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In the last decade, photoredox catalysis has unlocked unprecedented reactivities in synthetic organic
chemistry. Seminal advancements in the field have involved the use of well-studied metal complexes
as photoredox catalysts (PCs). More recently, the synthetic community, looking for more sustainable
approaches, has been moving towards the use of purely organic molecules. Organic PCs are
generally cheaper and less toxic, while allowing their rational modification to an increased generality.
Furthermore, organic PCs have allowed reactivities that are inaccessible by using common
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metal complexes. Likewise, in synthetic catalysis, the field of photocatalysis is now experiencing
a green evolution moving from metal catalysis to organocatalysis. In this feature article, we
DOI: 10.1039/d1cc05850a discuss and critically comment on the scientific reasons for this ongoing evolution in the field of
photoredox catalysis, showing how and when organic PCs can efficiently replace their metal

rsc.li/chemcomm counterparts.

in the ground state. We can track back the first observation of the
effect of light on organic molecules in 1834 when the German
chemist Johann Bartholomew Trommsdorff discovered that
Santonin, an anthelmintic sesquiterpene lactone, photoisomerises
upon irradiation with blue and violet light.> However, it is since the

1 From photochemistry to synthetic
photoredox catalysis

Photochemistry is a branch of chemistry that deals with the
chemical effects of light." Upon light-irradiation, organic molecules
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can reach an electronically excited state whose reactivity and
physicochemical properties are substantially different from those
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20th century, thanks to the work of Ciamician and Silber, that
photochemistry has been considered a major branch of chemistry
worth systematic investigations.”

The earliest examples of photochemical transformations
involved the direct irradiation of substrates. Nowadays, the

Tommaso Bortolato graduated in Chemistry in 2019 from the University
of Padova (Italy). In 2020, he started his PhD in Luca Dell’Amico’s group
focusing on the development of novel sustainable light-driven methods.
Gianluca Simionato completed his MSc in Industrial Chemistry in 2021
at the University of Padova under the supervision of Dr Luca Dell’Amico.
His current research deals with the design and study of new heterocyclic
organophotoredox catalysts. Luca Dell’Amico completed his PhD at the
University of Parma (Italy), under the supervision of Prof Franca
Zanardi, in 2014. He spent a research period with Prof. Karl Anker
Jorgensen at Arhus University (Denmark), where he was introduced to the
field of organocatalysis. From 2014 to 2016, he was a Marie Curie fellow
in Prof. Paolo Melchiorre’s group at ICIQ (Spain). In 2017, he started his
independent career at the University of Padova. His research targets the
development and mechanistic investigation of novel photochemical
processes. Sara Cuadros graduated from the University of Alicante in

2014. She obtained her MSc and PhD degrees in 2019, under the supervision of Prof. Paolo Melchiorre at ICIQ (Spain). She is currently a
postdoctoral researcher at the University of Padova. Her research focuses on the synthesis of novel PET radioligands for functional imaging.

This journal is © The Royal Society of Chemistry 2022

Chem. Commun., 2022, 58, 1263-1283 | 1263


http://orcid.org/0000-0001-7522-9756
http://orcid.org/0000-0003-0423-9628
http://crossmark.crossref.org/dialog/?doi=10.1039/d1cc05850a&domain=pdf&date_stamp=2022-01-05
http://rsc.li/chemcomm
https://doi.org/10.1039/d1cc05850a
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC058009

Published on 10 Dezember 2021. Downloaded on 01.11.2025 07:46:25.

Feature Article

S
I -t pc pc )
; .ISC
Eoo A
2=
_— 3pc* 3pc*
PC C
R E
1B, TE% oy energy
hv
3E*0X 3E"red
hv hv
p¢ £ tunable by design = pc”
spin- spin- =
allowed  forbidden
on Ered
A _1 =pcE

Fig. 1 Schematic representation of the ground- and excited-states and
electrochemical properties of PCs.

most general and rapidly evolving branch of synthetic photo-
chemistry is photoredox catalysis.

Photoredox catalysis makes use of a light-absorbing molecule,
the photoredox catalyst (PC): an organometallic complex, an
organic molecule or a material which harvests light reaching an
electronically excited state (Fig. 1). The S; singlet excited state can
either decay through fluorescence or relax to a triplet T, state with
lower energy through intersystem crossing (ISC). The T state can
then decay through phosphorescence, which, however, is a spin-
forbidden process. Thus, the T; state is typically longer-lived than
the S; state. The PC in the excited state (S; or Ty) is a stronger
oxidant and reductant than in the ground state. The redox
potentials in the excited state are determined by the ground-
state redox potentials and the energy of the involved excited state
Eop (Fig. 1).

The interaction between the excited-state PC (PC*) and an
electron-donor (D) or electron-acceptor (A) leads to a redox
event known as photoinduced electron transfer (PET). Its nature
depends on the thermodynamic and kinetic feasibility.

Classically, a PET in which the PC acts as the reductant getting
oxidised is called oxidative quenching (left pathway, Scheme 1).

On the other hand, we consider a reductive quenching if the
PC gets reduced (right pathway, Scheme 1). Through a PET
process, it is possible to generate a radical species under mild
conditions, using visible light as the only (or the main) energy
source.
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Scheme 1 General mechanisms of oxidative and reductive quenching.
D = donor; A = acceptor.
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The earliest example of photoredox catalysis in organic
synthesis dates back to 1978 when Kellogg observed that the
reduction of phenacyl sulfonium salts by 1,4-dihydropyridines
was greatly accelerated under visible light irradiation in the
presence of a catalytic amount of Ru(bpy);Cl, or eosin.’®
Subsequent studies in the 1980s°° and early 1990s¥™
contributed to establishing the foundations of modern photo-
redox catalysis. Between 2008 and 2009, the pioneering reports
by Yoon’s, MacMillan’s’ and Stephenson’s® groups fully
disclosed the tremendous potential of photoredox catalysis
when applied to organic synthesis. Since then, the field has
been steadily growing year by year (Fig. 2).°

2 Metal-based photoredox catalysis

Until recently, Ru- and Ir-based PCs have dominated the field of
synthetic photoredox catalysis (Scheme 2). Ru(bpy);>* 1a has
the longest history as a PC. It has been largely used for
applications such as water splitting'® and carbon dioxide
reduction.”* The balanced excited-redox potentials of 1a make
it able to engage in both oxidative and reductive quenching
processes.'” Similarly, fac-Ir(ppy); 2a is another transition
metal-based PC that has been extensively used in photoredox
catalysis. It is a strongly reducing PC,"* with long-standing
emission, ideal to be used in organic light emitting diodes
(OLEDs).™ The excited state of 2a is about 500 mV less oxidising
and 900 mV more reducing than 1a (Scheme 2)."

Upon light absorption in the blue region, 1a and 2a get
promoted to the S; state. The S; state efficiently undergoes ISC to
the lower T, state.'® Both states are involved in an intramolecular
metal-to-ligand charge transfer (MLCT) from an electron-
donating ligand to the electron-accepting metal centre. The S;
and T; states are thus named "MLCT and *MLCT, respectively.

The popularity of Ru- and Ir-based complexes can be
ascribed to a combination of two main factors. First, the
photophysical properties of some Ru- and Ir-based complexes
have been known for decades. Hence, the synthetic community
has benefited from an extensive set of physicochemical data
already available. Second, Ru- and Ir-based PCs undergo an
efficient ISC to the T; state. The population of the T; state
produces a long-lived excited state further extended by the MLCT.
Such a long-lived excited state (in the order of the ps) facilitates
the interaction with the substrate, thus favouring the PET.

Metal complexes have a complex set of excited states."® Their
relative energetic ordering and their photophysics depend on
the intrinsic properties of metal and ligands. As a result, the
rational fine-tuning of the redox properties of Ru and Ir PCs by
ligand modification is particularly complex.'®"” A simple variation
on the electronics of the ligand(s) affects the photophysics of the
PC (Scheme 2).'® Additionally, the introduction of electron-
donating groups into the ligand(s) has little or no effect on the
redox potentials.®?°

Transition metal PCs are not the ideal options from a
sustainable perspective. Both ruthenium and iridium have an
abundance of around 0.001 ppm on the Earth’s crust and are

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Graphical depiction of the number of articles published each year in the fields of synthetic photoredox catalysis. The blue columns depict the
contribution of organophotoredox catalysis to the total, while the red columns depict the rest of the published papers. The structures of selected PCs are
linked to the year of their first use in synthetic chemistry.

