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ABSTRACT

The bifunctional approach has often been employed in catalysis to obtain more effective and enantioselective transformations.
In the sub-area of photocatalysis, bifunctional systems have been designed (i) to introduce chirality in the system and thus gain
stereocontrol, and (ii) to more effectively exploit the short-lived catalytic intermediates (e.g., photoexcited species and radicals). In
some cases, instead of two distinct catalytic units, a single photoactive group displaying also other types of activity can be employed
(“bivalent photocatalysts™). This review aims to cover the most recent examples in this field, establishing—when possible—a

comparison with the corresponding dual catalytic systems.

1 | Introduction

Following up on the pioneering article by Nicewicz and MacMil-
lan [1], the last two decades have seen a tremendous development
of visible light-promoted synthetic methodologies [2-7]. With
quite basic reaction setups and mild conditions, visible light
may provide access to radical intermediates, thus disclosing
reaction manifolds not accessible with “traditional” ionic chem-
istry. As the majority of organic compounds do not absorb
visible light, a photocatalyst (PC) is required in most instances.
Upon photoexcitation, the latter (PC*) becomes able to perform
photoinduced electron transfer (PET) or energy transfer (EnT)
onto the reactant(s). Since visible light can be regarded as a
mild and traceless reactant, photocatalytic cycles have been
successfully combined with other types of catalytic manifolds [8-
10], such as organocatalysis [1, 11] and transition metal catalysis
[12-15]. In dual catalytic systems (Figure 1A), the PC and the other
catalyst(s) may act either synergistically (i.e., taking part in the
same catalytic cycle) or according to a tandem/relay scheme in
which they operate independently (e.g., the photocatalytic cycle
can generate the catalyst for a different cycle). The dual catalytic
approach (Figure 1A) has the advantage of a “combinatorial”

reaction optimization, because the catalytic components can be
varied independently. However, considering that photoexcited
species PC* and other catalytic cycle intermediates (such as
radicals, radical anions/cations — Figure 1A) are generally short-
lived (e.g., PC* lifetime typically ranges from 1-2 ps to a few ns)
[16-19], enforcing proximity of the photoactive moiety with other
catalytic group(s) may bring remarkable improvements, such as:
(a) more effective use of short-lived intermediates, which don’t
need to diffuse through the solution to meet the reaction partner
[20]; (b) substrate binding/activation; (c) effective transfer of the
stereochemical information possibly present in the catalyst. Thus,
a carefully designed “bifunctional photocatalyst” (Figure 1B) may
repay for the additional synthetic effort it requires compared to
the corresponding dual catalytic system. The Dixon’s definition
of a bifunctional catalyst as a “low molecular weight, structurally
defined molecule possessing two distinct functional groups to bring
about new reactivity and/or selectivity in a reaction of interest’
[21] covers a large share of organocatalysts [22-25], as well as
several transition metal complexes [26-32]. Recently, in a context
of increasing interest for visible light-promoted methodologies,
the bifunctional approach has been extended also to photocatal-
ysis, and the number of reported examples is rapidly growing,
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FIGURE 1 | Dual catalytic approach and possible limitations associated to the generation of short-lived intermediates (A). Bifunctional (B) and

“bivalent photocatalysts” (C) as possible improvement.

including a few cases in which non-covalent interactions are
employed to assemble the bifunctional construct.

This review covers the area of bifunctional photocatalysis
(Figure 1B) with particular emphasis on the most recent reports.
After an overview on chiral catalysts (which have been previously
surveyed elsewhere [33, 34]), examples will be discussed in which
bifunctionality allows to obtain enhanced catalytic performance
with respect to already established dual catalytic systems. The
last section surveys systems that address two different cat-
alytic tasks with a single photoactive group (Figure 1C). Since,
according to the above-mentioned definition, such PCs cannot
be defined as “bifunctional”, herein they are called “bivalent
photocatalysts”.

2 | The Bifunctional Approach in Photocatalysis
2.1 | Enantioselective Systems

The use of chiral photosensitizers to perform enantioselective
transformations has been studied by photochemists since the
1970s [35]. Inoue and co-workers reported some of the most
successful examples in the field, with the enantioselective
photoisomerization of Z- to E-cyclooctene [36-39] and cyclo-
heptene [40] using different chiral esters (la-d, Scheme 1).
The effect of pressure, temperature, and irradiation time is
shown to have some effect on the observed enantiomeric
excess.

These examples demonstrated the possibility of using chiral pho-
tosensitizers to activate the substrates while also controlling the
stereochemical outcome of the reaction, but the enantioselectivity
remained moderate at best.
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SCHEME 1 | Sensitized
cyclooctene.

isomerization of cycloheptene and

In 2002, the ‘bifunctional approach’ was brought into the
field by the pioneering work of Bach and co-workers, who
firstly reported the use of photoactive chiral hosts derived
from Kemp’s triacid to hydrogen-bind the substrate and attain
highly enantioselective intramolecular photocyclizations [41].
While stoichiometric chiral hosts were initially used [42],
benzophenone-derived catalysts (2) were soon employed in
catalytic amounts (2005) to promote the cyclization of spirocyclic
pyrrolizidines (Scheme 2A) [43]. In these systems, the lactam
group is responsible for substrate binding and positioning in a
chiral environment, whereas the benzophenone moiety has the
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SCHEME 2 | Pyrrolizidine cyclization with bifunctional PC 2 (A)
and proposed transition state (B).
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SCHEME 3 | Enantioselective intramolecular [2+2] cycloaddition
catalyzed by a bifunctional thioxanthone derivative. TFT = trifluoro-
toluene.

role of absorbing light and generating the a-amino radical, which
then undergoes cyclization with up to 70% ee (Scheme 2B).

Some years later, in 2014, the same group reported the use of a
bifunctional thioxanthone-derived PC (3) to increase the stere-
oselectivity in an intramolecular [2+2] photocycloaddition [44].
As in the previous work, the Kemp’s triacid-derived moiety was
used as a hydrogen bond donor/acceptor, capable of coordinating
the substrate and creating an enantioface discrimination. The
thioxanthone moiety acts as the photosensitizer, and the energy
absorbed from light is then delivered to the substrate, probably
via triplet-energy transfer, triggering the subsequent cyclization
(Scheme 3). The same kind of reactivity was later extended to
3-alkyl-4-alkenyloxyquinolones [45].

Kemp’s triacid-derived bifunctional PCs were also successfully
applied to the more challenging enantioselective [2+2] inter-
molecular photocycloadditions. In 2014, shortly following a
ground-breaking report by Yoon and co-workers on a dual
catalytic approach (chiral Lewis acid + Ru-based PC) to one
such difficult transformation [46], Bach and co-workers reported
the enantioselective [2+2] cycloaddition between alkynes and
pyridines using the bifunctional thioxanthone derivative 3 or its
enantiomer ent-3 (Scheme 4A) [47]. Some years later, the Bach
group used the same approach to carry out the cycloaddition of
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SCHEME 4 | Enantioselective intermolecular [2+2] cycloaddition
with substituted alkynes (A) and alkenes (B) catalyzed by a bifunc-
tional thioxanthone derivative. HFX = hexafluoro-m-xylene. TFT =
trifluorotoluene.

activated alkenes to quinolones [48], and then to quinoxalines
and alkenes (Scheme 4B) [49].

Another class of reactions in which these bifunctional PCs are
effective is deracemization reactions. The first successful example
was reported in 2018 by the Bach group on allenes [50]. After
engaging in hydrogen bonding with the substrate, the PC ent-
3 acts as a triplet energy sensitizer toward the enantiomeric
form, which binds at a shorter distance from the thioxanthone
group (Scheme 5), whereas sensitization of the other enantiomer
is inefficient. The achiral triplet state evolves into the racemic
mixture of allenes, and this leads to progressive accumulation
of the enantiomer not undergoing photosensitization. The role
of Kemp’s triacid-derived lactam moiety was demonstrated by
measuring the association constants between the PC and the
substrate by NMR titration. Catalyst 3/ent-3 proved also effective
in the deracemization of different allenes [51, 52] and of certain
alkenes [53], provided that they possess an amide recognition unit
for binding the bifunctional PC.

The same kind of approach (and catalyst) allowed to achieve the
enantioselective formation of chiral cyclopropanes [54] through
a di-7-methane rearrangement [55] (Scheme 6A), as well as their
deracemization (Scheme 6B) [56]. The formation of a short-
lived 1,3-diradical, formed from the photosensitized opening of
the 3-membered ring, was proposed and confirmed by transient
absorption spectroscopy measurements (Scheme 6C).

In 2021 and in the following years, Bach reported that ben-
zophenone derivatives (2, ent-2, and iso-2) can be used for the
photochemical deracemization of hydantoins (Scheme 7A) [57],
oxindoles (Scheme 7B) [58], 2,5-diketopiperazines (Scheme 7C)
[59], and 4,7-diazaisoindolinones (Scheme 7D) [60].

In these reactions, enantiodiscrimination stems from the ability
of the PC to racemize one substrate’s enantiomer through a
HAT/back HAT cycle (generating the enol form), without affect-
ing the other enantiomer (Scheme 8). In this way, the “unreactive”
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SCHEME 5 | Deracemization of chiral allenes sensitized by a bifunc-
tional thioxanthone derivative (A), and proposed mechanism (B).; TFT =
trifluorotoluene.
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SCHEME 6 | Formation of chiral cyclopropanes from alkenes (A),
deracemization of chiral cyclopropanes (B), and deracemization mech-
anism through formation of 1,3-diradicals (C). TFT = trifluorotoluene.
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SCHEME 7 | Deracemization of hydantoins (A), oxindoles (B), 2,5-
diketopiperazines (C) and 4,7-diazaisoindolines (D). TFT = trifluoro-

toluene.
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SCHEME 8 | Catalytic cycle for the deracemization of hydantoins.
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SCHEME 9 | [2+2] Enantioselective photocycloaddition of alkenes
and carboxylic acids (A) and alkenes and N,O-acetals derived from
cinnamic aldehydes (B) catalyzed by a bifunctional phosphoric acid
derivative.

enantiomer is progressively accumulated at the expense of the
reactive one.

Finally, the Kemp’s triacid-derived motif was also used bound
to Ru'! porphyrins and to Ir'™ polypyridyl complexes to achieve,
respectively, asymmetric oxygenation reactions [61] and enantios-
elective rearrangements [62].

Another important class of bifunctional PCs is represented by
phosphoric acid derivatives, deriving from conjugation of these
popular organocatalysts [63] to suitable photoactive units. In
2020, Bach and co-workers reported the bifunctional catalyst 4
(Scheme 9)—a chiral BINOL-derived phosphoric acid possess-
ing two thioxanthone photoactive units [64]. This catalyst was
found to promote the [2+2] photocycloaddition of S-carboxy-
substituted cyclic enones to alkenes (Scheme 9A) with good
enantioselectivity and better efficiency compared to the parent
PC (thioxanthone). Luminescence measurements showed that
4 has remarkably lower triplet energy than thioxanthone, and
formation of strong hydrogen bonds between the (P = O)OH
moiety and the substrate’s COOH group was confirmed by DOSY
NMR studies. These findings led the authors to hypothesize
that coordination to the catalyst by hydrogen bonding with its
carboxy group probably decreases the enone’s triplet energy,
analogously to what had been reported for simple enones in the
presence of Lewis acids [65, 66]. In another contribution, PC 4
is used to promote highly enantioselective [2+2] cycloadditions
of cinnamaldehyde-derived N,O-acetals to alkenes (Scheme 9B)
[67]. The reaction occurs with very high enantioface discrimina-
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SCHEME 10 | [2+2] cycloaddition reaction tested with bifunctional
PCs 5 and 6 (A). Minisci reaction tested with PCs 5 and 6 (B).

tion, seemingly deriving from the complexation of the phosphoric
acid with the substrate.

Masson and co-workers developed other bifunctional PCs of this
kind, combining BINOL-derived phosphoric acids with different
moieties capable of absorbing light [68], which were tested in the
asymmetric electrophilic amination of a-unsubstituted enecarba-
mates. Similarly, the group of Takagi showed the application of
a BINOL-derived phosphoric acid bearing only one thioxanthyl
moiety in the [2+2] cycloaddition of quinolones [69].

As one of the recent contributions to this field, Kénig and Toste
were able to develop BINOL-derived phosphoric acids (5 and
6 in Scheme 10) where the PC moiety consists of a donor-
acceptor (D-A) cyanoarene unit [70] This work is among the
first contributions where this versatile class of dyes [18, 71-77]
is used to develop a bifunctional PC. These catalysts were tested
in two visible light-promoted stereoselective reactions: i) a [2+2]
cycloaddition of C-cinnamoyl imidazole to styrene originally
reported by Yoon and co-workers (Scheme 10A) [78]; ii) a Minisci-
type coupling of 2-methyl-5-naphthylpyrimidines to a-aminoacid
N-hydroxyphthalimide esters (Scheme 10B) [79]. In these proof-
of-concept reactions, PC 5 and 6 showed promising levels of
activity and stereoselectivity, yet not reaching the performance
level of the original dual catalytic reactions [78, 79].
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SCHEME 11 | Intramolecular [2+2]
4-alkenylcoumarin catalyzed by bifunctional thioureas.
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The thiourea group is another functionality that has been widely
applied in organocatalysis to attain orientation and activation
of substrates possessing donor atoms [80, 81], and applications
to photocatalysis have started appearing in the literature. The
group of Sibi and Sivaguru developed a near UV-promoted
intramolecular [242] photocycloaddition of 4-alkenylcoumarin
catalyzed by various chiral thioureas featuring a BINOL moiety,
the best performances being achieved with 7 [82]. The key to
the observed enantioselectivity lies within the hydrogen bonding
interactions between the thiourea moiety of the catalyst and
the carbonyl functionality of the substrate, which ensures a
highly selective reaction pathway (Scheme 11). Additionally, the
study revealed that while both the substrate and sensitizer are
capable of efficiently absorbing light, the reaction proceeds at
a significantly slower rate in the absence of the chiral catalyst.
This suggests that the catalyst not only dictates enantioselectivity
but also plays a crucial role in enhancing the overall reaction
kinetics. Bifunctional thiourea PCs (8) were also synthesized by
Bach and co-workers (Scheme 12A) and preliminarily tested in
visible light-promoted photocyclizations [83].

