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Photoredox catalysis has garnered significant attention in recent years due to its broad applicability in visible-
light-induced organic transformations. While significant progress has been made in the development of highly
oxidizing catalysts, such as acridinium catalysts, there remains a notable shortage of strongly reducing orga-
nophotoredox catalysts. Phenothiazines are widely used as photoredox catalysts owing to their unique redox

Radical potentials, particularly their low excited-state oxidation potentials (Eox* = —1.35 V to —3.51 V vs. SCE). Thus,
they can be applied to a variety of photoredox reactions with oxidative-quenching cycles, and effectively reduce
various organic molecules, such as aryl and alkyl halides, alkenes, malonyl peroxides, cobalt complexes, and
redox-active esters. Due to their unique properties, this review focuses on the recent advances in phenothiazine
organophotoredox catalysis.

Introduction cost-effective compared to iridium-based catalysts such as Ir(ppy)s,

Photoredox catalysis has attracted much attention in contemporary
organic chemistry due to its utility in a wide variety of visible-light-
induced organic transformations. When designing a photoredox-
catalytic reaction, the redox potential of the photoredox catalyst is
one of the key factors [1]. A variety of useful photoredox catalysts have
been developed recently, and specifically photoredox catalysts with low
excited-state oxidation potentials, which are desirable in the context of
reducing a variety of electron-deficient substrates and enabling various
chemical transformations via oxidative-quenching cycles, have attracted
much attention [2]. While Ir-based photoredox catalysts are widely
employed due to their low excited-state reduction potentials, they are
fraught with the disadvantages that burden many transition-metal-
based catalysts (i.e., scarcity, price, and potential toxicity). Therefore,
a variety of useful metal-free organophotoredox catalysts has been
developed in recent years (Fig. 1), including 4CzIPN (a), naph-
thochromenone (b), Eosin Y (c), phenothiazine (e), phenoxazine (f),
dihydroacridine (g), and dihydrophenazine (h) [1b-c,3-6]. Typical
organophotoredox catalysts are commercially available from chemical
suppliers such as Sigma-Aldrich and TCI. For instance, 4CzIPN (a) costs
approximately $8440/g (50 mg for $422), Eosin Y (c) $20.40/g (5 g for
$102), phenothiazine (e) $860/g (100 mg for $86), phenoxazine $71/g
(1 g for $71), and 5,10-dihydrophenazine $93/g (1 g for $93). Some of
these organophotoredox catalysts are generally more sustainable and
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which costs approximately $1680/g (250 mg for $420).

Among these, phenothiazine (e) has gained particular attention as a
photoredox catalyst owing to its strong reducing ability (Eqx* = —2.10 V
vs. SCE). Consequently, various structurally diverse phenothiazine-
based catalysts with distinct redox properties have recently been
developed (Figs. 2 and 3) [7-24]. Due to the electron-rich structure of
phenothiazine, the p-position relative to the nitrogen atom is highly
reactive toward electrophiles [25]. Thus, several modified phenothia-
zine catalysts bearing substituents at p-position have recently been
developed (e.g. C, M, and S). The phenothiazine catalysts exhibit UV/Vis
absorption maxima around 300 nm and fluorescence maxima around
450 nm (Fig. 4). Based on the correlation between molecular structure
and excited-state oxidation potential, phenothiazine derivatives that
bear electron-withdrawing substituents or n-extended frameworks such
as benzo[b]phenothiazine exhibit high excited-state oxidation potentials
(Fig. 2; A-I; Eox* = —1.35 V to —2.05 V vs. SCE) compared to N-phenyl
phenothiazine (J; Eox* = —2.10 V vs. SCE). On the other hand, the
electron-donating groups, such as tert-butyl and amino moieties,
significantly enhance the reducing ability of phenothiazine derivatives
(K-T; Eox* = —2.13 to —2.90 V vs. SCE). Furthermore, N—H phenothi-
azine (Q) and the benzo[b]phenothiazine anion (U) exhibit remarkably
low excited-state oxidation potentials (E,x* = —2.60 and —3.51 V vs.
SCE, respectively). Owing to their broad range of low excited-state
oxidation potentials (Ex* = —1.35 to —3.51 V vs. SCE), a variety of
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OMe
B(OH), 0 ‘Bu