For this reason, the community has evaluated the possibility
of using more abundant metals, such as iron. However, the
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thus among the rarest metals.” This issue also impacts their  (MLCT), metal-centred ((MC) and ground states (GS) energy levels for
high prices, hampering their massive use in the future.*” (a) Fe" and (b) Ru'" complexes.
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high in energy that the *MLCT level becomes populated
(Fig. 3b).™ Since the second- and third-row transition metals
typically have a larger AE compared to their first-row counterparts,
the development of abundant first-row metal complexes as PCs is
much more challenging.>*® On the other hand, Cu-complexes
have given promising results.?*>*

3 Organic photoredox catalysts

Over the last few years, the development and use of purely organic
photoredox catalysts have seen a rapid increase (Fig. 2), as
witnessed by the increasing number of papers and reviews on the
topic.>> Many organic dyes have been known for a long time, but
their synthetic potential has been disclosed only recently.

The need for more sustainable catalytic systems and
predictable PC properties has prompted recent research
towards organic molecules. In contrast to metal complexes,
the structure-property relationships and rational design of
organic PCs are highly simplified.*®

Upon light irradiation, an organic PC is promoted to its
excited S; state, generally through a n-rn* transition. The S;
state has a lifetime in the order of ns, and it is usually the state
involved in the redox event. However, in some cases, a T, state
is reached by ISC.?” In the S, state, the redox potential window
is dictated by the "E, o with none or minor energy loss (refer to
Fig. 1).* Similarly, the redox potential window of the T state is
dictated by the 3E0,0, which is lower than 1E0,0 due to the energy
lost through the ISC. The main advantage of the T, state is its
longer lifetime, kinetically desirable for PET processes. While
Ru- and Ir-based PCs always populate the T, state with high
efficiency, organic PCs can be rationally designed to operate
through the S; or the T; state.

Analogously to the MLCT character in metal-based PCs, in
organic PCs, a charge-transfer (CT) character in the excited
state is accessed when the HOMO and LUMO are spatially
separated.”®® The CT state is useful to increase the excited state
lifetime.>® The effect of the CT character on the lifetime is often
dramatic. For instance, considering 9,10-dicyanoanthracene
(3a) and 4CzTPN, 3b. The first has a lifetime of 14.9 ns, while
the second experiences a >100-fold increase, due to the strong
CT character of its excited state (Fig. 4).2%

Another advantage of having spatially separated HOMO and
LUMO is the possibility to independently alter the energy of the

no CT character CT character

3a t=0.0149 ps t=19us

> 100-fold increase

Fig. 4 Example of the effect of the CT character for the PC lifetime (1).
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two levels by introducing electron-donating or electron-
withdrawing substituents in a specific position of the molecule.
This strategy allows tailoring the ground-state and excited-state
redox potentials of the PC, in an almost independent manner.>®
In this way, it is possible to rationally design new organic PCs
with the desired characteristics.

A recent classification of organic PCs is based on their ability
to activate the substrate either towards oxidation or reduction.
We can thus talk about (i) strongly oxidising, (ii) strongly
reducing and (iii) bimodal organic PCs (Fig. 5). Bimodal PCs
have a balanced distribution of their redox power which allows
their use in both oxidative and reductive quenching manifolds.

4 Unveiling the potential of organic
PCs in photoredox catalysis — a
comparative analysis

4.1 Replacement of a Ru-complex for an organic PC

Ru(bpy);>* 1a absorbs visible photons (Amax = 452 nm), giving
access to a long-lived triplet *MLCT state (r = 1.1 ps)."® Thus,
this metal-based PC can participate in both oxidative (E}, =
—0.81 V vs. SCE in MeCN) and reductive quenching processes
(E%,4 =+0.77 Vvs. SCE in MeCN) (Scheme 3).'" Nevertheless, its
relatively narrow redox potential window has hampered the use of
this catalyst for the activation of substrates with high thermo-
dynamic requirements. Likewise, eosin Y 4 (EY, Scheme 4) exhib-
its a narrow redox window and similar redox properties.?*”
Thus, the commercially available and cheaper EY can be
effectively used to replace Ru(bpy),**, especially for reactions
proceeding through a reductive quenching mechanism.*® Upon

Ru'l Ru' - Ru'

Eox= #1290V Eq=-1.33V

[Amax (absorption) = 452 nm]

[Ru(bpy)s]** (1a) |

Scheme 3 Photophysical properties and redox potentials (vs. SCE in
MeCN) of Ru(bpy)s>* (ref. 15).
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Scheme 4 Photophysical properties and redox potentials (vs. SCE in 1:1
MeCN : H,0) of eosin Y (ref. 25b and 29).

irradiation (Amax = 539 nm), EY reaches the S; state that
undergoes a rapid ISC to the lowest T; state, which has a
lifetime of 24 us.*’ Additionally, this well-known organic
dye®'* allows the use of low-energy green light, representing
a milder alternative to trigger photoredox processes.

In 2011, K6nig and Zeitler’s groups reported a comparative
study between the performances of Ru(bpy);>" and EY, in
two photoredox reactions.®® The first reaction tested was the
dehalogenation of o-haloacetophenones 5 (Scheme 5).* Here,
EY outperformed the metal-based PC with better yields of the
dehalogenated products 7 (Scheme 5, entries 1 vs. 2).

Importantly, when using EY, it was possible to use a less
energetic 530 nm light which avoids the degradation of this
photosensitizer while providing a clean and high yielding
dehalogenation process. The authors also tested this organic
PC in the photochemical asymmetric a-alkylation of aldehydes
8 (Scheme 6).” In this case, the use of 0.5 mol% of EY allowed
the formation of the alkylated products 11 in comparable yields
and enantioselectivities (Scheme 6a).

Following the working hypothesis of MacMillan,” the
authors proposed the two cooperative catalytic cycles depicted
in Scheme 6, where the EY orchestrates this process similarly to
Ru(bpy);>* (Scheme 6a, entries 1 vs. 2). However, the highly
different quantum yields obtained (¢ = 0.075 for EY versus
¢ = 18 for Ru(bpy);>") revealed the operation of the two
alternative mechanistic pathways.>®

In the following work, Zeitler’s group proved the possibility
of merging EY with other activation modes, such as hydrogen-
bonding catalysis. Specifically, the authors revisited the reductive
cyclisation of (aryl)bisenones 12 under protic conditions,
previously reported by Yoon’s group with Ru(bpy);>".*” In this
case, the use of 20 mol% of thiourea 14 in combination with EY

o}
R)J\’H

o Et0,C COEt
T _er H hvi PC (2.5 mol%)
R * Me

Me N
H DIPEA (2 equiv), DMF, rt
5 6 (1.1. equiv) 7
Entry Pc A (nm) time (h) yield (%) Ref.
1 Ru(bpy)sClp >400 4-24 78-99 8
2 eosin Y 530 18 78-100 35

Scheme 5 Photocatalytic reductive dehalogenation. Comparison between
the performances of Ru(bpy)s?* and eosin Y.
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Scheme 6 (a) Photo-organocatalytic enantioselective a-alkylation/
perfluoroalkylation of aldehydes. Comparison between the performances
of Ru(bpy)s>" and eosin Y. (b) The proposed mechanism for the photo-
chemical asymmetric a-alkylation of aldehydes with eosin Y.

afforded the cyclised products 13 with complete ¢rans-diastereo-
selectivity, in comparable yields to the Ru-catalysed process
(Scheme 7a, entries 1 vs. 2).%®

Interestingly, the method implemented by Zeitler’s group
avoids the use of over-stoichiometric amounts of Lewis acids.
Instead, this organocatalytic reaction relies on the ability of
thiourea 14 to activate 12 through H-bond interactions
(Scheme 7b), thus making the coordinated enone 12 more
reactive towards the PET process with the EY*". In this regard,
the reductive power of the EY*™ (E.q = —1.06 V vs. SCE in
MeCN) proved to be sufficient to reduce a variety of enones 12.

In 2013, Scaiano’s group unveiled the potential of methylene
blue 15 (MB) to serve as a purely organic PC (Scheme 8).>° MB
is characterised by a maximum absorption set at 4 = 650 nm
(red-light), and a triplet state (*"MB*) with a t = 32 ps, which can
participate in both oxidative and reductive quenching events.*’

The use of this PC was previously limited to producing
singlet oxygen for applications in the fields of chemistry and
biology.*

In the work, Scaiano’s group developed a metal-free variant of
the photocatalytic oxidative hydroxylation of aryl boronic acids
16 with molecular oxygen (Scheme 9). Such transformation was
previously reported by Xiao and Jergensen’s groups employing
Ru(bpy);>" as a PC, but it suffered from prolonged reaction times
(up to 72 h).*> A direct comparison between Ru(bpy);Cl, and MB
at a given reaction time (7 h) showed the superior performance
of MB (Scheme 9a, entries 1 vs. 2).