Among the hydrogen bond-donor bifunctional PCs, it is worth
mentioning also the work of Hong and co-workers, who devel-
oped [2.2]paracyclophane PCs (9) featuring the free COOH as
the hydrogen bond donor group (Scheme 12B). Catalyst 9 was
successfully applied to the Paterno-Biichi reaction between 3-
methylquinoxalin-2(1H)-one and styrenes [84], which occurred
with good enantiomeric excesses owing to substrate binding into
a chiral pocket.

The group of Yoon implemented the bifunctional approach on
classical Ir'' PCs, synthesizing bifunctional Ir' complexes (10,
11, and 12) featuring one ligand able to interact with the substrate
by hydrogen bonding (10-TS). In this case, the stereochemi-
cal information resides within the photoactive moiety, that is,
the chiral helical Ir'"" complex. These complexes proved to be
successful in different enantioselective transformations, such as
intra- [85] (Scheme 13A) and intermolecular [2+2] cycloadditions
(Scheme 13B) [86], and 67 photoelectrocyclizations (Scheme 13C)
[87].

Xiao and co-workers linked several chiral bis-oxazoline ligands
with a thioxanthone residue. The corresponding in situ-formed
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SCHEME 12 | Thiourea-bearing PCs developed by Bach (A) and
Hong (B), and their application in stereoselective cycloadditions. TFT =
trifluorotoluene.

Ni-complexes were employed to catalyze the enantioselective
aerobic oxidation of S-ketoesters (the best performing PC, 13,
is shown in Scheme 14A) [88]. Later on, Meng and col-
leagues reported similar visible light-promoted aerobic oxidations
employing bifunctional PCs consisting of a tetraphenylporphyrin
photosensitizer connected to a cinchona-derived phase-transfer
catalyst (PTC). The best performing PC (14 in Scheme 14B)
showed high catalytic activity and a good level of stereocontrol
[89].

In these systems, while the 13-Ni"! complex and the PTC 14 act
as Lewis acids, binding the enolate of the ketoester and keeping
it in a chiral environment, the thioxanthone/porphyrin moiety
sensitize the formation of singlet oxygen, which can then react
with the enolate (Scheme 15).

2.2 | Bifunctional Systems Displaying Increased
Catalytic Activity

As mentioned in the introduction, the bifunctional approach
represents a strategy to achieve a better integration between
the catalytic cycles employed, thus reaching enhanced catalytic
performance. While in Section 2.1 the focus was on the chiral
enantioselective systems, this section describes examples in
which it is mainly the catalytic activity that benefits from
bifunctionality. The underlying idea is that keeping the short-
lived intermediates of photocatalyzed reactions (e.g., excited
states, radical anions/cations) close to the substrate can allow
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SCHEME 13 | [2+2] cycloadditions and 67 photoelectrocyclization

1T

catalyzed by chiral Ir'"" complexes, and the transition state. BArF, =

tetrakis(3,5-bis(trifluoromethyl)phenyl)borate.

to exploit them more effectively than in the corresponding dual
catalytic reactions.

One of the first examples in this sense was reported by Aleman
and co-workers in 2018 [90]. In this work, a series of imida-
zolidinone catalysts functionalized with a thioxanthone moiety
(15-18, Figure 2A) were synthesized and found able to suc-
cessfully catalyze the enantioselective cr-alkylation of aldehydes
(Scheme 16) [91]. These bifunctional PCs gave slightly better
yields and ees with respect to the reference dual system employing
a thioxanthone (TX) and imidazolidinone IM (Figure 2A).
Although mechanistic investigation hinted that the improvement
in the yields and ees might be mostly due to the increased steric
hindrance, the importance of this study was to highlight the
effect of having the PC covalently bound to the imidazolidinone.
Indeed, it was demonstrated that the contribution by the alkyl
bromide-enamine electron donor-acceptor (EDA) complex [92]

o

o LI
ph,.@ar

13 PR h

(10 mol%) o)

Ni(acac), (10 mol%) OH
R'<— »=COOR?
n=123

22 examples
up to 98% vyield
up to 95% ee

Oy, toluene,
hv (390-410 nm), -15 °C

o

Z CF OH
R1@:(-1}7000R2 : rR-Z [ Ycoor?
h=12 0,, Cs,C0O3 acq., toluene, N

n=12
hv (white LEDs), R.T.

19 examples
up to 97% yield
up to 86% ee

SCHEME 14 | Aerobic oxidation of -ketoesters catalyzed by a Ni-
BOX bifunctional complex (A) and a PTC-porphyrin system (B).

0
OH _OH
Z { o
Z 2 1120
R wCOOR 2 COOR?
n=12
n=12

0
-
R' wCOORZ
NS
PTC 14* h=12
Cs,C0;5
PTC 14"
PTC14* ©
= | COOR? o
Z
h=12 R‘%’COORZ
NS
n=12
PTC 14* q
o/ H
Z
1{/\IQ§—COOR2
NS
n=12

SCHEME 15 | Catalytic cycle for the reaction involving the bifunc-
tional PTC 14.

or by the enamine itself [93] to initiate the catalytic cycle was
negligible, meaning that the thioxanthone moiety was playing an
active role in catalysis. Further studies about the quantum yield
(®) of the 15-catalyzed reaction showed that a chain mechanism
operates (® > 1), but with remarkably lower quantum yield than
in the dual catalytic reaction (reference system in Figure 2A) [94,
95]. From this finding, it can be inferred that reaction initiation
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FIGURE 2 | Bifunctional PCs synthesized by Aleman (A) and Cozzi
(B).
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SCHEME 16 | Proposed catalytic cycle of the enantioselective a-
alkylation of aldehydes promoted by bifunctional PC 15.

by alkyl bromide reduction occurs by oxidative quenching of the
thioxanthone moiety (Scheme 16) to a larger extent than in the
corresponding dual catalytic system.

In 2020, Gualandi, Ceroni, Lombardo, Cozzi, and co-workers
reported three bifunctional imidazolidinone-conjugated Ir'" PCs
(19-21, Figure 2B), which showed significant yield improvement
in the a-alkylation of aldehydes compared to the corresponding
dual catalytic systems [96], seemingly due to proximity between
the aminocatalyst and the photoactive unit.

In 2019, a bifunctional Cu-based PC (22) for pinacol-type reduc-
tive couplings was reported by Collins and co-workers using the
Hantzsch ester as a terminal reductant [97]. By functionalizing
the Cul-binding pyrazole-pyridine ligand with a sulfonamide
group, it is possible to attain substrate activation by proton-
coupled electron transfer (PCET) [98, 99] without employing
a Bronsted acid co-catalyst. Despite the dual reference sys-
tem (Scheme 17), combining complex Cu(dq)(BINAP)BF, with
diphenylphosphoric acid (pK, ~ 3.72 in DMSO) gave better results
in terms of yield, combination with the much less acidic free
pyrazole-pyridine sulfonamide (pK, ~ 16.1) was found unable to
promote the reaction. Thus, the observed activity of PC 22 can
be confidently ascribed to the enforced proximity between the
Bronsted acidic site and the photoactive unit (Scheme 17).

Another interesting example of bifunctional PC, involving urea as
a hydrogen bond-donor, was described by Okamoto later in 2024
(Scheme 18) [100]. Covalent linkage between the pyrene moiety,
acting as a photosensitizer, and the hydrogen-bonding residue
allowed to obtain significantly higher yields in the pinacol cou-
pling compared to the two units alone and to a bifunctional analog
featuring a carbamate (with only one hydrogen-bonding moiety)
instead of the urea group. Computational studies demonstrated
that hydrogen bonding lowers the LUMO energy of substrate’s
C = O, and urea 23 exerts the strongest effect across the series
pyrene/23/24. Moreover, PC 23 also displays the largest substrate-
catalyst intermolecular interaction energy across the series. These
results are consistent with the observed ability to promote the
reductive coupling.

In 2022, Kato, Nanjo, and Takemoto reported a metal-free
pyridine-based donor-acceptor system (25, Scheme 19) absorbing
visible light [101]. The photoexcited form of 25 is able to generate
alkyl radicals from alkyl bromides, exploiting a halogen bond
interaction. This allows to react substrates which cannot be
reduced by PCs, such as fac-Ir(ppy); and phenothiazine, featuring
a more negative potential E (PC™*/PC*) compared to 25. The
radical intermediates react with different acceptors in a C-C
coupling.

Proximity between the catalytic units may be enforced not only
by covalent linkage, but also by the formation of noncovalent
interactions. For example, in 2019, the group of Knowles and
Alexanian demonstrated that a phosphate base coordinated to
the Ir'™ complex 26 could be used as an HAT reactant in a
Giese reaction [102]. This interaction, which was studied by 'H-
NMR titration, proved to be crucial to the reactivity observed:
indeed, the oxidation of the phosphate base by the Ir'! complex is
thermodynamically endergonic, but is facilitated by the binding
between the two species (Scheme 20A).
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SCHEME 17 | Pinacol coupling catalyzed by bifunctional Cu com-
plex 22.

In 2024, Vincent and co-workers reported the beneficial effect of
proximity in Giese-type reactions catalyzed by the supramolecu-
lar complex [27+C1"], which is made up of a fluorinated derivative
of 4CzIPN (27) in situ coordinated to C1- [103]. Upon absorption
of light, Cl” is then oxidized to CI’, which is the catalytically
active species. These reactions proceeded in good to excellent
yields at catalyst loadings as low as 2.5 mol%, while the unfunc-
tionalized 4CzIPN was unreactive under the same conditions
(Scheme 20B). This difference in performance was attributed to
proximity, which makes oxidation of Cl~ easier.

A year later, Takemoto and co-workers developed a bifunctional
PC (28) featuring a boronic acid moiety covalently linked to a
benzophenothiazine (PTH) chromophore (Scheme 21) [104]. This
catalyst was successfully employed in the synthesis of y-lactones
through a [3+2] cycloaddition reaction between a,S-unsaturated
carboxylic acids and olefins. The use of cooperative catalysis
promotes efficiently the formation of a-carboxy radicals from a,3-

13 examples
up to 92% yield
up to 81:19 d.r.

SCHEME 18 | Pinacol coupling catalyzed by bifunctional pyrene
derivatives.

N=

R,
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Radical acceptors: N R!

|
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oMe R =Me — E (PC**/PC*) = -2.06 V vs. Ag'/Ag OMe
R'—Br + R =Br— E (PC**/PC*) = -1.91 V vs. Ag*/Ag R!
MeO OMe NaHCOj3, DCM or MeCN, R.T. MeO OMe

Kessil lamp (427 nm)

H
N,
Gt

18 examples
up to 99% yield

|
W

fac-Ir(ppy)s — E (I'V/Ir'") = -2.24 V vs. Ag*/Ag
Phenothiazine — E (PC**/PC*) = -2.42 V vs. Ag*/Ag

No reaction

SCHEME 19 | Activation of aryl bromides using the bivalent photo-
catalyst 25. Potentials reported are measured using the couple Ag*/Ag
(0.1 M AgNOs + 0.1 M nBuyNPFy) in MeCN.

unsaturated carboxylic acids, without the need for strong acids or
reductants. The carboxylic acid substrate is seemingly maintained
in proximity of the excited PC by interacting with the boronic acid
moiety. Although the observed catalytic activity of PC 28 is similar
to that of the corresponding reference dual catalyst (Scheme 21),
the bifunctional system displays better chemoselectivity in favor
of a,f-unsaturated acids versus amides and esters. Moreover, the
methodology covers a broad substrate scope, including delicate
substrates such as nitrogen-substituted olefins, that are unstable
under highly acidic conditions.

