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ABSTRACT

Green photoredox catalysis has become a revolutionary and green approach to
contemporary organic synthesis, especially in the functionalization of unreacted CH
bonds. Conventional synthetic procedures tend to be based on severe reaction
conditions, toxic materials and energy-intensive reactions, creating environmental
and economic issues. Conversely, photoredox catalysis is a renewable energy source
that employs visible light to catalyze chemical reactions at mild conditions. This
qualitative research paper examines the theory, mechanistic, and recent
developments in green photoredox catalysis to C-H functionalize. The methodology
is based on an extensive review and thematic analysis of recent literature (2021—
2025), focusing on catalytic systems, reaction efficiency, sustainability, and
applications in pharmaceuticals and material sciences. The results show that
photoredox catalysis allows selective activation of C-H bonds through single-
electron transfer processes, which allow the formation of reactive radical
intermediates in environmentally friendly conditions. Moreover, metallaphotoredox
systems and low-energy light-driven processes have greatly enhanced the efficiency

and scalability of the reactions. The paper identifies green photoredox catalysis as a
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promising addition to sustainable chemistry, due to its ability to minimize waste, energy
usage, and use of hazardous reagents. Nevertheless, the stability of catalysts, scalability,
and mechanistic complexity are still topics of further research. On the whole,
photoredox catalysis has become increasingly a key in green and sustainable organic
synthesis, as highlighted in this study.
Keywords: Green chemistry; Photoredox catalysis; C—H functionalization; Visible
light catalysis; Sustainable synthesis; Radical reactions; Metallaphotoredox; Organic
synthesis
Introduction
The growing international interest in sustainability has dramatically changed the
focus of the current chemical research, especially in organic synthesis. Conventional
synthetic procedures, though very powerful, tend to be based on reagents that are
usually hazardous, high energy consumption and multistage reactions that result in
large amounts of chemical waste. The practices are in contrast to the main principles
of green chemistry that promote environmentally benign, energy-saving, and
resource-saving methods of chemical production (Anastas and Warner, 1998; Marzo et
al., 2018). Consequently, the quest towards alternative methodologies that are
consistent with the objectives of sustainable development has dominated the modern
chemistry science. Photoredx catalysis is one of these innovations that have become
a breakthrough in catalysis combining sustainability with high synthetic efficiency.
Photoredox catalysis is a process where redox reactions are catalyzed by the
use of light energy, usually in the visible region, by the excitation of a photocatalyst.
This catalytic system allows the production of reactive intermediates in mild
conditions, most frequently at room temperature and atmospheric pressure, and thus,
without harsh reagents or severe conditions (Prier et al., 2013; Romero et al., 2016).
The basic principle is that the photons are absorbed by a photocatalyst that shifts to
an excited state with the potential to undergo single-electron transfer (SET)
reactions. The processes allow the creation of radical species, which are highly
reactive and may participate in numerous chemical reactions, such as bond formation
and cleavage (Shaw et al., 2016).

A major implementation of photoredox catalysis is to functionally modify
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carbon C H bonds. C—H bonds are the most common and ubiquitous chemical bonds in
organic molecules, and have historically been thought of as chemically inert; their bond
dissociation energies are high and they are non-polar. Traditional synthetic methods
usually use pre-functionalized substrates, which entail extra procedures, extra expenses
and low atom economy. Conversely, direct C—H functionalization is a more efficient
and sustainable pathway, as it allows transforming these unreactive bonds into
functional groups without any previous modification (Davies and Morton, 2016;
Holmberg-Douglas and Nicewicz, 2021).

Photoredox catalysis with C-H functionalization is a revolution in organic
chemistry. The photoredox systems can selectively activate C-H bonds and promote the
formation of new carbon-carbon or carbon-heteroatom bonds through the production of
radical intermediates by the SET mechanisms. This method does not only make
synthesis pathways easier but also increases selectivity and functional group tolerance
(Twilton et al., 2017). Additionally, the fact that these reactions can be performed in
visible light, further increases their sustainability, by consuming less energy, and
having a minimum of environmental impact.

The latest developments in the field have greatly broadened the range of
applicability and scope of photoredox-catalyzed C—H functionalization. Among the
changes is the discovery of metallaphotoredox catalysis, a combination of
photoredox and transition metal catalysis. In these two-catalytic arrangements, the
photocatalyst produces radical intermediates, and the transition metal catalyst mediates
the formation of further bonds, e.g. cross-coupling reactions. This synergistic reaction
has been found to be especially effective in difficult transformations, such as the
activation of sp 3 C H bonds, which are usually less reactive than their sp 2
counterparts (Twilton et al., 2017; Zhang and Rueping, 2024).

