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Thermally activated delayed fluorescence (TADF)
compounds in energy transfer processes. A
general alternative to metal-based complexes
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Recently, TADF (thermally activated delayed fluorescence) compounds have expanded their role beyond
materials chemistry, enriching the field of photocatalysis and offering a cost-effective and environmentally
friendly alternative to classical metal-based complexes. However, while their role in photoredox catalysis
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is well-established, research on their use in EnT reactions is sparse. In this tutorial review, we discuss and
summarise the observed reactivity trends for some leading families of TADF compounds. Further, we
examine their structure—property relationships and explore the development of synthetic methods for

rsc.li/greenchem greener, more sustainable protocols in which TADF molecules serve as crucial catalytic systems.

Green foundation

1. We discuss the use of organic molecules that present TADF as photosensitizers. The discussion is focused on the structure-properties relationship for the
rational design, and also considering green parameters like the replacement of metal-based photosensitizers obtaining similar or highest yields, the use of
safer solvents, and less energetic light sources.

2. The use of TADF compounds in photocatalysis has been studied more for the photoinduced electron transfer process than for the photoinduced energy
transfer process. Therefore, it is essential to understand the potential of these molecules when analyzing overall trends in the design process. This knowledge
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will help synthesize new photosensitizers to modernize old methods more sustainably and to develop new ones aligned with green chemistry principles.
3. Despite the increasing application of TADF compounds in photocatalysis, their potential as photosensitizers continues to be a fascinating research area.
This tutorial review aims to enhance understanding of how to rationally design new TADF-based photosensitizers that could replace metal-based alternatives,

offering comparable or higher efficiency in a more environmentally friendly manner.

1. Introduction

In recent years, photocatalysis has emerged as a tool to
perform innovative chemical transformations in a more sus-
tainable manner." However, when looking at light-driven
energy-transfer (EnT) processes, many reactions are catalyzed
by transition-metal based complexes. While these molecules
are important for developing new transformations, they can
often be replaced by metal-free alternatives, such as purely
organic photosensitizers (PSs). In this context, some molecules
that exhibit thermally activated delayed fluorescence (TADF)
have emerged as promising candidates due to their ability to
mimic metal-to-ligand charge transfer (MLCT) via a long-lived
charge-transfer (CT) state (Fig. 1A and B). Generally, the photo-
excitation of TADF compounds can lead to two distinct mecha-
nisms: electron transfer (ET) or energy transfer (EnT), with the
latter being much less used and less investigated.
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TADF molecules are characterized by a small gap between
S; and T; (commonly lower than 0.3 eV), which favors ISC
(intersystem crossing) and RISC (reverse intersystem crossing)
while suppressing internal conversion (Fig. 1E). In this regard,
the synthesis and design of organic TADF compounds is based
on donor and acceptor units (D-A, Fig. 1C) or molecules that
incorporate heteroatoms with lone pair electrons (Fig. 1D).?
Both strategies are related to Spin-Orbit Coupling (SOC)
values, which depend on the nature of the excited states,
orbital types, and the heavy-atom effect.®> Based on this, a
common strategy for the design of D-A molecules is character-
ized by highly twisted structures (Fig. 1C) that promote a well-
defined delocalization of the HOMO and LUMO orbitals,
decreasing their overlap and the AEgr. Additionally, substi-
tutions in donor and acceptor structures tune the molecular
energy levels, enabling a rational study of structure-property
relationships. On the other hand, incorporating heavy atoms
(Fig. 1D) can also induce SOC, facilitating the ISC (Fig. 1E).

However, the AEg; character of TADF molecules is more
peculiar than only considering the spatially separated HOMO-
LUMO. In particular, has been studied that in carbazolycyano-
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benzene-based compounds, the energy of the S; state is
reduced more significantly than T; state, while incorporating
carbazole units. Moreover, the T, state has both contributions
of the locally excitation (LE) and charge transfer (CT), the
latter can be increased as the AExomo-rumo decreases.? This
duality CT/LE provides them with interesting properties for
applications in materials chemistry and photocatalysis.

For example, TADF compounds can undergo energy transfer
processes via the Forster resonance energy transfer (FRET) and
Dexter energy transfer (DET) mechanisms. The first one is
related to the dipole-dipole coupling mediated over long dis-
tances. While DET is based on simultaneous intermolecular
electron exchange of the excited state of the photosensitizer
(PS) and the ground state of the substrate.

In contrast, the heavy-metal-based complexes are more
limited, typically achieving only DET, exemplifying the impor-
tance and versatility of organic TADF-PS for future appli-
cations. The FRET pathway mediated by TADF molecules and
facilitated by a higher energy triplet has recently been explored
in the development of hyperfluorescent OLEDs.”

In organic synthesis, the ability of TADF compounds to act
as photosensitizers has been more extensively exploited via
DET processes (e.g., alkene photoisomerization). This reactivity
can be attributed to their ISC quantum yields and long
delayed-triplet lifetimes, making the Triplet-Triplet Energy
Transfer (TT-EnT) thermodynamically feasible.

However, there are certain target properties of metal-based
structures that the design of more effective TADF photosensiti-
zers must aim to outperform:

(1) An efficient SOC, facilitating an ultrafast ISC from
'MLCT to "MLCT.’

(2) Structural rigidity through the incorporation of ligands,
preventing the distortion, the chemical decomposition and
increasing the excited states lifetime.”
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(3) An extended wavelength window is achieved by modulat-
ing the electronic nature of the ligands, facilitating the use of
less energetic light sources.”