In 2020, Masson and co-workers reported the successful use of
several bifunctional chiral phosphoric acid(s) (see Scheme 22A for
the most effective PC 29) [105], bearing one or two thioxanthone
photoactive unit(s), to improve the efficiency of a previously
reported dual catalytic reaction (Scheme 22B) [106]. The latter
transformation consists of the a-amination of a-unsubstituted
enecarbamates followed by a Friedel-Crafts-type reaction with
an N-containing heterocycle (pyrazole, indazole, indole). The
reaction is run in the presence of a thiol in order to generate
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SCHEME 20 | Supramolecular bifunctional photocatalysts catalyz-
ing Giese-type reactions by coordinating, respectively, a phosphate base
(A) and a chloride anion (B).
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SCHEME 21 | Cooperative catalysis for the synthesis of y-lactones
through a [3+2] cycloaddition reaction between a,fB-unsaturated car-
boxylic acids and olefins.
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Int
Nu-H,

Ru(bpy)s(PFe)2 (5 mol%),
tBuOH, MeCN, R.T.,
Blue LEDs (465 nm)

NHCbz
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H

SCHEME 22 | Sequential asymmetric vicinal difunctionalization of
a-unsubstituted enecarbamates exploiting, respectively, bifunctional PC
29 (A) and the dual catalytic system 30 / Ru(bpy);(PFy), (B).

the o-carbamoylsulfide intermediate Int and minimize the
formation of side products. In the first reported dual catalytic
version (Scheme 22B) [106], combining phosphoric acid 30
and Ru(bpy);(PF;),, the reaction cannot be run in a one-pot
sequential fashion because different solvents (DCM and MeCN)
must be used in the two steps, and purification of intermediate
Int is required. The bifunctional approach exploiting PC 29
(Scheme 22 A) allowed to solve these issues, making the reaction
entirely feasible in dichloromethane, without the need to isolate
intermediate Int. Very high enantioselectivity was observed,
along with improved yields compared to the dual system.

Switching to the realm of metal-catalyzed reactions, among the
first examples of a bifunctional PC useful for cross-coupling, it is
possible to mention the work of Mori, Yamashita, and co-workers,
involving a polymetallic Ru-Pd complex (31) for the Suzuki-
Miyaura coupling (Figure 3A) [107]. While the reaction was also
working in the dark, there was a significant improvement in the
TON when the reaction mixture was irradiated, but the same
improvement could not be seen when a Pd-bipyridyl complex not
absorbing light was used.

Later on, in 2022, Nemoto and co-workers reported a diphenylan-
thracene functionalized with a secondary phosphine oxide (32)
able to bind Pd (32-Pd, Figure 3B) [108].
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FIGURE 3 | Pd-binding bifunctional  PCs
Mori-Yamashita (A), and Nakajima-Nemoto (B).
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N
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SCHEME 23 | Allylation of alkyl amines (A), Heck reaction (B),
biaryl synthesis (C), and dehalogenative hydrogenation (D) promoted by
the in situ-formed bifunctional PC 32-Pd.

The in situ-formed catalyst 32-Pd was successfully applied to
allylation of alkyl amines, Heck reaction, biaryl synthesis, and
dehalogenative hydrogenation (Scheme 23), giving better yields
compared to the dual system involving diphenylanthracene as PC
and PPh; as ligand for Pd.

In 2022, the group of Lin developed a cooperative metallapho-
toredox catalyst by incorporating into an Ir'! PC a series of
different ligands for nickel [109]. Photophysical studies demon-
strate that all these PCs express similar UV-vis absorption and
photoluminescence properties. The group demonstrated that an
appropriate pendant binding site is crucial for the yields of the
reaction ascribing these results to a different electron transfer
mechanism and a better stability against photodecomposition.
These bimetallic systems were also tested in C-O, C-S, and C-
N coupling reactions (Scheme 24), giving much better results in
comparison with the corresponding bimolecular systems at low
catalytic loading (down to 2 mol%).

Another advancement in the field was published in 2023 by Lee
and Song, who reported an artificially modified enzyme (35) able
to bind Ni and promote the metallaphotoredox-catalytic synthesis
of phenols from aryl halides [110]. By introducing noncanonical
amino acids in a modified sperm whale myoglobin, it was possible
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. up to 97% vyield
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2 examples
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SCHEME 24 | Bifunctional Ir'! PCs catalyzing C-O (A and B), C-S
(C), and C-N (D) couplings.

to keep the dye (derived from an Ir'" complex) and the Ni''(bpy)

catalytic moiety close together, obtaining formation of the desired
phenol while minimizing the undesired dehalogenation product
(Scheme 25). Indeed, the bifunctional PC 35 shows about five
times higher selectivity (compared to the reference dual catalytic
system) for the desired phenol product versus the dehalogenation
product.

In 2024, our research group reported two bifunctional donor-
acceptor cyanoarenes (36 and 37) functionalized with a 2,2-
bipyridine moiety [111]. The corresponding in situ-formed Ni
complexes were found to catalyze visible light-promoted C-O
cross-coupling at a much faster rate than the corresponding
dual catalytic systems (Scheme 26A and C). As a consequence,
the catalytic loading could be reduced to 0.5 mol% without
significantly affecting the yield. Although these Ni-photoredox C-
O couplings were originally designed as synergistic dual catalytic
reactions (Figure 1A) [112], they were later shown to work with
a relay mechanism (Scheme 26B): a dark Ni'/Ni'! catalytic cycle
is sustained by a photocatalytic cycle continuously regenerating
Ni!, which tends to rapidly decompose to the inactive Ni'! form
[74, 113]. The superior performance of the bifunctional PCs
compared to the dual systems is ascribed to a faster Ni'—Ni!
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SCHEME 25 | Artificially modified enzyme for the hydroxylation of
different aryl halides.

reduction operated by the radical anion PC®~, which becomes an
intramolecular step.

In the same year, Abel, Beletskaya, and co-workers proved that
the conjugation of a Ru'l-polypyridyl complex with a bipyridine
(38) can significantly improve the yield in the coupling between
sulfonates and aryl halides when compared to the corresponding
dual catalytic system [114]. Moreover, the system was able to
deliver the product in almost quantitative yields with catalyst
loading as low as 0.1 mol% (Scheme 27).

Later, the same catalysts were applied to the cross-coupling of
aryl bromides and amines [115]. In this case, while in the classical
“batch” reaction, the dual approach was still the best performing,
it was found that the bifunctional system gives the best results in
flow conditions (Scheme 28).

Although Ni-photoredox catalysis is the most represented, bifunc-
tional PCs involving the use of other metals have been developed
as well. In 2019, Chao and Zhao reported the ability of a pyridine-
functionalized donor-acceptor cyanoarene (39) to coordinate Co
and catalyze the dehydrogenation of secondary amines [116]. It
was found that this bifunctional PC has a sixfold higher TON
than the mixture of the corresponding cyanoarene dye with a
cobaloxime complex (Scheme 29). Bifunctional catalysts of this
kind have also been extensively used for CO reduction in the past,
and reviewed elsewhere [117], and hence will not be discussed in
this work.

A. NiClyeglyme (2 mol%) R2
36 or 37 (2 mol%)

R™“OH + \@[ .
b ”) Quinuclidine, K,CO3, R.T., MeCN Z \:’)

Kessil lamp (456 nm)

12 examples
up to 87% yield

B.
Base Base-HBr
ROH
PCv[NI”']ArBr
PC~—INi"JArOR
Ar-Br P T p—— /z
H ;
36 PCINi"] . s POl ' Ar-OR
V_I i Intramolecular
O PCV[NI? D NN
' PC;/[Nill]" reduction
N 7 e .
NC CN a
o
PC_|Ni"] PC[Ni"]
Reference dual systems
36-Ref (X = 0)
: N CN 37-Ref(X CH,)
NiClysglyme — + Z B +
N &
C. 100 4 /-
804
o 60
R
>
c
Q
O 404
204
0 T 7F 1
0 50 1450
time / min

SCHEME 26 | Bifunctional bipyridine-derived PCs for the Ni-
mediated C-O coupling between aliphatic alcohols and aryl bromides
(A). Postulated catalytic cycle and role of proximity (B). Kinetic profile
of the reaction between n-hexanol and 4-bromoacetophenone with the
bifunctional setup [1:1 36 / NiCl,(glyme)] (-@-) and the dual catalytic
setup [1:1:1 36-Ref / NiCly(glyme) / 4,4-dmbpy]| (-l-) at 0.5 mol%
catalytic loading (C). Q = quinuclidine.

Another example was reported later in 2020 by Chang and co-
workers, who synthesized a Rh'! catalyst covalently bound with
an acridinium photosensitizer (b, Figure 4) [118]. Having estab-
lished, by means of cyclic voltammetry and EPR measurements,
that a metal-to-ligand charge-transfer state is actually possible,
the authors also showed the application in the aromatic C-H
arylation and methylation of benzoquinoline.
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| \\/,
R’©/ (0.1 mol%) ©/ \©\
SO,Na NiClyeglyme (10 mol%)
o . @’ NBUz (20 mol%)
2
R DMSO, R.T. or 30 °C, \\/,

Blue LEDs (12 W or 40 W)

ATC,

26 examples
up to 95% yield

Reference dual systems

PFg’ | A
/,. \\\ N
NN

+ NiCheglyme + 38-RefC (X = CH)

N N2 | 38-RefN (X = N)
PFg’ Iz X

\ ZIIII

SCHEME 27 | Coupling of iodides and sulfonates catalyzed by a
bifunctional Ru-polypyridyl complex.

R2
S Br N‘Ra
R1:—()/ — R1 '
38 (0.1 mol%)

NiClyeH,0 (10 mol%) 21 examples

BuzN, DMA up to 88% vyield
Blue LEDs (455 nm)

tgr =60 min

SCHEME 28 | C-N coupling in flow catalyzed by bifunctional Ru'!-
polypyridyl complex 38.

In 2024, Ruiz-Zambrana, Poyatos, and Peris reported the pho-
tocatalytic use of a previously synthesized [119] naphthalene-
diimide-functionalized N-heterocyclic carbene-Au' complex (41,
Figure 4) [120]. After determining the ability of this complex to
catalyze the formation of singlet oxygen and let it react with
different substrates (e.g., diphenyl naphthalene, 2-chloroethyl
ethyl sulfide) to form peroxides, they tested its ability to act as
a bifunctional PC in the coupling between diazonium salts and
trimethylsilylethynylbenzene or mesitylene. The reaction showed
faster kinetics compared to the one involving a Ru"! photosensi-
tizer and AuCl(PPh;) as a catalyst. In the proposed mechanism,
indeed, there is a close cooperation between the Au center and
the carbene moiety, involving a ligand-to-metal single electron
transfer.

Finally, in 2025, an NHC-Ru"-complex (42) featuring a photoac-
tive perylene moiety was reported by Ibafiez-Ibafiez, Guisado-
Barrios, and Mata [121]. This catalyst was tested in the oxi-
dation of benzylic alcohols to carboxylic acids (Scheme 30),
and the light irradiation was found crucial in assisting the
nucleophilic attack of water leading to oxidation. Analogous
systems lacking a light-absorbing moiety displayed, indeed, lower
TONES.

H o
Ar\er 39 (0.04 mol%) A Neg
R? THF, Blue LEDs (450 nm), R.T. R?
7 examples
up to 895 TON

[¢]
Ny
N SN H-O,
O--:'I-H o~ ['\"/
U o) SN L =N,
N ¢ F N=-==Co_ ™"+
~ NN Pon0
Q  Co'l" N =N 7.
N :\\I \o-H CI
o !V
H-+4-0
]

-7V N
OIN 1IN (o}
Y g
(] I N
cl \N =N

SCHEME 29 | Dehydrogenation of secondary amines catalyzed by
Co-bifunctional PC 39.

nBu
U

Ny®s HN
» OO >—Au'—CI
Rh”l HN
’/ Clos nBu B
A“ 07 N"o
‘O 40 rliBu

41

3/ZVZ~
c

FIGURE 4 | Bifunctional Rh'"' and Au' complexes.

= ©/\OH (1 mol%) i X OH
1 |
Z NaOH, H,0, R.T. z

Kessil lamp (440 nm)

11 examples
up to 91% vyield

SCHEME 30 | Oxidation of benzylic alcohols catalyzed by NHC-Ru!!

complex 42.

3 | Bivalent Photocatalysts

The bifunctional PCs presented in Section 2 consist of two
(or more) well-distinct catalytic units, including the photoac-
tive group. In this section, instead, systems in which a single
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A. Ar
Ar
N OTMS
H
16 examples

o
JOH o~ 43 (20 mol%)
* B EWG H EWG ¢
" ' 2,6-Iutidine, MTBE R up to 96% yield
| | y up to 94% ee

hv (23 W CFL), 25 °C

B. Ar
O.-HQA;
o N OTMS
5 H 44 o Rr?
R’ 20 1% k 7 examples
H + )\ (20 mol%) H WSNEwG  up to 98% yield
1 Br™ "EWG 2,6-lutidine, MTBE, \ up to 94% ee

hv (23 W CFL), 25 °C R

C. Ar
O+Ar

o N orms

ent-44 o]
R2 Me 4 examples
H | + )<C02Et (20 mol%) u RzMe up to 86% yield
e ——— o
Br” “CO,Et 2,6-utidine, MTBE, | CO,Et  upto86% ee

hv (23 W CFL), 25 °C f CO,Et
R

SCHEME 31 | «-Alkylation of aldehydes where light absorption is
mediated by a colored EDA complex (A) or by the enamine itself (B and
C). Ar = 3,5-(CF3),-CgHs.

catalytic unit can perform a double role (e.g., generation of a
photoexcited species capable of electron transfer and substrate
coordination/activation) are discussed and classified as “bivalent
photocatalysts”. Thus, cases of simple catalyst photoactivation
(e.g., by photolysis of a ligand) are not discussed.