b

S se

7

L

A 1 M Q
Eo"=-1.35V7 E Eo*=-2.05V" R s R  Ex'=-234V"7 Eox*=-2.60 V2!
Eox*=-1.72V" @;*@
i [
O Pry _ipr BY, gy
COMe @:« @:4
N N 0 N '5 ’s ; ,NZ j
N
Meoc’@;@COMe R’@;’@R @@ CZS Bu S Bu
c R = 4-"BuPh R S R o s 22
Ep=-1.50V° G R = 4-"BuPh Eot = -2.40 V'® Eo*==2.90 V'
o _ 13 K
Ep'=-194V £, =243V (V vs. SCE)
1.0V 20V 25V 36V
1
—_—— = ——— - 0-0-& ——@ *—& o
A BCD E FGH 1 J K L M N O P Q R ST u
Pr. Bu
\ _'Pr \ _Bu
CN OPh N N
@ @ @ Me‘<j @
Me
. oo b s D
D H L P T
Eg*=-1.53 V' Eo=-1.97 V" Eg=-2.16 V' Eo=-2.57 V20 Eo*=-2.90 V2
Me
0 00 S
K

>

J
Ep*=-2.10V"

0 v
e P NG e,

Eo=-143V8 Eo'=-1.94 V"2

oo aloo

Eo* = -2.80 V&

L

Eo*=-2.39 V'8 Eot=-3.51Vv

Fig. 2. Chemical structures and E,* values of the phenothiazine-based photocatalysts discussed in this review.

photoredox reactions via oxidative-quenching cycles have been suc-
cessfully developed, including [2+2] cycloadditions, dehalogenative
cross-coupling reactions, semipinacol rearrangements, polymerizations,
and reactions to generate heterocycles [26-27]. In this type of reaction,
as illustrated in Fig. 5, the excitation of the phenothiazine catalyst
(Phenothiazine*) via visible-light irradiation enables the one-electron
reduction of an electron acceptor (A) to give a radical anion (A*) and
the oxidized form of the phenothiazine species (Phenothiazine®"). The
radical-cation species may then accept an electron from a donor (D) to
generate a radical cation (D*") and return the catalyst to the ground-
state species (Phenothiazine), thus completing the photocatalytic
cycle. Against this background, this review highlights recent advances in
phenothiazine organophotoredox catalysis.

Organophotoredox catalytic systems based on cat. A

Takemoto and co-workers have developed a benzophenothiazine/
boronic-acid hybrid phenothiazine photocatalyst (Scheme 1; cat. A)
[7,28]. This hybrid catalyst can activate otherwise redox-inactive
carbonyl groups, thus enabling [2 + 2] cycloaddition reactions via a
single-electron transfer (SET). While the combination of phenyl boronic
acid 3 and an Ir catalyst or cat. H did not efficiently produce the
cycloadduct (Scheme 1 (a), entries 1-2), cat. A increased the product
yield substantially (Scheme 1, entry 3). The reaction shown in Scheme 1
afforded various products that include various functional groups, such
as a quaternary carbon center (Scheme 1 (b); 2a and 2b), a cyclopentyl
group (2c¢), a sulfonamide group (2d), a phenyl group (2e), and a nitrile
group (2f). The proposed mechanism for the [2 + 2] cycloaddition
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Fig. 3. Chemical structures and E,x values of the phenothiazine-based photocatalysts discussed in this review.
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Fig. 4. UV/Vis absorption and fluorescence maxima of phenothiazine-based photocatalysts.
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organophotoredox catalysis

reactions catalyzed by cat. A is shown in Scheme 1 (c). First, the
carboxylic-acid groups in starting material 1 and the hybrid boronic acid
form complex 4 in the presence of MS5A. Subsequently, an SET from the
photoexcited hybrid catalyst (4*) to the complex generates radical anion

5, from which intermediate 6 can be formed via a five-exo-cyclization
with the pendant olefin.

Another intramolecular cyclization between the electron-deficient
radical and the electron-rich enediolate moiety of 6 affords intermedi-
ate 7, followed by an efficient intramolecular SET to give [2 + 2]
cycloadduct 8. The authors assumed that despite the reversibility of the
4-exo-cyclization step, in the case of the dual catalyst system, the ring
opening of 7 would occur more efficiently, given the ring strain, than the
intermolecular SET from a radical on the carbonyl carbon of 7 to a
photocatalyst radical cation. On the other hand, in the hybrid-catalyst
system, conversion of 7 to 8 would occur immediately because the
final SET step proceeds intramolecularly from the carbonyl-carbon
radical to the radical cation of the photocatalyst moiety.