In response to this, the synthetic community has been
focused on the study and design of TADF compounds that can
offer more sustainable methodologies, emulating or improving
the photophysical and photochemical properties of metal-
based compounds. These efforts are leading to new synthetic
pathways in line with the need for greener chemistry.

1.1. About this tutorial review

While several review articles have discussed the theoretical
aspects of TADF molecules and their synthetic importance
based on photocatalysis,® this tutorial review highlights the
most common trend found in the structure-reactivity relation-
ship on different families of TADF compounds that efficiently
catalyze EnT manifold. We will present reports on the design
of TADFs to achieve the desired triplet energy for EnT mecha-
nisms, and we will compare the most recent methodologies
that utilize TADFs with previous reports that used metal-based
photosensitizers or harsh conditions. This review is organized
with particular emphasis on the structure-properties relation-
ships in TADF compounds that have been utilized in EnT pro-
cesses. The work is divided into two main chapters: (i) TADF
photosensitizers with donor-acceptor (D-A) structure and (II)
other types of TADF compounds.

TADF photosensitizers with donor-acceptor (D-A) structure.
This D-A configuration has been widely used in materials
chemistry to develop new organic emitters and luminescent
materials. In particular, the family of carbazolycyanobenzene-
based compounds has seen remarkable use in photocatalysis,
mediating EnT processes (section 2.1). The ability to modify
the number and positions of cyano and N-based groups has
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Fig. 1 Design strategies in TADF molecules used in photocatalysis.

enabled multiple combinations that can modulate the reactiv-
ity of the PS, facilitating the attainment of the target products.
Recently, the exploration of triplet energy in nitrogen-based
cores has emerged as a novel alternative. In imidazoacridine-
and imidazophenothiazine-based compounds (section 2.2),
the dependence of ET values on structural modifications in
the donor and acceptor moieties has been highlighted. Studies
of these D-A compounds have examined the presence of
nitrogen-based heterocycles (modifying donor
strength), and the influence of spin-orbit coupling SOC on PS
reactivity. The triplet energy of more complex structures, such
as diindoloquinoxaline-based compounds, has been studied
(section 2.2). The structural diversification facilitates, for
example, improvements in excited-state lifetimes. Also, an

various
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excellent example of how the design of new photosensitizers
can be addressed is presented in section 2.2, where the PS was
specifically designed for the development of a new method-
ology, rather than its application in benchmark reactions.

While sulfur-based acceptors have been extensively reported
in materials chemistry, only a few examples have been applied
in photocatalysis. Interestingly, a dual role as a photocatalyst/
photosensitizer has also been explored (section 2.3), expand-
ing the application field of this type of D-A compounds.

Other TADF compounds. TADF behavior is not limited to
donor-acceptor compounds. Other examples include molecules
in which a small energy gap between the singlet and triplet states
arises from factors such as heavy atoms in the structure. For
instance, thioxanthone (section 3.1), a core used in opto-
electronic materials exhibiting TADF, has been studied for asym-
metric induction. Additionally, xanthene-based compounds
(section 3.2), and multiresonant structures (section 3.3) used in
oxidation and isomerization processes are included.

2. TADF photosensitizers with D—-A
structure used in EnT processes

2.1. Carbazolycyanobenzene-based compounds

The rational design of efficient PSs is challenging. The difficul-
ties mainly stem from the fact that several characteristics can
influence the required physicochemical properties, such as the
T, lifetime or the ISC quantum yield. However, Zhang and co-
workers reported in 2018 an excellent example of how the
modulation of the triplet excited states can be achieved.” The
authors synthesized carbazole-cyanobenzene fluorophores (D-
A type), varying the number and position of cyano and carba-
zole groups. A clear tendency can be discerned by analyzing
compounds within the same family. For example, the introduc-
tion of more electron-donating groups (EDGs) decreases the Ey.
from 3.03 eV to 2.68 eV (Table 1).

The E; and lambda values served as initial criteria for
selecting the fluorophores involved in the isomerization of
E-stilbene (Ep = 2.2 eV) to Z-stilbene (Er = 2.5 eV). D-A com-
pounds with a high Er showed a lower isomerization rate,
possibly due to the simultaneous activation of the Z-isomer
(see the tendency in 6, 7, and 5 in Table 2). Interestingly, com-
pound 8 and its 1,4-dicyanobenzene regioisomer, 2CzTPN (9),

Table 1 Impact of increasing the number of EDGs in carbazolyl-
cyanobenzene-based compounds

Q CN CN CN
RIR RIR R
oI 0o S
R R RIR DE R
1 3 4 5@
2.70 268

CN
R
2
3.03

Er(eV) 2.77

Increased EDGs
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Table 2 Trend and counter-trend found in the study of carbazolyl-
cyanobenzene-based compounds

@NQ

PS (0.7 mol%)

Ar, 26 W CFL, RT

E-stilbene Z-stilbene
CN
O
R
9 CN
Er(eV) 234 2.45 2.68 2.63 2.48
ZIE ratio 8.56 8.10 4.00 1.86 2.70

Increased Er

Counter-trem!}

do not follow this trend, showing a Z/E ratio similar to that of
compounds with higher E; values (Table 1, for molecule 2, Z/E
ratio = 1.86). The authors identified strong *LE (locally excited
triplet state) character in compounds 8 and 9 based on theore-
tical calculations. This characteristic aligns with various
reports describing that this type of TADF emitter with a D-A
structure generally exhibits mixed local excitation (LE) and
intramolecular charge transfer (CT) character."®

Spectroscopic analysis using femtosecond and nanosecond
transient absorption spectroscopy confirmed the existence of
two triplet states (°LE and >CT). The *LE state was more signifi-
cant in those PSs with an unexpectedly low Z/E ratio. With this
key information, the authors proposed two different strategies
to modulate the *LE/’CT population by tuning the energy of
'CT: (i) change the solvent polarity and analyze the effect on
the *LE depopulation. (ii) Increase the electron-donating
strength in the D-A structure, improving the charge transfer
process. For molecule 8, the Z/E ratio obtained in different sol-
vents varied slightly due to a consistently lower-energy absorp-
tion band (*CT,ps) with higher energy than *LE. The addition
of the tert-butyl group in 10, which makes the carbazole core
more electron-rich, shifted the 'CT,,s below °LE, increasing
the Z/E ratio from 2.1 to 4.6. Ultimately, both strategies demon-
strated that the *CT population can influence the efficiency of
TADF fluorophores in stilbene isomerization (Fig. 2).

