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Photoredox catalysis has emerged as a powerful tool for the direct functionalization of
aromatic C-H bonds, offering mild reaction conditions and excellent functional group
tolerance. This review provides a comprehensive overview of recent developments in
photoredox-catalyzed C-H amination reactions, with particular emphasis on site-
selective aromatic functionalization. We discuss various mechanistic pathways,
including radical cation intermediates, nitrogen radical precursors, and aminium radical
cation chemistry, along with their applications in synthetic organic chemistry. The
evolution from traditional harsh reaction conditions to mild, visible-light-mediated
processes represents a significant advancement in the field, enabling late-stage
functionalization of complex molecules and expanding the synthetic toolbox for
medicinal chemistry applications.

INTRODUCTION

Traditional approaches to aryl amine synthesis,
such as the Buchwald-Hartwig amination and

The direct functionalization of aromatic C-H
bonds represents one of the most fundamental
transformations in organic synthesis, enabling the
efficient construction of C-N bonds without the
need for pre-functionalized starting materials.!
Among various C-H functionalization reactions,
aromatic C-H amination has garnered significant
attention due to the prevalence of aryl-nitrogen
bonds in pharmaceuticals, natural products,
agrochemicals, and materials science.?’

Ullmann condensation, require pre-activated aryl
halides or triflates, limiting their atom economy
and increasing synthetic complexity.*,’

The emergence of photoredox catalysis has
revolutionized the field of C-H functionalization
by providing access to unique reactivity patterns
under mild reaction conditions.®,” Unlike
traditional thermal processes that often require
high temperatures and harsh reaction conditions,
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photoredox-catalyzed transformations can be
performed at room temperature using visible light
as an energy source. This approach has opened
new avenues for site-selective aromatic C-H
amination through various mechanistic pathways,
including arene radical cation chemistry, nitrogen
radical intermediates, and aminium radical cation

formation.8,°

The development of efficient photoredox-
catalyzed C-H amination methods addresses
several key challenges in synthetic organic
chemistry: (1) achieving site-selective
functionalization of aromatic substrates, (ii)
expanding the scope of nitrogen coupling partners
beyond traditional amides imides, (iii)
enabling late-stage functionalization of complex
molecules, and (iv) providing environmentally
benign synthetic protocols.'® This review aims to
provide a comprehensive overview of recent
advances in photoredox-catalyzed aromatic C-H
amination, discussing mechanistic insights,

and

substrate scope, regioselectivity patterns, and
synthetic applications.

2. Historical Development and Mechanistic
Foundation

2.1 Early Developments in Photoredox C-H
Functionalization

The conceptual foundation for photoredox-
catalyzed C-H functionalization can be traced back
to pioneering studies by Skell and coworkers, who
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demonstrated UV-mediated C-H amination using
N-bromophthalimide." these early
methods suffered from limitations including harsh
reaction conditions, poor selectivity, and narrow
substrate scope. The modern era of photoredox

However,

catalysis began with the renaissance of visible-
light photoredox chemistry initiated by
MacMillan, Yoon, and Stephenson,
demonstrated the synthetic utility of ruthenium
and iridium  polypyridyl
photocatalysts.','?

who

complexes  as

The transition from UV to visible light
photocatalysis marked a significant advancement,
enabling milder reaction conditions and improved
functional group compatibility. Early photoredox
studies focused primarily on carbon-carbon bond
formations, but the potential for C-H
functionalization became apparent through the
work of several research groups who recognized
the ability of photoexcited catalysts to generate
reactive intermediates under mild conditions.'*

2.2 Mechanistic Pathways in Photoredox C-H
Amination

Photoredox-catalyzed C-H amination can proceed
through several distinct mechanistic pathways,
each offering unique advantages and limitations.
Understanding these mechanisms is crucial for the
rational design of new reactions and the prediction
of regioselectivity patterns.

638 |Page



Haval Chauhan, Int. J. of Pharm. Sci., 2025, Vol 3, Issue 9, 367-651 [Review

R
HC H

.