Primary and secondary amines can act as bivalent PCs because
they can react with carbonyl compounds and generate enamine
intermediates, which are photoactive and nucleophilic at the
same time. Iconic examples of this reactivity have been reported,
again in the a-alkylation of aldehydes, by the Melchiorre group.
A seminal paper published in 2013 reported that enamines are
able to form colored EDA complexes with the electron-poor
aryl bromides (Scheme 31A) [92]. Upon visible light absorption,
a bromide anion is lost from the photoexcited EDA complex
with concurrent formation of a radical that reacts with the
enamine/iminium species (Scheme 32). With the same approach,
also cyclic ketones can be functionalized, in which case a primary
amine must be employed as organocatalyst [122].

Later on, Melchiorre further developed this concept, showing
that, even when no EDA complex can be formed (for example,
when the electrophile is a bromomalonate), there is the pos-
sibility that the enamine itself absorbs light and initiates the
enantioselective alkylation reaction (Scheme 31B) [93]. In this
case, the cycle proposed involves, after photoinitiation, a chain
propagation mechanism, where the a-amino radical can act as a
reducing agent with respect to the bromomalonate (Scheme 33).
In the same publication, this approach could be successfully
extended to a,B-unsaturated aldehydes (Scheme 31C).

EDA complexes have been successfully used in several instances.
For example, Meng and co-workers reported the oxygenation of -
dicarbonyl compounds with the cinchona-alkaloid-derived PTC
45 [123]. This is an extension of the above-discussed approach
relying on a cinchona-derived PTC conjugated to a porphyrin
(Scheme 14). Here, the absorbing species is the chiral EDA
complex formed between a stabilized enolate and the PTC,
which can be quenched by 30, to produce the reactive !0, form
(Scheme 34).

| A
X
Ar
Br. Q_)*
N Ar
':I: © OTMS
r z
OTMS | f
z M R
R R?

R1
Ar e Ar
N Ar N
H  OTMs B, OTMS
z
o] R’
’ N X,
Rt N R
R2
-Br
® Ar
IN r
| N ,"‘H OTMs ° Ar
- 1 N Ar
X , R | OTMS
R X

SCHEME 32 | Catalytic cycle for the visible light-promoted a-
alkylation of aldehydes involving formation of an EDA complex.

Photochemical
initiation

H Ary(N_)
TMSO §
R! R
Ar

Radical chain
™G d\‘\\\k

propagation
o) Fla\? R2
HNN NEwe Br
)H\ A A ® Br)\EWG
Ar N~ R? 2
TMSO LW R
“SEwe d\

L EWG

SCHEME 33 | Catalytic cycle for the visible light-promoted «-
alkylation of aldehydes initiated by oxidative quenching of the photoex-
cited enamine [93].
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Br

o] o]
z 45 (10 mol%) OH
R1—<]\J(}7COOR2 2 | ICOOR?
h=12 0,, Cs,CO;3 acq., m-xylene, S =12
hv (3 W blue LEDs), -5 °C '
20 examples

up to 96% vyield
up to 90% ee

Light absorbing EDA complex:

SCHEME 34 | Aerobic oxidation of S-ketoesters catalyzed by PTC
catalyst 45.

46 (20 mol%)
RIS Red (0.7 eq) RIS RIS
AR L AR+ L A R?
NS Toluene, 25 °C, NT Ry A 7
R Blue LEDs (420 nm) R R
71 examples

up to 57% yield
up to 99% ee

EDA complex:
R1R2 t
s <o
Ar R3M g
©[N>_ VN\ H,
H H. _|? _i
Red T
SCHEME 35 | Kinetic resolution of alcohols, amines, and fluorides

catalyzed by EDA complexes with chiral phosphoric acid 46.

A very recent example consists of the kinetic resolution of
azaarene-functionalized tertiary alcohols, amines, fluorides, and
ethylene oxides with chiral phosphoric acids (46, Scheme 35)
[124]. The formation of the EDA complex is indeed favored with
one enantiomer, and after absorption of light, it can undergo
single-electron transfer with a reductant (the authors used a
thiazole derivative), leading to deoxygenation, deamination, or
defluorination, respectively.

In 2014, Meggers and co-workers developed the chiral Ir™ photo-
catalyst 47 for the enantioselective alkylation of 2-acyl imidazoles
(Scheme 36) [125]. This example is particularly interesting, since
the Ir' complex itself is able to act at the same time as
photocatalyst and as an organometallic catalyst: indeed, the
acetonitrile ligands are displaced by the reaction substrate,
which can chelate Ir, and is thus kept in the chiral environment
created by the helical complex. The electron-poor alkylating
agents (benzyl or phenacyl bromides) oxidatively quench PC¥,

M
N

A.
X tBu
S
e
m,,

|
Ir'”‘“‘
X=0,8 |\ -
NZc.
N Me
47 X@—tsu
o PFg o

2 9 N
N\\,)J\/R + B Ewe (2 mol%) @Jl\;/\Ewe
<\,N NaH,PO,, MeOH:THF = 4:1, N, R?

R hv (14 W white visible lamp), 40 °C R

15 examples
up to 100% yield
up to 99% ee

B EWG B EWGT Br

SCHEME 36 | a-Alkylation of acyl imidazoles catalyzed by Ir'll
complex 47 (A), and the corresponding catalytic cycle (B).

generating radical species which are intercepted by the substrate’s
enolate.

In the same years, Doyle and colleagues published a report
showing that Ni! bipyridyl complexes themselves could absorb
light to generate a Ni' species [126, 127], which can enter the
Nil/Ni™ catalytic cycle [113, 128] delivering the C-O coupling
product. Indeed, the square planar Ni' complex reaches an
MLCT state rapidly decaying into a 3(d-d) state with tetrahe-
dral geometry, from which Nil'-Ar bond homolysis can occur
(Scheme 37).

This approach was then exploited by Xue and colleagues to
develop a protocol to carry out C-O and C-N cross-couplings
using near-UV light (390-395 nm), without the need to add an
external PC (Scheme 38) [129, 130]. In both cases, the wavelength
of irradiation turned out to be crucial, since the use of either
longer or shorter wavelengths led to a drop in yields. While not
being strictly an example of bivalent photocatalysis as defined
above (indeed, light is needed to continuously regenerate the
PC), the work reported by Doyle and Xue paved the way for the
development of other bivalent or bifunctional ligands.

Indeed, shortly after these contributions, van der Veen, Thomas,
Pieber, and co-workers developed a carbazole-functionalized bpy
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tBu
/N o o cl
= N’ \c| AT
tBu Bu” N :

ground state triplet d-d state
(square planar geometry) (tetrahedral geometry)

tBu I\ "
— N e
;Ni'—CI +
Z) &
tBu

SCHEME 37 | Photoinduced formation of Ni! species.

Me.
A. tBu T \©
Z N\Ni”“\‘\
‘Br

§
X HO. Bu 5 mol% 0.
A . NN (5 mol%) NS NN
{lz RN DBU, toluene, iz Lo
hv (390-395 nm), 80 °C
X = Cl, Br, OMs, OTs, OTf 98 examples

up to 97% yield

48 (10 mol%)

H
N N
R1:_<)/ \@Rz
= =

59 examples
up to 94% yield

Br-
R ©/N02 \O\_Rz
g
p —

iPryNEt, toluene,
hv (390-395 nm), 70 °C

SCHEME 38 | C-O (A) and C-N (B) coupling catalyzed by a Nil!
complex in the absence of any external photosensitizer.

Boog

(5 mol%)
NiClyeglyme (5 mol%)

tBuNHiPr/DBU, DMA/DMSO
Kessil lamp (440 nm), R.T.

Nu
R
=
60 examples
up to 94% vyield

|
R1+©/ + Nucleophile

Nucleophiles:

SO;Na SO,NH, o
R%4— R3——
=z = R3JLOH

SCHEME 39 | Bifunctional bipyridine ligand 49 exploiting intrali-
gand charge transfer.

ligand (49, Scheme 39) whose in situ-prepared Ni'! complex can
absorb visible light and generate a Ni' catalyst for C-S, C-O,
and C-N cross-couplings [131]. Upon irradiation, the complex
reaches an excited state characterized by intraligand charge
transfer (ILCT), which is similar to the excited state observed
with D-A cyanoarenes [132]. This state then decays into a metal-
centered 3(d-d) state, from which Ni-Cl bond homolysis can occur
as shown in Scheme 37, generating an active Ni' species. The
substrate scope was quite limited on the nucleophile side, with
only sulfinates, carboxylic acids, and sulfonamides being reactive,
while amines and thiols did not afford the desired coupling
product (Scheme 39).

(5 mol%)
X NiClyeglyme (5 mol%) BN 2
A R
= 2,6-lutidine Z
Acetone:MeOH = 19:1
X =1 Br Kessil lamp (390 nm) 34 examples

up to 98% yield

SCHEME 40 | Ni-mediated coupling featuring bivalent ligand 50.

A. 51 (5 mol%)
[0} | Pd(dba), (5 mol% 1
i} . (dba), ( ) N O\H,R
R NOH {Z Cs,CO3, DMA, 35 °C L O
Blue LEDs (425 nm)
19 examples
up to 98% yield
B.

o X Br
R P 51 (5 mol%)
i)L Pd(TFA), (5 mol%) X o\[rR1
+ or ———— Rr3f_
R' “OH CsOAc, DMA, 60 °C R ©/ e}

3N cl Blue LEDs (425 nm)
R

10 examples
up to 89% yield

F3;C O CF3
N
P

N
51 PR,

R =Ph, tBu

SCHEME 41 | Cross-coupling between aryl iodides (A) or bro-
mides/chlorides (B) and carboxylic acids catalyzed by bifunctional
Pd-acridine ligand 51.

Almost at the same time, Li and co-workers applied the same
concept to develop a bivalent PC (50, Scheme 40), which was
successfully applied in the Ni-mediated coupling of aryl iodides
and bromides with trifluoroborates [133]. Interestingly, the same
complex proved to be effective in different other reactions (such as
C-N, C-O, C-P coupling), as well as in reactivities implying metals
different from Ni (Fe, Co, Cu).

Iwasawa and co-workers applied the ‘bivalent PC’ concept
to palladium catalysis, developing an acridine ligand (51)
whose in situ-formed Pd complex promotes the coupling
between aryl halides and carboxylic acids (Scheme 41). [134].
In this case, light absorption facilitates the otherwise slug-
gish PA'—Pd° reductive elimination, yielding the coupling
product.

4 | Summary and Outlook

In this review, we have highlighted several recent examples
demonstrating the benefits of bifunctional PCs, including cases
in which two distinct functions are embedded within the same
functional group (“bivalent PCs”). While research effort in this
area has long been driven by the pursuit of enantioselectivity,
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in recent years, bifunctional PCs have also been explored as
a strategy to obtain globally enhanced catalytic performance
compared to dual catalytic systems. Proximity between catalytic
groups (or their integration into a single motif) may allow to
more effectively exploit the short-lived intermediates typical
of photocatalytic reactions, thereby leading to higher activity
and reduced catalytic loading. Unfortunately, not in all con-
tributions means are provided to clearly assess this effect by
comparison with a dual catalytic reference system. Moreover,
the improvement obtained is often not sufficient to justify the
additional synthetic effort and the reduced operational flexibility
compared to dual catalytic systems. Despite these cautions,
the examples discussed clearly indicate the potential of the
bifunctional approach, which can enable more effective synthetic
methodologies and even disclose new types of reactivity. Overall,
we believe that research in this fascinating area is still in its early
stages and holds considerable promise for the future, provided
that some challenges are met, such as: i) developing recyclable
systems, which can be recovered/reused or immobilized onto a
solid support, in order capitalize the synthetic effort required
for their preparation; ii) employing long wavelength-absorbing
photoactive units in order to exploit the advantages of red/near
IR light (easier scalability, broader functional group tolerance)
while overcoming its inherent limitations (narrow range of redox
potentials/ low excited state energies).

Acknowledgments

Open access publishing facilitated by Universita degli Studi di Milano, as
part of the Wiley - CRUI-CARE agreement.

Conflicts of Interest

The authors declare no conflicts of interest.

References

1. D. A. Nicewicz and D. W. C. MacMillan, “Merging Photoredox Catalysis
With Organocatalysis: The Direct Asymmetric Alkylation of Aldehydes,”
Science 322 (2008): 77-80, https://doi.org/10.1126/science.1161976.

2. K. Zeitler, “Photoredox Catalysis With Visible Light,” Angewandte
Chemie International Edition 48 (2009): 9785-9789, https://doi.org/10.
1002/anie.200904056.

3.J. M. R. Narayanam and C. R. J. Stephenson, “Visible light photoredox
catalysis: Applications in organic synthesis,” Chemical Society Reviews 40
(2011): 102-113, https://doi.org/10.1039/B913880N.

4. D. Ravelli, S. Protti, and M. Fagnoni, “Carbon-Carbon Bond Form-
ing Reactions via Photogenerated Intermediates,” Chemical Reviews 116
(2016): 9850-9913, https://doi.org/10.1021/acs.chemrev.5b00662.

5. Q.-Q. Zhou, Y.-Q. Zou, L.-Q. Liu, and W.-J. Ziao, “Visible-Light-Induced
Organic Photochemical Reactions Through Energy-Transfer Pathways,”
Angewandte Chemie International Edition 58 (2019): 1586-1604, https://
doi.org/10.1002/anie.201803102.

6. L. Capaldo, D. Ravelli, and M. Fagnoni, “Direct Photocatalyzed
Hydrogen Atom Transfer (HAT) for Aliphatic C-H Bonds Elabora-
tion,” Chemical Reviews 122 (2022): 1875-1924, https://doi.org/10.1021/acs.
chemrev.1c00263.