It is worth mentioning that this transformation was orig-
inally carried out using higher temperatures or under UV light
irradiation."" In this methodology, the authors showed that an
organic PS and a CFL lamp can be efficiently used at ambient
temperature.

The understanding of the origin of the triplet excited state
and how to control the *LE/*CT population allows the use of
D-A fluorophores in the cross-coupling reaction of carboxylic
acids and aryl halides. The synthetic strategy involves modify-
ing the redox potential by replacing the carbazole groups with
better donor units, such as diphenylamines (see molecules 16
and 17). This structural modification makes the PS less reac-
tive toward dehalogenation of 12 (E,.q = —1.58 V vs. SCE) via a

Green Chem.
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O PS (0.7 mol%)
—_—

Ar, 26 W CFL, RT

E-stilbene Z-stilbene
NC CN
E/Z ratio
PS = ( io)
Solvent 8 DMF 1.9
effect 8 Toluene 21
Substitution { 8 Toluene 2.1
effect 10 Toluene 46

8 @-=H

Er=2.63 eV

10@=Bu

Er=2.56 eV

Fig. 2 Solvent and substitution effect in molecules 8 and 10.

singlet-electron transfer (SET) process, while enhancing the
EnT manifold that leads to product 13. PS 17 represents a suit-
able alternative to Ir(ppy)s that was used in the seminal publi-
cation by Macmillan and co-workers,'* in which the same com-
pound 13 was obtained in 85% yield (Fig. 3).

NiCl, DME 5 mol%

dtbbpy 5 mol%
Diisopropylamine

DMF, 26W CFL
Ar, RT

%ﬁzi‘gﬁ% C@‘@s‘??

: _COOH : Br
+
FsC
1" 12

14

E*oy=143V E*og=1.10V E*q=0.93V
O VA Trace 17% 51%
e 070, —579% - 7%
P =228 6V pr—y
E*oy=143V

Ir(ppy)s
Macmillan et al. Science, 2017.

Fig. 3 Chemoselectivity in the synthesis of 13 and 14 and results
obtained with Ir(ppy)s.

This journal is © The Royal Society of Chemistry 2026
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In 2020, Miyake and colleagues employed Cinnamyl bromide
as a bromine radical precursor to initiate a cascade via the EnT
mechanism. This process involves the p-fragmentation of 20,
which produces a bromine radical that adds to vinyl or ethynylcy-
clopropane 18, leading to ring opening with the subsequent
addition to olefin 19 to produce the key intermediate (see
Fig. 4)."* The involvement of an EnT mechanism is supported by
the limited ability of the PS to promote a SET process, consider-
ing cinnamyl bromide’s redox potential (E,x = +2.01 V) and
4CzIPN (15) (E;,q = +1.37V) . During the development of this
methodology, three Iridium-based photosensitizers were tested.
Notably, only Ir(dF-CF;ppy),(dtbby)PFs exhibited results compar-
able to 15, with yields of 95% and 93%, respectively. The authors
then continued to optimize the reaction conditions using the
latter to establish a metal-free approach.

The carbazolyl cyanobenzene compound 15 has been used for
the [2 + 2] photodimerization of chalcone 22, which has an Er of
2.13 eV. Remarkably, the authors found that the ¢Bu-4CzIPN
photosensitizer 25 showed the highest conversion among the IPN
derivatives. They also emphasized that 4CzIPN (15) outperformed
Ir(ppy); upon irradiation at 425 or 455 nm. The reaction’s success
depends on the PS Ey value: the TADF photosensitizer 26 with the
lowest Ey (2.27 €V), shows the lowest activity (see Fig. 5)."*

All [4 + 2] cycloaddition reactions have been successfully
photocatalyzed using 4CzIPN (15) with 2,3-dibromonaphtoqui-
none (27) and phenylbenzofurans (28)."> One of this metho-
dology’s most significant challenges was promoting the DA
(Diels-Alder) reaction instead of the competitive [2 + 2] cyclo-
addition. Importantly, the authors found that adding a Lewis
acid (SnCl,) helps to diminish the competition between the
two cycloadditions. Also, extending the aromatic system can
help stabilize the 1,6-diradical intermediate 30.

Although a clear trend in the triplet energy of the PSs
cannot be identified, the influence of solvent polarity is clear.
The less polar solvent (benzene) provides the highest yield,
whereas the more polar solvent (acetonitrile, MeCN) shows a
decrease in yield (Fig. 6), probably due to a better stabilization
of the excited state species.