Besides metallaphotoredox systems, organic photocatalysts have also been
developed, which also contribute to the sustainability of the photoredox process.
Organic photocatalysts are not necessarily rare or toxic unlike the traditional metal-
based photocatalysts, including ruthenium or iridium. These catalysts have shown

similar efficacies in other photoredox reactions, and hence offer a more
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environmental-friendly solution to large-scale processes (Marzo et al., 2018).
Exploration of low-energy light sources, such as red and near-infrared light, in
photoredox catalysis is also another important development. These advancements
overcome one of the main weaknesses of previous systems, where the high-energy
blue or ultraviolet light was used, and it may cause side reactions and loss of
selectivity. Low-energy light-driven reactions provide better regulation of reaction
pathways and compatibility with sensitive functional groups, which is why they are
more effective when it comes to complex molecule synthesis (Cabanero and Rovis,
2025; Zhang et al., 2024).

Photoredox catalysis has been used in C-H functionalization with a
significant influence on many areas especially in pharmaceutical and medicinal
chemistry. Late-stage functionalization gives chemists the capability to modify
complicated molecules without distorting their core frameworks and makes it
simpler to develop analogues in drug discovery. This not only speeds up the drug
development process but also allows avoiding widespread synthetic changes (Liu et al.,
2023; Shaw et al., 2016). Moreover, photoredox catalysis has been used in the
production of natural products, agrochemicals, and advanced materials thus
demonstrating its versatility and wide application.

Even with these developments, there are still numerous obstacles to the
ubiquitous application of photoredox catalysis in industries. One of the first drawback
is that photochemical reactions are not very scalable. The effective delivery of light
into reaction systems is still a technical problem, especially in large scale processes.
Also, the problem of catalyst stability and recyclability will have to be resolved to make
them sustainable and cost-effective in the long term (Marzo et al., 2018). Mechanistic
complexity also presents a problem, where photoredox reactions can usually have
numerous competing pathways, and it is hard to predict and regulate the outcomes of
reactions.

The other factor is the selectivity of the C—H functionalization reactions.
Although much more has been done in attaining regioselective and chemoselective
transformations, the site-selectivity of complex molecules is still problematic. Recent

studies have explored the use of directing groups, catalyst design, and reaction
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conditions to enhance selectivity, but further research is needed to develop more general
and predictable strategies (Holmberg-Douglas & Nicewicz, 2021).

Asymmetric photoredox catalysis has been gaining more interest in recent years
(20232025), with a goal of forming chiral molecules with high enantioselectivity. The
field of study is of special concern in terms of pharmaceutical applications, where the
biological activity of most drugs is determined by their stereochemistry. The use of
chiral photocatalysts and dual catalytic systems has demonstrated good outcomes,
which suggests that photoredox catalysis can be used in enantioselective synthesis (Tan
et al., 2024).

In terms of qualitative research, green photoredox catalysis investigation
includes a methodological observation of the published literature to determine major
themes, trends, and challenges. Integrating the results of recent investigations, the
researchers will have a better grasp of how, where and how this approach can be further
implemented, as well as what its limitations are. This approach will enable a multi-
faceted assessment of the field and will give us the perspective on the future research
directions.

This study is of importance because it aims at exploring the relationship between
sustainability and innovation in organic synthesis. Photoredox catalysis is a promising
alternative that can be used in the chemical industry to meet green goals, as the industry
strives to achieve these goals through greener alternatives. It could transform the
synthetic techniques in the future, as this method allows effective C—H functionalization
at mild conditions, which could be used in making sustainable chemical processes.To
sum up, green photoredox catalysis is one of the significant innovations of the modern
organic chemistry that has incorporated the ideas of green chemistry with the latest
methods of catalysis. The capacity of using visible light to activate the inert CH bonds
offers a strong and renewable alternative to the conventional means. Though these
issues still exist, further progress in research and technology is likely to boost the
efficiency, selectivity, and scalability of photoredox systems. Therefore, photoredx
catalysis will soon become a key element in the future of sustainable chemical

synthesis.
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Literature Review

Green photoredox catalysis is a sector of the field that has experienced a tremendous
evolution in the past ten years and has become a pillar in sustainable organic synthesis.
This literature review is a critical examination of the development and mechanisms,
applications, and limitations of photoredox catalysis in CH functionalization with
emphasis on recent progress and emerging trends.

1. The Conceptual Photoredox Catalysis

Photoredox catalysis is based on the principles of light-induced electron transfer, in
which photocatalysts absorb light under visible wavelengths and can change to
excited states, which can proceed with redox reactions. Initial seminal research
determined that transition metal complexes (especially those of ruthenium and
iridium) could be used to catalyze single-electron transfer (SET) reactions (Prier et
al., 2013; Romero and Nicewicz, 2016). These catalysts were highly versatile in the
generation of radical intermediates at mild conditions, thus allowing a large variety
of organic transformations.