Organophotoredox catalytic systems based on cat. B

Carreira and co-workers have reported the benzothiazinoquinoxa-
line- (cat. B) and cobalt-catalyzed photo-semipinacol rearrangement of
unactivated allylic alcohols (Scheme 2) [29]. Both aliphatic and aro-
matic groups participate as migrating groups in the reaction, yielding a
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Scheme 1. [2 + 2] Cycloaddition reactions catalyzed by cat. A.

variety of a,a-disubstituted ketones (10a-10d), whilst a variety of other
substituents are also suitable for the reaction (10e-10h). A proposed
mechanism for the photo-semipinacol reaction is shown in Scheme 2(b).
Initially, the [Co'']-salen catalyst (Co-1) is reduced by the excited-state
photocatalyst (PC*; Eox* = —1.43 V vs. SCE), which results in the for-
mation of an anionic [Co'] “complex, before reversible protonation
yields the conjugate acid [Co™]-H. The latter subsequently undergoes
addition of an H atom to the unactivated olefin to furnish a more stable
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Scheme 2. Photo-induced cobalt-catalyzed semipinacol rearrangement.

secondary [Co™]-alkyl species. This intermediate is oxidized by PC** to
form a [Co'v]-alkyl species that is thought to be in equilibrium with the
free carbocation. The base-mediated substitution of the [Co'V] -complex
with a concomitant semipinacol rearrangement leads to the formation of
the product while the [Co™]-catalyst is regenerated to close the catalytic
cycle.

Carreira and co-workers have furthermore expanded the reaction
system to enable the synthesis of heterocycles via the cycloisomerization
of unactivated olefins (11) (Scheme 3). This reaction is amenable to N-,
O-, and C-nucleophiles, and yields a number of different heterocycles
(12a-12h) [30]. The same researchers have also developed two late-
stage drug diversification reactions to furnish 2-methylpyrrolidine 12i
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and 2-methylpiperidine 12j in high yield.

Furthermore, Carreira has reported that cat. B can catalyze the
intermolecular cyclopropanation of unactivated olefins (Scheme 4) [8].
This transformation shows broad functional-group tolerance and is
amenable to both terminal and highly substituted olefins (15a-15i).

Organophotoredox catalytic systems based on cat. C

Alaniz, Hawker, and co-workers have developed both a chemo-
selective dehalogenation and a C-C-bond-formation reaction involving
aryl halides (Scheme 5) [9]. Cat. C selectively reduces aryl iodide 16 to
afford dehalogenated 17 in good yield. Furthermore, the present reac-
tion could also be used to achieve a C — C-bond-formation reaction via a
selective dehalogenation to give 19. Recently, the dehalogenation of
aryl halides has been developed via the consecutive photoinduced
electron-transfer (ConPET) mechanism using Ph-Acr-Mes and PDI as
organophotoredox catalysts [31].

Organophotoredox catalytic systems based on cat. D and cat. L

Maity and co-workers have developed a photoredox strategy for
installing thiocyanates and isothiocyanates in a controlled chemo-
selective fashion by manipulating the ambident SCN group through
phenothiazine-catalyst modulation (Scheme 6) [10]. The methodology
allows redox- and pot-economical on-demand direct access to various
hydrothiophenes (22a-22g) and pyrrolidine heterocycles (23a-23g)
from the same feedstock of alkenes and bifunctional thio-
cyanomalonates via a photocascade sequence.

The mechanism, which allows the formation of these divergent
products, is shown in Scheme 6 (b). Initially, an SET from the photo-
excited catalyst, cat D* (Eox* = —1.53 V vs. SCE) to thiocyanomalonate
21 creates a thiocyanate anion and malonyl radical 24, which then
undergoes addition to alkene 20 to generate radical 25. This radical
proceeds to form 26 via two possible pathways, i.e., a radical-radical
cross-coupling or radical-chain transfer. A more plausible route to
explain the high efficiency and selectivity observed would be to envision
intermediate 25 as a radical-chain mediator that engages with a second
molecule of thiocyanomalonate 21. The metastable species 26 can
subsequently undergo Lewis-acid-assisted cyclization to generate S-
heterocycle 22. When the more reductively potent cat. L* (Eo* =
—2.16 V vs. SCE) is used, the previously formed thiocyanate 26 un-
dergoes a second SET that splits it into radical 25 and a thiocyanate
anion. From there, if radical 25 is susceptible to being oxidized to a
stable carbocation by an oxidative-polar crossover event, the generated
carbocation (27) can be trapped by the isothiocyanate anion to form
thermodynamically stable isothiocyanate 28, which subsequently cy-
clizes to afford 2-thiopyrrolidone 23.

