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Abstract

The development of affordable and sustainable organic photocatalysts remains a key challenge in visible-light
photoredox catalysis. Through high-throughput screening of commercially available dyes, Sudan Black B was
identified as a promising candidate. Optical studies revealed strong visible-light absorption, solvatochromism,
and photoinduced structural changes under UV and blue irradiation. Photocatalytic evaluation showed that SBB
promotes oxidative transformations via a Type | reactive oxygen species pathway, with higher reactivity under
purple light. Although its efficiency does not compete benchmark catalysts, this work demonstrates for the first
time that a Sudan dye can operate as a photocatalyst and validates a high-throughput strategy for identifying
accessible organic dyes for sustainable photoredox applications.
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Introduction

Visible light photoredox chemistry has emerged as one of the most important fields in organic synthesis the last
two decades, allowing transformations previously unachievable under thermal conditions.'” Light-mediated
redox catalysis appears as an essential tool as it can allow radical generation under controlled and mild
conditions. Photoredox catalysis has changed the way we think about molecule construction, in academic and
industrial ecosystems.®” Ruthenium and iridium-based metal complexes have shown impressive efficiency in
many transformations, thanks to a wide range of redox potentials, tuned via the polypyridyl ligands variation.%
15 Among the few utilized organic photocatalysts (PC) capable of competing if not surpassing metal complexes'
efficiency, we can mention 4CzIPN, largely adopted by the community and utilized in industrial processes.®
Practically, UV/Visible light is commonly used as the source of light to generate the PC in its excited state.
Depending on the redox properties of the PC, a single electron transfer then occurs, allowing the formation of
the substrate of interest.

However, the low abundance of metals, or their toxicity, forced the scientific community to explore metal-
free solutions. In that context, the use of light-mediated catalysis by organophotocatalysts resonates with the
current ecological and economic challenges the world is facing with regard to the problems caused by metal
extractions, including human rights or environmental consequences. Despite the few structures of
organophotocatalysts widely utilized in academia as industry,’’1° the need for cheap, stable, and easily
accessible organic photocatalysts is still ongoing to cover the redox potentials necessary to investigate the
chemical space of photoredox catalysis. That said, the necessary time for the development of such an efficient
photocatalyst, but even more the required time to make it popular in academic or industrial ecosystems are
tremendous, time we don’t have to face our current environmental and economic, and social problems.

We have focused our interest on existing organic dyes, and evaluated the photoredox efficiency of a library
of 16 known organic dyes on 3 different transformations of interest. Among hits, one photocatalyst bearing a
chemical structure from the family of Sudan dyes has been highlighted. Sudan dyes are aromatic compounds
containing azo group. These organic dyes are easily accessible on the market, and find applications in a wide
range of applications. Sudan Red dyes found applications in the food industry for decades. Most of the Sudan
dyes are used to color hydrocarbon solvents, oils, fats, waxes, shoes, and floor polishes.?®?2 Some Sudan dyes
find specific applications in histology, hematology, or diagnostic assays as it is well known and used to stain
phospholipids and intracellular lipids.?3?* As far as we know, no investigation of their potential as PCs in organic
synthesis has been reported. With in mind the aim of identifying new already accessible organic PCs, we have
identified Sudan Black B (SBB) shown in the Figure 1 as a potential interesting organic dye for photoredox
applications. SBB has been primarily used in histology and cytology to stain lipids, phospholipids, and
lipoproteins in tissues and cells, appearing as a dark blue or black stain. It is widely applied for detecting fat
droplets in frozen tissue sections, visualizing myelin in nerve tissue, and distinguishing granulocytes in blood
smears particularly in diagnosing acute myeloid leukemia.? In microbiology, it helps identify lipid inclusions like
poly-B-hydroxybutyrate in bacteria, and in forensic science, it is used to detect latent fingerprints on oily or
greasy surfaces. Its strong affinity for lipids and oxidative byproducts makes it valuable in both diagnostic and
research settings. However, to the best of our knowledge, the potential of SBB for photochemical applications
has never been investigated.
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Figure 1. Examples of chemical structures of Sudan dyes with associated color of the powder form: Sudan |, IlI,
Red G and Black B.

In this paper, we describe the investigation of the optical properties of SBB as well as its ability to
photocatalyze chemical transformations.