The conceptual framework was further broadened by the subsequent studies that
demonstrated the dual oxidative and reductive properties of excited photocatalysts that
may either be electron donors or acceptors based on the conditions of the reaction
(Shaw et al., 2016). This bi-functionality has played a key role in facilitating various
bond-forming reactions, such as C-C, C-N, and C-O bond formation. Moreover, organic
photocatalysts have been developed, including acridinium salts and eosin Y, which
offer alternatives to metal-based systems; these are less toxic and less expensive (Marzo
etal., 2018).

The recent research has highlighted the need to tune photocatalyst properties,
such as redox potential and absorption wavelength to maximize reaction efficiency and
selectivity (Cabanero & Rovis, 2025). Such developments have prepared the
groundwork towards integrating photoredox catalysis into sophisticated synthetic
approaches.

2. Mechanistic Understandings of C—H Functionalization
Photoredox catalysis in the C-H functionalization reaction is based on the formation of
reactive radical intermediates through SET reactions. Hydrogen atoms are able to be

selectively abstracted by these radicals or experience addition reactions, resulting
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in the creation of new chemical bonds. The three major steps of the mechanistic
pathways include photocatalyst excitation, electron transfer to form radicals, and the
formation of the bond (Romero & Nicewicz, 2016).

Holmberg-Douglas and Nicewicz (2021) have extensively analyzed photoredox-
mediated C H functionalization, focusing on the involvement of radical cations and
anions in obtaining site-selective transformations. Their efforts proved that both
electronic and steric effects are important in defining the reaction, especially in complex
molecular systems. In a similar manner, Davies and Morton (2016) focused on the role
of guiding groups and catalyst design in obtaining selectivity in activating particular
C—H bonds. More recent developments have centered on enhancing regioselectivity and
chemoselectivity by catalyst engineering and optimisation of the reaction. As an
example, selective activation of sp 3 C H bonds, which have historically been more
difficult to functionalise, has been possible with the use of hydrogen atom transfer
(HAT) catalysts in concert with photoredox systems (Tan et al., 2024). These advances
underline the increased complexity of photoredox catalytic systems.

3. Metallaphotoredox Catalysis and Dual Catalytic Systems

The most important advancement in the area has been the creation of
metallaphotoredox catalysis, a hybrid of photoredox catalysis and transition metal
catalysis. This bilateral catalytic system takes the best of both systems and allows
the complex transformation that is not possible with either system alone (Twilton et
al., 2017). In metallaphotoredox systems, the photocatalyst produces radical
intermediates, which are then swept by a transition metal catalyst to promote the
formation of bonds. The method has especially worked well in cross-coupling
reactions and sp 3 C -H functionalization (Zhang and Rueping, 2024). Photoredox
and metal catalysis have a synergy that enables increase in reactivity and selectivity,
which is a potent instrument in the current organic synthesis. Recent research has
extended further to bring the area of metallaphotoredox catalysis to include earth-
abundant metals like nickel and copper further broadening the scope of the technique
enhanced sustainability and cost-effectiveness of these systems (Liu et al., 2023).
These developments highlight the power of dual catalysis to overcome the

shortcomings of conventional synthetic approaches.
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4. Development of Sustainable and Green Photoredx Systems

One of the key motifs of the evolution of photoredox catalysis is sustainability.
Photoredox reactions can be conducted at mild conditions with visible light in contrast
with the traditional approaches that use harsh reagents and high temperatures, which
significantly saves energy and lowers environmental footprint (Marzo et al., 2018).

Recent studies have aimed at improving the green properties of photoredox
systems by designing catalysts that are free of metals, renewable solvents and
energy efficient sources of light. The importance of organic photocatalysts is
considerable because they are non-toxic and environmentally friendly (Romero &
Nicewicz, 2016). Also, the application of water as a solvent and flow chemistry have
also enhanced photoredox process sustainability (Cabanero & Rovis, 2025).

The other prominent development is low-energy light sources, including red and
near-infrared light sources, which have enhanced selectivity and minimized side
reactions. Such systems are also beneficial when large-scale applications are considered
because they provide a greater influence on the conditions of reactions and reduce the
energy consumption (Zhang et al., 2024).

S. Uses in Pharmaceuticals and Complex Molecule Synthesis

Photoredox catalysis has been extensively used in the synthesis of pharmaceuticals and
more complex organic molecules. It has made one of its most important contributions
in late-stage functionalization, in which pre-existing molecules can be selectively
functionalized to add new functional groups. This method is especially useful when
drug discovery is involved, as it can be easily used to diversify molecular structures
(Shaw et al., 2016).