Organophotoredox catalytic systems based on cat. E

Shi and Zhao have reported a novel N-aryl-substituted r-extended
phenothiazine (cat. E) [11]. Extended phenothiazines exhibit a
continuous red shift of their absorption when the number of fused rings
they incorporate is increased. For example, cat. E was used in a visible-
light-driven oxidative-coupling reaction of amine 29 to give 30 in
excellent yield (Scheme 7).

Organophotoredox catalytic systems based on cat. F

Ohmiya and Nagao have developed a photoredox triple catalyst
system that uses cat. F, cobalt, and a Brgnsted acid for the Markovnikov
hydroalkoxylation of unactivated alkenes (Scheme 8) [12]. A variety of
alkenes (32) were treated with alcohols, water, phenols, and carboxylic
acids (31) to give the corresponding products (33a-33j) in good yield.

The reaction mechanism for this photoredox triple catalyst system is
shown in Scheme 8 (b). Under visible-light irradiation, photoredox
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Scheme 6. Chemoselective photocascade of ambident thiocyanates and alkenes via catalyst modulation

catalyst 34 enters excited state 35 with excellent reducing ability (Eox*
—1.94 V vs. SCE). Subsequently, 35 undergoes an SET with Co(II) (36)
to form a radical ion pair (37). Next, the weak Brgnsted acid decomposes
37 into a Co(III) hydride (38) and a radical cation of the photoredox
catalyst (39). The well-known exothermic metal-hydride hydrogen-
atom transfer (HAT) from 38 to alkene 32 converts into a Co(II) species
(40) and an alkyl radical (41), which are in equilibrium with an alkyl Co
(II1) species (42). Then, an SET from 39 to 42 generates alkyl Co(IV)
species 43 and regenerates 34. Finally, a substitution reaction between
43 and an alcohol nucleophile (31) affords the desired dialkyl ether (33)
and generates 36 to close the catalytic cycle.

Organophotoredox catalytic systems based on cat. G and cat. I

Chen and co-workers have reported the photo-controlled radical
copolymerization of various perfluorinated vinyl-ether monomers and

unconjugated comonomers (UCMs) catalyzed by cat. G and cat. I in the
presence of a chain-transfer agent (CTA). The reaction is highly efficient
when exposed to visible-light irradiation, affording a large series of
main- and sidechain fluorinated copolymers of low dispersity and good
chain-end fidelity with excellent conversions of the unconjugated co-
monomers (44) (Table 1) [13].

Organophotoredox catalytic systems based on cat. H

Ohmiya, Nagao, and co-workers have reported that cat. H is able to
catalyze a decarboxylative C(sp®)-O-bond-formation reaction via a
radical-polar crossover (RPC; Scheme 9) [14]. Various aliphatic alcohols
(45) and secondary or tertiary alkyl-carboxylic-acid-derived redox-
active esters (46) are suitable for this reaction to produce C(spg)—O—C
(sp3)-fragment-containing products (47a-47h).

Details of the reaction mechanism are shown in Scheme 9 (b). The
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Scheme 7. Photocatalytic oxidative coupling of amine 29.

catalytic cycle is initiated by the photoexcitation of the phenothiazine
catalyst (cat. H) using an LED to produce the highly reducing excited
state (cat. H*; Eqx* = —1.97 V vs. SCE). Subsequently, cat. H* undergoes
an SET with redox-active ester 46 to generate the radical cation form of
the catalyst (48) and alkyl radical 49. The reaction between 48 and 49
through the SET from 48 to 49 or radical-radical coupling affords
alkylsulfonium intermediate 50. Finally, alcohol nucleophile 45 reacts
with the carbocation liberated from 50 to give 47 accompanied by
deprotonation and regeneration of the ground state of the phenothiazine
catalyst (cat. H).