Chem. Commun., 2022, 58, 1263-1283 | 1267
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Scheme 7 (a) Photo-reductive cyclisation of (bis)enones. Comparison
between the performances of Ru(bpy)s?* and eosin Y. (b) Mechanism of
the reductive cyclisation of (aryl)bisenones promoted by eosin Y.
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Scheme 8 Photophysical properties and redox potentials (vs. SCE in
MeCN) of methylene blue (ref. 40c and d).

The authors concluded that one of the key events in the
photocatalytic cycle is the reductive quenching of the MB triplet
state (*MB") via a SET process from diisopropylethylamine
(DIPEA 18, Scheme 9b). In fact, kinetic investigations with laser
flash photolysis revealed that *MB™* is quenched nearly
40 times faster than Ru(bpy);>"*.

Collectively, these reports emphasise the potential of already
established organic dyes as suitable alternatives to transition
metal chromophores and have encouraged the discovery of new
families of versatile organic molecules serving as PCs.
The search for new organic PCs capable to replace metal
complexes is still an active research area. In this regard, one
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Scheme 9 (a) Photocatalytic oxidative hydroxylation of aryl boronic
acids. Comparison between the performances of Ru(bpy)s>* and
methylene blue. (b) Mechanistic proposal for the oxidative hydroxylation
of aryl boronic acids with MB as PC.

of the latest examples has been documented by Gianetti’s
group.*** They have successfully applied N,N’-di-n-propyl-1,13-
dimethoxyquinacridinium ("Pr-DMQA") tetrafluoroborate salt
19 (Scheme 10) as an efficient PC in a variety of known
photoredox reactions. This PC can be synthesized following a
high-yielding multi-step procedure.**”* One remarkable aspect
of this PC is that it allows the use of red light (1 = 600-700 nm),
thus offering a milder option for the commonly used white, blue
or even green light mediated photoreactions. Furthermore, this
low-energy irradiation avoids side reactions, has fewer health
risks and it is naturally abundant from sunlight.

The authors evaluated the performances of this new PC in the
dual photoredox/Pd-catalysed C(sp*)-H arylation of substituted
arenes 20, which was first documented by Sanford’s group, using
Ru(bpy);>" in the presence of a 26 W compact fluorescent light
(CFL, Scheme 11).**

The replacement of Ru-PC for "Pr-DMQA’ provided
enhanced results for the formation of the arylated product
22, with the additional advantage of using low-energy red-
light (entries 1 vs. 2, Scheme 11a). In the original light-driven
process, the excited Ru(bpy);>"* reduces ArN," 21 to the aryl

77777777777777777777777 oxidative DMQA*" rediciive
Q /Pr —| BF,4 quenching quenching
N Eox=-061V Ereq= +1.15V
o : v d! .
"Pr—N (@@ x ol ggs ey T
e M DMQA'*—» DMQA* =—» DMQA
Ereq= +1.32V Ereq=-0.78 V

[Amax (absorption) = 640 nm]

Scheme 10 Photophysical properties and redox potentials (vs. SCE in
MeCN) of "Pr-DMQA" (ref. 43a).
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Scheme 11 (a) Dual photoredox/Pd-catalysed C—H arylation of substi-
tuted arenes. Comparison between the performances of Ru(bpy)s®" and
"Pr-DMQA*. (b) The proposed mechanism for the photoredox/Pd-
catalysed C—H arylation of arenes, depicted with DMQA+ as PC.

radical 20.1 (E! (Ru"™/Ru™) = —0.81 V; E,q (PhN,"/Ph*) =
—0.10 V vs. SCE in MeCN) (Scheme 11b). Then, the one-
electron oxidation of the Pd™-complex 20.2 by Ru(bpy);**
regenerates the Ru(bpy);*" (Erea (Ru™/Ru™) = +1.29 V vs. SCE
in MeCN). Following a similar mechanistic pathway, the excited
DMQA"* undergoes an unconventional oxidative quenching
with 21, to deliver the required aryl radical 21.1 (E},
(DMQA*"/DMQA**) = —0.62 V vs. SCE in MeCN). The catalyst
regeneration occurs through the reduction of DMQA**" by the
Pd-intermediate 20.2 (E;.q (DMQA®*"'/DMQA") = +1.32 V vs. SCE
in MeCN). The photoinduced aerobic oxidative hydroxylation of
arylboronic acids 16 (refer to Scheme 9) was also successfully
promoted by DMQA" PC, using red-light irradiation. Under the
new photochemical conditions, the benchmark product 17
(Scheme 9, with R = H) was obtained in 83% yield, thus
outcompeting the performance of the Ru-complex PC (entry 1,
Scheme 9a).

In 2020, Dell’Amico’s group reported the synthesis, photo-
physical characterisation and use of naphthochromenones
(NTCs), a novel class of bimodal PCs (Scheme 12).*> The NTC
scaffolds were assembled through a microfluidic photoenolization/
Diels-Alder sequence from benzophenones,*® followed by water
elimination and aromatisation (Scheme 12a). This strategy allowed
the synthesis of the six photoactive scaffolds 25a-f (Scheme 12b).
Further manipulation of 25e provided another six additional
structures (products 25g-1).

The 12 NTCs absorb in the visible region towards the higher-
energy region of the spectrum (400-420 nm). This feature
allows the use of common LEDs for their excitation, but at
the same time, guaranteeing access to a highly energetic excited
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Scheme 12 (a) Synthetic strategy for the assembly of the naphthochro-
menone scaffold. (b) Structures of the NTC photocatalysts (ref. 45).

state (up to 3.22 eV). Additionally, their balanced and broad
redox windows (E},; up to 1.65 V, EZ, up to —1.77 V vs. SCE in
MeCN) make them able to engage in both reductive and
oxidative quenching processes (Scheme 13).

The performances of the 12 NTCs were first evaluated in the
Povarov-type addition of N,N-dimethylaniline 26 to phenyl-
maleimide 27 (Scheme 14). Interestingly, the methoxy-
substituted NTC 25f outperformed the previously reported
yields achieved with Ru(bpy);*" and EY, which afforded product
28 in 83% and 82% yields, respectively (Scheme 14, entries 1
and 2 vs. 3). It is worth noting that the structurally simpler NTC
25a provided the product in comparable yield to Ru(bpy);>* and
EY (Scheme 14, entries 1 and 2 vs. 4).

Based on the reported mechanism,*’
26 occurs from the excited NTC*, generating the radical cation
26.1 (E=,q (25f*/25f7) = 1.21 V; Eqy (26°/26) = +0.80 V vs. SCE in
MeCN). The resulting NTC 25f*~ is then oxidised by O,, thus
closing the photoredox cycle (E.eq (25£/25f*7) = —1.76 V; Ereq
(0,/0,°7) = —0.64 V vs. SCE in MeCN). The formation of the
product occurs through the addition of the a-aminoradical 26.2

the oxidation of aniline

Q Eox=-1.27 V . Erea= +1.28 V
o / 3.02 eV \
0 Q NTCY) —— NTC —— NTC
NTC (25a) Ereg= 175V Epq=-1.74V

[ﬂmax (emission) =425 "m]

Scheme 13 Photophysical properties and redox potentials (vs. SCE in
MeCN) of NTC 25a (ref. 45).
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a)

Me\ Me ME\N %
E‘/é PC (3 mol%) NPh
MeCN air, 24 h o
28
Entry pPC A (nm) yield (%) Ref.
1 Ru(bpy)sClz 400-420 83 47a
2 eosin Y 530 82 47b
3 NTC 25f 400 89 45
4 NTC 25a 400 78 45
b) Me.".Me Me
N N E]é
"
NTC NTC 261
photoredox
cycle 0, | (o]

hv Me\N
 NTC HOO- [ NPh
0, %\ W 263

o}
Me . Me .
N NPh NPh
0 O H o

26.4

Scheme 14 (a) Povarov-type addition of N,N-dimethylaniline to phenylma-
leimide. Comparison between the performance of Ru(bpy)s>* and NTC 25f.
(b) The reported mechanism for the Povarov-type addition of N,N-
dimethylaniline to phenylmaleimide, depicted with NTCs as PCs.

to 27, leading to 26.3. A second radical cyclization event,
followed by the oxidation of the resulting intermediate 26.4,
delivers product 28.

4.2 Replacement of an Ir-complex for an organic PC

Ir-based PCs have also found extensive use in photoredox
catalysis. The complex fac-Ir(ppy)s; 2a absorbs visible photons
(Amax = 375 nm), giving access to a long-lived triplet *MLCT
state (t = 1.9 ps)." It is a strong reductant in the excited state
(E%, = —1.79 V vs. SCE in MeCN), and a relatively poor oxidant
(Ef4 = 0.31 Vvs. SCE in MeCN) (Scheme 15).