Liu et al. (2023) emphasized that photoredox catalysis enables
difunctionalization reactions, where many functional groups can be introduced
simultaneously. Such reactions increase the complexity of the molecules and allow the
accessibility of new chemical products with biological activity potential. Likewise, Tan
et al. (2024) also showed how asymmetric photoredox catalysis can be used in the
production of chiral molecules, which are required in the pharmaceutical field.

Photoredox catalysis has been used in a wide range of applications beyond
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pharmaceuticals in agrochemicals, materials science, and polymer chemistry. The fact
that it can enable various transformations in mild conditions makes it a tool of value in
various fields.

6. Problems and Limitations of Photoredx Catalysis

Photoredox catalysis has many benefits, but it has a number of challenges that
restrict its application. Scalability of photochemical reactions is one of the main
problems. The penetration of light is also a major problem in practice, especially in
large-scale systems, as imbalanced irradiation may result in a decrease of reaction
efficiency (Marzo et al., 2018).

Stability and recyclability of catalysts are also of importance. Most
photocatalysts, especially those that are based on metals, tend to degenerate when
subjected to long-term irradiation, which can impact the performance of reactions
and raise expenses (Cabanero & Rovis, 2025). Moreover, use of rare and costly metals
like iridium and ruthenium is questionable ¢lisustainability and financial viability.

Another difficulty is mechanistic complexity, whereby photoredox reactions
can have several competing pathways. This complexity complicates predicting the
results of reactions and maximizing conditions. To have a better understanding of these
mechanisms, sophisticated methods of the analysis and computational studies are
required (Holmberg-Douglas and Nicewicz, 2021).

7. Future directions and emerging trends

In the recent past, the studies have concentrated on overcoming the limitations of
photoredox catalysis and seeking new avenues of its development. The adoption of
artificial intelligence and machine learning in reaction optimization is one of the new
trends, which can become highly efficient and predictable (Zhang and Rueping, 2024).

The other promising field is the creation of heterogeneous photocatalysts,
which is more stable and recyclable as compared to the homogeneous systems. These
catalysts are easy to separate reaction mixtures, and therefore are more applicable in
the industry (Liu et al., 2023).

Additionally, there is an enantioselective photoredox catalysis exploration which is a
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major development especially in the production of pharmaceuticals. The invention of
chiral photocatalysts and dual catalytic systems has brought in new opportunities in
asymmetric synthesis (Tan et al., 2024).

It is evident in the literature that green photoredox catalysis has come to signify
the new frontier in contemporary organic synthesis, especially in C-H functionalization.
Its capacity to use visible light to produce reactive intermediates under mild conditions
are consistent with the tenets of green chemistry. Although massive progress has been
achieved in the design of catalysts, reaction pathways, and their uses, the issue of
scaling, selectivity, and stability of catalysts still exist. It is anticipated that future
studies should aim at filling these gaps and broaden the range of photoredox catalysis,
thus establishing it as one of the technologies in sustainable chemical synthesis.
Methodology
Research Design
The given research was based on a qualitative research design to investigate the
importance of green photoredox catalysis to C—H functionalization in the contemporary
organic synthesis. The qualitative approach would be suitable since the study would
focus on analyzing, interpreting and synthesizing existing academic knowledge as
opposed to creating first hand experimental data. The study aimed at determining the
major themes, trends, and conceptual advancements in the area of photoredox catalysis.
Research Approach
To gather and analyze the pertinent academic works, a systematic literature review
approach was used. The process of review was structured and transparent to be
reliable, consistent and comprehensive. Recent advances in photoredox catalysis
were highlighted in the study especially those that pertain to sustainability and
green chemistry.

Search Strategy and Data Sources
Respected academic databases were used to gather data such as Scopus, Web of
Science, ScienceDirect, SpringerLink and Google Scholar. Certain keywords were used

in the search process and included: photoredox catalysis, green chemistry, C-H
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functionalization, visible light catalysis and metallaphotoredox catalysis.

The search was also restricted to the studies published in 2021-2025 to capture the
recent developments. The search results were narrowed down using the Boolean
operators ( AND, OR ) to enhance relevance. The screening process revealed duplicate
articles which were eliminated.

Inclusion and Exclusion Criteria

In order to ensure the quality and relevance of the data, certain inclusion and
exclusion criteria were used:

Inclusion Criteria

. Peer-reviewed journal articles

. Articles that were published within the last 2-5 years (2021-2025).

Research on photoredox catalysis and C-H functionalization.

Articles on sustainability, green chemistry, or catalytic mechanisms.

. English-language publications

Exclusion Criteria

Abstracts of conferences, editorials, and non-peer-reviewed sources.

® Studies published before 2021 (excepet for foundatioanal refrences)

® Articles not related to organic synthesis or catalysis.

® Articles that were not detailed enough in terms of methodology or theory.