Results and Discussion

With in mind the identification of organic dyes as new organic PCs, we have focused our interest on existing
organic dyes, known as fluorescent probes or dyes for microscopy for instance, and evaluated the photoredox
efficiency of a library of 16 known organic dyes (among which SBB, azulene, disperse dyes, resazurin, black
eryochrom T or toluidine blue) on 4 different transformations of interest (see Sl for organic dyes structures and
transformations of interest). To do so, we have employed the High-Throughput Experimentation technology to
miniaturize and parallelize reactions in a 96 well plate format, working at 10 micromole scale.?®3! This
technology was originally used to accelerate the optimization of reaction by screening reaction conditions. Its
initial use was repurposed here for the benefit of the high-throughput screening of potential photocatalysts.
Among hits, Sudan Black B, also known as black Cerol, has been highlighted as capable of promoting the
oxidation of boronic acid (Figure 2). From this observation, we have decided to evaluate the optical properties
of SBB, to understand its potential as organic PC.
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a. Hydroxylation of boronic acid as model transformation for HT screening of PCs
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Figure 2. a. Hydroxylation of boronic acid as model transformation for screening of potential PCs; b. General
workflow for high-throughput identification of new PCs.

In addition to the intrinsic properties of a photocatalyst, such as its electronic structure, redox potential,
and stability, its cost is a critical factor influencing its widespread adoption, both in research and development
and in industrial process chemistry. SBB is commercially available from many suppliers at a very low price (3.5€/g
for SBB vs 236€/g for RubpysCl, or 965€/250mg for 4-CzIPN).

In order to be applied as PC in organic synthesis, it has to answer several property requisites. Indeed, a
good photocatalyst for organic synthesis should possess several key properties to efficiently drive
photochemical reactions. First, it must have an appropriate electronic structure, with a defined band gap or
well-defined HOMO-LUMO gap, enabling it to absorb light effectively in the desired wavelength range. The
excited-state properties of the catalyst are crucial, as the molecule should be capable of undergoing
photoexcitation to generate reactive species, such as charge-separated states or excited-state radicals, which
are essential for driving chemical transformations. The redox potential of the catalyst’s excited states should be
suitable for the desired electron transfer processes, facilitating oxidation or reduction of substrates, or affording
effective energy transfer. Additionally, the photocatalyst must exhibit stability under the reaction conditions,
including resistance to photodegradation and the ability to be regenerated after each catalytic cycle. Finally,
selectivity is important, as the catalyst should promote the desired reaction pathway without leading to side
reactions, often by controlling the electronic distribution in the excited state.

Optical properties. SBB is described in the literature with a maximum absorption in the red region (596-605
nm).32 We have re-evaluated the absorption and emission spectra of SBB, measured in dimethylsulfoxide
(DMSO0), dichloromethane (DCM) and acetonitrile (MeCN).
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a. UV-Vis spectra of SBB b. UV-Vis and emission spectra of SBB
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Figure 3. a. Absorption spectra of SBB in DMSO, DCM and MeCN at 10°M; b. Absorption and emission spectra
of SBB in DMSO, DCM and MeCN at 10°M; c. Absorption spectra of SBB in DMSO at different concentrations.

SBB strongly absorbs in the UV and visible regions in DMSO (Figure 3a, light blue curve), with its primary
absorption peak centered around 600-630 nm, but the spectrum extends from 500 nm to 700 nm. This broad
absorption range suggests that SBB can absorb a significant portion of visible light, which is a good advantage
for photochemical processes that rely on visible light. The dye's absorption in this range can be attributed to its
Ti-Tt electronic transitions* within the azo group (-N=N-) and the aromatic rings. Despite its ability to absorb
visible light, SBB exhibits low fluorescence, and its emission is observed in the 800 nm range in DMSO (Figure
3b, light blue curve). The low emission seems to indicate that SBB does not efficiently re-emit the absorbed
energy. This weak fluorescence suggests that nonradiative decay mechanisms, such as internal conversion or
internal relaxation, are predominant in its excited-state dynamics. However, its strong absorption, including in
the low-energy irradiation range, may benefit photoinduced transformations such as reactions involving singlet
oxygen generation.