The same D-A fluorophore (4CzIPN, 15) has been used in
the 6rn-photocyclization/defluorination process of N-aryl enam-

PS 15 (50-500ppm)

Ph 5 MeO,C_ CO,Me
MeO,C. CO,Me NN
. 20 (1-2 mol%)
- (R} ’13 DMSO , blue LED, Ny, ——
18 19 30°C 21
Up to 96% yield
. CO,Me
]
AR CO,Me]
via Br. 5

Key intermediate

Fig. 4 Synthesis of 21 through bromine radical catalysis.
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\
o 7 23 0
\)J\ PS (1 mol%)
1,4 dioxane
22 425 nm LED Zz\é)

Ar, RT

[2+2] product

24 (% Yield)

71
23

*For other chalcone derivatives studied in this methology, the
products (24) were obtained up to 83% yield.

Fig. 5 Comparison of the activity of the photosensitizers 25 and 26 for
the synthesis of compound 24.

B
PS 15 (5 mol%
Br mo o)
Ar, SOWCFL RT
28

Solvent 29 (% Yield)?
Benzene 88
Dioxane 57

DCE 52

MeCN 19

2 |rradiated under 24 W blue LED
Stabilized intermediate

Fig. 6 Effect of the solvent in the [4 + 2] cycloaddition of 27 and 28.

ines 31 (Er = 2.6 €V) in the synthesis of indoles 32 (Fig. 7)."°
Due to their similar triplet energies, the TADF compound
demonstrated an equivalent performance in this reaction com-

CO,Et
N ph PS 15 (1 mol%) FLZ N\ { ?
' NaHCO3 (100 mol%) N\

G N/S/G a 3 ( mol%) Ph

N
H DMF (0.025 M), Ar, 1,
31 CO,Et 24 h 32H
3W blue LEDs Up to 97% vyield
H
A S~
via \
ON7 ~Ph

H

Fig. 7 Synthesis of indoles 32 through a 6x-photocyclization/defluori-
nation protocol.
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pared with some metal-based triplet sensitizers, making this
protocol a greener option.

Different photosensitizers with varying triplet energies were
used to standardize the reaction conditions. In general, the
photosensitizers with a small Er value showed a lower yield or
no reaction progress (Table 3).

The study of the EnT mechanism for the obtention of 32
was based on comparing the mismatched redox potentials of
the substrate (31) and the photosensitizer during lumine-
scence-quenching experiments. The latter showed that the
N-aryl enamine 31 could quench the excited 4CzIPN. Also,
using a triplet quencher like 2,5-dimethyl-hexa-2,4-diene inhib-
ited the reaction progress.

In 2022, Kano and co-workers reported that the triplet
energy of 4[Cz(CF;),]IPN (37) is very similar to that of Ir-F (35)
(a highly oxidizing and expensive photosensitizer, E,4 =
+1.21V and priced at 152€ per 100 mg, Table 3). The purely
organic photosensitizer performed well in the photocycloaddi-
tion of quinolinium triflate derivatives (33) with alkenes (34)
(Fig. 8)."” The authors reported the triplet energy for 37 as 2.81
eV (64.8 kcal mol™), capable of sensitizing molecule 33 (Ep =
2.44 eV) to produce 35 with a 92% yield, slightly less than the
98% yield obtained using Ir-F (36).

The PS 8, with a lower Er value, performed poorly in achiev-
ing the transformation (Table 4).

In the same context, the use of 36 in the dearomative photo-
cyclization can be replaced with the carbazolycyanobenzene
compound 8. Adachi reported an Ey of 2.63 eV for this mole-
cule, a value similar to the 2.68 eV assigned to Ir-F (36). This
similarity inspired Koenig and co-workers to explore the use of
the organic TADF molecule 8 in previously reported dearomati-
zation protocols for naphthol (38, Er ~ 2.59 eV) and indole

Table 3 Dependence of the molecule’s yield 32 on the E7 value

fac-Ir(ppy)
Acr*-Mes CIO, Ir(dFCF 3ppy),(dtbbpy)PFg
EosinY Ru(bpy);Cl, 4-CzIPN
Et (eV) 1.88 1.92 2.01 25 26 261
% Yield (32) 0 0 0 31 70 75
Increased Er
"Pr
h WL PS (5 mol%)
G -

"Pr " CH,Cl,, blue LED,

D)
H orr 33 34 24hthen Et;N

*For other quinolinium triflate derivatives studied in this methology,
the products type 35 were obtained up to 97% yield using PS 37.

Fig. 8 Intermolecular dearomative [4 + 2] cycloaddition for the obten-
tion of 35.
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Table 4 Dependency of product yield in the synthesis of 35

Er(eV) 2.63

2.81
% Yield (35) 55 98 92

derivatives (40).'® Additionally, compound 8 shows better solu-
bility in the most commonly used solvents and can be recycled
more efficiently than the Iridium complex (Fig. 9).
Interestingly, replacing 1,4-dioxane with chloroform led to
the selective formation of molecule 39, with the ratio increas-
ing from 1.2:1 to 16: 1. The involvement of the EnT process
in this reaction can be attributed to the redox potential mis-
match between the selected photosensitizer and the aromatic
substrates, thereby ruling out an operative SET pathway.

2.2. N-heterocycles-based compounds

Hudson reported the synthesis of a new type of TADF emitter
in 2020 based on an imidazole/acridine chromophore 42."°
This report established that using N-phenylbenzimidazole con-
strained in a coplanar fashion is an efficient acceptor to allow
a well-localized LUMO that, combined with a heterocyclic
donor, can enhance a small AEgy.

o
N PS 8 (2 mol%)

E |

= CHCl,4

455 nm
rac-39

38 16h, 1t, N,

@®=H or methyl Up to 99% yield

= Ketone or ester

PS 8 (4 mol%) ©\ A

PhMe

40 455 nm rac-1

19h, rt, N,
Up to 99% vyield

0= Carbon or nitrogen
= Hydrogen or Acetyl
®= Hydrogen, phenyl or ethyl ester

Fig. 9 Dearomative cycloaddition photocatalyzed by 8.