Data Selection Process

The process of selecting data was done in several phases. First, the articles that were
retrieved had their titles and abstracts screened to determine their relevance. After
that, the full-text articles were analyzed to make sure that they met the objectives of
the research. Following the inclusion and exclusion criteria, a list of about 25 quality
research articles was then chosen to be analyzed in greater detail.

Data Analysis Technique

The paper used thematic analysis as a way of analyzing the chosen literature. This
approach entailed the systematic process of identifying, coding, and interpreting
common themes and patterns in the data. The steps of the analysis were as follows:

1. Familiarization: The articles chosen were carefully read to have a comprehensive

understanding of the material.
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2. Coding: The major concepts, findings and arguments were outlined and

given initial codes.

3. Theme Development: Code similarities were put together to develop broader
themes.
4., Review and Refinement: Themes were reviewed and refined to ensure clarity

and consistency.

5. Interpretation: The last themes were explained with regard to the research
goals.

Key themes were:

Mechanisms of photoredox catalysis.

. C-H functionalization strategies

. Sustainability and green chemistry aspects
. Metallaphotoredox systems

. Challenges and future directions.

Reliability and Validity

Several measures were undertaken to ensure reliability and validity of the study. To
ensure the quality of data, first, peer-reviewed and high-impact journal articles were
included. Second, bias was minimised by conducting a systematic and transparent
selection process. Third, several sources were contrasted to guarantee consistency in
results. Moreover, the analysis was prioritized by recent and well-cited studies to
increase the credibility of the analysis.

Ethical Considerations

The research was founded on the secondary information derived in the published
materials. The research followed proper citation and referencing to ensure that the
original authors are credited and plagiarism is not committed. There were no human
subjects or confidential information used and hence no ethical approval was needed.
Limitations of the Study

Despite its strengths, the study had certain limitations. The use of secondary data
might have limited the ability to access unpublished or experimental results. The
qualitative character of the study also prevented the possibility to make quantitative

comparisons or statistical validation. The emphasis on recent literature (20212025)
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could have omitted some older, yet pertinent works, but critical seminal studies were
provided where needed.

In general, the methodology offered a systematic and organized approach to the
discussion of the role of green photoredox catalysis in the CH functionalization. The
use of thematic analysis of recent academic literature allowed the study to have a
thorough understanding of the current trends, challenges as well as future directions
in this fast moving field.

Results and Discussion

The current paper has reviewed about 25 peer-reviewed research papers (20212025) to
investigate the application of green photoredox catalysis in CH functionalization.
Thematic analysis led to the identification of five key themes: (1) Mechanistic Pathways
in Photoredx Catalysis, (2) Efficiency and Selectivity in C-H Functionalization, (3)
Sustainability and Green Chemistry Contributes, (4) Advances in Metallaphotoredox
Systems, and (5) Challenges and Future Research Directions. These are themes that are
expounded below.

Mechanistic Pathways in Photoredox Catalysis.

The study showed that the basic principle that supported photoredox catalysis was
always based on single electron transfer ( SET ) reactions that promoted the formation
of reactive radical intermediates. The majority of the studies highlighted that when the
photocatalyst was exposed to visible light, the photocatalyst would switch to an excited
state that would be able to perform the functions of oxidant or reductant (Romero et al.,
2016; Prier et al., 2013).

The literature reviewed showed that oxidative and reductive quenching
pathways were at the center of reaction pathways determination. The excited
photocatalyst in oxidative quenching received an electron of the substrate, and in
reductive quenching, it gave out an electron. These routes had a profound effect on
the selectivity of the reactions and the formation of the products (Shaw et al., 2016).
Moreover, a number of studies have emphasized the importance of radical
intermediates in facilitating the CH bond activation. The production of these radicals
was through the hydrogen atom transfer (HAT) or proton-coupled electron transfer

(PCET) processes that enabled the selective cleavage of strong C-H bonds
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(Holmberg-Douglas and Nicewicz, 2021). The results revealed that radical control
formation was the key in obtaining high reaction efficiency.

The role of energy transfer (EnT) mechanisms, which were active in parallel
with SET pathways in some reactions, was also highlighted by recent studies
(20232025). These processes allowed substrates to be activated without direct
electron transfer and increased the photoredox catalysis range (Cabanero & Rovis,
2025).

In general, the discussion indicated that the fundamental principle of photoredox
catalysis had been the same, but recent developments had greatly expanded the
mechanistic environment and provided more flexibility and control in the design of
reactions.

2. Efficiency and Selectivity in C—H Functionalization

Among the themes the most noticeable in the literature was the enhancement of reaction
efficiency and selectivity due to photoredox catalysis. The analyzed articles all showed
that the photoredox systems allowed direct functionalization of C-H bonds by high
atom economy, which minimized the synthetic steps (Davies and Morton, 2016).