Research towards the identification of suitable organic
alternatives to this strongly reducing Ir complex initially began
in the field of polymer chemistry, specifically in atom transfer

Tl

e /

reduc
[ (e e
| 4

quenching

| | e=s031v
275ev ¢

v TR Il
Eox= +0.77V  Ereq=-2.20V

[Amax (@bsorption) = 375 nm]

=
~

fac-Ir(ppy); (2a)

Scheme 15 Photophysical properties and redox potentials (vs. SCE in
MeCN) of fac-Ir(ppy)s (ref. 14).
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radical polymerisation (ATRP). Controlled radical polymerisations
(including ATRP) are synthetic processes that allow obtaining
polymers with low dispersity, precise molecular weight and con-
trolled composition.*®

The use of purely organic PCs in polymerisation reactions
is essential because the metal-traces contamination in a
polymeric material prevents any possible applications.*’

In 2011, Choi’s group presented the first method of photo-
induced radical polymerisation of methyl methacrylate 30.>°
In 2012, Hawker’s group proposed the first visible light
controlled ATRP of 30 with fac-Ir(ppy)s;, which allowed an
improved control on the chain growth.”* The PC operates
through an oxidative quenching mechanism with the growing
polymer chain (Scheme 16). The continuous activation and
deactivation of the chain limit the number of active radicals
present at the same time in the system. This mechanism also
results in superior control over molecular weight dispersity.

Consequently, the main challenge for replacing the
Sfac-Ir(ppy); with an organic PC is to develop a strong photo-
reductant with appropriate redox potentials to promote the
reduction of the alkyl halide, while maintaining the ideal
equilibrium between the activation and deactivation events
(Scheme 16).

The earliest examples of photoinduced organic ATRP
(O-ATRP) dates back to 2014, when Hawker’s and Miyake’s
groups independently reported a metal-free method for the
polymerisation of 30.>> Hawker successfully proposed the use
of 10-phenyl phenothiazine 31 (PTH) as an organic PC
(Scheme 17), whereas Miyake employed perylene. PTH was
synthesized by the authors from commercially available
phenothiazine and chlorobenzene in a one-step procedure
through routine C-N cross-coupling reactions.

In both cases, the PCs operate through an oxidative quenching
mechanism. They showed excellent results in terms of dispersion
and retention of the chain end functionality.

PTH gave also access to the polymerisation of monomers
that were inaccessible with Ir-based PCs. The polymerisation of
dimethylaminoethyl methacrylate 32 was reported (Scheme 18)
following the same oxidative quenching mechanism. PTH

CO;,Me
O = Initiator O B Y
Me 30
CO,Me hv
Me |||a‘/ by, in Pnﬂ FoaMe
Br - & Me
29 photoredox Br
cycle 29
Activation Deactivation
|rIV
~COMe
o_&‘\COQMe O_K_g”
29.1 7—’ o
29.1
CO,Me
Me 30

Scheme 16 Mechanism of polymerisation of methyl methacrylate with
fac-Ir(ppy)s.
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[Amax (absorption) = <300 nm)

Scheme 17 Photophysical properties and redox potentials (vs. SCE in
MeCN) of PTH (ref. 25c¢).

achieved a much lower level of dispersion in comparison with
fac-Ir(ppy)s, showing a better control on the growth of the chain
(Scheme 18a, entry 1 vs. entry 2).

The authors suggested that the reason was the difference in
the E,y of PTH and fac-Ir(ppy)s, respectively +0.68 V and +0.77 V
vs. SCE in MeCN. The higher ground-state oxidation potential
of fac-Ir(ppy); causes the oxidation of the amino group of the
monomer, and this decreases the control over the growth of the
polymer chain.

Shortly after, these highly reducing organic dyes started to
find applications as photocatalysts for small molecule activation.
In 2015, Hawker’s group, inspirited by the results of O-ATRP,
proposed the use of PTH as a replacement for fac-Ir(ppy); in
the dehalogenation of alkyl halides, following the report by
Stephenson with fac-Ir(ppy)s.>>>* Employing PTH, the authors
extended the application of this protocol not only to aryl iodides
but also to difficult-to-activate substrates such as aryl bromides
and chlorides (Scheme 19a). PTH was used in higher loading
than fac-Ir(ppy)s. However, the authors pointed out that 1 mg of
PTH is more than 7000 times cheaper than 1 mg of fac-Ir(ppy)s.
The reaction mechanism, originally proposed by Stephenson,
begins with the reduction of aryl halide 34 and the subsequent

a)
0 | A 380 nm (e} |
¥ PC (x mol% Br
o NN " PCxmol%) A o N~
Olnitiator
32 (0.01 equiv) 13
DMA, rt
Entry PC mol % o)
1 fac-Ir(ppy)s 0.005 3.69
2 PTH 0.1 1.1
b) can oxidise AV
. -
A can ox:d/s? PTH /PTH | | . |
| ! I | | ! |
+0.5 +0.6 +0.7 +0.8 +0.9
+0.68 +0.77

Scheme 18 (a) Polymerisation of dimethylaminoethyl methyl methacrylate.
Comparison between the performances of PTH and fac-Ir(ppy)s. (b) Graphical
depiction of the oxidation potentials (vs. SCE in MeCN) of 32, PTH and
fac-Ir(ppy)s.
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a) X 380 nm H
Ej PC (x mol%) Ej
NBuj3 (5 equiv)
34 HCOOH (5 equiv), 35
MeCN, rt
Entry X PC mol % time (h)  Condition  yield (%) Ref.
1 Br  fac-Ir(ppy)s 1 72 inert atm. 0 54
2 Br PTH 5 72 inert atm. 85 53
8 | fac-Ir(ppy)s 1 1 inert atm. 23 54
4 | PTH 5 1 inert atm. 98 53
5 | fac-Ir(ppy)s 1 2 open air 0 54
6 | PTH 8 g open air 57 53
o+
b) NBuj NBuj
36" \B_< 36
e
PC PC
X
photoredox
cycle /,
hv
34
pcy ¥
-X
©- H-atom @H
_—
abstraction
34.1 35
c)
can reduce o+
PTH /PTH*
d
can reduce |, .
l o I Py = —e =
-1.73 -241
-1V vs SCE -2V -3V
VU O
34a 34b 34c

Scheme 19 (a) Reductive dehalogenation of aryl halides. Comparison
between the performances of PTH and fac-Ir(ppy)s. (b) Mechanism of
the dehalogenation reaction. (c) Graphical depiction of the reduction
potentials (vs. SCE in MeCN) of the selected aryl halides and E}, of PTH
and fac-Ir(ppy)s.

formation of the radical 34.1 upon the homolytic cleavage of the
carbon-halogen bond. Product 35 is finally obtained after a
H-atom abstraction event. The oxidation of tributyl amine 36
closes the photocatalytic cycle restoring the ground-state PC.
Dehalogenation of phenyl bromide 34b performed with PTH
resulted in 85% yield in 72 hours while no conversion was
observed with fac-Ir(ppy)s. This result is a consequence of the
higher E, of the organic photocatalyst. Contrary to fac-Ir(ppy)s,
with PTH, both the S; and T, states can take part in the
reduction of the carbon-halogen bond.

Despite the fact that the S; state is dominant due to its
longer lifetime, the reduction of unactivated aryl bromides
or chlorides is achieved only by the more reducing S; state.
This feature was confirmed by carrying out a control reaction
open to air in the presence of oxygen, which is a well-known
triplet quencher.>® The tolerance to oxygen was tested with
different substrates and in every case, no reaction was observed
with iridium. PTH was tested also in a higher-scale reaction
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with excellent results. Notably, during the purification of the
product, PTH was also isolated and reused with unvaried
reactivity.

In 2020, Dell’Amico’s group chose this dehalogenation reaction
to evaluate the performances of NTCs under oxidative quenching.”®
Thus, following the same mechanistic scheme, the reduction of
methyl 4-iodobenzoate 37 was examined (Scheme 19). Interestingly,
NTC 25a performed well, achieving the formation of 34 in 86%
yield. The more reducing NTC 25i delivered 38 in 96% yield,
providing a valuable metal-free alternative to fac-Ir(ppy)s.>* It is
worth noting how NTC 25a could be successfully employed under
both oxidative (Scheme 20) and reductive quenching (Scheme 14),
thus being a competent metal-free alternative to both Ru(bpy);>*
and fac-Ir(ppy)s.

In 2017, Ooi’s group proposed the use of 3,6-dimethoxy-9H-
thioxanthen-9-one 39 (TX, Scheme 21), a fully organic PC
synthesized in three steps and high overall yield, to replace
fac-Ir(ppy); for the light-promoted imidation of arenes
(Scheme 22).°*°” The mechanism proceeds via the generation
of the nitrogen-centred radical 40.1 upon the oxidative quenching
of the PC* by the redox-active ester 41, and the subsequent
formation of radical 41.1 (Scheme 22b). The Wheland inter-
mediate 41.2 is then formed upon the reoxidation of 41.1 by PC*".