7\

H

N\
R

by
Qo

CH, :
R = H, (+)-Chimonanthine

OMe

©/0Me

§
Fi e
X = CO; (-)-Mesembrine
X= CHQ, Mesembrane

Nitrene insertion

s aa R = Me, (+)-Folicanthine
bR‘ T Rh, Cu, Fe, etc
R’;-HK\/ Ny
R3 Strong acidic and

thermao condition

R'j(r >~_R3

R2 ” Better for 2° and 3° C-H

HLF reaction

1
RY\/L —
RQ
H

Batter for 2° and 3° C-H

R‘VL—3\~R3
pe N
R

R' and/or RZ= alkyl, aryl

c R\ R3
This chemistry

HY\)\NH‘H

HE R2

2.2.1 Arene Radical Cation Pathway

One of the most well-established mechanisms
involves the formation of arene radical cations
through single-electron oxidation by photoexcited
catalysts.'* Romero and coworkers demonstrated
that acridinium photocatalysts with high excited-
state oxidation potentials (E*red = +2.20 V vs
SCE) can effectively oxidize electron-rich arenes
to generate reactive radical cation intermediates.'¢
The resulting arene radical cations undergo
nucleophilic  attack by nitrogen-containing
compounds, followed by deprotonation and
rearomatization to yield the aminated products.

The mechanism proceeds through the following
key steps:

1. Photoexcitation of the acridinium catalyst (cat
— cat®)

2. Single-electron transfer from arene to cat™*
(arene + cat* — arene- + cat- )

3. Nucleophilic attack by amine (arene- + +
HNR: — o-complex)
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4. Deprotonation and oxidative rearomatization
(o-complex — product + H")

5. Catalyst regeneration via oxidation of cat- by
O: or other terminal oxidants

This pathway is particularly effective for electron-
rich arenes bearing methoxy, alkyl, or other
electron-donating substituents, which lower the
oxidation potential and facilitate radical cation
formation.”

2.2.2 Nitrogen Radical Precursor Strategy

An alternative approach involves the generation of
nitrogen-centered  radicals = from  suitable
precursors, which then undergo addition to
aromatic substrates. Allen and Sanford pioneered
the use of N-acyloxyphthalimides as nitrogen
radical precursors in photoredox-catalyzed C-H
amination.'® This strategy circumvents the need
for arene oxidation and enables the
functionalization of less electron-rich substrates.

The mechanism involves reductive fragmentation
of N-acyloxyphthalimides by photoexcited
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iridium catalysts, generating phthalimidyl radicals
(PhthN- ) that undergo addition to aromatic C-H
bonds. The key advantage of this approach is the
ability to functionalize a broader range of aromatic
substrates, including electron-deficient arenes that
are difficult to oxidize."

2.2.3 Aminium Radical Cation Chemistry

Recent developments have highlighted the
potential of aminium radical cations (ARCs) as
electrophilic aminating species in photoredox
catalysis.?® Knowles and coworkers demonstrated
that primary and secondary amines can be
oxidized to generate aminium radical cations,
which undergo addition to alkenes and arenes to
form C-N bonds. This approach represents a
conceptual shift from traditional nucleophilic
amination strategies, enabling unique reactivity
patterns and regioselectivity.

The aminium radical cation pathway offers several
advantages:

e Anti-Markovnikov alkene

hydroamination

selectivity in

e Compatibility with unactivated alkenes

e Ability to wuse simple, unfunctionalized
amines as coupling partners

e Mild reaction conditions and broad functional

group tolerance*'

3. Photocatalyst Systems and Mechanistic
Considerations

3.1 Transition Metal Photocatalysts
3.1.1 Ruthenium Complexes

Ruthenium polypyridyl complexes, particularly
[Ru(bpy):]**, have been extensively used in
photoredox-catalyzed C-H amination reactions.?
These catalysts offer balanced oxidation and
reduction potentials, long excited-state lifetimes,
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and excellent stability under reaction conditions.
The excited-state oxidation potential of
[Ru(bpy)s]** (E*ox = +0.77 V vs SCE) makes it
suitable for oxidizing electron-rich arenes and
generating reactive intermediates.