This journal is © The Royal Society of Chemistry 2026
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In 2022, the author also reported using these D-A com-
pounds in the [2 + 2] cycloaddition via an EnT process as a
more sustainable alternative to Ir-based photosensitizers.”® In
this family of TADF compounds, the relationship between the
strength of EDG and the E values remains unclear (Table 5):
the worst EDG (c) is not the one with the highest Er value.

The PS 42c¢ was shown to be highly efficient at activating
compound 43 (Er = 2.54 eV), thereby facilitating an intra-
molecular [2 + 2] cycloaddition to construct the tetracyclic 44
(Fig. 10). The D-A compound 42c¢ showed similar yields com-
pared with the metal-based PS [Ir(dF(Me)ppy).(dtbbpy)|PFs,
which is also one of the most expensive commercially available
Ir-based photosensitizers (300€ per 100 mg). The authors pro-
posed that the higher performance of compound 42c is related
to a more efficient ISC process.

In 2023, an extensive study was published to expose the
impact of the SOC phenomenon in a family of new donor-
acceptor molecules. The investigation included the study of
three different sulfur-based acceptors (sulfide, sulfoxide, and
sulfone) and diverse donors.*

In the acceptor unit, the presence of the sulfur atom in the
imidazophenotiazine core increases the conjugation, allowing
a red-shifted absorption compared to the imidazoacridine
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family before commented. In general, sulfur oxidation resulted
in lower E; parameter and SOC character values. Notably, this
trend continued in the proportion of *LE in the Ty (Table 6).

This value was essential for effective performance as a
photosensitizer across nearly all tested reactions, including
thiolation of alkenes (Fig. 11a) and Ni-catalyzed esterification
(Fig. 11b), in which molecule 46a (higher E; and SOC) deli-
vered higher yields. In general, these new photosensitizers out-
performed the reported 43 derivatives in all reactions studied,
achieving better efficiency in each transformation.

In 2023, Sengupta and collaborators synthesized four indo-
loquinoxaline-based TADF compounds, including phenyl car-
bazole 53 and diindolocarbazole (DiICz) 54, as donors.”> The
complete characterization was performed to explore their
various properties. Specifically, the D-A compounds reported
in this study exhibited similar Ey values. However, when the

Table 6 Effect of sulfur oxidation on the imidazophenothiazine
family

A NARAT

45a

45¢

Table 5 Impact of the EDGs on the Et values of imidazoacridine-
based photosensitizer Er (eV) 2.76 2.71 2.64
SOC (cm™) 2.33 1.00 0.03
T1(’LE%/PCT%) 75.5/24.5 7.2/92.8 6.4/93.6
Q Q Q Q Decreased SOC
=N 04N 54N $-N
C} @ O i a) Disulfide-ene
o]
a b c d 0
Er(eV) 255 2.65 276 277
Me s @mol%) e
+ /S-S > ~s
\‘ Me 400 nm, 25°C, N,
46 47 Toluene (0.1 M), 48
8n 18h PS 48 (% Yield)
7 PS 44 (% Yield)
Bn YN 45a 90
N 42a 122
PS ) mol%) 45b
420 19 55
violet LED (400 nm), 45¢ 33
MeCN1 8°h°5 M), 42d 1715 b) Esterification
PS (2 mol%)
B ¢ 0 o  Ni(COD), (6 mol%),
(PFg) dtbbpy (7 mol%)
0, pn gy R rme) )k
| s Br 49 50 400 nm, 25°C,
,: Er=272eV TMP (2.0 eq),
AN DMF (0.1 M), .
9 44 (% Yield) = 99% 18 h PS 81 (% Yield)
45a 56
45b 42
[Ir(dF(Me)ppy),(dtbbpy) ]PFG 45¢ 29

Fig. 10 Intramolecular [2 + 2] cycloaddition using 42 derivatives.
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Fig. 11 Reactivity of 45 derivatives in representative examples.
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photosensitization protocol for the isomerization of E-stilbene
is used, a better performance was generally observed when the
reaction time was extended to 30 hours. Interestingly, although
compounds 53a and 53b have the same Er value, their conver-
sion (%) differed significantly (69% and 90%, respectively)
(Fig. 12). The authors did not investigate the reason for this
difference. Nonetheless, this exemplifies that the Er parameter
alone does not fully explain EnT efficiency.

The same group reported two more DiICz-based molecules
with a donor-acceptor-donor structure using dibenzo[a,c|phe-
nazine (56a) and phenanthrol[9,10-d]imidazole (56b) as
donors (Fig. 13). In general, these molecules exhibited long
excited-state lifetimes compared to 52 and 53.>* These com-
pounds were tested in the photoisomerization of molecule
55a, where 56b presented the lowest yield, due to its capacity
to activate the cis-isomer.