Ooi’s group replaced fac-Ir(ppy)s; with TX 39 and the reaction
was optimised with the redox-active ester 40b. The organic PC
outperformed fac-Ir(ppy); with various substrates including
caffeine.

With appropriate substituents, Ir-based PCs can also operate
under reductive quenching mechanisms. In 2014, McMillan’s

I H
& CFL lamp
Y PC (3 mol%)
HCOOH (5 equiv)
CO,Me NBuj (5 equiv) CO,Me
37 MeCN,rt 18
entry pPc yield (%)  Ref
1 NTC 25a 86 45
2 NTC 25l 926 45
3 fac-r(ppy)s 92 54

Scheme 20 Reductive dehalogenation of methyl 4-iodobenzoate. Com-
parison between the performances of NTCs and fac-Ir(ppy)s.

oxidative 1TX*
quenching Isc P
"""""""""""""" < 1 reductive
(e} 3TX*/_l: quenching
i 1
f
o Eo11V 286V
MeQO S OMe hv
3,6-dimethoxy-9H- ' T)i+ Y ~
i - X X
thioxanthone - TX (39) | Ep=+1.69 V Ereq=-1.62V

[Amax (absorption) = 436 nm]

Scheme 21 Photophysical properties and redox potentials (vs. SCE in
MeCN) of TX (ref. 25¢).
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Scheme 22 (a) Light-promoted imidation of arenes. Comparison
between the performances of TX and fac-Ir(ppy)s. (b) Mechanism of the
light-promoted imidation of arenes.

group reported the use of the iridium complex 2d (Scheme 23)
as the photooxidant in a decarboxylative Giese-type radical
addition (Scheme 24a, entry 4).°®

This challenging reaction was used also by Dell’Amico’s
group to further evaluate the performance of NTCs under
reductive quenching. The mechanism depicted in Scheme 24b
follows a reductive quenching mechanism. The first step is the
oxidation of 43 by the excited photocatalyst and the subsequent
formation of the o-amino radical 43.1. This reacts with the
electron-poor olefin 44 generating the radical intermediate
43.2 which is then reduced by PC*~ closing the photoredox
cycle. NTC 25a gave a yield of 66% but the best result was
delivered by NTC 25j with a yield of 77% (Scheme 24a, entries 1 and 2).

1%
I isc

reductive

£
3|r\ll'

IV I
Eox= +1.69 V

It

[Ir(dF (CF3)ppy),(dtbbpy)]* (2d) Ereg=-1.37 V

[Amax (absorption) = 380 nm]

Scheme 23 Photophysical properties and redox potentials (in MeCN) of
[Ir[dF(CF3)ppyl2(dtbbpy)]* (ref. 15).
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Scheme 24 (a) Decarboxylative Giese-type addition of 43 and dimethyl
maleate 44. Comparison between the performances of NTCs and Ir-based
PCs. (b) Mechanism of the decarboxylative Giese-type addition.

Conversely, fac-Ir(ppy); was ineffective in this reaction
(Scheme 24a, entry 3).

Despite the fact that NTCs performed slightly worse than 2d,
it is relevant to notice that NTC 25a was applied successfully in
various photochemical transformations under both oxidative
and reductive quenching (Schemes 14, 20 and 24).*>

5 Pushing the boundaries of
photoredox catalysis with organic PCs

As mentioned, organic PCs are not only cheaper and sustainable
alternatives to metal complexes, but they have also allowed the
activation of previously unreactive targets, exceeding the redox
limits of their metal counterparts. This significant feature has
allowed the discovery of unprecedented reactivity and the
development of previously inaccessible chemical transformations.
In this section, we highlight that privileged organic PCs can
perform thermodynamically demanding photoredox cycles.

5.1 Highly oxidising organic PCs

One of the most used highly oxidising PC classes is acridinium
salts (46a-c, Scheme 25). Their scaffold was introduced by
Fukuzumi in 2001,>° and later was widely used and modified
by Nicewicz among others.®® The ground-state reduction of
acridinium ions occurs at moderate potentials (around
—0.5 Vvs. SCE). In contrast, their excited state is characterised
by a very high oxidative power, reaching redox potentials
[Erea (Acr™/Acr®)] up to +2.32 eV. Structural modifications of
the acridinium core have allowed improving their chemical

This journal is © The Royal Society of Chemistry 2022

Fukuzumi's catalyst

Nicewicz's catalysts

® prone to N-demethylation ® higher chemical stability

and dearomatization
b)

E*req= +2.15 V

Acrt—— » Acr’
Ereg=-0.52V
[Amax (absorption) = 425 nm)

Acridinium - Acr* (46b)

Scheme 25 (a) Representative acridinium catalysts developed by Fuku-
zumi's and Nicewicz's groups. (b) Photophysical properties and redox
potentials (in MeCN) of Acr™ 46b (ref. 25¢).

stability towards (i) N-dealkylation reactions and (ii) nucleophilic
or radical additions at the 2,7 or 3,6-positions.?*

Acridinium ions, synthesized through multi-step pro-
cedures,®® have been efficiently used as PCs under reductive
quenching for a wide variety of thermodynamically challenging
redox processes, including the oxidation of alkenes.®®* In this
regard, Nicewicz’s group has reported various photochemical
methods for the intra- and intermolecular anti-Markovnikov
addition of different heteronucleophiles, using Acr' 46a and a
redox active hydrogen atom donor (Scheme 26a).°°“% The
general postulated mechanism for these transformations
involves the initial formation of the alkene radical cation 49.1
by single-electron oxidation (Scheme 26b, inter-molecular mani-
fold shown), followed by nucleophilic addition with a nucleo-
phile (Nu in Scheme 26b) with anti-Markovnikov regioselectivity.
The desired hydro-functionalised product 50 is then formed
after a hydrogen atom transfer (HAT) event. Regeneration of
the catalyst Acr’ 46a occurs by another SET process between
the thiyl radical 51.1 and the acridinium radical Acr® 46a.
Considering the reduction potentials of this substrate couple
(Ereq (46.1/46.2) = +0.45 V vs. SCE®* and E,, (Acr” 46a/Acr® 46a) =
—0.57 V vs. SCE**®®), this latter step is thermodynamically
favoured. Notably, this photochemical method allows the use
of alkenes having oxidation potentials up to 2.10 V. Such values
are well beyond the redox potentials of the common Ir- and
Ru-based PCs.

In the following studies, Nicewicz’s group has showcased
the potential of acridinium PCs to provide new metal-free
strategies for the C-H functionalisation of arenes.®® In 2015,
they used the more robust catalyst Acr” 46b (E},, = +2.25 V) to
develop a site-selective C-H amination of substituted aromatic
compounds (Scheme 27a).°” This transformation exploits the
ability of the photoexcited acridinium Acr'™* 46b to generate
arene radical cations 47.1 through a single electron oxidation
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Scheme 26 (a) Catalytic intra- and inter-molecular anti-Markonikov
hydrofunctionalisation of alkenes enabled by the photocatalytic activity
of acridinium salts. (b) General mechanism (for simplicity, only the inter-
molecular reactivity is shown). Nu: nucleophile. HAT: hydrogen atom
transfer.

pathway (Scheme 27b). Then, the nucleophilic addition of
amine 53 on the intermediate 52.1, followed by the oxidation
of the resulting species 52.3, delivers the C-N-coupled arene
adduct in high yields (up to 88%) and with good to excellent
levels of regioselectivity (up to >20:1). During the optimization
studies, degradation of the acridinium catalyst was observed, as
well as of the starting arene derivative 52 (where R' = ~OMe).
Indeed, both compounds are prone to decompose in the
presence of oxygen-centred radicals that may be formed during
the reaction, under the presence of 0,.5% Such a degradation
pathway was mitigated by the addition of 20 mol% of TEMPO 55,
thus improving the yield of the process.

Recently, new libraries of acridinium salts with diverse
photophysical and electrochemical properties were reported,
facilitating a rational selection of the most adequate acridinium
PC for a given photoredox transformation.®” Interestingly,
Sparr’s group has recently documented three protocols for
the synthesis of libraries of symmetrical 3,6-diamino- and
1,8-dimethoxy-substituted PCs (56 and 57, respectively, in
Scheme 28a), as well as unsymmetrical acridiniums (58).5”%*/

Interestingly, the performance of some of these new PCs was
tested in various photoreactions, showing comparable or
even enhanced results relative to the ones offered by the
corresponding Ir- or Ru-PCs. For instance, acridiniums 56
exhibited redox potentials similar to those of iridium complex

1274 | Chem. Commun., 2022, 58, 1263-1283

View Article Online

ChemComm
a) 3
] v 455nmLEDs  R! Rin-R
R R2\-R® ™ Acr 46b (5 mol%) \Q e R
__ Acr46b (> mol7)
H* & TEMPO (20 mol%) PNt
DCE, 20-72 h R®
52 53 0,, 33°C p-54 0-54
SeleGled EXAMPIES <+~ c e en et
a

e
54b: 43% yield
single regioisomer

54a: 88% yield
8.8:1 p:o

54c: 36% yield
single regioisomer

Acr* 46b

Scheme 27 (a) Photochemical C-H amination of arenes enabled by
acridinium PCs. (b) One of the plausible mechanisms [ref. 60b].
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Scheme 28 (a) Emerging acridinium libraries. (b) Comparison of the
performances between an acridinium derivative 56 and an Ir-PC, in a
photoredox-Ni catalysed decarboxylative cross-coupling process.