Pandey and coworkers demonstrated the utility of
ruthenium photocatalysts direct C-H
amination of arenes with various azoles, achieving
good regioselectivity and functional group
tolerance.”® The use of Selectfluor as an oxidative
quencher in combination with ruthenium catalysts
enabled efficient turnover and high yields of
aminated products.

in the

Cl

3.1.2 Iridium Complexes

Iridium photocatalysts offer distinct advantages in
terms of redox potentials and excited-state
properties. The heterholeptic
[Ir(ppy)=(dtbbpy)]PFs has found widespread
application in photoredox chemistry due to its
favorable excited-state reduction potential and
excellent stability.>* Recent studies have shown
that modification of the ligand framework can tune
the photophysical properties of iridium catalysts,
enabling access to different reaction manifolds.

complex

The work by Allen and Sanford highlighted the
importance of catalyst selection in determining
reaction efficiency and selectivity. They found that
Ir(ppy)s was optimal for the reductive
fragmentation of N-acyloxyphthalimides,
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providing high yields of aminated products under
mild conditions.'®

3.2 Organic Photocatalysts

The development of organic photocatalysts has
gained significant momentum due to their low
cost, environmental compatibility, and tunable
properties.”® Acridinium salts, in particular, have
emerged as powerful oxidizing photocatalysts
capable of activating electron-rich arenes for C-H
functionalization.

3.2.1 Acridinium Photocatalysts

Nicewicz and coworkers developed a series of
acridinium photocatalysts with exceptionally high
excited-state oxidation potentials, enabling the
oxidation of challenging substrates.** The 9-
mesityl-10-methylacridinium ion (Mes-Acr*) and
its derivatives have been particularly successful in
aromatic C-H functionalization reactions.

The key advantages of acridinium photocatalysts
include:

e High excited-state oxidation potentials (up to
+2.20 V vs SCE)
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e Excellent stability under reaction conditions
e Tunable properties structural

modification

through

e (Cost-effectiveness compared to transition
metal catalysts®’

3.2.2 Other Organic Photocatalysts

Beyond acridinium salts, various other organic
chromophores have been explored for photoredox
C-H Eosin Y, benzophenone
derivatives, and cyanoarene photocatalysts have
all shown promise in specific applications.?® The
choice of photocatalyst often depends on the
specific mechanistic requirements and substrate
compatibility.

amination.

3.3 Dual Catalytic Systems

The combination of photoredox catalysis with

other catalytic manifolds has opened new
opportunities  for C-H  functionalization.
Metallaphotoredox  catalysis, pioneered by

MacMillan and coworkers, combines photoredox
catalysts with transition metal catalysts to enable
challenging transformations.*
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In the context of C-H amination, dual catalytic
systems often involve:

e Photoredox catalyst for radical generation

e Transition metal catalyst for C-H activation

e Synergistic effects leading to enhanced
reactivity and selectivity*°

4. Substrate Scope and Regioselectivity
4.1 Aromatic Substrate Scope

The substrate scope of photoredox-catalyzed C-H
amination has expanded significantly over the past
decade. Early methods were limited to highly
electron-rich arenes, but recent developments have
broadened the scope to include a wide range of
aromatic systems.

4.1.1 Electron-Rich Arenes

Anisole derivatives, alkylbenzenes, and other
electron-rich aromatics remain the most reactive
substrates in photoredox C-H amination.*' The
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presence of electron-donating groups lowers the
oxidation potential, facilitating radical cation
formation and subsequent nucleophilic attack.
Romero and coworkers demonstrated excellent
yields and selectivities with various methoxy-
substituted arenes, achieving para:ortho ratios of
up to 15:1 in favorable cases.'¢

4.1.2 Heterocyclic Substrates

Heterocycles present unique challenges and
opportunities in C-H amination reactions. The
presence of heteroatoms can significantly
influence the electronic properties and reactivity
patterns.  Several research  groups have
successfully extended photoredox C-H amination
to pyridines, indoles, and other
heterocyclic systems.>?

quinolines,

The regioselectivity in heterocyclic substrates is
often governed by:

e Flectronic effects of the heteroatom
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Recent advances have enabled the
functionalization of more challenging aromatic
substrates, including electron-deficient arenes and
those lacking strong directing groups. The
development of nitrogen radical precursor
strategies has been particularly important in this
regard, allowing access to substrates that are

difficult to oxidize.'®
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4.2 Nitrogen Coupling Partners

The scope of nitrogen coupling partners in
photoredox C-H amination has expanded
dramatically, encompassing various classes of
nitrogen-containing compounds.