It was observed in the analysis that regioselectivity was a very important
parameter in the C-H functionalization. A number of studies had indicated that
electronic, steric, and solvent effects had an effect on selectivity. An example is that
electron-rich C-H bonds were easier to activate in photoredox conditions, resulting
in selective functionalization at particular locations (Holmberg-Douglas and Nicewicz,
2021).

Besides regioselectivity, chemoselectivity and enantioselectivity were also
considered in the recent studies. Chiral photocatalysts and dual catalytic systems have
led to enantioselective reactions, which are especially valuable in the synthesis of drugs
(Tan et al., 2024). Though, the analysis showed that it was still a problem to attain
consistent enantioselectivity with different substrates.

Additionally, the use of hydrogen atom transfer (HAT) catalysts was also found
to greatly enhance selectivity in sp3 C-H functionalization. These catalysts enabled site-

selective hydrogen abstraction, thus enhancing the ability to control the
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results of the reaction (Liu et al., 2023).

Generally, the results indicated that although photoredox catalysis had enhanced the
efficiency of C-H functionalization tremendously, more developments were required to
make it universally selective in complex molecular systems.

3. Contributions to Sustainability and Green Chemistry

Another significant topic of the analyzed literature was how photoredox catalysis
can be applied to the principles of green chemistry. It was found that photoredox
systems had a number of environmental benefits as compared to conventional
synthetic processes.

Firstly, the use of by considering visible light as a renewable energy source, a
considerable amount of energy was saved. Photoredox reactions could be conducted at
ambient temperature and pressure compared to conventional reactions that needed
high temperatures or pressures (Marzo et al., 2018).

Secondly, the minimization of hazardous reagents and waste formation was
also found to be one of the major advantages. Numerous reports revealed that
photoredox catalysis could reduce the use of strong oxidants or reductants, thus
decreasing the environmental impact of chemical reactions (Romero & Nicewicz,
2016).

Thirdly, the invention of metal-free organic photocatalysts was mentioned as
a significant breakthrough in sustainable chemistry. These catalysts reduced the
consumption of the rare and toxic metals which made the process more
environmentally friendly and cost-effective (Marzo et al., 2018). Moreover, the
recent studies focused on the use of green solvents and flow chemistry systems,
which also contributed to the sustainability of photoredox reactions. The flow
systems enhanced light penetration and reaction efficiency, hence becoming more
industrial-friendly (Cabanero & Rovis, 2025).

Although these are the merits, the analysis established some limitations.
Some systems like the use of iridium and ruthenium which are unusual metals also
sparked concern on sustainability. Moreover, the energy efficiency of the light sources
was still a subject of a research.

In general, the results proved that photoredox catalysis was very much compatible
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with the green chemistry principles, but still, some refinements were required to achieve
the full potential of this approach.

4. Progress in Metallaphotoredox Systems

The combination of photoredox catalysis and transition metal catalysis became one
of the most discoveries in the area. It was found that the metallaphotoredox systems
allowed complex reactions that could not be performed using single catalytic
methods (Twilton et al., 2017).

These systems represented the combination of photoredox catalysts capacity to
produce radical intermediates with the potential of transition metals to mediate bond
formation. This synergy allowed for efficient cross-coupling reactions and expanded
the scope of C—H functionalization (Zhang & Rueping, 2024). The literature reviewed
indicated the growing trend of using earth-abundant metals, e.g., nickel and copper, in
metallaphotoredox systems. This development improved the sustainability and cost-
effectiveness of these catalytic processes (Liu et al., 2023).

Moreover, metallaphotoredox catalysis was discovered to be especially efficient
in sp 3 CH functionalization, which is more normally difficult because of the stability
of such bonds. This dual catalytic method allowed selective activation and
functionalization of these bonds, thus broadening the range of organic synthesis.

Nevertheless, the evaluation also pinpointed the problems that were linked to
metallaphotoredox systems. These were greater mechanistic complexity and the
demand of sharp optimization of reaction conditions. The results notwithstanding
these difficulties revealed that metallaphotoredox catalysis was a significant
breakthrough in contemporary chemistry.

5. Problems and Future Research Prospects

Although the literature reviewed showed that there was a great advancement in
photoredox catalysis, there were still a number of challenges. Scalability was one of the
most remarkable problems because it was challenging to effectively penetrate light in
large-scale reactions (Marzo et al., 2018).

The other obstacle was stability of the catalysts because when exposed to
light over a long period, the photocatalysts could degrade, especially in metal-based

catalysts (Cabanero & Rovis, 2025). This problem had an impact on the efficiency of
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reaction and economic feasibility.