Recently, the authors have extended the semipinacol rearrangement
via RPC (Scheme 10) [32]. Cat. H facilitates the generation of an
a-hydroxy non-benzylic alkyl radical followed by oxidation to the cor-
responding carbocation, which can be exploited in the semipinacol
rearrangement. Thus, the photochemical approach enables a decar-
boxylative semipinacol rearrangement of p-hydroxycarboxylic acid de-
rivatives (51) and an alkylative semipinacol-type rearrangement of allyl
alcohols with carbon electrophiles, producing a-quaternary or a-tertiary
carbonyls that bear sp3-rich scaffolds (52a-52h).

Organophotoredox catalytic systems based on cat. J

Jui and co-workers have reported the defluoroalkylation of tri-
fluoromethylaromatics (53) with unactivated alkenes (54) using cat. J
(Scheme 11) [33,34]. The catalytic system accomplishes the selective
cleavage of a single C-F bond in trifluoromethylaromatic substrates
(53), and the radical intermediates effectively couple with a broad va-
riety of unactivated alkenes (54) to afford the corresponding products
(56a-56f).

A detailed reaction mechanism is shown in Scheme 11 (b). Under
irradiation with blue LEDs, excitation of cat. J generates the highly
reducing excited state, cat. J* (Eox* = —2.10 V vs. SCE). An SET to 1,3-
bistrifluoromethylbenzene 53a (E;.q = —2.07 V vs. SCE) delivers the key
radical anion (57), as well as the oxidized-ground-state catalytic species
(cat. J*T). Radical anion 57 undergoes mesolytic cleavage to eliminate a
fluoride ion to deliver electrophilic radical 58. Intermolecular radical
addition to 1l-octene 54a affords nucleophilic radical 59, which is
polarity-matched for a HAT from the electrophilic polarity-reversal
catalyst, i.e., cyclohexanethiol (CySH; bond dissociation energy =
86.8 kcal/mol). This step concurrently delivers the desired defluor-
oalkylation product (56a) and the thiyl-radical species. Regeneration of
both catalysts by sodium formate closes both catalytic cycles, liberating
carbon dioxide and sodium fluoride as the only stoichiometric
byproducts.
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Scheme 8. A photoredox/cobalt/Brgnsted-acid triple catalyst system for the
Markovnikov hydroalkoxylation of unactivated alkenes.

The reaction system was expanded by Zuo in 2025 to facilitate the
cross-coupling of trifluoromethylarene 53a with heteroarene 60
(Scheme 12) [35]. Furthermore, Xu and co-workers have achieved the
construction of a product with a C—S bond (63) using cat. J [36].

While photocatalytic aryl-aryl cross-coupling reactions have mainly
focused on the use of aryl halides or aryl diazonium salts, Procter and co-
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Table 1
Controlled organocatalyzed copolymerization of perfluorinated vinyl ethers and
unconjugated monomers (UCMs).
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worker have developed the C-H/C-H coupling of arenes 64 and 66
catalyzed by cat. J (Scheme 13) [37]. The approach is underpinned by
the functionalization of a C—H bond in an arene coupling partner using
the interrupted Pummerer reaction. The marriage of cat. J and the in-
termediate aryldibenzothiophenium salt 65 is unique and led to a highly
selective process that is broad in scope (67a-67g).

Xiao, Lan, Lu, and co-workers have developed an asymmetric prop-
argylic radical cyanation enabled by a dual catalyst system consisting of
cat. J and a copper catalyst (Scheme 14) [38]. Here, cat. J generates
propargyl radicals and oxidizes the Cu(I) species to a Cu(Il) species. A
chiral Cu complex functions as an efficient organometallic catalyst to
reassemble the propargyl radical and cyanide in an enantio-controlled
manner. A diverse range of optically active propargyl cyanides were
produced with high reaction efficiency and enantioselectivity (70a-
70g).

Wickens and co-workers have described a new photocatalytic system
that proves that cat. J displays latent photooxidant behavior (Scheme
15) [39]. This approach enables oxidative C(spz)—N coupling via
photooxidation of arene 64 in the presence of LiClO4 and air. This re-
action system effectively expands the scope of oxidative photoredox
catalysis.

More recently, Glorious, Wenger, and co-workers have reported the
synthesis of complex spirocyclic y-lactones from cyclic malonyl perox-
ides with olefins activated by phenothiazine sulfoxide (cat. J-O: Eox* =
—1.30 V vs. SCE, Eqx = +1.35 V vs. SCE)) generated by cat. J (Scheme
16) [40]. Mono- and di-substituted olefines are suitable for this reaction
(75a-75c¢). Nonspirocyclic malonyl peroxides can also be successfully
transformed into the corresponding lactone (75d). Furthermore, prod-
ucts 75e and 75f, which bear two spirocenters, and indane were ob-
tained in good yield.