4.2.1 Azoles and Heterocycles

Azoles represent one of the most successful
classes of nitrogen coupling partners
photoredox C-H amination. The work by Romero

in
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and coworkers
triazoles, tetrazoles,
benzimidazoles can all be effectively coupled with

demonstrated that pyrazoles,
imidazoles, and

aromatic substrates.!® The success of azoles can be
attributed to their:

e Appropriate nucleophilicity for attacking
arene radical cations

e Stability under oxidative reaction conditions

e Pharmaceutical relevance as privileged
structures®*
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4.2.2 Primary Amines and Ammonia

The direct use of primary amines and ammonia in
C-H amination represents a significant synthetic
advance. Traditional methods often require
protection-deprotection harsh
reaction conditions. Photoredox approaches have
enabled the direct synthesis of anilines from arenes
and ammonia equivalents.?

sequences or

Margrey and coworkers developed a method using
acridinium photocatalysts and primary amines,
demonstrating broad substrate scope and excellent
functional group tolerance.*® The use of amino
acid derivatives as coupling partners has enabled
access to biologically relevant structures with high
efficiency.

4.2.3 Amino Acid Derivatives

The incorporation of amino acid derivatives as
nitrogen sources has opened new possibilities for
late-stage functionalization of pharmaceutical

compounds. The mild reaction conditions and high
functional group tolerance make this approach
particularly attractive for medicinal chemistry
applications.*’

4.3 Regioselectivity Patterns

Understanding and predicting regioselectivity is
crucial for the practical application of photoredox
C-H amination methods. The regioselectivity in
these reactions is influenced by multiple factors:

4.3.1 Electronic Effects

Electronic effects play a dominant role in
determining regioselectivity in aromatic C-H
amination. For arene radical cation mechanisms,
nucleophilic attack preferentially occurs at
positions that provide maximum stabilization of
the resulting radical intermediate. This typically
para ortho selectivity in
monosubstituted electron-rich arenes.?®

leads to and

CHj stabilizes the 3° carbocation and favors the ortho, para substituion
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4.3.2 Steric Effects

Steric hindrance can significantly influence
regioselectivity, particularly in substrates bearing
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bulky substituents. The balance between electronic
activation and steric accessibility often determines
the outcome of the reaction.*®

4.3.3 Directing Group Effects
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Traditional directing group strategies have been
adapted to photoredox systems, enabling ortho-
selective C-H amination through coordination
effects. However, many photoredox methods
achieve selectivity through inherent substrate bias
rather than external direction.*

5. Mechanistic Studies and Theoretical Insights

5.1 Kinetic and Thermodynamic
Considerations
Detailed mechanistic studies have provided

important insights into the factors governing
photoredox C-H amination reactions. Kinetic
isotope  effect studies, radical trapping
experiments, and computational investigations
have elucidated key mechanistic details.*!
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Key computational findings include:
e Confirmation of arene radical cation

intermediates

e Prediction of regioselectivity based on radical
stabilization energies

reaction

e Identification of low-energy

pathways
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The competition between productive C-N bond
formation and undesired side reactions, such as
back  electron  transfer and  substrate
decomposition, often determines the overall
efficiency of these transformations. Understanding
led to the
side

these competing pathways has
development of strategies to suppress
reactions and improve yields.*

5.2 Computational Studies

Density functional theory (DFT) calculations have
provided valuable insights into the electronic
structure and reactivity of key intermediates in
photoredox C-H amination. These studies have
helped regioselectivity
patterns and guide the development of new
methods.*

rationalize observed
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e Understanding of photocatalyst deactivation
mechanisms*

5.3 Spectroscopic Evidence

Advanced spectroscopic techniques, including
time-resolved  spectroscopy and  electron
paramagnetic resonance (EPR), have provided
direct evidence for proposed intermediates and
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mechanisms. These studies have been crucial in
validating theoretical predictions and guiding
synthetic developments.*’

6. Synthetic Applications
Functionalization

and Late-Stage

6.1 Pharmaceutical Applications

The mild reaction conditions and excellent
functional group tolerance of photoredox C-H
amination make it particularly attractive for
pharmaceutical applications. Several research
groups have demonstrated the late-stage
functionalization of complex drug molecules using
these methods.*¢

Notable examples include:

