auxiliaries or  metal
contamination. Several asymmetric C—N bond-
forming processes have been used in the
manufacture of active pharmaceutical compounds,
ligands for
and natural

asymmetric
peptidomimetics,
analogues.[36][37]

catalysis,
product

6.3 C-O Bond Formation: Case Studies and
Relevance

Chiral oxygen-containing groups like ethers,
alcohols, and related functional groups are
essential in medicinal chemistry for antibiotics,
statins and materials science. Enantioselective C—
O bond construction by radical organocatalysis
follows similar strategies: visible-light photoredox
activation with chiral amines or thiols to capture
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prochiral oxygen nucleophiles.[2][30] A classic
example is the radical o-oxyamination of
aldehydes, = where chiral imidazolidinone
organocatalysts enable selective interception of an
oxygen-centered radical onto an enamine
intermediate. This method
enantioenriched a-oxy carbonyl compounds which

allows access to

are important key fragments in many drugs and
complex natural products. Recent advances have
seen the extension of this approach to C—O cross-
couplings and the direct asymmetric synthesis of
carbohydrate-like polyols, opening new routes for

the sustainable, selective formation of C-O

bonds.[2]
Industrial and medical relevance:

These radical C—O forming reactions provide
direct entry to chiral building blocks for
antibiotics, antifungals, and cholesterol-lowering
drug materials that previously required multi-step,
wasteful, or metal-intensive routes. Furthermore,
the use of visible light and air as reagents enhances
process safety, scalability, and sustainability in
manufacturing.[36][37][38][39]

Table-1: Summary table of C-C, C-N, C-O Bonds

Sr. no | Bond Type Application Example Industrial/Medical Relevance
1 Cc-C Enantioselective alkylation of APIs, late-stage drug
aldehydes; quaternary center formation diversification, scalable green
chemistry
2 C-N Asymmetric hydroamination; amide Chiral amine drugs,
N-C bond functionalization peptidomimetics, ligand
frameworks for catalysis
3 C-0 Oxyamination; enantioselective Chiral building blocks for
ether/alcohol synthesis antibiotics, statins and natural
products

7. CHALLENGES
DIRECTIONS

AND FUTURE

Radical-mediated asymmetric organocatalysis has
grown a lot but it still faces big challenges that
shape its future direction. Achieving precise
stereocontrol for highly reactive and planar radical
intermediates remains difficult, with current
catalyst designs often struggling to provide
consistently high enantioselectivity across a wide
variety of substrates. Many methodologies, though
powerful in scope for selected compounds, do not
yet demonstrate broad applicability and the
extension of these reactions to more
functionalized, polar, or industrially relevant
molecules is hindered by reduced selectivity and
reactivity.  Catalyst robustness, operational
simplicity, and cost are persistent obstacles; many
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effective organocatalysts require high loading,
may be expensive or sensitive to environmental
factors such as air and moisture, and are not always
amenable to large-scale or continuous processing,
thereby limiting their industrial adoption. Looking
ahead, the field is expecting a lot of new ideas
aimed at making catalysts work wiyh more types
of compounds improving their efficiency and
reusability of organocatalysts, and expanding
compatible functional groups. The integration of
organocatalysis with photoredox, electrochemical,
dual-catalytic, and even biocatalytic strategies
promises to open new ways for reactivity,
especially for challenging transformations such as
C-H functionalization or late-stage
diversification. At the molecular level, further
engineering of non-covalent interactions including
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hydrogen, halogen, and chalcogen bonding and the
creation of stimuli-responsive or ‘“switchable”
catalysts will yield finer stereocontrol and
potentially programmable selectivity. Mechanistic
advances will be key, with increased use of real-
time spectroscopy, structural studies, and modern
quantum chemical and machine learning methods
can help breakdown of complex reaction networks
and transition states. These tools can guide the
rational design of better catalysts and help to move
the field away from trial-and-error. At the same
time, focusing on making process more efficient
like using less catalyst, making catalysts than can
be reused and using flow chemistry can make
organocatalytic
greener and better for industry. Another promising
but underexplored direction in radical mediated
asymmetric organocatalyis is the integration of
structural characterization techniques such as X-
ray diffraction (XRD). While most studies focus
reaction and

radical methods even more

primarily  on outcomes
enantioselectivity, detailed insights into the crystal
structures of organocatalysts and their radical
intermediates remain limited. XRD analysis could
help reveal how conformational features,
hydrogen bonding patterns or non-covalent
interactions govern the stereochemistry in these
systems. In summary, the future of radical
depend on

sustained

will
and

asymmetric organocatalysis
interdisciplinary  innovation
mechanistic insight, with the goal of transforming
elegant laboratory chemistry into practical,
scalable solutions for synthesis in both academia

and industry.
8. CONCLUSION

In conclusion, radical-mediated
organocatalysis is an exciting and fast moving area
in synthetic chemistry. It has the potential to

asymmetric

change how we build complex chiral molecules
with high selectivity under mild, metal-free
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conditions. By combining radical reactions with
methods that control  stereochemistry. This
approach is challenging old ideas that radicals and
high enantioselectivity can’t work together. This
expands the tools available to chemists working
in pharmaceutical and material science. Although
there have been major progress in designing
catalysts, understanding their mechanisms, and
using them in real-world applications, there are
still notable challenges to overcome like making
the reactions work with a wide range of starting
materials, making the catalysts more reliable and
efficient, and creating processes that can be used
on a large scale in industry. Looking ahead, the
future of this field looks bright, thanks to new
emerging trends such as synergistic dual catalysis,
and gaining deeper understanding of reaction
mechanisms through advanced spectroscopic
methods. The ability to carefully design and adjust
catalysts that effectively use radical intermediates
will open up new opportunities for creating an
enantioenriched compounds in a more sustainable
and efficient way. As this area continues to
develop and it’s challenges are tackled, it is set to
have a lasting impact on both academic research
and pharmaceutical industry, marking a new era in
driven by

asymmetric synthesis innovation,

accuracy, and green chemistry principles.
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