7. F. Julia, T. Costantin, and D. Leonori, “Applications of Halogen-Atom
Transfer (XAT) for the Generation of Carbon Radicals in Synthetic Pho-
tochemistry and Photocatalysis,” Chemical Reviews 122 (2022): 2292-2352,
https://doi.org/10.1021/acs.chemrev.1c00558.

8. M. N. Hopkinson, B. Sahoo, J.-L. Li, and F. Glorius, “Dual Catalysis Sees
the Light: Combining Photoredox With Organo-, Acid, and Transition-
Metal Catalysis,” Chemistry—A European Journal 20 (2014): 3874-3886,
https://doi.org/10.1002/chem.201304823.

9. K. L. Skubi, T. R. Blum, and T. P. Yoon, “Dual Catalysis Strategies
in Photochemical Synthesis,” Chemical Reviews 116 (2016): 10035-10074,
https://doi.org/10.1021/acs.chemrev.6b00018.

10. M. M. Mastandrea and M. A. Pericas, “Photoredox Dual Catalysis:
A Fertile Playground for the Discovery of New Reactivities,” European
Journal of Inorganic Chemistry 2021 (2021): 3421-3431, https://doi.org/10.
1002/ejic.202100455.

11. J.-H. Shen, M. Shi, and Y. Wei, “Synergistic Visible Light Photocatal-
ysis with Organocatalysis,” Chemistry - A European Journal 29 (2023):
€202301157, https://doi.org/10.1002/chem.202301157.

12. Y.-Y. Gui, L. Sun, Z.-P. Lu, and D.-G. Yu, “Photoredox Sheds new Light
on Nickel Catalysis: From Carbon-Carbon to Carbon-Heteroatom Bond
Formation,” Organic Chemistry Frontiers 3 (2016): 522-526, https://doi.
0rg/10.1039/C5Q000437C.

13. C. Zhu, H. Yue, J. Jia, and M. Rueping, “Nickel-Catalyzed C-
Heteroatom Cross-Coupling Reactions Under Mild Conditions
via Facilitated Reductive Elimination,” Angewandte Chemie
International Edition 60 (2021): 17810-17831, https://doi.org/10.1002/anie.
202013852.

14. A. Gualandi, M. Anselmi, F. Calogero, et al., “Metallaphotoredox
catalysis With organic dyes,” Organic & Biomolecular Chemistry 19 (2021):
3527-3550, https://doi.org/10.1039/D10B0O0196E.

15. A. Y. Chan, 1. B. Perry, N. B. Bissonnette, et al., “Metallaphotoredox:
The Merger of Photoredox and Transition Metal Catalysis,” Chemi-
cal Reviews 122 (2022): 1485-1542, https://doi.org/10.1021/acs.chemrev.
1c00383.

16. C. K. Prier, D. A. Rankic, and D. W. C. MacMillan, “Visible Light
Photoredox Catalysis With Transition Metal Complexes: Applications in
Organic Synthesis,” Chemical Reviews 113 (2013): 5322-5363, https://doi.
0rg/10.1021/cr300503r.

17. N. A. Romero and D. A. Nicewicz, “Organic Photoredox Catalysis,”
Chemical Reviews 116 (2016): 10075-10166, https://doi.org/10.1021/acs.
chemrev.6b00057.

18. M. A. Bryden and E. Zysman-Colman, “Organic Thermally Activated
Delayed Fluorescence (TADF) Compounds Used in Photocatalysis,”
Chemical Society Reviews 50 (2021): 7587-7680, https://doi.org/10.1039/
D1CS00198A.

19. E. Speckmeier, T. G. Fischer, and K. Zeitler, “A Toolbox Approach
To Construct Broadly Applicable Metal-Free Catalysts for Photoredox
Chemistry: Deliberate Tuning of Redox Potentials and Importance of
Halogens in Donor-Acceptor Cyanoarenes,” Journal of the American
Chemical Society 140 (2018): 15353-15365, https://doi.org/10.1021/jacs.
8b08933.

20. D. M. Arias-Rotondo and J. K. McCusker, “The photophysics of
Photoredox Catalysis: A Roadmap for Catalyst Design,” Chemical Society
Reviews 45 (2016): 5803-5820, https://doi.org/10.1039/C6CS00526H.

21. D. J. Dixon, “Bifunctional catalysis,” Beilstein Journal of Organic
Chemistry 12 (2016): 1079-1080, https://doi.org/10.3762/bjoc.12.102.

22.X. Liu, L. Lin, and X. Feng, “Amide-Based Bifunctional Organocat-
alysts in Asymmetric Reactions,” Chemical Communications (2009):
6145-6158, https://doi.org/10.1039/b913411e.

23. 0. V. Serdyuk, C. M. Heckel, and S. B. Tsogoeva, “Bifunctional
Primary Amine-Thioureas in Asymmetric Organocatalysis,” Organic
& Biomolecular Chemistry 11 (2013): 7051-7071, https://doi.org/10.1039/
c30b41403e.

24. P. Chauhan, S. Mahajan, U. Kaya, D. Hack, and D. Enders, “Bifunc-
tional Amine-Squaramides: Powerful Hydrogen-Bonding Organocata-
lysts for Asymmetric Domino/Cascade Reactions,” Advanced Synthesis &
Catalysis 357 (2015): 253-281, https://doi.org/10.1002/adsc.201401003.

Chemistry — A European Journal, 2026

17 of 21

85UBJ17 SUOLULIOD AR 3|1 [dde 3y Aq pousenob a.e SN YO 138N JO'S3INI o ARIqIT BUIUO A8|1M UO (SUORIPUOD-PUR-SWLRI WO B 1M Ae.q1 U UO//SdIY) SUORIPUOD Pue swie L 8u) 89S *[9202/60/2T] uo Ariqriauliuo Alim * Bingswebey 1eIseAIN - 0rerubid 8o AQ Z2780L WRUR/Z00T OT/I0pALI0D" A3] 1M Aseiqiieuljuo-adone-Ans iLueyp//Sdny woj popeojumod ‘0 ‘G9LETZST


https://doi.org/10.1126/science.1161976
https://doi.org/10.1002/anie.200904056
https://doi.org/10.1039/B913880N
https://doi.org/10.1021/acs.chemrev.5b00662
https://doi.org/10.1002/anie.201803102
https://doi.org/10.1021/acs.chemrev.1c00263
https://doi.org/10.1021/acs.chemrev.1c00558
https://doi.org/10.1002/chem.201304823
https://doi.org/10.1021/acs.chemrev.6b00018
https://doi.org/10.1002/ejic.202100455
https://doi.org/10.1002/chem.202301157
https://doi.org/10.1039/C5QO00437C
https://doi.org/10.1002/anie.202013852
https://doi.org/10.1039/D1OB00196E
https://doi.org/10.1021/acs.chemrev.1c00383
https://doi.org/10.1021/cr300503r
https://doi.org/10.1021/acs.chemrev.6b00057
https://doi.org/10.1039/D1CS00198A
https://doi.org/10.1021/jacs.8b08933
https://doi.org/10.1039/C6CS00526H
https://doi.org/10.3762/bjoc.12.102
https://doi.org/10.1039/b913411e
https://doi.org/10.1039/c3ob41403e
https://doi.org/10.1002/adsc.201401003

25.Z.-W. Zhang, S.-W. Liu, H.-P. Huang, et al., “Dehydroabietane-
type bifunctional organocatalysts in asymmetric synthesis: recent
progress,” RSC Advances 13 (2023): 31047-31058, https://doi.org/10.1039/
D3RA06715G.

26. A.J. Sandee and J. N. H. Reek, “Bidentate Ligands by Supramolecular
Chemistry—the Future for Catalysis?,” Dalton Transactions (2006): 3385-
3391, https://doi.org/10.1039/B606045P.

27. S. Carboni, C. Gennari, L. Pignataro, and U. Piarulli, “Supramolecular
Ligand-Ligand and Ligand-Substrate Interactions for Highly Selective
Transition Metal Catalysis,” Dalton Transactions 40 (2011): 4355-4373,
https://doi.org/10.1039/c0dt01517b.

28. R. H. Morris, “Exploiting Metal-Ligand Bifunctional Reactions in
the Design of Iron Asymmetric Hydrogenation Catalysts,” Accounts
of Chemical Research 48 (2015): 1494-1502, https://doi.org/10.1021/acs.
accounts.5b00045.

29. L. Pignataro and C. Gennari, “Riding the Wave of Monodentate
Ligand Revival: From the A/B Concept to Noncovalent Interactions,”
The Chemical Record 16 (2016): 2544-2560, https://doi.org/10.1002/tcr.
201600087.

30. R. H. Morris, “Iron Group Hydrides in Noyori Bifunctional Catalysis,”
The Chemical Record 16 (2016): 2644-2658, https://doi.org/10.1002/tcr.
201600080.

31. L. Pignataro and C. Gennari, “Recent Catalytic Applications of
(Cyclopentadienone)iron Complexes,” European Journal of Organic
Chemistry 2020 (2020): 3192-3205, https://doi.org/10.1002/ejoc.201901925.

32.D. I. Ugwu and J. Conradie, “Bidentate Ligands in Self-Assembly:
Synthesis, Structure and Applications,” Journal of Molecular Structure
1293 (2023): 136275, https://doi.org/10.1016/j.molstruc.2023.136275.

33. M. J. Genzink, J. B. Kidd, W. B. Swords, and T. P. Yoon, “Chiral Pho-
tocatalyst Structures in Asymmetric Photochemical Synthesis,” Chem-
ical Reviews 122 (2022): 1654-1716, https://doi.org/10.1021/acs.chemrev.
1c00467.

34. A. B. Rolka and B. Konig, “Bifunctional Organic Photocatalysts for
Enantioselective Visible-Light-Mediated Photocatalysis,” Nature Synthe-
sis 2 (2023): 913-925, https://doi.org/10.1038/s44160-023-00398-0.

35. Y. Inoue, “Asymmetric Photochemical Reactions in Solution,” Chem-
ical Reviews 92 (1992): 741-770, https://doi.org/10.1021/cr00013a001.

36. Y. Inoue, T. Yokoyama, N. Yamasaki, and A. Tai, “An Optical
Yield That Increases With Temperature in a Photochemically Induced
Enantiomeric Isomerization,” Nature 341 (1989): 225-226, https://doi.org/
10.1038/341225a0.

37.Y.Inoue, T. Yokoyama, N. Yamasaki, and A. Tai, “Temperature Switch-
ing of Product Chirality Upon Photosensitized Enantiodifferentiating cis-
trans Isomerization of Cyclooctene,” Journal of the American Chemical
Society 111 (1989): 6480-6482, https://doi.org/10.1021/ja00198a101.

38. Y. Inoue, N. Yamasaki, T. Yokoyama, and A. Tai, “Enantiodifferentiat-
ing Z-E Photoisomerization of Cyclooctene Sensitized by Chiral Polyalkyl
Benzenepolycarboxylates,” The Journal of Organic Chemistry 57 (1992):
1332-1345, https://doi.org/10.1021/jo00031a008.

39.Y. Inoue, E. Matsushima, and T. Wada, “Pressure and Temperature
Control of Product Chirality in Asymmetric Photochemistry. Enantiod-
ifferentiating Photoisomerization of Cyclooctene Sensitized by Chiral
Benzenepolycarboxylates,” Journal of the American Chemical Society 120
(1998): 10687-10696, https://doi.org/10.1021/ja981929a.

40. R. Hoffmann and Y. Inoue, “Trapped Optically Active ( E )-
Cycloheptene Generated by Enantiodifferentiating Z — E Photoisomer-
ization of Cycloheptene Sensitized by Chiral Aromatic Esters,” Journal of
the American Chemical Society 121 (1999): 10702-10710, https://doi.org/10.
1021/ja9913151.

41.J. Grofikopf, T. Kratz, T. Rigotti, and T. Bach, “Enantioselective
Photochemical Reactions Enabled by Triplet Energy Transfer,” Chem-
ical Reviews 122 (2022): 1626-1653, https://doi.org/10.1021/acs.chemrev.
1c00272.

42. T. Bach, H. Bergmann, B. Grosch, and K. Harms, “Highly Enantios-
elective Intra- and Intermolecular [2 + 2] Photocycloaddition Reactions
of 2-Quinolones Mediated by a Chiral Lactam Host: Host—Guest Inter-
actions, Product Configuration, and the Origin of the Stereoselectivity in
Solution,” Journal of the American Chemical Society 124 (2002): 7982-7990,
https://doi.org/10.1021/ja0122288.

43. A. Bauer, F. Westkidmper, S. Grimme, and T. Bach, “Catalytic Enan-
tioselective Reactions Driven by Photoinduced Electron Transfer,” Nature
436 (2005): 11391140, https://doi.org/10.1038/nature03955.

44. R. Alonso and T. Bach, “A Chiral Thioxanthone as an Organocatalyst
for Enantioselective [2+2] Photocycloaddition Reactions Induced by Visi-
ble Light,” Angewandte Chemie International Edition 53 (2014): 4368-4371,
https://doi.org/10.1002/anie.201310997.

45. X. Li, C. Jandl, and T. Bach, “Visible-Light-Mediated Enantioselective
Photoreactions of 3-Alkylquinolones With 4- O -Tethered Alkenes and
Allenes,” Organic Letters 22 (2020): 3618-3622, https://doi.org/10.1021/acs.
orglett.0c01065.