¢ Functionalization of nucleoside derivatives

e Late-stage modification of natural products

e Synthesis of pharmaceutical intermediates

e Development of compound libraries for
biological screening®’

6.2 Materials Science Applications

Beyond pharmaceutical applications, photoredox
C-H amination has found utility in materials
science, particularly in the synthesis of organic
semiconductors and photovoltaic materials. The
ability to  introduce  nitrogen-containing
heterocycles into aromatic frameworks has
enabled the development of new materials with
tailored electronic properties.*

6.3 Total Synthesis Applications
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The incorporation of photoredox C-H amination
into total synthesis strategies has demonstrated the
practical utility of these methods. The ability to
introduce nitrogen functionality at late stages of
complex synthetic sequences has streamlined
several natural product syntheses.*

7. Challenges and Future Directions
7.1 Current Limitations

Despite significant advances, several challenges
remain in photoredox C-H amination:

7.1.1 Substrate Scope Limitations

While the substrate scope has expanded
considerably, certain classes of aromatics remain
challenging. Electron-deficient arenes, heavily
substituted aromatics, and some heterocycles still
present difficulties for existing methods.*

7.1.2 Regioselectivity Control

Achieving perfect regioselectivity remains
challenging, particularly for substrates with
multiple reactive sites. The development of more
selective methods and better predictive models is
an ongoing area of research.”

7.1.3 Scalability Issues

Many photoredox methods suffer from scalability
issues due to light penetration limitations and
photocatalyst costs. Addressing these challenges is
crucial for industrial applications.>?
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7.2 Emerging Strategies
7.2.1 Flow Chemistry Applications

The integration of photo redox C-H amination
with continuous flow chemistry has shown
promise for addressing scalability challenges.
Flow reactors enable better light penetration and
heat management, potentially enabling large-scale
applications.>?

7.2.2 Heterogeneous Photocatalysis

The development of heterogeneous photocatalysts
offers advantages in terms of catalyst recovery and
recyclability. Recent work on metal-free
semiconductor photocatalysts and immobilized
molecular catalysts has shown promising results.>*

7.2.3 Artificial
Learning

Intelligence and Machine

The application of machine learning approaches to
predict reaction outcomes and optimize conditions
represents an exciting frontier in photoredox
chemistry. These tools could accelerate the
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discovery of new methods and improve existing
ones.>

7.3 Future Opportunities
7.3.1 Enantioselective Methods

The development of enantioselective photoredox
C-H amination remains a significant challenge and
opportunity. While some progress has been made,
general methods for asymmetric C-H amination
are still needed.>*

7.3.2 C-H Functionalization of sp* Centers

Extending photoredox methods to sp* C-H
amination could open new synthetic possibilities.
Recent advances in this area suggest that such
methods may become increasingly important.”

7.3.3 Sustainable Chemistry

The development of more sustainable photoredox
methods, including the use of solar light and earth-
abundant catalysts, represents an important future
direction. The inherently green nature of
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photochemistry  provides opportunities  for
environmentally benign synthesis.*®

CONCLUSION

Photoredox-catalyzed C-H amination has emerged
as a powerful and versatile approach for the direct
functionalization of aromatic compounds. The
evolution from harsh traditional methods to mild,
visible-light-mediated processes has opened new
possibilities for synthetic chemists and has found
applications across pharmaceutical, materials, and
academic research.

The field has benefited from a deep understanding
of mechanistic pathways, enabling the rational
design of new methods and the prediction of
reaction outcomes. The development of both
transition metal and organic photocatalysts has
provided complementary approaches to address
different synthetic challenges.

Key achievements in the field include:

e Development of site-selective aromatic C-H
amination methods

e Expansion of substrate scope to include
challenging aromatics

e Demonstration of late-stage functionalization
capabilities

e Integration with other catalytic manifolds
through dual catalysis

Looking forward, the field continues to evolve
with new catalysts, novel mechanistic pathways,
and expanded applications. The integration of
computational methods, machine learning, and
sustainable chemistry principles promises to
further advance the field and address remaining
challenges.

The success of photoredox C-H amination
exemplifies the power of photochemistry in

INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

enabling new synthetic transformations under mild
conditions. As the field continues to mature, we
can expect to see increasing applications in
industrial settings and the continued development
of more efficient, selective, and sustainable
methods.
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