The proposed mechanism is depicted in Scheme 16(b). Cat. J is
oxidized in situ in the presence of water to give its corresponding sulf-
oxide (cat. J-O). The identified key step for the formation of lactone 75a
is the reductive cleavage of the peroxide bond in 74a by excited-state
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Scheme 9. Decarboxylative C(sp3) — O bond formation.

cat. J-O*, which is thermodynamically feasible and supported by
Stern-Volmer quenching experiments. The resulting radical anion (76)
rapidly undergoes decarboxylation (AG = —18.4 kcal/mol), generating
a more stable carbon-centered radical (77). This intermediate was
confirmed through radical-trapping experiments with both TEMPO and
BHT. These radical-trapping studies also support the addition of 77 into
styrene 73a, forming the benzylic radical 78, which was trapped using
BHT. This stabilized radical species (E;/2 = —0.19 V) can then undergo
oxidative radical-polar crossover with the oxidized photocatalyst (cat.
J-0°1) to regenerate the catalyst (cat. J) or react with another equiva-
lent of 74a to initiate a chain-propagation mechanism. Although this
latter pathway is thermodynamically feasible and could account for
product formation in the dark, the relatively low quantum yield (& =
0.55) suggests that the chain propagation is inefficient. Finally, the
benzylic cation undergoes intramolecular cyclization with the carbox-
ylate to furnish product 75a.
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Scheme 10. Semipinacol rearrangement of redox-active esters.
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Organophotoredox catalytic systems based on cat. K

Chen and co-workers have reported a photoredox-mediated revers-
ible-deactivation radical polymerization (RDRPs) via the activation of
(hetero)aryl sulfonyl chloride initiators (79) with 2,6-lutidine and a
newly designed bis(phenothiazine)arene catalyst (cat. K; Table 2) [16].
The in-situ-formed sulfonyl pyridinium intermediates effectively pro-
mote controlled chain-growth from 79, thus enabling access to various
well-defined polymers (81) with high initiation efficiency and
controlled dispersity under mild conditions.

Organophotoredox catalytic systems based on cat. M

Our group has developed a strongly reducing and recyclable helical
phenothiazine catalyst (cat. M) that exhibits a relatively low excited-
state oxidation potential (Eox* = —2.34 V vs. SCE; Scheme 17) [17].
Cat. M effectively catalyzes the cross-coupling reaction between iodo-
benzene (82) and triethylphosphite to afford aromatic phosphonates in
good yield (83a-83f). Although 82a has a low reduction potential (Eeq
= —2.16 V vs. SCE), the SET from cat. M to 82a is energetically favor-
able due to the low excited-state oxidation potentials of cat. M.
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Table 2
Initiator-activation strategy to enable an organocatalyzed reversible-
deactivation radical polymerization.
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When the reaction was performed on the gram scale, the desired
product (83a) was obtained in 85 % yield (1.20 g) with 96 % recovery of
cat. M (Scheme 17 (b)). Thus, cat. M is a highly active catalyst with high
recoverability, even when used on the gram scale. In addition, when cat.
J was treated with tosyl chloride (TsCl) under blue-LED irradiation, the
monosulfonylated product (84) was obtained in 78 % yield due to the
high reactivity at the p-position relative to the nitrogen atom in 10-aryl
phenothiazines (Scheme 17 (¢)) [25a]. In contrast, cat. M was recovered
in 95 % yield when subjected to the same conditions, proving that the
presence of the ‘Bu groups increases the catalyst stability. Therefore, cat.
M is applicable to various photoredox reactions that cannot be effec-
tively achieved using hitherto reported phenothiazine catalysts.

Organophotoredox catalytic systems based on cat. N

Li and co-workers have reported the difluoroalkylation of unac-
tivated olefins to give difluoromethylene-containing tetrahydropyr-
idazines (Scheme 18) [18]. Cat. N effectively catalyzes the radical
cascade difluoromethylation/cyclization of N-homoallylacetohy-
drazides (85) to give a variety of difluoroalkylated tetrahydropyr-
idazines (87a-87f).