46.J. Du, K. L. Skubi, D. M. Schultz, and T. P. Yoon, “A Dual-Catalysis
Approach to Enantioselective [2 + 2] Photocycloadditions Using Visi-
ble Light,” Science 344 (2014): 392-396, https://doi.org/10.1126/science.
1251511.

47.M. M. Maturi and T. Bach, “Enantioselective Catalysis of the
Intermolecular [2+2] Photocycloaddition Between 2-Pyridones and
Acetylenedicarboxylates,” Angewandte Chemie International Edition 53
(2014): 7661-7664, https://doi.org/10.1002/anie.201403885.

48. A. Troster, R. Alonso, A. Bauer, and T. Bach, “Enantioselective
Intermolecular [2 + 2] Photocycloaddition Reactions of 2(1H)-Quinolones
Induced by Visible Light Irradiation,” Journal of the American Chemical
Society 138 (2016): 7808-7811, https://doi.org/10.1021/jacs.6b03221.

49. X. Li, J. Grof3kopf, C. Jandl, and T. Bach, “Enantioselective, Visible
Light Mediated Aza Paterno-Biichi Reactions of Quinoxalinones,” Ange-
wandte Chemie International Edition 60 (2021): 2684-2688, https://doi.
org/10.1002/anie.202013276.

50. A. Holzl-Hobmeier, A. Bauer, A. Vieira Silva, S. M. Huber, C.
Bannwarth, and T. Bach, “Catalytic Deracemization of Chiral Allenes by
Sensitized Excitation With Visible Light,” Nature 564 (2018): 240-243,
https://doi.org/10.1038/s41586-018-0755-1.

51. M. Plaza, C. Jandl, and T. Bach, “Photochemical Deracemization
of Allenes and Subsequent Chirality Transfer,” Angewandte Chemie
International Edition 59 (2020): 12785-12788, https://doi.org/10.1002/anie.
202004797.

52. M. Plaza, J. Grofikopf, S. Breitenlechner, C. Bannwarth, and T. Bach,
“Photochemical Deracemization of Primary Allene Amides by Triplet
Energy Transfer: A Combined Synthetic and Theoretical Study,” Journal
of the American Chemical Society 143 (2021): 11209-11217, https://doi.org/
10.1021/jacs.1c05286.

53. T. Kratz, P. Steinbach, S. Breitenlechner, G. Storch, C. Bannwarth, and
T. Bach, “Photochemical Deracemization of Chiral Alkenes via Triplet
Energy Transfer,” Journal of the American Chemical Society 144 (2022):
10133-10138, https://doi.org/10.1021/jacs.2c02511.

54. A. Troster, A. Bauer, C. Jandl, and T. Bach, Angewandte Chemie
International Edition 58 (2019): 3538-3541.

55. H. E. Zimmerman and D. Armesto, “Synthetic Aspects of the Di-7-
Methane Rearrangement,” Chemical Reviews 96 (1996): 3065-3112, https://
doi.org/10.1021/cr910109c.

56. X. Li, R. J. Kutta, C. Jandl, A. Bauer, P. Nuernberger, and T. Bach,
“Photochemically Induced Ring Opening of Spirocyclopropyl Oxindoles:
Evidence for a Triplet 1,3-Diradical Intermediate and Deracemization by
a Chiral Sensitizer,” Angewandte Chemie International Edition 59 (2020):
21640-21647, https://doi.org/10.1002/anie.202008384.

57. J. Grof3kopf, M. Plaza, A. Seitz, S. Breitenlechner, G. Storch, and T.
Bach, “Photochemical Deracemization at sp3-Hybridized Carbon Centers
via a Reversible Hydrogen Atom Transfer,” Journal of the American

18 of 21

Chemistry — A European Journal, 2026

85UBJ17 SUOLULIOD AR 3|1 [dde 3y Aq pousenob a.e SN YO 138N JO'S3INI o ARIqIT BUIUO A8|1M UO (SUORIPUOD-PUR-SWLRI WO B 1M Ae.q1 U UO//SdIY) SUORIPUOD Pue swie L 8u) 89S *[9202/60/2T] uo Ariqriauliuo Alim * Bingswebey 1eIseAIN - 0rerubid 8o AQ Z2780L WRUR/Z00T OT/I0pALI0D" A3] 1M Aseiqiieuljuo-adone-Ans iLueyp//Sdny woj popeojumod ‘0 ‘G9LETZST


https://doi.org/10.1039/D3RA06715G
https://doi.org/10.1039/B606045P
https://doi.org/10.1039/c0dt01517b
https://doi.org/10.1021/acs.accounts.5b00045
https://doi.org/10.1002/tcr.201600087
https://doi.org/10.1002/tcr.201600080
https://doi.org/10.1002/ejoc.201901925
https://doi.org/10.1016/j.molstruc.2023.136275
https://doi.org/10.1021/acs.chemrev.1c00467
https://doi.org/10.1038/s44160-023-00398-0
https://doi.org/10.1021/cr00013a001
https://doi.org/10.1038/341225a0
https://doi.org/10.1021/ja00198a101
https://doi.org/10.1021/jo00031a008
https://doi.org/10.1021/ja981929a
https://doi.org/10.1021/ja991315l
https://doi.org/10.1021/acs.chemrev.1c00272
https://doi.org/10.1021/ja0122288
https://doi.org/10.1038/nature03955
https://doi.org/10.1002/anie.201310997
https://doi.org/10.1021/acs.orglett.0c01065
https://doi.org/10.1126/science.1251511
https://doi.org/10.1002/anie.201403885
https://doi.org/10.1021/jacs.6b03221
https://doi.org/10.1002/anie.202013276
https://doi.org/10.1038/s41586-018-0755-1
https://doi.org/10.1002/anie.202004797
https://doi.org/10.1021/jacs.1c05286
https://doi.org/10.1021/jacs.2c02511
https://doi.org/10.1021/cr910109c
https://doi.org/10.1002/anie.202008384

Chemical Society 143 (2021): 21241-21245, https://doi.org/10.1021/jacs.
1c11266.

58.J. Grof3kopf, A. A. Heidecker, and T. Bach, “Photochemical Der-
acemization of 3-Substituted Oxindoles,” Angewandte Chemie Inter-
national Edition 62 (2023): 202305274, https://doi.org/10.1002/anie.
202305274.

59.J. Grof3kopf, M. Plaza, R. J. Kutta, P. Nuernberger, and T. Bach,
“Creating a Defined Chirality in Amino Acids and Cyclic Dipep-
tides by Photochemical Deracemization,” Angewandte Chemie Inter-
national Edition 62 (2023): e202313606, https://doi.org/10.1002/anie.
202313606.

60. P. Freund, M. Pauls, D. Babushkina, T. Pickl, C. Bannwarth, and
T. Bach, “Photochemical Deracemization of 4,7-Diaza-1-Isoindolinones
by Unidirectional Hydrogen Atom Shuttling,” Journal of the Ameri-
can Chemical Society 147 (2025): 1434-1439, https://doi.org/10.1021/jacs.
4¢16053.

61. J. R. Frost, S. M. Huber, S. Breitenlechner, C. Bannwarth, and T. Bach,
“Enantiotopos-Selective C-H Oxygenation Catalyzed by a Supramolecu-
lar Ruthenium Complex,” Angewandte Chemie International Edition 54
(2015): 691-695, https://doi.org/10.1002/anie.201409224.

62. A. Bohm and T. Bach, “Synthesis of Supramolecular Iridium Catalysts
and Their Use in Enantioselective Visible-Light-Induced Reactions,”
Synlett 27 (2016): 1056-1060, https://doi.org/10.1055/s-0035-1561378.

63. For a Recent Review, See: E. 1. Jiménez, “An Update on Chiral
Phosphoric Acid Organocatalyzed Stereoselective Reactions,” Organic
& Biomolecular Chemistry 2023, 21, 3477-3502, https://doi.org/10.1039/
D30B00212H.

64. F. Pecho, Y. Q. Zou, J. Gramiiller, et al., “A Thioxanthone Sensitizer
With a Chiral Phosphoric Acid Binding Site: Properties and Applica-
tions in Visible Light-Mediated Cycloadditions,” Chemistry—A European
Journal 26 (2020): 5190-5194, https://doi.org/10.1002/chem.202000720.

65. T. R. Blum, Z. D. Miller, D. M. Bates, I. A. Guzei, and T. P. Yoon,
“Enantioselective Photochemistry Through Lewis Acid-Catalyzed Triplet
Energy Transfer,” Science 354 (2016): 1391-1395, https://doi.org/10.1126/
science.aai8228.

66. M. E. Daub, H. Jung, B. J. Lee, J. Won, M.-H. Baik, and T. P. Yoon,
“Enantioselective [2+2] Cycloadditions of Cinnamate Esters: General-
izing Lewis Acid Catalysis of Triplet Energy Transfer,” Journal of the
American Chemical Society 141 (2019): 9543-9547, https://doi.org/10.1021/
jacs.9b04643.

67. F. Pecho, Y. Sempere, J. Gramiiller, F. M. Héormann, R. M. Gschwind,
and T. Bach, “Enantioselective [2 + 2] Photocycloaddition via Iminium
Tons: Catalysis by a Sensitizing Chiral Brensted Acid,” Journal of the
American Chemical Society 143 (2021): 9350-9354, https://doi.org/10.1021/
jacs.1c05240.

68.J. Lyu, M. Leone, A. Claraz, C. Allain, L. Neuville, and G.
Masson, “Syntheses of new Chiral Chimeric Photo-Organocatalysts,” RSC
Advances 11 (2021): 36663-36669, https://doi.org/10.1039/D1IRA06885G.

69. R. Takagi and T. Tanimoto, “Enantioselective [2 + 2] Photocycload-
dition of Quinolone Using a C;-Symmetric Chiral Phosphoric Acid as a
Visible-Light Photocatalyst,” Organic & Biomolecular Chemistry 20 (2022):
3940-3947, https://doi.org/10.1039/D20B00607C.

70. A. B. Rolka, N. Archipowa, R. J. Kutta, B. Konig, and F. D. Toste,
“Hybrid Catalysts for Enantioselective Photo-Phosphoric Acid Catalysis,”
The Journal of Organic Chemistry 88 (2023): 6509-6522, https://doi.org/10.
1021/acs.joc.3c00191.

71.J. Luo and J. Zhang, “Donor-Acceptor Fluorophores for Visible-Light-
Promoted Organic Synthesis: Photoredox/Ni Dual Catalytic C(sp 3 )-C(sp
2 ) Cross-Coupling,” ACS Catalysis 6 (2016): 873-877, https://doi.org/10.
1021/acscatal.5b02204.

72.Y.Im, M. Kim, Y. J. Cho, J. A. Seo, K. S. Yook, and J. Y. Lee, “Molecular
Design Strategy of Organic Thermally Activated Delayed Fluorescence
Emitters,” Chemistry of Materials 29 (2017): 1946-1963, https://doi.org/10.
1021/acs.chemmater.6b05324.

73. M. Garreau, F. L. E. Vaillant, and J. Waser, “C-Terminal Biocon-
jugation of Peptides Through Photoredox Catalyzed Decarboxylative
Alkynylation,” Angewandte Chemie International Edition 58 (2019): 8182—
8186, https://doi.org/10.1002/anie.201901922.

74. T. Gandini, L. Dolcini, L. Di Leo, et al., “Metallaphotoredox C-O
and C-N Cross-Coupling Using Donor-Acceptor Cyanoarene Photocata-
lysts,” ChemCatChem 14 (2022): €202200990, https://doi.org/10.1002/cctc.
202200990.

75. L. Dolcini, T. Gandini, R. Castiglioni, et al., “Visible Light-Promoted
B-Functionalization of Carbonyl Compounds in the Presence of Organic
Dyes,” The Journal of Organic Chemistry 88 (2023): 14283-14291, https://
doi.org/10.1021/acs.joc.3c00890.

76. M. Lepori, C. Pratley, I. Dey, V. Butera, V. Roider, and J. P. Barham,
“Photocatalysis Enables Chemodivergent Radical Polar Crossover: Ritter-
Type Amidation vs Heck-Type Olefin Carbofunctionalizations,” Chem-
istry - A European Journal 31 (2025): €202500666, https://doi.org/10.1002/
chem.202500666.

77. G. Cavazzoli, I. Gamberoni, S. Mazzotta, et al., “Synthesis of a-
Arylglycosides by Ni-Photoredox Arylation of Sugars with an Organic
Photocatalyst,” ChemCatChem 17 (2025): €202500042, https://doi.org/10.
1002/cctc.202500042.

78. E. M. Sherbrook, H. Jung, D. Cho, M.-H. Baik, and T. P. Yoon,
“Bronsted Acid Catalysis of Photosensitized Cycloadditions,” Chemical
Science 11 (2020): 856-861, https://doi.org/10.1039/C9SC04822G.

79. D. Liang, J.-R. Chen, L.-P. Tan, Z.-W. He, and W.-J. Xiao, “Catalytic
Asymmetric Construction of Axially and Centrally Chiral Heterobiaryls
by Minisci Reaction,” Journal of the American Chemical Society 144 (2022):
6040-6049, https://doi.org/10.1021/jacs.2c01116.