An interesting example of the synthesis and design of
photosensitizers aimed at achieving challenging reactivity was
reported by Dell’Amico and colleagues.>* The goal of this syn-
thesis was to produce azetidines 60 from azabicyclo[1.1.0]
butanes 58. During the reaction with compound 59, the
authors observed the formation of an imine dimer caused by
the higher concentration of the iminyl radical in the reaction
mixture. Controlling its formation was key to increasing the
yield of the target product 60. This was achieved by promoting
RISC in molecule 57 by lowering the AEgr to 0.05 eV, which
was done by adding a tert-butyl group (compound 57b) to
increase steric hindrance (Fig. 14). In this particular case, it
can be counterintuitive for the reader to see the benefit of
RISC improvement when it decreases energy transfer
efficiency. However, the reader must visualize that, for the pur-

Q
s N\ O Q
r 9
CeHi3 O
Indoloquinoxaline 52

@®=F E;=237eV(52a) @=F E;=257¢V (53a)

=H, Ey=2.37¢eV (52b) =H, Ey=2.51eV (53b)
\/@ PS (0.7 mol%) O O
©/\ MeCN, RT, 30 h,
54a Blue LED 55a

PS  55a (% Yield)

52a 69
52b 90
53a 78
53b 61

Fig. 12 E/Z isomerization using indoloquinoxalines-based compounds.
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‘ 54a

Er=2.39 eV

O PS (0.7 mol%)

Er=3.14 eV

MeCN, RT, 24 h,
Blue LED 55a
PS 55a (% Yield)
56a 66
56b [ 16
Fig. 13 Other TADF photosensitizers reported by Sengupta and
colleagues.
Methyl, E1= 2.79 eV, AEgt= 0.07 eV (57a)
h tert-butyl, E;= 2.74 eV, AEg7= 0.05 eV (57b)
Ph
o, 0
NS ol PS (025mol%) TN
Y
\\ Ph Ph PhCF3, 456 nm
58 59 60
Ph Ph
o M o
N PS 60 (% Yield)
N —_ N
h ph o )J\Ph 57a 50
Iminyl radical Undesired dimer 57b &

Fig. 14 Design of PS 57 for the synthesis of 60.
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poses of this synthetic methodology, it was a strategic way to
access product 60 efficiently while avoiding dimerization.

This methodology offers an alternative approach for designing
new photosensitizers based on the reactivity requirements
needed for challenging chemical transformations. Unlike the tra-
ditional method of studying the reactivity of new photosensitizers
in benchmark reactions such as cycloadditions and isomeriza-
tions, this approach emphasizes specific reactivity needs.

2.3. Sulfone-based compounds

In 2023, Zysman-Colman and colleagues reported sulfur-based
molecule 61, which can participate in ET and EnT processes.”
The manuscript specifically compares the properties and photo-
catalytic reactivity of molecule 61 with the well-known 4CzIPN
(15). Molecule 61 has a higher triplet energy (Er = 2.97 €V) than
4CzIPN (Ey = 2.59 eV). The authors did not discuss the reason for
this difference, such as whether a possible variance in the spin-
orbit coupling nature in the two species might affect the Er
value. The benchmark reaction used to study EnT behavior was
the isomerization of E-stilbene (54a). When using compound 61,
the Z-isomer (55a) was obtained in 63% yield, whereas 4CzIPN
yielded 87%. The authors claimed that the lower performance is
related to the higher E; value, which can activate Z-stilbene (Ey =
2.5 eV), thus facilitating the reverse process. This selectivity issue
is avoided when using an alkene with higher Er values, such as
diisopropyl fumarate 54b (2.7 eV and 3.1 eV for the E and
Z-isomers, respectively) (Fig. 15). Notably, the yield with 61 (81%)
is the highest among those using 4CzIPN and [Ir(dF(CF;)
PpYy)2(dtbbpy)]PFs (6% and 58%, respectively).

3. Other TADF photosensitizers used
in EnT processes
3.1. Thioxanthone-based compounds

The thioxanthone core has been used as an acceptor moiety in
the construction of OLED devices. These TADF compounds are

QWL
S

0.7 mol%

tBu tBu
@ DMF, RT, 18 or 24h, 390 nm : :

54 E-isomer 55 Z-isomer

E-isomer E;=2.2 eV
Z-isomer Et=2.5eV
o} 54a 63

'3“/< E-isomer E;=2.7eV  54b 81
54b O

Z-isomer Et=3.1eV
Fig. 15 Selectivity obtained for the E/Z isomerization using molecule
61.

® 55 (% Yield)
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characterized by having high triplet energy and long triplet
lifetimes.*® These characteristics have opened the possibility
of using them as organic photocatalysts in hydrogen atom
transfer (HAT), single electron transfer (SET), and different
EnT protocols. Furthermore, the literature includes examples
illustrating the importance and versatility of the thioxanthone
core, achieving different processes, even without any structural
modification.>”

In general, modifying the thioxanthone core has focused
more on enabling asymmetric reactions. The importance of
adding a chiral auxiliary has allowed these thioxanthone-based
derivatives to be used in different transformations with good
yields and enantioselectivity. For the purposes of this tutorial
review, we will highlight the most representative examples of
this structural modification.

Inspired by their pioneering work on the cycloaddition [2 +
2] assisted by a chiral photosensitizer based on xanthone,?®
Bach and colleagues investigated the use of chiral thiox-
anthone 63, which includes a 1,5,7-trimethyl-3-azabicyclo
[3.3.1]nonan-2-one skeleton to promote hydrogen bonding
interactions. Replacing xanthone with thioxanthone allows the
use of the latter as a photosensitizer in the visible region, redu-
cing the energy needed for substrate sensitization. The
enantioselective reaction was mainly focused on modifying 2
(1H)-Quinolones 62, which served as model substrates for
various transformations (Fig. 16).