2d (Breq (IF"™/1r™) = —1.37 V; Epeq (Ir'™/1r"™) = +1.21 V vs. SCE).*”*
This feature allowed the use of these new PCs in the
metallaphotoredox-nickel catalysed decarboxylative cross-
coupling between aminoacids 59 and aryl halides 60
(Scheme 28b). This photochemical process was originally
developed by MacMillan and co-workers in 2014, using 2d as
the optimal PC.°® In Sparr’s work, the mesityl-substituted
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Scheme 29 Main classes of organic PCs employed in O-ATRP.

catalyst 56 (where Ar = 2,4,6-trimethylphenyl) could promote the
same transformation with very similar results (86% yield with 56
vs. 90% yield with 2d), thus highlighting the potential of these
new families of PCs for replacing their metal counterparts.

5.2 Highly reducing organic PCs

In the last few years, research on strongly reducing organic PCs
has rapidly evolved. Many new PCs were introduced to replace
metal complexes. Also, in this case, most of them were first
applied in O-ATRP. In 2016, Miyake’s group reported the
synthesis and use of 5,10-dihydrophenazines 62 and N-aryl
phenoxazine 63. More recently, the same group reported the
successful use of dihydroacridines 64 and N-alkyl phenoxazines
65 (Scheme 29).°°

Despite their similar structures, PC 63 displayed enhanced
abilities in the O-ATRP of methyl methacrylate 30 in
comparison with PTH. Due to the bigger size of the sulfur
atom, PTH adopts a bent conformation in the ground state,
whereas PC 63 is planar. Nevertheless, they both assume a
planar conformation in the excited state. Consequently, the
former has a higher reorganisation energy that decreases the rate
of electron transfer during the reduction of PTH®" to restore the
ground-state PTH. In 2018, Miyake’s group performed structure—-
property relationship studies on phenoxazine-based photo-
catalysts.2®” This study was made possible by the high synthetic
versatility and availability phenoxazine scaffold. C-N coupling was
exploited to functionalize the nitrogen atom. The functionaliza-
tion of the main core was accomplished in a two-step process: (i)
radical bromination, followed by (ii) a cross-coupling reaction.

Different substituents in the core of the molecule and on the
N-aryl moiety can dramatically alter the redox potentials and
the absorption spectrum. The result was the generation of a
library of 19 different PCs whose triplet E?  covers a wide
window ranging from —2.11 to —1.40 V vs. SCE.

One of the most promising candidates is 3,7-4(biphenyl)-1-
naphthalene-10-phenoxazine 66 (POx) represented in Scheme 30.

The addition of biphenyl substituents at positions 3 and 7
of the phenoxazine core doubles the molar absorptivity and
redshifts the maximum wavelength of absorption by 65 nm
compared to the unsubstituted counterpart. Therefore, the
absorption profile reaches the visible region, contrary to PC
63. The naphthyl moiety on the nitrogen atom instead allows
the access to a CT excited state from the electron-rich core.**”
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Scheme 30 Photophysical properties and redox potentials (vs. SCE, in
MeCN) of POx (ref. 25d).

The capability to work under visible-light and the exception-
ally long triplet lifetime of 480 us®*? made this PC suitable for
various photochemical reactions.

In 2018, Konig’s group used 66 in a Barbier-type reaction for
the allylation of aldehydes and ketones (Scheme 31).”° The
mechanism (Scheme 31b) follows an oxidative quenching cycle
and involves the reduction of benzaldehyde 67 with the
formation of a ketyl radical 67.1. Remarkably, product 69a is
obtained in higher yields and with less formation of the
homocoupling side products 69b and 69¢, by using POx 66
instead of the Ir catalyst 2d.

POx 66 was used also by Jui’s group in 2019 for the
functionalisation of the C-F bond of unactivated trifluoro-
methyl arenes.”! At temperatures higher than 50 °C, POx
performed better than fac-Ir(ppy); and PTH (Scheme 32a).
The higher conversion achieved was a result of the longer
excited state lifetime of POx compared to the other PCs.

! OH 5
a) o gy 4000rasSnm - OH Eph/\/Ph :
r Y 0, ' |
Ph)J\H + N\ PC (x rTlOM)) PhME 69b OH |
DIPEA, LiBF, . :
67 68 DMA, rt, 18h 692 | _~ _~_~
" :
8%
entry PC mol % A (nm) yield 69a /69b /69c (%)
1 POX 5 400 nm 64/13/23
2 [I(dF(CF3)ppy)s(dtbbpy)]'2d 2 455nm 21/19/43
o}
b) Br.
— H S
- iPr,NEt
V4 67 68 ®48
PC photor;adox .
evere o iPr,NEt
pc" Sy m/\
iProNEt 68.1 Br
- 67.1
18 prNEt

Scheme 31 (a) Barbier-type reaction between benzaldehyde and allyl
bromide. Comparison between the performances of POx and
[Ir(dF(CF3)ppy),(dtbbpy)l*. (b) Mechanism of the Barbier-type reaction.
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Scheme 32 (a) Selective C—F functionalisation of unactivated trifluoro-
methyl arenes. Comparison between the performances of POx, PTH and
fac-Ir(ppy)s. (b) Mechanism of the C—F functionalisation.

This mechanism (Scheme 32b) is an example of dual photo-
catalysis where a photoredox cycle is merged with a second
catalytic cycle with a different activation mode.””

The excited PC reduces 70 and, upon the cleavage of the C-F
bond, radical 70.1 is formed. This radical undergoes inter-
molecular addiction with olefin 71. Finally, a HAT event between
the alkyl radical 70.2 and thiophenol 51 provides product 72.
Potassium formate is needed in stoichiometric amounts to close
both the photoredox cycle and the HAT cycle restoring the PC
and 51, liberating CO, as a traceless side product.

5.3 Bimodal organic PCs

5.3.1 Naphthochromenones. The NTCs reported by Dell’A-
mico proved competent in promoting organic transformations
that classically make use of Ru and Ir complexes. The broader
redox potentials of NTCs rendered them able to outperform Ru
and Ir PCs in diverse synthetically relevant transformations.*

The light-driven acylation of methyl crotonate 74 by acetyl
silane 73 was performed using the developed NTCs
(Scheme 33). According to the reported reaction mechanism,
the PC needs to exceed an E,; of 1.46 V to engage in reductive
quenching with acetyl silane 73.”* Giese-type addition of 73.2 to
methyl crotonate 74 yields the intermediate 74.1, which is
reduced by PC*". In this step, the thermodynamic requirement
is that the E,, < —0.6 V.”* NTC 25j (E%, = 1.56 Vand Eo, = 1.45 V)
delivered the product in 88% yield. The simpler NTC 25a also
provided the product in synthetically useful yield. Importantly,
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Scheme 33 (a) Light-driven Giese-type acylation of methyl crotonate.
Comparison between the performances of various PCs. (b) The proposed
mechanism for the light-driven acylation of methyl crotonate.

under the same experimental conditions, product 75 was not
obtained using Ru(bpy);>* or fac-Ir(ppy)s.

The reductive dehalogenation of 4-cyanobenzyl halides 76
was also investigated with NTCs to benchmark their perfor-
mances in an oxidative quenching cycle (Scheme 34). When
using NTC 25k, product 77 was obtained in 51% yield. The use
of highly reducing fac-Ir(ppy)s only led to traces of the desired
product, while fac-Ir(dFppy); gave the product in only 19% yield.
Ru(bpy);>* was not a competent catalyst for the transformation,
and no product was detected.