80. T. Parvin, R. Yadav, and L. H. Choudhury, “Recent Applications of
Thiourea-Based Organocatalysts in Asymmetric Multicomponent Reac-
tions (AMCRs),” Organic & Biomolecular Chemistry 18 (2020): 5513-5532,
https://doi.org/10.1039/DOOB00595A.

81. H. Zhang, Y. Qiao, H. Chen, and Y. Bai, “Thiourea-Amine Catalysts:
Innovation, Integration, and Sustainability,” Asian Journal of Organic
Chemistry 14 (2025): e00582, https://doi.org/10.1002/ajoc.202500582.

82. N. Vallavoju, S. Selvakumar, S. Jockusch, M. P. Sibi, and J. Sivaguru,
“Enantioselective Organo-Photocatalysis Mediated by Atropisomeric
Thiourea Derivatives,” Angewandte Chemie International Edition 53
(2014): 5604-5608, https://doi.org/10.1002/anie.201310940.

83. F. Mayr, L.-M. Mohr, E. Rodriguez, and T. Bach, “Synthesis of Chiral
Thiourea-Thioxanthone Hybrids,” Synthesis 49 (2017): 5238-5250, https://
doi.org/10.1055/s-0036-1590931.

84.S.-C. Huo, R. R. Indurmuddam, B.-C. Hong, C.-F. Lu, and S.-Y.
Chien, “The Hamburger-Shape Photocatalyst: Thioxanthone-Based Chi-
ral [2.2]Paracyclophane for Enantioselective Visible-Light Photocatalysis
of 3-Methylquinoxalin-2(1 H )-one and Styrenes,” Organic & Biomolecular
Chemistry 21 (2023): 9330-9336, https://doi.org/10.1039/D30B01580G.

85. K. L. Skubi, J. B. Kidd, H. Jung, I. A. Guzei, M.-H. Baik, and T. P. Yoon,
“Enantioselective Excited-State Photoreactions Controlled by a Chiral
Hydrogen-Bonding Iridium Sensitizer,” Journal of the American Chemical
Society 139 (2017): 17186-17192, https://doi.org/10.1021/jacs.7b10586.

86. J. Zheng, W. B. Swords, H. Jung, et al., “Enantioselective Intermolec-
ular Excited-State Photoreactions Using a Chiral Ir Triplet Sensitizer:
Separating Association From Energy Transfer in Asymmetric Photocatal-
ysis,” Journal of the American Chemical Society 141 (2019): 13625-13634,
https://doi.org/10.1021/jacs.9b06244.

87. W. B. Swords, H. Lee, Y. Park, et al., “Highly Enantioselective 67
Photoelectrocyclizations Engineered by Hydrogen Bonding,” Journal of
the American Chemical Society 145 (2023): 27045-27053, https://doi.org/
10.1021/jacs.3c10782.

88. W. Ding, L.-Q. Lu, Q.-Q. Zhou, Y. Wei, J.-R. Chen, and W.-J. Xiao,
“Bifunctional Photocatalysts for Enantioselective Aerobic Oxidation of -
Ketoesters,” Journal of the American Chemical Society 139 (2017): 63-66,
https://doi.org/10.1021/jacs.6b11418.

Chemistry — A European Journal, 2026

19 of 21

85UBJ17 SUOLULIOD AR 3|1 [dde 3y Aq pousenob a.e SN YO 138N JO'S3INI o ARIqIT BUIUO A8|1M UO (SUORIPUOD-PUR-SWLRI WO B 1M Ae.q1 U UO//SdIY) SUORIPUOD Pue swie L 8u) 89S *[9202/60/2T] uo Ariqriauliuo Alim * Bingswebey 1eIseAIN - 0rerubid 8o AQ Z2780L WRUR/Z00T OT/I0pALI0D" A3] 1M Aseiqiieuljuo-adone-Ans iLueyp//Sdny woj popeojumod ‘0 ‘G9LETZST


https://doi.org/10.1021/jacs.1c11266
https://doi.org/10.1002/anie.202305274
https://doi.org/10.1002/anie.202313606
https://doi.org/10.1021/jacs.4c16053
https://doi.org/10.1002/anie.201409224
https://doi.org/10.1055/s-0035-1561378
https://doi.org/10.1039/D3OB00212H
https://doi.org/10.1002/chem.202000720
https://doi.org/10.1126/science.aai8228
https://doi.org/10.1021/jacs.9b04643
https://doi.org/10.1021/jacs.1c05240
https://doi.org/10.1039/D1RA06885G
https://doi.org/10.1039/D2OB00607C
https://doi.org/10.1021/acs.joc.3c00191
https://doi.org/10.1021/acscatal.5b02204
https://doi.org/10.1021/acs.chemmater.6b05324
https://doi.org/10.1002/anie.201901922
https://doi.org/10.1002/cctc.202200990
https://doi.org/10.1021/acs.joc.3c00890
https://doi.org/10.1002/chem.202500666
https://doi.org/10.1002/cctc.202500042
https://doi.org/10.1039/C9SC04822G
https://doi.org/10.1021/jacs.2c01116
https://doi.org/10.1039/D0OB00595A
https://doi.org/10.1002/ajoc.202500582
https://doi.org/10.1002/anie.201310940
https://doi.org/10.1055/s-0036-1590931
https://doi.org/10.1039/D3OB01580G
https://doi.org/10.1021/jacs.7b10586
https://doi.org/10.1021/jacs.9b06244
https://doi.org/10.1021/jacs.3c10782
https://doi.org/10.1021/jacs.6b11418

89. X.-F. Tang, S.-H. Feng, Y.-K. Wang, et al., “Bifunctional Metal-
Free Photo-Organocatalysts for Enantioselective Aerobic Oxidation of
B-Dicarbonyl Compounds,” Tetrahedron 74 (2018): 3624-3633, https://doi.
0rg/10.1016/j.tet.2018.05.023.

90. T. Rigotti, A. Casado-Sanchez, S. Cabrera, et al., “A Bifunctional
Photoaminocatalyst for the Alkylation of Aldehydes: Design, Analysis,
and Mechanistic Studies,” ACS Catalysis 8 (2018): 5928-5940, https://doi.
org/10.1021/acscatal.8b01331.

91. Q. Zhou, F. M. Hormann, and T. Bach, “Iminium and Enamine
Catalysis in Enantioselective Photochemical Reactions,” Chemical Society
Reviews 47 (2018): 278-290, https://doi.org/10.1039/C7CS00509A.

92. E. Arceo, I. D. Jurberg, A. Alvarez-Fernandez, and P. Melchiorre,
“Photochemical Activity of a key Donor-Acceptor Complex can Drive
Stereoselective Catalytic a-Alkylation of Aldehydes,” Nature Chemistry 5
(2013): 750-756, https://doi.org/10.1038/nchem.1727.

93. M. Silvi, E. Arceo, I. D. Jurberg, C. Cassani, and P. Melchiorre,
“Enantioselective Organocatalytic Alkylation of Aldehydes and Enals
Driven by the Direct Photoexcitation of Enamines,” Journal of the
American Chemical Society 137 (2015): 6120-6123, https://doi.org/10.1021/
jacs.5b01662.

94. A. Bahamonde and P. Melchiorre, “Mechanism of the Stereoselective
a-Alkylation of Aldehydes Driven by the Photochemical Activity of Enam-
ines,” Journal of the American Chemical Society 138 (2016): 8019-8030,
https://doi.org/10.1021/jacs.6b04871.

95. M. A. Cismesia and T. P. Yoon, “Characterizing Chain Processes in
Visible Light Photoredox Catalysis,” Chemical Science 6 (2015): 5426-5434,
https://doi.org/10.1039/C5SC02185E.

96. A. Gualandi, F. Calogero, A. Martinelli, et al., “A Supramolecular
Bifunctional Iridium Photoaminocatalyst for the Enantioselective Alky-
lation of Aldehydes,” Dalton Transactions 49 (2020): , https://doi.org/10.
1039/DODTO02587A.

97. A. Caron, E. Morin, and S. K. Collins, “Bifunctional Copper-Based
Photocatalyst for Reductive Pinacol-Type Couplings,” ACS Catalysis 9
(2019): 9458-9464, https://doi.org/10.1021/acscatal.9b01718.

98. P. R. D. Murray, J. H. Cox, N. D. Chiappini, et al., “Photochemical
and Electrochemical Applications of Proton-Coupled Electron Transfer
in Organic Synthesis,” Chemical Reviews 122 (2022): 2017-2291, https://doi.
org/10.1021/acs.chemrev.1c00374.

99. A. Péter, S. Agasti, O. Knowles, E. Pye, and D. J. Procter, “Recent
Advances in the Chemistry of Ketyl Radicals,” Chemical Society Reviews
50 (2021): 5349-5365, https://doi.org/10.1039/DOCS00358A.

100. S. Okamoto and D. Nagai, “Pyrene-Based Organic Photoredox Cat-
alysts for Carbon-Carbon Bond-Forming Reactions: Reductive Coupling
of Aromatic Carbonyl and Imine Compounds,” Organic Letters 26 (2024):
7718-7722, https://doi.org/10.1021/acs.orglett.4c02845.

101. N. Kato, T. Nanjo, and Y. Takemoto, “A Pyridine-Based Donor-
Acceptor Molecule: A Highly Reactive Organophotocatalyst That Enables
the Reductive Cleavage of C-Br Bonds Through Halogen Bonding,” ACS
Catalysis 12 (2022): 7843-7849, https://doi.org/10.1021/acscatal.2c02067.

102. C. M. Morton, Q. Zhu, H. Ripberger, et al., “C-H Alkylation via
Multisite-Proton-Coupled Electron Transfer of an Aliphatic C-H Bond,”
Journal of the American Chemical Society 141 (2019): 13253-13260, https://
doi.org/10.1021/jacs.9b06834.

103. V. Carré, P. Godard, R. Méreau, et al., “Photogeneration of Chlorine
Radical from a Self-Assembled Fluorous 4CzIPN*Chloride Complex:
Application in C—H Bond Functionalization,” Angewandte Chemie
International Edition 63 (2024): €202402964, https://doi.org/10.1002/anie.
202402964.

104. T. Yumura, T. Nanjo, and Y. Takemoto, “Benzophenoth-
iazine/Boronic Acid Cooperative Photocatalysis Enables the Synthesis
of y-Lactones via the [3 + 2] Cycloaddition of «,3-Unsaturated
Carboxylic Acids With Olefins,” ACS Catalysis 15 (2025): 4975-4983,
https://doi.org/10.1021/acscatal.5c00764.

105. J. Lyu, A. Claraz, M. R. Vitale, C. Allain, and G. Masson, “Preparation
of Chiral Photosensitive Organocatalysts and Their Application for the
Enantioselective Synthesis of 1,2-Diamines,” The Journal of Organic
Chemistry 85 (2020): 12843-12855, https://doi.org/10.1021/acs joc.0c01931.

106. G. Levitre, C. Audubert, A. Dumoulin, et al, “Combining
Organocatalysis and Photoredox Catalysis: An Asymmetric Synthesis of
Chiral 8- Amino a- Substituted Tryptamines,” Chemcatchem 11 (2019):
5723-5727, https://doi.org/10.1002/cctc.201901266.

107. K. Mori, M. Kawashima, and H. Yamashita, “Visible-Light-Enhanced
Suzuki-Miyaura Coupling Reaction by Cooperative Photocatalysis With
an Ru-Pd Bimetallic Complex,” Chemical Communications 50 (2014):
14501-14503, https://doi.org/10.1039/C4CC03682D.

108. T. Kuribara, M. Nakajima, and T. Nemoto, “A visible-Light Acti-
vated Secondary Phosphine Oxide Ligand Enabling Pd-Catalyzed Radical
Cross-Couplings,” Nature Communications 13 (2022): 4052, https://doi.
0rg/10.1038/s41467-022-31613-9.

109. M. B. Thoke, G. Sun, R. A. Borse, P. Lin, and S. Lin, “Uni-
molecular Cooperative Metallaphotocatalysis With Conjugately Bridged
Ir-Ni Complexes and its Applications in Organic Coupling Reactions,”
Organic Chemistry Frontiers 9 (2022): 1797-1807, https://doi.org/10.1039/
D1QOO01817E.

110.J. Lee and W. J. Song, “Photocatalytic C-O Coupling Enzymes
That Operate Via Intramolecular Electron Transfer,” Journal of the
American Chemical Society 145 (2023): 5211-5221, https://doi.org/10.1021/
jacs.2c12226.

111. L. Dolcini, A. Solida, D. Lavelli, et al., “Bifunctional Photocatalysts
Display Proximity-Enhanced Catalytic Activity in Metallaphotoredox C—
O Coupling,” ACS Catalysis 14 (2024): 18651-18659, https://doi.org/10.
1021/acscatal.4c05893.

112.J. A. Terrett, J. D. Cuthbertson, V. W. Shurtleff, and D. W. C.
MacMillan, “Switching on Elusive Organometallic Mechanisms With
Photoredox Catalysis,” Nature 524 (2015): 330-334, https://doi.org/10.
1038/naturel4875.

113. R. Sun, Y. Qin, S. Ruccolo, C. Schnedermann, C. Costentin, and D.
G. Nocera, “Elucidation of a Redox-Mediated Reaction Cycle for Nickel-
Catalyzed Cross Coupling,” Journal of the American Chemical Society 141
(2019): 89-93, https://doi.org/10.1021/jacs.8b11262.