The first report involves synthesizing tetracyclic product 65
through an intramolecular reaction with extraordinary regio-
and enantioselectivity. This work established, for the first
time, the hydrogen-bonding interaction between molecules 62
and 63 in complex 64, where the thioxanthone serves as an
antenna that can donate energy to the absorbed photon
(Fig. 16a).%°

The intermolecular reaction was reported using a variety of
electron-deficient alkenes 66. The successful conversion of the
starting materials to product 67 was attributed to the hydro-
gen-bonding interaction in complex 64, whose dissociation is
responsible for the loss of enantioselectivity (Fig. 16b).
Importantly, from a green perspective, the authors carried out
this transformation using solar irradiation without compro-
mising the ee.**

Another tetracyclic 68 variant was obtained from 3-alkylqui-
nolinones substituted with 4-O-tethered alkenes and allenes.
Notably, the quinolinones o-substituted at the carbonyl
showed a decrease in the Et value, allowing the use of photo-
sensitizer 63 and the reaction to proceed (Fig. 16c).*"

The same group explored the possibility of using compound
62 not only in cycloaddition reactions. In 2019, they reported
the synthesis of cyclopropanes 69 using allyl quinolone. Also,
the authors demonstrated the capacity of thioxanthone 63 to
racemize cyclopropanes enantiomerically pure (Fig. 16d).*?
Even when this type of cycloaddition can be achieved by direct
excitation of the substrates, the use of 63 facilitates the visible
light irradiation (420 nm) and stereocontrol. Some years later,
the EnT mechanism was corroborated using DFT calculations.
It was also possible to establish that the first C-C bond for-
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Fig. 16 Derivatization of compound 62 through [2 + 2] cycloaddition
using alkenes (a and b), allenes (c) and allyl quinolone (d).

mation is the critical step in the rate and selectivity
performance.**

To the best of our knowledge, there is only one report on
the effect of structural changes on the capacity of thioxanthone
to act as a photosensitizer. The work presented by Booker-
Milburn and collaborators examines the structure-property
relationships modifying the substitution patterns of the afore-
mentioned core.>® The UV-Vis absorption values of the syn-
thesized molecules ranged between 300 and 450 nm, enabling
their activation with various energy sources like UV and visible
light. Additionally, the UV-Vis absorption and Er values are
inversely proportional, as shown in Table 7.

The study of the potential of these molecules as triplet
energy photosensitizers involves intra- and intermolecular [2 +
2] cycloadditions. A general trend in reactivity is observed
when a 125 Hg lamp is used as the light source; the molecule
with the highest E; value (70) performs better than molecule
74 (lowest Er). However, molecule 74 could still be used in a
visible light protocol to achieve the [2 + 2] cycloaddition with
different substrates.

Green Chem.
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Table 7 Relationship between the

thioxanthones

absorption and Et in

(o] n W
MeO“ ‘S‘OMe
70 ‘

Aabs (NM) 354 367 385 399 405
Er(ev) 3.08 2.93 2.72 2.50 2.39
Increasing A ;ps

3.2. Xanthene-based compounds

The family of xanthene has not been used as donor-acceptor
compounds with TADF or in material chemistry, unlike other
families previously studied. Nevertheless, this type of compound
was initially explored in the study of this photoluminescence
phenomenon. In this case, SOC, which is necessary for efficient
ISC, is facilitated by the heavy-atom effect present in the struc-
ture. The most common approach to induce this effect is modify-
ing the chromophore structure by adding metals (such as Ru, Ir,
Pt) or halogens (such as Br, I). These elements are often located
at the core of these traditional chromophores.

The synthetic application of this type of compound has been
less explored using the EnT mechanism. Although Eosin Y was
the first compound reported to exhibit TADF,* its synthetic
applications following an EnT mechanism mainly involve gener-
ating singlet oxygen to mediate various oxidation reactions.

In this context, Ando and colleagues described the aerobic
photooxidation of bulky tellurides to telluroxide using Eosin Y
75 and Rose Bengal 76, replacing traditional methods such as
3-chloroperbenzoic acid (mCPBA). The weaker Te-O bond in
mCPBA can transfer to various organic substrates, facilitating
the oxidation of alcohols*® and phosphite esters,*” as shown in
Fig. 17. This approach is notable for its environmental friendli-
ness, as it uses ethanol—a safer solvent—compared to the sol-
vents previously discussed. Additionally, it enables the in situ
generation of toxic telluroxides.

Similarly, compound 75 has been used to synthesize phos-
phine oxide 78, a versatile motif in organic, medicinal, and
supramolecular chemistry. The reaction involves generating
arylphosphadioxane 77, which can produce the target com-
pound 78 in the presence of a second molecule of the triaryl-
phosphine (Fig. 18).%®

Another interesting reaction using Eosin Y (75) as a photosen-
sitizer is the synthesis of Michael acceptors from the oxidation of
the corresponding silyl enol ethers 79. The TADF molecule facili-
tates the generation of O,, which undergoes an ene reaction with
compound 79 to produce the cyclic intermediate 80. The sub-

This journal is © The Royal Society of Chemistry 2026
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Fig. 17 Use of photosensitizers 75 and 76 in oxidation reactions
mediated by telluroxides.

'/hv\
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%0, 7,10, _PATs 5P| —8 o ArP=0

77 78

Fig. 18 Synthesis of phosphine oxide through aerobic oxidation.

sequent ring opening yields the hydroperoxy silyl hemiacetal 81,
followed by an intramolecular silyl transfer to form the
a,f-unsaturated final product 82 (Fig. 19).*°

Furthermore, the photosensitizers 75 and 76 are widely
used in the photooxidation reaction of furan 83. Typically, this
process involves a [4 + 2] cycloaddition to form the key inter-
mediate 84. This bicyclic compound (84) can react in two main
ways: with a nucleophile, producing the molecule 85, or with a
base, forming the furanone core 86. These two products can
then be used in further transformations, increasing structural
complexity and diversity (Fig. 20).*° Notably, some of these
transformations are performed using safer, less hazardous sol-
vents such as water or ethanol.

