Sigma-Aldrich.

Lab & Production Materials

Illuminating Progress:

White Paper

Recent Advances

in Photoredox Catalysis

Introduction to Photoredox Catalysis

Photoredox catalysis is transforming synthetic organic
chemistry, using light to drive chemical reactions with
precision and efficiency. The method gained momentum
after key discoveries in 2008 when researchers like
David MacMillan and Dave Nicewicz showed that visible
light could catalyze reactions traditionally relying on
high-energy UV light, making synthesis more accessible
and cost-effective (Nature Reviews Chemistry, 2019).
This innovation introduced the use of visible-light-
absorbing catalysts, allowing for Single-Electron
Transfer (SET) processes and enabling the formation

of complex carbon-carbon bonds. This capability is
particularly valuable in the pharmaceutical industry,
where photoredox catalysis is increasingly used to
generate complex organic molecules for drug discovery.

Mechanisms of Photoredox Catalysis and
SET Reactions

Photoredox catalysis harnesses light energy to
facilitate single-electron transfers, forming reactive
intermediates that drive a wide range of synthetic
transformations (Prier et al. 2013). The open-shell
pathways enabled by SET provide new avenues

for bond formation, broadening the scope of
organic reactions.

Zhang and Rueping (2024) explored sp3 C-H
functionalizations through metallaphotoredox catalysis,

demonstrating that single-electron transfers allow
for otherwise challenging modifications under milder
conditions. Other notable transformations enabled
by photoredox catalysis include cross-coupling, C-H
functionalization, and arene functionalization, all of
which are expanding the synthetic toolkit

(Twilton et al., 2017).
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Reaction Example: A C-H activation reaction using a photocatalyst like
an iridium complex paired with a nickel catalyst. The chemical structure
shows a generic aliphatic substrate (e.g., an alkane with sp3 C-H bond)
reacting to form a C-C or C-heteroatom bond, with the iridium and
nickel complex structures as catalysts.
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Advances in Photoredox Catalysis: Key
Transformations and Applications

The ability of photoredox chemistry to form new bonds
via open-shell pathways, allows for rapid and selective
assembly of complex structures. Key examples include
Wen-Jun Zhou’s work on the reductive dearomative
arylcarboxylation of indoles with CO, using visible-
light photoredox catalysis (Nature Communications,
2020). This method presents a novel approach for

CO, incorporation into organic compounds, offering
greener and more efficient synthesis routes.
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Reaction Example: CO2 incorporation into an indole ring, with visible-light photoredox catalysis facilitating the transformation. The chemical
structure shows the indole framework with the newly formed carboxylated product, along with CO2 as a reactant and a visible-light photocatalyst

like a Ru or Ir complex.
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Similarly, Shang-Zheng Sun (2020) developed

a dual-catalysis strategy for site-selective
dicarbofunctionalization of vinyl boronates, a method
that streamlines complex molecule construction and
has broad applications in medicinal chemistry.
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Reaction Example: A dual catalytic cycle involving both photoredox
and palladium catalysis for site-selective dicarbofunctionalization. The
chemical structure displays a vinyl boronate substrate undergoing C-C
bond formation at the B-position, with Pd and a photocatalyst

(e.g., Ru(bpy)s2*).

Photoredox Catalysis: Challenges and
Innovations in Scaling Up

Scaling photoredox reactions from laboratory to
industrial settings presents several technical hurdles,
especially in achieving consistent light penetration

in larger reaction vessels. Ken Schwieter, Innovation
Manager at MilliporeSigma, highlights the Beer-Lambert
law's implications for light travel in solutions, explaining
that light typically only penetrates around 2 mm from
the vessel wall, limiting reaction efficiency in larger
vessels. This limitation can cause uneven irradiation
and slower reaction rates, leading to inefficiencies in
scale-up.

Flow chemistry offers a compelling solution, utilizing
narrow microchannels — typically less than 1 mm in
diameter — to ensure uniform light exposure across
the reaction mixture. Sambiagio and Noél (2020)
emphasize that this continuous-flow approach improves
yield and consistency by maximizing photon flux and
enhancing heat and mass transfer. Harper et al. (2019)
demonstrated that laser-driven platforms can address
light penetration issues in larger reactors, significantly
enhancing reaction rates and productivity. These flow
chemistry innovations are critical in pharmaceutical
and agrochemical industries, where consistent scaling
is essential.