114. V. A. Tonova, A. S. Abel, A. D. Averin, and I. P. Beletskaya, “Hybrid
Catalysts in Photoredox Arylation of Sodium Arylsulfinates,” Advanced
Synthesis & Catalysis 366 (2024): 3173-3180, https://doi.org/10.1002/adsc.
202400350.

115. V. A. Ionova, E. V. Ermakova, K. S. Zazerin, et al., “Molecular Hybrid
Catalysts in Ni/Photoredox C-N Coupling: Comparison of “in Batch”
and “in Flow” Irradiation Techniques,” ChemCatChem 17 (2025): 00964,
https://doi.org/10.1002/cctc.202500964.

116. D. Chao and M. Zhao, “A Supramolecular Assembly Bearing
an Organic TADF Chromophore: Synthesis, Characterization and
Light-Driven Cooperative Acceptorless Dehydrogenation of Secondary
Amines,” Dalton Transactions 48 (2019): 5444-5449, https://doi.org/10.
1039/C9DTO00407F.

117. Y. Tamaki and O. Ishitani, “Supramolecular Photocatalysts for the
Reduction of CO,,” ACS Catalysis 7 (2017): 3394-3409, https://doi.org/10.
1021/acscatal.7b00440.

118. J. Kim, D. Kim, and S. Chang, “Merging Two Functions in a Single Rh
Catalyst System: Bimodular Conjugate for Light-Induced Oxidative Cou-
pling,” Journal of the American Chemical Society 142 (2020): 19052-19057,
https://doi.org/10.1021/jacs.0c09982.

119. C. Ruiz-Zambrana, M. Poyatos, and E. Peris, “A Redox-Switchable
Gold(I) Complex for the Hydroamination of Acetylenes: A Convenient
Way for Studying Ligand-Derived Electronic Effects,” ACS Catalysis 12
(2022): 4465-4472, https://doi.org/10.1021/acscatal.2c00613.

120. C. Ruiz-Zambrana, M. Poyatos, and E. Peris, “Gold(I) Complex With
a Photoactive Ligand Behaves as a Two-in-One Dual Metallaphotoredox

20 of 21

Chemistry — A European Journal, 2026

85UBJ17 SUOLULIOD AR 3|1 [dde 3y Aq pousenob a.e SN YO 138N JO'S3INI o ARIqIT BUIUO A8|1M UO (SUORIPUOD-PUR-SWLRI WO B 1M Ae.q1 U UO//SdIY) SUORIPUOD Pue swie L 8u) 89S *[9202/60/2T] uo Ariqriauliuo Alim * Bingswebey 1eIseAIN - 0rerubid 8o AQ Z2780L WRUR/Z00T OT/I0pALI0D" A3] 1M Aseiqiieuljuo-adone-Ans iLueyp//Sdny woj popeojumod ‘0 ‘G9LETZST


https://doi.org/10.1016/j.tet.2018.05.023
https://doi.org/10.1021/acscatal.8b01331
https://doi.org/10.1039/C7CS00509A
https://doi.org/10.1038/nchem.1727
https://doi.org/10.1021/jacs.5b01662
https://doi.org/10.1021/jacs.6b04871
https://doi.org/10.1039/C5SC02185E
https://doi.org/10.1039/D0DT02587A
https://doi.org/10.1021/acscatal.9b01718
https://doi.org/10.1021/acs.chemrev.1c00374
https://doi.org/10.1039/D0CS00358A
https://doi.org/10.1021/acs.orglett.4c02845
https://doi.org/10.1021/acscatal.2c02067
https://doi.org/10.1021/jacs.9b06834
https://doi.org/10.1002/anie.202402964
https://doi.org/10.1021/acscatal.5c00764
https://doi.org/10.1021/acs.joc.0c01931
https://doi.org/10.1002/cctc.201901266
https://doi.org/10.1039/C4CC03682D
https://doi.org/10.1038/s41467-022-31613-9
https://doi.org/10.1039/D1QO01817E
https://doi.org/10.1021/jacs.2c12226
https://doi.org/10.1021/acscatal.4c05893
https://doi.org/10.1038/nature14875
https://doi.org/10.1021/jacs.8b11262
https://doi.org/10.1002/adsc.202400350
https://doi.org/10.1002/cctc.202500964
https://doi.org/10.1039/C9DT00407F
https://doi.org/10.1021/acscatal.7b00440
https://doi.org/10.1021/jacs.0c09982
https://doi.org/10.1021/acscatal.2c00613

Cross-Coupling Catalyst,” ACS Catalysis 14 (2024): 4066-4073, https://doi.
org/10.1021/acscatal.3c05962.

121. L. Ibafiez-Ibafiez, G. Guisado-Barrios, and J. A. Mata, “Photodehy-
drogenation of Alcohols Catalysed by a Single Ruthenium N-Heterocyclic
Carbene Complex,” Journal of Catalysis 448 (2025): 116134, https://doi.
0rg/10.1016/j.jcat.2025.116134.

122. E. Arceo, A. Bahamonde, G. Bergonzini, and P. Melchiorre, “Enan-
tioselective Direct a-Alkylation of Cyclic Ketones by Means of Photo-
Organocatalysis,” Chemical Science 5 (2014): 2438-2442, https://doi.org/
10.1039/c4sc00315b.

123. X.-F. Tang, J.-N. Zhao, Y.-F. Wu, et al., “Visible-Light-Driven Enan-
tioselective Aerobic Oxidation of f-Dicarbonyl Compounds Catalyzed by
Cinchona-Derived Phase Transfer Catalysts in Batch and Semi-Flow,”
Advanced Synthesis & Catalysis 361 (2019): 5245-5252, https://doi.org/10.
1002/adsc.201900777.

124. T. Shao, Z. Li, F. Nie, Q. Li, X. Zhao, and Z. Jiang, “Leveraging
Electron Donor-Acceptor Complexes for Kinetic Resolution in Catalytic
Asymmetric Photochemical Synthesis,” Nature Chemistry 17 (2025): 1722~
1731, https://doi.org/10.1038/s41557-025-01973-y.

125. H. Huo, X. Shen, C. Wang, et al., “Asymmetric Photoredox Transition-
Metal Catalysis Activated by Visible Light,” Nature 515 (2014): 100-103,
https://doi.org/10.1038/nature13892.

126. B.J. Shields, B. Kudisch, G. D. Scholes, and A. G. Doyle, “Long-Lived
Charge-Transfer States of Nickel(II) Aryl Halide Complexes Facilitate
Bimolecular Photoinduced Electron Transfer,” Journal of the Ameri-
can Chemical Society 140 (2018): 3035-3039, https://doi.org/10.1021/jacs.
7b13281.

127. S. L. Ting, S. Garakyaraghi, C. M. Taliaferro, et al., “3 d-d Excited
States of Ni(II) Complexes Relevant to Photoredox Catalysis: Spec-
troscopic Identification and Mechanistic Implications,” Journal of the
American Chemical Society 142 (2020): 5800-5810, https://doi.org/10.1021/
jacs.0c00781.

128. N. A. Till, L. Tian, Z. Dong, G. D. Scholes, and D. W. C. MacMillan,
“Mechanistic Analysis of Metallaphotoredox C-N Coupling: Photocatal-
ysis Initiates and Perpetuates Ni(I)/Ni(III) Coupling Activity,” Journal of
the American Chemical Society 142 (2020): 15830-15841, https://doi.org/10.
1021/jacs.0c05901.

129. S. L. Yang, H. Lu, et al., “Light-Promoted Nickel Catalysis: Ether-
ification of Aryl Electrophiles With Alcohols Catalyzed by a Nill-Aryl
Complex,” Angewandte Chemie International Edition 59 (2020): 12714—
12719, https://doi.org/10.1002/anie.202012877.

130. S. G. Li, L. Yang, et al., “Light-Promoted C-N Coupling of Aryl
Halides with Nitroarenes,” Angewandte Chemie International Edition 60
(2021): 5230-5234, https://doi.org/10.1002/anie.202012877.

131. C. Cavedon, S. Gisbertz, S. Reischauer, et al., “Intraligand
Charge Transfer Enables Visible-Light-Mediated Nickel-Catalyzed
Cross-Coupling Reactions**,” Angewandte Chemie International
Edition 61 (2022): €202211433, https://doi.org/10.1002/anie.
202211433.

132. R. Ishimatsu, S. Matsunami, K. Shizu, C. Adachi, K. Nakano, and
T. Imato, “Solvent Effect on Thermally Activated Delayed Fluores-
cence by 1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-Dicyanobenzene,” The Jour-
nal of Physical Chemistry A 117 (2013): 5607-5612, https://doi.org/10.1021/
jp404120s.

133. J. Li, C. Y. Huang, and C. J. Li, “Two-in-one Metallaphotoredox Cross-
Couplings Enabled by a Photoactive Ligand,” Chem 8 (2022): 2419-2431,
https://doi.org/10.1016/j.chempr.2022.05.011.

134. N. Toriumi, T. Inoue, and N. Iwasawa, “Shining Visible Light on
Reductive Elimination: Acridine-Pd-Catalyzed Cross-Coupling of Aryl
Halides With Carboxylic Acids,” Journal of the American Chemical Society
144 (2022): 19592-19602, https://doi.org/10.1021/jacs.2c09318.

Biographies

Luigi Dolcini studied Chemistry at Uni-
versita degli Studi di Milano in 2021,
obtaining his PhD in 2024 under the
supervision of Prof. Luca Pignataro, with
a thesis on the development of novel
methodologies to carry out photocat-
alyzed reactions using organic dyes. Dur-
ing his PhD, he spent six months as a
visiting student in the laboratories of Prof.
Timothy Noél at the University of Amster-
dam. He is now a postdoctoral researcher
in the group of Dr. Joshua P. Barham at
the University of Regensburg (DE).

Daniele Lavelli received his MSc in
Chemistry in 2025 at Universita degli
Studi di Milano, working under the
supervision of Prof. Luca Pignataro on
the design, synthesis, and application of
bifunctional photocatalysts. Following his
thesis work, he joined the Politecnico di
Milano as a research fellow. His current
research is centered on the synthesis and
characterization of polyynes, with a focus
on their unique structural and electronic
properties. His broader interests include
organic synthesis and photocatalysis.

Alberto Dal Corso studied Chemistry at
Universita degli Studi di Milano, obtain-
ing his PhD in 2015 with Prof. Cesare
Gennari. He then joined the group of Prof.
Dario Neri at ETH Ziirich as a postdoc.
In 2018, he returned to Universita degli
Studi di Milano, where he is now an Asso-
ciate Professor. In the last years, he has
been awarded the Junior Prize “Organic
Chemistry for Life Sciences 2019” and
the “Primo Levi Award 2020” by the Ital-

ian Chemical Society. His main research
7 interests include the synthesis of bioactive
compounds and drug release systems.

Luca Pignataro studied Industrial
Chemistry at Universitad degli Studi di
Milano, where he graduated in 2003
and received his PhD in 2006 under the
supervision of Prof. Franco Cozzi. In
2007, he joined the group of Prof. David
Leigh at the University of Edinburgh
"N (UK) as a postdoc. He returned to Italy
(2008) in the group of Prof. Cesare
Gennari. He then became a researcher
(2012) and later associate professor (2019)
at Universita degli Studi di Milano. In
2024, he was appointed a full professor
at the same institution. His main research interests include synthetic
methodologies, supramolecular catalysis, and medicinal chemistry.

Chemistry — A European Journal, 2026

21 of 21

85URD1 SUOWILLOD) BAIERID B]qedl|dde 2y} Aq peunob a8 S YO 88N JO S3INI 104 ARG BUIIUO AB]IM UO (SUORIPUOD-PLE-SLULBILIOD" A3 | ARRIq1BUIIUO//SUNY) SUORIPUOD PUB SWB L 8L3 85 *[9202/60/2T] U0 ARigi8uliuo ABjim * BingsueBey \e1seAun - 0xereubid ean Ag Z80L WeUd/Z00T 0T/ I0p/wod A8 |Im AReid 1l juo edo.ne-Ais Iusyo//Sdny wo.y papeojumod ‘0 ‘S9LETeST


https://doi.org/10.1021/acscatal.3c05962
https://doi.org/10.1016/j.jcat.2025.116134
https://doi.org/10.1039/c4sc00315b
https://doi.org/10.1002/adsc.201900777
https://doi.org/10.1038/s41557-025-01973-y
https://doi.org/10.1038/nature13892
https://doi.org/10.1021/jacs.7b13281
https://doi.org/10.1021/jacs.0c00781
https://doi.org/10.1021/jacs.0c05901
https://doi.org/10.1002/anie.202012877
https://doi.org/10.1002/anie.202012877
https://doi.org/10.1002/anie.202211433
https://doi.org/10.1021/jp404120s
https://doi.org/10.1016/j.chempr.2022.05.011
https://doi.org/10.1021/jacs.2c09318

	Bifunctional Photocatalysts: Exploiting Proximity for Enhanced Reaction Performance
	1 | Introduction
	2 | The Bifunctional Approach in Photocatalysis
	2.1 | Enantioselective Systems
	2.2 | Bifunctional Systems Displaying Increased Catalytic Activity

	3 | Bivalent Photocatalysts
	4 | Summary and Outlook
	Acknowledgments
	Conflicts of Interest
	References
	Biographies