We have also evaluated the photostability of the chemical structure of SBB in DMSO, which is photostable
up to 48 h. The solvatochromic effect in a panel of organic solvents has also been investigated. A shift of 57 nm
of the Amax of the red-light absorbing band is observed when switching from DCM to DMSO (Figure 3a, pink
curve). This observation is important in photocatalysis, as the light source has to be adjusted to maximize the
potential of the PC. It is also worth mentioning that no emission is observed in DCM and MeCN (Figure 3b, pink
and dark blue curves).
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Then we decided to evaluate the photo-switching properties of SBB. Indeed, azo compounds are known
for their photo-switching properties, which allow them to undergo reversible structural changes upon exposure
to light. These compounds typically exist in two isomeric forms: a trans isomer (more stable) and a cis isomer
(less stable), with the transition between these forms being triggered by light absorption. Upon irradiation with
UV light, the azo compound often undergoes a trans-to-cis isomerization, changing its shape and sometimes its
physical properties, such as solubility or color. Conversely, visible light or sometimes heat can induce the cis-to-
trans reversion. This photo-switching behavior can be reversible, making azo compounds useful in a variety of
applications, including molecular switches, photocatalysis, drug delivery systems, and smart materials. In the
case of SBB, these photo-switching properties can be more difficult to evaluate as two azo groups are present
in its chemical structure.

a. UV-vis spectra of SBB in DMSO b. UV-vis spectra of SBB in DMSO
after exposure to UV light (370 nm) after exposure to visible light (427 nm)
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Figure 4. Photostability properties of SBB in DMSO at 10°M under different irradiation wavelengths.

We have evaluated the absorption of SBB over 2 h of irradiation, at 370 nm, 450 nm, 525 nm and 660 nm.
While SBB absorbs intensely in the red region, irradiation at 525 or 660 nm does not affect the absorption
spectrum over 2 h of irradiation. However, under UV and blue light, respectively 370 and 450 nm, the absorption
spectrum is highly influenced. Indeed, under irradiation in DMSOQ, the absorption band at 650 nm disappears in
favor of a new band centered at 550 nm. The color of the solution is also affected, and switches from a blue to
a purple solution. These experiments seem to clearly indicate the photoswitch of SBB at these wavelengths.
While this process is most of the time reversible, we have made our best efforts to identify the necessary
conditions to reverse the photoswitch process, by photo or thermal conditions, without success up to now.
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These observations indicate that irradiation at higher-energy wavelengths promotes a photochemical

transformation of SBB that could be attributed to photoisomerization. SBB strongly absorbs in the red region,
but the absence of spectral evolution under red irradiation suggests that this pathway may not lead to the
structural modification observed under UV/blue excitation. Therefore, rather than redirecting our strategy
solely toward blue or UV irradiation, these results highlight the importance of selecting irradiation conditions
that favor productive excited-state pathways while minimizing competing photochemical transformations of
the catalyst. With these results in hand, we have decided to step into photocatalysis and to evaluate the
capability of SBB to generate reactive oxygen species (ROS) under a range of wavelength irradiation.
ROS generation. Indeed, in photochemical and photodynamic processes, two main pathways lead to the
generation of ROS. Two families of ROS can be evaluated, following type | or type Il mechanisms. Type | involves
electron or hydrogen transfer from the excited photosensitizer to surrounding substrates, producing radical
species such as superoxide, hydroxyl radicals, or hydrogen peroxide. In contrast, the type Il mechanism relies
on energy transfer to ground-state molecular oxygen (30,), yielding singlet oxygen ('0,). The evaluation of ROS
generation by SBB was performed directly on chemical transformations driven by these photocatalytic
processes, under several irradiation wavelengths (390, 450 and 660 nm, represented as purple, blue and red
LEDs on Figure 5). The generation of ROS type Il, favored by energy transfer, was evaluated on the oxidation of
1,3-diphenylisobenzofuran (DPBF) 33 (Figure 5, reaction #1) as well as the oxidation of 1,5-dihydroxynaphthalene
(1,5-DHN) leading to juglone3 (Figure 5, reaction #2). On the other hand, the generation of ROS type |, allowed
by electron transfer, was evaluated on the hydroxylation of boronic acid into the corresponding alcohol 3°
(Figure 5, reaction #3) as well as the oxidation of benzyl alcohol into the corresponding aldehyde 3® (Figure 5,
reaction #4). Control experiments have been performed for each reaction (without PC or without light) to ensure
the accuracy of the observations made.

ROS type ll ROS type |
reaction #1: oxidation of DPBF reaction #3: hydroxylation of boronic acid
Ph Ph # 0% oH %, 49%
= SBB (5 mol%) - N SBB (5 mol%) OH
_» % 0% oH . % 28%
DMSO o Ph MeCN Ph
Ph air, 48 h Ph ; 0% air, 48 h ; traces
reaction #2: oxidation of 1,5-DHN reaction #4: oxidation of benzyl alcohol
OH o ; 0% % 40%
9 SBB (5 mol% X
Oe SBB (5 mol%) O‘ ; - ©/\0H ( b) ©/\O % -
MeCN o MeCN
OH air, 48 h OH O %’ 0% air, 48 h %, traces

Figure 5. Chemical transformations evaluated with SBB as photocatalyst. Estimated yields were calculated by
UPLC-UV-MS.