Technological Innovations:
Flow Photochemistry and
High-Throughput Experimentation

Innovations in flow photochemistry, high-throughput
experimentation, and photoreactor design have
catalyzed the industrial potential of photoredox
reactions. Standardized photoreactors now offer
consistent temperature control, mixing efficiency,
and optimized light exposure, which is crucial for
complex reactions that require precise conditions
(Bulioni et al., 2021). For example, Rigotti (2022)
developed an enantioselective crossed intramolecular
[2 + 2] photocycloaddition mediated by a chiral
Lewis acid, an application that highlights how precise
photoreactor setups allow for improved selectivity in
stereochemically complex reactions.
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Reaction Example: Enantioselective [2 + 2] cycloaddition facilitated
by a chiral Lewis acid under photoredox conditions. The chemical
structure shows two alkenes undergoing cycloaddition to form

a four-membered ring, with the Lewis acid catalyst structure
influencing enantioselectivity.
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Enhanced Reaction Control
and Selectivity

Recent technological advances have addressed
challenges in reaction control and selectivity,
particularly through innovative photoreactor designs
and controlled photon delivery. Using high-throughput
experimentation and tailored reactor configurations,
chemists can fine-tune parameters to optimize reaction
conditions for scale-up. For example, the Morita-
Baylis-Hillman reaction for non-electron-deficient
olefins has been adapted for photoredox catalysis

by Long-Hai Li (2022), demonstrating how precise
control over light and reaction kinetics enables efficient
reactions with challenging substrates.
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Reaction Example: The photoredox-activated Morita-Baylis-Hillman
reaction, where an electron-deficient alkene and aldehyde form a new
C-C bond. The chemical structure shows a substrate with a B-position
alkene reacting with an aldehyde under photoredox conditions,
resulting in the addition product.

Standardized photoreactors eliminate the need for
improvised setups, providing researchers with all-in-
one platforms that ensure reproducible conditions.
This consistency is essential for scaling photoredox
catalysis to industrial levels. For instance, purpose-
built photoreactors incorporate advanced temperature
control, optimized light distribution, and improved
mixing, which collectively enhance reaction efficiency
and product yield (Sambiagio and Noél, 2019).



Applications and Industrial Impact of
Photoredox Catalysis

As photoredox catalysis continues to advance, its
applications in industry grow. Pharmaceutical and
agrochemical companies are increasingly turning to
photoredox methods to generate complex molecules
more sustainably. This technique's ability to drive bond-
forming reactions under mild conditions has opened
doors to more eco-friendly and cost-effective synthetic
pathways, particularly for compounds with multiple
chiral centers or sensitive functional groups (Moschetta
et al., 2017). High-throughput experimentation enables
rapid screening of reaction conditions, expediting the
discovery and optimization of new compounds for
medicinal applications.

Additionally, photoredox catalysis offers a greener
alternative to traditional thermally-driven processes
by reducing the need for harsh reagents and high
temperatures. This aligns with industry-wide goals

to minimize environmental impact. For example,
recent studies have demonstrated the effectiveness of
photoredox catalysis in producing agrochemicals with
fewer by-products, thereby enhancing sustainability
across the chemical industry (Harper et al., 2018).

Future Directions: Expanding the
Boundaries of Photoredox Catalysis

With ongoing advancements in photoredox catalysis,
researchers are exploring new frontiers in organic
synthesis. The integration of dual-catalysis strategies,
such as those combining photoredox with transition
metal or organocatalysis, is expanding the range of
achievable transformations.

As equipment becomes more accessible and technology
continues to mature, researchers can expect significant
improvements in reproducibility and scalability, which
will further expand the chemical space available for
exploration. Advances in photoredox catalysis promise
not only to refine synthetic methodologies but also to
pave the way for new discoveries in drug development
and materials science.

Conclusion

The progress made in photoredox catalysis over
the past decade has transformed this field from a
niche research area into a powerful tool in synthetic
chemistry. As technological innovations continue

to solve challenges in scaling and reproducibility,
photoredox catalysis will play an increasingly vital
role in industrial applications. Its potential for green,
efficient synthesis aligns well with sustainability
goals in pharmaceuticals, agrochemicals, and other
sectors, marking it as a crucial tool in the future of
organic synthesis.

Photoredox Chemistry Offerings

Explore our extensive portfolio of acridinium, iridium,
and ruthenium catalysts, and other metal-free organic
photocatalysts for any reaction design.

The Penn PhD Photoreactor
M2 is an advanced

device with variable light
sources (365 nm, 395 nm,
420 nm, 450 nm) and
user-controlled temperature
(30-50 °C) and light-
intensity (max. 3.4 W)
parameters.

The SynLED Parallel
Photoreactor 2.0 and UV
are entry-level devices to
run 16 reactions in parallel
at fixed wavelength (450
and 365 nm, respectively),
fixed temperature (30 °C),
and light-intensity (1 W
per LED).
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