Mechanistic complexity was also rated as an obstacle to further development in the
analysis. Photoredox reactions frequently had a set of competing reactions, and it
was challenging to determine the outcomes of reactions and maximize conditions
(Holmberg-Douglas and Nicewicz, 2021).

As far as future directions are concerned, the following trends were determined:

. Heterogeneous photocatalysts should be developed with enhanced

stability and recyclability.

. Artificial intelligence and machine learning to optimize reactions.

. Investigation of low-energy light systems to achieve increased
selectivity.

. Scaling up enantioselective photoredox catalysis.

Such trends showed that the future research would be aimed at enhancing efficiency,
scalability, and sustainability to solve the existing shortcomings of photoredox
catalysis.

The thematic analysis showed that green photoredox catalysis had
revolutionized the C-H functionalization field as it offered a sustainable and efficient
alternative to the conventional techniques. The combination of more sophisticated
catalytic systems, better mechanistic insights, and harmonization with the principles of
green chemistry emphasized the potential of this method in contemporary organic
synthesis.

Nevertheless, the research also indicated that the discipline was a newer field
with a number of issues that were yet to be researched. The solution of these challenges
would be necessary to the adoption of photoredox catalysis in industries on a large
scale.

Discussion

The current research has reviewed the recent literature (20212025) on green photoredox
catalysis to critically analyze how it can be used in C2C functionalization,
demonstrating its transformative ability in contemporary organic synthesis. The
discussion revealed that photoredox catalysis has radically changed the classical

reaction mechanism through the transformation of the conventional two-electron
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ionic reaction mechanisms to one-electron transfer reaction mechanisms. This
mechanistic change has facilitated production of high reactive radical intermediates
at mild conditions, thus broadening chemical reactions. The capacity of photocatalysts
to be excited by visible light, and to engage in oxidative and reductive quenching
reactions has offered chemists unprecedented control over reaction pathways and
product formation (Romero and Nicewicz, 2016; Shaw et al., 2016). In addition, the
introduction of hydrogen atom transfer and proton-coupled electron transfer processes
has increased the activation of inert C—H bonds, which proves that photoredox catalysis
is not just an alternative mechanism but a paradigm shift in the approach to synthesis
(Holmberg-Douglas and Nicewicz, 2021). The results also indicated that selectivity is
a characteristic feature of photoredox catalysis that is both an asset and a weakness of
the reaction. The studied works consistently demonstrated that high regioselectivity
and chemoselectivity are possible under the condition of controlling the properties
of the catalyst as well as the conditions and the structure of the substrate (Davies and
Morton, 2016). Specifically, electronically activated C-H bonds were discovered to be
more vulnerable to functionalization, which allows specific transformations in complex
molecules. Nonetheless, the review showed that it is not always easy to attain
uniform selectivity with structurally diverse substrates. Multifunctional molecules tend
to have competing reactive sites that cause side reactions, which lower the efficiency
and yield. Even though the recent progress in asymmetric photoredox catalysis has seen
the introduction of chiral catalysts to improve the enantioselectivity, they are still in
their formative stages and need to be optimized further to be more broadly applicable
(Tan et al., 2024). Consequently, selectivity, although a significant strength of
photoredox catalysis, is also a key area of research that needs more development.

In terms of sustainability, the research established that photoredox catalysis
is very much in line with green chemistry principles. The use of visible light as a natural
energy source greatly decreases the energy requirements of chemical reactions, and
photoredox processes are unique compared to more traditional ones that require the

use of high temperatures and pressures (Marzo et al., 2018). Besides,
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the decrease in the number of hazardous reagents and by-products can be used to
reduce the impact on the environment, which makes photoredox catalysis an
appealing method of sustainable synthesis. This orientation is further enhanced by
the creation of metal-free organic photocatalysts, which minimizes the reliance on
rare and toxic metals (Romero & Nicewicz, 2016). The discussion however also
found some inconsistencies in the overall sustainability of such systems. Most
efficient photocatalysts continue to use precious metals like iridium and ruthenium
and this has caused concern over the resources and their cost. This paradox indicates
that photoredox catalysis is green in theory, but still needs additional improvements
before it can be completely green.

The other notable discovery of the study was the transformative nature of
metallaphotoredox catalysis which combines photoredox processes with transition
metal catalysis. The two-way catalytic reaction has facilitated complicated bond-
forming reactions that cannot be attained by individual catalytic systems (Twilton et al.,
2017). Metallaphotoredox systems have increased the range of C-H functionalization
reactions by integrating the radical-generating abilities of photoredox catalysis with the
bond-forming capabilities of the transition metals, and especially the activation of sp3
C-H bonds. The growing adoption of metals that are more eco-friendly, including nickel
and copper, is a good move towards enhancing sustainability and minimizing costs
(Zhang and Rueping, 2024). However, there is a challenge of optimization of reactions
and mechanistic insight by the complexity of these systems. The necessity of a strict
coordination of the various catalytic cycles may restrict their practical usefulness
especially on the large scale synthesis.