5.3.2 Cyanoarenes. Cyanoarenes are a class of photoactive
molecules with an aromatic core bearing at least one cyano
moiety. The most popular PC of this class is 1,2,3,5-
tetrakis(carbazol-9-yl)-4,6-dicyanobenzene 78 (4CzIPN). First
reported by Adachi in 2012 to be used in OLEDs,”” its structure

fv: 400 nm LED
PC (3 mol%) /@/\H
Hantzsch ester (3 equiv.) NC

77

o
NC

X=Cl76a  BugN (3 equiv.), MeCN, 16 h
X =Br76b
Entry PC yield (%), X = CI
1 NTC 25k 54

2 Ru(bpy)sCl, -
3 facIr(ppy)s <5

4 fac-Ir(dFppy)s 2b 19

Scheme 34 Light-driven reduction of 4-cyanobenzyl halides. Compar-
ison between the performances of various PCs.
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Scheme 35 Photophysical properties and redox potentials (vs. SCE, in
MeCN) of 4CzIPN (ref. 26¢).

was designed in order to have a small energy gap between the S;
and T, states. This feature allows reverse intersystem crossing
(RISC) from T, to S; at room temperature. 4CzIPN thus exhibits
thermally activated delayed fluorescence (TADF) with a
remarkably long lifetime in the timescale of us. Its strong CT
character in the excited states also contributes to the long
lifetime. Its balanced redox potentials make it a versatile
bimodal PC (Scheme 35).

In 2016, Zhang and Luo reported the first synthetic use of
4CzIPN in a dual photoredox/Ni cross-coupling as a cost-
effective alternative to iridium complex 2d.”® In 2018, Zeitler’s
group expanded the class of cyanoarenes derived from
isophthalonitrile (IPN) and benzonitrile (BN), showing how
the rational design of photocatalytic scaffolds can deliver PCs
able to engage in both oxidative and reductive quenching
cycles.>®

The redox potentials of the prototypical 4CzIPN are close to
those of iridium complex 2d, and 4CzIPN is often used as its
metal-free alternative. It is however worth pointing out the
main advantage of cyanoarenes. In 4CzIPN and its analogues,
the HOMO and LUMO are spatially separated on the donor
substituents and the acceptor core, respectively. Hence, it is
possible to build a wide library of PCs with fine-tailored
redox potentials in straightforward single-step syntheses
(Fig. 6).>°“"® The evaluation of the thermodynamic require-
ments of each reaction guides the rational selection of the ad
hoc derivative.

Acceptor cores

Isophthalonitriles (IPN)
--® Modular scaffolds === --- ® One-step syntheses - ---- ® Large chemical space - -

Benzonitriles (BN)

Donor moieties
2 2
R R R R
R2=H, F, CI, Br, Ph,
N N OMe, Me, tBu
i L

Diphenylamines (DPA) Carbazoles (Cz)

Fig. 6 Common acceptor and donor moieties for cyanoarenes synthesis.
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The molecular structure of 4CzIPN is essential to its success
in a recent example of dual photoredox/HAT catalysis. In 2019,
Konig’s group reported the redox-neutral photocarboxylation of
benzylic C-H bonds (Scheme 36).”” During the initial screening
of the PCs, 4CzIPN provided product 79 in 14% yield, while
fac-Ir(ppy); and iridium complexes 2¢ and 2d were completely
ineffective. Further optimisation with 4CzIPN increased the
yield to 57%. Under reaction conditions, 4CzIPN is converted
into its benzylated derivative 3CzPEBN. Its radical anion
3CzPEBN*" (Eq = —1.69 V for 3CzPEBN) is a much stronger
reductant compared to 4CzIPN®*~ (E..q = —1.24 V for 4CzIPN)
and is thus able to reduce the benzylic radical 79.1 (Ereq =
—1.60 V vs. SCE) to the anion 79.2. 3CzPEBN is the active
catalyst in the transformation, which also explains the lack of
reactivity observed with the Ir-based PCs.

Very recently, Dell’Amico, Magnier and Togni’s groups
reported a protocol for the radical o-trifluoromethoxylation of
ketones under photoredox conditions (Scheme 37).”® The selection
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Me _IPraSiSH (20 mol%) K
79  COz (4 atm), DMF -
Entry PC yield (%)
1 4CzIPN (in situ 3CzPEBN) 57
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3 [Ir(ppy)s(dtbbpy)]* 2¢ -
4 [Ir(dF(CF3)ppy)(dtbbpy)]* 2d 2
%
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7 e
hv
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I .
e Y iprysis
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Scheme 36 (a) Dual photoredox/HAT catalysis for the carboxylation of
C-H benzylic bonds. Comparison between the performances of various
PCs. (b) Proposed reaction mechanism for the carboxylation of C-H
benzylic bonds. (c) In situ formation of 3CzPEBN.

Chem. Commun., 2022, 58, 1263-1283 | 1277


https://doi.org/10.1039/d1cc05850a

Published on 10 Dezember 2021. Downloaded on 01.11.2025 07:46:25.

Feature Article

CN
OAC hv! 456 nm 2 F4CO 0
/@/K . @ PC (5 mol%) /©)k| & MMe
N > OCF,4
F N7\rr, MeCN, 1h F PN
81 82 OCF; 83a 83b
Entry PC yield (%)  83a:b ratio
1 Ru(bpy)s?* 33 184
2 NTC 25a 20 13:1
3 4CzIPN 37 (50) >20:1

Yield obtained at the end of the optimisation in parentheses

Scheme 37 Radical a-trifluoromethoxylation of ketones.

of an organic PC was key for increasing the regioselectivity of the
reaction. During the optimisation, the use of Ru(bpy),>" afforded a
regioselectivity of 12:1 between 83a and 83b, with significant
trifluoromethoxylation on the aromatic ring.”” With NTC 25a, the
ratio was improved to 13:1, albeit with a lower reactivity. When
using 4CzIPN, the trifluoromethoxylation took place with full
selectivity on the alpha position of the ketone (3:4 ratio >20:1)
and with increased yield.

6 Consecutive photoinduced electron
transfer: overcoming the
thermodynamic limits in photoredox
catalysis

According to the Rehm-Weller theory, the excited state energy
Eoo of a PC sets the maximum redox potential window
achievable under oxidative or reductive quenching.* For a PC
absorbing in the visible region (>400 nm), the maximum E,
approaches 3 eV. However, energy losses due to ISC or non-
radiative processes further decrease this value. This issue poses a
lower thermodynamic limit for PET and for several synthetically
valuable transformations that can be carried out.

Consecutive photoinduced electron transfer (ConPET) is a
catalytic solution to this limitation, first reported by Konig’s group
in 2014 using perylene diimide (PDI) as an organic PC.*° Through
a ConPET, it is possible to overcome the thermodynamic
limitations of PCs by expanding their redox borders.

The general concept of ConPET involves (i) the PC excitation
and (ii) the subsequent quenching by a suitable donor or
acceptor, followed by (iii) the light-excitation of the resulting
radical anion (PC®*") or radical cation (PC*", Scheme 38).

A~ A 3
D
\ E* / S~ E* /
— X \ /"‘ red — .
pC’ &S PC’
// ConPET initiated by l ConPET initiated by \
hv h hv

oxidative quenching |I reductive quenching //

\@
pc (&
potent > E*c',:<: > B <A potent

oxidant D A" reductant

Scheme 38 General catalytic manifolds of ConPET.
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Scheme 39 The strongly reducing radical Acr** 46b, formed upon the
excitation of the acridium radical Acr® 46b.

The requirement is that PC*~ or PC*" to be further photo-
excited must be sufficiently stable and long-lived, and the
corresponding excited species are sufficiently long-lived (>1 ns)
to allow the ET to happen.

Metal-based PCs have found a restricted use in ConPET
cycles. Recent reports on the use of Ru and Ir complexes in two-
photon photoredox cycles only involve the generation of highly
reducing species in aqueous and/or micellar environments,
with limited synthetic applicability.®! On the contrary, organic
PCs have demonstrated a much broader versatility both for
thermodynamically challenging reduction and oxidation.

In 2020, Nicewicz’s group documented the discovery, char-
acterisation and reactivity of the excited acridine radical Acr** 46b
(Scheme 39).%% Spectroscopic and computational investigations
revealed the formation of two main excited states for Acr** 46b,
assigned as a lower-energy doublet (D;) and a higher-energy
twisted intramolecular charge-transfer state (TICT). The oxidation
potentials of these excited states were estimated to be —2.91 V and
—3.36 V vs. SCE, respectively, which are values comparable to
those of elemental lithium (E,, (Li*/Li’) = —3.29 V). The singly
occupied molecular orbital (SOMO) density of Acr** 46b was
found to be localised on the acridine core, while the LUMO was
placed on the N-phenyl ring. Further spectroscopical analysis with
time-dependent density functional theory (TD-DFT) supported the
formation of a charge-transfer state possessing both the aromatic
radical anion and acridinium features, as it is expected for the
proposed TICT state.