Organophotoredox catalytic systems based on cat. O, cat. R, and cat. S

Wagenknecht and co-workers have also developed various strongly
reducing phenothiazine catalysts (cat. O, cat. R, and cat. S; Scheme 19)
[19,22]. These catalysts can be used in the nucleophilic addition of
methanol to a-methyl styrene (88) for the single-electron reduction of
88 (Ereq ~ —2.3t0 —2.6 V vs. SCE). In the proposed reaction mechanism,
after excitation of the catalyst (PC*), an electron is transferred to 88. The
resulting a-methy] styrene radical anion (90) is immediately protonated,
and the neutral radical (91) is formed. A second electron transfer to PC**
converts 91 into the cationic intermediate (92), which reacts with
methanol to give the final addition product (89).

Organophotoredox catalytic systems based on cat. P

Yasuda, Nishimoto, and co-workers have developed a sequential
C—F bond transformation of the difluoromethylene unit in a per-
fluoroalkyl compound (Scheme 20) [20]. Cat. P promotes the defluor-
oaminoxylation of perfluoroalkylarenes 93 with (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO, 94) under visible-light irradi-
ation, affording the corresponding aminoxylated products (95).
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Scheme 17. Phosphonation of aryl iodides with cat. M.

Electron-withdrawing and -donating groups on the benzene ring are
tolerated during the transformation (95a-95c). Substrates including
benzofuran and quinoline can be converted efficiently into the corre-
sponding products (95d and 95e). A substrate with two C4Fg groups
undergoes a single aminoxylation to furnish 95f.

Scheme 20(b) depicts a plausible mechanism for the aminoxylation
of 93 with 94 catalyzed by phenothiazine cat. P. The photoexcited cat.
P* (Eox* = —2.57 V vs. SCE) reduces 93 via an SET, affording radical
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Scheme 18. Difluoroalkylation of unactivated olefins using cat. N.

anion 96 and radical cation cat. P*T. Mesolysis of a C—F bond affords
benzyl radical 97. Then, 97 associates with 94 to give 95, whilst cat. P
(Eox = +0.61 V vs. SCE) is regenerated by SET with 94 (E,x = +0.62 V vs.
SCE). The cationic N-oxoammonium byproduct 98 captures F, sup-
pressing the retro reaction from 97 to 96. High-resolution mass spec-
trometry and !°F NMR spectroscopy confirmed that N-oxoammonium
fluoride 99 is generated. The reduction potential of cat. P* is such that it
achieves a selective reduction of starting material 93 and not 95, real-
izing a single C—F bond transformation without overreduction and side
reactions. Aminoxylated 100 undergoes a further defluorinative trans-
formation with allyltrimethylsilane 101 mediated by AlCl3 to provide
the highly functionalized perfluoroalkyl alcohol 102.

Organophotoredox catalytic systems based on cat. Q

Larionov and co-workers have hypothesized that the reductive
ability of an appropriately selected organic photocatalyst can be
enhanced by proton-coupled electron transfer (PCET), thus enabling
photoinduced SET in substrates with very negative reduction potentials
(Scheme 21(a)) [21]. In fact, the unsubstituted catalyst cat. Q is
uniquely active as a photocatalyst for the borylation of aryl phosphate
103a in the presence of CsyCOg as a base (Scheme 21(b)). Meanwhile,
the mere substitution of the N-hydrogen atom of cat. Q with a methyl or
phenyl group (PTH1 and cat. J, respectively) leads to a substantial
decrease in catalytic activity. This result is striking, given the compa-
rable excited-state redox properties of the N-substituted phenothiazines.
The structurally similar PTH2 showed a slightly improved performance,
likely due to the stronger reducing character of its more electron-rich
core. Notably, none of these photocatalysts has a sufficiently strong
reducing singlet-excited state to effect the reduction of electron-rich
phosphate 103a (Ereq = —2.97 V vs. SCE). A variety of electron-rich
and -deficient phosphates are readily borylated (104b-104i; Scheme
21(c)).