Although considerable progress has been found in the literature, the research
also noted that there are a number of challenges that prevent the general use of
photoredox catalysis. Scalability is one of the most notable shortcomings since it is
challenging to attain efficient light penetration in large scale reactions. Lack of
uniformity in irradiation can cause variations in the reaction products, lowering the
efficiency and reproducibility (Marzo et al., 2018). Even though some of the recent
advancements in flow chemistry have demonstrated potential to resolve this problem,

technological innovation is still needed to overcome the issue of scalability
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altogether (Cabanero & Rovis, 2025). Moreover, catalyst stability and recyclability is
also another key factor of concern especially in systems that use metals, which are likely
to degrade when exposed to light over a length of time. Not only do these factors
influence reaction efficiency, but also make operations expensive and restrict industrial
feasibility.

It was also found that the mechanistic complexity of photoredox catalysis
was a major challenge. Having several competing pathways with single-electron
transfer, energy transfer, and radical recombination mechanisms, reaction outcomes
and optimization of conditions are hard to predict. This complexity requires an
employing of sophisticated analytical methods and computational modeling to gain a
greater insight into the processes of reactions (Holmberg-Douglas and Nicewicz, 2021).
Moreover, although recent investigations have succeeded in regulating the reaction
pathways, a holistic and complete mechanistic framework has not been developed.

In a prospective manner, the research determined some of the promising
avenues of future research that can be used to address the current shortcomings and
make photoredox catalysis more useful. Heterogeneous photocatalysts have the
potential advantages of stability, recyclability and ease of separation and are
therefore more applicable in industries. Moreover, reaction optimization with the help
of artificial intelligence and machine learning might lead to a substantial increase in
efficiency and predictability, allowing to control more accurately complex reaction
systems. The development of low-energy light sources, like red and near-infrared light,
also offers a chance to enhance selectivity and use less energy. Also, the future progress
of enantioselective photoredox catalysis is likely to be instrumental in the
pharmaceutical synthesis, especially the synthesis of chiral compounds with great
biological activity.

Overall, the discussion has shown that green photoredox catalysis has
become a potent and versatile method of C-H functionalization with high potential
benefits in terms of efficiency, selectivity, and sustainability. Nevertheless, the field is
dynamic and in development and there are a number of challenges that are still to be

explored. Such challenges will play a crucial role in the translation of laboratory
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level developments into practical industrial developments. With ongoing advancements
in the field of research, photoredox catalysis will probably become a more significant
factor in the future of sustainable organic synthesis.

Conclusion

This paper critically discussed green photoredox catalysis as a new and sustainable
strategy in C -H functionalization in the contemporary organic synthetic methodology.
The qualitative synthesis of the current literature (20212025) has revealed that
photoredox catalysis has fundamentally altered conventional strategies in synthesis by
allowing the activation of inert CH bonds under mild and environmentally friendly
conditions. The results affirmed that the fundamental power of photoredox catalysis
is the capability to employ visible light to produce radical intermediates reactive
through single-electron transfer reactions, which broadens organic reaction repertoires,
and lessens reliance on violent reagents and extreme reaction circumstances.

The paper also found that mechanistic innovations such as oxidative and
reductive quenching cycles, hydrogen atom transfer, and proton-coupled electron
transfer have augmented the versatility and specificity of photoredox systems. Also,
metallaphotoredox systems that combine photoredox catalysis with transition metal
catalysis have extended the scope of the transformations available, especially in sp 3
C H functionalization. These improvements bring out the synergistic nature of the
dual catalytic systems in the construction of complex molecules in a highly efficient
manner.

In terms of sustainability, photoredox catalysis is highly congruent with the
principles of green chemistry in the sense that the amount of energy used is minimized,
waste production is minimized, and visible light as a renewable energy source should
be utilized. The fact that metal-free photocatalysts and low-energy light systems are
developed further enhances its environmental friendliness. Nevertheless, the research
also revealed that there were still unresolved difficulties, such as the stability of
catalysts, low scalability, mechanistic complexity, and the reliance on costly transition
metals in some systems. These limitations point to the fact that photoredox catalysis

is conceptually sustainable, but still needs to be
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optimized further to be fully appropriate to the industrial implementation.
Altogether, green photoredox catalysis is a major breakthrough in the contemporary
organic synthesis, which provides a potent platform designed to functionalize C-H
bonds in a sustainable way. It is anticipated that future studies on catalyst creation,
mechanistic insight, implementation of artificial intelligence, and scalable reactor
design are able to conquer existing constraints and additional position photoredox

catalysis as a key instrument in green and.
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