The reactivity of the highly reducing acridinium radical
Acr*** 46b was then demonstrated by the dehalogenation of
aryl halides 84, as well as by the desulfonylation of tosyl amines
85 (Scheme 40a). Both reduced products 86 and 87 were
obtained in generally high yields (up to 98%) under optimised
conditions. The scope of this process included substrates
showing an E,.q up to —2.9 V, which are values not accessible
to commonly used PCs. The proposed mechanism for the
dehalogenation process involves the reductive quenching of
the excited acridinium Acr'™ 46b by DIPEA 18, generating the
acridinium radical Acr® 46b (Scheme 40b). This intermediate
Acr® 46b is then excited with a 390 nm light, populating both
the highly reducing D,, and TICT excited states (Acr** 46b).
A single electron transfer subsequently occurs from Acr** 46b
to the aryl halide 84, forming the arene radical anion 84.1,
while regenerating Acr' 46b. The intermediate 84.1 undergoes
fragmentation, yielding the aryl radical 84.2. Finally, a HAT

This journal is © The Royal Society of Chemistry 2022
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Scheme 40 (a) Reductive dehalogenation of aryl halides (81) and reductive
detosylation of amines (82) triggered by the excited radical acridinium Acr**
41b. (b) The proposed mechanism for the dehalogenation of arenes.

event occurs for 84.2 from the amine radical cation 18", which
delivers the reduced product 86.

On the other hand, two independent reports have exploited
a ConPET manifold with PTH. In 2018, Wagenknecht’s group
realised the pentafluorosulfanylation/nucleophilic trapping of
styrene derivatives through the use of UV and green light
(Scheme 41).8

The highly reducing PTH* engages in oxidative quenching
with SFe, delivering SFs* and fluoride. The excitation of the
poorly oxidising PTH®*' (E,x = 0.68 V) with green light
transforms it into a powerful oxidant, which oxidises the
thermodynamically demanding styrene derivative 88. Coupling
between SF5* and 88.1 affords the cationic intermediate 88.2,
which is then trapped by the nucleophilic fluoride ion. As a

a) hv' 365 and 525 nm FsS
PTH (5 mol%) F
_ Srafs e Tiine) o

R
Cu(acac), (10 mol%) R
88  SFg, RT, ACN, 21 h 89

b) SF;+F

o+
PTH
/ s h 525 nm
\Y
SFg 3

PTH* ConPET

cycle R
o 88
365 nm ‘hv
X PTH Eoxupto 1.7V
FsS
F SF; N
5
89 s * R__ R
88.2 88.1

Scheme 41 (a) ConPET-enabled pentafluorosulfanylation/nucleophilic
trapping of styrene derivatives. (b) The proposed mechanism.
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Scheme 42 (a) ConPET-enabled oxidative arene/N-heterocyclic nucleo-
phile coupling. (b) The proposed mechanism.

result, PTH acts in the same photoredox cycle as a strong
reductant for the reduction and fragmentation of SF¢ and as
a strong oxidant for the oxidation of the styrene.

In 2021, Wickens’s group realised the Nicewicz-type oxidative
coupling between arenes 90 and N-heterocyclic nucleophile 91
through a similar ConPET manifold with PTH as the PC
(Scheme 42).%* In this case, oxygen serves as the electron acceptor
to generate PTH*' which, upon photoexcitation, can oxidise
arenes with extreme oxidation potentials (Eox = 2.5 V for benzene).

Very recently, also 4CzIPN and its derivatives were used in
ConPET cycles. Wickens’s group realised the reductive defunction-
alisation of electron-rich aryl chlorides 93 with 4DPAIPN and sodium
formate as the electron donor.®® Through the ConPET mechanism,
the authors were able to reduce extremely challenging aryl chlorides
93 with reduction potentials as low as —3.4 V (Scheme 43).

Such a redox potential is beyond the thermodynamic limit
accessible by a classic photoredox cycle under visible-light

a) - hv’ 405 nm H
0,
R*Ej 4DPAIPN (10 mol%) R@’
HCO,Na, CySH
93 DMSO 94
up to 92%
5 Bt
o

//4DPAIPN
4DPAIPN* ConPET @pPAIPN
cycle Cl

\ B
i 93
QPAEN Ereq Up to - 3.4V

Scheme 43 (a) Reductive defunctionalisation of electron-rich aryl chlor-
ides. (b) Proposed reaction mechanism.
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Scheme 44 Synthesis and structure of 3CzEPAIPN.

irradiation. The authors also exploited the developed catalytic
manifold for the phosphonylation, hydroarylation and borylation
of aryl chlorides. However, complete suppression of the net
reduction product 94 could not be achieved in such cases.

Similarly, Zhou and Wu’s groups obtained the reductive
borylation and phosphorylation of extremely challenging aryl
chlorides through an analogous ConPET mechanism.®® Key for
the optimisation of the system was the use of 3CzEPAIPN, a
modified derivative of 4CzIPN, as the PC (Scheme 44). Higher
yields are attributed to the higher photostability of 3CZEPAIPN
and the longer lifetime of its radical anion.

A catalytic platform for the activation of similarly demanding
aryl chlorides was developed by Lambert and Lin’s groups.®”
this case, the radical anion of 9,10-dicyanoanthracene 3a was
produced by electrochemical reduction and was subsequently
excited by blue light irradiation to yield a potent reductant
(E** " tea = —3.2 V vs. SCE).

These examples highlight the versatility of organic PCs in
non-conventional multi-photon photoredox cycles. Through this
strategy, it is possible to perform both thermodynamically
challenging oxidation and reduction using the same organic PC.

7 Conclusions and future perspectives

Over the last decade, the field of organic photoredox catalysis
has proven to have great potential to provide new synthetic
methods under mild reaction conditions. Importantly, organic
PCs are generally cheaper, less toxic and easier to modulate
than transition metal PCs, thus representing a convenient and
more sustainable alternative. In this feature article, we have
outlined the evolution of the field of photoredox catalysis from
the use of classical Ir- and Ru-complexes towards purely organic
PCs. Remarkably, organic PCs can be efficiently used to replace
their metal counterparts, while promoting previously inaccessible
transformations. Their easy tunability also offers the possibility of
building a large variety of structural and electronic variants and
adopting a more rational PC selection. Recently, bimodal PCs,
such as cyanoarenes (IPN scaffold), have become more and more
popular thanks to their CT excited state character that mimics the
MLCT of metal complexes, inferring long-lived excited states and
a balanced distribution of the redox potentials (Fig. 7). However,
the chemical stability of these PCs still represents an issue in the
presence of highly nucleophilic radicals. Kénig and co-workers
demonstrated that 4CzIPN 78 can be in situ alkylated when
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4CzIPN main characteristics
® cheap
® ceasily accesible and tunable
O ® Jong-lived CT excited state
o ® broadly employable
°

1 and 2 photon excitation

open challenges
® overall stability
® recyclability

organophotoredox catalyst  ® heterogeneous support

Fig. 7 Main advantages and open challenges associated with the use of
IPN PCs.

benzylic radicals are generated under reaction conditions
(Scheme 36).

Our group has recently contributed to the field of organo-
photoredox catalysis by identifying naphtochromenone (NTC)
PCs as a new class of bimodal organic PCs, with the ability to
participate in both thermodynamically demanding oxidative
and reductive photochemical processes. Interestingly, we have
evaluated their stability and we were able to recover and reuse
the NTC PC up to 5 times, maintaining virtually identical
catalytic performances.”” The recyclability of the PC is one
important aspect often overlooked in academia, but may
become essential towards industrial implementations. An
additional open challenge regarding the possibility of supporting
organic PCs is generating easily recoverable heterogeneous
systems. This represents a complex issue, since solid supports
can profoundly alter the ground and excited state properties of
PCs, while introducing scattering problems.®®

However, more sustainable reusable PCs,* having tuneable
photochemical and redox properties, are needed to respond to
the increasing demands of novel reactivity and bioactive mole-
cules. To this end, novel structural variants must be evaluated,
possibly unlocking new mechanistic paradigms. In particular,
several heterocyclic scaffolds, which have already found
applications as TADF emitters in OLEDs, have demonstrated
interesting photochemical and redox properties.®®

It is worth noting that while metal-based PCs have found a
restricted use in only reductive ConPET cycles, organic PCs
have instead exhibited a much broader versatility in both
reductive and oxidative ConPET processes with PTH 31, cya-
noarenes and Acr-Mes® 46b playing a central role.**®® This
indicates that purely organic molecules will likely govern the
evolution of the field. However, an unmet goal in ConPET
processes is the use of the same PC class under both reductive
and oxidative quenching. The possibility of using the same PC
or PC class under both 1- and 2-photon thermodynamically
opposite quenching mechanisms will represent a decisive
advancement in terms of generality and versatility. In our
group, we are currently evaluating this possibility with the
use of a new generation of structurally robust NTC and IPN PCs.

Major discoveries are expected to come in the near future,
given the new and broad opportunities that this class of
relatively simple purely organic molecules can offer.

This journal is © The Royal Society of Chemistry 2022
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