Laulhé and co-workers have developed a cross-coupling reaction
between various aryl halides (105) and triethyl phosphite (106) to form
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Scheme 19. Photocatalytic reductive activation of a-methyl styrene with cat.
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aromatic phosphonates in an aqueous solvent mixture (Scheme 22) [41].
Various aryl halides are tolerated in this reaction (107a-107g) and the
proposed reaction mechanism is shown in Scheme 22(b). First, photo-
excited cat. Q reduces aryl halide 105 via an SET to generate aryl radical
anion 108. Loss of a halogen ion produces aryl radical 109, which then
couples with triethyl phosphite (106) and forms phosphoranyl radical
110. Facile oxidation of 110 by cat Q** produces phosphonium species
111 and regenerates the active photocatalyst. Further reaction of
phosphonium intermediate 111 with DBU affords the desired final
product (107). While the reaction proceeds via the direct one-electron
reduction of aryl halides, enabled by the strong reducing ability of
cat. Q, recent studies have demonstrated that C—P and C—B bond
formations of aryl halides can also be achieved through the ConPET
mechanism [42]. In this context, upon photoexcitation, the photo-
catalyst undergoes single-electron transfer with a sacrificial electron
donor, such as N,N-diisopropylethylamine, generating a radical ion pair
that includes the photocatalyst radical anion. This radical anion can
subsequently absorb a second photon to form an electronically excited
radical anion, which possesses a high reduction potential sufficient to
activate challenging substrates such as aryl halides. Typical organo-
photoredox catalysts capable of mediating ConPET reactions include
Rhodamine 6G, 4CzIPN, 9,10-dicyanoanthracene, and "pr-DMQA™" [43].

Organophotoredox catalytic systems based on cat. T
Wagenknecht, Dietzek-Ivansi¢, and co-workers have developed a

reductive activation of aryl chlorides (Scheme 23) catalyzed by dia-
lkylamino substituted phenothiazine cat. T [23]. Aryl chlorides present
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Scheme 20. Sequential C—F bond transformation of the difluoromethylene
unit in perfluoroalkyl compounds promoted by cat. P.

a particular challenge for photoredox catalytic activation due to the
strong C(sp?)-Cl bond (97 kcal/mol) and its strong reduction potential
(Ereq = —2.80 V vs. SCE). On account of the extremely strong reduction
potential of cat. T (Eox* = —2.90 V vs. SCE), aryl chlorides with both
electron-withdrawing and -donating substituents (112) can be activated
by photoinduced electron transfer and the corresponding borylation
products were obtained (114a-114h).
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Scheme 21. Borylation of arylphosphates with low reduction potentials.

Organophotoredox catalytic systems based on cat. U

Adhikari and co-workers have discovered that upon excitation by
visible light, the benzo[b]-phenothiazine anion (cat. U) becomes a
super-reductant species (Scheme 24) [24]. In contrast to N-substituted
phenothiazines or benzophenothiazines, cat. U exhibits extreme
reducing power and can promote SET-based reductive cleavage at a
potential of Eqx* = —3.51 V vs. SCE. As proof of the utility of cat. U, a
plethora of aryl-chloride substrates (115) were reductively cleaved to
fabricate molecules of the isoindolinone class (116a-116d). Moreover,
aryl-fluoride bonds can be cleaved to generate aryl radicals that were
used for C—C-cross-coupling reactions (118a-118c). Although the SyAr
reactions of aryl fluorides via a reductive quenching cycle using strongly
oxidizing organophotoredox catalysts such as Acr-Mes, TPT, and ‘Bu-
TTPP have been widely employed [44], one-electron reductive C—F
bond transformations have remained largely unexplored. This suggests
that the present reaction has significant potential to be developed for
broader applications in organophotoredox catalysis involving aryl
fluorides.
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(a) Substrate scope
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Scheme 22. Phosphonation of aryl halides using cat. Q.
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Scheme 23. Borylation of aryl chlorides using cat. T.
Conclusions

In recent years, the development of organophotoredox catalysts has
advanced significantly, especially with the growing interest in visible-
light-driven reactions. Although many highly oxidizing catalysts such
as acridinium derivatives are available, there is still a need for efficient
catalysts that can act as strong reductants. Phenothiazine-based cata-
lysts, with their low excited-state oxidation potentials, have shown
promise as an alternative to expensive iridium-based photocatalysts and,
in some cases, have even outperformed them. These catalysts have been
successfully applied to a variety of organic reactions, including
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Scheme 24. C—Cl and C—F bond formation catalyzed by cat. U.

cycloadditions, cross-coupling, rearrangements, polymerizations, and
heterocycle synthesis. However, the use of phenothiazine catalysts in
natural product synthesis, biological applications, and materials science
is still limited. Further research in these areas may open new possibil-
ities and wider applications for this class of catalysts. It is hoped that this
review will inspire future studies and contribute to the growth of
organophotoredox catalysis.
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