H
TBSO._~
; 79
0,
ﬁ 75*
2
TBSOH ) £ H
O\
®
1210,
TBSOOH

/\TBS
o 0/
81

Fig. 19 Use of photosensitizer 75 in the synthesis of Michael acceptors.
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Fig. 20 Representative reactivity of furans in the presence of oxygen
and xanthene-based photosensitizers.

3.3. MR-TADF compounds

The Zysman-Colman research group reported using the multi-
resonant TADF compounds 87 and 88, which yielded good
results for ET and EnT. These molecules were studied as
photosensitizers for the isomerization of the previously men-
tioned substrates (54), now using visible light, and decreasing
the reaction time.”’ In particular, these compounds have a
small positive solvatochromism and higher absorptivity. Both
characteristics were expected to enhance photocatalytic
activity. In fact, due to their higher absorptivity, these mole-
cules can be used at a low concentration (0.7 mol%) for alkene
isomerization, improving process efficiency and catalytic per-
formance. Like formerly reported Donor-Acceptor PS 61 (see
section 2.3), better performance was achieved when using dii-
sopropyl fumarate 54b (90% yield) (Fig. 21).

E;=2.62eV E;=249eV
PS (0.7 mol%) —
o~° @ ®
MeCN, RT, 16 h, 440 nm .
54 E-isomer 55 Z-isomer
Q‘ 3@ PS 55 (% Yield)
54a o 87 55a 59
_gJ< 55b 90
e} 55a 61
54b 88
55b 57

Fig. 21 E/Z isomerization in the presence of MR-TADF compounds 87
and 88.
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4. Conclusions and future perspectives

In this tutorial review, we have discussed the primary reactions
mediated by energy transfer (EnT) processes in the presence of
thermally activated delayed fluorescence (TADF) compounds,
emphasizing their emerging role as efficient and sustainable
photosensitizers in modern synthetic chemistry. These systems
have demonstrated the capacity to promote a broad range of
photochemical transformations under mild conditions, often
relying on visible light irradiation and avoiding the need for pre-
cious metal complexes. A valuable feature of some of these mole-
cules is their ability to also participate in electron transfer (ET)
processes, which provides them with exceptional versatility for
use in modern and sustainable synthetic protocols. This dual
reactivity profile, in which a single photosensitizer can engage in
either EnT or ET pathways depending on reaction conditions and
substrate properties, represents a powerful conceptual and practi-
cal advance in photocatalyst design. Therefore, designing new
molecules with this type of reactivity is a crucial focus in advan-
cing photochemistry.

The coexistence of EnT and ET manifolds in TADF com-
pounds originates from their distinctive electronic structure,
typically based on donor-acceptor architectures that promote
small singlet-triplet energy gaps (AEgy). This feature enables
efficient reverse intersystem crossing (RISC) and long-lived
excited states, which are key parameters for productive bimole-
cular interactions, dictating exciton dynamics and providing
long lifetimes that facilitate PS-substrate interactions (crucial
for the DET mechanism), but not so long as to cause non-pro-
ductive quenching. It is essential to study in depth the struc-
ture-property relationships influencing the fine-tuning of elec-
tronic and photophysical parameters that facilitate this inter-
esting duality, ET/EnT. Subtle structural modifications, such
as varying donor strength, acceptor identity, torsional angles,
or regioisomerism, can alter charge-transfer (CT) character,
locally excited (LE) character, and triplet energies (Er). The
former parameter has been utilized to analyze, in a general
and easy way, if the EnT process between a donor (excited PS)
and an acceptor (substrate) is thermodynamically feasible.
Anyway, it is clear that the Er value is not able to explain some
inconsistencies in the reactivity (see discussion in section 2.1,
Table 2), therefore, a deeper understanding and discussion of
the physical properties of the reported TADF PS must be
included in future publications. In other words, a systematic
understanding of how these parameters correlate with reactiv-
ity will allow chemists to rationally design next-generation
photosensitizers with predictable and programmable behavior.

Furthermore, by utilizing the structural derivatization of
TADF PS, these molecules can both facilitate photoreactivity
and incorporate chiral auxiliaries, leading to successful out-
comes in certain asymmetric transformations. The modular
nature of donor-acceptor scaffolds offers a unique opportunity
to introduce stereochemical elements without compromising
photophysical performance. However, only one family has
been modified for these applications, leaving the potential to
extend this reactivity to other TADF molecules. Expanding
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asymmetric variants to structurally diverse TADF platforms
could unlock new catalytic modes, particularly in enantio-
selective energy transfer catalysis, where precise control over
substrate orientation and excited-state interactions is required.

The field is still in its early stages of development. Despite
the rapid progress achieved in recent years, many mechanistic
aspects remain insufficiently explored, particularly regarding
the quantitative prediction of energy transfer efficiencies. It is
vital to understand how we can connect the photochemical
properties of these structures to the existing literature on TADF
molecules in material chemistry to unlock new reactivity in
EnT protocols. The extensive knowledge accumulated in the
context of organic light-emitting diodes (OLEDs) and opto-
electronic materials provides a valuable foundation for trans-
lating photophysical principles into synthetic applications.

In the coming years, we expect TADF compounds to
become increasingly prominent, replacing traditional, costly
metal-based PS and enhancing the performance of organic-
based alternatives. Their tunability, structural diversity, and
compatibility with visible light irradiation position them as
highly attractive candidates for sustainable catalysis.
Continued interdisciplinary collaboration between synthetic
chemists, photophysicists, and materials scientists will be
essential to fully exploit the potential of TADF-based photosen-
sitizers and to establish them as central tools in energy trans-
fer-driven synthetic methodologies.
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