Reactions involving ROS type Il mechanism, meaning singlet oxygen generation, have shown no
conversion, regardless of the wavelength of irradiation. This means that SBB is not able to undergo an energy
transfer mechanism from its excited state. However, reactions involving ROS type | generation, most importantly
peroxide radical, afforded decent conversions. Indeed, SBB allowed the conversion of boronic acid into the
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corresponding alcohol with 49% conversion under purple light and 28% conversion under blue light. Similarly,
SBB was able to perform the oxidation of benzyl alcohol into the corresponding aldehyde with 40% conversion
under purple light and 12% conversion under blue light. Both reactivities suggest that SBB can act as a PC via
electron transfer, in reactions involving reactive oxygen species following a type | mechanism. Reactivity of SBB
under purple light appears to be more efficient than under blue light, which correlates with the earlier
photoswitching observations showing improved switching performance under purple irradiation compared to
blue light.

That said, the conversions remain limited. Although a more in-depth analysis of SBB to assess its redox
properties would provide a better understanding of the full extent of its potential, it is clear that this structure
is unlikely to compete with established photocatalysts such as 4-CzIPN. However, the present evidence that a
diazo compound can act as a photocatalyst positions this study as an initial step toward broader exploration of
the many azo and diazo compounds already available.

Although this study represents a first step in evaluating commercially available organic dyes as potential
photocatalysts, it validates a high-throughput screening methodology that enables the rapid identification of
new structures of interest to address current challenges in the field.

Conclusions

In summary, we have investigated the potential of Sudan Black B as an organic photocatalyst identified through
high-throughput screening of commercially available dyes. Optical studies revealed strong visible-light
absorption, pronounced solvent-dependent spectral shifts, and photoinduced structural changes under UV and
blue irradiation, consistent with azo photoswitching behavior. Photocatalytic experiments demonstrated that
SBB is capable of promoting oxidative transformations through a reactive oxygen species pathway consistent
with a Type | electron-transfer mechanism, while no significant singlet oxygen generation was detected. Given
the vast structural diversity of azo and diazo compounds already accessible on the market, this approach opens
new opportunities for rapidly expanding the toolbox of sustainable and economically viable organic
photocatalysts.

Experimental Section

General. Unless otherwise noted, all reactions were carried out in oven-dried glassware. Commercially available
chemicals were purchased from ABCR, Acros Organics, Sigma-Aldrich, Alfa Aesar, Combi-Blocks, Carbolution,
Fluorochem, BLD Pharm and TCI Europe and used as received unless otherwise stated. The following solvents
were dried by distillation over the drying agents indicated in parentheses: THF (Sodium) and dichloromethane
(CaH2). Additional anhydrous solvents were purchased from Acros Organics, SigmaAldrich, Alfa Aesar and stored
over molecular sieves under an argon atmosphere.

LC-MS spectra were recorded on a Waters Acquity UPLC® equipped PDA el Detector and SQ Detector 2, mobile
phase A: H20 + 0.1% formic acid, mobile phase B: acetonitrile + 0.1% formic acid.

For HTE campaign, the HTE facility of the CEA Paris Saclay has been used. For HTE analysis the following analytical
method was used: Run length 8 min; column type: ACQUITY UPLC® CSH™ Phenyl-Hexyl 1.7 um.
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General procedure for photocatalyzed hydroxylation of boronic acid. (4'-methoxy-[1,1'-biphenyl]-4-yl)boronic
acid (1 equiv.) and SBB (5 mol%) were added to an 8 mL vial equipped with a stir bar. DMF (0.1 M) and DIPEA (2
equiv.) were added. The reaction mixture (open to air) was stirred for 48 h under 660 nm irradiation. Estimated
conversion (HPLC) =

under UV light: 48.78%;

under blue light: 27.70%;

under red light: 0%.

General procedure for the photocatalyzed oxidation of benzyl alcohol. Benzyl alcohol (1 equiv.) and SBB (5
mol%) were added in an 8 mL vial equipped with a stir bar. Then DMSO (0.1M) was added, the reaction was
kept under air and the vial was closed with a cap. The reaction mixture was stirred for 48 h under irradiation.
Estimated conversion (HPLC)=

under UV light: 40.20%;

under blue light: 11.68%;

under red light: 3.96%.
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